
Answer to referee #1:  
 
We thank referee #1 for reviewing our manuscript. His/Her valuable comments and suggestions have 
significantly improved the quality of our manuscript.  
 
Below, we include our detailed answers to all comments and questions. 
 
 
Answers to general comments (GC): 
 
General Comment #1:  
Nissen and Vogt present a model study on the relative importance of the colonial form of Phaeocystis 
for ecosystem processes and biogeochemical fluxes; they evaluate their results with observations from 
different data sources. A comparable study (Nissen et al 2018) had been performed with a focus on 
coccolithophores instead of Phaeocystis with similar analyses. In that respect this work is not overly 
innovative nor are original ideas presented. More critical is, however, that there is no thread in this 
manuscript; a clear goal is missing. A number of topics (e.g. phenology, competition, carbon and 
DMS-fluxes) are touched but not thoroughly permeated. It is unclear whether the authors would like to 
study the success of Phaeocystis compared to other phytoplankton functional groups or the 
importance of Phaeocystis for carbon export fluxes. Either way, no comprehensible motivation for 
either of these broad themes is provided. Some aspects of the methodology also need to be revised with 
consequences for the model analyses. Last but not least, recent work on this topic has been ignored. 
Overall this manuscript is premature and the authors must clarify their focus before publication. To 
sharpen the focus maybe it helps to look at the unpublished, recent modelling work on Southern Ocean 
Phaeocystis and PFTs (Losa et al. 2019) that has been put up for discussion in Biogeosciences 
Discussion.  
 
Answer to GC1:  
We thank reviewer 1 for his/her constructive criticism on our work, regarding the focus, the 
motivation, the novelty, the methodology, and the presentation of our study. We address the concerns 
of the reviewer 1 with regard to these aspects in the revised manuscript through the following changes: 

1) We have changed the title of the manuscript to “Factors controlling the competition between 
Phaeocystis and diatoms in the Southern Ocean and implications for carbon export fluxes” so 
that it better reflects the focus of the study, namely the links between the variability in 
phytoplankton community structure and downward carbon fluxes in the high-latitude Southern 
Ocean throughout the year. 

2) We have entirely revised the introduction which now clarifies the focus and novelty of the 
study and includes additional recent literature.  

3) We have restructured the result section and adjusted the relative weighting of the individual 
sections to have a more balanced representation of the different aspects of the study, especially 
regarding the drivers of the competition between Phaeocystis and diatoms and its 
biogeochemical implications. 

4) Ultimately, within the discussion section of the revised version of the manuscript, we have 
adopted the same structure of subsections as in the result section, making it easier for the 
reader to follow. Furthermore, we have adjusted the lengths of the discussion of the individual 
aspects, in order to better represent the main focus of the study.  

 
For the comment regarding the methodology (i.e., the temperature sensitivity of phytoplankton 
growth), we refer the reviewer to our detailed answer to SC4 and SC5 below. 
 
In our study, we set out for a comprehensive assessment of the link between plankton biogeography 
and biogeochemical cycling in the Southern Ocean over the course of the year. Since we consider the 
comprehensiveness as a key strength and key aspect of novelty of the current paper as compared to 
previous work, the emphasis of our revision has been to (1) clarify the aims of the study in the revised 
version of the introduction, (2) highlight the current gaps in our understanding with regard to the 



missing link between plankton biogeography and ecosystem function in terms of global 
biogeochemical cycling, and (3) improve upon the presentation of our study in the manuscript. 
Previous studies have often only presented snap shots of the factors controlling the relative importance 
of Phaeocystis and diatoms at high SO latitudes and its implications for downward carbon fluxes at a 
specific location and/or point in time (e.g. Arrigo et al., 1998, Garcia et al., 2009, Wang et al., 2011, 
but see the introduction of the manuscript for a comprehensive overview), meaning that the 
biogeochemical implications of the seasonally varying phytoplankton community remain under-
explored, especially on larger spatial scales. We clarify these issues in the revised version of the 
manuscript, as detailed in the sections below. 
 
In the following, we will address the individual concerns raised by the reviewer in more detail and 
summarize how we have addressed them in the revised version of the manuscript.   
 
Focus/Novelty/Motivation 
 
In this paper we set out to assess the link between the spatio-temporal variability in high-latitude 
Southern Ocean phytoplankton community structure and the variability in downward carbon fluxes.  
To that aim, we extended the work by Nissen et al., 2018 to develop a model which would include all 
major biogeochemical actors of this region, a prerequisite to address this research question. Hence, 
with this tool, we were able to provide a first comprehensive assessment of the spatio-temporal 
variability of pathways leading to downward fluxes of carbon, which are inherently linked to the 
overlying phytoplankton community structure. 
 
To clarify the focus of the study, we have changed the title of the manuscript to “Factors controlling 
the competition between Phaeocystis and diatoms in the Southern Ocean and implications for carbon 
export fluxes”, so that it sets up the reader for the link between phytoplankton community structure 
and the implications for the carbon cycle. 
 
Furthermore, we have substantially rewritten the introduction, to better highlight the focus, the 
novelty, and the motivation of our study. In this context, we apologize for the omission of certain 
recent papers in our initial submission. In response to the reviewer’s comment, we have performed an 
additional extensive literature research and included the identified novel work in the revised version of 
our manuscript. We identified the following additional 7 papers that are of relevance for the current 
paper, and that were not included in the reference list of the initial submission:  
 
Papers describing the succession from Phaeocystis to diatoms throughout the season in the Ross 
Sea (Ryan-Keogh et al., 2017) and off the Western Antarctic Peninsula (Arrigo et al. 2017):  

Ryan-Keogh, T. J., DeLizo, L. M., Smith, W. O., Sedwick, P. N., McGillicuddy, D. J., Moore, C. M., 
& Bibby, T. S. (2017). Temporal progression of photosynthetic-strategy in phytoplankton in the 
Ross Sea, Antarctica. Journal of Marine Systems, 166, 87–96. 
https://doi.org/10.1016/j.jmarsys.2016.08.014 

Arrigo, K. R., van Dijken, G. L., Alderkamp, A., Erickson, Z. K., Lewis, K. M., Lowry, K. E., … van 
de Poll, W. (2017). Early Spring Phytoplankton Dynamics in the Western Antarctic Peninsula. 
Journal of Geophysical Research: Oceans, 122(12), 9350–9369. 
https://doi.org/10.1002/2017JC013281 

Paper describing the impact of Fe concentrations on colony formation by Phaeocystis Antarctica: 

Bender, S. J., Moran, D. M., McIlvin, M. R., Zheng, H., McCrow, J. P., Badger, J., … Saito, M. A. 
(2018). Colony formation in Phaeocystis antarctica: connecting molecular mechanisms with iron 
biogeochemistry. Biogeosciences, 15(16), 4923–4942. https://doi.org/10.5194/bg-15-4923-2018 



Papers on recent modeling of Phaeocystis Antarctica, focusing either on interactions between 
light and temperature on growth rates (Moisan & Mitchel, 2018) or functional type modeling in 
the Southern Ocean (Losa et al., 2019):  

Moisan, T. A., & Mitchell, B. G. (2018). Modeling Net Growth of Phaeocystis antarctica Based on 
Physiological and Optical Responses to Light and Temperature Co-limitation. Frontiers in 
Marine Science, 4(February), 1–15. https://doi.org/10.3389/fmars.2017.00437 

Losa, S. N., Dutkiewicz, S., Losch, M., Oelker, J., Soppa, M. A., Trimborn, S., Xi, H., and Bracher, 
A.: On modeling the Southern Ocean Phytoplankton Functional Types, Biogeosciences Discuss., 
https://doi.org/10.5194/bg-2019-289, 2019. 
 
Papers discussing the role of aggregates (especially those from Phaeoycstis Antarcitca) as a 
vector for carbon transfer to depth in the Southern Ocean (relative to that of e.g. fecal pellets):  

Asper, V. L., & Smith, W. O. (2019). Variations in the abundance and distribution of aggregates in the 
Ross Sea, Antarctica. Elem Sci Anth, 7(1), 23. https://doi.org/10.1525/elementa.355 

Ducklow, H. W., Wilson, S. E., Post, A. F., Stammerjohn, S. E., Erickson, M., Lee, S., … Yager, P. L. 
(2015). Particle flux on the continental shelf in the Amundsen Sea Polynya and Western 
Antarctic Peninsula. Elementa: Science of the Anthropocene, 3, 000046. 
https://doi.org/10.12952/journal.elementa.000046 

The analysis of this body of work reveals that these more recent findings are complementary to our 
results, and their inclusion into the introduction and discussion sections of our paper increases the 
quality of the discussion in the revised version of the manuscript.  
 
In particular, we have included the references on the role of aggregates for POC export in the 
discussion section 4.2. of the revised manuscript (section on biogeochemical implications) and have 
added the study by Losa et al. (2019) in the discussion section 4.3 (Limitations & Caveats), discussing 
the complexity in marine ecosystem models: 

“The transition from solitary to colonial cells is a function of the seed population and light and nutrient 
levels (Verity, 2000; Bender et al., 2018), and transition models have been applied in SO marine 
ecosystem models (e.g. Popova et al., 2007; Kaufman et al., 2017; Losa et al., 2019). For example, in 
their higher complexity, self-organizing ecosystem model (Follows et al., 2007), Losa et al. (2019) 
include both life stages of Phaeocystis and two types of diatoms to simulate phytoplankton 
competition at high SO latitudes. While our model results suggest that this is not required to reproduce 
the observed SO biogeography of Phaeocystis and diatoms in ROMS-BEC, it nevertheless highlights 
the need for further research on the impact of the chosen marine ecosystem complexity on the modeled 
biogeochemical fluxes (Ward et al., 2013).”  

In the revised version of the manuscript, the introduction section now reads:  



 

 

 



 

 

 
 
 
Structure 
 
In response to the reviewer’s comments, we have revised the results and the discussion section of the 
manuscript to make the order and relative weighting of individual sections clearer to the reader, and to 
better align the presentation of results with the core questions this paper aims to address.  
In particular, we have merged the result sections 3.3 & 3.4 of the original version of the manuscript 
into a single section in the revised manuscript, which is entitled “Drivers of SO phytoplankton 
biogeography, phenology, and succession patterns“. This section was shortened in the merging 
process, with the aim to make it more readable and to better balance the amount of text spent on the 
description of a) simulated patterns of biogeography, phenology, and succession, b) the drivers of the 
competition, and c) its biogeochemical implications. Please see our answer to SC8 for the new result 
section 3.3. 
 
Furthermore, in order to make it easier for the reader to follow, we have adjusted the order of 
subsections within the discussion section to reflect their order in the result section, i.e., swapped 
discussion section 4.1 & 4.2 of the original manuscript. In the revised manuscript, the discussion of the 



drivers of the competition of Phaeocystis and diatoms (section 4.1) is now followed by the discussion 
of its biogeochemical implications (section 4.2). In addition, in the latter, we have modified the 
paragraph on the implications of Southern Ocean Phaeocystis biogeography for DMS fluxes. In 
particular, we have shortened the paragraph on DMS from the method section 2.3.1 and moved it to 
section 4.2 in the revised manuscript, so that the manuscript is more clearly focused on carbon fluxes 
up until this point. Please see our answer to SC14 for the new paragraph on DMS. 
 
 
Answers to specific comments (SC):  
 
SC1: title: the title only partly reflects the content of this study  
 
We thank the reviewer for this important comment, as it made us aware of imbalances in terms of 
content in the original version of the manuscript. As the analysis regarding the implications of the 
variability in phytoplankton community structure on high-latitude carbon fluxes is an important, novel 
aspect of the study, which has been highlighted even more in the revised version of the manuscript 
(see also answer to GC 1 above), the revised version of the manuscript will be entitled “Factors 
controlling the competition between Phaeocystis and diatoms in the Southern Ocean and implications 
for carbon export fluxes”. Thereby, the content of the manuscript is better reflected by its title, helping 
the reader to follow.  
 
SC2: abstract and entire manuscript: it is unclear which research gap the authors want to fill. What is 
currently unclear - which open question in this research field are attempted to be answered with 
ROMS-BEC?  
 
In response to the reviewer’s comments, we have substantially reworked the manuscript, in order to 
more clearly highlight the knowledge gap filled with this study. After having added Phaeocystis as a 
functional type to ROMS-BEC, we were able to provide a first comprehensive assessment of the 
spatio-temporal variability of pathways leading to downward fluxes of carbon at high Southern Ocean 
latitudes, which are inherently linked to the overlying phytoplankton community structure, especially 
the competition between Phaeocystis and diatoms. We kindly refer the reviewer to our response to 
GC1 above for more details. 
 
SC3: the manuscript should stand alone. Currently important parts of the model description are 
missing. The prognostic equation for Phaeocystis with all source and sink terms as well as all 
functional dependencies of rates to environmental drivers need to be provided.  
 
We fully agree with the reviewer on this point and apologize for not having included a full description 
of growth and loss terms for phytoplankton biomass in the original version of the manuscript. In the 
revised version, we have included a full description of the relevant model equations of BEC in 
Appendix B and added corresponding references to this section in the method section 2.1 and 
throughout the text: 
 
 



 

 



 

 
 
SC4: the newly introduced formulation of the temperature dependent growth for the PFT Phaeocystis 
is fundamentally different from the description of the PFTs of the original BEC model. The former is a 
“Gauss-like” temperature dependent growth function with a temperature optimum. Any deviation 
from the optimum is a limitation, varying between 0...1. In contrast, the Q10-approach with different 
Q10 values that is applied to the other PFTs denotes the “sensitivity” in the exponential growth 
towards temperature - in these cases the higher the temperature, the higher the growth. Even if a 
relatively high reference temperature of 30 degrees Celsius is given (which is likely not reached in the 
Southern Ocean), there is no such thing as an optimum in the Q10 approach. Thus, the “limitation” 
values used in the analyses cannot easily be compared.  
[Generally the question arises whether the Q10 approach should be applied to PFTs at all. Introduced 
by Eppley it is valid and a good description for bulk phytoplankton but as soon as the bulk is divided 
into groups, “Gauss-like functions” with a clear optimum seem to be more adequate.] 
 
We thank the reviewer for raising this important point. First of all, we completely agree with the 
reviewer in that the two approaches (“optimum” vs “Q10”) to model the temperature-limited growth 
rates of phytoplankton are fundamentally different.  However, we think that a comparison of the 
temperature-limited growth rates of Phaeocystis (“optimum”) to that of diatoms (Q10) is still valid in 
our model, for reasons outlined in the following. 
 
In lab experiments, individual phytoplankton species typically show an optimum temperature for 
growth, above and below which its growth is slowed down (see Fig. 1 below). Yet, in models, the 
Q10-approach describes the temperature-limited growth as an exponential function without a 
temperature optimum (see black lines in Fig. 2 below or Fig. A1 in our manuscript). Since models 
typically represent the whole phytoplankton community by a set of plankton functional types (PFTs, 



Le Quéré et al., 2005), thereby combining multiple species into a single PFT, this Q10-function can 
hence be interpreted as the overlap of numerous optimum curves of numerous individual species. 
 
In the 5-PFT setup of ROMS-BEC presented here, the PFT “Phaeocystis” only represents the single 
species of Phaeocystis present in the SO, namely Phaeocystis antarctica (Schoemann et al., 2005). 
This species has been shown to stop growing above temperatures of ~8°C (Buma et al., 1991), thus an 
optimum curve applies. At the same time, within the model PFT “diatoms”, we do not model a 
specific species of diatoms, but the whole diatom community (typical PFT approach; Le Quéré et al., 
2005). This means that with increasing temperatures towards lower latitudes, diatom growth will be 
less and less temperature-limited (relative to the prescribed maximum growth rate at 30°C), as we 
assume that there is always a species that can cope with these higher temperatures (see also blue dots 
in Fig. 2 below). Yet, this is not the case for Phaeocystis antarctica, which is not observed northwards 
of approximately 60°S (Schoemann et al., 2005). At latitudes north of 60°S, other bloom-forming 
species of Phaeocystis are typically found (Schoemann et al., 2005 and Fig. 3 below). While these are 
not included in our study, there is no reason not to include these other species in global models, thus 
suggesting that the applicability of a temperature optimum curve to describe the growth of Phaeocystis 
in global models may be limited (see also black line in the lower panel of Fig. 2 below). Yet, the 
literature review of available growth rates of all Phaeocystis species presented in Schoemann et al. 
(2005) is best fit by using a temperature optimum curve despite multiple species being included in the 
analysis (see Fig. 3 below; compare to the fit Fig. 2), suggesting that the Q10 approach may be 
unsuitable – at least for the bloom-forming species of this phytoplankton type.  
 
 

 
 
Fig. 1: Growth rates as a function of temperature for example high-latitude SO species of diatoms and 
Phaeocystis (Boyd 2019).  
 



 
Fig. 2: Global compilation of diatom (top) and Phaeocystis (bottom) growth rates as a function of 
temperature by Le Quéré et al. (2016). Black lines are Q10-functions fit to the data with Q10=1.93 
and Q10=1.66 for diatoms and Phaeoycstis, respectively., as used in the PlankTOM10 model.  
 

 
Fig. 3: Global compilation of Phaeocystis growth rates as a function of temperature by Schoemann et 
al. (2005). Triangles represent Phaeocystis Antarctica, filled triangles its colonial stage.  
 
To account for the different formulations to describe the temperature-limited growth rates of 
Phaeocystis and diatoms in ROMS-BEC in our analysis of their competition over time (section 3.4 of 
the manuscript), we directly compare the temperature-limited growth rates (in d-1) rather than the 
growth limitation by temperature of these two phytoplankton types (see Eq. 2 of the manuscript).  
 
 
SC5: temperature-dependent growth functions of any organism group usually have a negatively 
skewed thermal reaction norm. This is also true for Phaeocystis antarctica. Since there already exists 
a mathematical description for the temperature-& light-dependent growth function of Phaeocystis 
antarctica (Moisan and Mitchell 2018), I wonder why the authors have not used it. In fact there are 
more recent observation-based publications on Phaeocystis antarctica that may be of interest for this 
study.  
 
We thank the reviewer for pointing us to the manuscript by Moisan and Mitchell (2018), which we 
had not been aware of. In comparison to the formulation used in ROMS-BEC (Geider et al., 1998), 
the equations presented in Moisan & Mitchell (2018) include the possibility for photoinhibition at 
high light intensities (expressed by beta; Platt et al. 1980) and a temperature dependent initial slope of 
the photosynthesis-irradiance-curve (alpha), but do not explicitly account for all effects of 
photoacclimation in their equations that are included in ROMS-BEC (e.g., the local 
chlorophyll:carbon ratio of phytoplankton and the nutrient limitation of its growth, see Eq. 3a-3d in 



Moisan & Mitchell, 2018 and Eq. B9 of the revised manuscript for ROMS-BEC). As a result, the set 
of equations provided by Moisan & Mitchell (2018) and the ones currently used in ROMS-BEC 
predict different temperature-light-limited net growth rates of Phaeocystis antarctica for any given 
temperature and PAR level (see Fig. 4 below). Furthermore, the ratio of the growth rate predicted by 
ROMS-BEC and that obtained with Moisan & Mitchell (2018) varies substantially across 
temperatures and light levels (see Fig. 4d). 
 
Overall, as a result of the differences between the formulation in Moisan & Mitchell (2018) and that 
in Geider et al. (1998), the light limitation of growth by Phaeocystis is generally lower in ROMS-
BEC than that predicted with the equations by Moisan & Mitchell (2018), leading to substantially 
higher net growth rates in the current model than would be predicted if we were to apply the 
parameterization in Moisan & Mitchell (2018) to describe temperature and light-limited growth of 
Phaeocystis in ROMS-BEC (especially at low PAR levels, see Fig. 4d below). Due to the impact of 
nutrient limitation and chlorophyll:carbon ratios on the simulated net growth rates in ROMS-BEC, 
implementing the formulation by Moisan & Mitchell 2018 would lead to substantially lower 
Phaeocystis biomass south of 60°S and would require a major retuning in the model to facilitate any 
substantial biomass accumulation of Phaeocystis antarctica colonies relative to diatoms in the high-
latitudes, where these two phytoplankton types have been shown to locally and temporarily reach 
equally high biomass concentrations (Vogt et al., 2012; Leblanc et al., 2012). 
 
A further issue with the parameterization that we encounter is its applicability within the temperature 
regime that constitutes the ecological niche of Phaeocystis in ROMS-BEC. We note that the 
parametrization by Moisan & Mitchell (2018), being derived from laboratory experiments conducted 
at temperatures between -1.5-4°C, is currently only defined for temperatures below 6.8°C, above 
which the predicted growth rate becomes ecologically meaningless due to a negative alpha value 
(whereas this value should be >0, as it describes the sensitivity of photosynthetic rates of 
phytoplankton to increases of irradiance levels at low light). Altogether, given that the equations by 
Moisan & Mitchel (2018) do not account for all effects of photoacclimation which are accounted for 
in ROMS-BEC for all phytoplankton types and given that the alphaPI currently used in ROMS-BEC is 
backed up by the literature review in Schoemann et al. (2005), we refrain from implementing the 
formulation by Moisan & Mitchell (2018) at this stage.  
 
Nevertheless, taken together, this highlights the uncertainty still associated with model formulations 
describing the growth of phytoplankton functional types in general and Phaeocystis in particular. In 
response to the reviewer, we have modified section 4.3 (Limitations & Caveats) and added the 
following statement in the revised version of the manuscript:  
 
“Furthermore, other functional relationships than those used in ROMS-BEC exist to describe the light 
and temperature dependent growth of Phaeocystis (e.g. Moisan and Mitchell, 2018). In comparison to 
the equations used in ROMS-BEC (see appendix B), the ones suggested by Moisan and Mitchell 
(2018; based on laboratory cultures of Phaeocystis antarctica grown under continuous blue light and 
at 4 different temperatures between -1.5°C and 4°C) lead to generally lower Phaeocystis growth rates, 
especially at PAR<50 W m−2, suggesting that our biomass estimates at high latitudes and early/late in 
the season are associated with substantial uncertainty.”  
  
 
 
 



 
 
Fig. 4: a) Net growth rate of Phaeocystis antarctica as a function of temperature and light levels based 
on the equations in Moisan & Mitchell (2018), assuming no photoinhibition (same as in ROMS-
BEC), i.e., beta=0. b) & c) Same plot as a) obtained with the equations used in ROMS-BEC (see 
appendix B of revised manuscript and answer to SC3 above). Panel b) and c) show the resulting net 
growth rates for different nutrient conditions, with “severe nutrient limitation” in panel b) using 
g(N)=0.1 in Eq. B9 of the revised manuscript and “no nutrient limitation” in panel c) using g(N)=1. 
For both cases, we have here taken the surface annual average chlorophyll:carbon ratio of Phaeocystis 
in the Baseline simulation of the model (0.1434 mg chl / mmol C). Note that the formulation by 
Moisan & Mitchell (2018) does not account for the nutrient conditions or the chlorophyll:carbon 
ratio. Panel d) shows the ratio of panel a) and b), with the black contour denoting a 10-times higher 
growth rate in panel a) as compared to panel b). 
 



 
SC6: please specify which atmospheric forcing fields have been used.  
We refer the reviewer to L. 185/186 of the original version of the manuscript, where we state  
“At the ocean surface, the model is forced with a 2003-normal year forcing for momentum, heat, and 
freshwater fluxes (Dee et al., 2011).” 
 
SC7: model results: there is a mixture of model results, model evaluation, model comparison with 
results from previous experiments which makes it difficult to read and to follow the arguments; the 
entire results section needs to be revised.  
 
We thank the reviewer for this helpful comment, which made us reassess the chosen structure in the 
result section of the original version of manuscript, leading to changes in the revised version as 
outlined in the following. As we consider the addition of a new phytoplankton functional type a major 
change in the complexity of ROMS-BEC, we have decided to first present a thorough model 
evaluation of this new model setup by comparing to available observational data sets (sections 3.1 & 
3.2). For the purpose of this study, a realistic representation of the high-latitude phytoplankton 
community structure in both space and time is essential to address the competition of Phaeocystis and 
diatoms throughout the year on the one hand and the implications for downward carbon fluxes on the 
other. This part of the result section therefore also had the purpose to highlight model improvements 
compared to the earlier version of the model without Phaeocystis, in order to stress why the 5-PFT 
setup was essential for the questions at hand. Thereafter, we first present a detailed analysis on the 
drivers of the competition between Phaeocystis and diatoms (sections 3.3 & 3.4 of the original 
manuscript) and secondly on the implications for downward carbon fluxes (section 3.5 of the original 
manuscript). 

To increase the clarity of the result section and to overall better reflect the focus of the manuscript, 
sections 3.3 & 3.4 of the original manuscript are merged into a single section called “Drivers of SO 
phytoplankton biogeography, phenology, and succession patterns” in the revised version of the 
manuscript. This new section 3.3 was shortened in the merging process (see also SC8 & SC10), in 
order to better balance the two aspects of the study, namely the drivers of the competition between 
Phaeocystis and diatoms and the implications for high-latitude carbon cycling. Furthermore, the title 
of section 3.2 was changed in the revision process (now: “Patterns of phytoplankton phenology and 
seasonal succession”), so that the reader is more clearly guided throughout the result section, starting 
with a description of the simulated biogeography (section 3.1) and succession patterns (section 3.2) 
and ending with a description of the drivers of these spatial and temporal patterns (section 3.3) and 
their implications for carbon cycling (section 3.4). Please see also our answer to SC8-SC10 for more 
details.  

SC8: the sections about the ecological niches, bottom-up and top-down effects are tedious to read and 
questionable with respect to temperature (see my comments above). 
 
In the revised version of the manuscript, we tried to improve upon the readability of sections 3.3 and 
3.4. In particular, we have moved the part on coccolithophores from section 3.3 of the original 
manuscript to the supplement, in order to focus more clearly on the main topic of this study, namely 
the competition between Phaeocystis and diatoms (see also our response to the reviewer’s comment 
SC10). Furthermore, we have merged the sections 3.3 & 3.4 of the original manuscript into a single 
section in the revised version of the manuscript and revised its content in the process, in order to 
improve the readability (see also SC7). The revised section 3.3 of the manuscript reads:  
 



 

 

 

 



 

 
 
Regarding the importance of temperature, the reviewer is kindly referred to our answer to SC4. 
 
 
SC9: the section about carbon cycling arises out of sudden. 
 
We thank the reviewer for this important comment. We fully agree with the reviewer in that the parts 
on the cycling of carbon were not motivated thoroughly enough in the original version of the 
manuscript. In response, we have added this aspect to the title of the revised manuscript, so that it now 
better reflects the content of the study (see also SC1). Further, we have substantially rewritten the 
introduction, so that it now better reflects and motivates the aspects covered in the result section and 
discussed thereafter, in particular the implications of variability in phytoplankton community structure 
for downward fluxes of carbon at high SO latitudes. The reviewer is referred to our answer to GC1 for 
more details. 
 
SC10: figures: some of the selected figures are not convincing. Why focus sometimes on Phaeocystis 
and diatoms, sometimes on Phaeocystis, diatoms and coccolithophores and sometimes on all PFTs?  
 
In general, we decided to show all PFTs in the model validation (Fig. 1 & 2). Furthermore, we chose 
to show the whole phytoplankton community whenever showing averages/integrals over 30-90°S (Fig. 
6 & 7), where coccolithophores and small phytoplankton are non-negligible members of the 
community. In the manuscript, Fig. 3 & 5 directly concern the competition of diatoms and Phaeocystis 
at high latitudes. In these areas, these two phytoplankton types contribute >90% of the simulated NPP, 
which is why no other PFT is included in these figures (see Table 3 and Fig. 2 of the manuscript). 
 



The only exception to the above reasoning in the original manuscript is Figure 4, where we had 
decided to show coccolithophores in addition to diatoms and Phaeocystis, but not the small 
phytoplankton PFT. The choice “pro coccolithophores” and “contra small phytoplankton” was 
motivated by the fact that coccolithophores do occupy a niche that is distinct from that of diatoms and 
Phaeocystis, whereas small phytoplankton do less so and are therefore not shown. Yet, we thank the 
reviewer for pointing out that this choice might be confusing for the reader. In order to make the focus 
of the paper clearer, we changed Fig. 4 so that the new version of this figure shows diatoms & 
Phaeocystis only in the revised version of the manuscript, thus moving the niche plots for 
coccolithophores to the supplement (new Fig. S8, see Figure below). This way, Fig. 3-5 of the revised 
manuscript include only diatoms and Phaeocystis. Together with the substantial revisions of result 
sections 3.3 & 3.4 of the original manuscript (see SC7 & SC8), the result section of the revised version 
of the manuscript is thereby now more clearly divided into a descriptive part of the simulated patterns 
in space and time (partly including coccolithophores and small phytoplankton, sections 3.1 & 3.2), a 
section describing the drivers of the competition of Phaeocystis and diatoms at high latitudes (section 
3.3) and its implications for carbon cycling (section 3.4).  
 
In the method section 2.3.1 of the revised manuscript, we have added the following statement:  
“In section 3.3 of this manuscript, only the results for Phaeocystis and diatoms will be shown, the 
corresponding figures for coccolithophores can be found in the supplementary material (Fig. S8 & 
S9).” 
  
 

 
Fig. 5: Fig. S8 in the revised version of the manuscript 
 
 
SC11: Fig. 2 presents a rather artificial classification of the phytoplankton community. Why is the 
25% used for Phaeocystis and coccolithophores but 75% for diatoms (Fig 2a)? Is “Mixed” (Fig. 2a) 
the same as “Others” (Fig. 2b-d)?  
 
Admittedly, the chosen thresholds are rather arbitrary and were chosen with the sole goal to indicate 
broad patterns of phytoplankton biogeography across the SO. The different thresholds for diatoms on 
the one hand and Phaeocystis and coccolithophores on the other hand were motivated by their 
different relative importance in their main region of occurrence. E.g., coccolithophores never dominate 
over diatoms, but still, we can define a clear SO coccolithophore biogeography – simply based on 
where they contribute most to NPP across the SO. If the 75% threshold was used for all PFTs, it would 
only be “diatoms” or “mixed”. In this context, “mixed” denotes areas where diatoms do not contribute 
>75%, but neither coccolithophores nor Phaeocystis contribute >25%, e.g. if diatoms contribute 60% 
and coccolithophores and Phaeocystis 20%, respectively. 
 
Consequently, “mixed” in panel a is not the same as “other” in panels b-d. As indicated in the method 
section 2.3.1 (L 224-226 of the original manuscript):  “The CHEMTAX analysis splits the 



phytoplankton community into diatoms, nitrogen fixers (such as Trichodesmium), pico-phytoplankton 
(such as Synechococcus and Prochlorococcus), dinoflagellates, cryptophytes, chlorophytes (all three 
combined into the single group "Others" here), and haptophytes (such as coccolithophores and 
Phaeocystis).”  
 
In order to clarify this, areas, that were labeled “mixed” in the original version of Fig. 2a, are now 
labeled “co-existence” and we changed the figure caption accordingly. Furthermore, we added a 
statement in the figure caption in the revised version of the manuscript defining “others” in the panels 
including CHEMTAX information: “[…] “others” in the CHEMTAX fractions corresponds to 
dinoflagellates, cryptophytes, and chlorophytes […]”  
 
SC12: how does the annual or climatological “relative contribution of the five PFTs” looks like (and 
not the seasonal contribution as in Fig. 2b-c)? If such a figure were shown the statements in the 
paragraph l. 348–354 might be more comprehensible. 
 
We decided to only give the annual mean/integral numbers for NPP (see Table 3) and focus on the 
seasonal evolution for chlorophyll in Figure 2, which we can directly compare to HPLC-based 
estimates. The annual mean contribution to mixed layer chlorophyll levels of 
Phaeocystis/diatoms/coccolithophores amounts to 12.2/64.5/9.8 (30-90°S) and 31.1/54.8/2.4 (60-90°S) 
in our model, in rather close agreement with the estimates for NPP (15.3/53/14.6 between 30-90°S and 
45.8/49.1/0.7 between 60-90°S, see Table 3).  
Furthermore, we want to highlight the data scarcity in general and especially in all seasons besides 
summer in this context (see numbers printed below upper pie charts in Fig. 2), preventing a 
meaningful comparison of annual mean community structure in the model with the CHEMTAX data, 
which is why no annual mean figure is shown for the CHEMTAX data. 
 
SC13: Fig. 4 - why is silicate not chosen as an important factor for diatoms? At least in the northern 
part of the SO (south of ∼40◦S) diatoms are limited by silicate.  
 
As shown in Fig. S1, the reviewer is correct in pointing to a growth limitation of diatoms by silicic 
acid close to 40°S. Yet, as the focus of this paper is the competition between diatoms and Phaeocystis, 
which mainly takes place south of 60°S in ROMS-BEC, we chose not to show silicic acid as one of the 
environmental variables here, as the availability of silicic acid does not limit diatom growth in the 
focus area of this study. In fact, across Si levels, diatom biomass varies substantially south of 40°S 
(see Figure below), indicating that it is not a major control on diatom biomass levels in the area.  
For completeness, we add the figure below to the supplementary material (Fig. S8 in original 
manuscript, S9 in revised version) in the revised version of the manuscript. 
 

 
Fig. 6: Same as the ecological niche plots in Fig. 4 of the manuscript, but showing phytoplankton 
biomass as a function of silicic acid concentrations [mmol m-3]. This figure will be added as Fig. S9 to 
the revised manuscript. 
 
SC14: the discussion and conclusion sections suffer from what I commented above. The authors must 
make clear what the paper is about in the first place. I am confident that also the discussion and 
conclusion section will then be easier to write. 



 
We thank the reviewer for this comment, in direct response to which we have made several 
modifications to the manuscript. Besides small modifications to the text of all discussion sections and 
the conclusion section to improve upon the clarity of the text and to better reflect the focus of the 
study, we have changed the order of discussion sections 4.1 & 4.2 in the revised version of the 
manuscript, so that it reflects the order in which these aspects are described in the result sections (first 
drivers, then biogeochemical implications).  
Furthermore, we have moved the part about DMS from the method section 2.3.1 in the original 
version of the manuscript to the new discussion section 4.2, to more clearly focus the method section 
on aspects regarding carbon cycling, which is the main focus of the paper.  
 
The part about DMS was shortened in the process, and the new paragraph reads:  
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Answer to referee #2:  
 
We thank referee #2 for taking the time to provide valuable comments and suggestions that have 
helped to improve our manuscript.  
 
Below, we include our detailed answers to all comments and questions. 
 
 
Answers to general comments (GC): 
 
 “ […] a few additional sentences might help that discuss  
 
GC1: The choice of food preferences and feeding parameterization of zooplankton. What I could find 
in preceding papers of the BEC model is that zooplankton is parameterized via fixed feeding 
preferences. However, other biogeochemical models have applied zooplankton grazing formulations 
that saturate with the total amount of food, or even employ a switching behaviour of zooplankton (see, 
e.g., Appendix A of the classic paper by Fasham et al., 1990, J. Mar. Res., 591-639). A few notes on 
that could complement the discussion; also, given that this process seems to be of importance, it might 
be helpful for the reader to have a brief explanation of the grazing formulation (and the preferences) 
in the methods description (so that the reader does not have to look up earlier papers).  
 
We thank the reviewer for raising this point. The reviewer is correct in that BEC currently assumes 
fixed feeding preferences, which are set by differences in the maximum grazing rate γg,max across the 
PFTs. Here, based on size assumptions, we assume a preferential feeding of the single zooplankton 
grazer in ROMS-BEC on smaller phytoplankton (higher γg,max for small phytoplankton and 
coccolithophores than larger ones like diatoms and Phaeocystis, see table 1 in manuscript). Similarly, 
we assume preferential feeding on diatoms relative to Phaeocystis colonies (see section 2.1 of the 
original version of the manuscript).  
 
Admittedly, by only including a single grazer that includes characteristics of both micro- and 
macrozooplankton (see Moore et al., 2002, but especially Sailley et al., 2013), the grazing 
formulation in ROMS-BEC is likely overly simplistic (e.g. Le Quéré et al. 2016). Furthermore, not 
accounting for adaptive feeding preferences or for total biomass to saturate zooplankton feeding at 
high total biomass levels are major shortcomings of the current parametrization (Vallina et al. 2014; 
Vallina and Le Quéré, 2011). These can be expected to significantly alter the interactions of the 
zooplankton with each PFT over the course of the growing season by e.g. temporarily alleviating the 
grazing pressure on all or single phytoplankton PFTs. The inclusion of multiple zooplankton 
functional types in ROMS-BEC is planned in current and ongoing work in our lab, but goes beyond 
the scope of this paper. Rather, the action of the zooplankton FT upon its prey should be viewed as a 
closure term, with phyto- and zooplankton biomass tightly coupled in space and time. 
 
To clarify for the reader what parametrizations are currently used in ROMS-BEC, we have included a 
full description of the model equations describing growth and loss rates of phytoplankton biomass, 
including the equation for grazing, in the appendix of the revised version of the manuscript (see also 
our answer to reviewer #1):  
 

 
 



In the discussion section 4.1, we have modified the text to mention the shortcomings of the grazing 
parametrization in ROMS-BEC more explicitly:  
 
“Additionally, as discussed in Nissen et al. (2018), the lack of multiple zooplankton groups in the SO 
model (Le Quéré et al. 2016), and the parametrization of the single zooplankton grazer using fixed 
prey preferences and separate grazing on each prey using a Holling Type II function (Holling et al., 
1959), which thus precluding a saturation of feeding at high total phytoplankton biomass, are major 
limitations of ROMS-BEC.“ 
 
 
GC2: Aggregation: To my opinion, this term is somehow loosely defined in the present paper. 
Sometimes it is referred to as "mortality" (Table 1), sometimes as aggregation. Do phytoplankton 
become detritus after aggregation? But why? Theoretically, this process only describes that the cells 
or colonies collide and stick together - will they instantaneously stop being "green", i.e. cease 
photosynthesis and growth and become detritus? I assume that this is the case in the model, possibly 
with the argument that in this case they sink out of the euphotic quickly. However, given that in many 
cases aggregates ("marine snow") sink rather slowly, or not at all, this does not have to be the case. 
As for (a), given the large importance of this loss term for the simulated biogeochemistry, I would 
recommend some more in depth model description and discussion of this assumption” 
 
We thank the reviewer for this point and apologize for any confusion. Yes, phytoplankton biomass in 
ROMS-BEC immediately becomes detritus after aggregation, thus immediately stops being “green”.  
We agree with the reviewer in that this is likely not what happens for small aggregates in the real 
ocean, which do not sink out of the euphotic zone rapidly, suggesting that current model formulations 
in ROMS-BEC and other models are overly simplistic (see e.g. Laufkötter et al., 2016). 
Assuming that aggregation is less effective in quickly removing the smaller phytoplankton cells from 
the upper ocean, aggregation is formulated to be more effective for larger phytoplankton in ROMS-
BEC (in our case diatoms and Phaeocystis colonies). Still, once formed, no differentiation is made in 
the model in how quickly the particles are transferred to depth between POC originating from 
aggregated small phytoplankton cells and those from larger phytoplankton types. We note, however, 
that this differentiation is prevented by the currently used single POC class in the model (see also 
section 4.3 in the originally submitted manuscript, L. 657ff). Furthermore, ideally, aggregation losses 
of each PFT should be calculated based on total biomass rather than based on the biomass of each PFT 
separately and should additionally consider larger detritus particles (POC) of different size classes. 
Since the ROMS-BEC set-up we use currently uses an implicit sinking formulation in which POC is 
directly redistributed and remineralized across the water column upon its formation, this precludes a 
tracking of aggregates and their fate in space and time (Lima et al., 2014).   
 
Overall, we fully agree with the reviewer that our model (and other models, see discussion in 
Laufkötter et al., 2016) would benefit from an increased complexity regarding the fate of biomass 
losses and the resulting particles, and quantitative relationships should be established as more 
observations become available to guide model parametrizations (see e.g. Guidi et al., 2015). 
 
In direct response to the reviewer’s comment, we have revised the text in the manuscript to make a 
clearer distinction between non-grazing mortality and aggregation. In particular, we have revised the 
respective part of method section 2.1, which now reads: 
 
“Furthermore, based on the assumption that for a given biomass concentration, larger cells are more 
likely than smaller cells to form aggregates and to subsequently stop photosynthesizing and sink as 
POC, we use a higher quadratic loss rate for Phaeocystis (0.005 d−1) than for diatoms (0.001 d−1) in 
the model (see γa,0 in Table 1).“ 
 
In Table 1 of the revised manuscript, we refer to the constant γa,0 as “quadratic loss rate in 
aggregation” in the revised manuscript: 
 



 
 
Furthermore, in order to make the differences between all the loss terms in the model more apparent, 
we have added a full description of the model equations as an appendix in the revised version of the 
manuscript (see also our response to reviewer #1). There, we have also included a sentence stating that 
phytoplankton in the model stop photosynthesizing upon aggregation: 
 
 

 
 
As an important caveat of this study, we have added the following sentences regarding the current 
formulation of aggregation in ROMS-BEC in section 4.1 of the revised manuscript:  
 
«Here, our findings suggest an important role for biomass loss processes in controlling the relative 
importance of Phaeocystis and diatoms in ROMS-BEC, but very little quantitative information exists 
to constrain model parameters (see section 2.1) or to validate the simulated non-grazing mortality, 
grazing, or aggregation loss rates of Phaeocystis and diatoms over time. Certainly, the simulated 
aggregation rates in the model and their impact on spatio-temporal distributions of PFT 
biomass concentrations and rates of NPP are associated with substantial uncertainty due to the 
immediate conversion of biomass to sinking detritus in the model, the equal treatment of POC 
originating from all PFTs, the neglect of disaggregation, and due to the calculation of 
aggregation rates based on the biomass concentrations of individual PFTs rather than all PFTs 
or even particles combined (see e.g. Turner, 2015).» 
 
 
  



Answers to specific comments (SC):  
 
SC1:  Table 1 and line 175: The unit of quadratic mortality (aggregation) is given as 1/d. Shouldn’t it 
be 1/((mmol N/m3)*d), given that it will be multiplied with the squared concentration?  
We thank the reviewer for this comment. The unit of the constant γa,0 given in Table 1 should indeed 
be 1/(mmol C m-3 d-1) and we have corrected this in the revised version of the manuscript (see also 
the revised Table 1 on the previous page). Furthermore, in response to a comment by reviewer #1, we 
have provided a full description of the model equations describing phytoplankton growth and loss in 
the appendix of the revised version of the manuscript.  
 
SC2: Line 184: "we use monthly climatological fields for all tracers" - For all nutrients? Dissolved 
inorganic tracers? Please specify.  
Yes, we use monthly climatological fields for all nutrient tracers. We used climatological data from 
World Ocean Atlas 2013 for all macronutrients (Garcia et al., 2013), data from GLODAP for DIC 
and alkalinity (Lauveset et al., 2016), and climatological output fields from a global simulation with 
CESM-BEC for ammonium, dissolved inorganic Fe, and all dissolved organic phases of the nutrients 
(DOC, DOP, DOPr, DON, DONr, DOFe, Yang et al., 2017). 
 
SC3: Lines 197-214, spin up procedure of the coupled model: here a simple diagram of the spinup 
procedure could help a lot! E.g. (if I understood correctly), ...30y physics.....10yBEC...10yBaseline (5 
yr analysis)..10ySensitivity (5 yr analysis)  
Indeed, the reviewer has understood our procedure of the model simulations correctly. Given that the 
results presented in this study are not qualitatively dependent on the exact years analyzed (due to the 
climatological forcing applied in the simulations) and in light of the length of the manuscript, we 
refrain from adding another figure after careful consideration of the issue. However, we have slightly 
modified the description of the setup of the sensitivity experiments to make things even clearer: 
 
“All sensitivity experiments use the same physical and biogeochemical spin-up as the Baseline 
simulation and start from the end of year 10 of the coupled ROMS-BEC spin-up.”  
 
SC4: Line 275: "phytoplankton biomass ... is the balance" - I suggest to rephrase this as 
"phytoplankton biomass ... is determined by the balance"  
We have rephrased as suggested.  
 
SC5: Line 320 and elsewhere: "In ROMS-BEC" - I assume what is referred to here is the baseline 
experiment? If so, I’d suggest to use "Baseline", to not confuse this simulation with the earlier non-
Phaeocystis model and simulation.  
 
We have modified the indicated sentence to start by “In the 5-PFT Baseline simulation of ROMS-
BEC, […]”. Furthermore, for the revised version of the manuscript, we have double-checked the 
whole text and clarified wherever we thought confusion was possible.  
 
SC6: Figure 4: The upper and lower panels would be easier to compare if in the lower panels the x- 
and y-axis were swapped (i.e., to have always temperature on the x-axis.  
 
We thank the reviewer for this excellent suggestion regarding Fig. 4. We have adopted this in the 
revised version of the manuscript (see Figure below). Furthermore, in response to a comment by 
reviewer #1, we have additionally moved the panels showing the ecological niches of 
coccolithophores to the supplementary material, in order to focus the manuscript earlier on the 
competition between Phaeocystis and diatoms.  



 
 
Fig. 1: Revised version of Fig. 4 in the manuscript.  
 
 
SC7: Figure 5: The caption could also note over what depth these terms were calculated.  
 
We have modified the figure caption to state that Fig. 5 only shows the quantities at the surface:  
 
“For all metrics, the left panels are surface averages over 60-90° S and those on the right for the Ross 
Sea.” 
 
We note that this choice is mainly motivated by the higher available temporal frequency in the 
necessary output variables. Overall, the dynamics of the seasonal competition between diatoms and 
Phaeocystis also broadly hold (at least qualitatively) for averages over the mixed layer over the 
growing season (not shown).  
 
 
SC8: Figure 6: If I add up the different contributions to POC formation in the right panel (60- 90S) I 
end up with (6+17+4(bluearrow)+0.2+0.1+13+9=49.3% but the p-ratio is given as 45%. Does the 
blue arrow not contribute to the total flux? If so, then in the left panel the p-ratio should be 
3+19+0.8+3+5+2=32.8% (and not 37%). Please clarify.  
 
We thank the reviewer for spotting this inconsistency of the numbers, as there was indeed a mistake in 
the figure in the submitted manuscript regarding the individual pathways leading to POC production 
(i.e., the indicated p ratio was correct). As a result of correcting the respective factor applied in the 
post-processing of the model output, the fraction of grazing on Phaeocystis leading to POC production 



are now corrected down to 3.4% (5% before) and 9.2% (13% before) for 30-90°S and 60-90°S, 
respectively (see corrected Fig. 6 below).  
 

 
 
Fig. 2: revised Fig. 6 of the manuscript. 
 
 
While this does not affect the general conclusion from this analysis, we note that this affects the 
discussion in the text (see below). While grazing remains the main POC production pathway for 
Phaeocystis, the difference to aggregation is now minor at high latitudes (9.2% for grazing, 8.9% for 
aggregation).  
 
Accordingly, we reformulate the corresponding part of the manuscript, which now reads: 
 
“For both diatoms and Phaeocystis, grazing by zooplankton (i.e., the formation of fecal pellets) is the 
most important pathway of POC production in ROMS-BEC (black arrows in Fig. 6, 9%/52% and 
20%/37% of total POC production for Phaeocystis/diatoms between 30-90◦ S and 60-90◦ S, 
respectively). Yet, at high latitudes (60-90◦ S), aggregation of Phaeocystis biomass contributes equally 
to POC formation. “  

Furthermore, we corrected a minor mistake in the caption of Fig. 6, where we falsely stated that the 
numbers describing the importance of the respective POC production pathway relative to total NPP 
were rounded to the nearest integer if they were >0.5%. Instead, this is only the case if the contribution 
of a respective pathway is >1%. 
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Abstract. The high-latitude Southern Ocean phytoplankton community is shaped by the competition between Phaeocystis and

silicifying diatoms, with the relative abundance of these two groups controlling primary and export production, the production

of dimethylsulfide, the ratio of silicic acid and nitrate available in the water column, and the structure of the food web. Here,

we investigate this competition using a regional physical-biogeochemical-ecological model (ROMS-BEC) configured at eddy-

permitting resolution for the Southern Ocean south of 35◦ S. We extended ROMS-BEC by an explicit parameterization of5

Phaeocystis colonies, so that the model, together with the previous addition of an explicit coccolithophore type, now includes

all biogeochemically relevant Southern Ocean phytoplankton types. We find that Phaeocystis contribute 46% and 40% to annual

NPP and POC export south of 60◦ S, respectively, making them an important contributor to high-latitude carbon cycling. In our

simulation, the relative importance of Phaeocystis and diatoms is mainly controlled by the temporal variability in temperature

and iron availability. The higher light sensitivity of Phaeocystis at low irradiances promotes the succession from Phaeocystis to10

diatoms in more coastal areas, such as the Ross Sea. Still, differences in the biomass loss rates, such as aggregation or grazing

by zooplankton, need to be considered to explain the simulated seasonal biomass evolution
:::
and

::::::
carbon

::::::
export

:::::
fluxes.

1 Introduction

Unused nutrients from
::::::::::::
Phytoplankton

::::::::::
production

::
in

:
the Southern Ocean (SO) fuel global primary and export production

(e.g. Sarmiento et al., 2004; Palter et al., 2010), and the
::::::::
regulates

:::
not

:::
only

:::
the

::::::
uptake

::
of

::::::::::::
anthropogenic

::::::
carbon

::
in

::::::
marine

:::::::::
food-webs,15

:::
but

:::
also

:::::::
controls

:::::
global

:::::::
primary

:::::::::
production

:::
via

:::
the

:::::
lateral

::::::
export

::
of

:::::::
nutrients

::
to

:::::
lower

:::::::
latitudes

::::::::::::::::::::::::::::::::::::::
(e.g. Sarmiento et al., 2004; Palter et al., 2010).

:::
The

:
amount and stoichiometry of these laterally exported nutrients is determined by

:::
the

::::::::
combined

:::::
action

:::
of multiple types of

phytoplankton with different
:::::::
differing

:::::::::
ecological

::::::
niches

:::
and

:
nutrient requirements. As on-going climate change alters the

:::
Yet,

::::::
despite

::::
their

::::::::
important

::::
role,

:::
the

::::::
drivers

::
of

::::::::::::
phytoplankton

::::::::::::
biogeography

:::
and

::::::::::
competition

::::
and

::
the

:
relative contribution of differ-

ent phytoplankton groups to total net primary production (NPP; IPCC, 2014; Constable et al., 2014; Deppeler and Davidson, 2017),20

this will hence have ramifications for global biogeochemical cycles and food web structure (Smetacek et al., 2004).
:::
SO

::::::
carbon

::::::
cycling

:::
are

::::
still

::::::
poorly

:::::::::
quantified.

:
Today, the SO phytoplankton community is largely dominated by silicifying diatoms

(e.g. Swan et al., 2016), but the contributions of
:::
that

:::::::::
efficiently

:::
fix

::::
and

::::::::
transport

::::::
carbon

:::::
from

:::
the

:::::::
surface

:::::
ocean

::
to
::::::

depth

::::::::::::::::::::::
(e.g. Swan et al., 2016) and

::::
have

::::
been

::::::::
suggested

::
to
:::
be

::
the

::::::
major

:::::::::
contributor

::
to

:::
SO

:::::
carbon

::::::
export

:::::::::::::::::::::::::::::::::
(Buesseler, 1998; Smetacek et al., 2012).
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::::::::
However, calcifying coccolithophores and dimethylsulfide (DMS) producing Phaeocystis are substantial in the

:::
have

:::::
been

:::::
found25

::
to

::::::::
contribute

::
in

::
a

::::::::
significant

::::
way

::
to

::::
total

::::::::::::
phytoplankton

:::::::
biomass

::
at
:
subantarctic (Balch et al., 2016; Nissen et al., 2018) and in

the
:
at
:
high latitudes, respectively (Smith and Gordon, 1997; Arrigo et al., 1999; DiTullio et al., 2000; Poulton et al., 2007),

::::
thus

:::::::::
suggesting

:::
that

:::
the

:::::::::
succession

:::
and

::::::::::
competition

::
of

:::::::
different

::::::::
plankton

::::::
groups

::::::
governs

::::::::::::::
biogeochemical

:::::
cycles

::
at

:::
the

:::::::::::
(sub)regional

::::
scale.

:::
As

:::::::
climate

::::::
change

::
is
::::::::

expected
::
to
::::::::::::

differentially
::::::
impact

:::
the

::::::::::
competitive

::::::
fitness

::
of

::::::::
different

::::::::::::
phytoplankton

::::::
groups

::::
and

::::::::
ultimately

::::
their

::::::::::
contribution

::
to

::::
total

:::
net

:::::::
primary

:::::::::
production

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(NPP; IPCC, 2014; Constable et al., 2014; Deppeler and Davidson, 2017),30

with a likely increase in the relative importance of the latter two types
::::::::::::::
coccolithophores

:::
and

::::::::::
Phaeocystis in a warming world

(Bopp et al., 2005; Winter et al., 2013; Rivero-Calle et al., 2015). On a global scale,
:
at
:::
the

:::::::
expense

::
of

:::::::
diatoms

::::::::::::::::::::::::::::::::::::::::::::::::::::
(Bopp et al., 2005; Winter et al., 2013; Rivero-Calle et al., 2015),

::
the

::::::::
resulting

::::::
change

::
in

:::
SO

::::::::::::
phytoplankton

:::::::::
community

::::::::
structure

::
is

:::::
likely

::
to

::::
affect

::::::
global

:::::::
nutrient

:::
and

::::::
carbon

:::::::::::
distributions,

:::::
ocean

:::::
carbon

:::::::
uptake,

:::
and

:::::::
marine

::::
food

::::
web

:::::::
structure

::::::::::::::::::::
(Smetacek et al., 2004).

:::::
While

::
a
:::::::
number

::
of

:::::
recent

:::::::
studies

::::
have

:::::::::
elucidated

:::
the

:::::::::
importance

::
of

::::::::::::::
coccolithophores

:::
for

::::::::::
subantarctic

::::::
carbon

::::::
cycling

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g. Rosengard et al., 2015; Balch et al., 2016; Nissen et al., 2018; Rigual Hernández et al., 2020),35

:::
few

::::::::
estimates

::::::::
quantify

:::
the

::::
role

::
of

:::::::
present

:::
and

::::::
future

:::::::::::
high-latitude

:::
SO

:::::::::::::
phytoplankton

::::::::::
community

:::::::
structure

::::
for

:::::::::
ecosystem

::::::
services

:::::
such

::
as

::::
NPP

:::
and

::::::
carbon

::::::
export.

:

Phaeocystis has been suggested to be a major player in the marine cycling of DMS (e.g. Keller et al., 1989; Liss et al., 1994) and

to contribute 6-65% to total phytoplankton carbon biomass (Buitenhuis et al., 2013b). Yet, the contribution of
::::::
blooms

::
in

:::
the

:::
SO

::::
have

::::
been

::::::::
regularly

:::::::
observed

:::
in

::::
early

::::::
spring

::
at

::::
high

:::
SO

:::::::
latitudes

:::::::::::::::::::::::::::::::::::::::::::::
(especially in the Ross Sea, see e.g. Smith et al., 2011),

::::
thus40

::::::::
preceding

::::
those

:::
of

::::::
diatoms

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Green and Sambrotto, 2006; Peloquin and Smith, 2007; Alvain et al., 2008; Arrigo et al., 2017; Ryan-Keogh et al., 2017),

:::
and Phaeocystis to the export of particulate organic carbon (POC) is still subject to debate. While some have found blooms of

:::
can

::::::::
dominate

:::
over

:::::::
diatoms

::
in

:::::
terms

::
of

::::::
carbon

:::::::
biomass

::
at

::::::
regional

::::
and

:::::::::
sub-annual

:::::
scales

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g. Smith and Gordon, 1997; Alvain et al., 2008; Leblanc et al., 2012; Vogt et al., 2012; Ben Mustapha et al., 2014).

:::::::::::
Nevertheless, Phaeocystis to be important vectors of carbon transfer to depth through the formation of aggregates (Asper and Smith, 1999; DiTullio et al., 2000),

others suggest their biomass losses to be efficiently degraded in the upper water column through bacterial and zooplankton45

activity, making Phaeocystis a minor contributor to POC export (Gowing et al., 2001; Accornero et al., 2003; Reigstad and Wassmann, 2007).

Possibly, the
::
is

:::
not

::::::::
routinely

:::::::
included

::
as

:
a
::::::::::::
phytoplankton

:::::::::
functional

::::
type

:::::
(PFT)

::
in

:::::
global

::::::::::::::
biogeochemical

::::::
models,

:::::::
possibly

::
a

::::
result

::
of
:::
the

::::::
limited

:::::::
number

::
of

:::::::
biomass

::::::::
validation

::::
data

::::::::::::::::::
(Vogt et al., 2012) and

::
its

:
complex life cycle of

::::::::::::::::::::
(Schoemann et al., 2005).

::
In

::::::::
particular,

:
Phaeocystis contributes to their apparent spatio-temporally varying relative importance for total biomass and POC50

export: Having a polymorphic life cycle, Phaeocystis alternates
::
is

::::::
difficult

::
to

::::::
model

::::::
because

:::::
traits

:::::
linked

::
to

::::::::::::::::::::
biogeochemistry-related

::::::::
ecosystem

::::::::
services,

::::
such

::
as

:::
size

::::
and

::::::
carbon

:::::::
content,

::::
vary

:::
due

::
to

::
its

:::::::
complex

::::::::::
multi-stage

:::
life

:::::
cycle.

:::
Its

:::::::::
alternation between soli-

tary cells of a few µm in diameter and gelatinous colonies of several mm to cm in diameter (e.g. Rousseau et al., 1994; Peperzak, 2000; Chen et al., 2002),

directly impacting
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g. Rousseau et al., 1994; Peperzak, 2000; Chen et al., 2002; Bender et al., 2018) directly

::::::
impacts

:
commu-

nity biomass partitioning and the fate of
::::::
relative

::::::::::
importance

::
of

::::::::::
aggregation,

:::::
viral

::::
lysis,

::::
and

::::::
grazing

:::
for

:
Phaeocystis biomass55

losses(Schoemann et al., 2005; Tang et al., 2008). While the factors controlling colony formation and disruption are still not

fully clear (see review by Schoemann et al., 2005), the colonial form of
:
,
::
its

::::::::::::
susceptibility

::
to

::::::::::
zooplankton

:::::::
grazing

:::::::
relative

::
to

:::
that

::
of

:::::::
diatoms

:::::::::::::::::::::::::::::::::
(Granéli et al., 1993; Smith et al., 2003),

:::
and

::::::::
ultimately

:::
the

::::::
export

::
of

::::::::
particulate

:::::::
organic

::::::
carbon

::::::::::::::::::::::::::
(POC; Schoemann et al., 2005).

::::
With Phaeocystis typically dominates

:::::::
colonies

::::::::
typically

:::::::::
dominating

:
over solitary cells in

:::::
during

:
the SO growing season (Smith
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et al., 2003)and regionally and temporarily over diatoms in terms of carbon biomass(e.g. Smith and Gordon, 1997; Leblanc et al., 2012; Vogt et al., 2012).60

:
,
::::::::::
Phaeocystis

:::::::
biomass

:::
loss

:::
via

::::::::::
aggregation

:::::::
possibly

::::::::
increases

::
in

::::::
relative

::::::::::
importance

::
at

::
the

:::::::
expense

::
of

:::::::
grazing

::
as

:::::
more

:::::::
colonies

::
are

:::::::
formed

:::
and

::::::
colony

:::
size

::::::::
increases

:::::::::::::::
(Tang et al., 2008).

::::::::::
Altogether,

:::
this

::::::
implies

::
a

:::::::
complex

:::::::
seasonal

:::::::::
variability

:
in
:::
the

:::::::::
magnitude

:::
and

::::::::
pathways

::
of

::::::
carbon

:::::::
transfer

::
to

:::::
depth

::
as
::::

the
::::::::::::
phytoplankton

:::::::::
community

:::::::
changes

::::::::::
throughout

:::
the

::::
year,

::::::
which

::
is

:::::::
difficult

::
to

::::::::::::::
comprehensively

:::::
assess

:::::::
through

::
in

:::
situ

::::::
studies

::::
and

:::::::
therefore

::::
calls

:::
for

::::::
marine

:::::::::
ecosystem

:::::::
models.

To better quantify the effect
::::::
Across

::::
those

::::::
marine

:::::::::
ecosystem

::::::
models

::::::::
including

::
a

::::::::::
Phaeocystis

::::
PFT,

:::
the

:::::::::::
representation

::
of

:::
its

:::
life65

::::
cycle

::::::
differs

::
in

::::
terms

:::
of

:::::::::
complexity

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Pasquer et al., 2005; Tagliabue and Arrigo, 2005; Wang and Moore, 2011; Le Quéré et al., 2016; Kaufman et al., 2017; Losa et al., 2019).

:::::
While

::::
some

:::::::
models

::::::
include

:::::
rather

:::::::::::
sophisticated

:::::::::::::
parametrizations

::
to
:::::::
describe

::::
life

::::
cycle

:::::::::
transitions

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(accounting for nutrient concentrations, light levels, and a seed population, see e.g. Pasquer et al., 2005; Kaufman et al., 2017),

::
the

::::::::
majority

:::::::
includes

:::::
rather

::::::
simple

::::::::
transition

::::::::
functions

:::::::::::::::::::::::::::::::::::::::::::::::::::::
(accounting for iron concentrations only, see Losa et al., 2019) or

::::
only

::
the

::::::::
colonial

:::
life

:::::
stage

:::
of

::::::::::
Phaeocystis

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Tagliabue and Arrigo, 2005; Wang and Moore, 2011; Le Quéré et al., 2016).

:::::::
Despite

::::
these

::::::::::
differences,

:::
all

:::
of

:::
the

:::::::
models

:::
see

::::::::::::
improvements

:::
in

:::
the

::::::::
simulated

::::
SO

::::::::::::
phytoplankton

::::::::::::
biogeography

:::
as

::::::::
compared

:::
to70

::::::::::
observations

:::::
upon

:::
the

::::::::::::::
implementation

::
of

::
a
::::::::::
Phaeocystis

::::
PFT.

::
In

:::::::::
particular,

::::::::::::::::::::::::
Wang and Moore (2011) find

::::
that

:::::::::::
Phaeocystis

:::::::::
contributes

::::::::::
substantially

::
to

:::
SO

:::::::::
integrated

:::::
annual

::::
NPP

::::
and

::::
POC

:::::
export

::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(23% and 30% south of 60◦ S, respectively; Wang and Moore, 2011),

:::::::
implying

::::
that

::::::
models

:::
not

:::::::::
accounting

:::
for

::::::::::
Phaeocystis

:::::::
possibly

:::::::::::
overestimate

:::
the

:::
role

::
of

:::::::
diatoms

:::
for

:::::::::::
high-latitude

::::::::::::
phytoplankton

:::::::
biomass,

::::
NPP,

::::
and

::::
POC

:::::
export

:::::::::::::::::::::
(Laufkötter et al., 2016).

::::::
Overall,

:::
the

::::
link

:::::::
between

:::::::::
ecosystem

::::::::::
composition,

:::::::::
ecosystem

::::::::
function,

:::
and

:::::
global

:::::::::::::
biogeochemical

:::::::
cycling

:
in
:::::::
general

::::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g. Siegel et al., 2014; Guidi et al., 2016; Henson et al., 2019) and

:::
the

::::::::::
contribution75

of Phaeocystis on downward fluxes of carbon and nutrient distributions, factors controlling their biomass distributions need to

be understood.
::
to

:::
SO

::::::
export

::
of

::::
POC

::
in
:::::::::

particular
:::
are

:::
still

:::::
under

:::::::
debate.

:::::
While

:::::
some

::::
have

:::::
found

:::::::
blooms

::
of

::::::::::
Phaeocystis

:
to

:::
be

::::::::
important

::::::
vectors

::
of

::::::
carbon

::::::
transfer

::
to

:::::
depth

:::::::
through

::
the

:::::::::
formation

::
of

:::::::::
aggregates

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Asper and Smith, 1999; DiTullio et al., 2000; Ducklow et al., 2015; Asper and Smith, 2019),

:::::
others

:::::::
suggest

::::
their

:::::::
biomass

::::::
losses

::
to

::
be

:::::::::
efficiently

::::::::
degraded

::
in

:::
the

:::::
upper

::::::
water

::::::
column

:::::::
through

::::::::
bacterial

:::
and

:::::::::::
zooplankton

::::::
activity,

:::::::
making

::::::::::
Phaeocystis

:
a
:::::
minor

:::::::::
contributor

::
to

:::
SO

::::
POC

::::::
export

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Gowing et al., 2001; Accornero et al., 2003; Reigstad and Wassmann, 2007).80

::::
This

:::::::::::
demonstrates

:::
the

:::::
major

:::::::
existing

:::::::::
uncertainty

::
in

::::
how

:::
the

:::::::::::
high-latitude

::::::::::::
phytoplankton

::::::::::
community

:::::::
structure

:::::::
impacts

::::::
carbon

:::::
export

::::::
fluxes.

In general, the relative importance of different phytoplankton types for total phytoplankton biomass is controlled by a

combination of bottom-up, i.e. physical and biogeochemical variables impacting phytoplankton growth, and top-down fac-

tors, i.e. processes impacting phytoplankton
::::::
biomass

:
loss such as grazing by zooplankton, aggregation of cells and subse-85

quent sinking, or viral lysis(Le Quéré et al., 2016). Taking a bottom-up perspective, different phytoplankton types are often

grouped in environmental niche space according to their preferred light and nutrient levels (Margalef, 1978; Reynolds, 2006).

In the scheme by Reynolds (2006), R-strategists (low-light-high-nutrient) and S-strategists (high-light-low-nutrient) are found

at opposite locations in the niche space.In this context, colonial and solitary cells of Phaeocystis can be grouped as R- ,
:
and

S-strategists, respectively, as Phaeocystis colonies are known to have a significantly lower affinity for nutrients, such as iron,90

than solitary cells (Veldhuis et al., 1991). Accordingly, colonial Phaeocystis are more similar to large diatoms, growing fast

under nutrient/iron-replete conditions at relatively low light levels (see review by Schoemann et al., 2005). Consequently, the

::::::::
bottom-up

:::::::
factors,

:::
i.e.

:::::::
physical

::::
and

:::::::::::::
biogeochemical

::::::::
variables

:::::::
impac

:::
ting

::::::::::::
phytoplankton

:::::::
growth

:::::::::::::::::::
(Le Quéré et al., 2016).

::::
The

observed spatio-temporal differences in the relative importance of Phaeocystis and diatoms
::
in

:::
the

:::
SO are thought to be largely
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controlled by differences in light and iron levelsin the SO (Arrigo et al., 1998, 1999; Goffart et al., 2000; Sedwick et al., 2000; Garcia et al., 2009).95

A number of studies suggest Phaeocystis colonies to grow better than diatoms under low light levels (Garcia et al., 2009; Tang et al., 2009; Mills et al., 2010; Feng et al., 2010),

implying a seasonal succession from Phaeocystis to diatoms throughout the growing season as light levels increase (Green and Sambrotto, 2006; Peloquin and Smith, 2007; Alvain et al., 2008).

At the same time , in the Ross Sea, the large interannual variability in the ,
:::
but

:::
the

:
relative importance of Phaeocystis and

diatoms has been suggested to be due to the large variability in iron availability in summer (for the years 2001-2010, between 39-87% of the annual net community production is attributed to Phaeocystis, Smith et al., 2011, 2014).

Therefore, iron availability may be more important in controlling the magnitude of the summer diatom bloom than the spring100

::
the

::::::::
different

::::::::
bottom-up

::::::
factors

:::::::
appears

::
to

:::
vary

:::::::::
depending

:::
on

::
the

::::
time

::::
and

::::::
location

::
of
:::
the

::::::::
sampling

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Arrigo et al., 1998, 1999; Goffart et al., 2000; Sedwick et al., 2000; Garcia et al., 2009; Tang et al., 2009; Mills et al., 2010; Feng et al., 2010; Smith et al., 2011, 2014).

:::::::::::
Concurrently,

:::::
while

:::::::
available

:::::::
models

::::
agree

::::
with

:::
the

:::::::::::
observations

::
on

:::
the

::::::
general

::::::::::
importance

::
of

::::
light

:::
and

::::
iron

:::::
levels,

::::::::::
differences

::
in

::
the

::::::::
dominant

:::::::::
bottom-up

::::::
factors

:::::::::
controlling

:::
the

:::::::::
distribution

::
of

:
Phaeocystis bloom (Peloquin and Smith, 2007; Smith et al., 2011).

Yet, other
::
at

:::
high

:::
SO

::::::::
latitudes

:::::
across

::::::
models

:::
are

:::::::
possibly

:
a
:::::
result

::
of

:::::::::
differences

::
in

::::
how

:::
this

::::::::::::
phytoplankton

::::
type

::
is

:::::::::::
parametrized105

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Tagliabue and Arrigo, 2005; Pasquer et al., 2005; Wang and Moore, 2011; Le Quéré et al., 2016; Kaufman et al., 2017; Losa et al., 2019).

::::::
Besides

:::::::::
bottom-up

:::::::
factors,

:::::
some

::::::::::::
observational

:
studies suggest that top-down factors might be

::
are

:
important in control-

ling the relative importance of Phaeocystis and diatoms
::
as

::::
well. For instance, van Hilst and Smith (2002) suggest graz-

ing by zooplankton to be an important factor explaining the observed distributions of these two phytoplankton types in the

SO. In fact, grazing pressure has been shown to be lower ,
::::::

likely
:::::::
resulting

:::::
from

:::
the

::::::::
generally

::::::
lower

:::::::
grazing

:::::::
pressure

:
on110

Phaeocystis colonies than on diatoms (Granéli et al., 1993; Smith et al., 2003; Tang et al., 2008), with cascading effects for

food web structure (Smetacek et al., 2004). Furthermore, evidence also
:::::::::::::::::::::::::::::::::
(Granéli et al., 1993; Smith et al., 2003).

::::
Yet,

::::::
further

:::::::
evidence

:
suggests a role for other biomass loss processes such as aggregation and subsequent sinking in controlling the relative

abundance of Phaeocystis and diatoms (Asper and Smith, 1999)
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Asper and Smith, 1999; Ducklow et al., 2015; Asper and Smith, 2019).

Altogether, this implies a complex interplay between bottom-up and top-down factors in controlling SO phytoplankton biomass115

levels in general and
::::
calls

:::
for

:
a
:::::::::::::
comprehensive

::::::::::
quantitative

:::::::
analysis

::
of the relative importance of diatoms and

::::::::
bottom-up

::::
and

::::::::
top-down

::::::
factors

::
in

:::::::::
controlling

:::
the

::::::::::
competition

:::::::
between Phaeocystis in particular, which is difficult to comprehensively assess

through in situ studies.

Ecosystem models can be a useful tool to disentangle the controlling factors of SO phytoplankton biogeography over the

course of the growing season and to quantify its biogeochemical implications (see e.g. Hashioka et al., 2013; Nissen et al., 2018).120

To date, some global (Wang and Moore, 2011; Le Quéré et al., 2016) or regional SO (Tagliabue and Arrigo, 2005; Pasquer et al., 2005; Kaufman et al., 2017) models

exist that include an explicit representation of Phaeocystis, but these differ substantially in how they parameterize the life cycle

of Phaeocystis (compare e.g. models including life cycle transitions such as Pasquer et al. (2005) and Kaufman et al. (2017) to

Wang and Moore (2011) and Le Quéré et al. (2016), which only include the colonial stage of Phaeocystis). Using a 1D model

setup for the Ross Sea, Kaufman et al. (2017) found light availability early in the growing season to critically impact the125

relative importance of diatoms and Phaeocystis. Similarly, in their study, Wang and Moore (2011) identify model parameters

surrounding the light and iron sensitivity of growth by diatoms and Phaeocystis colonies to have the biggest impact on the

relative importance of the two across the SO, with grazing by zooplankton playing only a minor role. While the models agree

with the observations on the general importance of light and iron levels in controlling the relative importance of Phaeocystis and
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diatoms in the SO, a detailed quantitative analysis of the factors controlling the competition of these two phytoplankton types130

over the course of the growing season is missing. In the past, some of the above-mentioned models have been used to relate

the simulated spatio-temporal variability in the high-latitude phytoplankton community structure to the simulated variability in

air-sea CO2 fluxes (at KERFIX and for the Ross Sea, see Pasquer et al., 2005; Tagliabue and Arrigo, 2005) or to quantify the

contribution of Phaeocystis to the SO integrated annual NPP or POC export (23% and 30% south of 60◦ S, respectively, see Wang and Moore, 2011).

Yet, none of these models has assessed the impacts of the seasonally varying phytoplankton community structure on basin-wide135

biogeochemical fluxes, such as POC export, and their implications for nutrient distributions
::
SO

:::::::
growing

::::::
season

:::
and

:::
its

::::::::::
ramifications

::
for

::::::
carbon

:::::::
transfer

::
to

:::::
depth.

In this study, we investigate the competition between Phaeocystis and diatoms
:::
and

::
its

:::::::::::
implications

:::
for

::::::
carbon

::::::
cycling using

a regional coupled physical-biogeochemical-ecological model configured at eddy-permitting resolution for the SO (ROMS-

BEC, Nissen et al., 2018). In our previous work (Nissen et al., 2018), we had already extended the original BEC model140

(Moore et al., 2013) with an explicit parametrization of coccolithophores. Now, we are adding
::
To

:::::::
address

:::
the

:::::::
missing

::::
link

:::::::
between

:::
SO

::::::::::::
phytoplankton

::::::::::::
biogeography

:::
and

:::
the

::::::
global

::::::
carbon

:::::
cycle,

:::
we

::::
have

::::::
added Phaeocystis colonies as an additional

phytoplankton functional type
:::
PFT

::
to
:::
the

::::::
model, so that the model includes all

:
it
::::::::
includes

::
all

:::::
major

::::::::
identified

:
biogeochemically

relevant phytoplankton types of the SO. We
:::
then

:
assess the relative importance of bottom-up and top-down factors in con-

trolling the relative importance of Phaeocystis colonies and diatoms over a complete annual cycle in the high-latitude SOand145

the imprint of the relative importance of Phaeocystis on SO nutrient distributions. Furthermore, we quantify the impact of

the simulated spatio-temporal variability in phytoplankton community structure
:
.
:::
We

:::::
show

:::
that

::
a

::::::
correct

:::::::::::
representation

:::
of

:::
SO

::::::::::::
phytoplankton

:::::::::::
biogeography

:::::
leaves

::
a
::::::
distinct

:::::::
imprint on upper ocean carbon cycling and POC export

:::::
across

::
the

::::
SO.

2 Methods

2.1 ROMS-BEC with explicit Phaeocystis colonies150

We use a quarter-degree SO setup of the Regional Ocean Modeling System ROMS (latitudinal range from 24◦ S-78◦ S, 64

topography-following vertical levels, time step to solve the primitive equations is 1600 s; Shchepetkin and McWilliams, 2005;

Haumann, 2016), coupled to the biogeochemical model BEC (Moore et al., 2013), which was recently extended to include an

explicit represenation of coccolithophores and thoroughly validated in the SO setup (Nissen et al., 2018). BEC resolves the

biogeochemical cycling of all macronutrients (C, N, P, Si), as well as the cycling of iron (Fe), the major micronutrient in the SO.155

The model includes four phytoplankton functional types (PFT)
::::
PFTs

:
– diatoms, coccolithophores, small phytoplankton/SP, and

N2-fixing diazotrophs – and one zooplankton functional type (Moore et al., 2013; Nissen et al., 2018). Here, we extend the ver-

sion of Nissen et al. (2018) to include an explicit parameterization of colonial Phaeocystis antarctica, which is the only species

of Phaeocystis occurring in the SO (Schoemann et al., 2005). For the remainder of this manuscript, we will refer to the new PFT

as "Phaeocystis". Generally, model parameters for Phaeocystis are chosen to represent the colonial form of Phaeocystis when-160

ever information is available in the literature (see e.g. review by Schoemann et al., 2005). By only simulating the colonial form

of Phaeocystis, we assume enough solitary cells of Phaeocystis to be available for colony formation at any time as part of the
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SP PFT. As for the other phytoplankton PFTs, growth by Phaeocystis is limited by surrounding temperature, nutrient, and light

conditions as outlined in the following (for a complete description of the model equations describing phytoplankton growth, see Nissen et al., 2018)
::::
(see

:::::::
appendix

::
B
:::
for

:
a
::::::::
complete

::::::::::
description

::
of

:::
the

:::::
model

::::::::
equations

:::::::::
describing

::::::::::::
phytoplankton

:::::::
growth).165

As the new PFT in ROMS-BEC represents a single species of Phaeocystis, we use an optimum function
:::::
rather

::::
than

:::
an

::::::
Eppley

:::::
curve

:::::::::::::
(Eppley, 1972) to describe its temperature-limited growth rate µPA(T ) (d−1, Schoemann et al., 2005):

µPA(T ) = µPA
max · e

−
(
T−Topt

τ

)2

(1)

In the above equation, the maximum growth rate (µPA
max) is 1.56 d−1 at an optimum temperature (Topt) of 3.6◦ C and the temper-

ature interval (τ ) is 17.51◦ C and 1.17◦ C at temperatures below and above 3.6◦ C, respectively. With these parameters, the sim-170

ulated growth rate of Phaeocystis in ROMS-BEC is zero at temperatures above∼8◦ C (in agreement with laboratory experiments with Phaeocystis Antarctica, see Buma et al., 1991)
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(in agreement with laboratory experiments with Phaeocystis antarctica, see Buma et al., 1991) and

higher than that of diatoms for temperatures between ∼0-4◦ C (Fig. A1a). We acknowledge that the range of temperatures for

which the growth of Phaeocystis exceeds that of diatoms is possibly too small
::::::::::::
underestimated, as the temperature-limited

growth rate by diatoms in ROMS-BEC is too high
:::::::::::
overestimated

:
at low temperatures compared to available laboratory data

(see Fig. A1a
::
&

:::
Eq.

:::
B5). Yet, we note that temperature-limited growth by diatoms in the model is tuned to fit the data at the175

global range of temperatures, in particular for the competition with coccolithophores at subantarctic latitudes (Nissen et al.,

2018).

Half-saturation constants for macronutrient limitation are scarce for P. antarctica (Schoemann et al., 2005), and macronutri-

ent limitation of Phaeocystis is therefore chosen to be identical to that of diatoms in ROMS-BEC (Table 1). As the availability

of the micronutrient Fe generally limits phytoplankton growth in the high-latitude SO (Martin et al., 1990a, b) and accord-180

ingly in ROMS-BEC (Fig. S1), this choice is not expected to significantly impact the simulated competition between diatoms

and Phaeocystis in this area. In contrast, differences in the half-saturation constants with respect to dissolved Fe concentra-

tions (kFe) of Phaeocystis and diatoms possibly critically impact the competitive success of Phaeocystis relative to diatoms

throughout the year (see e.g. Sedwick et al., 2000, 2007). Here, due to their larger size, we assume a higher kFe for Phaeocystis

(0.2 µmol m−3) than for diatoms (0.15 µmol m−3, Table 1). We note however, that the kFe of Phaeocystis has been reported185

to vary over one order magnitude depending on the ambient light level (0.045-0.45 µmol m−3, see Fig. A1b and Garcia et al.,

2009), with lowest values at optimum light levels of around 80 W m−2. Due to the limited number (3) of reported light levels in

Garcia et al. (2009) and the associated uncertainty when fitting the data, we refrain from using this kFe-light-dependency in the

Baseline simulation, but explore the sensitivity of the simulated seasonality of Phaeocystis and diatom biomass to a polynomial

fit describing the kFe of Phaeocystis as a function of the light intensity (see Fig. A1b and section 2.2). As a result of the tuning190

exercise aiming to maximize the fit of all simulated PFT biomass fields to available observations, the kFe of the other PFTs in

ROMS-BEC are increased by 25% in this study as compared to in Nissen et al. (2018, see Table 1). For diatoms, this change

leads to a better agreement of the kFe used in ROMS-BEC with values suggested for large SO diatoms by Timmermans et al.

(2004), but we acknowledge that the chosen value here is still at the lower end of their suggested range (0.19-1.14 µmol m−3).

We note that we currently do not include any luxury uptake of Fe by Phaeocystis into their gelatinous matrix (Schoemann195

et al., 2001). Serving as a storage of additional Fe accessible to the Phaeocystis colony when Fe in the seawater gets low, this
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Table 1. BEC parameters controlling phytoplankton growth and loss for the five phytoplankton PFTs diatoms (D), Phaeocystis (PA), coc-

colithophores (C), small phytoplankton (SP), and diazotrophs (N). Z=zooplankton, P=phytoplankton, PI=photosynthesis-irradiance. If not

given in section 2.1, the model equations describing phytoplankton growth and loss rates are given in Nissen et al. (2018).

Parameter Unit Description D PA C SP N†

µmax d−1 max. growth rate at 30◦ C 4.6 ‡ 3.8 3.6 0.9

Q10 temperature sensitivity 1.55 ‡ 1.45 1.5 1.5

kNO3 mmol m−3 half-saturation constant for NO3 0.5 0.5 0.3 0.1 1.0

kNH4 mmol m−3 half-saturation constant for NH4 0.05 0.05 0.03 0.01 0.15

kPO4 mmol m−3 half-saturation constant for PO4 0.05 0.05 0.03 0.01 0.02

kDOP mmol m−3 half-saturation constant for DOP 0.9 0.9 0.3 0.26 0.09

kFe µmol m−3 half-saturation constant for Fe 0.15 0.2 0.125 0.1 0.5

kSiO3 mmol m−3 half-saturation constant for SiO3 1.0 - - - -

αPI
mmol C m2

mg Chl W s
initial slope of PI-curve 0.44 0.63 0.4 0.44 0.38

γg,max d−1 max. growth rate of Z grazing on P 3.8 3.6 4.4 4.4 3.0

zgrz mmol m−3 half-saturation constant for ingestion 1.0 1.0 1.05 1.05 1.2

γm,0 d−1 linear non-grazing mortality 0.12 0.18 0.12 0.12 0.15

γa,0 d−1
::::::

m3

mmol C d:
quadratic loss rate in aggregation 0.001 0.005 0.001 0.001 -

rg - fraction of grazing routed to POC 0.3 0.42 0.2 0.05 0.05

† Compared to Nissen et al. (2018), the kFe of diazotrophs in ROMS-BEC is higher than for all other PFTs, consistent with literature reporting high Fe

requirements of Trichodesmium (Berman-Frank et al., 2001). Furthermore, the maximum grazing rate on diazotrophs is lowest in the model (Capone, 1997).

Still, diazotrophs continue to be a minor player in the SO phytoplankton community, contributing <1% to domain-integrated NPP in ROMS-BEC.
‡ The temperature-limited growth rate of Phaeocystis is calculated based on an optimum function according to Eq. 1 (see also Fig. A1a).

luxury uptake is thought to relieve it from Fe limitation when Fe concentrations become growth limiting (see discussion in

Schoemann et al., 2005). We therefore probably overestimate the Fe limitation of Phaeocystis growth in ROMS-BEC.

P. antarctica blooms are typically found where and when waters are comparatively turbulent and the mixed layer is comparatively

deep (in comparison to blooms dominated by diatoms, see e.g. Arrigo et al., 1999; Alvain et al., 2008), suggesting that Phaeo-200

cystis is better in coping with low light levels than diatoms (e.g. Arrigo et al., 1999). In agreement with laboratory experiments

(Tang et al., 2009; Mills et al., 2010; Feng et al., 2010), we therefore choose a higher αPI, i.e. a higher sensitivity of growth to

increases of photosynthetically active radiation (PAR) at low PAR levels, for Phaeocystis than for diatoms in ROMS-BEC (see

Table 1). Our value (0.63 mmol C m2 (mg Chl W s)−1) corresponds to the average value compiled from available laboratory

experiments (Schoemann et al., 2005).205

In addition to environmental conditions directly impacting phytoplankton growth rates, loss processes such as grazing, non-

grazing mortality, and aggregation impact the simulated biomass levels at any point and time
::::::::::::::::
(Moore et al., 2002). Grazing
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on Phaeocystis varies across zooplankton size classes, as a consequence of Phaeocystis life forms spanning several orders

of magnitude in size (few µm to cm, Schoemann et al., 2005)
::::::::::::::::::::
(Schoemann et al., 2005). Furthermore, Phaeocystis colonies are

surrounded by a skin
:::::::::
membrane

:
(Hamm et al., 1999), potentially serving as protection from zooplankton grazing. While210

small copepods have been shown to graze less on Phaeocystis once they form colonies, other larger zooplankton appear to

continue grazing on Phaeocystis colonies at unchanged rates (Granéli et al., 1993; Schoemann et al., 2005; Nejstgaard et al.,

2007). Based on a size-mismatch assumption of the single grazer in ROMS-BEC and Phaeocystis colonies, we assume a

lower maximum grazing rate on Phaeocystis than on diatoms (3.6 d−1 and 3.8 d−1, respectively, see γg,max in Table 1). Upon

grazing, we assume the fraction of the grazed phytoplankton biomass that is transformed to sinking POC via zooplankton215

fecal pellet production to be higher for larger and ballasted cells
:::
than

:::
for

:::::
small,

::::::::::
unballasted

::::
cells. Consequently, the fraction

of grazing routed to POC increases from grazing on SP or diazotrophs to coccolithophores, Phaeocystis, and diatoms (rg in

Table 1). Consistent with Nissen et al. (2018), we keep a Holling Type II ingestion functional response here
:::::::::::::
(Holling, 1959) and

compute grazing on each prey separately .
:::
(Eq.

:::::
B12).

:
We refer to Nissen et al. (2018) for a discussion of the relative merits and

pitfalls for using Holling Type II versus III.220

Non-grazing mortality (such as viral lysis) has been shown to increase under environmental stress for Phaeocystis colonies,

causing colony disruption and ultimately cell death (van Boekel et al., 1992; Schoemann et al., 2005). To account for processes

causing colony disintegration and for grazing by higher trophic levels not explicitly included in ROMS-BEC, Phaeocystis in

ROMS-BEC experience a higher mortality rate than diatoms (0.18 d−1 and 0.12 d−1, respectively, see γm,0 in Table 1
::
&

:::
Eq.

::::
B14). Thereby, the chosen non-grazing mortality rate of Phaeocystis assumed in the model is still lower than the estimated225

rate of viral lysis for Phaeocystis in the North Sea by van Boekel et al. (1992, 0.25 d−1), but we note that data on non-grazing

mortality of P. antarctica are currently lacking (Schoemann et al., 2005). Furthermore, based on the assumption that for a given

biomass concentration, larger cells are more likely than smaller cells to form aggregates and subsequently
::
to

:::::::::::
subsequently

::::
stop

:::::::::::::::
photosynthesizing

:::
and sink as POC, we use a higher quadratic mortality

:::
loss rate for Phaeocystis (0.005 d−1) than for diatoms

(0.001 d−1) in the model (see γa,0 in Table 1
::
&

:::
Eq.

::::
B16).230

In summary, the spatio-temporal variability of the relative importance of Phaeocystis and diatoms in ROMS-BEC is con-

trolled by the interplay of the environmental conditions and loss processes, which differentially impact the growth and loss

rates of these two PFTs and consequently their competitive fitness in the model. In the following, we will describe the model

setup and the simulations that were performed to assess the competition between Phaeocystis and diatoms throughout the year

in the high-latitude SO. The simulations include a set of sensitivity experiments, with the aim to assess the impact of choices235

of single parameters or parameterizations on the simulated Phaeocystis biogeography.

2.2 Model setup and
:::::::::
sensitivity simulations

With few exceptions, we use the same ROMS-BEC model setup as described in detail in Nissen et al. (2018): At the open

northern boundary, we use monthly climatological fields for all tracers (Carton and Giese, 2008; Locarnini et al., 2013; Zweng

et al., 2013; Garcia et al., 2014b, a; Lauvset et al., 2016; Yang et al., 2017), and the same data sources are used to initialize240

the model simulations. At the ocean surface, the model is forced with a 2003-normal year forcing for momentum, heat, and
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Table 2. Overview of sensitivity experiments aiming to assess the sensitivity of the simulated Phaeocystis-diatom competition to chosen

parameter values and parameterizations of Phaeocystis. See Table 1 and section 2.1 for parameter values and parameterizations of Phaeocystis

in the reference simulation. PA=Phaeocystis, D=diatoms.

Run Name Description

1 TEMPERATURE Use µD
max, QD

10, and µPA
T = µD

max ·QD
10

T−Tref
10◦ C to compute the

temperature-limited growth rate of Phaeocystis instead of Eq. 1

2 ALPHAPI Set αPA
PI to αD

PI

3 IRON Set kPA
Fe to kD

Fe

4 GRAZING Set γPA
g,max to γD

max

5 AGGREGATION Set γPA
a,0 to γD

a,0

6 MORTALITY Set γPA
m,0 to γD

m,0

7 VARYING_kFE Use kPA
Fe (I) = 2.776 · 10−5 · (I + 20)2 - 0.00683 · (I + 20) + 0.46

(with the irradiance I in W m−2) instead of a constant kPA
Fe

freshwater fluxes (Dee et al., 2011). Satellite-derived climatological total chlorophyll concentrations are used to initialize

phytoplankton biomass and to constrain it at the open northern boundary in the model (NASA-OBPG, 2014b), and the fields

are extrapolated to depth following Morel and Berthon (1989). Due to the addition of Phaeocystis, the partitioning of total

chlorophyll onto the different phytoplankton PFTs is adjusted compared to Nissen et al. (2018): 90% is attributed to small245

phytoplankton, 4% to diatoms and coccolithophores, respectively, and 1% to diazotrophs and Phaeocystis, respectively. This

partitioning is motivated by the phytoplankton community structure at the open northern boundary at 24◦ S, where small

phytoplankton typically dominate and P. Antarctica
::::::::
antarctica are only a minor contributor to phytoplankton biomass (see e.g.

Schoemann et al., 2005; Swan et al., 2016). Phaeocystis is initialized with a carbon-to-chlorophyll ratio of 60 mg C (mg chl)−1

(same as small phytoplankton and coccolithophores), whereas diatoms are initialized with a ratio of 36 mg C (mg chl)−1250

(Sathyendranath et al., 2009).

We first run a 30 year long physics-only spin-up, followed by a 10 year long spin-up in the coupled ROMS-BEC setup. Our

Baseline simulation for this study is then run for an additional 10 years, of which we analyze a daily climatology over the last

5 full seasonal cycles. i.e. from 1 July of year 5 until 30 June of year 10. Apart from having added Phaeocystis and adjusted the

parameters of the other PFTs as described in section 2.1, the setup of the Baseline simulation in this study is thereby identical255

to the Baseline simulation in Nissen et al. (2018). We will evaluate the model’s performance with respect to the simulated

phytoplankton biogeography in section 3.1 and in the supplementary material.

Furthermore, we perform seven sensitivity experiments, in order to assess the sensitivity of the simulated Phaeocystis biogeo-

graphy and the competition of Phaeocystis and diatoms to chosen parameters and parameterizations (Table 2). To do so, we set

the parameters and parameterizations of Phaeocystis to those used for diatoms in ROMS-BEC (runs 1-6 in Table 2). Generally,260

the differences in parameters between Phaeocystis and diatoms affect either the simulated growth rates (runs TEMPERATURE,
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ALPHAPI, and IRON) or loss rates (runs GRAZING, AGGREGATION, and MORTALITY). By successively eradicating the

differences between Phaeocystis and diatoms, these simulations allow us to directly quantify the impact of differences in

parameters
::::::::
parameter

::::::::::
differences on the simulated relative importance of Phaeocystis for total phytoplankton biomass. To as-

sess the impact of iron-light interactions on the competitive success of Phaeocystis at high SO latitudes, we ultimately run a sim-265

ulation in which the half-saturation constant of iron (kFe) of Phaeocystis is a function of the light intensity, following a polyno-

mial fit of available laboratory data (VARYING_kFE, see Fig. A1b and Garcia et al., 2009)
::::::::::::::::::::::::::::::::::::::
(VARYING_kFE, Fig. A1b; Garcia et al., 2009).

All sensitivity experiments use the same physical
:::
and

:::::::::::::
biogeochemical

:
spin-up as the Baseline simulation and start from the

end of year 10 of the Baseline simulation
::::::
coupled

:::::::::::
ROMS-BEC

::::::
spin-up. Each simulation is then run for an additional 10 years,

of which the average over the last 5 full seasonal cycles is analyzed in this study.270

2.3 Analysis framework

2.3.1 Evaluating the simulated phytoplankton community structure

We compare the simulated spatio-temporal variability in phytoplankton biomass and community structure to available obser-

vations of phytoplankton carbon biomass concentrations from the MAREDAT initiative (O’Brien et al., 2013; Leblanc et al.,

2012; Vogt et al., 2012), satellite-derived total chlorophyll concentrations (Fanton d’Andon et al., 2009; Maritorena et al.,275

2010), DMS measurements (Curran and Jones, 2000; Lana et al., 2011), the ecological niches suggested for SO phytoplankton

taxa (Brun et al., 2015), and the CHEMTAX climatology based on high performance liquid chromatography (HPLC) pigment

data (Swan et al., 2016). The latter provides seasonal estimates of the mixed layer average community composition, which

we compare to the seasonally and top 50 m averaged model output of each phytoplankton’s contribution to total chlorophyll

biomass. The CHEMTAX analysis splits the phytoplankton community into diatoms, nitrogen fixers (such as Trichodesmium),280

pico-phytoplankton (such as Synechococcus and Prochlorococcus), dinoflagellates, cryptophytes, chlorophytes (all three com-

bined into the single group "Others" here), and haptophytes (such as coccolithophores and Phaeocystis). As noted in Swan et al.

(2016), the differentiation between coccolithophores and Phaeocystis in the CHEMTAX analysis is difficult and prone to error.

Possibly, this is due to the large variability in pigment composition of Phaeocystis as a
:
in

:
response to varying environmental

conditions, especially regarding light and iron levels (Smith et al., 2010; Wright et al., 2010). Coccolithophores have been re-285

ported to only grow very slowly at low temperatures (below ∼8◦ C, Buitenhuis et al., 2008), and in the SO, their abundance in

the high latitudes south of the polar front is very low (Balch et al., 2016). Therefore, whenever the climatological temperature in

the World Ocean Atlas 2013 (Locarnini et al., 2013) is below 2◦ C at the time and location of the respective HPLC observation,

we re-assign data points identified as "Hapto-6" (hence e.g. Emiliania huxleyi) in the CHEMTAX analysis to "Hapto-8" (hence

e.g. Phaeocystis Antarctica
::::::::
antarctica). Throughout the manuscript, this new category ("Hapto-8 re-assigned") is indicated sep-290

arately in the respective figures, and leads to a better correspondence of the functional types included in the CHEMTAX-based

climatology by Swan et al. (2016) and the PFTs in ROMS-BEC.

To assess the controlling factors of the simulated PFT distributions in our model, we analyze the simulated December-March

(
::::::
summer

::::::::::::::::
(December-March;

:
DJFM) top 50 m average biomass distribution of the different model PFTs south of 40◦ S
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in environmental niche space. To that aim, we bin the simulated carbon biomass concentrations of Phaeocystis, diatoms,295

and coccolithophores in ROMS-BEC as a function of the temperature [◦ C], nitrate concentration [mmol m−3], iron con-

centration [µmol m−3], and mixed layer photosynthetically active radiation (MLPAR; W m−2). Subsequently, we compare

the simulated ecological niche to that observed for example taxa from the SO
::::::::
abundant

:::
SO

:::::::
species of each model PFT

(such as Phaeocystis Antarctica, Fragilariopsis kerguelensis, Thalassiosira sp., or Emiliania huxleyi, see Brun et al., 2015).
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(such as Phaeocystis antarctica, Fragilariopsis kerguelensis, Thalassiosira sp., or Emiliania huxleyi, see Brun et al., 2015).

::
In

::::::
section

:::
3.3

::
of

::::
this

::::::::::
manuscript,

::::
only

:::
the

::::::
results

:::
for

::::::::::
Phaeocystis

:::
and

:::::::
diatoms

::::
will

::
be

::::::
shown,

::::
the

::::::::::::
corresponding

::::::
figures

:::
for300

::::::::::::::
coccolithophores

:::
can

:::
be

:::::
found

::
in

:::
the

:::::::::::::
supplementary

:::::::
material

::::
(Fig.

:::
S8

::
&

::::
S9).

:
While this analysis informs on possible links

between the competitive fitness of a PFT and the environmental conditions it lives in, the assessment is hindered
::::::
limited

::
to

:
a
::::::::::
qualitative

::::::::::::::
inter-comparison

:
due to difficulties in comparing a model PFT to individual phytoplankton species, a sampling

bias towards the summer months and the low latitudes, and the neglect of loss processes such as zooplankton grazing to ex-

plain biomass distributions. As a consequence, the ecological niche analysis does not allow for the assessment of any temporal305

variability in PFT biomass concentrations.

In order to assess the simulated seasonality and the seasonal succession of Phaeocystis and diatoms, we identify the bloom

peak as the day of peak chlorophyll concentrations throughout the year. Besides the timing of the bloom peak, phytoplankton

phenology is typically characterized by metrics such as the day of bloom initiation or the day of bloom end (see e.g. Soppa et al.,

2016). In this regard, the timing of the bloom start is known to be sensitive to the chosen identification methodology (Thomalla310

et al., 2015). At high latitudes, the identification of the bloom start based on remotely sensed chlorophyll concentrations is

additionally impaired by the large number of missing data in all seasons (even in the summer months, a large part of the SO

is sampled by the satellite in less than 5 of the 21 available years, see Fig. S2), complicating any comparison of the high-

latitude satellite-derived bloom start with output from models such as ROMS-BEC. To minimize the uncertainty due to the

low data coverage in the region of interest for this study, and as the seasonal succession of Phaeocystis and diatoms in the315

high-latitude SO is mostly inferred from the timing of observed maximum abundances in the literature (e.g. Peloquin and

Smith, 2007; Smith et al., 2011), we focus our discussion of the simulated bloom phenology on the timing of the bloom peak

::::::::::::::::::
(Hashioka et al., 2013). To evaluate the model’s performance, we compare the timing of the total chlorophyll bloom peak in

the Baseline simulation of ROMS-BEC to the bloom timing derived from climatological daily chlorophyll data from Globcolor

(climatology from 1998-2018 based on the daily 25 km chlorophyll product, see Fanton d’Andon et al., 2009; Maritorena et al.,320

2010).

The release of dimethylsulfoniopropionate (DMSP) via zooplankton grazing, cell lysis, and exudation and the subsequent

transformation to DMS by bacterial activity are the major sources of DMS in seawater (e.g. Stefels et al., 2007). With Phaeocystis

being the major DMSP producer in the SO (Keller et al., 1989; Liss et al., 1994), the timing of observed peak seawater DMS

concentrations (Curran et al., 1998; Curran and Jones, 2000) will allow us to assess the simulated seasonality of Phaeocystis325

in the model. Though not explicitly including the biogeochemical cycling of sulphur, we can nevertheless use model output

from ROMS-BEC to obtain an estimate of DMS production by Phaeocystis through a simple back-of-the-envelope calculation.

To this aim, we use the model-based Phaeocystis biomass loss rates via zooplankton grazing and non-grazing mortality to get

the DMSP release from this PFT (integrated annually over the top 10 m; we neglect exudation here), a molar DMSP:C ratio for
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Phaeocystis of 0.011 (Stefels et al., 2007), and a DMSP-to-DMS conversion efficiency between 0.2-0.7 (the DMS yield depends on the local sulphur demand of bacteria, Stefels et al., 2007; Wang et al., 2015).330

By comparing the resulting model-based estimates to previously published global estimates of marine DMS emissions (Lana et al., 2011),

we obtain an estimate of the importance of SO Phaeocystis for global sulphur cycling.

2.3.2 Assessing phytoplankton
::::::::::::
Phytoplankton

:
competition throughout the year

::::
and

:::::::::
succession

In ROMS-BEC, phytoplankton biomass P i (mmol C m−3, i ∈ {PA,D,C,SP,N}) is
:::::::::
determined

::
by

:
the balance between

growth (µi) and loss terms (grazing by zooplankton γig, non-grazing mortality γim, and aggregation γia, see appendix in335

Nissen et al. (2018)
:
B
:

for a full description of the model equations). Here, in order to disentangle the factors controlling the

relative importance of Phaeocystis and diatoms for total phytoplankton biomass throughout the year, we use the metrics first in-

troduced by Hashioka et al. (2013) and then applied to assess the competition of diatoms and coccolithophores in ROMS-BEC

in Nissen et al. (2018). Same as in Nissen et al. (2018), the relative growth ratio µij
rel of phytoplankton i and j (e.g. diatoms

and Phaeocystis) is defined as the ratios of their specific growth rates (µi, d−1), which in turn depends on environmental340

dependencies regarding the temperature T , nutrients N , and irradiance I , following:

µDPA
rel = log

µD

µPA

= log
fD(T) ·µD

max

µPA
T︸ ︷︷ ︸

βT

+log
gD(N)

gPA(N)︸ ︷︷ ︸
βN∼βFe

+log
hD(I)

hPA(I)︸ ︷︷ ︸
βI

(2)

In the above equation, the specific growth rate µi of each phytoplankton i is calculated as a multiplicative function of a

temperature-limited growth rate (fD(T) ·µD
max for diatoms and µPA

T for Phaeocystis,
:
; see Eq.

:::
B5

::
&

:::
Eq. 1), a nutrient limitation345

term (gi(N), limitation of each nutrient is calculated using a Michaelis-Menten function, and the most-limiting one is then used

here
:
;
:::
see

:::
Eq.

:::
B8), and a light limitation term (hi(I), Geider et al., 1998). For a detailed description of the underlying functions

f(T ), g(N), and h(I), the reader is referred to the appendix in Nissen et al. (2018).
::::::::::::::::::::::::::::::::::
(hi(I); see Eq. B9 and Geider et al., 1998).

At high-latitudes south of 60◦ S, the ratio of the nutrient limitation of growth βN corresponds to that of the iron limitation βFe in

our model (Fig. S1). Consequently, environmental conditions regarding temperature, iron, and light decide whether the relative350

growth ratio is positive or negative at a given location and point in time, i.e., which of the two phytoplankton types has a higher

specific growth rate and hence a competitive advantage over the other regarding growth.

Similarly, the relative grazing ratio γijg,rel of phytoplankton i and j (e.g. diatoms and Phaeocystis) is defined as the ratio of

their specific grazing rates (γig, d−1) following:

γDPA
g,rel = log

γPA
g

PPA

γD
g

PD

(3)355

In ROMS-BEC, grazing on each phytoplankton i is calculated using a Holling Type II ingestion function (Nissen et al., 2018).

As described in section 2.1, Phaeocystis and diatoms in ROMS-BEC do not only differ in parameters describing the zooplank-

ton grazing pressure they experience, but in parameters describing their non-grazing mortality and aggregation losses as well.
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Therefore, in accordance with the relative grazing ratio defined above, we define the relative mortality ratio (γijm,rel) and the rel-

ative aggregation ratio (γija,rel) of phytoplankton i and j (e.g. diatoms and Phaeocystis) as the ratio of their specific non-grazing360

mortality rates (γim, d−1) and aggregation rates (γia, d−1), respectively, following:

γDPA
m,rel = log

γPA
m

PPA

γD
m

PD

(4)

γDPA
a,rel = log

γPA
a

PPA

γD
a

PD

(5)

Since the total specific loss rate (γijtotal, d−1) of phytoplankton i is the addition of its specific grazing, non-grazing mortality,365

and aggregation loss rates, the relative total loss ratio γijtotal,rel of phytoplankton i and j (e.g. diatoms and Phaeocystis) is

defined as

γDPA
total,rel = log

γPA
g

PPA +
γPA
m

PPA +
γPA
a

PPA

γD
g

PD +
γD
m

PD +
γD
a

PD

(6)

If γDPA
total,rel is positive, the specific total loss rate of Phaeocystis is larger than that of diatoms (and accordingly for the indi-

vidual loss ratios in Eq. 3-5), and loss processes promote the accumulation of diatom biomass relative to that of Phaeocystis.370

While the maximum grazing rate on Phaeocystis is lower than that of diatoms, their non-grazing mortality and aggregation

losses are higher (see section 2.1 and Table 1). Ultimately, at any given location and point in time, the interaction between

the phytoplankton biomass concentrations (impacting the respective loss rates) and environmental conditions (impacting the

respective growth rate) will determine the relative contribution of each phytoplankton type i to total phytoplankton biomass.

Here, we use these metrics to assess the controls on the simulated seasonal evolution of the relative importance of Phaeocystis375

and diatoms in the high-latitude SO.

3 Results

3.1 Phytoplankton biogeography and community composition in the SO

In
:::
the

:::::
5-PFT

::::::::
Baseline

::::::::
simulation

::
of

:
ROMS-BEC, total summer chlorophyll is highest close to the Antarctic continent (>10

mg chl m−3) and decreases northwards to values <1 mg chl m−3 close to the open northern boundary (Fig. 1a). While this380

south-north gradient is in broad agreement with remotely sensed chlorophyll concentrations (Fig. 1b), our model generally

overestimates high-latitude chlorophyll levels, which has already been noted for the 4-PFT setup of ROMS-BEC (Nissen et al.,

2018). With Phaeocystis added, the model overestimates annual mean satellite derived surface chlorophyll biomass estimates

by 18% (40.8 Gg chl in ROMS-BEC between 30-90◦ S compared to 34.5 Gg chl in the MODIS Aqua chlorophyll product,

Table 3, NASA-OBPG, 2014a; Johnson et al., 2013) and satellite derived NPP by 38-42% (17.2 compared to 12.1-12.5 Pg C385

yr−1, Table 3, Behrenfeld and Falkowski, 1997; O’Malley, last access: 16 May 2016; Buitenhuis et al., 2013a). This bias is
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Figure 1. Biomass distributions for December-March (DJFM). Total surface chlorophyll [mg chl m−3] in a) ROMS-BEC and b) MODIS-

Aqua climatology (NASA-OBPG, 2014a), using the chlorophyll algorithm by Johnson et al. (2013). c)-f) Mean top 50 m c) Phaeocystis, d)

diatom, e) coccolithophore, and f) small phytoplankton carbon biomass concentrations [mmol C m−3] in ROMS-BEC. Phaeocystis, diatom,

and coccolithophore biomass observations from the top 50 m are indicated by colored dots in c), d), and e), respectively (Balch et al., 2016;

Saavedra-Pellitero et al., 2014; O’Brien et al., 2013; Vogt et al., 2012; Leblanc et al., 2012; Tyrrell and Charalampopoulou, 2009; Gravalosa

et al., 2008; Cubillos et al., 2007). For more details on the biomass evaluation, see Nissen et al. (2018).

largest south of 60◦ S, where NPP and surface chlorophyll are overestimated by a factor 1.8-4.4 and 1.8, respectively (Table

3), and the bias is likely due to a combination of underestimated high-latitude chlorophyll concentrations in satellite-derived

products (Johnson et al., 2013) and the missing complexity in the zooplankton compartment in ROMS-BEC, as biases in the

simulated physical fields (temperature, light) have been shown to only explain a minor fraction of the simulated high-latitude390

biomass overestimation (Nissen et al., 2018).

The simulated carbon biomass distributions of colonial Phaeocystis, diatoms, coccolithophores, and SP are distinctly dif-

ferent in the model (Fig. 1c-f, showing top 50 m averages). The simulated summer Phaeocystis biomass is highest south of

50◦ S(top 50 m mean), with highest concentrations of 10 mmol C m−3 at ∼74◦ S. In the model, average Phaeocystis biomass

concentrations quickly decline to levels <0.1 mmol C m−3 north of 50◦ S (Fig. 1c), a direct result of the restriction of Phaeo-395

cystis growth to temperatures < ∼8◦ C in the model (Fig. A1a). This is in broad agreement with in situ observations, which

suggest highest concentrations (>20 mmol C m−3) south of ∼75◦ S, and concentrations <5 mmol C m−3 north of ∼65◦ S
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Table 3. Comparison of ROMS-BEC based phytoplankton biomass, production, and export estimates with available observations (given in

parentheses). Data sources are given below the Table.

ROMS-BEC (Data)

30-90◦ S 60-90◦ S

Surface chlorophyll biomass total, annual mean [Gg chl] 40.8 (34.5a) 17.1 (9.5a)

Diatom carbon biomass 0-200m, annual mean [Pg C] 0.059 (globalb: 0.10-0.94) 0.015

Phaeocystis carbon biomass 0-200m, annual mean [Pg C] 0.019 (globalb: 0.11-0.71) 0.010

Coccolithophore carbon biomass 0-200m, annual mean [Pg C] 0.012 (globalb: 0.001-0.03) 0.001

NPP Pg C yr−1 17.2 (12.1-12.5c) 3.0 (0.68-1.7c)

Diatoms [%] 52.0 49.1

Phaeocystis [%] 15.3 45.8

Coccolithophores [%] 14.6 0.7

SP [%] 17.2 4.5

POC export at 100m Pg C yr−1 3.1 (2.3-2.96d) 0.62 (0.21-0.24d)
a Monthly climatology from MODIS Aqua (2002-2016, NASA-OBPG, 2014a), SO algorithm (Johnson et al., 2013)
b The reported estimates from the MAREDAT data base in Buitenhuis et al. (2013) are global estimates of phytoplankton biomass.
c Monthly climatology from MODIS Aqua VGPM (2002-2016, Behrenfeld and Falkowski, 1997; O’Malley, last access: 16 May 2016), NPP climatology

from Buitenhuis et al. (2013a, 2002-2016)
d Monthly output from a biogeochemical inverse model (Schlitzer, 2004) and a data-assimilated model (DeVries and Weber, 2017).

(Fig. 1c & Fig. S3a & b). As a response to the addition of Phaeocystis to ROMS-BEC, the simulated high-latitude diatom

biomass concentrations decrease compared of the 4-PFT setup of the model (Nissen et al., 2018). In the 5-PFT setup, the

model simulates highest diatom biomass south of 60◦ S with maximum concentrations of ∼7 mmol C m−3 at 72◦ S (top 50 m400

mean; ∼17 mmol C m−3 in 4-PFT setup) and rapidly declining concentrations north of 60◦ S (Fig. 1d). Nevertheless, the sim-

ulated summer diatom biomass levels are still overestimated compared to carbon biomass estimates (Fig. S3c, Leblanc et al.,

2012) and satellite derived diatom chlorophyll estimates (Soppa et al., 2014, comparison not shown). In contrast to both Phaeo-

cystis and diatoms, the simulated biomass levels of coccolithophores are highest in the subantarctic (highest concentrations of

3 mmol C m−3 on the Patagonian Shelf, Fig. 1e & S3d), and their simulated SO biogeography remains largely unchanged405

compared to the 4-PFT setup (Nissen et al., 2018).

Taken together, the model simulates a phytoplankton community with substantial contributions of coccolithophores and

Phaeocystis in the subantarctic and high-latitude SO, respectively (Fig. 2a). CHEMTAX data generally support this latitudinal

trend (CHEMTAX is based on high performance liquid chromatography pigment data, see Fig. 2b-d and section 2.3.1, Swan et al., 2016)
:::::::::::::::::::::::::::::::::::::::::
(see Fig. 2b-d and section 2.3.1, Swan et al., 2016).

Averaged over 30-90◦ S (60-90◦ S), the simulated relative contributions of Phaeocystis, diatoms, and coccolithophores to total410

chlorophyll in summer are 20% (33%), 68% (64%), and 5% (<1%), respectively, in good agreement with the CHEMTAX cli-

matology (28% (27%), 46% (48%), and 3% (1%), respectively, Fig. 2b & c). Acknowledging the uncertainty in the attribution

of the group "Other" in the CHEMTAX data to a model PFT ("Other" includes dinoflagellates, cryptophytes, and chlorophytes
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Figure 2. Spatio-temporal distribution of phytoplankton communities in the SO. a) Diatom-dominated phytoplankton community vs. mixed

communities with substantial contributions of Phaeocystis, coccolithophores and small phytoplankton in ROMS-BEC. Communities in

which neither Phaeocystis (PA, dark blue) or coccolithophores (C, light blue) contribute >25 % nor diatoms (D, red) contribute >75 % to

total annual NPP are classified as mixed
:::::::::
co-existence

:
communities (grey). b)-d) Relative contribution of the five phytoplankton PFTs to total

chlorophyll biomass [mg chl m−3] for b) 30-90◦ S, c) 60-90◦ S, and d) the Ross Sea. The top pie charts denote the climatological mixed

layer average community composition suggested by CHEMTAX analysis of HPLC pigments for spring, summer, and fall, respectively (the

total number of available observations for a given region and season is given at the lower left side, Swan et al., 2016), and the lower pie

charts denote the corresponding community structure in the top 50 m in ROMS-BEC. Note that the categories in the CHEMTAX analysis

are not 100% equivalent to the model PFTs.
:::::

Here,
::::::
“others”

::
in

::
the

::::::::::
CHEMTAX

::::::
fractions

::::::::::
corresponds

::
to

:::::::::::
dinoflagellates,

:::::::::::
cryptophytes, and

here
:::::::::
chlorophytes,

:::
and

:
"Hapto-8 reassigned" corresponds to the contribution of Hapto-6 where the temperature is <2◦ C (see also section

2.3.1). The panels at the bottom denote the daily contribution of each PFT in ROMS-BEC to total surface chlorophyll biomass.

:::
here, see section 2.3.1), the model also captures the seasonal evolution of the relative importance of Phaeocystis and diatoms

reasonably well, both averaged over 30-90◦ S (Fig. 2b) and at high SO latitudes (Fig. 2c-d). The model overestimates the415

contribution of Phaeocystis in fall (39% as compared to 24% in CHEMTAX) and spring (51% as compared to 28%) between

60-90◦ S and in the Ross Sea, respectively (Fig. 2c-d), but the limited number of data points available in the CHEMTAX cli-
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matology in this area and the uncertainty in the attribution of pigments in CHEMTAX to the Phaeocystis PFT in ROMS-BEC

have to be noted (see section 2.3.1).

In the 4-PFT setup of ROMS-BEC, the simulated summer phytoplankton community south of 60◦ S was often almost solely420

composed of diatoms (Fig. S4 and Nissen et al., 2018), suggesting that the implementation of Phaeocystis led to a substantial

improvement in the representation of the observed high-latitude community structure (Fig. 2). Concurrently, as the distribution

of silicic acid and nitrate is directly impacted by the relative importance of silicifying and non-silicifying phytoplankton, such

as Phaeocystis, in the community, the addition of Phaeocystis to the model led to an improvement in the simulated high-

latitude nutrient distributions when comparing to climatological data from the World Ocean Atlas (WOA, Fig. S5d-f, Garcia425

et al., 2014b). Upon the addition of Phaeocystis, the zonal average location of the silicate front, i.e., the latitude at which nitrate

and silicic acid concentrations are equal (Freeman et al., 2018), is shifted northward by∼7◦ C in ROMS-BEC (from 57.1◦ S in

4-PFT setup to 50◦ S in 5-PFT setup, see Fig. S6). While this is further north than suggested by WOA data (56.5◦ S, Fig. S6b

and Garcia et al., 2014b), this can certainly be expected to affect the competitive fitness of individual phytoplankton types in

the subantarctic and possibly at lower latitudes, which we did not assess further in this study. Overall, our model suggests that430

Phaeocystis is an important member of the high-latitude phytoplankton community. In the remainder of the manuscript, we

will therefore explore the temporal variability in the relative importance of diatoms and Phaeocystis and its implications for

SO carbon cycling in more detail.

3.2 Bloom characteristics &
:::::::
Patterns

::
of

:::::::::::::
phytoplankton

:::::::::
phenology

::::
and

:
seasonal succession

Maximum total chlorophyll concentrations are simulated for the first half of December across latitudes in ROMS-BEC (solid435

blue line in Fig. 3a). At high SO latitudes south of 60◦ S, this is 1-2 months earlier than suggested by satellite estimates (black

line in Fig. 3a). Yet, compared to the 4-PFT setup (dashed blue line in Fig. 3a), the simulated timing of peak chlorophyll

levels improved in this study, with peak chlorophyll delayed by on average a week in the model upon the implementation of

Phaeocystis. The simulated physical biases (i.e., generally too high temperatures and too shallow mixed layer depths, both

favoring an earlier onset of the phytoplankton bloom, see Nissen et al., 2018) only partially explain the bias in the simulated440

timing of maximum chlorophyll levels (see red and green dashed lines in Fig. S7a), suggesting that biological factors must

explain the difference between ROMS-BEC and the satellite product. As diatoms dominate the phytoplankton community at

peak total chlorophyll concentrations everywhere in the model domain (compare their bloom timing in Fig. 3c to Fig. 3a and to

the simulated community composition in Fig. 2b-d), the mismatch in timing is likely related to the representation of this PFT

in the model, and is possibly at least partly caused by their comparatively high growth rates at low temperatures (see Fig. A1a).445

In contrast to diatoms, maximum chlorophyll concentrations of Phaeocystis are simulated for late November or early De-

cember across most latitudes in the model (only around 70◦ S a peak in late January is simulated, Fig. 3b). Overall, the timing of

simulated peak Phaeocystis chlorophyll levels corresponds well to the suggested timing of observed maximum seawater DMSP

concentrations (peak in November/December in Curran et al., 1998; Curran and Jones, 2000) and the delayed maximum at-

mospheric DMS concentrations (January/February, e.g. Nguyen et al., 1990; Ayers et al., 1991). This further corroborates the450

hypothesis that the bias in the timing of maximum total chlorophyll levels in ROMS-BEC is likely caused by how diatoms
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Figure 3. Hovmoller plots south of 50◦ S of a) the day of maximum total chlorophyll concentrations in a satellite product (black line,

Globcolor climatology from 1998-2018 based on the daily 25 km chlorophyll product, see Fanton d’Andon et al., 2009; Maritorena et al.,

2010), the Baseline simulation of this study (solid blue line), and the Baseline simulation of Nissen et al. (2018, dashed blue line; without

Phaeocystis), and daily surface b) diatom and c) Phaeocystis chlorophyll biomass concentrations [mg chl m−3]. Overlain are the average day

of the peak concentrations for each latitude (see also section 2.3.1). Panel d) denotes the difference in days in the timing of the bloom peak

of diatoms and Phaeocystis for each latitude, with negative values denoting a succession from Phaeocystis to diatoms throughout the season.

are parameterized in the model. Taken together, the model simulates a succession from Phaeocystis to diatoms close to the

Antarctic continent (south of 72◦ S, see also Fig. S7b) and in some parts of the open ocean north of 68◦ S (Fig. 3d & Fig. S7b).

The difference in the timing of the bloom peak between the two PFTs is largely <10 days when averaged zonally, but locally

exceeds 30 days when looking at individual grid cells in the model (Fig. S7b), in broad agreement with observations, which455

suggest up to 2 months between the peak chlorophyll concentrations of Phaeocystis and diatoms in the Ross Sea (see e.g.

Peloquin and Smith, 2007; Smith et al., 2011). Subsequently, we will assess how environmental conditions and biomass loss

processes interact to control the SO phytoplankton biogeography and in particular the competition between Phaeocystis and

diatoms at high SO latitudes.
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3.3 Analyzing ecological niches: A bottom-up perspective on
:::::::
Drivers

::
of SO phytoplankton biogeography

:
,
:::::::::
phenology,460

:::
and

::::::::::
succession

:::::::
patterns

Simulated DJFM average top 50 m average a) & d) Phaeocystis, b) & e) diatom, and c) & f) coccolithophore carbon biomass

concentrations mmol C m−3south of 40◦ S as a function of the simulated concurrent a)-c) nitrate concentrations mmol N m−3and

temperature (◦ C) and d)-f) temperature ◦ Cand mixed layer PAR levels (W m−2). Overlain are the observed ecological niche

centers (median) and breadths (inter quartile ranges) for example taxa of the three functional types from Brun et al. (2015, circles and solid lines) and465

as simulated in ROMS-BEC (triangles and dashed lines; area and biomass weighted). The red bars on the axes indicate the

simulated range of the respective environmental condition in ROMS-BEC between 60-90◦ S and averaged over DJFM and the

top 50 m.

Relating the observed or simulated biomass concentrations of a PFT
:::
PFT

:::::::
biomass

:::::::::::::
concentrations to the concurrent environ-

mental conditions allows for an assessment of the ecological niche of the PFT in question. In ROMS-BEC, in
:::::::::
Phaeocystis

:::
and470

::::::
diatoms

:::::::
occupy

::::::
distinct

:::::::::
ecological

::::::
niches

::
in

:::
the

:::::::
Baseline

:::::::::
simulation,

::
in agreement with their distinct simulated geographical

:::::::::
geographic

:
distributions in summer (Fig. 1c-e), Phaeocystis, diatoms, and coccolithophores also occupy distinct ecological

niches in the model
::::
c-d). Between 40-90◦ S, the niche center of DJFM average Phaeocystis biomass is simulated at a nitrate con-

centration of 18.8 mmol m−3 (inter quartile range
::::
(IQR)

:
16.6-20.6

:::::
-20.5 mmol m−3), a temperature of 1.1◦ C (

:::
IQR

:
-0.2-2.6◦ C),

and MLPAR of 27.8 W m−2 (
::::
IQR 24.3-32 W m−2, Fig. 4a & d). In comparison

::
c).

:::::
Since

:::
the

::::::
diatom

:::::
PFT

::
in

:::::::::::
ROMS-BEC475

::::::::
represents

:::::::
multiple

:::::::
species

:::
(in

::::::
contrast

:::
to

:::
the

::::::::::
Phaeocystis

::::
PFT), diatoms occupy a wider niche in temperature (inter quartile

range
::::
IQR 0.8-8.5◦ C, niche center at 5◦ C, Fig. 4b) . While the niche center is at lower nitrate concentrations for diatoms

(15.5
:
)
:::
and

::::::
nitrate

:::::
(IQR

::::::
11-19.5 mmol m−3) than for Phaeocystis (18.8,

:::::
niche

:::::
center

::
at
:::::

15.5 mmol m−3) , maximum diatom

biomass at high SO latitudes, i.e., where DJFM average temperatures are <5◦ C, is simulated at higher nitrate concentrations

than maximum
::
in

:::
the

::::::
model,

::::::
which

::
is

::
in
:::::::::

agreement
:::::

with
:::
the

:::::::::
ecological

::::::
niches

::
of

:::::::::
important

:::
SO

:::::::
diatom

:::
and

:
Phaeocystis480

biomass
::::::
species

::::::
derived

:::
by

:::::::::::::::::::
Brun et al. (2015) based

:::
on

::::::::::::::
presence/absence

:::::::::::
observations

:::
and

::::::
species

::::::::::
distribution

::::::
models

:
(Fig. 4a

& b). In the model, averaged over the summer, the difference in biomass concentrations across MLPAR between diatoms and

:::::::::::
ROMS-BEC,

:::
the

:::::
niche

:::::
center

::
is
:::::

only
::
at

:::::::::
marginally

::::::
higher

:::::::
MLPAR

:::
for

:::::::
diatoms

::::
than

:::
for

:
Phaeocystis is rather small (niche

center at
:
(28.9 W m−2 and

::::::::
compared

::
to 27.8 W m−2, respectively, Fig. 4d & e) . In agreement with their maximum simulated

biomass concentrations in the subantarctic (section 3.1), the niche center of coccolithophore biomass
:
c
::
&

:::
d)

:::
and

:
is at higher485

temperatures (10.4◦ C), higher light levels (35.8
:::::::
MLPAR

:::
for

::::
both

:::::
PFTs

::::
than

:::::::
available

:::::::::::
observations

:::
for

::::::::
important

:::
SO

:::::::
species

::::::
suggest

:::::
(∼10 W m−2 ), and lower nitrate concentrations (8.8 mmol m−3)than the niche center of the other

::
and

::::
∼20

:::
W

::::
m−2

:::
for

::::::::::
Phaeocystis

:::
and

:::::::
diatoms,

:::::::::::
respectively,

:::
see

:::
Fig.

:::
4c

::
&

::
d).

::::::
While

:::
this

::::
bias

::
in

:::
the

:::::::
MLPAR

:::::
niche

:
is
:::::::::
consistent

::::
with

:::
the

:::::
mixed

:::::
layer

::::
depth

::::
bias

::
in

:::::::::::
ROMS-BEC

::::::::::::::::::::::::
(∼10 m; Nissen et al., 2018),

:::
the

::::
small

:::::::::
difference

::
in

:::
the

:::::::
MLPAR

:::::
niche

:::::
center

::::::::
between

::::::::::
Phaeocystis

:::
and

:::::::
diatoms

::::::
implies

::
a

:::::
minor

:::
role

:::
for

::::::::
MLPAR

::
in

:::::::::
controlling

:::
the

:::::::::
differences

::
in

::::::
DJFM

:::::::
average

:::::::
biomass

::::::::::::
concentrations

::
of

:::::
these490

two PFTs (Fig. 4c & f). Regarding
::::
1c-d).

:::::
With

:::::
regard

:::
to iron, the three

:::
two PFTs do not occupy distinct ecological niches in

ROMS-BEC (niche centers at 0.32 µmol m−3 , 0.32 µmol m−3, and 0.34 µmol m−3 for Phaeocystis, diatoms, and coccolitho-

phores, respectively,
::
for

::::
both

:::::
PFTs,

:
see Fig. S8). Given that

::::
S9).

:::
Yet,

::
as
:::
all

::::::::
simulated

:
phytoplankton growth is limited by iron
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availability in the high-latitude SO in the model (Fig. S1), this suggests that the spatio-temporal averaging applied
::
for

:::
the

:::::
niche

::::::
analysis

:
here potentially precludes the assessment of the ecological niche in iron space (by averaging over DJFM here if iron495

were to matter
:::
role

::
of

::::
iron

::
in

:::
the

::::::::::
competition

:::::::
between

::::::::::
Phaeocystis

:::
and

:::::::
diatoms,

:::::::::
especially on a sub-seasonal scale).

In comparison to the .
:::
We

::::::::
conclude

::::
that

:::
the

:::::::::
simulated ecological niches of important SO phytoplankton taxa derived by

Brun et al. (2015) based on global presence/absence observations of phytoplankton and species distribution models, the niche

centers of all PFTs are simulated at higher MLPAR in the model (∼30 W m−2
:::::::::
Phaeocystis

::
and

:::::::
diatoms

:::
are

::::::
largely

::
in

:::::::::
agreement

::::
with

:::::::
available

:::::::::::
observations, ∼30 W m−2, and ∼35 W m−2) than in available observations(∼10 W m−2, ∼20 W m−2 and500

∼30 W m−2 for Phaeocystis, diatoms, and coccolithophores, respectively, Fig. 4d-f). Yet, the 5-20 W m−2 higher model-based

estimates are consistent with the mixed layer depth bias in ROMS-BEC (see Nissen et al., 2018). While the simulated niche

of diatoms regarding temperature and nitrate is in broad agreement with that observed for example SO taxa (Fig. 4b), the

simulated niches are wider for Phaeocystis (Fig. 4a ) and generally centered around lower temperatures for coccolithophores

(Fig. 4c). Acknowledging the difficulties comparing a
::
but

:::::::::::
acknowledge

:::
the

:::::::::
difficulties

::
in
::::::::::
comparing

:::
the

:::::::::
ecological

:::::
niche

::
of

::
a505

model PFT to individual phytoplankton taxa
:::::
those

::
of

::::::::
individual

::::::::::::
phytoplankton

::::::
species

:::
or

:::::
groups, a sampling bias towards tem-

perate and tropical species/strains , and the overall low data coverage in the high-latitude SO , we conclude that the simulated

ecological niches of Phaeocystis, diatoms, and coccolithophores are largely in agreement with available observations. Since the

analysis of the summer average ecological niches does not inform about sub-seasonal environmental variability and neglects

::
in

:::::::::::::::
Brun et al. (2015),

:::
and

:
the

::::::::
limitation

::
of

::::
this

:::::
niche

:::::::
analysis

::
to

::::::
inform

:::::
about

:::
the

:
role of top-down factors

:::
and

:::::::::::
sub-seasonal510

:::::::::::
environmental

:::::::::
variability

:
in controlling the simulated distributions

:::::::::::
biogeography of phytoplankton types, we will assess these

in more detail for the simulated competition between Phaeocystis and diatoms in the following.

3.4 High-latitude competition of Phaeocystis and diatoms: An assessment of bottom-up and top-down factors

The temporal evolution of the relative growth ratio, i.e., the ratio of the specific growth rates of diatoms and Phaeocystis(Eq. 2),

informs about the competitive advantage of one PFT over the other throughout the year . In
:::
due

::
to

:::::::::
bottom-up

::::::
factors

:::
and

::::
can515

::
be

::::::
broken

:::::
down

::::
into

:::
the

:::::::
different

::::::::::::
environmental

::::::::::
contributors

:::
for

::::
each

::::::::::::
phytoplankton

::::
type

::
at
::::

any
:::::
point

::
in

::::
time

::::
(Eq.

::
2).

:::
In

:::
the

:::::
5-PFT

::::::::
Baseline

:::::::::
simulation

::
of ROMS-BEC, the relative growth ratio is negative throughout spring and fall between 60-90◦ S

(µPA is on average 5%/6% larger than µD in spring/fall) and only positive
:::
only

:::::::
positive

::::::::::
(µD > µPA)

:
between early December

and early February
::::::
between

::::::
60-90◦

::
S (µD is on average 5% larger than µPA in summer,

:::
but

:::::
5-6%

::::::
smaller

::
in

:::
the

:::::
other

:::::::
seasons,

Fig. 5a & c) . Hence, bottom-up factors promote the accumulation of Phaeocystis (diatom) relative to diatom (Phaeocystis)520

biomass in spring/fall (summer) in this area in our model. In comparison, the relative growth ratio is positive for a shorter

time period in the
:::
and

::::
only

:::::::
between

:::::::::::::
mid-December

:::
and

:::::::::::
mid-January

::
in

:::
the

:
Ross Sea (µD>µPA between mid-December and

mid-January, Fig. 5b). In fact, averaged seasonally, the specific growth rate of Phaeocystis is larger than that of diatoms for all

seasons (µDPA
rel <0), being

:
is

:
up to 38% larger in spring (

:::
than

:::
µD

::
in
::::::
spring,

:
Fig. 5d), suggesting that

:
b
::
&

:::
d).

::::::
Hence, bottom-up

factors are particularly favorable for
::::::
promote

:
the accumulation of Phaeocystis biomass

::::::
relative

:::
to

::::::
diatom

:::::::
biomass

::::
over

:::::
much525

::
of

:::
the

::::
year,

::::::::::
particularly in the Ross Sea.
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Figure 4.
::::::::
Simulated

:::::
DJFM

::::::
average

::
top

::
50

::
m
::::::
average

::
a)

::
&

::
c)

:::::::::
Phaeocystis

:::
and

::
b)

::
&

:
d)
::::::
diatom

:::::
carbon

:::::::
biomass

::::::::::
concentrations

::::::
(mmol

:
C
:::::
m−3)

::::
south

::
of

:::
40◦

::
S

::
as

:
a
::::::
function

::
of
:::
the

::::::::
simulated

:::::::::
temperature

::
(◦

::
C)

:::
and

::::
a)-b)

:::::
nitrate

:::::::::::
concentrations

:::::
(mmol

::
N
:::::
m−3)

:::
and

::::
c)-d)

:::::
mixed

::::
layer

::::
PAR

::::
levels

:::
(W

:::::
m−2).

:::::::
Overlain

:::
are

::
the

:::::::
observed

::::::::
ecological

:::::
niche

::::::
centers

:::::::
(median)

:::
and

:::::::
breadths

::::
(inter

::::::
quartile

::::::
ranges)

:::
for

::::::
example

::::
taxa

::
of

:::
the

:::
two

::::::::
functional

::::
types

::::
from

:::::::::::::::::::::::::::::::::
Brun et al. (2015, circles and solid lines) and

::
as

::::::::
simulated

::
in

:::::::::
ROMS-BEC

::::::::
(triangles

:::
and

:::::
dashed

:::::
lines;

::::
area

:::
and

::::::
biomass

::::::::
weighted).

:::
The

:::
red

:::
bars

:::
on

::
the

::::
axes

::::::
indicate

:::
the

:::::::
simulated

:::::
range

::
of

::
the

::::::::
respective

:::::::::::
environmental

:::::::
condition

::
in

:::::::::
ROMS-BEC

:::::::
between

:::::
60-90◦

::
S

:::
and

::::::
averaged

::::
over

:::::
DJFM

:::
and

:::
the

:::
top

::
50

::
m.

:

To understand the controls of the spatio-temporal differences in the specific growth rates, the relative growth ratio can be

broken down into the environmental factors contributing to the simulated specific growth rate of each phytoplankton type at

any point in time (Eq. 2, colors in Fig. 5a-d). As a direct result of the higher kFe of Phaeocystis in the model (
:
In

:::::
both

:::::
areas,

::
as

:::::::
expected

:::::
from

:::
the

::::::
chosen

::::::::::::
half-saturation

::::::::
constants

::::::::::
(kPA

Fe >kDFe;
:
Table 1), the iron limitation of their

::::::::::
Phaeocystis growth is530

stronger than that of diatoms
:
in
:::
the

::::::
model, and iron availability , i.e., βFe in Eq. 2, is an advantage for diatoms both between

60-90◦ S and in the Ross Sea at all times (blue area is positive,
::::::
βFe >0;

:
up to 14% stronger iron limitation of Phaeocystis in

both areas in summer, see
:::
blue

:::::
areas

::
in Fig. 5a-d). Yet, the two subareas differ in the simulated temperature and light limitation

of growth of Phaeocystis and diatoms. Overall, temperature is limiting diatom growth more than Phaeocystis growth in both

subareas throughout the year (βT<
:::::
βT <0; up to 16% and

:
),

:::
but

:::
this

::::::::
difference

::
is
:::::
rather

:::::
small

::
in

:::::::
summer

:::::::
between

::::::
60-90◦

:
S
:::::
(5%,535

:::
but

::
up

::
to 19% stronger growth limitation between 60-90◦ S and in the Ross Sea, respectively, see red areas in Fig. 5a-d). While

the growth advantage of Phaeocystis regarding temperature is rather constant over time in the Ross Sea (Fig. 5b & d), their

advantage is substantially smaller in summer between 60-90◦ S (5%, ,
:::
see

::::
also Fig. 5a & c). Additionally

:::
A1).

::::::::
Similarly, the dif-

21



Figure 5. a) & b) Relative growth ratio (black) of diatoms vs. Phaeocystis. The colored areas are the contributions of the limitation of

growth by light (yellow, βI), iron (blue, βFe), and temperature (red, βT, see Eq. 2). c) & d) Seasonally averaged percent difference between

diatoms and Phaeocystis in the specific growth rate (black), light limitation (yellow), iron limitation (blue), and temperature limitation (red).

Calculated from non-log-transformed ratios, i.e., e.g. black bar corresponds to 10µ
DPA
rel (see Eq. 2). e) & f) Relative total loss ratio (black) of

diatoms vs. Phaeocystis, with contributions of the relative grazing ratio (blue), relative non-grazing loss ratio (red), and relative aggregation

ratio (yellow, see Eq. 3-6). g) & h) Seasonally averaged percent difference between diatoms and Phaeocystis in the total specific loss rate

(black), specific aggregation rate (yellow), specific grazing rate (blue), and specific mortality rate (red), calculated from non-log-transformed

ratios. i) & j) Phaeocystis (blue) and diatom (red) surface carbon biomass concentrations [mmol C m−3]. For all metrics, the left panels are

averaged
:::::
surface

:::::::
averages over 60-90◦ S and those on the right for the Ross Sea.

ference in light limitation between diatoms and Phaeocystis is rather small in this area
:::::::
between

::::::
60-90◦

:
S
:
(3-4% throughout the

year, yellow areas in Fig. 5a & c), implying that their differences in αPI (
:::
43%

::::::
higher

:::
for

::::::::::
Phaeocystis,

:::
see

:
Table 1) are balanced540

by differences in photoacclimation in ROMS-BEC (Geider et al., 1998; Nissen et al., 2018). Consequently, the combination of

the comparatively large advantage in iron limitation and the rather small disadvantage in temperature limitation results in the

higher specific growth rates of diatoms in summer between 60-90◦ S
::
in

:::
this

::::
area

::::::::::::::::::::::::::::::
(see Eq. B9 and Geider et al., 1998). In con-

trast, in the Ross Sea, differences in light limitation between diatoms and Phaeocystis are large, with a maximum advantage for

Phaeocystis
::::::::
especially

:
in spring (their growth

:::
the

::::::
growth

::
of

:::::::
diatoms

:
is 32% less

:::::
more light limited; Fig. 5b & d). Therefore,545
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the difference in light limitation predominantly controls the seasonality of the relative growth ratio (Fig. 5b) and promotes the

dominance of Phaeocystis over diatoms early in the growing season in this area in our model (Fig. 5j), which is not simulated

when averaging over 60-90◦ S (Fig. 5i).
::::::::::
Nevertheless,

:::::::::::::
acknowledging

:::
the

:::::::::
sensitivity

::
of

:::
the

::::::::
simulated

::::::::::
Phaeocystis

:::
and

::::::
diatom

:::::::
biomass

:::::
levels

::
to

::
all

::::::
chosen

::::::
model

:::::::::
parameters

:::::::::
describing

:::
the

::::::
growth

::
of

:::
the

:::::::::
respective

:::
PFT

::::
(the

::::::
annual

:::::
mean

:::::::
biomass

:::::::
changes

::
by

::::::
>17%

:::
and

::::::
>14%

:::
for

::::::::::
Phaeocystis

:::
and

::::::::
diatoms,

::::::::::
respectively,

::
in

:::
the

:::::::::::
experiments

:::::::::::::::
TEMPERATURE,

:::::::::
ALPHAPI,::::

and
::::::
IRON,550

:::
Fig.

:::
A2

::
&
::::
Fig.

:::::
S11),

:::
the

:::::::::
sensitivity

::::::::::
simulations

::::::
support

:::
the

::::::::::
importance

::
of

::::
light

:::
in

:::::::::
controlling

:::
the

::::::
annual

:::::
mean

:::::::::::
high-latitude

::::::::::::
phytoplankton

:::::::::
community

::::::::
structure

:::
for

::::
both

::::::::
subareas,

::
as

:::
the

::::::::::
elimination

::
of

:::
the

::::::::::
differences

::
in

::::
αPI :::::::

between
:::
the

:::::
PFTs

::::::
results

::
in

:::
the

::::::
largest

:::::::
biomass

:::::::
changes

::::
both

::::::::
between

::::::
60-90◦

::
S

:::::
(-76%

::::
and

::::::
+52%

:::
for

::::::::::
Phaeocystis

::
and

::::::::
diatoms,

:::::::::::
respectively)

:::
and

:::
in

::
the

:::::
Ross

:::
Sea

::::::
(-87%

:::
and

::::::
+86%,

::::
Fig.

::::
A2). Altogether, in ROMS-BEC, differences in growth between diatoms and Phaeocystis

are mostly controlled by seasonal differences in iron/temperature (60-90◦ S) and iron/light conditions (Ross Sea), respectively.555

Still, given the simulated growth advantage of Phaeocystis throughout much of the growing season in both subareas, bottom-up

factors alone cannot explain why Phaeocystis only dominates over diatoms temporarily (Fig. 5i & j), implying that top-down

factors need to be considered to explain their biomass evolution in our model.

In both subareas, the simulated relative total loss ratio is positive throughout spring and summer, implying that the spe-

cific total loss rate of Phaeocystis is higher than that of diatoms (γPAtotal>γ
D
total, see Eq. 6), which favors the accumulation of560

diatom biomass relative to that of Phaeocystis (Fig. 5e-h). In fact, the total loss rate of Phaeocystis is on average 17%/38%

(60-90◦ S) and 18%/40% (Ross Sea) higher than that of diatoms in spring/summer in ROMS-BEC (Fig. 5g & h),
:::::::

despite

::
the

::::::
higher

:::::::::
prescribed

:::::::::
maximum

:::::::
grazing

:::
rate

:::
on

::::::::::
Phaeocystis

::
in

:::::::::::
ROMS-BEC

:::::
(Table

:::
1). In the model, the relative total loss

ratio is only negative in early fall in both subareas (γDtotal>γ
PA
total, Fig. 5e & f), but in this season, the difference between di-

atoms and Phaeocystis in their specific total loss rates is overall smaller than in the other seasons
::::
rather

:::::
small

::
in

::::
this

::::::
season565

(9% and 3% between 60-90◦ S and in the Ross Sea, respectively, Fig. 5g & h).
::
In

::
all

:::::::::
top-down

:::::::::
sensitivity

:::::::::::
experiments,

::
the

:::::::::
simulated

::::::
change

:::
in

::::::::::
Phaeocystis

::::::
biomass

::::::
levels

::
is

:::::
larger

::::
than

::::
for

:::
the

:::::::::
bottom-up

::::::::::
experiments

:::::::
(>20%

:::
for

:::::::::::
experiments

:::::::::
GRAZING,

::::::::::::::::
AGGREGATION,

:::
and

:::::::::::::
MORTALITY,

:::
see

:::
Fig.

:::::
A2),

:::
and

:::
the

:::::::::
dominance

:::
of

::::::::::
Phaeocystis

::::
over

:::::::
diatoms

::::::::
increases

::
in

::::::::
magnitude

::::
and

:::::::
duration

::::
both

:::::::
between

:::::::
60-90◦

:
S
::::
and

::
in

:::
the

::::
Ross

::::
Sea

::
if

:::::::::::
disadvantages

:::
of

::::::::::
Phaeocystis

::
in

:::
the

:::
loss

:::::::::
processes

:::
are

::::::::
eliminated

:::::
(Fig.

::::
S11).

:
The simulated seasonality of the total loss ratio is the result of the interplay between losses through graz-570

ing, aggregation, and non-grazing mortality of each phytoplankton type in ROMS-BEC (Eq. 6, colors in Fig. 5e-h). Of all three

loss pathways, differences in aggregation losses
::
in

:::
the

:::::::
Baseline

::::::::
simulation

:
are largest between Phaeocystis and diatoms both

between 60-90◦ S (up to 200% higher aggregation losses for Phaeocystis in summer, yellow in Fig. 5e & g) and in the Ross

Sea (up to 250% higher in summer, Fig. 5f & h). In comparison, differences between Phaeocystis and diatoms in grazing (up

to 16% and 14% between 60-90◦ S and in the Ross Sea, respectively) and mortality losses (50% everywhere) are considerably575

smaller (see blue and red areas in Fig. 5e-h, respectively), suggesting that aggregation losses predominantly contribute to the

simulated differences in the total loss rates between Phaeocystis and diatoms.

In summary, between 60-90◦ S, the simulated growth advantage of Phaeocystis early in the season (facilitated by advantages

in the temperature limitation of their growth) are not large enough to outweigh the disadvantages in iron limitation of their

growth and in the biomass losses they experience. As a result, in spring and summer, Phaeocystis do not accumulate substantial580
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Figure 6. Pathways of particulate organic carbon (POC) formation in the Baseline simulation of ROMS-BEC averaged annually over a)

30-90◦ S and b) 60-90◦ S. The green and yellow boxes show the relative contribution (%) of Phaeocystis, diatoms, coccolithophores, small

phytoplankton (SP), and zooplankton (Zoo) to the combined phytoplankton and zooplankton biomass (green) and total POC production

(yellow) in the top 100 m, respectively. The arrows denote the relative contribution of the different POC production pathways associated with

each PFT (black = grazing by zooplankton, grey = aggregation, blue = non-grazing mortality), given as % of total NPP in the top 100 m.

Numbers are printed if ≥0.1% and rounded to the nearest integer if >0.5
:
1%. The sum of all arrows gives the POC production efficiency

(p ratio). Note that diazotrophs are not included in this figure due to their minor contribution to NPP in the model domain.

biomass relative to (or even dominate over) diatoms in this subarea in ROMS-BEC. In the Ross Sea, however, the simulated

growth advantages of Phaeocystis (resulting from advantages in the light and temperature limitation of their growth) are large

enough to outweigh the disadvantages in iron limitation and specific biomass loss rates, allowing them to dominate over

diatoms early in the growing season in our model and explaining the simulated succession from Phaeocystis to diatoms close

to the Antarctic continent (see also section 3.2). Ultimately, this simulated spatio-temporal variability in the relative importance585

of Phaeocystis and diatoms has implications for both SO and global
:::
SO carbon cycling, which we will assess subsequently

::
in

::
the

:::::::::
following.

3.4 Quantifying the importance of Phaeocystis for the cycling of
:::
SO carbon

::::
cycle

Phaeocystis is an important member of the SO phytoplankton community in our model, particularly south of 60◦S, where it

contributes 46% and 40% to total annual NPP and POC formation, respectively . (Table 3 & Fig. 6). Even when considering the590

entire region south of 30◦S, the contribution of Phaeocystis to NPP (15%) and POC production (16%) is sizeable. The simulated

spatial differences in phytoplankton community structure have direct implications for the fate of organic carbon upon biomass

loss, and Fig. 6 illustrates the
:::::::
annually

::::::::
integrated

::::::::::
importance

::
of

:
different pathways of POC formation for

:::::
related

:::
to each PFT

in ROMS-BEC. Overall, in our model, the p ratio, i.e., the fraction of NPP that is transformed to sinking POC (Laufkötter et al.,

2016), is higher at high latitudes south of 60◦ S (45%) than the domain average (37%, Fig. 6). This is a direct result of the higher595

fraction of large phytoplankton types, i.e., Phaeocystis and diatoms, in the phytoplankton community in this area (
:::::::::
ecosystem

::::
south

::
of

::::
60◦

:
S
:::::
(67%

::
of

::::
total

::::::
carbon

::::::::
biomass)

::::
than

:::::::
between

::::::
30-90◦

:
S
::::::
(47%; Fig.

:
6,
:::
but

:::
see

::::
also

::::
Fig. 2), facilitating more carbon
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Figure 7. Simulated vertically integrated production of particulate organic carbon (POC) a) & b) as a function of time [mmol C m−2 d−1],

c) & d) cumulative over time (absolute production in Pg C yr−1 on the left axis and relative to annually integrated production on the right

axis), and e) & f) as a function of time via grazing and aggregation, respectively. The colors correspond to the different PFTs in ROMS-BEC,

and the panels correspond to averages or integrals over 30-90◦ S (left) and 60-90◦ S (right), respectively.

export relative to NPP in the model. In fact, our model results suggest that these two large phytoplankton types contribute more

to POC formation than to total biomass (
::::
76%

:::
and

::::
89%

::
of

::::
total

:::::
POC

::::::::
formation

::::::::
between

::::::
30-90◦

:
S
::::
and

::::::
60-90◦

::
S,

:::::::::::
respectively;

compare yellow and green boxes in Fig. 6). Integrated annually, diatoms contribute most of all PFTs to POC formation in600

our model (60% and 49% between 30-90◦ S and 60-90◦ S, respectively, Fig. 6). For both diatoms and Phaeocystis, grazing

by zooplankton (i.e., the formation of fecal pellets) is the most important pathway of POC production in ROMS-BEC (black

arrows in Fig. 6, 13
:
9%/52% and 29

::
20%/37% of total POC production for Phaeocystis/diatoms between 30-90◦ S and 60-90◦ S,

respectively). Yet, at high latitudes (60-90◦ S), aggregation of Phaeocystis biomass contributes significantly to POC formation

(20% of total POC production, 9% of NPP, grey arrows in Fig. 6b). Given that the loss of biomass via a given pathway is a605

function of the local biomass concentrations of each PFT at any given point in time (see section 2.1 and Nissen et al., 2018)
:::
(see
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::::::
section

:::
2.1

:::
and

::::::::
appendix

:::
B), the relative importance of any PFT or biomass loss pathway for total POC formation and hence

the total POC produced vary throughout the year.

The seasonal variability in total POC formation is governed by the variability in total chlorophyll concentrations both be-

tween 30-90◦ S and 60-90◦ S, and peak POC formation rates of 35 mmol m−2 d−1 (30-90◦ S) and 65 mmol m−2 d−1 (60-90◦ S)610

are simulated for December in ROMS-BEC (Fig. 7a & b; compare to Fig. 3a). Similarly, the contribution of Phaeocystis and

diatoms to total POC formation closely follows their contribution to total biomass over the year, with the contribution of Phaeo-

cystis peaking in January (23%) and February (63%) for 30-90◦ S and 60-90◦ S, respectively (Fig. 7a & b; compare timing to

Fig. 2b & c). As a result of the close link between POC formation and chlorophyll concentrations in ROMS-BEC, the majority

of the annual POC formation occurs between November and February in our model (64% and 88% south of 30◦ S and 60◦ S,615

respectively, Fig. 7c & d). During these months, the simulated pathways of POC formation differ from the annually integrated

perspective in Fig. 6, especially for Phaeocystis. While grazing is the most important pathway throughout the year for diatoms

in both subareas in our model (red bars in Fig. 7e & f), aggregation of Phaeocystis is as important as grazing in December and

January between 30-90◦ S (blue bars in Fig. 7e) and even dominantly contributes to POC formation between November and

January at high SO latitudes (up to 65%, blue bars in Fig. 7f). Altogether, this implies that both spatial and temporal variations620

in SO phytoplankton community structure critically impact the fate of carbon beyond the upper ocean.

4 Discussion

Our simulated contribution of
:::
and

:::
the

::::::::::
competition

::::::::
between Phaeocystis to SO NPP and net POC formation is higher than

that found in the previous modeling study by Wang and Moore (2011), particularly at higher latitudes: They diagnosed a

contribution of 13% and 23% to NPP south of 40◦ S and 60◦ S, respectively, compared to our estimates of 15% for south of625

30◦ S and 46% for the region south of 60◦ S. We interpret the difference to stem primarily from differences in parameter choices

of the PFTs between the two models. As an example, the half-saturation constant of iron of Phaeocystis is 125% larger than that

of diatoms in the model by Wang and Moore (2011, 0.18 µmol m−3 for Phaeocystis as compared to 0.08 µmol m−3 for diatoms),

but only 33% larger in ours (Table 1). The resulting smaller difference in the growth limitation by iron in ROMS-BEC leads

to more competitive Phaeocystis relative to diatoms in the iron-depleted SO and can at least partially explain the higher630

relative importance of Phaeocystis in our model. In fact, differences in model parameters between Phaeocystis and diatoms

in ROMS-BEC can alter the simulated contribution of Phaeocystis to total NPP from 5-32% and 17-63% between 30-90◦ S

and 60-90◦ S, respectively (see section A1, as well as section 2.2 and Table 2). This illustrates how single model parameters

sensitively impact the competitive success of Phaeocystis in the SO. Still, the simulated community structure in the Baseline

simulation with ROMS-BEC is supported by available observations (see section 3.1), giving us confidence in our estimates.635

The simulated contribution of Phaeocystis to POC export in ROMS-BEC (16% and 40% south of 30◦ S and 60◦ S) is in broad

agreement with the previous estimate from Wang and Moore (2011, 19% and 30% south of 40◦ S and 60◦ S, respectively). This

is despite the differences in phytoplankton community structure between the two models (see above) and demonstrates our

on-going limited quantitative understanding of the fate of biomass losses (see also Laufkötter et al., 2016). Across the parameter
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sensitivity runs in ROMS-BEC (section 2.2), the contribution of Phaeocystis to POC production and export varies from 4-23%640

and 13-59% south of 30◦ S and 60◦ S, respectively. In addition to this uncertainty resulting only from the growth and loss

parameters of Phaeocystis in the model (Table 2), further uncertainty arises from parameters describing the partitioning of

biomass losses amongst dissolved and particulate carbon species, which we did not assess in this study. Acknowledging that the

exact numbers are highly sensitive to parameter choices in the model, our analysis reveals how the pathways of POC production,

in particular the relative importance of fecal pellets from zooplankton and aggregated phytoplankton cells, are impacted by the645

simulated spatio-temporal variability in phytoplankton community structure throughout the year (Fig. 7). In this regard, the

simulated strong temporal coupling between POC fluxes and biomass distributions in ROMS-BEC is a direct result of the model

formulations describing particle sinking (Lima et al., 2014). This coupling is supported by observations, e.g., from the Ross

Sea, where the POC flux from the upper ocean has been found to be closely linked to biomass levels in the overlying surface

layer (with aggregates being an important vector for POC export when Phaeocystis dominated the community, Asper and Smith, 1999).650

Yet, the coupling in our model is potentially too strong in other areas, where reprocessing of POC by zooplankton in the

upper ocean or lateral advection of POC could decouple the seasonal evolution of phytoplankton biomass and POC export

(e.g. Lam and Bishop, 2007; Stange et al., 2017), the effect of which we can currently not assess. Given the possibly large

importance of different POC production pathways for carbon and nutrient cycling through their impact on the remineralization

depth of organic matter, these processes should be better constrained in the future, in order to further quantify the imprint655

of spatio-temporal variations in the relative importance of Phaeocystis for the high-latitude cycling of carbon. Despite these

uncertainties, Phaeocystis is clearly a substantial player on the global scale. Comparing the model-simulated integrated NPP

and POC export across the entire model domain with data-based estimates of global NPP and POC export suggests that SO

Phaeocystis alone contribute about 5% to globally integrated NPP (58±7 Pg C yr−1, Buitenhuis et al., 2013a), and about the

same percentage to global POC export (9.1±0.2 Pg C yr−1, DeVries and Weber, 2017).660

Besides its impact on the carbon cycle, Phaeocystis is the major contributor to the marine sulphur cycle in the SO through its

production of DMSP (Keller et al., 1989; Liss et al., 1994; Stefels et al., 2007). Integrating the modeled Phaeocystis biomass

loss rates via zooplankton grazing and non-grazing mortality and making assumptions regarding the corresponding DMS(P)

release (see scetion 2.3.1), our estimated annual DMS production by Phaeocystis in ROMS-BEC amounts to 3.3-11.5 Tg S

and 1.8-6.4 Tg S south of 30◦ S and 60◦ S, respectively. Consequently, assuming that all of this DMS production quickly665

escapes to the atmosphere, our estimates correspond to 11.6-40.1% (30-90◦ S) and 6.5-22.7% (60-90◦ S) of the global flux of

DMS to the atmosphere previously estimated by Lana et al. (2011, 28.1 Tg S yr−1). Our estimate is an upper bound, however,

as not all DMS produced in seawater is readily released to the atmosphere. In fact, a fraction is likely broken down by

bacteria, by photolysis, or is mixed down in the water column (see e.g. Simó and Pedrós-Alló, 1999; Stefels et al., 2007). Still,

given that other phytoplankton types also produce DMS(P) (Keller et al., 1989; Stefels et al., 2007), the ROMS-BEC-based670

contribution of SO Phaeocystis alone (3.3-11.5 Tg S yr−1) to the global flux of DMS to the atmosphere is in agreement with

the flux suggested in Lana et al. (2011, 8.1 Tg S yr−1 south of 30◦ S, i.e., 29% of their global estimate), and the substantial

contribution of SO Phaeocystis underpins its major role for the global cycling of sulphur.

27



4.1
::::::

Drivers
::
of

:::::::::::::
phytoplankton

::::::::::::
biogeography

::::
and

:::
the

:::::::::::
competition

:::::::
between

::::::::::
Phaeocystis

::::
and

:::::::
diatoms

In ROMS-BEC, the interplay of iron availability with temperature (60-90◦ S) and light levels (Ross Sea), respectively, largely675

controls the competitive fitness of Phaeocystis relative to diatoms in the high-latitude SO. Yet, differences in the simulated

biomass loss rates between the two PFTs (in particular via aggregation) need to be considered in order to explain why peak

Phaeocystis biomass levels precede those of diatoms only close to the Antarctic continent in the model. In the literature, the

spatial distribution of Phaeocystis and diatoms and the temporal succession from Phaeocystis to diatoms is almost exclusively

discussed in terms of light and iron availability (see e.g. Arrigo et al., 1999; Smith et al., 2014). In this context, regions/times of680

low light and/or high mixed layer depth are typically associated with high Phaeocystis abundance (Alvain et al., 2008; Smith

et al., 2014), explaining their bloom in spring, whereas iron availability has been suggested to largely control the magnitude of

the summer diatom bloom (Peloquin and Smith, 2007; Smith et al., 2011). This is in agreement with the simulated dynamics

and parameters chosen in ROMS-BEC, in which the difference in light limitation between growth of Phaeocystis and diatoms

facilitates early Phaeocystis blooms in the Ross Sea. Yet, it has to be noted that advantages in temperature limitation contribute685

to the growth advantage of Phaeocystis in the high-latitude SO in ROMS-BEC as well .
:::
and

:::::::
without

::
it,

::::::::::
Phaeocystis

:::::
would

::::::::
contribute

:::::::::::
substantially

:::
less

::
to

:::::::::::
high-latitude

::::::::::::
phytoplankton

:::::::
biomass

::::
(Fig.

::::
A2).

:
Currently, this growth advantage of Phaeocystis

at temperatures<4◦ C is possibly underestimated in the model, as diatom growth at low temperatures is currently overestimated

when comparing to available laboratory measurements (Fig. A1a). Nevertheless, in agreement with Peloquin and Smith (2007)

and Smith et al. (2011), when diatoms reach peak chlorophyll levels in summer in our model, the simulated difference in iron690

limitation between the two PFTs is largest across the high-latitude SO (Fig. 5a & b), suggesting that any change in summer

iron availability will indeed strongly impact peak diatom and hence total chlorophyll levels in ROMS-BEC.

Still, an
::
An

:
important limitation in the assessment of the role of iron in controlling the relative importance of Phaeocystis

in the high-latitude phytoplankton community is the assumption of a constant kFe of Phaeocystis in the model (0.2 µmol m−3,

Table 1). In laboratory experiments, the affinity of Phaeocystis for iron has been shown to be sensitive to light (Garcia et al.,695

2009), which is not accounted for in the Baseline simulation of ROMS-BEC. In order to assess the possible effect of a varying

kFe on the competition between Phaeocystis and diatoms, we fit a polynomial function to describe the kFe of Phaeocystis

as a function of the light level (VARYING_kFE simulation in Table 2, Fig. A1b, Garcia et al., 2009). Acknowledging the

substantial uncertainty in the fit, our model simulates kFe <0.2 µmol m−3 and even kFe <0.15 µmol m−3 (corresponding to

the kFe of diatoms in the Baseline simulation) only at highest light intensities in summer and mostly close to the surface, and700

0.2 µmol m−3 < kFe ≤ 0.26 µmol m−3 elsewhere as a result of low light levels (Fig. S9a
::::
S10a

:
& b). While the contribution

of Phaeocystis to total NPP is only affected to a lesser extent as a consequence (37% and 13% south of 60◦ S and 30◦ S,

respectively, instead of 46% and 15% in the Baseline simulation), the simulated phytoplankton seasonality is impacted sub-

stantially. The maximum chlorophyll levels of diatoms occur earlier than those of Phaeocystis in many more places of the

SO compared to the Baseline simulation, both in coastal areas and in the open ocean (Fig. S9c
::::
S10c

:
& d). Thus, in order705

to include light-iron interactions in future modeling efforts with Phaeocystis and to assess their impact on the competition

of Phaeocystis with diatoms throughout the SO, additional measurements are needed for how kFe varies as a function of the
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surrounding light level. Taken together, given the likely lower kFe:::::::::::::
underestimation

:
of Phaeocystis at high-latitude light levels

in summer than what we currently assume in
::
the

::::::
growth

:::::::::
advantage

::
of

:::::::::::
Phaeocystis

::
in

::::::::::
temperature

::::
and

::
at

::::
least

:::::::::::
occasionally

::
in

::::
iron

::
in

:
ROMS-BEC(Fig. A1b and Garcia et al., 2009) and given the likely underestimation of their growth advantage in710

temperature, we probably currently underestimate the competitive advantage in growth of Phaeocystis relative to diatoms in

the model. However, such a potential underestimation in growth advantage does not automatically mean that the contribution

of Phaeocystis to the phytoplankton community is underestimated as well. This is because of the important role of biomass

loss processes to explain why Phaeocystis do not outcompete diatoms everywhere in the high latitudes in ROMS-BEC (Fig. 5).

Furthermore, the simulated phytoplankton community structure is in good agreement with available observations (Fig. 2).715

Loss processes, such as aggregation and grazing, clearly matter for the competitive advantage of one PFT over another,

but these loss processes are generally not well quantified and often not studied with sufficient detail. For example, while

the modeling study by Le Quéré et al. (2016) demonstrates the importance of such top-down control for total SO phyto-

plankton biomass concentrations, an analysis of the impact on phytoplankton community structure is lacking
::
yet

::
to

:::
be

::::
done.

In fact, in the literature, only few studies discuss the role of top-down factors for the relative importance of Phaeocystis720

and diatoms in the high-latitude SO (Granéli et al., 1993; van Hilst and Smith, 2002). In agreement with our results, ag-

gregation has been suggested to be an important process facilitating high POC export when Phaeocystis biomass is high

(Asper and Smith, 1999)
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Asper and Smith, 1999; Ducklow et al., 2015; Asper and Smith, 2019), but to what extent this pro-

cess significantly contributes to the observed relative importance of Phaeocystis and diatoms throughout the year in the high-

latitude SO remains largely unknown.725

Here, our
:::
Our

:
findings suggest an important role for biomass loss processes in controlling the relative importance of Phaeo-

cystis and diatoms in ROMS-BEC, but very little quantitative information exists to constrain model parameters (see section

2.1) or to validate the simulated aggregation
::::::::::
non-grazing

::::::::
mortality, grazing, or non-grazing mortality

::::::::::
aggregation loss rates of

Phaeocystis and diatoms over time.
:::::::
Certainly,

:::
the

:::::::::
simulated

:::::::::
aggregation

:::::
rates

::
in

::
the

::::::
model

:::
and

::::
their

::::::
impact

:::
on

:::::::::::::
spatio-temporal

::::::::::
distributions

::
of

::::
PFT

:::::::
biomass

::::::::::::
concentrations

::::
and

::::
rates

::
of

::::
NPP

:::
are

:::::::::
associated

::::
with

:::::::::
substantial

:::::::::
uncertainty

::::
due

::
to

:::
the

:::::::::
immediate730

:::::::::
conversion

::
of

:::::::
biomass

:::
to

::::::
sinking

:::::::
detritus

::
in

:::
the

::::::
model,

::::
the

:::::
equal

::::::::
treatment

::
of

:::::
POC

:::::::::
originating

:::::
from

:::
all

:::::
PFTs,

:::
the

:::::::
neglect

::
of

:::::::::::::
disaggregation,

:::
and

::::
due

::
to

:::
the

::::::::::
calculation

::
of

::::::::::
aggregation

:::::
rates

:::::
based

:::
on

:::
the

:::::::
biomass

:::::::::::::
concentrations

::
of

:::::::::
individual

:::::
PFTs

:::::
rather

::::
than

:::
all

:::::
PFTs

::
or

:::::
even

:::::::
particles

:::::::::
combined

:::::::::::::::::::
(see e.g. Turner, 2015).

::::::
Given

::::
that

:::
the

::::::::
simulated

::::::::
biomass

::::::::::
distributions

:::
in

::::::::::
ROMS-BEC

:::
are

::::
most

::::::::
sensitive

::
to

:::::::::
differences

::
in

::::::::::
parameters

::::::::
describing

:::::::::::
non-grazing

:::::::
mortality

::::
(e.g.

:::::
viral

::::
lysis)

::::
and

::::::::::
aggregation

::::
(Fig.

:::
A2

::
&

:::::
S11),

::::
any

:::::::
changes

::
in
:::::

these
::::

loss
:::::::::
processes

:::
will

:::::::::::
significantly

::::::
impact

:::
the

:::::::
relative

:::::::::
abundance

:::
of

::::::::::
Phaeocystis

:::
and735

::::::
diatoms

:::
in

:::
the

::::
SO. Additionally, as discussed in Nissen et al. (2018), the

:::
lack

:::
of

:::::::
multiple

:::::::::::
zooplankton

::::::
groups

::
in

:::
the

::::
SO

:::::
model

::::::::::::::::::::::
(Le Quéré et al., 2016) and

:::
the

:::::::::::::
parametrization

:::
of

:::
the single zooplankton grazer is a major limitation

::::
using

:::::
fixed

::::
prey

:::::::::
preferences

::::
and

:::::::
separate

:::::::
grazing

:::
on

::::
each

:::::
prey

:::::
using

::
a

:::::::
Holling

::::
Type

::
II
::::::::

function
::::::::::::::
(Holling, 1959),

:::::
which

:::::
thus

::::::::
precludes

::
a

::::::::
saturation

::
of

:::::::
feeding

::
at

::::
high

::::
total

:::::::::::::
phytoplankton

:::::::
biomass,

:::
are

::::::
major

:::::::::
limitations

:
of ROMS-BEC. To what extent accounting

implicitly for grazing by higher tropic
::::::
trophic

:
levels in the non-grazing mortality term makes up for not including more zoo-740

plankton PFTs remains unclear. Nevertheless, by changing the overall coupling between phytoplankton and zooplankton and

through the distinct grazing preferences of the different zooplankton types, the addition of larger zooplankton grazers would
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likely change the simulated temporal evolution of Phaeocystis and diatom biomass in the model (Le Quéré et al., 2016). There-

fore, the above mentioned uncertainties should be addressed by future in situ or laboratory measurements in order to better

constrain the simulated biomass loss processes, as our findings suggest these to be necessary to explain the seasonal evolution745

of the relative importance of Phaeocystis and diatoms in the high-latitude SO.

4.2
:::::::::::::

Biogeochemical
:::::::::::
implications

::
of

:::::::::::
high-latitude

::::
SO

:::::::::::::
phytoplankton

::::::::::::
biogeography

:::::
Based

::
on

::::
our

:::::
model

::::::
results,

::::::::::
Phaeocystis

:
is
::
a

:::::::::
substantial

:::::::::
contributor

::
to

::::::
global

::::
NPP

:::
and

:::::
POC

::::::
export.

:::::::::
Comparing

:::
the

:::::::::
integrated

::::
NPP

:::
and

:::::
POC

:::::
export

::::::::
between

::::::
30-90◦

::
S

::
in

:::::::::::
ROMS-BEC

::::
with

:::::::::
data-based

::::::::
estimates

:::
of

:::::
global

:::::
NPP

:::
and

:::::
POC

:::::
export

::::::::
suggests

:::
that

:::
SO

:::::::::::
Phaeocystis

:::::
alone

::::::::
contribute

:::::
about

::::
5%

::
to

:::::::
globally

:::::::::
integrated

::::
NPP

::::::::::::::::::::::::::::::::::::
(58±7 Pg C yr−1, Buitenhuis et al., 2013a),

::::
and750

::::
about

::::
the

:::::
same

:::::::::
percentage

:::
to

:::::
global

:::::
POC

::::::
export

::::::::::::::::::::::::::::::::::::::::
(9.1±0.2 Pg C yr−1, DeVries and Weber, 2017).

::::::::
Thereby,

:::
our

:::::::::
simulated

::::::::::
contribution

::
of

::::::::::
Phaeocystis

::
to

:::::
global

::::
NPP

::
is

::::::
higher

:::
than

::::
that

:::::
found

::
in

:::
the

:::::::
previous

::::::::
modeling

:::::
study

::
by

:::::::::::::::::::::
Wang and Moore (2011),

:::::::::
particularly

::
at

::::::
higher

::::::::
latitudes,

:::::
where

:::::::::::::::::::::::::::::
Wang and Moore (2011) diagnosed

:
a
:::::::::::

contribution
::
of

::::
23%

::
to

:::::
NPP

::::
south

:::
of

:::
60◦

::
S

:::::
(46%

::
in

:::::::::::
ROMS-BEC).

::::
We

:::::::
interpret

:::
the

::::::::
difference

::
to
:::::
stem

::::::::
primarily

::::
from

::::::::::
differences

::
in

::::::::
parameter

:::::::
choices

::
of

:::
the

:::::
PFTs

:::::::
between

:::
the

:::
two

:::::::
models.

:::
For

::::::::
example,

:::
the

::::::
lower

::::
ratio

::
of

:::
the

:::::::::::::
half-saturation

::::::::
constants

::
of

::::
iron

:::
of

::::::::::
Phaeocystis

::
and

:::::::
diatoms

:::
in

:::
our

::::::
model755

:::::
(25%;

:::::
Table

::
1)

::
as

:::::::::
compared

::
to

:::
the

::::
one

::
in

::::::::::::::::::::::::::::::
Wang and Moore (2011, 125%) leads

:::
to

:
a
:::::
larger

:::::::
growth

::::::::
advantage

:::
of

::::::::::
Phaeocystis

:::
over

:::::::
diatoms

::
in

:::
our

::::::
model.

:::
In

:::
fact,

::::::::::
differences

::
in

:::::
model

::::::::::
parameters

:::::::
between

::::::::::
Phaeocystis

:::
and

:::::::
diatoms

::
in

::::::::::
ROMS-BEC

::::
can

::::
alter

::
the

:::::::::
simulated

::::::::::
contribution

::
of

::::::::::
Phaeocystis

:
to

::::
total

:::::
NPP

::::
from

::::::
5-32%

:::
and

:::::::
17-63%

:::::::
between

::::::
30-90◦

::
S
:::
and

::::::
60-90◦

:::
S,

::::::::::
respectively

:::
(see

::::::
section

:::
2.2

::::
and

::::
also

::::::
section

::::
A1).

::::
This

::::::::
illustrates

::::
how

::::::
single

:::::
model

:::::::::
parameters

:::::::::
sensitively

::::::
impact

:::
the

::::::::::
competitive

:::::::
success

::
of

::::::::::
Phaeocystis

::
in

:::
the

::::
SO.

::::
Still,

:::
the

::::::::
simulated

::::::::::
community

::::::::
structure

::
in

:::
the

:::::::
Baseline

::::::::
simulation

:::::
with

::::::::::
ROMS-BEC

::
is
:::::::::
supported760

::
by

::::::::
available

::::::::::
observations

::::
(see

::::::
section

::::
3.1),

::::::
giving

::
us

:::::::::
confidence

::
in

:::
our

:::::::::
estimates.

:::
The

::::::::
simulated

::::::::::
contribution

::
of
::::::::::
Phaeocystis

:
to
:::::
POC

:::::
export

::
in

:::::::::::
ROMS-BEC

::::
(16%

::::
and

::::
40%

::::
south

::
of
::::
30◦

:
S
::::
and

:::
60◦

::
S)

::
is

::
in

:::::
broad

::::::::
agreement

::::
with

:::
the

:::::::
previous

:::::::
estimate

:::::
from

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Wang and Moore (2011, 19% and 30% south of 40◦ S and 60◦ S, respectively).

::::
This

:
is
::::::
despite

:::
the

:::::::::
differences

::
in

:::::::::::
high-latitude

::::::::::::
phytoplankton

:::::::::
community

::::::::
structure

:::::::
between

:::
the

:::
two

::::::
models

::::
(see

:::::
above)

::::
and

:::::::::::
demonstrates

:::
our

::::::::
on-going

::::::
limited

::::::::::
quantitative

::::::::::::
understanding

:::
of

:::
the

::::
fate

::
of

:::::::
biomass

::::::
losses

:::::::::::::::::::::::::::
(see also Laufkötter et al., 2016).

:::::::
Across

:::
the765

::::::::
parameter

:::::::::
sensitivity

::::
runs

::
in

:::::::::::
ROMS-BEC

:::::::
(section

::::
2.2),

:::
the

::::::::::
contribution

::
of

::::::::::
Phaeocystis

::
to

::::
POC

:::::::::
production

::::
and

:::::
export

::::::
varies

::::
from

::::::
4-23%

:::
and

:::::::
13-59%

:::::
south

::
of

:::
30◦

::
S
:::
and

::::
60◦

::
S,

::::::::::
respectively.

:::
In

:::::::
addition

::
to

:::
this

::::::::::
uncertainty

:::::::
resulting

::::
only

:::::
from

:::
the

::::::
growth

:::
and

::::
loss

:::::::::
parameters

:::
of

::::::::::
Phaeocystis

:
in

:::
the

:::::::
model,

::::::
further

::::::::::
uncertainty

:::::
arises

::::
from

::::::::::
parameters

:::::::::
describing

:::
the

::::::::::
partitioning

:::
of

:::::::
biomass

:::::
losses

:::::::
amongst

::::::::
dissolved

:::
and

:::::::::
particulate

::::::
carbon

:::::::
species,

:::::
which

:::
we

:::
did

:::
not

:::::
assess

::
in

:::
this

:::::
study.

:::::::::::::
Acknowledging

::::
that

:::
the

::::
exact

:::::::
numbers

:::
are

::::::
highly

:::::::
sensitive

::
to

::::::::
parameter

:::::::
choices

::
in

:::
the

:::::
model,

::::
our

::::::
analysis

::::::
reveals

::::
how

:::
the

::::::::
pathways

::
of

::::
POC

::::::::::
production,770

::
in

::::::::
particular

:::
the

::::::
relative

:::::::::
importance

:::
of

::::
fecal

::::::
pellets

::::
from

::::::::::
zooplankton

::::
and

:::::::::
aggregated

::::::::::::
phytoplankton

:::::
cells,

:::
are

:::::::
impacted

:::
by

:::
the

::::::::
simulated

:::::::::::::
spatio-temporal

:::::::::
variability

::
in

::::::::::::
phytoplankton

::::::::::
community

::::::::
structure

:::::::::
throughout

:::
the

::::
year

:::::
(Fig.

:::
7).

::
In

:::
this

:::::::
regard,

:::
the

::::::::
simulated

:::::
strong

::::::::
temporal

:::::::
coupling

:::::::
between

::::
POC

::::::
fluxes

:::
and

:::::::
biomass

::::::::::
distributions

::
in

:::::::::::
ROMS-BEC

:
is
::
a

:::::
direct

::::
result

::
of
:::
the

::::::
model

::::::::::
formulations

:::::::::
describing

:::::::
particle

::::::
sinking

::::::::::::::::
(Lima et al., 2014).

:::::
This

:::::::
coupling

::
is
:::::::::
supported

::
by

::::::::::::
observations,

::::
e.g.,

::::
from

:::
the

:::::
Ross

:::
Sea,

::::::
where

:::
the

::::
POC

::::
flux

::::
from

:::
the

:::::
upper

::::::
ocean

:::
has

::::
been

:::::
found

:::
to

::
be

::::::
closely

::::::
linked

::
to

:::::::
biomass

:::::
levels

::
in

:::
the

::::::::
overlying

:::::::
surface775

::::
layer

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(with aggregates being an important vector for POC export when Phaeocystis dominated the community, Asper and Smith, 1999).
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:::
Yet,

:::
the

::::::::
coupling

::
in
::::

our
::::::
model

::
is

:::::::::
potentially

:::
too

::::::
strong

::
in

:::::
other

:::::
areas,

::::::
where

:::::::::::
reprocessing

::
of

:::::
POC

:::
by

::::::::::
zooplankton

:::
in

:::
the

:::::
upper

:::::
ocean

::
or

::::::
lateral

::::::::
advection

:::
of

::::
POC

:::::
could

::::::::
decouple

:::
the

::::::::
seasonal

::::::::
evolution

::
of

:::::::::::::
phytoplankton

:::::::
biomass

:::
and

:::::
POC

::::::
export

:::::::::::::::::::::::::::::::::::::::
(e.g. Lam and Bishop, 2007; Stange et al., 2017),

::::
the

:::::
effect

::
of

::::::
which

:::
we

:::
can

::::::::
currently

::::
not

::::::
assess.

:::::
Given

::::
the

:::::::
possibly

:::::
large

:::::::::
importance

::
of

:::::::
different

:::::
POC

:::::::::
production

::::::::
pathways

:::
for

::::::
carbon

:::
and

:::::::
nutrient

::::::
cycling

:::::::
through

::::
their

::::::
impact

::
on

:::
the

::::::::::::::
remineralization780

::::
depth

:::
of

::::::
organic

::::::
matter,

:::::
these

::::::::
processes

::::::
should

:::
be

:::::
better

::::::::::
constrained

::
in

:::
the

::::::
future,

::
in

:::::
order

::
to

::::::
further

:::::::
quantify

:::
the

::::::
imprint

:::
of

:::::::::::::
spatio-temporal

::::::::
variations

::
in

:::
the

::::::
relative

::::::::::
importance

::
of

::::::::::
Phaeocystis

::
for

:::
the

:::::::::::
high-latitude

::::::
cycling

::
of

::::::
carbon.

:

::::::
Besides

:::
its

:::::
impact

:::
on

:::
the

::::::
carbon

:::::
cycle,

::::::::::
Phaeocystis

::
is

::
the

::::::
major

:::::::::
contributor

::
to

:::
the

::::::
marine

::::::
sulphur

:::::
cycle

::
in

:::
the

:::
SO

::::::
through

:::
its

:::::::::
production

::
of

::::::
DMSP

::::::::::::::::::::::::::::::::::::::::::::::
(Keller et al., 1989; Liss et al., 1994; Stefels et al., 2007).

::::::
Though

:::
not

::::::::
explicitly

::::::::
including

:::
the

:::::::::::::
biogeochemical

::::::
cycling

::
of

:::::::
sulphur,

:::
we

::::
can

:::::::::::
nevertheless

:::
use

::::::
model

::::::
output

::::
from

:::::::::::
ROMS-BEC

::
to

::::::
obtain

:::
an

:::::::
estimate

:::
of

:::::
DMS

:::::::::
production

:::
by785

::::::::::
Phaeocystis

::::::
through

::
a
::::::
simple

::::::::::::::::::
back-of-the-envelope

::::::::::
calculation.

:::::::::
Integrating

:::
the

::::::::
modeled

::::::::::
Phaeocystis

::::::
biomass

::::
loss

:::::
rates

:::
via

::::::::::
zooplankton

::::::
grazing

::::
and

::::::::::
non-grazing

::::::::
mortality

::::
over

:::
the

:::
top

:::
10

::
m,

:::::::::
assuming

:
a
:::::
molar

::::::::
DMSP:C

::::
ratio

:::
for

::::::::::
Phaeocystis

::
of

:::::
0.011

:::::::::::::::::
(Stefels et al., 2007),

:::
and

:
a
:::::::::::::
DMSP-to-DMS

:::::::::
conversion

::::::::
efficiency

::::::::
between

::::::
0.2-0.7

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(the DMS yield depends on the local sulphur demand of bacteria, Stefels et al., 2007; Wang et al., 2015),

:::
our

::::::::
estimated

::::::
annual

:::::
DMS

:::::::::
production

:::
by

::::::::::
Phaeocystis

:
in
:::::::::::

ROMS-BEC
::::::::
amounts

::
to

:::::::
3.3-11.5

:::
Tg

::
S

:::
and

:::::::
1.8-6.4

:::
Tg

:
S
:::::

south
:::

of

:::
30◦

::
S

:::
and

::::
60◦

::
S,

:::::::::::
respectively.

::::::::::::
Consequently,

::::::::
assuming

::::
that

::
all

:::
of

:::
this

:::::
DMS

::::::::::
production

::::::
quickly

:::::::
escapes

::
to

:::
the

:::::::::::
atmosphere,790

:::
our

::::::::
estimates

:::::::::
correspond

::
to
::::::::::

11.6-40.1%
:::::::

(30-90◦
:::
S)

:::
and

:::::::::
6.5-22.7%

:::::::
(60-90◦

:::
S)

::
of

:::
the

::::::
global

:::
flux

:::
of

:::::
DMS

::
to

:::
the

::::::::::
atmosphere

::::::::
previously

::::::::
estimated

:::
by

::::::::::::::::::::::::::::
Lana et al. (2011, 28.1 Tg S yr−1).

::::
Our

:::::::
estimate

::
is

::
an

:::::
upper

::::::
bound,

::::::::
however,

::
as

:::
not

::
all

:::::
DMS

::::::::
produced

::
in

:::::::
seawater

::
is

::::::
readily

:::::::
released

::
to

:::
the

::::::::::
atmosphere.

::
In

::::
fact,

:
a
:::::::
fraction

:
is
:::::
likely

::::::
broken

:::::
down

:::
by

:::::::
bacteria,

::
by

:::::::::
photolysis,

:::
or

:
is
::::::
mixed

::::
down

:::
in

:::
the

:::::
water

:::::::
column

::::::::::::::::::::::::::::::::::::::::::::::::
(see e.g. Simó and Pedrós-Alló, 1999; Stefels et al., 2007).

::::
Still,

::::::
given

:::
that

:::::
other

:::::::::::::
phytoplankton

::::
types

::::
also

:::::::
produce

::::::::
DMS(P)

::::::::::::::::::::::::::::::::
(Keller et al., 1989; Stefels et al., 2007),

::::
the

::::::::::::::::
ROMS-BEC-based

::::::::::
contribution

::
of

::::
SO

::::::::::
Phaeocystis795

::::
alone

::::::::
(3.3-11.5

:::
Tg

:
S
:::::
yr−1)

::
to

:::
the

:::::
global

::::
flux

::
of

::::
DMS

::
to

:::
the

::::::::::
atmosphere

:
is
::
in
:::::::::
agreement

::::
with

:::
the

:::
flux

:::::::::
suggested

::
in

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Lana et al. (2011, 8.1 Tg S yr−1 south of 30◦ S, i.e., 29% of their global estimate),

:::
and

:::
the

:::::::::
substantial

::::::::::
contribution

::
of

:::
SO

::::::::::
Phaeocystis

::::::::
underpins

::
its

:::::
major

::::
role

:::
for

:::
the

:::::
global

:::::::
cycling

::
of

:::::::
sulphur.

4.3 Limitations & Caveats

Our results may be affected by several shortcomings regarding the parameterization of Phaeocystis, in particular the represen-

tation of its life cycle, the fate of its biomass losses, and its
:::
the

::::::::::
temperature

:::
and

::::
light

:::::::::
limitation

::
of

::
its

:::::::
growth,

::::
and

::
its

:
nutrient800

uptake stoichiometry. We considered here only colonial Phaeocystis, thereby implicitly assuming that a seed population of

solitary cells is always available for colony formation. Not including an explicit parameterization for single cells and hence life

cycle transitions might substantially impact both the seasonal Phaeocystis biomass evolution and the competition with diatoms,

as solitary cells have been proposed to require less iron (Veldhuis et al., 1991) and are possibly subject to higher loss rates due

to e.g. zooplankton grazing compared to colonies (Smith et al., 2003; Nejstgaard et al., 2007). The transition from solitary to805

colonial cells is a function of the seed population and light and nutrient levels (Verity, 2000)
:::::::::::::::::::::::::::
(Verity, 2000; Bender et al., 2018),

and transition models have been applied in SO marine ecosystem models (e.g. Popova et al., 2007; Kaufman et al., 2017).

Yet, implementing
:::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g. Popova et al., 2007; Kaufman et al., 2017; Losa et al., 2019).

:::
For

::::::::
example,

::
in

::::
their

::::::
higher

::::::::::
complexity,

::::::::::::
self-organizing

:::::::::
ecosystem

::::::
model

::::::::::::::::::
(Follows et al., 2007),

::::::::::::::::::::::
Losa et al. (2019) include

::::
both

::::
life

:::::
stages

:::
of

::::::::::
Phaeocystis

:::
and

::::
two

::::
types

:::
of

:::::::
diatoms

::
to

:::::::
simulate

:::::::::::::
phytoplankton

::::::::::
competition

::
at
:::::
high

:::
SO

::::::::
latitudes.

:::::
While

::::
our

::::::
model

::::::
results

::::::
suggest

::::
that

::::
this

::
is810
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:::
not

:::::::
required

::
to

::::::::
reproduce

:::
the

::::::::
observed

:::
SO

:::::::::::
biogeography

::
of

::::::::::
Phaeocystis

:::
and

::::::
diatoms

::
in
:::::::::::
ROMS-BEC,

::
it
::::::::::
nevertheless

:::::::::
highlights

::
the

:::::
need

:::
for

:::::
further

::::::::
research

::
on

:::
the

::::::
impact

::
of

:::
the

::::::
chosen

::::::
marine

:::::::::
ecosystem

::::::::::
complexity

::
on

:::
the

:::::::
modeled

:::::::::::::
biogeochemical

::::::
fluxes

::::::::::::::::
(Ward et al., 2013).

::
To

::::
date,

:::
the

:::::::::::::
implementation

::
of
:
morphotype transitions of Phaeocystis into a basin-wide SO model such as

ROMS-BEC is severely hindered by data availability. At the moment, 390 Phaeocystis biomass observations are included in

the MAREDAT data base south of 30◦ S, and the distinction between solitary and colonial cells is often difficult (Vogt et al.,815

2012), impeding the basin-wide model evaluation of both Phaeocystis life stages. In addition, colonies of Phaeocystis are sur-

rounded by a gelatinous matrix, which contains nutrients and carbon (Schoemann et al., 2005), leading to an underestimation

of modeled Phaeocystis carbon biomass estimates if not accounting for this mucus (Vogt et al., 2012). In ROMS-BEC, this

underestimation is likely small, as <20% of the total Phaeocystis biomass is reportedly encorporated into the mucus in the SO

(Fig. 9 in Vogt et al., 2012). Nevertheless, through its function as a nutrient storage, the mucus promotes the accumulation of820

Phaeocystis biomass relative to other phytoplankton types when the latter become limited by low nutrient availability. While

the gelatinous matrix is additionally thought to prevent grazing, the literature on grazing losses of Phaeocystis colonies is

non-conclusive (Schoemann et al., 2005). This is possibly a result of the large range of sizes of both Phaeocystis and the re-

spective grazers, with smaller zooplankton typically grazing less on Phaeocystis colonies than larger zooplankton (see reviews

by Schoemann et al., 2005; Nejstgaard et al., 2007). As discussed above, the fate of biomass losses of Phaeocystis is still poorly825

constrained (this applies to all model PFTs, see also Laufkötter et al., 2016). Currently, ROMS-BEC treats POC from all for-

mation pathways equal, i.e., once produced, there is no differentiation between POC originating from diatoms or Phaeocystis

or from grazing or aggregation. In reality, Phaeocystis aggregates might be recycled more readily than those from diatoms.

This could reconcile our model results, i.e., the substantial simulated contribution of Phaeocystis to POC export at 100 m, with

observations which suggest that the contribution of Phaeocystis to the POC flux across 200 m is small (<5%, Gowing et al.,830

2001; Accornero et al., 2003; Reigstad and Wassmann, 2007).
::::::::::
Furthermore,

:::::
other

:::::::::
functional

:::::::::::
relationships

::::
than

::::
those

:::::
used

::
in

::::::::::
ROMS-BEC

::::
exist

::
to
::::::::
describe

:::
the

::::
light

:::
and

::::::::::
temperature

:::::::::
dependent

::::::
growth

::
of

::::::::::
Phaeocystis

:::::::::::::::::::::::::::
(e.g. Moisan and Mitchell, 2018).

::
In

:::::::::
comparison

:::
to

:::
the

::::::::
equations

::::
used

::
in
:::::::::::

ROMS-BEC
::::
(see

::::::::
appendix

:::
B),

:::
the

:::::
ones

::::::::
suggested

:::
by

:::::::::::::::::::::::::::
Moisan and Mitchell (2018) lead

::
to

::::::::
generally

:::::
lower

::::::::::
Phaeocystis

:::::
growth

:::::
rates,

:::::::::
especially

::
at

::::::::
PAR<50

:::
W

:::::
m−2,

:::::::::
suggesting

::::
that

:::
our

:::::::
biomass

::::::::
estimates

::
at
:::::

high

:::::::
latitudes

:::
and

::::::::
early/late

::
in
::::

the
:::::
season

:::
are

:::::::::
associated

::::
with

::::::::::
substantial

::::::::::
uncertainty. Ultimately, the C:P and N:P nutrient uptake835

ratios by Phaeocystis and diatoms are higher (147±26.7 and 19.2±0.61) and lower (94.3±20.1 and 9.67±0.33), respectively

(Arrigo et al., 1999, 2000), than those originally suggested by Redfield and currently used in ROMS-BEC (117:16:1 for C:N:P

uptake by Phaeocystis and diatoms, Anderson and Sarmiento, 1994). Consequently, this suggests that not accounting for the

non-Redfield ratios in nutrient uptake by these PFTs leads to an over(under)estimation of carbon fixation per unit of P and

hence POC export where/when Phaeocystis (diatoms) dominate the phytoplankton community.840

5 Conclusions

In this modeling study, we present a thorough assessment of the factors controlling the relative importance of SO Phaeocystis

and diatoms throughout the year and quantify the implications of the spatio-temporal variability in phytoplankton community
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structure for POC export. In ROMS-BEC, Phaeocystis colonies are an important member of the SO phytoplankton community,

contributing 15% (16%) to total annual NPP (POC export) south of 30◦ S. Moreover, their contribution is threefold higher845

south of 60◦ S in our model. Given that our results imply a contribution of approximately 5% of SO Phaeocystis colonies to

total global NPP and POC export, respectively, we recommend the inclusion of an explicit representation of Phaeocystis in

ecosystem models of the SO. This will allow for a more realistic representation of the SO phytoplankton community structure,

in particular the relative importance of silicifying diatoms and non-silicifying phytoplankton, which we here find to signifi-

cantly impact the simulated high-latitude
:::::
carbon

::::::
fluxes

:::
and

:
nutrient distributions. A follow-up study

::::::::
Follow-up

:::::::
studies with850

both regional SO and global marine ecosystem models should more closely assess what the impact of this simulated change in

the relative concentrations of silicic acid and nitrate in the high-latitude SO is on subantarctic and low latitude phytoplankton

dynamics.

On a basin-scale, we find that the competition of Phaeocystis and diatoms is controlled by seasonal differences in tem-

perature and iron availability, but that variations in light levels are critical on a local scale, e. g. facilitating early blooms855

by Phaeocystis in the Ross Sea, in agreement with previous studies. .
:
Yet, our model suggests that the relative importance

of Phaeocystis and diatoms over a complete annual cycle is ultimately determined by differences in their biomass loss rates

(such as zooplankton grazing and aggregation)
::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(such as zooplankton grazing and aggregation, Le Quéré et al., 2016), which in

turn impacts the formation of sinking particles and hence carbon transfer to depth. Despite knowing of the importance of top-

down factors for global phytoplankton biomass distributions (Behrenfeld, 2014) and for the formation of sinking particles (e.g.860

Steinberg and Landry, 2017), model parameters describing the fate of carbon after its fixation during photosynthesis are still

surprisingly uncertain (Laufkötter et al., 2016), complicating the assessment of the role of biomass loss processes in regulating

global biogeochemical cycles.

Environmental conditions in the SO have changed considerably in the last million years (see e.g. Martínez-García et al.,

2014), as well as during the past decades (Constable et al., 2014), and are projected to change further during this century865

(IPCC, 2014). These changes will impact the competitive fitness of Phaeocystis and diatoms (see e.g. Hancock et al., 2018;

Boyd, 2019) and hence affect the entire phytoplankton community with likely repercussions for the entire food web (Smetacek

et al., 2004). Consequently, based on our results, future laboratory and modeling studies should assess how uncertainties in

marine ecosystem models surrounding e.g. the parameterization of the life cycle of Phaeocystis and the fate of biomass losses

impact the simulated relative importance of this phytoplankton type and carbon transfer to depth at high SO latitudes. Thereby,870

such studies will allow us to better constrain how potential future changes in the high-latitude phytoplankton community

structure impact global biogeochemical cycles.

Data availability. Model data are available upon email request to the first author (cara.nissen@usys.ethz.ch) or in the ETH library archive

(available at https://www.research-collection.ethz.ch/handle/20.500.11850/409193, last access: 2 May 2020; Nissen and Vogt, 2020).
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Appendix A: Evaluating the simulated phytoplankton dynamics in ROMS-BEC875

Figure A1. a) Growth rates of Phaeocystis antarctica colonies as a function of temperature (conditions of nutrients and light are non-limiting)

in laboratory data (grey triangles, see compilation by Schoemann et al., 2005) and as used in ROMS-BEC (black line, see Eq. 1). Green circles

and the green line show the temperature-limited growth rate of diatoms in laboratory data (see compilation by Le Quéré et al., 2016) and as

used in ROMS-BEC, respectively (see also Table 1). b) Half-saturation constant of Fe (kFe) of Phaeocystis as a function of light intensity I

(W m−2) in laboratory data (red circles) and the polynomial fit (kPA
Fe (I) = 2.776 · 10−5 · (I + 20)2 - 0.00683 · (I + 20) + 0.46) without (black)

and with (dashed grey, as used in ROMS-BEC in simulation VARYING_kFe, see Table 2) the correction at low and high light intensities to

restrict kFe to the range measured in the laboratory experiments by Garcia et al. (2009). The green lines correspond to the half-saturation

constants used for Phaeocystis (solid), diatoms (dashed), and coccolithophores (dotted) in the Baseline simulation in this study (see Table 1).

In both panels, the blue lines correspond to the simulated annual range in a) sea surface temperature [◦ C] and b) light intensity [W m−2]

between 50-60◦ S, 60-70◦ S, and 70-80◦ S, respectively.

A1 Sensitivity of Phaeocystis biogeography to chosen parameter values

We assess the sensitivity of the simulated annual mean Phaeocystis biogeography to parameter choices by performing a set of

sensitivity experiments (runs 1-6 in Table 2). Overall, the simulated surface Phaeocystis biomass concentrations change by '

±50% for each of the experiments in the high-latitude SO (Fig. A2). Between 60-90◦ S and in the Ross Sea, the largest increase

in Phaeocystis biomass concentrations is simulated for AGGREGATION (+112% and +96%, respectively, Fig. A2b & c),880

whereas the strongest decline is simulated for ALPHAPI (-76% and -87%, respectively, Fig. A2b & c). As a response to changes

in Phaeocystis parameters, diatom biomass changes overall more than that of SP on a basin scale, suggesting Phaeocystis is

indeed mostly competing with diatoms for resources in the high-latitude SO. Between 60-90◦ S, the magnitude of change

is similar for the experiments TEMPERATURE (-73%), ALPHAPI (-76%), and IRON (+70%), while in the Ross Sea, the

response in IRON is substantially smaller (+17%) than that for the other two experiments (-82% and -87% for TEMPERATURE885
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Figure A2. Annual mean surface chlorophyll concentrations of Phaeocystis (PA), diatoms (D), small phytoplankton (SP), and coccolitho-

phores (C) in the parameter sensitivity simulations (see section 2.2 and Table 2) relative to the Baseline simulation. The model output is

averaged over a) 30-90◦ S, b) 60-90◦ S, and c) the Ross Sea. Numbers are only printed if the relative change exceeds ±10%

and ALPHAPI, respectively; Fig. A2b & c). This supports our findings from section ??
::
3.3, namely that the difference in light

sensitivity between Phaeocystis and diatoms is more important in coastal areas than on a basin scale in controlling the relative

importance of Phaeocystis for total phytoplankton biomass.

Appendix B:
::::
BEC

:::::::::
equations:

:::::::::::::
Phytoplankton

:::::::
growth

::
&

::::
loss

:::
Any

:::::::
change

::
in

::::::::::::
phytoplankton

:::::::
biomass

::
P [

:::::
mmol

:
C
:::::
m−3]

::
of

::::::::::::
phytoplankton

:
i
::::::::::::::::::::
(i ∈ {PA,D,C,SP,N})

::::
over

::::
time

::
is
::::::::::
determined890

::
by

:::
the

:::::::
balance

::
of

::::::
growth

:::
and

::::
loss

:::::
terms:

:

dPi

dt
:::

=Growth−Loss
::::::::::::::

(B1)

= µi ·Pi− γi(Pi) ·Pi

:::::::::::::::::
(B2)

= µi ·Pi− γig(Pi) ·Pi− γim ·Pi− γia(Pi) ·Pi

::::::::::::::::::::::::::::::::::::

(B3)

::
In

:::
the

:::::
above

::::::::
equation,

:::
γg ::::::

denotes
:::
the

::::
loss

:::
by

::::::::::
zooplankton

:::::::
grazing,

:::
γm:::

the
::::

loss
:::
by

::::::::::
non-grazing

::::::::
mortality,

::::
and

::
γa:::

the
::::

loss
:::
by

::::::::::
aggregation.

B1
:::::::::::::
Phytoplankton

:::::::
growth

:::
The

:::::::
specific

::::::
growth

::::
rate

::
µi

:
[
:::::
day−1]

::
of

::::::::::::
phytoplankton

::
i
::::::::::::::::
(i ∈ {D,C,SP,N},

::::
i.e.,

:::
all

:::
but

::::::::::
Phaeocystis

:
)
::
is

::::::::::
determined

:::
by

:::
the895

::::::::
maximum

::::::
growth

::::
rate

::::
µi
max::::::

(Table
::
1)

::::
and

:::::::::::
modifications

:::
due

::
to
::::::::::
temperature

::::
(T),

::::::::
nutrients

:::
(N)

:::
and

:::::::::
irradiance

:::
(I),

::::::::
following:

:

µi = µi
max · f i(T) · gi(N) ·hi(I)

:::::::::::::::::::::::::
(B4)
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:::
The

::::::::::
temperature

:::::::
function

:::::
f(T )

:
is
:::
an

:::::::::
exponential

::::::::
function,

:::::
which

::
is

:::::::
modified

:::
by

:::
the

:::::::
constant

:::
Q10:::::::

specific
::
to

::::
every

::::::::::::
phytoplankton

:
i
:::::
(Table

:::
1):

f i(T) = Qi
10 · exp(

T−Tref

10◦C
)

:::::::::::::::::::::::

(B5)

::::
Note

:::
that

:::
for

::::::::::
Phaeocystis

:
in

:::::::::::
ROMS-BEC,

:::
an

:::::::
optimum

::::::::::
temperature

:::::::
function

::
is

::::
used

::::
(Eq.

:::
1),

::
as

:::
this

::::
PFT

::
is

:::::::::::
parametrized

::
to

::::
only

:::::::
represent

::::::::::
Phaeocystis

:::::::::
antarctica

:
in

:::
the

:::
SO

:::::::::
application

:::
of

:::
this

:::::
study

::::
(see

::::::
section

::::
2.1).900

::::
First,

:::
the

::::::::
limitation

:::
of

::::::
growth

::
of

::::::::::::
phytoplankton

:
i
:::::::::::::::::::::
(i ∈ {PA,D,C,SP,N})

::
by

:::
the

:::::::::::
surrounding

::::::
nutrient

::::::
Li(N)

::
is

:::::::::
calculated

::::::::::
individually

::
for

::::
each

:::::::
nutrient

::::::::
(nitrogen,

::::::::::
phosphorus,

::::
iron

:::
for

::
all

::::::::::::
phytoplankton,

::::::
silicate

:::
for

:::::::
diatoms

::::
only)

:::::::::
following

:
a
:::::::::::::::
Michaelis-Menten

:::::::
function

:::
(see

:::::
Table

::
1
:::
for

::::::::::::
half-saturation

::::::::
constants

::::
kiN).

:::::::::::
Accordingly,

:::
the

::::::::
limitation

:::::
factor

::
is

:::::::::
calculated

::
as

::::::
follows

:::
for

::::
iron

::::
(Fe)

:::
and

::::::
silicate

:::::::
(SiO3):

Li(N) =
N

N+kiN
:::::::::::::

(B6)

:::
For

:::::::
nitrogen

::::
and

::::::::::
phosphorus,

::::
the

::::::::
combined

:::::::::
limitation

::
by

:::::::
nutrient

:::
N

::::
and

:::
M

::::::
(nitrate

::::::
(NO3)

::::
and

::::::::::
ammonium

::::::
(NH4)

:::
for905

:::::::
nitrogen,

:::::::::
phosphate

:::::
(PO4)

::::
and

::::::::
dissolved

::::::
organic

::::::::::
phosphorus

::::::
(DOP)

::
for

:::::::::::
phosphorus)

::
is

::::::::
accounted

:::
for

:::::::::
following:

Li(N,M) =
N

kiN +N+M · (kiN/kiM)
+

M

kiM +M+N · (kiM/kiN)
::::::::::::::::::::::::::::::::::::::::::::::::::

(B7)

::
In

:::
the

::::::
model,

:::
the

::::::::::::
phytoplankton

::::::
growth

:::
rate

::
is

::::
then

::::
only

::::::
limited

:::
by

:::
the

::::
most

:::::::
limiting

:::::::
nutrient:

:

gi(N) = min(Li(NO3,NH4), Li(PO4,DOP), Li(Fe), Li(SiO3))
::::::::::::::::::::::::::::::::::::::::::::::::::::

(B8)

:::
The

::::
light

:::::::::
limitation

:::::::
function

:::::
hi(I)

:::::::
includes

:::
the

::::::
effects

::
of

:::::::::::::::
photoacclimation

::
by

::::::::
including

:::
the

::::::::::::::::::
chlorophyll-to-carbon

:::::
ratio

::
θi

:::
and

:::
the

::::::
growth

::
of

:::
the

:::::::::
respective

::::::::::::
phytoplankton

:
i
::::::::::::::::::::
(i ∈ {PA,D,C,SP,N})

:::::::
limited

::
by

::::::::
nutrients

:::
and

:::::::::::
temperature:

hi(I) = 1− exp(−1 · αi
PI · θi · I

µi
max · gi(N) · f i(T)

)

::::::::::::::::::::::::::::::::::

(B9)

::::
Here,

:::::
same

::
as

::
in

::::::::::::::::
Nissen et al. (2018),

::::::
growth

:::
by

::::::::::::::
coccolithophores

::
is

::
set

::
to

::::
zero

::
at

::::
PAR

:::::
levels

:::
<1

::
W

::::
m−2

:::::::::::::::::::
(Zondervan, 2007) and910

:
is
:::::::
linearly

:::::::
reduced

::
at

:::::::::::
temperatures

:::::
<6◦C

:::::::::
following:

µC = µC · max(T+2◦C),0)

8◦C
:::::::::::::::::::::::

(B10)

:::::::::::::
Coccolithophore

:::::::::::
calcification

:::::::
amounts

::
to

::::
20%

::
of

::::
their

::::::::::::
photosynthetic

:::::::
growth

:
at
::::
any

:::::::
location

:::
and

:::::
point

::
in

::::
time

::
in

:::::::::::
ROMS-BEC.

:::::::::
Diazotroph

::::::
growth

::
is

::::
zero

::
at

:::::::::::
temperatures

::::::
<14◦C.

:
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B2
:::::::::::::
Phytoplankton

::::
loss915

::
In

:::::::::::
ROMS-BEC,

:::
the

::::::::
corrected

::::::::::::
phytoplankton

:::::::
biomass

:::
P′i

::
is

::::
used

:::
to

:::::::
compute

::::
loss

::::
rates

::
of

::::::::::::
phytoplankton

::::::::
biomass,

::
to

:::::::
prevent

::::::::::::
phytoplankton

:::::::
biomass

:::
loss

::
at

::::
very

::::
low

:::::::
biomass

:::::
levels:

:

P′i =max(Pi− ciloss,0)
:::::::::::::::::::

(B11)

::
In

:::
this

::::::::
equation,

::::
ciloss ::

is
::
the

::::::::
threshold

::
of
::::::::::::
phytoplankton

::::::::
biomass

::
Pi

:::::
below

::::::
which

::
no

:::::
losses

:::::
occur

::::::::::
(cNloss=0.022

:::::
mmol

::
C
::::
m−3

::::
and

:::::::::::::
cPA,D,C,SPloss =0.04

::::::
mmol

:
C
::::::
m−3).

:::
The

:::::
single

:::::::::::
zooplankton

:::::
grazer

::
Z
:
[
::::
mmol

::
C

::::
m−3]

:::::
feeds

::
on

:::
the

:::::::::
respective

::::::::::::
phytoplankton

:::
P′i [

:::::
mmol

:
C
:::::
m−3]

:
at
::
a

::::::
grazing

::::
rate920

::
γig [

:::::
mmol

::
C

::::
m−3

:::::
day−1]

:::
that

:
is
:::::
given

:::
by:

:

γig = γimax · fZ(T) ·Z ·
P′

i

zigrz +P′i
::::::::::::::::::::::::::

(B12)

::::
with

fZ(T) = 1.5 · exp(T−Tref
10◦C

)
:::::::::::::::::::::::

(B13)

:::
The

::::::::::
non-grazing

::::::::
mortality

::::
rate

:::
γim [

:::::
mmol

::
C

::::
m−3

::::::
day−1]

::
of

::::::::::::
phytoplankton

:
i [

:::::
mmol

::
C

::::
m−3]

::
is

:::
the

::::::
product

:::
of

:
a
:::::::::
maximum

:::::::
mortality

::::
rate

:::
mi

0 [
:::::
day−1]

:::::
scaled

:::
by

:::
the

::::::::::
temperature

:::::::
function

:::::
f i(T )

::::
with

:::
the

::::::::
modified

::::::::::::
phytoplankton

:::::::
biomass

:::
P ′i:

:

γim =mi
0 · f i(T) ·P′i

::::::::::::::::
(B14)

::::
with

:::
mi

0 ::::
being

::::
0.15

::::::
day−1

:::
for

::::::::::
diazotrophs

:::
and

::::
0.12

::::::
day−1

::
for

:::
all

:::::
other

::::::::::::
phytoplankton.

:
925

::::::::::::
Phytoplankton

:::
P′i [

:::::
mmol

::
C

::::
m−3]

::::::::
aggregate

::
at

:::
an

::::::::::
aggregation

:::
rate

:::
γia [

:::::
mmol

::
C

::::
m−3

::::::
day−1]

:::::
which

::
is

::::::::
computed

:::::
with

:::
the

:::::::
quadratic

::::::::
mortality

::::
rate

::::::::
constants

:::
γia,0::

([
:::
m3

::::::
(mmol

::::
C)−1

::::
d−1],

:::::
Table

::
1)

:::
and

::
:

γia
:

=min(γia,max ·P′
i
,γia,0 ·P′

i ·P′i)
:::::::::::::::::::::::::::

(B15)

γia
:

=max(γia,min ·P′
i
,γia)

::::::::::::::::::

(B16)

::
In

:::::::::::
ROMS-BEC,

::::::
γia,min::

is
::::
0.01

::::::
day−1

:::
for

:::::
small

:::::::::::::
phytoplankton

:::
and

:::::::::::::::
coccolithophores

::::
and

:::::
0.02

::::::
day−1

:::
for

::::::::::
Phaeocystis

:::
and

:::::::
diatoms,

:::
and

:::::
with

::::::
γia,max :::::

being
:::
0.9

::::::
day−1

:::
for

::::::::::
Phaeocystis

:
,
:::::::
diatoms,

:::::::::::::::
coccolithophores,

::::
and

:::::
small

::::::::::::
phytoplankton.

:::::
Note

::::
that

::::::::::::
phytoplankton

::::::::::
immediately

::::
stop

:::::::::::::::
photosynthesizing

::::
upon

::::::::::
aggregation

::::
and

:::
that

::::::::::
aggregation

::::::
losses

::
do

:::
not

:::::
occur

:::
for

::::::::::
diazotrophs930

::
in

:::::::::::
ROMS-BEC.
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Supplementary material

The supporting information provides additional figures with respect to the nutrient limitation of
phytoplankton growth in ROMS-BEC (S1), the data coverage in a SO satellite derived chlorophyll
product (S2), the model evaluation (S3-S6), the bloom timing (S7), the ecological niche analysis
(S8

::::::
S8-S9), and the sensitivity simulations allowing for a half-saturation constant of iron of Phaeocystis

that varies with the surrounding light levels (S9
::::::::
(S10-S11).

S1: Additional figures

Figure S1: Annual mean most limiting nutrient at the surface south of 45◦ S for growth rates of
a) Phaeocystis and b) diatoms in the Baseline simulation of ROMS-BEC. High-latitude phytoplankton
growth in the model is most limited by either iron (green) or silicic acid (yellow, diatoms only). The
stippling in panel a) denotes areas where peak monthly mean chlorophyll concentrations of Phaeocystis
do not exceed 0.1 mg chl m−3.
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Figure S2: Assessment of the SO data coverage in the climatological (1998-2018, i.e. 21 years)
daily Globcolor chlorophyll product (Fanton d’Andon et al., 2009; Maritorena et al., 2010): a)-f)
Average number of years available for the calculation of the climatological chlorophyll concentration
at each grid cell for each of the shown months (October-March), respectively. No minimum number of
”days with data coverage” is required for a given month to be counted as ”data available” (i.e. one day
of data coverage in a month is enough for that month to be counted as ”covered” in the respective year).
g) Average number of years available for the calculation of the climatological chlorophyll concentration
on each day for 10◦ latitudinal bands across the SO.
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Figure S3: Validation of a) & b) Phaeocystis, c) diatom, and d) coccolithophore carbon biomass
[mmol C m−3]. Panel a) shows the maximum Phaeocystis carbon biomass concentrations [mmol C m−3]
in ROMS-BEC (circles) and in observations (squares, Vogt et al., 2012) for each month between
November-February and in the the upper 50 meters of the water column. For panels b)-d), the model
output is colocated with observations in space and time, and observational data from all months and
from above 1000 m are considered here (Balch et al., 2016; Saavedra-Pellitero et al., 2014; O’Brien
et al., 2013; Vogt et al., 2012; Leblanc et al., 2012; Tyrrell and Charalampopoulou, 2009; Gravalosa
et al., 2008; Cubillos et al., 2007). For more details on the biomass evaluation, see Nissen et al.
(2018). The dotted line shows the perfect linear 1:1 fit, whereas the solid line is the actual fit of
the data (linear regression). Pearson correlation coefficients of these regressions are given in the top
right, those for Phaeocystis and coccolithophores are statistically significant (p<0.05). Points are
color-coded according to the sampling latitude.
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Figure S4: a)-c) Relative contribution of the five phytoplankton PFTs to total chlorophyll biomass
[mg chl m−3] for a) 30-90◦ S, b) 60-90◦ S, and c) the Ross Sea. The top pie charts denote the
climatological mixed layer average community composition suggested by CHEMTAX analysis of HPLC
pigments for spring, summer, and fall, respectively (the total number of available observations for a
given region and season is given at the lower left side, Swan et al., 2016), and the lower pie charts
denote the corresponding community structure in the top 50 m in ROMS-BEC in the 5-PFT setup
(middle row, same as in Fig. 2 in the main text) and in the 4-PFT setup (lowest row, no Phaeocystis,
Nissen et al., 2018), respectively. Note that the categories in the CHEMTAX analysis are not 100%
equivalent to the model PFTs, and here, ”Hapto-8 reassigned” corresponds to the contribution of
Hapto-6 where the temperature is <2◦C (see also section 2.3.1 in the main text).
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Figure S5: Annual mean bias (Baseline simulation minus observations) of a) total surface chloro-
phyll concentrations [g chl m−3], b) total vertically integrated NPP [mg C m−2 d−1], d) surface nitrate
concentrations [mmol m−3], and e) surface silicic acid concentrations [mmol m−3]. The panels c) &
f) denote the temporal evolution of the model bias of c) total surface chlorophyll concentration (red)
and total NPP (blue), as well as f) surface nitrate concentrations (red), and silicic acid concentrations
(blue) in the 5-PFT setup of ROMS-BEC between 30-60◦ S (solid) and 60-90◦ S (dashed), respec-
tively. For comparison, the model bias obtained with the 4 PFT setup of ROMS-BEC is included in
both panels in green (chlorophyll and nitrate) and yellow (NPP and silicic acid), respectively (see also
supplement in Nissen et al., 2018).
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Figure S6: Annual mean top 100 m average a) Si* [mmol m−3], which is defined as the difference
in concentration between silicic acid and nitrate (Freeman et al., 2018), in the Baseline simulation of
the 5-PFT setup of ROMS-BEC (colors). The contours denote the latitude of the silicate front, i.e.
where Si*=0, in data from the World Ocean Atlas (green, Garcia et al., 2014) and in the Baseline
simulation of the 5-PFT setup (light blue) and the 4-PFT setup (black, Nissen et al., 2018) of ROMS-
BEC, respectively. b) zonal average Si* [mmol m−3], colors are the same as the contours in panel
a).
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Figure S7: a) Same as Fig. 3 in the main text, Hovmoller plots south of 50◦ S of the day of
maximum total chlorophyll concentrations in a satellite product (black line, Globcolor climatology from
1998-2018 based on the daily 25 km chlorophyll product, see Fanton d’Andon et al., 2009; Maritorena
et al., 2010), the Baseline simulation of this study (solid blue line), the Baseline simulation of Nissen
et al. (2018, dashed blue line; without Phaeocystis). Additionally, two sensitivity simulations in the
4 PFT setup from Nissen et al. (2018) are shown here to show the impact of biases in the simulated
physical fields on phytoplankton phenology: The simulations TEMP (dashed red line) and MLD
(dashed green line) correct for the simulated average temperature and MLD biases, respectively, within
the biological subroutine of the model. b) Difference in day of bloom peak between Phaeocystis and
diatoms, based on chlorophyll concentrations in the 5-PFT Baseline simulation. Stippling indicates
locations where maximum chlorophyll concentrations never exceed 0.1 mg chl m−3 for Phaeocystis
(orange) and diatoms (green), respectively. White areas correspond to areas where the peak total
chlorophyll concentrations do not exceed 0.5 mg chl m−3.
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Figure S8: Simulated DJFM average top 50 m average a)
:::::::::::::::
coccolithophore

::::::::
carbon

:::::::::
biomass

::::::::::::::
concentrations

:::::::
(mmol

::
C

::::::
m−3)

::::::
south

:::
of

::::
40◦

::
S

:::
as

::
a

::::::::
function

:::
of

::::
the

::::::::::
simulated

::::::::::::
temperature

:::
(◦

:::
C)

:::::
and

::
a)

:::::::
nitrate

:::::::::::::::
concentrations

:::::::
(mmol

::
N

::::::
m−3)

::::
and

:::
b)

:::::::
mixed

:::::
layer

::::::
PAR

::::::
levels

:::
(W

:::::::
m−2).

:::::::::
Overlain

::::
are

::::
the

::::::::
observed

::::::::::
ecological

::::::
niche

:::::::
centers

:::::::::
(median)

::::
and

:::::::::
breadths

::::::
(inter

::::::::
quartile

::::::::
ranges)

:::
for

:::::::::
example

:::::
taxa

:::::
from

:::::::::::::::::::::::::::::::::::::::::::
Brun et al. (2015, circles and solid lines) and

:::
as

:::::::::
simulated

:::
in

::::::::::::
ROMS-BEC

::::::::::
(triangles

::::
and

:::::::
dashed

::::::
lines;

::::
area

::::
and

:::::::::
biomass

::::::::::
weighted).

:::::
The

::::
red

:::::
bars

:::
on

:::
the

:::::
axes

:::::::::
indicate

:::
the

::::::::::
simulated

::::::
range

:::
of

::::
the

::::::::::
respective

::::::::::::::
environmental

:::::::::
condition

:::
in

::::::::::::
ROMS-BEC

::::::::
between

:::::::
60-90◦

::
S

::::
and

:::::::::
averaged

::::
over

:::::::
DJFM

::::
and

::::
the

::::
top

:::
50

:::
m.
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::::::::
Figure

::::
S9:

:::::::::
Simulated

:::::::
DJFM

::::::::
average

::::
top

:::
50

:::
m

:::::::
average

:::
a)

:
Phaeocystis, b) diatom, and c) cocco-

lithophore carbon biomass concentrations
:
(mmol C m−3

:
)
:
south of 40◦ S as a function of the simulated

concurrent
::::
a)-c)

:
dissolved iron concentrations

:
(µmol Fe m−3)

:
and mixed layer PAR levels (W m−2)

::::
and

::::
d)-f)

:::::::::::::
temperature

::
(◦

:::
C)

:::::
and

:::::::::
dissolved

::::::
silicic

::::
acid

:::::::::::::::
concentrations [

:::::
mmol

:::
Si

::::
m−3] in the 5-PFT Baseline

simulation of ROMS-BEC. Overlain are the simulated area and biomass weighted ecological niche
centers (median, triangle) and breadths (inter quartile ranges, dashed lines) for the three functional
types.
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Figure S9
::::
S10: Results from the simulation VARYING kFE (see section 2.2 in the main text):

Varying half-saturation constant of iron of Phaeocystis (kFe, red, left y axis) and PAR (yellow, right y
axis) as a function of time (x axis) for the surface (solid) and averaged over the top 50 m (dashed) for a)
between 60-90◦ S and b) in the Ross Sea. Black lines indicate the constant kFe of Phaeocystis (dashed)
and diatoms (dotted) used in the Baseline simulation of this study. c) Difference in days in the timing of
the bloom peak of diatoms and Phaeocystis for each latitude, with negative values denoting a succession
from Phaeocystis to diatoms throughout the season. d) Difference in day of bloom peak between
Phaeocystis and diatoms. Stippling indicates locations where maximum chlorophyll concentrations
never exceed 0.1 mg chl m−3 for Phaeocystis (orange) and diatoms (green), respectively. White areas
correspond to areas where the peak total chlorophyll concentrations do not exceed 0.5 mg chl m−3.

:
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::::::::
Figure

:::::
S11:

:::::::
Diatom

:::::
(red)

::::
and

:::::::::::
Phaeocystis

::::::
(blue)

:::::::
surface

:::::::
carbon

::::::::
biomass

::::::::::::::
concentrations

:
[
:::::
mmol

:::
C

::::
m−3]

::
in

::::
the

::::::::
different

::::::::::::
simulations

::::::::::
performed

:::
in

::::
this

::::::
study.

::::
See

::::::::
section

::::
2.2.

:::
in

:::
the

::::::
main

::::
text

:::
for

::::::::
details.

:::::
The

:::
left

:::::::
panels

:::
are

::::::::
surface

::::::::
averages

:::::
over

:::::::
60-90◦

::
S

::::
and

::::::
those

:::
on

:::
the

::::::
right

:::
for

::::
the

:::::
Ross

::::
Sea.

::::::
Light

:::::
blue

:::::
area

::::::::
indicate

:::::
times

:::
of

::::
the

::::
year

::::::
when

::::::::::::
Phaeocystis

::::::::
biomass

::
is

::::::
larger

::::::
than

:::::::
diatom

::::::::
biomass.
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