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Abstract. Understanding how climate change will alter plankton dynamics in the Southern Ocean, a region of globally signif-
icant biogeochemical influence and strong seasonal variability, is critical for projecting the future of ocean ecosystems. Using
a multi-model ensemble of 12 earth system models under the SSP5-8.5 climate-change scenario, we show that the seemingly
stable Southern Ocean-wide plankton biomass masks opposing trends across three distinct biogeochemical zones. Plankton
in the subpolar zone (40°S—60°S) remains near-stable owing to compensatory changes in bottom-up and top-down processes.
In the subtropical zone (30°S—40°S) and seasonal ice zone (60°S-90°S), zooplankton decline and increase proportionally
more than phytoplankton, constituting negative and positive trophic amplification, respectively. This trophic amplification is
not uniformly distributed throughout the year but arises primarily from austral spring and summer. In the subtropical zone,
shoaling-induced nutrient limitation reduces phytoplankton growth and concentration, causing a disproportionate decline in
zooplankton grazing and biomass. In the seasonal ice zone, improved light availability from mixed-layer shoaling, sea-ice re-
treat, and warming enhance phytoplankton growth and surface concentration, driving disproportionately enhanced zooplankton
grazing and biomass. In both zones, the seasonal trophic amplification signal is substantially stronger during the ecologically
important spring and summer seasons than over the annual-mean, with potentially severe ecological consequences. Our results
demonstrate that annual-mean projections could systematically underestimate both the magnitude and ecological severity of
trophic amplification, and highlight the need for assessing seasonal and regional variations in plankton dynamics to better

constrain future projections of Southern Ocean ecosystems.

1 Introduction

Understanding how climate change will restructure trophic interactions at the base of the marine food web is fundamental to
projecting the ecological future of the ocean. Changes in plankton productivity and biomass, as well as alterations in population
dynamics, can trigger cascading effects throughout marine food webs. The dynamics of plankton are governed by the interplay
of bottom-up (e.g., nutrient supply and light availability) and top-down (e.g., predation) processes, which respond to changes
in environmental conditions susceptible to climate change (Marinov et al., 2010; Stock et al., 2014). Existing studies suggest

trophic amplification in response to reduced marine phytoplankton biomass and productivity in a warmer climate, leading to
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more pronounced declines at higher trophic levels (Chust et al., 2014; Kwiatkowski et al., 2019; Lotze et al., 2019). Previous
studies on future changes in plankton due to climate change have predominantly focused on long-term shifts in mean-state
properties (Sarmiento et al., 2004b; Steinacher et al., 2010; Kwiatkowski et al., 2020; Xue et al., 2024b), rather than seasonality.

Seasonality plays an important role in coupling phytoplankton dynamics to higher trophic levels (Xue and Hill, 2025).
Different trophic levels are governed by different seasonal drivers, with phytoplankton responding to more light and nutrient
availability (Doney, 2006) and fish more to temperature and food availability (Asch et al., 2019), and are therefore likely to
respond differently to climate change not only in terms of long-term trends (Chust et al., 2014; Stock et al., 2014), but also
on a seasonal time scale (Yamaguchi et al., 2022; Xue and Hill, 2025). Evidence for such differential seasonal responses is
already emerging: Climate-change-induced phenological shifts in phytoplankton could exceed natural background variability
by the end of the century (Yamaguchi et al., 2022), while higher trophic levels such as fish have already shown seasonal
shifts in response to global warming over recent decades (Edwards and Richardson, 2004). Whether and how these differential
responses lead to seasonal trophic amplification under climate change, and what the driving mechanisms could be, remains
unresolved.

Plankton in the Southern Ocean, a region of strong seasonal fluctuations (Thomalla et al., 2011; Deppeler and Davidson,
2017; Arteaga et al., 2020), plays a crucial role not only in the local food web but also in shaping the biogeochemical character-
istics of the global ocean (Sarmiento et al., 2004a; Le Quéré et al., 2016; Nissen et al., 2021). Climate change is likely to alter
plankton dynamics throughout the Southern Ocean, with specific changes expected to vary among regions (Leung et al., 2015;
Deppeler and Davidson, 2017). Using state-of-the-art climate model projections across three distinct biogeochemical zones,
we demonstrate that trophic amplification in the Southern Ocean is fundamentally a seasonal phenomenon whose intensity
substantially exceeds that of the annual-mean signal, and that its magnitude and sign differ markedly across zones. Our results
highlight the importance of accounting for distinct biogeochemical zones (Fig. 1) and seasonal variations when addressing the

ecological future of the Southern Ocean as a whole.

2 Method
2.1 Multi-Model Ensemble

We use the output of a Multi-Model Ensemble (MME; Table 1) of 12 Earth System Models (ESMs) to diagnose future plankton
changes in the Southern Ocean. Ten of these ESMs are part of the Coupled Model Intercomparison Project Phase 6 (CMIP6,
downloaded from https://esgf-data.dkrz.de). The Flexible Ocean and Climate Infrastructure version 1 (FOCI) model (Chien
et al., 2022) and the Optimality-based non-Redfield plankton-ecosystem model (OPEM v1.1) in UVic-ESCM 2.9 (Pahlow
et al., 2020) were added to these 10 models. The selection of these models is based on the availability of the archived variables
required for our analysis (mixed layer depth, phytoplankton and zooplankton biomass concentrations), the temporal resolution
(monthly), and the experimental settings (historical simulation, preindustrial control simulation to account for potential drifts,
and the SSP5-8.5 high-emission-no-mitigation scenario). The models within the MME are structurally different, cover a range

of different parameterizations of processes, and use different initial conditions (Séférian et al., 2020). Notably, the UVic-OPEM
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Figure 1. (2) [llustration of research areas in the Southern Ocean: Subtropical Zone (STZ: 30°S - 40°S, yellow), Subpolar Zone (SPZ: 40°S
- 60°S, green), and Seasonal Ice Zone (SIZ: 60°S - 90°S, blue), overlaid on a map of climatolgical surface chlorophyll (green shading,
from MODIS, with darker shading indicating higher concentrations) and surface nitrate concentrations (in mmol m ™3, white contours, from
the World Ocean Atlas: https://www.ncei.noaa.gov/products/world-ocean-atlas). (b) Simplified schematic of projections from a multi-model
ensemble for the 21*" century summarized schematically. The STZ shows negative trophic amplification, where zooplankton decline more
than phytoplankton in response to climate change, mostly during austral spring and summer (downward arrow). No significant changes in
plankton and its seasonality are expected in the SPZ. The SIZ shows positive trophic amplification, also mostly during austral spring and

summer (upward arrow).

model uses an optimality-based framework for nutrient uptake and growth (Pahlow et al., 2020), in contrast to the fixed-
stoichiometry or empirical parameterizations used in most CMIP6 models, providing an independent constraint on projected
responses. All output fields were regridded onto a regular 1° x 1° grid using the bilinear interpolation of Climate Data Operators
(CDO). The output of the MME has been validated against observations (Section 2.3 and Appendix A). While individual
models exhibit substantial differences in absolute values, particularly for biological variables (Xue et al., 2024b; Le Grix
and Tagliabue, 2026), they show strong agreement in the projected relative changes. This consistency suggests agreement on

systemic trends and supports the use of MME:s for assessing future plankton dynamics.
2.2 Geographic Zones

The Southern Ocean exhibits, to first order, a zonally banded pattern in terms of its biogeochemical properties. Based on

the observed patterns of surface nutrient and chlorophyll concentrations and previous findings on the mechanisms driving
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Table 1. Multi-Model Ensemble (MME) Overview for Study

EGUsphere\

No. Model Name Ocean Plankton Reference

Biogeochemistry ~ Groups®

(a)  CanESMS5 CMOC P1Z1 Swart et al. (2019)
(b) CanESM5-CanOET CanOE* P272 Christian et al. (2022)
(¢) CESM2-WACCM ¥ MARBL* P3Z1 Danabasoglu et al. (2020)
(d CNRM-ESM2-1f PISCESv2-gas* P272 Séférian et al. (2019)
ey Focnt MOPS P1Z1 Chien et al. (2022)

(f)  GFDL-ESM4f COBALTv2* P3Z3 Dunne et al. (2020)
(g) IPSL-CM6A-LR ¥ PISCES-v2* P272 Boucher et al. (2020)
(h)  MPI-ESMI.2-HRT ¥ HAMOCC6* P2Z1 Miiller et al. (2018)

(i) MRI-ESM2.0 * NPZD P1Z1 Tsujino et al. (2017)
()  NorESM2-MM iHAMOCC* P271 Tjiputra et al. (2020)
(k) UKESMI-0-LLt MEDUSA * P272 Sellar et al. (2019)

()  UVic-OPEM' OPEM * P271 Pahlow et al. (2020)

T includes both phytoplankton production and zooplankton grazing in output
¥ includes sea ice extent in output
* explicitly includes iron limitation

$ PxZy indicates x phytoplankton and y zooplankton groups

phytoplankton seasonality under current climate conditions (Arteaga et al., 2020; Thomalla et al., 2023b), we have divided the

Southern Ocean into three distinct latitudinal zones (Fig. 1):

— The Subtropical Zone (STZ) spans the latitudinal range between 30°S and 40°S (Fig. 1, yellow), representing olig-

otrophic waters with low surface nitrate and chlorophyll concentrations. Observations indicate a relatively shallow mean
mixed-layer depth (MLD) and the lowest phytoplankton and low zooplankton biomass among the three zones (Fig. 2a,d,g
and Table 2).

The Subpolar Zone (SPZ) covers the zonal band between 40°S and 60°S (Fig. 1, green), characterized by abundant
surface nitrate. The seasonality of phytoplankton is driven by a variety of bottom-up (light and iron limitation) and
top-down (zooplankton grazing) processes (Boyd et al., 2001; Hiscock et al., 2003; Deppeler and Davidson, 2017).
Observations indicate the deepest MLD, relatively high phytoplankton and variable zooplankton biomass (Fig. 2b,e,h
and Table 2).

The Seasonal Ice Zone (SIZ) is the area south of 60°S (Fig. 1, blue), heavily influenced by seasonally varying light
and sea ice conditions. Changes in sea ice concentration, extent, and seasonality play a crucial role in determining light
availability and thereby the timing and extent of phytoplankton blooms (Deppeler and Davidson, 2017; Westwood et al.,
2010). Observations indicate intermediate MLD, a strongly seasonal yet relatively low phytoplankton biomass, partly

due to the shortened growth season, and high zooplankton biomass (Fig. 2¢,f,i and Table 2).
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Table 2. Definitions and average characteristics of the research areas (zones).

Zone Mixed Layer Depth (m) Phytoplankton (mmol C m~2) Zooplankton (mmol C m~2)

Argo BGC-Argo MME BGC-Argo MME Yang 2022 COPEPOD MME

STZ (30-40°S) 63.7+0.2 67.0+£3.3 60.1£3.6 48.1£28 158.5£22.1 19.0+24 382+74 116.0£24.5
SPZ (40-60°S) 112.94+0.2 100.0+3.7 99.7+6.0 75.7+24 169.9 £ 30.0 52.2+£3.6 382%£54 1153+£27.7
SI1Z (60-90°S)  100.6 +0.3 65.2+3.6 93.5+£6.9 53.1£3.9 96.1+25.9 40.24+35 489+74 55.6+£24.5

= values indicate one standard error of the mean, representing inter-model spread for the MME and spatial variability across in situ sampling

locations for observational datasets.

2.3 Model validation
2.3.1 Mixed layer depth

85 Simulated mixed-layer depth (MLD) under the current climate, is validated against observed MLD estimates for 2010-2024
derived from BGC-Argo data (Fig. A1, https://argo.ucsd.edu/data/data-from-gdacs/) and against the Argo mixed-layer product
for 2000-2021 (https://mixedlayer.ucsd.edu/, Holte et al., 2017). Estimates of MLD from the BGC-Argo float data (Frenzel
et al., 2022, section A) are derived from temperature and density measurements following the methodology of de Boyer Mon-
tégut et al. (2004). Overall, the simulated MLD fields in the individual models capture the observed climatological spatial

90 pattern, with the SPZ generally exhibiting deeper MLD than the rest of the Southern Ocean (Table 2). However, some models
simulate an especially deep MLD region close to the coast, particularly in the Weddell Sea (Fig. A2), possibly owing to deep
convection events. This feature is much less pronounced in both observational products. In addition to reproducing the climato-
logical mean spatial pattern, the regional mean MLD in the STZ and SPZ generally agree with both observational products. In
the SIZ, the modelled MLD is close to that of the Argo product, but both are substantially deeper than the BGC-Argo estimate

95 (Table 2), which may reflect the relatively sparse coastal coverage of BGC-Argo (Fig. A2). Despite a lag of 1 to 3 weeks in
the STZ, SPZ, and SIZ (Fig. 2a—), the MME reasonably captures the relative amplitude of MLD seasonality (Fig. 2). This
is particularly relevant to our study, given the crucial role of the dilution effect in shaping light availability for phytoplankton
growth (Xue et al., 2022b), in distributing the phytoplankton over the water column, and ultimately in zooplankton grazing
(Xue et al., 2022a).

100 2.3.2 Integrated phytoplankton carbon

Observational estimates of vertically integrated phytoplankton carbon follow the method used in Arteaga et al. (2020). Argo-
float bbp(700) data serve as the basis for estimating particulate organic carbon (POC, mgm~3, Eq. 1), which is subsequently
used to estimate phytoplankton carbon (Cphy, mg m~3, Eq. 2; Haéntjens et al., 2017; Graff et al., 2015):

POC = 3.12 x 10*(£2.47 x 10®) x bbp(700) + 3.0(£6.8) (1)



105

110

115

https://doi.org/10.5194/egusphere-2026-3722
Preprint. Discussion started: 27 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

BGC-Argo —I— Argo —F—MME
JFMAMUJ JASOND. JFMAMUJ JASONTD.U JFMAMUJJASONDU

360 180

o< (}‘A
‘E %
]
g £
€ -
- w
2 s
CA 2
< 2
g g
5 s
o °
= 0 BGC-Argo —F— MME 0 2
0 —lo  gl— e . - 0
JFMAMUJ JASOND.J JFMAMUJJASOND.J JFMAMUJJASONDUJ
80 240 180 360 180 — 180
~ @ 0] LN
€ £
3 T B
£ 240 120 120 €
@ ui
] 4 =
b [ 2
8 120 g - Js0 o
- T = o
2 R
3 ~ K K]
L o
o = Yangetal, 2022 —F—COPEPOD —F—MME | f\\.r‘ I~

0 0
JFMAMUJJASOND.  FMAMUJJASONTDJ S rwMAmM  Uasond S

Figure 2. Annual cycles of mixed layer depth (MLD, in m), total phytoplankton and zooplankton biomass (in mmol C m~?) in the subtropical
zone (STZ), subpolar zone (SPZ), and seasonal ice zone (SIZ). (a—c) MLD, (d—f) phytoplankton biomass integrated over the entire water
column, and (g-i) integrated zooplankton biomass from observational data (left axis) and MME (right axis). Black lines represent the
mean values from the MME. Red lines indicate daily BGC-Argo estimates for MLD and phytoplankton biomass (panels a—f), and monthly
zooplankton biomass from the COPEPOD dataset (O’Brien, 2007) (panels g—i). Purple lines show monthly MLD from the Argo mixed-layer
product (Holte et al., 2017) in panels (a—c), and monthly zooplankton biomass from Yang et al. (2022) (panels g—i). Error bars represent the

standard error of the mean for both the MME (inter-model uncertainty) and the observational datasets (spatial patchiness of in situ data).

Cphy = 0.19 x POC £ 8.7 2

Similar to MLD, the modelled seasonal variation in integrated phytoplankton carbon is validated against BGC-Argo esti-
mates, as shown in Fig. 2d—f. Modelled phytoplankton biomass is substantially higher than the observational estimates in the
STZ and SPZ. Across all three zones, observed phytoplankton biomass is at a similar level to zooplankton biomass (Sect. 2.3.3),
indicating a “top-heavy” system, as also noted by Yang et al. (2022). This may result from substantial zooplankton omnivory
(McCauley et al., 2018) or from higher phytoplankton than zooplankton turnover rates (Shurin et al., 2006). These distinctive
“top-heavy” features reflect complex ecological and biogeochemical dynamics that current climate models are not yet able to
capture fully. Moreover, the modelled phytoplankton seasonal cycles in the three geographical zones appear up to 1 month
earlier than the observed float-based estimates (Fig. 2d—f). This is likely because most models are calibrated with satellite

chlorophyll data rather than in situ carbon biomass measurements, and chlorophyll typically peaks before carbon biomass
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(Vives et al., 2024). Nevertheless, the MME reproduces the amplitude of seasonal variation reasonably well, providing a basis

for projecting seasonally uneven responses of plankton communities to future climate change.
2.3.3 Integrated zooplankton carbon

Modelled integrated zooplankton biomass is validated against monthly integrated mesozooplankton biomass from two obser-
vational datasets: the COPEPOD database (O’Brien, 2007) and the dataset compiled by Yang et al. (2022), which includes
observations spanning from 1932 to 2020 (Fig. 2g—i). In the STZ and austral winter in SPZ, the modelled zooplankton biomass
is substantially higher than the measured biomass in the COPEPOD dataset and in situ data in Yang et al. (2022), which could
be the result of an overestimated phytoplankton biomass. Yet, the MME broadly reproduces the observed seasonal patterns,
including the timing and magnitude of seasonal peaks and troughs. The MME captures the seasonal variation of zooplankton

biomass under the current climate reasonably well in the SIZ (Fig. 21i).
2.4 Analysis of phenological changes

Following the approach used in previous phenological analyses (Behrenfeld et al., 2017; Yamaguchi et al., 2022), we focus
on the total plankton biomass. To investigate the mechanistic drivers of phytoplankton phenological changes, we examine the
two main contributors of phytoplankton biomass (phy) change, namely the seasonal variations in phytoplankton growth rate
(1, in d™*, Eq. 3) and mortality rate owing to zooplankton grazing (g, in d~*, Eq. 4), based on primary production (PP, in
mmol C m~2d™!), zooplankton grazing flux (GRAZ, in mmol C m~2d '), using monthly data.

PP

w= phy 3)
GRAZ

g= phy 4)

Further, we evaluate monthly rates of change (tendencies) in total biomass by analyzing the budgets of integrated phyto-
plankton (phy, in mmol Cm ™2, Eq. 5) and zooplankton biomass (zoo, in mmol Cm™ 2, Eq. 6) over the entire water column.
We then assess how their tendencies (Tpny and T4, in mmol C m_Qd_l) are governed by a dynamically balanced budget that

includes primary production (P P), zooplankton grazing (GRAZ), and other processes (O):

dph

Tyny = 02 = PP — GRAZ = Opy 5)
dzoo

Tzoo S W = GRAZ - Ozoo (6)

where d phy/d¢ and d zoo/dt are calculated offline as the rates of change in phytoplankton and zooplankton biomass, and PP
and GRAZ are obtained directly from the model outputs listed in Table 1 (denoted by T). Because absolute values, especially
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Figure 3. Modelled contemporary and future states over the 21°* century from the MME (listed in Table 1) of (a, b) mixed layer depth
(MLD), (c, d) phytoplankton (phy), and (e, f) zooplankton (zoo) biomass across the entire Southern Ocean (SO, black), the subtropical
zone (STZ, yellow), the subpolar zone (SPZ, green), and the seasonal ice zone (SIZ, blue). Left panels (a, c, e) show the first decade of
the 21* century (2000-2009) derived from the MME. Lines and boxes indicate the median and the 25th and 75th percentiles, respectively.
The whiskers extend to the most extreme data points not considered outliers, and the outliers are plotted as ’+’. Right panels (b, d, f) show
projections of relative changes for 2000-2100 under the SSP5-8.5 scenario relative to the mean values of the first decade shown in (a, c,
e). The solid lines in (b, d, f) indicate means, and the shadings indicate one standard error of the MME. The time series are filtered using a

10-year moving average. Please note the different vertical scales.
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for plankton biomass, vary substantially across the multimodel ensemble, we first normalize the seasonal variations from each
individual model by dividing them by their respective annual-means, so that the seasonal cycles of the different models become
comparable. After normalization, we calculate the seasonality of the absolute changes by multiplying the multimodel mean
annual value by the mean relative seasonality. This method is applied consistently across all variables in the budget analysis
(Egs. 5 and 6) in section 3.2. The processes included in “other processes” for phytoplankton (Ophy) and zooplankton (O,,) vary
greatly among models and are typically not archived in CMIP simulations. Thus, we cannot fully close the phytoplankton and
zooplankton budgets. Instead, we calculate Opp,y and O, as residuals of the respective biomass budgets. For phytoplankton,
“other processes” (Opny) include physical transport and additional loss terms such as non-consumptive mortality, aggregation,
and sinking. Similarly, for zooplankton, “other processes” (O,4,) could include physical transport, mortality, and metabolic
losses.

To understand how plankton seasonality is changing over the century, we look into the change of the monthly tendencies

over the course of the century (AT) for both phytoplankton (ATpny, Eq. 7) and zooplankton (AT, Eq. 8):

dph dph
ATphy = P Ziogos _ P EOOOS = (P Pso90s — PPaooos) — (GRAZ2090s — GRAZ2000s) — (Ophy,2090s — Ophy,2000s)

= APP — AGRAZ — AOp, (7

dz002090s  d2002000s
dt dt

— AGRAZ — A0, ®

ATy = = (GRAZ3090s — GRAZ3000s) — (0200,20905s — O200,2000s)

The change of the monthly tendencies over the century AT quantify how the rate of change of biomass between months
shifts between the beginning and end of the century. If AT}, > 0 in a given month, the phytoplankton tendency for a month at
the end of the century is more positive (or less negative) than at the beginning, meaning that this month contributes to a relative
accumulation of biomass compared to the early-century baseline. Conversely, AT}, < 0 indicates that this month contributes
to a relative loss. Whether this results in an amplification or damping of the seasonal cycle depends on the sign of the monthly
biomass anomaly in the 2000s: in a month where end-of-century biomass already exceeds the beginning-of-century biomass,
a positive AT implies the difference is growing larger; in a month where end-of-century biomass is already lower, a positive
AT implies the deficit is shrinking. The same logic applies to AT,,,. By decomposing AT into its contributing terms, AP P,
AGRAZ, and AO, we can attribute the monthly tendency change to specific biological processes, thereby identifying the
mechanisms responsible for amplification or damping of the seasonal signal over the century.

The AT framework also provides the mechanistic basis for understanding when and why trophic amplification emerges
seasonally. We define the amplified period as the months in which the monthly relative change of zooplankton biomass over
the century exceeds both the annual-mean relative change and the corresponding monthly relative change of phytoplankton.
The amplified period thus identifies the seasonal window where the disproportionate response of zooplankton relative to phyto-
plankton is most pronounced, and where the trophic amplification signal is concentrated. While the amplified period is defined

by the outcome comparison between trophic levels, the budget decomposition of ATy, into AGRAZ and AQO,,, reveals
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the specific processes responsible for driving this disproportionate seasonal response. Throughout this study, the long-term
annual-mean analyses presented in Sect. 3.1 are based on the full MME of 12 models, whereas the seasonal budget decompo-
sition analyses in Sect. 3.2 are restricted to the 7 models that archive both phytoplankton production and zooplankton grazing
fluxes in their output (models marked t in Table 1). The strong agreement between the full MME and the flux-output subset in
their projected relative changes (in Sect. 3.2) provides confidence that the seasonal analyses are representative of the broader

ensemble.

3 Results
3.1 Long-term mean-state plankton response to changing climate

Over the 21% century, projected plankton biomass averaged across the whole Southern Ocean stays stable (black lines in
Fig. 3d & f). For the current climate, estimates of mean phytoplankton and zooplankton biomass show comparatively larger
spreads than estimates of physical MLD across MME members (Fig. 3a, ¢ & e). Despite this spread in absolute biomass, the
MME shows relatively strong agreement in relative changes of future projections. To analyse long-term trends, we examine
simulated annual-means over the 21% century relative to the baseline climate conditions of the 2000s. During the 21% century,
MLD is projected to shoal by 12 4 2% across the entire Southern Ocean (Fig. 3b, black line), likely due to increasing ocean
surface warming and subsequent stratification, while phytoplankton and zooplankton show little discernible change (—1 4 2%
and —1 + 1%, respectively). Nevertheless, underlying this apparent stability in Southern Ocean plankton lie opposing regional

changes induced by diverse physical and ecological mechanisms.
3.1.1 Subtropical zone (STZ): negative trophic amplification

Total phytoplankton in the STZ is projected to decrease by 6 &= 2% over the 21" century (Fig. 3d, yellow line), along with
decreasing primary production and zooplankton grazing (Fig. B1). The MME projects that the MLD will shoal by 12 4+ 2%
(Fig. 3b) over the century. Although annual-mean primary productivity and total zooplankton grazing flux decrease, phyto-
plankton growth rates and grazing mortality rate remain relatively stable (Fig. B2). Projected shoaling of the surface mixed
layer likely enhances nutrient limitation while increasing phytoplankton exposure to light, with little net change in growth rate.
The stability of the grazing mortality from zooplankton could be attributed to the positive effects of higher temperatures on
zooplankton grazing (a feature implemented in nearly half of the models in our MME, for details see Rohr et al., 2023), which
counterbalances the decline in phytoplankton concentration (Fig. B3a). Consequently, the decline in phytoplankton biomass
is likely either driven by increased losses beyond zooplankton grazing or cannot be fully understood by analysing mean-state
data alone. The seasonal analysis in Sect. 3.2.1 reveals that the mechanisms behind this decline differ across seasons. The
phytoplankton decline is concentrated in the austral spring and summer and is primarily driven by nutrient limitation. This
decline in phytoplankton biomass is consistent with previous findings in the subtropical zone (Leung et al., 2015; Cabré et al.,

2015) and aligns with the expected trends in oligotrophic regions under climate change (Doney, 2006).

10
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The concomitant relative decline in zooplankton biomass is projected to be 10 2% (Fig. 3f), which is 67% more than
that of phytoplankton, indicating negative trophic amplification (amplified relative decline along the food chain, Chust et al.,
2014) over the 21 century. The amplified decline in zooplankton biomass results from both reduced zooplankton grazing
flux (7%, Fig. B1), driven by declining phytoplankton concentration (6%, Fig. B3a), and likely also increased losses, such
as higher metabolic costs associated with rising temperatures (Ratnarajah et al., 2023). Although warming may also enhance
the zooplankton grazing rate, reduced phytoplankton availability outweighs the benefits of increased temperature, as the net
outcome is a decline in grazing. This negative trophic amplification under climate change agrees with previous findings in

oligotrophic regions (Chust et al., 2014; Kwiatkowski et al., 2019).
3.1.2 Subpolar zone (SPZ): no clear change

Within the SPZ, no clear change is projected for total phytoplankton over the century (—1 4 2%, Fig. 3d, green line). From
a bottom-up perspective, as this region is predominantly light- and iron-limited in the current climate (Arteaga et al., 2020),
the shoaling mixed layer (10 4= 2%, Fig. 3b) improves light conditions, with surface iron projected to remain relatively stable
(Fig. B4b, albeit future changes of iron supply are highly uncertain). Overall, phytoplankton production is projected to increase
by 6% over the century (Fig. Bla), which agrees with the direction of change from recent observations (Liniger et al., 2025).
However, the shoaling mixed layer also leads to an increase in surface phytoplankton concentration (5%, Fig. B3a), and hence
intensified zooplankton grazing (7%, Fig. B1b). The dynamic balance between bottom-up and top-down processes keeps
phytoplankton biomass relatively steady under projected climate change (Xue et al., 2024b).

Despite the noticeable increase in zooplankton grazing, zooplankton is projected to change little over the century (3 &
3%, Fig. 3f). One would expect the increased zooplankton grazing to lead to a similar increase in zooplankton biomass.
However, this positive effect appears to be balanced by higher metabolic or other losses, perhaps caused by a rise of mixed-
layer temperatures. We note that directly attributing these losses is not possible with currently archived CMIP6 output, as

zooplankton respiration and mortality fluxes are not routinely saved.
3.1.3 Seasonal ice zone (SIZ): positive trophic amplification

Within the SIZ, phytoplankton is projected to increase by 11 4%, due to substantially improved growth conditions, partially
due to strong shoaling (15 + 2%) in MLD over the century (Fig. 3b & d). Phytoplankton are mostly light-limited in this zone,
owing to extensive sea ice coverage and regionally deep mixed layers (Arteaga et al., 2020). Consequently, the shoaling mixed
layer along with sea ice retreat (more than 50% over the century, Fig. B5) increases both phytoplankton production (16%,
Fig. Bla) and biomass, despite a concomitant increase in zooplankton grazing (30%, Fig. B1b).

Total zooplankton biomass is projected to increase by 23 + 10%, which is almost twice the increase of phytoplankton over
the century (Fig. 3f), indicating positive trophic amplification (amplified increase along the food chain, Chust et al., 2014).
The increase in total phytoplankton, along with the shoaling of the mixed layer, is expected to enhance the prey-predator

encounter as a result of increasing phytoplankton concentration (21%, Fig. B3a), and hence zooplankton grazing (Fig. B1b
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& Fig. B2b). Consequently, the zooplankton response is amplified compared to the projected changes in phytoplankton under

climate change.
3.2 Seasonal mechanisms underlying the long-term mean-state changes
3.2.1 Seasonal nutrient limitation drives negative trophic amplification in the STZ

The projected annual-mean decline in phytoplankton (6 +2%) and the disproportionately larger decline in zooplankton (10 +
2%) in the STZ (Sect. 3.1.1) emerge from a seasonally concentrated response rather than a uniform year-round trend. Under the
current climate, STZ phytoplankton biomass peaks when the MLD starts to shoal and then declines as the MLD further shoals,
a pattern that is broadly reproduced by the MME (Fig. 4a,c). Zooplankton tracks phytoplankton dynamics with a one-month lag
(Fig. 4d), reflecting the tight prey—predator coupling that ultimately amplifies the zooplankton response under climate change.

Under projected climate change, both phytoplankton and zooplankton decline year-round, but the magnitude of the decline
is strongly seasonally dependent. The most pronounced phytoplankton decrease occurs in October, when the MLD is shoaling
rapidly and biomass is near its seasonal peak, whereas zooplankton show their greatest decline in austral summer (January and
February), when the MLD is seasonally shallowest (Fig. 4d). During the amplified period (red shading in Fig. 4), zooplankton
biomass decreases nearly three times as much as phytoplankton, representing a seasonal trophic amplification signal that is
approximately 50% stronger than the signal revealed by the annual-mean changes. During the austral summer, the core of the
amplified period, zooplankton biomass decreases by about four times as much as phytoplankton, nearly doubling the annual-
mean trophic amplification signal. This seasonally concentrated response during austral spring and summer is the primary
source of the annual-mean negative trophic amplification identified in Sect. 3.1.1.

The phytoplankton decline during the amplified period, particularly around its core in austral summer, is attributable to re-
duced primary production driven by MLD shoaling-induced nutrient limitation. During the amplified period, the phytoplankton
budget (Fig. 4e) indicates that the biomass decline is dominated by reduced primary production (A PP < 0), further reinforced
by residual loss processes (AOpny < 0). The reduction in primary production can be further attributed either to a lower phy-
toplankton biomass as a result of increasing grazing mortality (g) or to deteriorating growth conditions, reflected in a lower
growth rate (1). Although annual-mean growth rates and grazing mortality remain broadly stable over the century (Fig. B2),
their seasonal responses diverge substantially, ranging from —4% to +10% for growth rate and from —6% to +14% for grazing
rate (Fig. 4b). Around the core amplified period, growth conditions deteriorate as mixed-layer shoaling under climate change
accentuates nutrient limitation (lower left quadrant, Fig. 4b), driving a reduction in phytoplankton biomass. During the rest
of the year, enhanced grazing mortality outweighs the enhanced phytoplankton growth rate (upper right quadrant, Fig. 4b),
causing the phytoplankton biomass to continue declining.

The disproportionate zooplankton decline during the amplified period, which ultimately gives rise to negative trophic ampli-
fication, is driven by a reduction in grazing flux resulting from the concurrent decline in phytoplankton biomass. Although zoo-
plankton biomass declines year-round, this decline is primarily attributable to elevated losses (AO,q,, €.g., increased metabolic

costs under warming) during the non-amplified period, whereas it is governed by a sharp reduction in zooplankton grazing
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Figure 4. Seasonality of the subtropical zone (STZ). Absolute seasonality (left axis, present: solid line, future: dashed line) and relative
change with respect to the 2000s annual-mean (right axis, bars) of (a) mixed layer depth (MLD), (c) phytoplankton, and (d) zooplankton
(mmol Cm™2). The dotted horizontal line indicates the projected annual-mean at the end of the century. (b) Changes in phytoplankton
growth rate (Afi/p2000s, Eq. 3) and zooplankton grazing mortality (Ag/g2000s, Eq. 4) relative to their respective 2000s monthly means.
Marker colors indicate the relative change in integrated phytoplankton biomass (Aphy/phy2000s) and month abbreviations are labelled on
each marker. Changes of (¢) phytoplankton and (f) zooplankton budget terms (in mmol Cm~2d ™, left axes) for each month at the end
relative to the beginning of the century, and contributions of individual processes (Egs. 5 & 6): APP (purple), —AGRAZ (orange), and
—AOphny (grey) in panel (e), and AGRAZ (orange) and —AO,., (grey) in panel (f). PP is primary production, GRAZ is zooplankton
grazing, O denotes other processes. The dashed orange line indicates ATy in (e) and AT, in (f) (right axes). As the overall biomass
change over the century is negative in the STZ, a positive AT in (e) and (f) indicates that the biomass decline is becoming less pronounced
between months. Red-shaded periods in all panels indicate the seasonal window of trophic amplification, defined as months in which the
monthly relative change of zooplankton exceeds both the annual-mean relative change and the corresponding monthly relative change of
phytoplankton (see Sect. 2.4). Opposite signs of grazing in (e) and (f) reflect its role as a loss term for phytoplankton but a source term for
zooplankton. All panels show results derived from models with flux output marked as T in Table 1. The light dotted horizontal lines in panels
(c) and (d) show the projected end-of-century annual mean from the MME in Fig. 3, illustrating that this projected mean is largely insensitive

to the specific MME used.
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Figure 5. Same as Fig. 4 but for the subpolar zone (SPZ). Note the different scaling for the axes as compared to the STZ.

(AGRAZ) during the amplified period (Fig. 4f). During the amplified period, the decline in phytoplankton biomass reduces
total prey availability, while the concurrent decrease in phytoplankton concentration (Fig. Cla), which is a by-product of the
phytoplankton biomass decline, further reduces prey-predator encounter rates. Together, these changes cause the grazing flux

to decline sharply and thereby amplify the decline in total zooplankton biomass.
3.2.2 Compensatory bottom-up and top-down changes stabilise plankton in the SPZ

The projected near-stability of both phytoplankton (—1 £ 2%) and zooplankton (3 &= 3%) in the SPZ (Sect. 3.1.2) emerges
from the interplay of seasonally varying processes rather than from the absence of change (Fig. 5). Under the current climate,
phytoplankton biomass peaks when the mixed layer shoals and light conditions improve, with zooplankton grazing catching
up rapidly thereafter. Unlike in the STZ, where phytoplankton are predominantly macronutrient-limited, SPZ phytoplankton
are constrained primarily by iron and light availability under the current climate (Arteaga et al., 2020; Moore et al., 2013; Weis
et al., 2024), a distinction that proves consequential for how this zone responds to climate change.

Under projected climate change, phytoplankton growth rate (1) improves throughout the year in the SPZ, ranging from +9%

to +14% over the century (Fig. 5b), in contrast to the seasonally deteriorating growth conditions in the STZ. Similarly, grazing
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mortality from zooplankton (g) increases year-round by +12% to +17% (Fig. 5b). The seasonal structure of these changes is
governed by the MLD regime. From August to October, enhanced phytoplankton production driven by mixed-layer shoaling-
induced light improvement and rising temperatures leads to a subtle increase in phytoplankton biomass (Fig. Se). For the rest of
the year, mixed-layer shoaling elevates surface phytoplankton concentration and temperature, intensifying zooplankton grazing
and causing a subtle decline in phytoplankton biomass (Fig. 5c). Despite these opposing seasonal tendencies, their magnitudes
are modest relative to those in the STZ and SIZ, and no single season dominates sufficiently to produce a net annual trend,
resulting in broadly stable phytoplankton biomass over the century.

The zooplankton response mirrors this seasonal balance. Although zooplankton benefit from improved grazing conditions
year-round, increasing loss terms offset the higher grazing intake across all seasons (Fig. 5c,f). The increasing losses likely
reflect elevated metabolic costs under warming, although direct attribution is limited by the lack of routinely archived zoo-
plankton loss fluxes in CMIP6 output. Neither the gains nor the losses dominate at any particular time of year, preventing
the emergence of a seasonally-concentrated amplification window analogous to those identified in the STZ and SIZ. Conse-
quently, the compensatory balance between bottom-up and top-down processes for phytoplankton, and between grazing gains
and losses for zooplankton, is maintained throughout the seasonal cycle, resulting in near-stable long-term annual means and

the absence of trophic amplification (Fig. 3).
3.2.3 Spring and summer light availability drives positive trophic amplification in the SIZ

The projected annual-mean increase in phytoplankton (11 +4%) and the disproportionately larger increase in zooplankton
(23£10%) in the SIZ (Sect. 3.1.3), analogous to the STZ but of opposite sign, emerge from a seasonally concentrated response
rather than a uniform year-round trend. Under the current climate, phytoplankton biomass in the SIZ is governed primarily
by light availability, which is regulated by solar irradiance, sea-ice extent, and MLD. Minimal phytoplankton biomass persists
through the austral winter because of extremely low light conditions, before rising sharply toward a January peak that coincides
with the shallowest MLD (Fig. 6a,c). Zooplankton tracks phytoplankton dynamics with a one-month lag (Fig. 6¢), and the MME
reproduces the relative seasonal variability of both groups reasonably well despite some discrepancies in absolute biomass. This
strong light-driven seasonal cycle, absent in the STZ and less pronounced in the SPZ, sets the stage for the disproportionate
zooplankton response to climate change described below.

Under projected climate change, both phytoplankton and zooplankton increase throughout most of the year, with only a
minor decline during the winter months, when light availability remains extremely low. As in the STZ, phytoplankton exhibit
their most pronounced increases in September and October, when the MLD is shoaling rapidly and biomass is approaching
its annual peak (Fig. 6¢). Zooplankton subsequently show their largest increase in October and November, following the
phytoplankton increase (Fig. 6d). During the amplified period from October to January, zooplankton biomass increases by more
than four times as much as phytoplankton biomass, which is more than twice the annual-mean trophic amplification signal.
This identifies austral spring and summer as the seasons in which positive trophic amplification is concentrated and from which

the annual-mean signal primarily arises (red shading, Fig. 6d—f). The core of the amplified period occurs in January, during
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Figure 6. Same as Fig. 4 but for the SIZ. Note that plankton biomass difference over the century is positive—indicating that the biomass
at the end of the century is higher than at the beginning—a positive Anet flux in (e) and (f) suggests that the difference is becoming more

pronounced in (c) and (d). Also the scaling is different for the axes as compared to the STZ and SPZ.

austral summer, when zooplankton biomass increases by more than eleven times as much as phytoplankton biomass, exceeding
five times the annual-mean signal.

Positive trophic amplification during austral spring and summer is driven by enhanced zooplankton grazing, which results
from increased phytoplankton growth due to improved light availability and biomass compression caused by mixed-layer shoal-
ing under climate change. Increased phytoplankton production, together with reduced non-attributable losses, more than com-
pensates for elevated grazing, leading to higher phytoplankton biomass throughout most of the year (Fig. 6d,e). Phytoplankton
growth rates and grazing mortality are projected to increase year-round, as in the SPZ, but to a much greater extent, ranging
from +4% to +53% and from +3% to +42%, respectively (Fig. 6b). Accordingly, the increase in phytoplankton biomass,
particularly during the amplification period (red shading in Fig. 6), is dominated by enhanced phytoplankton growth, likely
driven by improved light conditions associated with mixed-layer shoaling, sea-ice retreat (Fig. B5), and rising temperatures.
The increase in zooplankton biomass can be attributed to enhanced grazing (Fig. 6f), driven by greater food availability from
higher integrated phytoplankton biomass (Fig. C1) and by higher prey-predator encounter rates resulting from elevated phy-

toplankton concentration. The elevated grazing intake more than compensates for the higher non-attributable losses (Fig. 6f),
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leading to an overall increase in zooplankton biomass. Strong amplification during the amplified period produces a pronounced
long-term increase in zooplankton biomass relative to phytoplankton, resulting in positive trophic amplification on an annual

scale.

4 Discussion and Conclusion

This study demonstrates that trophic amplification in the Southern Ocean is fundamentally a seasonal phenomenon, driven
by unevenly distributed changes across the annual cycle rather than uniform long-term trends. Beneath the seemingly stable
Southern Ocean plankton dynamics lie not only opposing regional trends (Leung et al., 2015; Deppeler and Davidson, 2017) but
also seasonally concentrated responses whose intensity substantially exceeds that of the annual-mean signal. In both the STZ
and the SIZ, trophic amplification emerges primarily during austral spring and summer, when mixed-layer shoaling accentuates
nutrient limitation and enhances light availability (Behrenfeld, 2010; Xue et al., 2022b), thereby driving disproportionate
zooplankton responses through changes in prey concentration and encounter efficiency (Xue et al., 2022a; Stock et al., 2014).
This seasonal concentration means that assessments of climate-change impacts on Southern Ocean plankton based on annual-
mean projections alone will systematically underestimate the magnitude and potentially also the ecological severity of trophic
amplification (Chust et al., 2014; Kwiatkowski et al., 2019; Lotze et al., 2019). The seasonal concentration occurs precisely in
the most critical season for coupling among the different trophic levels in the broader marine food web (Cushing, 1975; Xue
and Hill, 2025; Asch et al., 2019; Edwards and Richardson, 2004). Our results, therefore, underscore the need to move beyond
mean-state assessments toward a regionally and, more importantly, seasonally resolved understanding of how climate change
restructures trophic interactions in the Southern Ocean and beyond.

The projected spatially diverse patterns of trophic amplification are broadly consistent with earlier work based on CMIP5 and
more recent models (Kwiatkowski et al., 2019; Atkinson et al., 2024), confirming the robustness of the trophic amplification
signal across successive model generations. The three key food web properties identified by Stock et al. (2014): zooplankton
growth efficiency (ZGE), the trophic level of zooplankton, and zooplankton-phytoplankton coupling (ZPC), remain relevant
here, with our findings particularly emphasising the role of ZPC as the proximate driver of seasonal trophic amplification in
both the STZ and SIZ, consistent with the seasonal-scale analysis of Xue et al. (2022a). The disproportionate zooplankton
response in both zones is ultimately mediated by changes in phytoplankton concentration rather than integrated biomass alone,
highlighting the importance of physical forcing in driving zooplankton-phytoplankton coupling as a mechanism linking the
physical environment to trophic transfer (Behrenfeld, 2010; Xue et al., 2022a, 2024a). While the role of ZGE is more difficult
to isolate (zooplankton respiration and mortality fluxes are not routinely archived in CMIP6 output, Rohr et al., 2023), the
seasonal decomposition of zooplankton loss terms suggests a seasonally variable contribution also for ZGE that warrants further
investigation. If heterotrophic processes are more temperature-sensitive, that could disproportionately benefit higher trophic
levels relative to primary producers (Archibald et al., 2022) and reinforce the positive trophic amplification projected in the SIZ
but partially counteract the negative amplification in the STZ. Kwiatkowski et al. (2019) pointed out that flexible stoichiometry

in phytoplankton and zooplankton can introduce further complexity to trophic interactions, potentially intensifying negative
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trophic amplification under future climate conditions. Flexible stoichiometry is not represented in most models within our
MME and, therefore, is a potential source of underestimation in the STZ projections. Notably, the UVic-OPEM model employs
an optimality-based framework that implicitly captures flexible stoichiometry (Pahlow et al., 2020), and its broadly consistent
projections with the rest of the MME suggest that this source of uncertainty may not fundamentally alter the sign or spatial
pattern of trophic amplification identified here, though its magnitude in the STZ may still be underestimated.

A further structural limitation of the models used here concerns the representation of food web architecture in the Southern
Ocean. Observational evidence indicates that the Southern Ocean food web is characteristically “top-heavy”, with zooplank-
ton biomass equalling phytoplankton biomass (Yang et al., 2022; Shurin et al., 2006), a feature that none of the models in
our MME reproduce (Fig. 2g—i). This systematic bias likely reflects an underestimation of top-down control in current Earth
system models, which may arise from the limited number of zooplankton functional types represented (Table 1) or insufficient
representation of zooplankton omnivory (McCauley et al., 2018). Stronger top-down control than currently modelled would
imply a tighter zooplankton-phytoplankton coupling, which, given that ZPC is identified here as the proximate driver of sea-
sonal trophic amplification, could amplify both the positive and negative trophic amplification signals beyond what our MME
projects. Encouragingly, our analysis suggests that the projected relative changes in plankton biomass across the three zones are
not systematically influenced by the structural complexity of the ecosystem models within the MME (Fig. C4). This means the
broad trophic amplification patterns identified here are robust to differences in model complexity, even if their absolute magni-
tudes remain uncertain. Nevertheless, the development of Earth system models capable of reproducing the observed top-heavy
food web structure of the Southern Ocean remains an important priority, as the systematic underestimation of top-down control
represents a potentially significant source of bias in projections of trophic amplification and higher trophic level responses to
climate change (Rohr et al., 2023).

Beyond the biological uncertainties discussed above, a key physical uncertainty in our projections concerns the future tra-
jectory of mixed-layer depth, which is the central mechanism linking physical forcing to trophic amplification throughout
this study. Our MME projects a year-round shoaling of the MLD across all three Southern Ocean zones under the SSP5-8.5
scenario, consistent with the expected increase in upper-ocean stratification under warming (Kwiatkowski et al., 2020). How-
ever, recent observations suggest a trend of summertime mixed-layer deepening despite increasing stratification (Sallée et al.,
2021), a finding that diverges from our MME projections and from the physical reasoning underpinning the seasonal amplifi-
cation mechanism identified here. This discrepancy is particularly consequential given that the trophic amplification signal in
both the STZ and SIZ emerges primarily during summertime. If summertime MLD trends are in reality positive rather than
negative, the seasonal window of amplification identified here could be narrower, weaker, or shifted in timing relative to our
projections. Despite this, the MME reproduces the relative amplitude of MLD seasonality reasonably well under the current
climate (Fig. 2a—c), providing some confidence that the seasonal mechanisms identified here are physically grounded, even if
the magnitude of future MLD shoaling remains uncertain.

Despite these uncertainties, the seasonal concentration of trophic amplification during austral spring and summer has poten-
tial for far-reaching consequences for higher trophic levels that are likely to be robust across a range of plausible MLD trajec-

tories. This seasonal period coincides with the critical window for fish recruitment, larval feeding, and the transfer of energy
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to larger consumers (Cushing, 1975; Edwards and Richardson, 2004), meaning that the projected changes in plankton biomass
and seasonality are likely to have disproportionate ecological consequences relative to what annual-mean changes would sug-
gest. Our MME projects shifts in the timing of phytoplankton and zooplankton blooms across all three zones (Fig. C3), with
different degrees and even directions of phenological shifts for zooplankton and for phytoplankton (which itself constitutes
a form of trophic decoupling, Yamaguchi et al., 2022), raising the prospect of widening trophic mismatches between succes-
sive levels of the food web (Edwards and Richardson, 2004). The ecological consequences of such mismatches, however, are
likely to differ fundamentally between zones. In the STZ, the combination of reduced plankton biomass and potential phe-
nological mismatches represents a compounding risk: declining food availability weakens the buffer against temporal trophic
mismatches (Gotceitas et al., 1996; Asch et al., 2019), potentially making the STZ marine ecosystem increasingly vulnera-
ble in the changing climate. In contrast, the projected increase in plankton biomass in the SIZ during the productive spring
and summer season may enhance the resilience of higher trophic levels to phenological mismatches. When sufficient prey is
available, larval fish and other consumers are better able to compensate for temporal offsets in food availability (Gotceitas
et al., 1996). This asymmetry between zones suggests that the ecological trajectories of the STZ and SIZ under climate change
may diverge considerably, with the STZ facing a progressively more vulnerable food web and the SIZ potentially supporting
enhanced productivity at higher trophic levels, at least through the mechanisms captured by current Earth system models. Ex-
plicitly incorporating the dynamics of fish and other high-trophic-level organisms into climate projections will be essential for a
complete assessment of the ecological consequences identified here. Changes across trophic levels are tightly coupled through
both top-down and bottom-up interactions, which can feed back on plankton and biogeochemical dynamics of the Southern
Ocean (Sarmiento et al., 2004a; Le Quéré et al., 2016).

Overall, our results reveal that the seemingly stable Southern Ocean plankton biomass under climate change masks a complex
mosaic of opposing regional and seasonal responses. In the STZ, future mixed-layer shoaling-induced nutrient limitation drives
seasonally concentrated negative trophic amplification during austral spring and summer, progressively weakening the base of
the food web during the most ecologically critical season. In the SIZ, future sea-ice retreat and mixed-layer shoaling enhance
light availability that drives positive trophic amplification over the same period, potentially supporting enhanced productivity
at higher trophic levels. In the SPZ, compensatory seasonal changes in bottom-up and top-down control yield no net trophic
amplification, masking substantial seasonal reorganization beneath an apparently stable annual-mean. Across all three zones,
the seasonal dimension of trophic amplification emerges as the critical lens through which climate-change impacts on Southern
Ocean plankton need to be assessed. Annual-mean projections may not only underestimate the magnitude of trophic change
but also obscure its seasonal timing, which ultimately determines its ecological consequences for the broader marine food
web. These findings underscore the importance of regionally and seasonally resolved assessments of plankton dynamics for

projecting the future of Southern Ocean ecosystems and the globally significant biogeochemical functions they sustain.

Data availability. All CMIP6 ESM output is available via the Earth System Grid Federation (https://esgf-data.dkrz.de). The FOCI model
data are available through (Chien et al., 2022). The OPEM model data are available through (Pahlow et al., 2020). The observation-based
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MLD data are available from the Argo mixed-layer database (http://mixedlayer.ucsd.edu/, Holte et al., 2017). BGC-ARGO data are available
through OneArgo Float toolboxes (Frenzel et al., 2022).

20



435

440

445

https://doi.org/10.5194/egusphere-2026-3722
Preprint. Discussion started: 27 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Appendix A: Observational data for model validation

BGC-Argo float data, used in this study to assess the performance of the MME, have been obtained via the OneArgo Float
toolboxes (Frenzel et al., 2022). These floats are equipped with an array of sensors, including conductivity-temperature-depth
(CTD), oxygen, nitrate, pH, bio-optical sensors, etc. The selection of profiles was based on the presence of bio-optical sensors
capable of measuring particulate backscattering at 700 nm (bbp(700)). The selected profiles span a period from 13 Sep 2010
to 4 Mar 2024, ensuring comprehensive coverage of the entire Southern Ocean across all months of the year (Fig. A1), which

is essential for providing a robust representation of seasonal patterns under the current climate.

Month

Figure A1. Tracks of BGC-Argo floats equipped with bio-optical sensors used in this study are color-coded by the month of the year when

the data were collected.

Figure A2 illustrates the MLD distributions in three distinct Southern Ocean zones: the Subtropical (STZ), Subpolar (SPZ),
and Seasonal Ice (SIZ) zones. Panels (a-1) feature simulated MLDs from models detailed in Table 1, while the bottom-right
panel compares these with observed MLDs from Argo data (http://mixedlayer.ucsd.edu/).

Appendix B: Long-term mean-state changes: supporting figures

Figure B1 presents the long-term trends in depth-integrated primary production (PP) and zooplankton grazing flux (GRAZ)
across the three Southern Ocean zones over the 21st century. These two flux processes are the primary drivers of the plankton
biomass changes shown in Fig. 3, and their trends reflect the combined influence of changes in both biomass and specific rates,

as shown in Fig. B2.
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Figure A2. Contemporary MLD Maps in the Southern Ocean. Panels (a-1) display simulated MLD from models listed in Table 1. The
two bottom-right panels depict observed interannual MLD during 2010-2024 obtained from BGC-Argo data (https://argo.ucsd.edu/data/
data-from-gdacs/) and Argo mixed-layers product covering 2000 -2021 (https://mixedlayer.ucsd.edu/).
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Figure B1. MME projections for the subtropical zone (STZ, yellow), subpolar zone (SPZ, green), and seasonal ice zone (SIZ, blue) of
the relative changes of depth-integrated (a) primary production and (b) grazing flux by zooplankton from 2000 - 2100 under the SSP5-8.5
scenario, with the solid line indicating the mean of the MME and shading indicating one standard error of the MME, relative to the respective

mean values of the first decade of the 21" century (2000-2009). The time series are filtered using a 10-year moving average.

Figure B2 presents the long-term trends in phytoplankton growth rate and zooplankton grazing mortality across the three
zones, providing insight into the environmental factors driving changes in bottom-up and top-down control of plankton biomass
under climate change.

Figure B3 presents the long-term trends in surface phytoplankton and zooplankton concentrations across the three zones.
Although the study primarily focuses on vertically integrated biomass, surface concentration trends are essential for visualising
the dilution and compression effects associated with increased stratification under climate change. For example, while vertically
integrated phytoplankton biomass remains stable in the SPZ (Fig. 3d), surface concentration increases as the mixed layer shoals,

with important consequences for zooplankton encounter rates and grazing.
B1 Iron and sea ice trends under climate change

Iron availability is an important limiting factor for phytoplankton growth and plankton community structure in the Southern
Ocean (Moore et al., 2013; Arteaga et al., 2020). However, not all models in the MME include iron cycling explicitly (Table 1),
and those that do show limited skill in reproducing the observed contemporary iron distribution (Tagliabue et al., 2016).
Furthermore, projections of future iron supply remain highly uncertain, with iron limitation suggested to have increased over

recent decades (Ryan-Keogh et al., 2023) while atmospheric iron supply is projected to increase in the future due to wildfires
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Figure B2. MME projections of the relative changes in depth-integrated (a) phytoplankton growth rate (primary production divided by
phytoplankton biomass) and (b) zooplankton grazing mortality (grazing divided by phytoplankton biomass) from 2000-2100 under the
SSP5-8.5 scenario. Colors, lines, and shading as in Fig. B1.

and escalating desertification (Bowman et al., 2020; Woodward et al., 2005; Hamilton et al., 2020). Our MME projects an
increase in surface iron concentration in the STZ, a negligible trend in the SPZ, and a decrease in the SIZ over the century
(Fig. B4), although considerable uncertainty is associated with all three projections.

Sea ice extent in the Southern Ocean is projected to decline by more than 50% by the end of the century (Fig. BS), represent-
ing a major additional driver of enhanced light availability in the SIZ beyond mixed-layer shoaling, and contributing directly

to the positive trophic amplification projected in that zone (Sect. 3.2.3).

Appendix C: Seasonal plankton dynamics: supporting figures

Figures C1 & C2 provide supporting detail on the seasonal changes in phytoplankton surface concentration, depth-integrated
primary production, and zooplankton grazing across the three Southern Ocean zones, elucidating the mechanisms driving the

seasonal trophic amplification signals discussed in Sect. 3.2.
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Figure B3. MME projections of the relative changes in surface concentration of (a) phytoplankton and (b) zooplankton from 2000-2100
under the SSP5-8.5 scenario. Colors, lines, and shading as in Fig. B1.

C1 Phenological shifts in plankton bloom timing

Figure C3 presents projected shifts in phytoplankton and zooplankton bloom timing across the three zones, characterised by
changes in bloom initiation and termination dates defined following Behrenfeld et al. (2017) and Yamaguchi et al. (2022).
Bloom initiation occurs when the biomass accumulation rate turns positive and termination when it becomes negative. The
MME projects shifts in bloom timing particularly in the STZ and SIZ, with more pronounced phenological changes for zoo-

plankton than for phytoplankton, raising the prospect of widening trophic mismatches as discussed in Sect. 4.
C2 Influence of ecosystem model structure and complexity on plankton projections

The MME encompasses a range of plankton ecosystem structures, including models with one to three phytoplankton functional
types, one to three zooplankton functional types, and varying formulations of iron dynamics (Table 1). Fig. C4 demonstrates
that neither the number of plankton functional types nor the explicit inclusion of iron limitation exerts a systematic influence
on the projected changes in phytoplankton and zooplankton biomass within any of the three zones, supporting the robustness

of the trophic amplification patterns identified in the main text.
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Figure B4. MME projections of the relative changes in dissolved iron concentration from 2000-2100 under the SSP5-8.5 scenario in the
(a) STZ, (b) SPZ, and (c) SIZ. Solid lines indicate the MME mean, and shading indicates one standard error relative to the mean values of
2000-2009. Dissolved iron data are available only from models marked with * in Table 1. Time series are filtered using a 10-year moving

average.
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Figure BS. MME projections of the relative changes in sea ice extent from 2000-2100 under the SSP5-8.5 scenario, relative to the mean
values of 2000-2009. Solid lines indicate the MME mean and shading indicates one standard error. Time series are filtered using a 10-year

moving average. The model ensemble includes models marked with  in Table 1.
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Figure C1. Present (2000s, solid) and future (2090s, dash) seasonalities of surface phytoplankton concentration in (a) STZ, (b) SPZ, and (c)

SIZ, relative to the annual-mean of the first decade (2000-2009). Note the different scales of the vertical axes.
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Figure C2. Present (2000s, solid) and future (2090s, dash) seasonalities of integrated phytoplankton production (purple) and zooplankton
grazing (red) in (a) STZ, (b) SPZ, and (c) SIZ, relative to the annual-mean of the first decade (2000-2009). Note the different scales of the

vertical axes.
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Figure C3. Present (2000s) and future (2090s) seasonality of phytoplankton (phy, a,c,e) and zooplankton (zoo, b,d,f) biomass accumulation

rate (as 7 = ~ 90i°

s "t » following Behrenfeld et al. 2017 and Yamaguchi et al. 2022) in the STZ (a, b), SPZ (c, d), and SIZ (e, f). Red- and

blue-shaded bars indicate advanced and delayed shifts in bloom initiation and termination over the century, respectively.
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Figure C4. Individual model projections of the relative changes of integrated phytoplankton (phy, horizontal axis) and zooplankton biomass

(zoo, vertical axis) in the subtropical zone (STZ, a), the subpolar zone (SPZ, b), and the seasonal ice zone (SIZ, c) over the 21* century,

illustrating that there is no systematic effect of biogeochemical model complexity on the projections. The color of the markers indicates the

number of phytoplankton groups included in the model, with light green, green, and dark green representing one, two, and three phytoplank-

ton groups, respectively. The shape of the markers indicates the number of zooplankton groups included in the model, with triangle, square,

and star representing one, two, and three zooplankton groups, respectively. Markers with orange edges indicate that the model explicitly

includes iron limitation.
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