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Abstract
The influence of global change on Southern Ocean productivity will have major ramifications for future

management of polar life. A prior laboratory study investigated the response of a batch-cultured subantarctic
diatom to projected change simulating conditions for 2100 (increased temperature/CO2/irradiance/iron;
decreased macronutrients), showed a twofold higher chlorophyll-derived growth rate driven mainly by tem-
perature and iron. We translated this design to the field to understand the phytoplankton community
response, within a subantarctic foodweb, to 2100 conditions. A 7-d shipboard study utilizing 250-liter meso-
cosms was conducted in March 2016. The outcome mirrors lab-culture experiments, yielding twofold higher
chlorophyll in the 2100 treatment relative to the control. This trend was also evident for intrinsic metrics
including nutrient depletion. Unlike the lab-culture study, photosynthetic competence revealed a transient
effect in the 2100 mesocosm, peaking on day 3 then declining. Metaproteomics revealed significant differ-
ences in protein profiles between treatments by day 7. The control proteome was enriched for photosynthetic
processes (c.f. 2100) and exhibited iron-limitation signatures; the 2100 proteome exposed a shift in cellular
energy production. Our findings of enhanced phytoplankton growth are comparable to model simulations,
but underlying mechanisms (temperature, iron, and/or light) differ between experiments and models. Batch-
culture approaches hinder cross-comparison of mesocosm findings to model simulations (the latter are akin
to “continuous-culture chemostats”). However, chemostat techniques are problematic to use with meso-
cosms, as mesozooplankton will evade seawater flow-through, thereby accumulating. Thus, laboratory, field,
and modeling approaches reveal challenges to be addressed to better understand how global change will alter
Southern Ocean productivity.

Climate change is altering ocean conditions in complex
ways with concurrent changes in many biologically influential
properties, termed drivers or stressors, including temperature,
CO2, nutrients, and irradiance (Doney 2010). These changes
influence foodwebs from microbes to top predators (Pörtner
et al. 2014). However, it is logistically challenging to incorpo-
rate both alteration of multiple drivers (mimicking future
environmental conditions) and the inclusion of many trophic
levels into climate change manipulation experiments (Boyd
et al. 2018). To date, experiments have either focused on the
effects of multiple drivers on a single species (e.g., Brennan
and Collins 2015), on natural communities in 4-liter incuba-
tion vessels (Hoppe et al. 2013; Trimborn et al. 2017), or
manipulation of one driver and its influence on a foodweb,
often using large (up to 50,000 liters) mesocosms (Sommer
and Lengfellner 2008; Riebesell et al. 2018). To date, only one
study has investigated the effects of two anthropogenic drivers
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(temperature, acidification) on a coastal foodweb within an
1800-liter mesocosm (Nagelkerken et al. 2020). Given the
urgent need to better understand the cumulative effects of
global ocean change on biota (Bindoff et al. 2019), we must
rapidly develop innovative approaches to investigate the
effects of multiple drivers on marine food webs.

Research into global ocean change on Southern Ocean
biota has revealed that at least five environmental drivers
(temperature, CO2, light, iron [Fe], and macronutrients
[nitrate, phosphate, and silicate]) influence phytoplankton
physiology (Deppeler and Davidson 2017). There is also evi-
dence of interactive effects between drivers on phytoplankton
cellular processes (Boyd and Brown 2015). The outcome of a
laboratory culture study (Boyd et al. 2016) revealed that a sub-
antarctic diatom had improved physiological performance
under projected year 2100 conditions (increased temperature,
CO2, light, Fe, and decreased macronutrients). Statistical
modeling pointed to altered temperature and Fe having the
greatest influences on diatom physiological rates including
growth, silicification, and nutrient acquisition. The outcome
of this experiment, enhanced growth rates by 2100, was simi-
lar to projections in model simulations for Southern Ocean
phytoplankton (increased productivity; Kwiatkowski et al.,
2019; Laufkötter et al. 2015) by 2100 and beyond.

However, the underlying mechanisms for projected increases
in productivity can differ between model simulations and labo-
ratory experiments. In brief, in the parameterization of numeri-
cal models in CMIP6 (Climate Model Intercomparison Project,
version 6) at the basin scale, Southern Ocean phytoplankton
are typically light- and Fe-limited. In the simulated future
ocean, enhanced stratification can reduce mixing relative to the
euphotic depth and, therefore, may result in reduced light
stress and hence increased net primary productivity (NPP, Bopp
et al. 2013; Kwiatkowski et al. 2020). Other prior analysis of the
drivers of Southern Ocean NPP in eight models (Laufkötter
et al. 2015) points, in addition to irradiance, to factors includ-
ing warming (seven of eight models), floristics/ecology (four of
eight, bottom-up and top-down controls), and/or alleviation of
Fe stress (five of eight). In contrast, in laboratory studies using
diatoms, Toseland et al. (2013) and Boyd et al. (2016) reveal
that warming, in addition to increasing growth rate, plays
another more nuanced role (Boyd 2019). Warming partially off-
sets the requirement for nutrients like phosphorus (projected to
be less abundant by 2100) in polar and subpolar diatoms
(Toseland et al. 2013; Boyd et al. 2016). In the case of Fe, labo-
ratory studies reveal that it also reduces the cellular silica quota
relative to nitrogen in subantarctic diatoms upon Fe addition
(Timmermans et al. 2004; Boyd et al. 2016). Several Earth Sys-
tem Models now incorporate variable phytoplankton nutrient
(or Fe) stoichiometry to biomass (carbon), with elemental ratios
varying under light and nutrient limitation, allowing aspects of
these physiological effects and subsequent biogeochemical
implications to be studied in future climate projections
(Kwiatkowski et al. 2018).

There is a need to resolve the role of these different underly-
ing physiological mechanisms in setting future Southern Ocean
NPP. There are constraints to both laboratory and modeling
experiments. The former has limited ability to extrapolate the
findings derived from individual species to the Southern Ocean.
For models, their parameterizations of physiology are often hin-
dered by our current state of conceptual knowledge, limited
observational data for model evaluation, and computational
expense for extensive model sensitivity experiments. Both
Laufkötter et al. (2015) and Kwiatkowski et al. (2020) discuss
the need to improve Fe parameterizations in models, along
with the ability to incorporate global ocean change effects on
phytoplankton and their grazers. One way to approach this
impasse is to investigate the response of the subantarctic phyto-
plankton community to global ocean change projected for this
region for 2100. Conducting such a field experiment might also
yield insights into how other trophic levels would respond to
projected future oceanic conditions. Additionally, we can better
understand global ocean change ecology through upscaling lab-
oratory studies to field settings (Chown 2020). Here, we used
shipboard-based 250-liter mesocosms in which we mimicked
year 2100 subantarctic conditions (increased CO2, temperature,
Fe supply, underwater irradiance; decreased macronutrients;
from model projections reported in Boyd et al. 2015) to assess
the phytoplankton community response to environmental
change, within the holistic setting of a pelagic foodweb.
Although the effects of such cumulative change to phytoplank-
ton processes were our primary focus, we also investigated the
alteration of other components of the subpolar foodweb, such
as heterotrophic bacteria and mesozooplankton, to future
Southern Ocean conditions.

Methods and materials
Water mass characteristics of the study site

The subantarctic comprises �50% of the areal extent of the
open waters (i.e., ice-free) of the Southern Ocean (Banse and
English 1997). Much of this region is high nitrate–low chloro-
phyll (HNLC) due to low Fe availability, resulting in a com-
plex foodweb with diverse phytoplankton, microbial, and
metazoan communities (Eriksen et al. 2018). The experiment
was conducted onboard the RV Investigator over 7 d near the
Southern Ocean Time Series (SOTS) site in March/April 2016,
toward the end of the phytoplankton growth season
(Weeding and Trull 2014). SOTS consists of deep ocean moor-
ings (Schulz et al. 2012) near 46.8�S/142�E (Supporting Infor-
mation Fig. S1).

Manipulation approach
A prior laboratory study (Boyd et al. 2016) employed a col-

lapsed factorial design to both assess the cumulative effect of
five drivers (temperature, CO2, light, Fe, and macronutrients)
on cultured diatom species, and to differentiate the contribu-
tions of individual drivers to the cumulative outcome by using
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wide-ranging metrics. In the present shipboard study, we sim-
plified this design to two treatments: control (i.e., present day)
and year 2100. We employed two 250-liter mesocosms on the
ship rather than surface-tethered ones (Riebesell et al. 2018)
due to the difficulties in deploying such structures in the
Southern Ocean. Previous oceanic deployments in the subarc-
tic Pacific resulted in compromised treatments from seawater
exchange between the mesocosm and the surrounding waters
due to mechanical damage (Takeda 1998). In addition, it is
not possible to set up a five driver experiment in a surface-
tethered mesocosm.

Shipboard mesocosms posed additional challenges in set-
ting up the manipulations that we did not encounter in the
parallel laboratory study (Boyd et al. 2016). The first challenge
was to incorporate the requirement for reduced macronutrient
concentrations in the 2100 treatment (Boyd et al. 2015). We
overcame this issue by exploiting the voyage timing near the
end of the phytoplankton growth season when surface macro-
nutrients approach their annual minimum (Shadwick
et al. 2015). We added nutrients to the “control” to provide
(i.e., by difference) a “decreased nutrient” treatment for the
2100 mesocosm. The second issue to consider was how joint
alteration of CO2 (acidification) and dissolved Fe (acidification
can alter Fe chemistry; Sunda and Huntsman 2011). The third
hurdle was the need to collect >500 liters of seawater under
trace metal clean conditions, while capturing a representative
mesozooplankton community; some mesozooplankton evade
capture unless sampled carefully (Santos et al. 2017).

Sampling and mesocosm set-up
Night-time sampling commenced on 28 March 2016 when

unfiltered seawater was pumped from �3 m depth using a
trace-metal clean tow-fish. The device was mounted from a
boom off the ship’s midship beyond the ship’s wake and
towed at three knots. Seawater was pumped directly into
250-liter multi-layer polyethylene bags (Entapack) that had
been trace metal cleaned prior to use. The mesocosms were
located in a constant temperature (CT) laboratory (set to ambi-
ent temperature, 12.5�C) and both were filled simultaneously

using a two-way flow splitter linked to an all-plastic pump
(A100, Wilden) with a trace-metal clean Teflon diaphragm
and valves.

Manipulations
The two treatments were set up as batch cultures. The envi-

ronment in the control treatment reflected ambient seawater
with the exception of an amendment with �20% more mac-
ronutrients (chelexed to minimize Fe contamination, see
Table 1). Ambient ammonium was 0.18 μmol L�1 and was not
amended. For the 2100 treatment, we used subantarctic pro-
jections for the Northern Southern Ocean province from the
NCAR Community Earth System Model (CESM) following a
high-emission climate change scenario (RCP8.5; Boyd
et al. 2015) to alter temperature, pCO2, and dissolved Fe
(Table 1). Fe was added, chelated with EDTA (ratio of 1 : 1.5
mol : mol, i.e., subnanomolar EDTA to prevent Fe precipita-
tion in the initial chemical speciation, see later), to raise the
background Fe level by 0.1 nmol L�1 (see Supporting Informa-
tion Fig. S2A). Dissolved Fe was 0.14 � 0.01 nmol L�1 in the
mesocosms before Fe addition. Ambient DFe was
0.061 � 0.004 nmol L�1 (Ellwood et al. 2020) indicating only
minor cumulative contamination during water sampling, mac-
ronutrient additions, and filling of the mesocosms. The seawa-
ter in the 2100 mesocosm was warmed by 2�C, within the CT
laboratory, using a 100-watt flexible heating coil (placed
underneath the mesocosm, which was insulated from the CT
laboratory floor), and temperature was monitored and con-
trolled using a Habistat Digital Temperature Thermostat. Irra-
diance was provided by ATI aquarium lights (Sunpower T5
lamps) and attenuated with neutral density screening. Irradi-
ance was 80 � 41 μmol photons m�2 s�1 (mean � standard
deviation, n = 9 measurements) for the control mesocosm and
139 + 55 μmol photons m�2 s�1 for the 2100 mesocosm. Our
target irradiance (80 μmol photons m�2 s�1) for the control
was arbitrarily selected due to difficulties in calculating mean
underwater irradiances for the mixed layer (Denman and
Gargett 1983), and for the 2100 mesocosm was �20% higher
irradiance (96 μmol photons m�2 s�1, using projections on

Table 1. A summary of the manipulations in the control and year 2100 treatments. The latter had increased temperature, CO2, light,
Fe, and decreased macronutrients relative to the control.

Ocean properties Control Year 2100 Notes

Temperature (�C) 12.5�0.1 14.5�0.2 Year 2100 had elevated temperature

pCO2 (ppmv) 403�31 625�46 Year 2100 had elevated pCO2

Light (μmol photons m�2 s�1) 80�41 139�55 Year 2100 had increased irradiance

Dissolved Fe (nmol L�1) 0.14�0.01 0.24�0.01 Year 2100 had added iron chelexed with EDTA

Nitrate (μmol L�1) 16.4�0.2 14.0�0.02 Control amended with �20% more

macronutrients (chelexed)

Phosphate (μmol L�1) 1.3�0.05 1.0�0.03 As for nitrate

Silicate (μmol L�1) 2.3�0.02 1.8�0.02 As for nitrate

Boyd et al. Subpolar plankton and global change
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changes to the surface mixed layer depth from Boyd et al.
(2015)). While we exceeded our target (139 vs. 96), this irradi-
ance was unlikely to cause photoinhibition (Alderkamp
et al. 2010). Our target pCO2 for the 2100 mesocosm was
700 ppmv and attained by increasing the dissolved inorganic
carbon (DIC) in the mesocosm. We added potassium carbon-
ate (Ultrapure, SigmaAldrich) followed by the addition of
ultra-pure HCl so that there was no change in alkalinity (ini-
tial Alk, 2279 μmol kg�1), but DIC was increased by
�110 μmol kg�1. In the 2100 treatment, pCO2 was 625 ppmv
(i.e., less than the target of 700 ppmv). Mesocosm pH was
measured daily using the mCP dye technique (Liu et al. 2011).

Experimental set-up
Sampling took place at day 0, nominally set at 6 h after the

mesocosms had been filled, after gentle agitation of the flexi-
ble mesocosm skin. A peristaltic pump subsampled seawater
from each mesocosm for a wide-range of metrics: nutrients,
chlorophyll, pCO2, active fluorescence (using Fast Repetition
Rate Fluorometry), Net Primary Production (using 14C), and Fe
uptake (using 55Fe). With the exception of heterotrophic bac-
terial production and sampling for mesozooplankton, all other
methods followed long-established procedures (see references
in Supporting Information Table S1). Statistical analysis of
datasets presented in Figs. 1, 2, 7 used ANOVA and Tukey’s

Fig. 1. (A) Extracted chlorophyll on days 0 and 7 in both mesocosms (error bars are standard error of the mean [n = 3], one-way ANOVA p = 1.71 e-
06, see Supporting Information Data S1); (B) nutrient depletion for nitrate, phosphate, and silicate calculated by difference between days 0 and 7 nutrient
concentrations (error bars are as for chlorophyll, Tukey’s HSD nitrate p = 2.0e-07, phosphate p = 1.98e—04 and silicate = p = 5.52e—05); (C) time
series of initial fluorescence from active fluorescence (i.e., Fo) a proxy for phytoplankton stocks (error bars are as for chlorophyll, time-points from day
4 onwards were significantly different [Tukey’s HSD, see Supporting Information Data S1]). Initial nutrient concentrations in each treatment are presented
in Table 1. The (net) increases in chlorophyll equate to mean Fe requirements of 8.2 (0.2–30.8, min, max) pmol L�1 (control) and 25.6 (0.6–90.8, min,
max, 2100) based on measured Chl a : Fe ratios (g mol�1) from three Southern Ocean lab cultured species from Strzepek et al. (2012) and Strzepek et al.
(2019). As herbivory may have accounted for the loss of � 90% of chlorophyll stocks, Fe requirements may have been >0.1 nmol L�1 and >0.03 nmol
L�1 in the 2100 and control treatments, respectively (see Supporting Information Fig. S2).

Boyd et al. Subpolar plankton and global change
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HSD (R Core Team 2013) is presented in Supporting Informa-
tion Data S1. Due to difficulties in filtering large sample vol-
umes, metaproteomics were performed on the >5 μm fraction
only. Thus, the proteome sampling will be skewed toward
larger eukaryotic phytoplankton and will exclude some of the
smaller size classes (e.g., coccolithophores and cyanobacteria).
For the metaproteomics analysis (i.e., protein digestion and
desalting, liquid chromatography-mass spectroscopy [LC–MS]
and mass spectroscopy [MS]) and data transformations

(peptide identification and protein inference, metaGOmics:
taxonomic and functional community proteomics analysis)
presented in Figs. 3–6; see Supporting Information Data S1
(Methods follow Riffle et al. 2018 and Mikan et al. 2020).

Heterotrophic bacterial production was assessed using sea-
water collected in sterile 15-mL polycarbonate tubes during
subsampling. Incubations commenced within 30 min of col-
lection and were maintained at in situ temperature (12.5�C).
The leucine incorporation method (with centrifugation) was

Fig. 2. Time series of (A) photosynthetic competence (Fv/Fm) from active fluorescence; (B) sigma, σPSII (photochemical absorption cross-section of PSII,
units nm2 quanta�1) from active fluorescence; (C) C uptake rates from 14C incorporation for two size fractions; (D) Fe uptake rates from 55Fe incorpora-
tion for two size fractions. Error bars are standard error of the mean (n = 3). For panels (A) and (B), time-points from days 4 and 6 onwards, respectively,
were significantly different (Tukey’s HSD, see Supporting Information Data S1). For panels (C) and (D), there were no significant differences between
treatments, see Supporting Information Data S1.

Boyd et al. Subpolar plankton and global change
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used, along with conversion factors to obtain rates as μg C L�1

d�1 following procedures in Fourquez et al. (2020). For higher
trophic levels, metrics could only be sampled at the end of the
experiment. Mesozooplankton, due to their ability to elude
capture, were collected on day 7. Seawater within each meso-
cosm was filtered through a 200-μm mesh, then the bag was
cut open and all animals were washed off the walls using sea-
water and collected onto a filter. Mesozooplankton were
examined using microscopy and then processed for particulate
organic carbon (POC) analysis. The 7-d duration of the experi-
ment was due to constraints imposed by the vessel’s schedule.

Data availability
The physiological data presented in Figs. 1, 2, 7 in the

Results section are available from the IMAS data portal
(https://data.imas.utas.edu.au/). All metaproteomics data pres-
ented in Figs. 3, 4 , 5 in the Results section are on the PRIDE
ProteomeXchange repository (Deutsch et al. 2019; Perez-
Ríverol et al. 2019) under the accession number PXD021185
(login reviewer44062@ebi.ac.uk and password SzXCx80Q).

Results
Initial conditions at the study site

The surface mixed layer at SOTS, just prior to filling the
mesocosms (i.e., day 0), was �100 m deep with some
shallower density structure. The upper water column was char-
acterized by 12.5�C temperature, 403 ppmv pCO2, 1.0 μmol

L�1 phosphate; 14 μmol L�1 nitrate, and 1.8 μmol L�1 silicate.
DFe was �0.061 nmol L�1 (range 0.057–0.064 nmol L�1 from
15 to 70 m depth); chlorophyll was 0.23 μg L�1, and despite
the HNLC conditions, the photosynthetic competence (Fv/Fm)
of the phytoplankton community was >0.5 and the photo-
chemical absorption cross-section of PSII (σPSII) was >600 nm2

quanta�1. Based on metaproteomics, the phytoplankton com-
munity was a mixed assemblage including diatoms and dino-
flagellates (data not shown), as is typically observed at the
SOTS site (Eriksen et al. 2018). Microzooplankton were domi-
nated by ciliates and flagellates (from microscopy, data not
shown), and mesozooplankton net samples (from microscopy,
data not shown) were mainly amphipods and calanoid
copepods.

Temporal trends in phytoplankton physiology
Chlorophyll was 0.23 � 0.02 μg L�1 on day 0 and by day

7 had increased to 0.42 � 0.03 μg L�1 in the control and
0.84 � 0.05 μg L�1 in the 2100 mesocosm (Fig. 1). Temporal
changes in chlorophyll were tracked using the initial chloro-
phyll fluorescence from the FRRF, Fo, as a proxy. Fo was initially
around 3 (arbitrary units), increasing fourfold in the 2100
mesocosm to 12 where it peaked after 6 d, whereas in the con-
trol it was maximal (>4) on day 7 (Fig. 1). Nutrient depletion
also reflected these differences between the treatments, with
nitrate depletion (over 7 d) of 2.3 μmol L�1 in the control
(c.f. 5.6 μmol L�1, 2100 treatment); silicate depletion of
0.45 μmol L�1 (c.f. 0.55 μmol L�1, 2100 mesocosm), and
0.35 μmol L�1 phosphate depletion (0.42 μmol L�1, 2100
mesocosm) (Fig. 1). The nitrate : phosphate (molar) drawdown
ratios were �7 in the control, but >10 in the 2100 treatment,
driven by more nitrate relative to phosphate uptake under the
2100 conditions. The ratio of silicate : nitrate uptake was 0.2 in
the control, slightly higher than for the 2100 mesocosm and
indicative of relatively little diatom activity across the resident
community that we sampled; ratios of �1 and >>1 are typical
in a subpolar diatom-dominated community under Fe-replete
and -deplete conditions, respectively (Boyd et al. 2005).

Fv/Fm was initially relatively high given the HNLC
conditions at SOTS, and the mesocosm time-series revealed
two distinct trends. First, little change for the first 3 d then a
marked decrease in the 2100 mesocosm reflecting a transient
increase in Fo (Figs. 1C, 2A). The decline in Fv/Fm was much
less pronounced in the control. Similar contrasting trends for
Fo and Fv/Fm have been observed in other subpolar shipboard
mesocosms (Strzepek unpublished data). σPSII was initially
�600 and increased to �700 nm2 quanta�1 in both treatments
by day 4 before increasing further in the control, and decreas-
ing in the 2100 mesocosm (Fig. 2B).

Trends in community NPP and Fe uptake rates, and their
size-partitioning are presented in Fig. 2. For NPP, in both treat-
ments cells <2 μm had lower rates than larger cells on day 4 in
the 2100 mesocosm, and on day 7 in the control. Dark bottle
14C activity, often used as blanks for NPP using the 14C

Fig. 3. Nonmetric multidimensional scaling plot (NMDS) of the entire
metaproteomics dataset from phytoplankton >5 μm (n = 977 proteins).
Symbols representing samples from control mesocosms are in blue and
those from 2100 mesocosms are in orange across days 0 (gray circle),
2 (squares), 4 (diamonds), and 7 (triangles). Proteomic profiles did not
differ significantly between individual days or between treatments.
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Fig. 4. MetaGOmics results for Gene Ontology (GO) terms that were significantly different between mesocosm treatments on day 7 for the >5 μm phy-
toplankton. The bars on the left side of the plot in (b) represent the total peptide spectral matches (PSMs) for each GO term listed for (a) control (blue)
and 2100 (orange) treatments. The stacked bars on the right part of the plot in (b) show the taxonomic contribution to the GO terms in the different
mesocosms. Taxonomy is reported from the kingdom to class level; when taxonomy could not be resolved (the peptide sequence was too conserved
across taxa), there is no bar representing taxonomy. Terms like “pollen development”, “tissue development,” and “response to hypoxia” are an artifact of
the annotation process (see Supporting Information Data S1 for proteins included in the GO terms). For example, the phytoplankton proteins involved in
“pollen development” are associated mainly with ATP production.
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approach but reflecting heterotrophic bacterial activity
(Li 1982; Harris et al. 1989: Quero et al. 2020), was <10% of
that in the light bottle 14C activity (data not shown). Interest-
ingly, the differences between treatments in chlorophyll accu-
mulation (Fo) were not reflected by the NPP trends (Figs. 1, 2).

Community Fe uptake rates were comparable for both treat-
ments, showing an increase from �25 to �45 pmol L�1 d�1

from the initial time-point to those sampled on day 2, then a

slight decrease in each treatment for samples harvested on day
4. Uptake rates were slightly higher in the control by the final
time point (Fig. 2D). Cells <2.0 μm dominated Fe uptake in
both treatments and drove trends in community Fe uptake.
The uptake rates of larger cells were largely invariant over time.

The pH in the control (8.0) and 2100 (7.8) mesocosms
altered Fe speciation such that Fe bioavailability and hence Fe
uptake rates should be reduced at pH 7.8 (20–100% depending

Fig. 5. Protein abundance for photosynthesis-related proteins for the >5 μm phytoplankton across time points for control (blue) and 2100 (orange)
treatments. Each plot panel represents a single protein identified in a single taxon. Plots with gray backgrounds are summed protein abundances across
taxa for proteins that were identified in multiple taxa. C. neogracile = Chaetoceros cf. neogracile; C. subellipsoidea = Coccomyxa subellipsoidea;
F. parvula = Florenciella parvula; F. kerguelensis = Fragilariopsis kerguelensis; P. acuculiferum = Peridinium acuculiferum; P. antarctica = Phaeocystis antarctica;
P. multiseries = Pseudo-Nitzschia multiseries. PSI = photosystem I; PSII = photosystem II; Fe-S = iron–sulfur; rxn ctr = reaction center; dep = dependent;
chl a = chlorophyll a.
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on Fe species, i.e., enough to offset increased Fe in the 2100
treatment) compared to pH 8.0 (Hudson et al. 1992; Sunda
and Huntsman 2003; Shi et al. 2010). Interestingly, there was
no discernible difference in Fe uptake rates between treat-
ments, potentially due to changes in organic Fe complexation
associated with ligand production. Community Fe : C uptake
ratios ranged from 52 to 145 μmol : mol (60–145 [control];
52–135 [2100]), with no evidence of temporal trends in either
mesocosm. Ratios were 19–73 for the >2 μm fraction and 73–
290 for the <2 μm fraction with no clear differences between
mesocosms.

Temporal trends in phytoplankton metaproteomics
There were 977 proteins, from the >5 μm phytoplankton

fraction, with at least two unique peptides across the experi-
ment inferred from mass spectrometry. On a whole commu-
nity proteome scale, mesocosm metaproteomes were not
significantly different by day or treatment (Fig. 3; ANOSIM p-
value > 0.05); however, there were significant shifts in

individual proteins and classes of proteins in a more detailed
analysis (see below). Here, we explore the results and their
implications for the experimental outcomes.

There is evidence of physiological acclimation by resident
phytoplankton in the >5 μm size fraction to the mesocosm
conditions; Non-metric multidimensional analysis of the
matrix of proteins quantified across the incubation time-line
illustrates how the proteomes are significantly different
between treatments on day 2, converge on day 4 and then
diverge on day 7 (Fig. 3) for the >5 μm size fraction of phyto-
plankton. The distinct shift in the metaproteomic profile that
occurred between days 2–4 is also reflected in the relative
abundances of taxonomic groups throughout the incubation
(Data not shown). By day 7, there is a significant separation
between the control and 2100 treatments reflecting distinct
responses to each treatment (Fig. 3).

The MetaGOmics analyses included a biological enrich-
ment analysis of identified peptide quantities associated with
Gene Ontology (GO) terms (Fig. 4). MetaGOmics identified

Fig. 6. Heatmap of the relative abundance of proteins, for the >5 μm phytoplankton, dependent upon iron from day 0 to day 7 of the mesocosm incu-
bation in Control and 2100 treatments. Colors in heatmap represent spectral counts for treatments that were log(x + 1) transformed. Protein names are
listed on the right side of the figure and are sorted by maximum values. Csub = Coccomyxa subellipsoidea; Fkerg = Fragilariopsis kerguelensis;
Pacu = Peridinium acuculiferum; PNmult = Pseudo-Nitzschia multiseries; Fparv = Florenciella parvula; Tpseu = Thalassiosira pseudonana; Pant = Phaeocystis
antarctica; PSI = photosystem I; PSII = photosystem II; Fe-S = iron–sulfur; ctr = reaction center; other abbreviated terms are defined in the text.
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significant changes in the quantified peptides’ taxonomic and
functional assignments of the two treatments on day 7. GO
terms that were statistically enriched (p < 0.01) under control
conditions (c.f. 2100) included those involved in photosyn-
thesis (including enrichment in the generic terms “Photosyn-
thesis, light harvesting in photosystem I” and
“Photosynthesis”), protein assembly and export (including
enrichment in the generic terms “Regulation of exocytosis,”
“Protein secretion,” “Clathrin coat assembly,” and “Protein
targeting to membrane”), and environmental sensing (includ-
ing enrichment in the generic terms “Response to cold,”
“Response to hypoxia,” and “Cellular Fe ion homeostasis”).
Additionally, the following individual terms were also signifi-
cantly enriched: “Lipid metabolic process,” “Asexual
reproduction,” and “Tissue development.” The higher abun-
dances of photosynthesis-related peptides (from photosystem
and light-harvesting proteins, among others) suggest increased
activity of photosynthetic processes in the control towards the
day 7. Additional proteomic evidence suggests that the >5 μm
phytoplankton in the control used this increased energy pro-
duction from photosynthesis, with evidence of increases in
proteins related to protein production (e.g., protein transport
protein SEC23), lipid metabolism (e.g., acetyl-CoA enzymes),
and possibly cellular growth (e.g., cell division protein
CDC78CY).

An increased demand for cellular energy production for the
> 5 μm phytoplankton in the 2100 mesocosm was evidenced
by the higher representation of GO terms (and contributing
proteins) related to energy production. This was highlighted
by the inclusion of V-type proton ATPase, chaperones, ATP
synthase, eukaryotic initiation factor, and catalase in the
enrichment of GO terms such as “mitochondrial ATP synthe-
sis coupled proton transport” and “NADP metabolic process”
(Fig. 4). In addition, other GO terms that were more abundant
in the 2100 mesocosm were “Regulation of intracellular pH,”
“Pollen development,” and “Nucleotide biosynthetic process.”
Many of these peptides and their associated processes are
involved in energy production since ATPase and ATP synthase
were indicated for most GO terms.

Temporal trends in the abundance for photosynthesis-
related proteins (Fig. 5) were analyzed in order to correlate
omic data with the different trends in photophysiology (Fv/
Fm, Fo, σPSII) between the mesocosms (Figs. 1, 2). Some pro-
teins followed similar trends in the two treatments
(e.g., Photosystem II D1 protein from C. neogracile), but the
relative abundance of other proteins diverged between the
mesocosms. The photosynthetic protein data are indicative of
a photoacclimation signature, in particular due to the photo-
system proteins being enriched in the control treatment with
a lower irradiance compared to 2100. The temporal trends are
more divergent and therefore difficult to interpret. In many
cases, the peak followed by a decline (upper panels in Fig. 5) is
consistent with the transient shifts in the photophysiological
metrics. In other examples from Fig. 5, such as the multiple

panels for PSII D1, it is difficult to reconcile the diverse taxon-
specific trends with the community-based photophysiology
datasets that integrate the effects of taxonomy (Suggett
et al. 2009), mesocosm irradiances (Strzepek et al. 2012), and
nutrient availability under batch-culture conditions (Parkhill
et al. 2001).

As SOTS is within a low Fe HNLC region (Ellwood
et al. 2020), and as there were differences in initial DFe con-
centrations and bioavailability between treatments, we
focused on the relative abundance of proteins, for the >5 μm
phytoplankton, dependent upon Fe from days 0–7. Several of
the significantly different GO terms are related to cellular Fe
use (Fig. 4). Smaller organisms dominated Fe uptake, but our
analysis of cells >5 μm means we did not measure peptides
from these small-celled taxonomic groups. Some Fe-requiring
proteins decreased in abundance by day 7 in the 2100 meso-
cosm, but not in the control, are likely due to the greater accu-
mulation of enhanced Fe-rich phytoplankton biomass in the
latter (see Fig. 1 caption). They included Photosystem I Fe-
sulfur center (PSI Fe-S ctr proteins from C. subesllipsoidea and
P. acuculiferum), electron transport flavoprotein subunit beta
(Beta-ETF proteins from P. multiseries and T. pseudonana), and
succinate dehydrogenase ubiquinone Fe-S subunit (Succ
dehy’ase F-S proteins from P. acuculiferum) (Fig. 6). Other pro-
teins exhibited dynamic changes over time and across treat-
ments (e.g., Photosystem I P700 Chlorophyll a and
apoprotein A1, F. kerguelensis). Interestingly, the Fe starvation-
induced protein (P. multiseries) increased in abundance on day
7 in both mesocosms, consistent with Fe limitation whereas
by day 7 photosynthetic competence indirectly exhibited Fe

Fig. 7. Time series of heterotrophic bacterial production upscaled from
2 h incubations to daily rates and converted from leucine incorporation to
C uptake. On day 7 in the control bacterial production was 2 � 1 nmol C
L�1 d�1. Error bars denote the standard error of the mean (n = 3). Time-
points from day 2 onwards were significantly different (Tukey’s HSD, see
Supporting Information Data S1).
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limitation in the 2100 treatment, but Fe limitation was less
evident in the control mesocosm (Fig. 6 c.f. Figure 2A).

Trends in foodweb processes
Heterotrophic bacterial production increased �20-fold in

both treatments, with the initial increase (day 2) being
greatest in the 2100 mesocosm followed, with a slight lag, by
the control (Fig. 7). After day 5, there was a “crash” in rates
(c.f. Fourquez et al. 2020) in the control indicative of resource
limitation; the decline was much less pronounced in the 2100
mesocosm. Mesozooplankton stocks on day 7 were not signifi-
cantly different between mesocosms (10.2 [control]
vs. 11.5 mg POC m�3 [2100]) and were calanoid copepods
and amphipods similar to those from net hauls at SOTS in
March 2018. Day-0 sampling for mesozooplankton was not
possible from the tow fish and so mesocosm stocks were com-
pared with those from other HNLC subpolar regions
(Bradford-Grieve et al. 1998; Goldblatt et al. 1999) and were
similar to reported late summer biomasses.

Herbivory by meso- and micro-zooplankton was estimated
indirectly using the approach of Moreau et al. (2020) that
compares the intrinsic (i.e., independent of grazing) metric of
nitrate uptake with that of an extrinsic grazer-dependent met-
ric (chlorophyll accumulation). The ratios for chlorophyll
accumulation : nitrate drawdown (μg : μmol) were 0.09 (con-
trol) and 0.11 (2100). In contrast, the ratio averaged across the
evolution, peak, and decline of Southern Ocean blooms (i.e.,
negligible herbivory) was �1.0 (sta. 29/57, Supporting Infor-
mation Table S1, Moreau et al. 2020), which suggests pro-
nounced grazing in the mesocosms, typical of HNLC
(Steinberg and Landry 2017) and Southern Ocean waters
(Moreau et al. 2020). Using this ratio of 1.0 suggests that for
nitrate consumption in each mesocosm �2.3 and 5.6 μg chlo-
rophyll L�1 was synthesized within the control and 2100
treatments, respectively. This compares with measured chloro-
phyll increases of 0.20 (0.43–0.23 μg L�1, control) and 0.59
(0.82–0.23 μg L�1, 2100, Fig. 1). Thus, herbivory may have
removed >90% (i.e., 0.2 [observed] c.f. 2.3 [theoretical] μg Chl
a L�1) and �90% (0.59 c.f. 5.6 μg Chl a L�1) of stocks in the
control and 2100 treatments, respectively.

Discussion
In our two treatments, we mimicked environmental condi-

tions projected for 2100 and the present day (albeit with mac-
ronutrient additions to the “control”) for subantarctic waters
and captured a representative mesozooplankton community.
Thus, we were able to extend the parallel laboratory study of
Boyd et al. (2016) to a phytoplankton community within a
subpolar pelagic foodweb in a mesocosm. Here, we consider
the initial conditions of the experiment, then explore the
insights provided by phytoplankton physiological and proteo-
mic responses to the 2100 manipulation prior to discussing
foodweb responses. We conclude with a critique of the

transition from laboratory to field settings for manipulation
experiments and compare our findings with those of model
simulations of future Southern Ocean NPP.

Initial conditions
Nutrients, Fe, and chlorophyll concentrations reflected late

season conditions at this HNLC site (Ellwood et al. 2020). One
puzzling characteristic was the photosynthetic competence
(>0.5) and σPSII (<700 nm2 quanta�1) of the resident phyto-
plankton, which are more typical of Fe-replete cells in the
polar (Boyd and Abraham 2001) and subantarctic (Boyd
et al. 1999b) Southern Ocean. One explanation of the σPSII
and Fv/Fm values is that the predominance of small cells
within a mixed phytoplankton community, often observed at
SOTS (Eriksen et al. 2018), may have had a disproportionate
influence on these metrics (see Suggett et al. 2009); small phy-
toplankton have high surface area : volume ratios, which aids
Fe acquisition relative to cellular demand (Lis et al. 2015). The
elevated Fv/Fm of the subantarctic community must be care-
fully considered in the interpretation of the mesocosm
datasets.

Response of phytoplankton to 2100 conditions
Our aim was to assess the phytoplankton response to future

oceanic conditions, within a pelagic foodweb setting. Phyto-
plankton metrics fall into two categories, intrinsic
(e.g., nutrient uptake) and extrinsic (e.g., chlorophyll concen-
trations) responses that provide insights into the relative roles
of environmental vs. ecosystem controls on the mesocosms.
Together, intrinsic and extrinsic metrics provided coherent
trends, such as increased Fo, nitrate depletion, and chlorophyll
concentrations that showed distinctive differences between
treatments (Fig. 1). These trends were also evident to a lesser
extent for phosphate depletion. The temporal trends between
treatments for intrinsic metrics such as Fv/Fm, NPP and Fe
uptake were more difficult to intercompare and interpret as
Fv/Fm and NPP suggested that phytoplankton growth led to Fe
limitation in the 2100 treatment by the end of the experiment
(Fig. 2A,C), but there was the confounding influence of
heterotrophic bacteria (Fig. 2D) on trends in community Fe
uptake (Adly et al. 2015; Quero et al. 2020).

Intrinsic metrics such as nutrient uptake ratios reveal differ-
ences between the treatments. Higher N : P uptake ratios in
the 2100 (>10 [less P uptake relative to N], c.f. 7.5 in the con-
trol mesocosm, were indicative of the potential role of temper-
ature in physiologically mitigating lower phosphate supply,
reported in laboratory manipulation studies on Southern
Ocean phytoplankton (Toseland et al. 2013; Boyd et al. 2016).
However, there was no evidence in the metaproteomic dataset
(from >5 μm phytoplankton) of a decrease of phosphorus-rich
macromolecules (ribosomal RNA) used in protein translation.
Such proteins are highly homologous across all kingdoms,
which could have masked trends in the phytoplankton across
the treatments.
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During the incubation, there was evidence that the phyto-
plankton community in the 2100 treatment exhausted a limit-
ing resource (probably Fe, see Fig. 1 caption) after 7 d. We
observed an increase in Fo, a peak in NPP and a concurrent
decrease in Fv/Fm, after 3 d (Fig. 2). Similar transient responses
in photosynthetic competence have been observed in ship-
board mesoscosm studies in New Zealand offshore waters
(Ellwood et al. 2015; Meyerink et al. 2019). Signatures that
later reflect this initial period of enhanced physiological activ-
ity, nutrient drawdown and chlorophyll (with the caveat of
grazing), were greatest on day 7. The response within the con-
trol was slower and more attenuated. Consequently, we sam-
pled a population for proteomics that was more in decline for
the 2100 treatment compared to the control. There was evi-
dence of acclimation to the different environmental condi-
tions in each mesocosm between days 2 and 4, and also a
pronounced increase in Fe uptake within the first 48 h
(i.e., incubation on day 1 of 24 h duration) driven by cells
<2 μm, which was sustained throughout.

As expected, metaproteomics provided much greater detail
than is possible from physiological metrics. These differences
result from physiological measurements being made mainly at
the community level preventing direct comparisons to higher-
resolution taxonomically resolved changes in protein abun-
dance. Iron uptake was estimated in two size fractions, which
offered insights into patterns within the phytoplankton com-
munity; however, the <2 μm fraction also included heterotro-
phic bacteria taking up an unknown fraction of Fe. Trends in
Fe-related proteins (conducted on the >5 μm fraction only)
suggested that Fe-requiring metabolic processes were greater in
the 2100 mesocosm, but no significant difference was detected
in Fe uptake rates by cells >2 μm between the two treatments.
At the species level, metaproteomics showed trends, in many
cases, that were consistent with photoacclimation (to higher
irradiance) in the 2100 treatment that mirror trends in the
photophysiology for both treatments.

Trends in extrinsic metrics provide insights into ecosystem
effects on the mesocosms. Despite high grazing pressure
(�90% of phytoplankton stocks), it did not mask the clear dif-
ferences between the treatments as reflected by Fo, chlorophyll
accumulation and to a lesser extent NPP. Thus, it appears that
environmental influences were more pronounced than ecolog-
ical effects over the experiment. However, the effects of
altered conditions on other trophic levels could not be
assessed directly for grazers. Mesozooplankton stocks on day
7 were comparable in both treatments, and similar to those
observed in other subantarctic waters (Bradford-Grieve
et al. 1998). The experimental duration was too short to cap-
ture significant changes in mesozooplankton stocks (Boyd
et al. 1999a).

The pronounced increase in heterotrophic bacterial produc-
tion in both treatments was such that it exceeded community
NPP by day 4 (Supporting Information Fig. S2). Day 0 bacterial
production rates are comparable to those made several days

earlier at SOTS on the 2016 voyage (Fourquez et al. 2020), and
by Church et al. (2000) in subantarctic waters south of
Australia. The 20-fold increase in bacterial production in both
treatments suggests that the influence, either individually or
cumulatively (i.e., including interactions), of the five drivers
we manipulated was not directly responsible for the increase.
However, prior manipulation experiments in 0.5-liter
(Fourquez et al. 2020) and 2-liter (Church et al. 2000) bottles,
adding DFe and/or dissolved organic carbon (DOC, using glu-
cose as a proxy) to resident heterotrophic bacteria both led to
20-fold increases (c.f. Fig. 7) in bacterial production driven by
Fe/glucose (Fourquez et al. 2020) or glucose (Church
et al. 2000). In both studies, Fe addition resulted in little
change to rates of bacterial production.

In the present study, there was a marked and sustained
increase in Fe uptake by cells <2 μm after day 1 in both meso-
cosms. This pronounced increase may reflect the needs of het-
erotrophic bacteria, who along with pico-eukaryotes comprise
stocks <2 μm. However, increased bacterial production did not
scale with Fe uptake by <2 μm cells (Supporting Information
Fig. S2). Also, the observation that bacterial production (with
the caveat that it was upscaled from 2 h incubations to 24 h)
exceeded community NPP must also be reconciled. Increased
bacterial production, based on the outcomes of the Fourquez
et al. (2020) and Church et al. (2000) studies, suggests a mar-
ked increase in labile DOC, such as the exudation of photo-
synthate. Also, the distinct crash in bacterial production on
day 7 (Fig. 7 caption) points to resource limitation. However,
as we have no data on DOC concentrations in the mesocosms
we cannot explore this speculation further. It is unlikely that
increased bacterial production was fuelled by increased NPP in
conjunction with enhanced phytoplankton DOC exudation,
unless rapid DOC recycling is invoked. Estimated grazing of
�90% of phytoplankton stocks might accentuate recycling.
Alternatively, it is possible that elevated bacterial production
in both treatments is indicative of an escape from bacterivory
and/or some artifact, such as colonization of mesocosm walls
associated with 7 d of containment.

What do physiology and omics metrics jointly reveal?
Our experimental design was a simplified version of a paral-

lel laboratory manipulation (Boyd et al. 2016) that provides
the cumulative response to projected future ocean conditions.
Using metaproteomics, we have uncovered evidence of physi-
ological pathways downstream of, and parallel to, photosyn-
thesis that may be important biomarkers of global ocean
change. These pathways include protein export, environmen-
tal sensing (Fe, oxygen, temperature, and intracellular pH reg-
ulation via ATP proton pumps). Peptides associated with the
pathways of protein export, environmental sensing, and regu-
lation of exocytosis were detected at increased levels in the
control, relative to the 2100 treatment for the >5 μm phyto-
plankton. Southern Ocean phytoplankton have evolved sev-
eral mechanisms to physiologically acclimate to conditions of
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low ambient light, Fe concentrations, and temperature
(Strzepek et al. 2019) and to resist damage from UV radiation.
For the latter, resident phytoplankton have a high diversity of
antioxidant defense mechanisms to maintain cellular integrity
(Lyon and Mock 2014). Such mechanisms can be leveraged
whenever cellular metabolism produces too many reactive
oxygen species, whether due to metabolic up-regulation or
stress. In our study, peptides of the antioxidant protein cata-
lase were at increased levels in phytoplankton within the con-
trol mesocosm, as were chaperones (including many heat
shock proteins, HSPs), and eukaryotic initiation factors. The
abundance of catalase and HSPs suggests that the phytoplank-
ton are responding to a physiologically-damaging environ-
ment (likely Fe limitation, see Supporting Information Fig. S2)
by protecting essential cellular functions.

Comparing proteomic results from other studies of batch
cultured Southern Ocean phytoplankton in response to Fe

limitation to our study revealed several similar metabolic
responses (Table 2). A host of proteins, involved in making
and exporting proteins from the endoplasmic reticulum and
Golgi network, are associated with peptides at increased abun-
dance in the control mesocosm, suggesting an increase in pro-
tein synthesis and endo-/exo-cytosis. A comparable trend was
seen in Fe-limited diatoms (Nunn et al. 2013) and in a parallel
laboratory manipulation of the diatom Pseudonitzschia multi-
series (Boyd et al. 2016). As was proposed by Nunn et al.
(2009) and Coale et al. (2019), increased presence of proteins
related endo-/exo-cytosis suggests that the cell may be utiliz-
ing clathrin coated vesicles to transport in larger macromole-
cules, such as Fe-bound siderophores, rather than generating a
range of membrane-bound transporter proteins that have spe-
cific targets. In our incubation study, these peptides associated
with protein production are a signature of a change in
physiological needs under low Fe on day 7.

Table 2. Comparison between the present study and recent Southern Ocean studies in which environmental manipulation studies
were performed, and in which molecular and physiological tools were used to interpret the manipulations. Agreement with omics results
refers to a comparison between the findings of these other published studies with the control and 2100 treatments in our study.

Trend
observed Species

Agree with
omics? Variables

Lab or
ship

Location
collected

Environmental
or lab strain Source

Increase PSI

pathway, PSII

genes

Fragilariopsis

kerguelensis

Yes—control Low Fe/low

light

Lab Atlantic Sector of

the SO (48�S,
16�W)

Lab strain Moreno et al.

(2020)

Flavodoxin and

ferredoxin

detected

Nine species of

diatom

Yes Low Fe Lab Western Antarctic

Peninsula along

the Palmer LTER

sampling grid

Environmental Moreno et al.

(2018)

Stimulated

photosynthesis

and growth

Phytoplankton

community

Yes +Fe Ship Ross Sea Poly nya Environmental Alderkamp et al.

(2019)

Increased cell

counts

Phytoplankton

community

Yes Warming +Fe Lab McMurdo Sound Environmental Jabre et al. (2021)

Photosynthetic

competency

lower

Fragilariopsis

kerguelensis

No Low Fe Lab Atlantic Sector of

the SO (48�S,
16�W)

Lab strain Moreno et al.

(2020)

Photosynthetic

apparatus

proteins

decreased

Phaeocystis

antarctica

No Low Fe/low

light

Lab McMurdo Sound Lab strain Wu et al. (2019)

Increased growth

rate

Fragilariopsis

cylindrus

Yes Warming +Fe Lab Weddell Sea Lab strain Jabre and Bertrand

(2020)

Photosynthetic

efficiency low;

increased

sigma of PSII

Fragilariopsis

cylindrus

Yes—2100 Warming + low

Fe

Lab Weddell Sea Lab strain Jabre and Bertrand

(2020)

Reduction in PSII

reaction

centers

Fragilariopsis

cylindrus

Yes Warming Lab Weddell Sea Lab strain Jabre and Bertrand

(2020)
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In the 2100 mesocosm, there was an increase in detected
peptides associated with the GO term “Regulation of intracellu-
lar pH” mainly associated with proteins such as ATP synthase
and v-type proton ATPase. This detected physiological shift
may be due to photoacclimation (Petrou et al. 2016) and/or a
response to a change in environmental pH. Since there was
higher irradiance and Fe supply in the 2100 mesocosm, the effi-
ciency of photosynthesis may have increased, thus generating
more protons to drive ATP synthase and up-regulating the pro-
duction of ATP synthase complexes (Nunn et al. 2013). A simi-
lar trend was seen for P. multiseries incubated under comparable
year 2100 conditions (Boyd et al. 2016). V-type proton ATPases
hydrolyze ATP in the vacuole that drives a proton gradient to
run various intracellular processes. An increase in V-type proton
ATPases may signal an up-regulation of cellular trafficking
(i.e., a signal of increased movement of molecules across the
cellular membrane) and metabolism in conditions more favor-
able to photosynthesis. Many photosystem proteins were at rel-
atively lower abundances in the 2100 mesocosm compared to
the control. This trend could be due to an up-regulation of pho-
tosystem protein production in the control to compensate for
photosynthetically unfavorable conditions, as also seen in
Moreno et al. (2020) or resulting from down-regulation of pho-
tosystem proteins due to higher irradiance (Table 2). Addition-
ally, the elevated pCO2 (decreased pH) in the 2100 mesocosm
may have stimulated an increase in enzyme-driven, as opposed
to more passive, H+ efflux to maintain intracellular pH (Raven
and Smith 1974; Taylor et al., 2011), a function attributed to V-
type proton ATPase (Toei et al., 2010).

Although no other study that we are aware of has examined
the cumulative effect of altering Fe, light, CO2, temperature
and nutrients on a Southern Ocean pelagic community, others
have looked at subsets of these manipulated parameters such as
Fe and light. We cross-compared our findings to explore
whether we can obtain insights into the individual environ-
mental factors we manipulated (Table 2). The proteomic trends
we observed in the photosystem I pathway in the control
mesocosm are corroborated by previous work (Moreno
et al. 2020). We also detected flavodoxin and chloroplast ferre-
doxin dependent NADH oxidoreductase proteins in some taxa.
Although flavodoxin and ferredoxin have been detected in sub-
polar plankton communities (Boyd et al. 1999b; Moreno
et al. 2018); we did not observe the trend of flavodoxin
replacing ferredoxin in low Fe environments (Boyd
et al. 1999b). The absence of these proteins in our dataset may
be due to the low biomass of our diverse natural community,
which prevented us from detecting all translated proteins with
high confidence. The convergent responses we see between our
study (both treatments) and other published manipulation
experiments, with the caveat that they manipulated fewer
properties, suggests an important role of Fe and irradiance in
controlling many aspects of phytoplankton physiology.

In other processes, we see divergent outcomes from our
mesocosm study compared to those presented in Table 2.

Others detected that phytoplankton photosynthetic compe-
tency and photosynthetic apparatus proteins decrease under
low Fe alone (Wu et al. 2019; Moreno et al. 2020); we observed
the opposite trend. In our manipulation, five environmental
drivers were altered, whereas in experiments against which we
compare our results, one or two drivers were amended. A com-
parison of our study with a parallel 2100 laboratory manipula-
tion (Boyd et al. 2016) reveals little evidence across the resident
phytoplankton community for trends related to warming. In
particular, there was no evidence of a decrease of phosphorus-
rich macromolecules (ribosomal RNA) used in protein transla-
tion in the 2100 mesocosm, even though we observed a
decrease in the phosphate depletion relative to nitrate. The lack
of corroboration may be due to P depletion reflecting all size
classes across the phytoplankton community, whereas the
metaproteomics targeted cells >5 μm.

Critique of the transition from laboratory to field settings
A major drawback to laboratory culture manipulations is

that they often target one phytoplankton species. Thus, while
this can enable the dissection of underlying mechanisms driv-
ing responses to global ocean change (Boyd et al. 2016), little
can be reported on the wider ecological ramifications. We can
assess the benefits and challenges of transitioning laboratory
experiments to the field by comparing our study with Boyd
et al. (2016). We successfully extended Boyd et al. (2016) to a
subpolar phytoplankton community within a pelagic foodweb
in a mesocosm. The primary challenge for mesocosm experi-
ments is that prior to day 0, no ready assessment can be made
on the environmental history of the community (termed here
“line-of-sight”), whereas laboratory culture approaches allow
for specific timing of acclimation to pre-selected environmen-
tal conditions.

Obtaining such a “line-of-sight” for HNLC waters should not
have been problematic given the often reported “constancy of
conditions” (see Strzepek et al. 2005). However, the initial high
Fv/Fm in HNLC waters was not anticipated, and also there are
difficulties in mimicking underwater light climate as it requires
rates of vertical mixing (Denman and Gargett 1983). The lack of
a “line-of-sight” into accurate mimicry of conditions probably
also resulted in acclimation (Fig. 4) during the shipboard manip-
ulation, which has also been reported during Arctic oceanic
manipulation studies (Hoppe et al. 2017). Such acclimation may
have truncated the time period over which the resident cells
could respond to the altered conditions. Acclimation also may
have coincided with the transition to resource limitation evi-
dent after day 3 in the 2100 mesocosm with ramifications for
the magnitude of the signals detected by physiological and
metaproteomic approaches. For example, the parallel experi-
ment of Boyd et al. (2016) was harvested at �2 weeks (after 10
generations of acclimation), whereas our mesocosm was
harvested at <1 week (no prior acclimation). Furthermore, a
more complete proteome of P. nitzschia monoculture was mea-
sured for the 2016 laboratory study. In contrast, in this
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mesocosm study we had limited biomass (due to herbivory) and
were sampled peptides from a diverse group within a >5-μm
subset of the community. Another unknown is whether geno-
type sorting could result on a timescale of days in the meso-
cosms (i.e., comparable to the time needed for one cell division
cycle) particularly if selection pressure is strong (Collins
et al. 2020). It was also difficult to assess the responses of
longer-lived grazers (weeks to months) to these 2100 conditions,
and, in the case of the heterotrophic bacteria, which exhibited
pronounced increases in production in both mesocosms, we
had insufficient metrics to diagnose the underlying reasons.

Wider extrapolation and links to model projections
Our findings on the future alteration of phytoplankton pro-

ductivity are of the same sign as model projections for changes
to regional NPP (Laufkötter et al. 2015; Kwiatkowski
et al. 2020). The at least doubling of chlorophyll took place in
the presence of a representative pelagic foodweb, and with
heavy grazing pressure, suggesting that this cumulative out-
come for phytoplankton under bottom-up (multiple drivers)
and top-down control (subpolar foodweb) was conspicuous
despite the high grazing rates, and points to the role of bottom-
up environmental control in shaping the outcome of this
experiment (with the caveat of longer time scale of response to
2100 conditions for grazers). Although there were logistical
issues, outlined above, associated with working with natural
populations, in obtaining clear insights into the underpinning
reasons for increased phytoplankton stocks, there is evidence of
a decreased need for phosphate under warmer 2100 conditions
that match reports from laboratory studies (Toseland
et al. 2013; Boyd et al. 2016). There was also indirect evidence
(see Table 2) from metaproteomics of the key role played by Fe
supply (with lesser influences exerted by pH and irradiance) in
the 2100 mesocosm. Hence, the underlying multiple
(i.e., direct and indirect) roles of warming and increased Fe sup-
ply appear to be particularly influential during this mesocosm
experiment. As introduced earlier, this suggests that manipula-
tion studies exhibit, and models project, a more productive
Southern Ocean, but that they are driven by a combination of
different mechanisms. There are drawbacks to both approaches.
Models within the CMIP6 model intercomparison face many
ongoing challenges in representing the Fe cycle and the degree
of phytoplankton Fe limitation in simulations (Séférian
et al. 2020). There is also increasing evidence of subtle interac-
tive effects on phytoplankton physiology driven by Fe and tem-
perature (Andrew et al. 2019; Boyd 2019) that require
incorporation into models. Laboratory and mesocosm experi-
ments also face challenges since they employ batch culture
methods resulting in transient effects. How applicable are these
transient outcomes to seasonal scales?

Figure 8 summarizes different approaches used in labora-
tory and field manipulations and contrasts them with how
models are used to generate future projections. Typically,
Earth System Models use a single set of biological parameters,

some with temperature dependence. Given the climate forc-
ing, the Earth System Model responds by determining the
biology, chemistry and physics. Hence, nutrient supply (and
nutrient drawdown) is an emergent behavior of the system,
and not a property that can be directly controlled. So, in
effect, such Earth System Models do not specifically differenti-
ate between short-term and long-term responses, and thus it is
difficult to compare directly with the “batch culture” approach
used in Boyd et al. (2016) and our mesocosm study (Fig. 8). In
the Earth System Model projections, the ecological imprint of
climate change occurs gradually over many decades as a slow
trend overlaying simulated internal variability on time-scales
from episodic events (e.g., storms; dust deposition) to the sea-
sonal cycle and interannual climate modes. The climate
imprint in Fig. 8B (left panel) is represented, schematically, as
a shift in the mean of a probability distribution function for
an ocean variable, recognizing that the system will still con-
tain substantial internal variability.

In principle, the batch culture approach used in perturba-
tion experiments could be replicated in an ESM by adding a
nutrient pulse, but this would only make sense if trying to
mimic an atmospheric deposition event as opposed to
changes in subsurface nutrient supply modulated by global
ocean change and enhanced vertical stratification. Alterna-
tively, laboratory cultures and mesocosms could be run in
continuous mode, akin to a chemostat in which biological
stocks are maintained in steady-state (at a pre-selected growth
rate) by the supply of nutrients at the same rate as they are
being washed out of the mesocosm (Fig. 8). While the future
chemostat is represented in Fig. 8B (right panel) as a flat line,
a slightly more realistic chemostat experiment could include
variability in the nutrient supply that averages out to the same
mean input flux similar to that exhibited by the future state
in an Earth System Model. Such a chemostat-like approach
would make them more comparable to model frameworks,
extend their duration to explore longer-term grazer dynamics,
and help to overcome the transient resource limitation effects
observed in the present study. However, there would be diffi-
culties in pursuing this approach, for example, the difficulty
in removing actively swimming mesozooplankton via the
chemostat “wash-out” as they tend to actively evade fluid
flows (Santos et al. 2017). Mesozooplankton would likely accu-
mulate in the mesocosms (Fig. 8) and hence there would no
longer be a representative pelagic community within the incu-
bation. Clearly, we need to improve the links between model
and experimental designs if we are to be able to intercompare
their projections and learnt from them. Ocean biogeochemical
model skill is frequently evaluated for performance against
observed geographical patterns, seasonal cycles, and inter-
annual variability (Doney et al. 2009), but this does not guar-
antee, necessarily, skill in projecting responses to multi-
decadal climate change, particularly if slow processes are
involved (e.g., evolutionary adaptation of plankton species).
In the mesocosm experiments, on the other hand, the climate
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change signal is compressed into an abrupt jump in the cli-
mate state, and the resulting rapid physiological acclimation
and community shifts may also not capture longer-term
responses. Both approaches have limitations and strengths
that are complementary.

Conclusions
The resident phytoplankton community responded to pro-

jected year 2100 subantarctic conditions by doubling chloro-
phyll stocks despite heavy grazing pressure within a pelagic
foodweb setting. There was indirect evidence of the role of
temperature in reducing the phosphorus requirement of cells,
and of the important role Fe plays on phytoplankton pro-
cesses in this subantarctic region. These putative underpin-
ning mechanisms differ subtly from those inferred from
model simulations of the Southern Ocean.

There is evidence of three main trends from the meta-
proteomics dataset: (1) phytoplankton acclimation to altered
conditions during the experiment, (2) species-specific tempo-
ral patterns in photosystem I and II, and (3) alternate strate-
gies for Fe acquisition and complexation.

In many cases, the level of detail from the metaproteomics
far exceeded that for the physiological metrics, and thus omics
were under-utilized in joint comparisons. These comparisons
were also hindered by the transition to resource limitation
that, based on physiological measurements, peaked on day
3, whereas most of the proteomic analysis revealed statistically
significant changes at the end of the experiment on day 7. Bet-
ter linkages of physiological metrics and omics are needed to
better access the powerful diagnostics that they can jointly
bring (Strzepek et al. 2022). There are also promising develop-
ments from the emergence of new phenomenological models
based on simplistic geochemical/taxonomic principles that
utilize a small fraction of the wealth of proteomics data
(McCain et al. 2021).

The transition from laboratory to field studies provided a
more realistic ecosystem setting, but resulted in a loss of the
control associated with laboratory studies, resulting in (1) no
“line-of-sight” into prior environmental history of cells,
(2) in vitro acclimation (revealed by proteomics), (3) proteomic
analysis of the mixed community (metaproteomics) rather
than an individual species (proteomics), (4) a finite shipboard
incubation timeframe, and (5) the need to employ some
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Fig. 8. Intercomparison of lab culture, shipboard mesocosms and numerical simulations used to mimic the effects of decade-scale ocean global change
on marine life. From left to right in (A) presents the design of manipulation experiments used in the Boyd et al. (2016) lab culture study, mesocosms in
the present study, and a hypothetical design of a flow-through chemostat mesocosm to avoid the transient effects observed in the present study. How-
ever, the latter will likely result in the retention of grazers such as mesozooplankton which actively avoid fluid flows (Santos et al. 2017). In panel (B) from
left to right—the representation of ocean global change within numerical simulations, commencing with how climate change can alter the mean, width
and shape of the distribution of a typical ocean variable; centre panel—examples for nutrient supply of how episodic atmospheric events are comparable
to batch culture-like perturbation vs. the more continuous, chemostat-like perturbations of upwards nutrient supply from shifts in climate; right panel—
mesocosm batch experiments follow the time response to transient perturbations that attempt to mimic shifts in mean state under climate change. Some
perturbations can be maintained throughout the experiment (e.g., dashed line—temperature, CO2) while others are transient (e.g., solid line—nutrient
additions). Chemostats are also represented by the dashed line. Ocean model simulations reflect a mix of baseline shifts and variability.
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unconventional manipulations (e.g., adding nutrients to the
‘control’ treatments). Clearly, more thought is needed to
improve experimental designs that incorporate manipulation
of multiple ocean properties and include foobwebs.
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