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Abstract 

Ph ytoplankton pla y a pi v otal r ole as the primar y pr oducers in polar marine ecosystems. Despite evidence suggesting that production 

rates and loss factors v ar y fr om year to year, and thus dri v e dynamic ecosystem functioning, interannual comparisons remain sparse. 
In this study, we examined viral lysis and microzooplankton grazing rates on Antarctic phytoplankton during two pr oducti v e seasons 
and compared them with published data from a previous year. Higher rates of phytoplankton gross growth and total mortality during 
the warmer productive season suggest global warming induced increases in the magnitude of ecosystem carbon flow. Viral lysis rates 
appear to be r elati v el y inde pendent of av era ge seasonal temperatur es, wher eas gr azing r ates w ere low er during the colder pr oducti v e 
seasons (av era ge temperatur e < 0 ◦C). This r esulted in a gr eater r elati v e impact of viral l ysis on phytoplankton mortality, particularl y 
pronounced during periods of phytoplankton accum ulation. The interann ual v ariations in phytoplankton fate ar e likel y due to a 
stronger coupling between rates of viral infection and phytoplankton growth compared with grazing. Our results emphasize the 
importance of monitoring rates of viral l ysis, specificall y in combination with the size and taxonomy of the phytoplankton community. 
Collecti v el y these factors determine the r elati v e significance of the different carbon fates, and hence the ocean’s efficacy as a carbon 

sink. 

Ke yw or ds: Antar ctic phytoplankton; gr azers; growth; marine viruses; seasonal mass balance; temper ature 
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Introduction 

The Southern Ocean exhibits pr onounced envir onmental v ariabil- 
ity across seasonal and interannual time scales, characterized 

by fluctuations in par ameters suc h as temper atur e, micr onutri- 
ent concentrations, and light av ailability. These v ariations exert 
significant influence on the dynamics of phytoplankton popula- 
tions, encompassing both production and losses, as well as shap- 
ing community composition (Edw ar ds et al. 2016 , Biggs et al. 2022 ,
Krumhardt et al. 2022 ). Given that phytoplankton serve as the 
foundational tr opic le v el in marine pela gic ecosystems, the r amifi- 
cations of this variability extend to the transfer of energy and mat- 
ter to higher tr ophic le v els, as well as the sequestration of carbon 

to the deep ocean. As the Southern Ocean is a net sink for atmo- 
spheric CO 2 , it’s phytoplankton photosynthetic outputs likely play 
an important role in the sequestration of organic carbon through 

mec hanisms suc h as the biological and microbial carbon pumps 
(DeVries et al. 2012 , Nowicki et al. 2022 ). 

While grazing has traditionally been considered the primary 
pathwa y go verning the fate of Antarctic phytoplankton cells (Le 
Quéré et al. 2016 , Rohr et al. 2017 , Irion et al. 2021 , Kauko et al.
Recei v ed 28 February 2024; revised 26 September 2024; accepted 14 February 2025 
© The Author(s) 2025. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution-NonCommercial License ( http://cr eati v ecommons.org/licens
r e pr oduction in any medium, provided the original work is properly cited. For com
021 ), recent findings have highlighted the substantial contribu- 
ion of viral lysis to phytoplankton losses across k e y taxonomic
roups (Biggs et al. 2021 , Eich et al. 2022 ). Grazing channels organic
arbon and nutrients to w ar ds higher trophic levels, whereas vi-
 al l ysis div erts primary pr oduction a wa y fr om zooplankton, r edi-
ecting it to w ar ds the dissolved organic matter pool. This shift re-
uces the efficiency of the biological carbon pump (Brussaard et
l. 2005a ,b , Suttle 2007 , Weitz and Wilhelm 2012 , Lønborg et al.
013 , Mojica et al. 2016 ). Notabl y, vir al infection of diatoms may
nduce a ggr egation and sedimentation, suggesting that viruses 
ould serve as an alternative mechanism for carbon export (Ya- 
ada et al. 2018 ) with consequences for the elemental stoichiom-

try of sinking material (Brussaard et al. 2008 ). Beyond their bio-
eoc hemical impact, l ytic viruses significantl y influence phyto-
lankton community composition and species succession due to 
heir typically high host-specificity (Brussaard and Martínez 2008 ,
agasaki 2008 , Mojica and Brussaard 2014 ). To model variability in
lanktonic comm unity structur e and carbon cycling mor e accu-
 atel y, a better understanding of viral lysis dynamics and its con-
ection to phytoplankton growth and mortality is required. 
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Figure 1. Map of the study site: (left) large scale map of Antarctica showing the location of the Antarctic Peninsula and surrounding seas, (right) the 
location of Ryder Bay in northern Marguerite Bay to the east of Adelaide Island and to the west of the Antarctic Peninsula. 
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The coastal waters along the Western Antarctic Peninsula
WAP) ar e highl y pr oductiv e (Vernet et al. 2008 ) and serve as a

odel study area to better understand the impact of environmen-
al change on polar food web functioning (Schofield et al. 2018 ).
nnual variations in chlorophyll a (Chl- a ) concentrations (Ven-
bles et al. 2023 ), the phytoplankton community (Venables et al.
013 , Rozema et al. 2017b ) and, particularly in virioplankton abun-
ances (Evans et al. 2017 ), suggest potential variations in viral ly-
is r ates. Additionall y, the influence of global warming on shift-
ng the dominance fr om micr o-sized diatoms to nano-sized phy-
oplankton (Rozema et al. 2017b ) underscores the importance of
hytoplankton size classes, which not only dictate the size class
f zooplankton grazing, but also determine the amount of organic
arbon shunted by viruses to the microbial food web. Given that
he cum ulativ e balance of pr oduction and losses ov er a seasonal
ycle determines the ecosystem’s carrying capacity (Sarker and
iltshire 2017 ), it is critical to assess the importance of viral lysis

onsistently and explore potential interannual differences. 
Antar ctic w aters exhibit a pr oductiv e period commencing in

pring/earl y summer, driv en by a seasonal r eduction in wind
peed that initiates a shallowing of the mixed layer depth, en-
anced light availability and a gradual rise in surface temper-
tures. Despite peak summer water temperatures often reach-
ng 1 ◦C–2 ◦C, inter annual v ariation between pr oductiv e seasons
Nov ember–April) can r esult fr om substantial differ ences in forc-
ng and water column dynamics (Meredith et al. 2013 , Venables et
l. 2013 ). These variations influence the timing and extent of the
hytoplankton pr oductiv e cycle (for example peak seasonal Chl-
 concentrations can range from < 5 to > 25 μg l −1 ; Rozema et al.
017b ) with implications for carbon cycling. Given that tempera-
ur e can dir ectl y affect metabolic r ates, a compr ehensiv e m ulti-
ear assessment of gr owth, vir al l ysis, and gr azing r ates for the
ifferent phytoplankton populations is essential to understand
easonal dynamics and interannual differences. 

In this study, we inv estigate gr owth, vir al l ysis and micr ozoo-
lankton grazing rates of Antarctic coastal phytoplankton during
wo r elativ el y colder pr oductiv e seasons (av er a ge temper atur e at
ampling depth < 0 ◦C; Venables and Meredith 2014 , van Leeuwe et
l. 2020 ) and compare them with rates determined during a rela-
iv el y w armer y ear (av er a ge temper atur e > 0 ◦C at the same sam-
ling site; Biggs et al. 2021 ). 

aterials and methods 

tudy location and sampling 

eawater for the experiments was collected alongside the year-
 ound sampling pr ogr amme at the Rother a Time Series site (RaTS,
atitude 67.572 ◦ S; longitude 68.231 ◦ W; Clarke et al. 2008 ) in Ryder
ay on the WAP (Fig. 1 ). Sampling was performed during the Aus-
r al summer fr om Nov ember to February in 2012–2013, 2013–2014,
nd 2018–2019. Discrete seawater samples were collected from a
epth of 15 m by a 12-l Niskin bottle deplo y ed from a small boat.
ull water column profiles were obtained using a SeaBird 19 +
onductivity temper atur e depth instrument supplemented with a
iCor photosynthetically available radiation (PAR) and an in-line
uorescence sensor (WetLabs). Seawater samples were shielded
rom light and processed directly upon return to the research
ase in a temper atur e-contr olled lab maintained at close to in situ
emper atur e ( ∼0.5 ◦C). Modified dilution mortality assay experi-

ents were conducted to examine phytoplankton growth, graz-
ng, and mortality r ates, a ppr oximatel y once per week depending
n weather conditions. 

hl- a 

amples for Chl- a concentration were obtained by filtering 1–4 l
hrough GF/F glass fiber filters (47 mm, Whatman, The Nether-
ands). Filters wer e wr a pped in aluminium-foil, sna p-fr ozen in liq-
id nitrogen and stored at −80 ◦C until analysis. Chl- a concentra-
ions wer e anal ysed by high performance liquid c hr omatogr a phy
HPLC). For 2012–2013 and 2013–2014 seasons, Chl- a were anal-
sed according to Brussaard et al. ( 2016 ). For the 2018–2019 sea-
on, filters were freeze dried (48 h) and pigments extracted us-
ng 90% acetone (48 h at 4 ◦C in the dark; van Leeuwe et al. 2006 ).
igments were separated by HPLC (Waters model 2690), equipped
ith a 3.5- μm particle size Zorbax Eclipse XDB-C8 column with a

ooled autosampler (4 ◦C) according to Van Heukelem and Thomas
 2001 ). Pigment detection and quantification was based on
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comparison with DHI LAB standards (DHI, Hørsholm, Denmark). 
Chl- a concentr ations wer e conv erted to cellular carbon (Chl-C) us- 
ing taxon-specific conversion factors according to Garibotti et al.
( 2003 ), with the exception of Dinophyceae for which we used an 

av er a ge of ratios by Llewellyn et al. ( 2005 ) and Agirbas et al. ( 2015 ).

Phytoplankton abundance, growth, and losses 

F or ph ytoplankton enumer ation, fr esh 3.5 ml subsamples wer e 
analysed using flo w c ytometry accor ding to Marie et al ( 1999 ). A 

Becton Dickinson (BD) FACSCalibur was used for sample analy- 
sis in 2013–2014, whereas a BD FACSCelesta was used during the 
2018–2019 campaign. Both were equipped with an air-cooled Ar- 
gon laser with an excitation wavelength of 488 nm (15 mW) and 

the trigger set on red fluorescence. Phytoplankton populations 
were distinguished using bivariate scatter plots of red Chl- a aut- 
ofluor escence v ersus side scatter ( Fig. S1 ). Av er a ge cell diameter 
of the different phytoplankton populations was estimated using 
size fractionation (Biggs et al. 2019 ). The 17 phytoplankton popula- 
tions had av er a ge cell diameters between 0.9 and 20 μm, of which 

Phyto 1–3 ranged between 1 and 3 μm av er a ge cell diameter, Phyto 
4–13 were ≤10 um and Phyto 14–17 ranged between 11 and 20 μm.
Phyto 6, 7, 10, and 11 were discriminated as cryptophytes based 

on their orange phycoerythrin autofluorescence ( Fig. S1 ; Li and 

Dickie 2001 ), Phyto 3 was identified as Phaeocystis spp., and Phyto 
8, 9, and 12–17 were diatoms based on microscopic identification 

and/or taxonomic identification (Biggs et al. 2019 ). For interoper- 
ability of flow cytometry vocabulary as suggested by Thyssen et al.
( 2022 ), the phytoplankton groups identified in this study could be 
placed into three ‘common’ categories: RedPico (Phyto 1–3), Red- 
Nano (Phyto 4, 5, 8, 9, and 12–17), and OraNano (Phyto 6, 7, 10, and 

11). 
The cellular carbon (C) content of each phytoplankton pop- 

ulation was estimated from the average cell diameter and us- 
ing conversion factors of 237 and 196.5 fg C μm 

−3 for pico- and 

nano-sized phytoplankton populations, r espectiv el y (Garrison et 
al. 2000 , Worden et al. 2004 ). For phytoplankton growth and losses,
r ates wer e first conv erted into cells and integr ated ov er time, then 

to cellular C according to Biggs et al. ( 2021 ). 
The modified dilution assay was used to determine viral lysis 

and gr azing r ates of the identified phytoplankton populations ac- 
cording to Biggs et al. ( 2021 ). This method pr ovides dir ect mea- 
sur ements of vir al l ysis and gr azing r ates concomitantl y. To ac- 
commodate a diel cycle (necessary for phytoplankton sync hr o- 
nized cell division, as well as for viral infection dynamics), we in- 
cubated 24 h. We recommend gentle handling of the samples (e.g.
siphoning the sample into the bottles), preparing at in situ tem- 
per atur e and dimmed light, no air bubbles in the incubation bot- 
tles, and pr efer abl y fr esh counting of the phytoplankton samples.
The modified dilution method has (as any method) its limitations 
and we refer to the liter atur e for more specifics (Evans et al. 2003 ,
Baudoux et al. 2006 , 2007 , Kimmance et al. 2007 , Kimmance and 

Brussaard 2010 ). In short, < 200 μm-sie v ed natur al seaw ater w as 
gently siphoned into 1-l polycarbonate bottles with either grazer- 
free (0.45 μm) or grazer + virus free (30 kDa) filtrates to create a 
dilution series (in triplicate) of 100%, 70%, 40%, and 20% seawater.
A gr azer-fr ee diluent was pr epar ed by gr avity filtr ation of natural 
seawater using a 0.45- μm Sartopor e ca psule filter with a 0.8- μm 

pr efilter (Sartopor e 2300, Sartorius Stedim Biotec h, Göttingen, Ger- 
man y). The gr azer + virus fr ee ultr afiltr ate (30 kDa) was cr eated 

b y tangential flo w filtr ation of natur al seawater using a pol yether- 
sulfone membr ane (Viv aflow 200, Sartorius Stedim Biotec h). The 
incubation bottles were transferred (protected from light) to an 
utdoor (natural seawater) flow-through incubator and randomly 
laced on a slow-turning wheel ( ∼0.5 r m 

−1 ) and incubated for
4 h at in situ temper atur e and light conditions (using neutral-
ensity mesh). 

Phytoplankton enumeration was performed b y flo w c ytometric 
nalysis of live samples (10 min on high flow rate with an average
nalysed volume of ∼1 ml) at the beginning ( T 0 ) and end ( T 24 ) of
ach experiment. Actual dilutions (at T 0 ) were calculated for each
ncubation bottle as a proportion of the 100% replicates average in
ac h series. Appar ent gr owth r ates for eac h phytoplankton pop-
lation were calculated using the natural logarithm, and plotted 

 gainst dilution. Subsequentl y, gr azing r ates wer e obtained fr om
he slope of the linear r egr ession in the 0.45- μm dilution (grazer
ree) series and total mortality (M tot ) as the slope in the 30 kDa
grazer + virus free) series. Rates of viral lysis were calculated
y subtraction (M tot minus grazing). In cases where we consider
he analyses as failed, i.e. where the slope of the linear regression
as positive and > 0.1 (Kimmance et al. 2007 ), we considered that
roper estimation of the grazing and viral lysis rates failed and the
 alues wer e discarded ( n = 36). Gr oss gr owth r ates ( μgross ) wer e r ep-
esented by the y -axis intercept of the linear r egr ession. When the
 ppar ent gr owth r ates of the 20% dilution series wer e equal to or
o w er than growth rates of the 40% dilution series, the 20% values
er e r emov ed as this indicates phytoplankton gr owth limitation.
imilarly, when the phytoplankton growth rates of the 70% dilu-
ion series were equal to those of the 100% series, the latter were
 emov ed as this indicates predator (grazers, viruses) concentra-
ions were not diluted enough to allow an observ able incr ease in
 ppar ent gr owth r ates. 

In the case of missing replicates (e.g. due to technical error dur-
ng the assay or flow cytometric analysis) or clear outliers (com-
ared to the series, often when population abundance was very

o w), w e performed the r egr ession anal ysis without those v alues.
lthough there is not a specific threshold concentration for the
pplication of the dilution method, based on the numbers enu-
erated during flow cytometry analysis, most analyses that were 

iscarded had a low cell concentration ( < 100 ml −1 ) in combina-
ion with high variation. 

For interannual comparison, the obtained phytoplankton 

rowth and loss rates from November 2013–February 2014 and 

o vember 2018–F ebruary 2019 were compared to published rates
rom December 2012 to March 2013 (Biggs et al. 2021 ). Approaches
nd analysis of data were the same for the 3 years. 

tatistics 

 significant difference between the r egr ession coefficient of the
.45- μm series and zero indicates significant grazing whilst that
f the 30-kDa series indicates both significant μgross and M tot . A
ignificant difference between the regression coefficients of graz- 
ng and M tot (as tested by analysis of co variance , P < .10, using R
tatistical softwar e; R De v elopment Cor e Team 2023 ) r epr esents
ignificant rates of viral lysis. 

Thr oughout the text, v alues ar e quoted with their r espectiv e
tandard deviations (i.e. ± 1 σ ). Differences between environmen- 
al variables, as well as between μgross , gr azing, vir al l ysis, and
 tot rates (also cells and carbon), were tested using either a two-

ailed Student’s or Welch’s t -test and a Mann–Whitney U Test if
ata de viated fr om normality as assessed by the Sha pir o–Wilk
est (SigmaPlot v14, from Systat Software, Inc., San Jose California,
SA). The strength of relationships between viral lysis, grazing,
nd gross growth were determined using a Pearson’s correlation 

est (SigmaPlot v14). 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
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Figure 2. Temper atur e dynamics at the sampling site (15 m depth) 
during the cold pr oductiv e seasons of 2013/2014 (CPS1) and 2018/2019 
(CPS2), as well as the WPS of 2012/2013. 
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odel of phytoplankton carbon flow 

o model phytoplankton carbon flo w, w e need to calculate daily
mounts of carbon produced by phytoplankton production and
ost by grazing and viral lysis using the equations presented in
iggs et al. ( 2021 ): 

The total amount of phytoplankton carbon produced over a
ime interval of T days ( P T ) can be calculated by integrating the
r oduction r ate ov er time: 

P T = 

μgross 
μgross − m tot 

( 

X 0 e 

(
μgross −m tot 

)
T − X 0 

) 

, 

here X is the minimum phytoplankton carbon concentration at
he start of the time period ( 0 ), μgross is the gross specific growth
ate, and m tot is the total specific mortality r ate driv en by vir al
ysis ( m V ) and grazing ( m G ; i.e. m tot = m V + m G ). 

Similarly, the total amount of phytoplankton carbon lost over
 days ( L T ) can be calculated as follows: 

L T = 

m tot 

μgross − m tot 

( 

X 0 e 

(
μgross −m tot 

)
T − X 0 

) 

. 

This total loss is partly due to viruses and partly to grazers.
pecifically, the total amount of phytoplankton carbon lost over T
ays by viral lysis is ( m V / m tot ) L T and by grazing is ( m G / m tot ) L T . We
alculated daily rates, with a time interval of T = 1 day, in line with
he 24-h incubation period used in the dilution assa ys . Using the
v er a ge r ates fr om the accum ulation and decline phases (iden-
ified in Fig. 8 ), the net change in phytoplankton standing stock
 P T − L T ) per day is added (during accumulation) or subtracted
during decline) to standing stock from the previous day until the

aximum or minimum values are attained. The minimum and
axim um standing stoc k carbon v alues used ar e those observ ed

n each season. 

esults 

hysicochemical data 

mong the environmental variables considered ( Tables S1 –S3 ),
emper atur e exhibited the most pronounced variation across the
ifferent years (Fig. 2 ). The productive seasons of 2013/2014 and
018/2019 were characterized by comparatively lo w er summer
emper atur es (Fig. 2 ) and were designated as cold productive
easons 1 and 2 (CPS1 and CPS2, r espectiv el y). In contr ast, the
012/2013 season was designated as the r elativ el y warm pr o-
uctive season (WPS). Analysis revealed a statistically significant
ifference in the average seawater temperature on days when
he experiments were conducted, with CPS1 ( −0.37 ◦C) and CPS2
 −0.42 ◦C) displaying significantly lo w er temper atur es compar ed
o WPS (0.37 ◦C; P = .0229 and .0145, r espectiv el y; Tables S1 –S3 ).
o w e v er, temper atur e did not significantly differ between the two
older seasons CPS1 and CPS2 ( P = .828). Long-term temper atur e
ecords for the productive seasons in the preceding decade (Fig. 3 )
orr obor ated the classification of CPS1 and CPS2 as r elativ el y cold
nd WPS as r elativ el y warm (Fig. 3 ). Notabl y, temper atur es in CPS1
nd CPS2 only exceeded 0 ◦C in early to mid-January (Fig. 2 ), coin-
iding with a more pronounced decline in salinity compared to
PS ( Fig. S2 A). This led to a sustained period of heightened water

olumn stratification in CPS1 and CPS2, extending beyond that ob-
erved in WPS ( Fig. S2 B). Average PAR levels were notably higher in
PS2 than in CPS1 and WPS, with values of 107 μmol quanta m 

−2 

 

−1 compared to 51 μmol quanta m 

−2 s −1 and 34 μmol quanta m 

−2 

 

−1 , r espectiv el y. This differ ence mainl y ar ose due to ele v ated PAR
e v els during the initial half of December in CPS2 ( Fig. S2 C). Nu-
rient concentr ations r a pidl y decr eased during these pr olonged
tratification periods . P otentially limiting concentrations of dis-
olv ed inor ganic phosphate and nitr ate wer e r ecorded onl y for
rief intervals at the onset of February in CPS1, the end of Jan-
ary in CPS2, and the beginning of January and mid-March for
PS ( Tables S1 –S3 ). 

hl- a and phytoplankton abundance 

 he a v er a ge Chl- a concentr ation for the colder CPS1 and CPS2 was
.7 μg l −1 and 2.4 μg l −1 , r espectiv el y (Fig. 4 ), whic h is 1.6-fold and
.8-fold lo w er, r espectiv el y, than the Chl- a concentr ation observ ed
n WPS (4.3 μg l −1 ). In contrast to WPS, both CPS1 and CPS2 exhib-
ted a singular phytoplankton bloom without an additional late
ummer bloom (Fig. 4 ). Ne v ertheless, the ≤ 20 μm size fraction
omprised lar gel y compar able shar es , i.e . 67% (of total Chl- a ) in
PS1, 57% in CPS2, and 70% in WPS (Fig. 4 ). 

T he a v er a ge total phytoplankton abundance w as lo w est in
PS1 at 3 700 cells ml −1 compared to 6200 cells ml −1 in CPS2 and
500 cells ml −1 in WPS. The Phyto 1–3 populations dominated
bundances ( Fig. S3 ) at the onset of all seasons, accounting for
8%–90% of the total in November when Chl- a concentrations
 ere lo w (Fig. 4 ). Among these, Phaeoc ystis Phyto 3 w as the most
r e v alent gr oup during both cold seasons CPS1 and CPS2, con-
tituting an av er a ge of 42% and 41%, r espectiv el y, compar ed to
6% in WPS ( Fig. S3 ). Diatoms Phyto 8, blooming from January
o Mar ch, w ere most prominent in WPS (24%), while the y re p-
 esented onl y 4% in CPS1 and wer e not observ ed in CPS2. Con-
 ersel y, similar-sized diatoms Phyto 9 (4.5–7 μm diameter) played
 significant role during the cold productive seasons, contribut-
ng 26% in CPS1 from December to January and 16% between the
nd of January and the end of February in CPS2 ( Fig. S3 ). No-
able differences between the colder and warmer seasons were
lso observed for many of the other phytoplankton populations.
ryptoph ytes Ph yto 6 and diatoms Phyto 8 and 14 wer e mor e
bundant during WPS (297 ml −1 , 1759 ml −1 , and 696 ml −1 , re-
pectiv el y) compar ed to CPS1 (109, 250, and 238 ml −1 ) and CPS2

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
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Figure 3. Av er a ge seawater temper atur e at the sampling site during each productive season (15 m depth between 1 November and 15 April) in Ryder 
Bay from 2002 to 2019 (02–19). Average temperatures above and below 0 ◦C are defined as relatively warm and cold productive seasons, respectively. 
The seasons in this study are indicated by arrows. 
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(147, 0, and 206 ml −1 ). Conv ersel y, Phaeocystis Phyto 3 and diatom 

Phyto 9 exhibited m uc h higher abundances in both cold seasons 
than in WPS (CPS1: 1597 ml −1 and 677 ml −1 ; CPS2: 3429 ml −1 and 

324 ml −1 ; WPS: 1059 ml −1 and 188 ml −1 , r espectiv el y). Further- 
mor e, the lar ge-sized (20 μm) diatom Phyto 17 was mainly ob- 
served in CPS1 and CPS2 (72 ml −1 and 58 ml −1 , respectively), in 

contrast to its low abundance (1 ml −1 ) in WPS. 
When converted to phytoplankton carbon content, Phaeocystis 

Phyto 3 contributed 20% of the total in CPS2, follo w ed b y Phyto 4, 9,
14, and 17 accounting for 13%, 13%, 8%, and 12% of total algal car- 
bon, r espectiv el y. In CPS1, Phaeocystis contributed only 12%, with 

Phyto 14 and Phyto 17 dominating total carbon content at 19% and 

34%, r espectiv el y. In WPS, the diatoms Phyto 8 and Phyto 14 were 
the major contributors, constituting 20% and 41%, r espectiv el y, of 
total ph ytoplankton carbon. Ph yto 17 was the dominant phyto- 
plankton gr oup indicativ e for the colder CPS1 and CPS2, while it 
was Phyto 8 for the warmer WPS. 

Temper a ture rela ted trends in vir al l ysis and 

gr azing r a tes 

During the colder seasons of CPS1 and CPS2, the mean specific vi- 
r al l ysis r ates of the v arious differ ent phytoplankton populations 
( Tables S4 –S6 ) were slightly higher overall than rates of grazing 
(CPS1: 0.21 versus 0.18 d 

−1 , n = 61, and CPS2: 0.18 versus 0.16 d 

−1 ,
n = 59, r espectiv el y), with a significant difference for CPS1 ( P = 

.035). Conv ersel y, in WPS, the av er a ge r ate of vir al l ysis was slightl y
lo w er and not significantly different from grazing (0.29 versus 0.31 
d 

−1 , r espectiv el y, n = 98). Interannual comparison reveals the spe- 
cific grazing rates to be significantly 1.7 and 1.9-fold lo w er for both 

cold seasons of CPS1 ( P < .001) and CPS2 ( P < .001) compared to 
WPS. Ho w e v er, vir al l ysis r ates wer e not significantl y differ ent be-
tween the seasons. When focusing solely on the phytoplankton 

populations with the highest r ate measur ements acr oss all sea- 
sons (i.e. Phyto 1, 3, and 9; n ≥ 8 in eac h season), the tr end r e- 
mained consistent. Av er a ge gr azing r ates in CPS1 (0.14 d 

−1 , n = 

28) and CPS2 (0.15 d 

−1 , n = 33) were significantly lo w er compared 
o WPS (0.32 d 

−1 , n = 43; P = .004 and .009 r espectiv el y), while vir al
 ysis r ates wer e not significantl y differ ent (CPS1 = 0.24 d 

−1 ; CPS2
 0.20 d 

−1 ; WPS = 0.27 d 

−1 ). A similar trend persisted when ex-
mining these phytoplankton populations only during matching 
ime periods (i.e . December–F ebruary; grazing of Phyto 1, 3, and 9
 0.11 d 

−1 , 0.18 d 

−1 , and 0.33 d 

−1 ; viral lysis = 0.25 d 

−1 , 0.18 d 

−1 ,
nd 0.27 d 

−1 ; n = 23, 26, and 38, r espectiv el y). Despite lo w er aver-
 ge gr azing r ates in CPS1 and CPS2 compar ed to WPS, a negativ e
orrelation between viral lysis and grazing was consistently ob- 
erv ed acr oss all seasons (Pearson’s r = −0.231, n = 218, P < .001,
ig. 5 ). 

Analogous to gr azing, av er a ge r ates of phytoplankton gross
ro wth w ere significantly 1.7-fold lo w er in the colder seasons (0.35
 

−1 for CPS1 and CPS2) compared to WPS (0.61 d 

−1 ; P < .001 for
oth). For a more detailed examination of the influence of tem-
er atur e, gr oss gr owth r ates wer e plotted a gainst gr azing and vir al

ysis with data from both cold seasons combined (i.e. CPS1 + CPS2
nd WPS; Fig. 6 ). For CPS1 + CPS2, a significant relationship was
bserved for both grazing ( P = .0397) and viral lysis ( P < .0001), as
as also observed for WPS (grazing P = .0026, vir al l ysis P = .0002).
o w e v er, a steeper slope for the CPS1 + CPS2 lysis rate regression

0.29) compared to grazing (0.13) indicates that viral lysis rates
ncrease faster than grazing (in relation to gross growth) during
he cold pr oductiv e seasons . T his is in contrast to WPS, where the
razing and viral lysis regression slopes were more similar (0.26
nd 0.35 r espectiv el y; Fig. 6 ). 

eneral and temperature-related trends in the 

hare of viral lysis 

lotting total mortality v ersus gr oss gr owth r ates r e v ealed a con-
istent pattern across all seasons, wherein higher gross growth 

ates coincided with increased mortality ( P = .0135, < .001, and
 .001, r espectiv el y; Fig. 7 ). The shallo w er linear r egr ession slope

or CPS1 (0.30) and CPS2 (0.51) compared to closer coupling of
r oss gr owth and losses for WPS (0.61; Fig. 7 ) implies lo w er rates
f gro wth w ere required to outgrow losses and obtain an increase

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
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Figure 4. Temporal dynamics of total phytoplankton abundance (Phyto total), total Chl- a concentration (Chl- a total), and the size-fractionated Chl- a 
(Chl- a > 20 μm and Chl- a < 20 μm) concentrations at the RaTS sample site during (A) CPS1, (B) CPS2, and (C) WPS. 
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Figure 5. Gr azing v ersus vir al l ysis r ates for all seasons combined. 
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in standing stock during the cold pr oductiv e seasons . T he equi- 
librium gr owth r ate, wher e net gr owth equals zer o (0.41 in CPS1,
0.33 in CPS2, and 0.60 in WPS), is r epr esented by the intercept 
of the 1:1 and linear r egr ession line. When examining the trend 

in the dataset (i.e. the linear r egr ession line), positiv e net gr owth 

(or accumulation) occurs to the right of the intercept (along the 
x -axis) and standing stock decline to the left. During accumula- 
tion, the av er a ge vir al l ysis r ate was gr eater than gr azing for all
three seasons, with a greater difference during the colder seasons 
of CPS1 (0.27 versus 0.17 d 

−1 r espectiv el y, n = 24; P = .029) and 

CPS2 (0.26 versus 0.21 d 

−1 , n = 28) compared to WPS (0.39 ver- 
sus 0.37 d 

−1 , n = 48). In contrast, during the decline phase (net 
growth < zero) the share of viral lysis to grazing was similar (i.e.
CPS1: 0.18 versus 0.17 d 

−1 , n = 37; CPS2: 0.12 versus 0.12 d 

−1 , n 
= 31; and WPS: 0.16 versus 0.18 d 

−1 n = 50, respectively; Table 1 ).
Mor e specificall y, vir al l ysis r ates wer e significantl y differ ent be- 
tween accumulation and decline phases in all seasons (i.e. CPS1,
0.27 versus 0.17 d 

−1 P = .029; CPS2, 0.26 versus 0.12 d 

−1 P = .001; 
WPS, 0.33 versus 0.16 d 

−1 P = .002), but grazing rates were not (i.e.
in CPS1, 0.17 versus 0.18 d 

−1 P = .766; CPS2, 0.21 versus 0.11 d 

−1 P 
= .103; and WPS, 0.26 versus 0.18 d 

−1 P = .128). 

Phytoplankton cells and carbon lysed during 

warm and cold seasons 

When comparing the number of cells lost due to lysis and grazing 
within each of the seasons, CPS1 and CPS2 show similar results 
as for the specific rate comparison, with more cells lysed during 
the colder pr oductiv e seasons of CPS1 and CPS2 (av er a ge of 176 
ml −1 d 

−1 and 256 ml −1 d 

−1 , n = 61 and 59, r espectiv el y) than cells 
grazed (118 ml −1 d 

−1 and 131 ml −1 d 

−1 , n = 61 and 59, respec- 
tiv el y). During the r elativ el y warmer pr oductiv e season of WPS,
the number of cells lysed and grazed were relatively comparable 
(204 ml −1 d 

−1 versus 236 ml −1 d 

−1 r espectiv el y, n = 98). When in- 
tercomparing the three, cells produced for CPS1 were significantly 
lo w er than for WPS (293 versus 486 ml −1 d 

−1 , P = .006), as were 
cells grazed (118 versus 236 cells ml −1 d 

−1 , P < .001). As for CPS2,
only the number of cells grazed was significantly lo w er (produced 

477 and grazed 131 cells ml −1 d 

−1 ; P = .043 for grazed cells). The 
number of cells lysed was not significantly different between sea- 
sons (CPS1, CPS2, and WPS = 176 cells ml −1 d 

−1 , 256 cells ml −1 

d 

−1 , and 204 cells ml −1 d 

−1 r espectiv el y; Table 1 ). With all three 
seasons combined, ov er all cells lost to viral lysis and grazing were 
equally important (210 cells ml −1 d 

−1 and 175 cells ml −1 d 

−1 re- 
pectiv el y), as was also found for carbon (3.3 and 2.7 μg C l −1 d 

−1 ).
lthough av er a ge vir al l ysis r ates and number of cells l ysed wer e
igher than grazing during CPS1 and CPS2, but more similar in
PS, av er a ge carbon grazed during CPS2 was higher than carbon

 ysed, and carbon l ysed was gr eater than carbon gr azed in WPS
nd CPS1 (Table 1 ). This difference was driv en mainl y by a sin-
le large carbon grazing event during CPS2 (Phyto 14 on 22 Jan-
ary 2019, 27% of total carbon grazed; Table S8 ) and a single large
 ysis e v ent during WPS (Phyto 14 on 5 March 2013, 33% of total
arbon lysed; Table S9 ). Ho w ever, when the data from all three
easons were split into warm and cold days ( > 0 ◦C and < 0 ◦C re-
pectiv el y; Tables S1 –S3 and Fig. 8 ), a temper atur e effect on the
roportion of carbon lost due to vir al l ysis and grazing was again
bserved. On warm days phytoplankton carbon lysed and grazed 

ere quite similar (averaging 3.20 μg C l −1 and 2.91 μg C l −1 , re-
pectiv el y), e v en though carbon grazed was significantly higher
ased on the median (nonparametric Mann–Whitney rank-sum 

est, median grazing = 0.74 μg C l −1 , lysis = 0.22 μg C l −1 , P = .012;
ig. 8 A and B). This differs from cold days when carbon lost to
iruses was significantly higher than carbon lost to grazers (aver- 
ge of 3.42 μg C l −1 and 2.45 μg C l −1 and median 0.26 μg C l −1 

nd 0.19 μg C l −1 , r espectiv el y, P = .031). When expr essed as a per-
entage, during warm days losses due to viruses were significantly
o w er with an av er a ge of 41% ( P < .001), unlike cold days where vi-
 al infections wer e significantl y higher ( P < .001) and accounted
or 60% of total carbon lost (Fig. 8 C and D). 

To model phytoplankton carbon flow, the av er a ge r ates fr om
he accumulation and decline phases (as determined by the lin-
ar r egr ession line in Fig. 7 ), as well as minimum and maximum
hytoplankton biomass actually measured (20.5 μg C l −1 , 20.6 μg
 l −1 , and 20.3 μg C l −1 ; 737 μg C l −1 , 885 μg C l −1 , and 527 μg C
 

−1 in CPS1, CPS2, and WPS, r espectiv el y), wer e used to model car-
on standing stock dynamics ( Fig. S4 ) in relation to carbon pro-
uced and lost due to viral lysis and grazing (Fig. 9 ). The model
hows that during the accumulation phase of CPS1 and CPS2, 1.6-
nd 1.3-fold more carbon was lost to viral lysis (1248 μg C l −1 and
942 μg C l −1 , r espectiv el y) compar ed to gr azing (773 μg C l −1 and
551 μg C l −1 , r espectiv el y; Fig. 9 A and B). In WPS, ho w e v er , car -
on lost to vir al l ysis and gr azing was compar able (1781 μg C l −1 

nd 1679 μg C l −1 , r espectiv el y; Fig. 9 C). During the decline phase,
arbon lost to viruses and grazers was similar in CPS1 (733 μg C
 

−1 and 800 μg C l −1 , r espectiv el y) and CPS2 (1021 μg C l −1 and
006 μg C l −1 , r espectiv el y) with mor e carbon lost to gr azers in
PS (1046 μg C l −1 and 1431 μg C l −1 r espectiv el y; Fig. 9 C). Similar

ynamics were obtained when using average cells (produced and 

ost) based on the actual rates (Table 1 ). 
Whilst three phytoplankton groups dominated carbon stand- 

ng stock for all three seasons (i.e. Phyto 8, 14, and 17; 4.5 μm,
2 μm, and 20 μm diameter, r espectiv el y), Phyto 14 contributed
ost to carbon produced and lost in all seasons (CPS1: 69% and

1%; CPS2: 29% and 35%; and WPS: 56% and 64% of total, respec-
iv el y). During peak abundance of Phyto 14 in late December of
PS1, vir al l ysis was r esponsible for the majority of carbon lost

92% or 77 μg C l −1 d 

−1 ; Table S7 ), as also found during large lysis
 v ents of Phyto 14 throughout WPS (Biggs et al. 2021 ; Table S9 ).
imilarly, Phyto 14 contributed most to total carbon lysed (42%)
uring the largest lysis event of CPS2 (72 μg C l −1 d 

−1 ; on 22 Jan-
ary; Table S8 ). Ho w e v er, a significantl y lo w er total standing stock
f Phyto 14 was observed during CPS1 and CPS2 ( n 1 = 40 and
3, n 2 = 50 and 40, P = .001 and < .001, r espectiv el y), coincid-
ng with lo w er av er a ge Chl- a concentrations (2.7 μg l −1 and 2.4 μg
 

−1 , r espectiv el y) when compared to WPS (4.3 μg l −1 ; Fig. 4 ). Differ-
nces in the size class of carbon standing stock (at the start of the

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
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Figure 6. Gr oss gr owth r ates v ersus (A) gr azing and (B) vir al l ysis. Linear r egr essions ar e sho wn for CPS1 and CPS2 combined (CPS1 + CPS2) as w ell as 
WPS. 

Table 1. Av er a ge r ates , cells , and carbon produced (growth) and lost due to viral lysis (Ly) and grazing (Gr), in accumulation and decline 
phases during CPS1, CPS2, and WPS as well as all seasons combined (ALL). Av er a ge v alues ar e based on the data that forms the linear 
r egr ession line either to the right (accumulation) or left (decline) of the intercept identified in Fig. 8 . 

Season average Accumulation Decline 

Season Growth Ly Gr Growth Ly Gr Growth Ly Gr 

Rates (d −1 ) CPS1 0.35 0.21 0.18 0.61 0.27 0.17 0.19 0.17 0.18 
CPS2 0.35 0.18 0.16 0.59 0.26 0.21 0.13 0.12 0.11 
WPS 0.61 0.29 0.31 0.87 0.39 0.37 0.36 0.19 0.26 
ALL 0.47 0.24 0.23 0.75 0.33 0.26 0.26 0.16 0.18 

Cells (ml −1 d −1 ) CPS1 293 176 118 464 237 139 182 136 104 
CPS2 477 256 131 784 411 129 200 117 133 
WPS 486 204 236 611 218 243 366 189 229 
ALL 429 210 174 602 273 210 283 157 145 

Carbon ( μg l −1 d −1 ) CPS1 6.10 2.49 1.43 13.2 4.6 1.0 1.5 1.1 1.7 
CPS2 8.21 2.97 3.11 14.2 4.9 4.4 2.8 1.2 2.0 
WPS 7.42 4.03 3.18 9.7 3.3 4.1 5.2 4.7 2.3 
ALL 7.26 3.31 2.67 11.2 4.5 3.3 3.9 2.1 2.4 
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xperiments) were also observed between seasons, with greater
ontributions by the larger-sized diatoms Phyto 15–17 in the
older CPS1 (48%) and CPS2 (48%), whilst in WPS the second
argest carbon contributor (after a 69% contribution by Phyto 14)
as the high temper atur e associated smaller-sized diatom Phyto
 (14%; Biggs et al. 2019 ). Even though differences in the size class
f carbon were observed between the colder and warmer seasons,
hen total carbon produced was plotted against total carbon lost

or all seasons combined, a highly significant relationship was ob-
erved with the slope of the linear r egr ession line close to the 1:1
ine (Fig. 10 ). 

iscussion 

ethod consider a tions in na tur al wa ters 

lthough marine viruses are the most abundant biological enti-
ies in the ocean, and rising evidence suggests that viruses are a
ignificant cause of phytoplankton mortality, measuring the im-
act of viruses remains challenging. Despite it’s limitations (Evans
t al. 2003 , Baudoux et al. 2006 , 2007 , Kimmance et al. 2007 , Kim-
ance and Brussaard 2010 ), the modified dilution method still re-
ains the only method of dir ectl y and sim ultaneousl y measuring
ates of viral lysis and microzooplankton grazing of phytoplank-
on. 

When using this method, mesozooplankton ( > 200 μm) grazing
 ates ar e not determined. Lar ge zooplankton (suc h as krill) ar e in-
fficient grazers on pico- and nano-sized phytoplankton ( < 20 μm;
aberman et al. 2003 , Conroy et al. 2024 ). Grazing by mesozoo-
lankton is also likely to influence phytoplankton dynamics, as
uggested by our pr e vious study conducted throughout WPS and
PS1 (Biggs et al. 2020 ), where low phytoplankton biomass (specif-

cally the decline of the diatom dominated spring bloom in CPS1
nd WPS) coincided with the seasonal peak in mesozooplankton
bundance (and low light due to high phytoplankton biomass).
lthough diatoms are an important prey of krill, so are copepods
nd microzooplankton (Conroy et al. 2024 ). Predation on micro-
ooplankton would serve to reduce microzooplankton grazing on
hytoplankton. As mesozooplankton were removed from the di-

ution incubations, there is the potential that microzooplankton
razing may at times hav e e v en been ov er estimated in our exper-
ments . Furthermore , the assa y is based on loss of phytoplank-
on cells and as such viral infection needs to result in cell lysis
f the host to be included. As not all phytoplankton viruses lyse
heir host within 24 h (particularly diatom viruses seem to take
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Figure 7. Ph ytoplankton (Ph yto 1–17) gr oss gr owth v ersus total mortality 
rates for (A) CPS1, (B) CPS2, and (C) WPS. The 1:1 line (red dashed) and 
linear r egr ession line (solid blac k) ar e pr esented in eac h subplot, as well 
as the intercept (blue line). 
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longer; see Supplement Table S1 in Edw ar ds and Stew ar d 2018 ),
we may e v en under estimate vir al l ysis r ates. Micr o-sized phyto- 
plankton (20–200 μm) are generally too low in abundance to allow 

the dilution-based a ppr oac h. The lac k of in situ vir al l ysis r ates of 
this size class of phytoplankton hinders a direct comparison with 

mesozooplankton gr azing r ates. Still, the < 20- μm phytoplankton 

size fr action inv estigated in the curr ent study comprised 67% of 
total Chl- a in CPS1, 57% in CPS2, and 70% in WPS, illustrating the 
importance of the smaller phytoplankton for ecosystem function- 
ing. 

Temper a ture-rela ted inter annual differences 

In Antarctic coastal and shelf sea regions such as Ryder Bay, tem- 
per atur e and light availability are generally the primary drivers of 
phytoplankton growth rates during the summer (Arrigo et al. 2015 ,
Rozema et al. 2017a , Biggs et al. 2019 , Joy-Warren et al. 2019 ). Tem- 
per atur e imposes a fundamental control on metabolic processes 
(Boscolo-Galazzo et al. 2018 ) and during CPS1 and CPS2 the maxi- 
m um potential gr owth of phytoplankton ma y ha v e been r educed 

as r elativ el y low av er a ge temper atur es during the sampling pe- 
riods ( −0.37 ◦C and −0.42 ◦C, r espectiv el y) coincided with signifi- 
cantly lo w er rates of phytoplankton gross growth (0.35 and 0.35 
d 

−1 ) compared to the warmer WPS (0.37 ◦C and 0.61 d 

−1 ). It is im- 
probable that light was a major driver of the differences in phyto- 
plankton growth, as average irradiance in CPS2 was 3-fold higher 
than in WPS (and 2-fold higher than CPS1). 
Unlike rates of viral lysis, grazing rates were also significantly
o w er during the colder pr oductiv e seasons, suggesting a greater
eduction in rates of grazing (compared to viral lysis) when tem-
er atur es ar e r educed. As micr ozooplankton ar e gener all y lar ger
han their phytoplankton prey, due to the size scaling of metabolic
ates (Finkel et al. 2004 ) low temperature seasons may result in
 larger reduction in grazer growth potential compared to that
f phytoplankton (Rose and Caron 2007 , Rose et al. 2013 ). More-
v er, pr ey abundance is a k e y factor contr olling micr ozooplank-
on growth and so their grazing impact can be expected to be rel-
tiv el y low in the early stages of bloom development (especially
fter mid-winter) when phytoplankton prey availability and tem- 
er atur es ar e r elativ el y low (Sherr and Sherr 2009 ). These could
esult in a relative overabundance (net growth) of algal cells when
emper atur es ar e low. As suc h, r elativ el y higher contact rates may
e maintained between virus and host, resulting in viral lysis be-

ng the predominant loss factor regulating increases in standing 
tock during colder seasons . T his exemplifies a competition effect,
here the balance between numbers of phytoplankton (host) and 

nfective viruses would likel y r esult in a threshold contact rate
bov e whic h lar ge population declines ar e observ ed (Br atbak et
l. 1993 , Singh et al. 2004 , Brussaard et al. 2005a ) and could ex-
lain the trend that high viral lysis was often observed alongside

ow grazing, and vice ver sa . Ad ditionally, lo w er grazing may mean
 higher proportion of successful viral infections, especially in the
ase that grazing preferentially targets infected cells (Evans and 

ilson 2008 ). These effects could explain why viral lysis has in-
reased importance in colder productive seasons. 

Even though average rates of viral lysis were not significantly
ifferent between seasons, the rates in the cold seasons were 
lightly lo w er compared to WPS (0.21 and 0.18 d 

−1 compared to
.29 d 

−1 ) and temper atur e may have been restrictive to some
xtent (Demory et al. 2017 , Maat et al. 2017 , Piedade et al.
018 ). The optimal temper atur e for l ytic r eplication (i.e. the tem-
er atur e that generates fast host lysis and/or high viral yield)
ener all y matc hes the host optimal gr owth temper atur e and
he impact of temper atur e on vir al infection could arise fr om
hanges in host metabolism (Demory et al. 2017 ). At the same
ime, phytoplankton-specific thermal thresholds and tempera- 
ur e gr o wth optima (Bo yd et al. 2013 , Coello-Camba and Agustí
017 , Wang and Smith 2021 ) are expected to result in a diverse
esponse to the same change in temperature (e.g. temperatures 
 0 ◦C and < 0 ◦C). F or example, Ph yto 1 abundances wer e mainl y
ssociated with higher light availability rather than temperature 
CPS1 and WPS; Biggs et al. 2019 ), and no significant differences
etween the seasons for growth or losses were found for Phyto 1
 Fig. S5 A). In contrast, the nano-sized cryptophytes Phyto 6 were
ssociated with high temper atur e in WPS (Biggs et al. 2019 ), a gr ee-
ng with lo w er abundances and reduced rates of gross growth and
ir al l ysis in CPS1 and CPS2 ( Fig. S5 B). If temper atur e is a major
river of cryptophyte growth and viral lysis rates, future changes

n cryptophyte importance should not only be derived from stand-
ng stock data but also include activity measurements (produc- 
ion and loss rates). Antarctic cryptophytes hav e pr e viousl y been
ssociated with reduced salinities (Buma et al. 1992 , Moline et al.
997 , 2004 , Mendes et al. 2013 ) but more recent research indicates
emper atur e could indeed be a primary driver in the WAP region
Mendes et al. 2017 , Biggs et al. 2019 , Hamilton et al. 2021 ). 

The smaller-sized diatoms Phyto 8 (4.5 μm diameter) were also
ssociated with higher temper atur e in WPS (Biggs et al. 2019 ),
here they were the second largest contributor to total carbon

tanding stock (14% during the experiments and 20% overall). A
r eater gr owth potential of Phyto 8 during WPS ( Fig. S5 C) ma y ha ve

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
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Figure 8. Carbon lost on cold and warm days due to vir al l ysis and grazing. Absolute carbon concentrations lost to viral lysis (A) and grazing (B) as well 
as the % of carbon lost due to viral lysis (C) and grazing (D), during CPS1, CP2, and WPS combined. Days on which the dilution experiments were 
performed were considered cold if temperature at a depth of 15 m was < 0 ◦C and warm if > 0 ◦C. The boundary of the box closest to zero indicates the 
25th percentile, the solid line within the box marks the median, the dashed line marks the mean, and the boundary of the box farthest from zero 
indicates the 75th percentile. Whiskers (error bars) above and below the box indicate the 90th and 10th percentiles. Note: box plot y -axis in subplot (A) 
and (C) was cut to better visualize boxes. Maximum values were 131 μg C l −1 for lysis on warm days in (A) and 77 μg C l −1 for grazing on cold days in (B). 
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r ovided a competitiv e adv anta ge, compar ed to CPS1 and CPS2,
here lo w er temperatures and prolonged sea ice melt coincided
ith higher abundances of the larger-sized Phyto 17 ( Table S2 and
ig. S3B ; Biggs et al. 2019 ). Although numbers of Phyto 17 were rel-
tiv el y low ov er all (mean = 72 ml −1 in CPS1 and 58 ml −1 in CPS2),
ts larger cell size (20 μm diameter) resulted in a 48% and 28%
r espectiv el y) contribution to total carbon standing stock during
he experiments. We speculate that with increasing temperature
y global warming, the share of Phyto 17 will quickly reduce in
avour of the smaller diatoms Phyto 8 and cryptophytes Phyto
 (4–5 μm diameter), negativ el y impacting copepod production,
nd thus transfer of matter and energy to higher tr ophic le v els
Irigoien et al. 2014 , Dezutter et al. 2019 , Biggs et al. 2020 ). 

ir al l ysis and gr azing in rela tion to gr oss gr owth
or all seasons the greater variation in rates of viral lysis (com-
ar ed to gr azing) between accum ulation and decline phases sug-
ests that, irr espectiv e of temper atur e, r ates of vir al l ysis ar e mor e
ightly coupled to phytoplankton growth than rates of grazing. We
bserved a significant positive relationship between viral lysis and
r oss gr owth r ates for man y phytoplankton gr oups suc h as Phaeo-
ystis Ph yto 3, cryptoph ytes Ph yto 6, and diatoms Phyto 8, 9, and 14

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
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Figure 9. Modelled phytoplankton carbon lost due to grazing and viral 
lysis ( μg carbon l −1 ) using seasonal average rates (of grazing and viral 
l ysis) fr om accum ulation and decline phases identified in Fig. 8 , during 
(A) CPS1, (B) CPS2, and (C) WPS. 
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as well as Phyto 15–17 combined. Positiv e r elationships between 

host gr oss gr owth r ate and vir al l ysis hav e been demonstr ated for 
bacteria and phytoplankton both in the laboratory and field (e.g.
Bratbak et al. 1998 , Middelboe 2000 , Baudoux et al. 2007 , Gann et 
al. 2020 ). This positive coupling between host growth and viral ly- 
sis is expected due to the reliance of viral proliferation on host cell 
metabolism. Higher growth rates are supported by increased rates 
of ribosome biogenesis, which are also essential for the synthesis 
of vir al pr oteins . T his codependence on host cellular machinery 
for both viral replication and host physiology is likely stricter for 
vir al pr oduction and subsequent host cell lysis than for grazing.
We did observe a significant positiv e r elationship between phyto- 
plankton growth and grazing (Fig. 6 A), in line with previous studies 
(P ear ce et al. 2008 , Landry et al. 2009 , 2011 ), but this was limited 

to only Phyto 1, 4, and 8. Grazers can be selective in their prey 
c hoices, primaril y driv en by prey size (Kiørboe 2011 , Litchman et 
al. 2021 ), wher eas vir al infection ar e gener all y consider ed to be 
more host species-specific. A stricter coupling between viral lysis 
rates and phytoplankton gross growth (than grazing) would be- 
come exemplified during periods of high phytoplankton growth 

in low temper atur e seasons as viruses ar e quic ker to r espond to 
incr eased r ates of phytoplankton gr owth. 
ell size and carbon losses 

he model results indicate notable variations in the fate of car-
on during phytoplankton accumulation phases in the cold pro- 
uctive seasons (CPS1 and CPS2), compared to the warmer season

WPS). Specifically, during CPS1 and CPS2, a lar ger pr oportion of
arbon was lost to viral lysis than to grazing, with ratios of 1.6-fold
nd 1.3-fold, r espectiv el y. In contr ast, during phytoplankton accu-
ulation in the warmer WPS, losses due to viral lysis and grazing
er e mor e balanced, with a r atio of 1:1. Furthermor e, higher con-

entrations of carbon were lost during WPS overall, with an aver-
ge of 30 μg C l −1 d 

−1 and 17 μg C l −1 d 

−1 for the larger- ( > 10 μm)
nd smaller ( < 10 μm)-sized phytoplankton groups (respectively),
ompared to 14 μg C l −1 d 

−1 and 8 μg C l −1 d 

−1 (r espectiv el y) dur-
ng CPS1 and CPS2 (Fig. 11 ). This indicates greater food web carbon
nd energy flux, both through the viral shunt (stimulating the mi-
robial loop) and to higher trophic levels by grazing (stimulating
icr ozooplankton comm unities, Fig. 11 ). 
Ho w e v er, it is important to note that the model does not ac-

ount for temporal differences in phytoplankton size class or 
axonomy between warm and cold seasons. Phyto 14, c har acter-
zed by an av er a ge 12 μm cell diameter, significantly contributed
o ov er all seasonal carbon flow in all seasons, r epr esenting 51%
f production and 53% of losses . T his is important as diatoms
ithin this size class allow larger zooplankton (such as copepods
nd krill) direct access to primary production and hence efficient
r ansfer of ener gy and matter fr om phytoplankton to lar ge gr az-
rs. Although we did not assess mesozooplankton grazing rates,
igh biomass lysis events on Phyto 14, such as that occurring in
arch of WPS, may exert a disproportionately significant influ- 

nce on energy and carbon transfer, as not only does the viral
hunt stim ulate micr obial utilization ( Fig. S6 ) and comm unity r es-
iration, but this high biomass lysis event coincided with both the
easonal peak in Chl- a concentrations as well as the annual peak
f k e y primary consumers ( Calanoides acutus ; Biggs et al. 2020 ).
 hus , although rates of viral lysis and grazing were more bal-
nced during WPS, higher contributions from smaller-sized cry- 
tophytes and diatoms wer e observ ed, coupled with r elativ el y in-
ense lysis of the larger diatom Phyto 14 that diverted an aver-
ge of 19 μg C l −1 d 

−1 to w ar ds the dissolved organic carbon pool
see Fig. 11 ; carbon viral lysis > 10 μm). This likely resulted in a
ubstantial reduction of carbon transfer to higher trophic levels 
copepods and krill). Further compr ehensiv e seasonal investiga- 
ions into the types of phytoplankton viruses present in Antarc-
ic waters are crucial for gaining a better understanding of viral
ontr ol ov er phytoplankton div ersity and pr oduction in an ocean
 har acterized by global connectivity. 

onclusions 

ur results suggest a synergistic relationship between rates of 
r oss gr owth and temper atur e that combine to r esult in a gr eater
hare of viral lysis when temperatures are low, particularly pro-
ounced during periods of phytoplankton accumulation. Further- 
ore, lo w er rates of gross growth and total mortality indicate re-

uced tr ophic tr ansfer of carbon and ener gy fr om primary pr o-
ucers to microzooplankton during cold pr oductiv e seasons (av-
r a ge temper atur e < 0 ◦C). 

Although carbon flows were higher during the WPS, as in-
icated by increased rates of gross growth and total mortality,
reater contributions by smaller-sized cells, combined with high 

iomass l ysis e v ents of an important biomass pr oducer (both in
erms of cell size and taxonomy), may have resulted in a substan-

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae158#supplementary-data
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Figure 10. Phytoplankton carbon lost (i.e. lysis plus grazing,) plotted against carbon produced for all seasons (i.e. CPS1, CPS2, and WPS), obtained after 
conversion of the different phytoplankton group abundances [integrated over time using the specific viral lysis, grazing, total mortality, and gross 
gr owth r ates (d −1 )]. The 1:1 and linear r egr ession lines ar e included. Note: zer os and negativ e v alues wer e excluded fr om log tr ansformed carbon data, 
n = 3 and 14, r espectiv el y. 

Figure 11. Av er a ge phytoplankton carbon lost due to viral lysis and grazing for both larger- ( > 10 μm, Phyto 14–17) and smaller ( > 10 μm, Phyto 
1–13)-sized phytoplankton gr oups. Av er a ges wer e calculated based on the sum of carbon per loss factor and per size fr action for eac h experiment in 
warm (WPS, n = 15) and cold (CPS1 + CPS2, n = 27) seasons. 
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tial reduction in the efficiency of carbon and ener gy tr ansfer fr om 

primary producers to larger-sized grazers such as copepods and 

krill. 
This study reaffirms that viral lysis is an importance loss fac- 

tor for Antarctic phytoplankton and suggests a tighter coupling of 
vir al l ysis r ates with phytoplankton gr owth compar ed to gr azing.
It is essential to include vir al l ysis in monitoring efforts to allow 

for an impr ov ed insight on the role of temper atur e for the r ela- 
tive importance of viral lysis compared to grazing. More baseline 
rate data is critically needed for a better understanding of viral 
lysis and its subsequent impact on trophic transfer efficiency and 

biogeochemical cycling. 
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