'," frontiers

in Marine Science

ORIGINAL RESEARCH
published: 13 February 2017
doi: 10.3389/fmars.2017.00034

OPEN ACCESS

Edited by:
Victor Martinez-Vicente,
Plymouth Marine Laboratory, UK

Reviewed by:
Jason R. Graff,
Oregon State University, USA
Marco Bellacicco,
Centre National D'Etudes Spatiales,
Italy

*Correspondence:
Sandy J. Thomalla
sthomalla@csir.co.za

"Present Address:
A. Gilbert Ogunkoya,
Department of Ecology, Montana
State University, Bozeman, MT, USA

Specialty section:
This article was submitted to
Ocean Observation,
a section of the journal
Frontiers in Marine Science

Received: 10 October 2016
Accepted: 27 January 2017
Published: 13 February 2017

Citation:

Thomalla SJ, Ogunkoya AG, Vichi M
and Swart S (2017) Using Optical
Sensors on Gliders to Estimate
Phytoplankton Carbon Concentrations
and Chlorophyll-to-Carbon Ratios in
the Southern Ocean.

Front. Mar. Sci. 4:34.

doi: 10.3389/fmars.2017.00034

Check for
updates

Using Optical Sensors on Gliders to
Estimate Phytoplankton Carbon
Concentrations and
Chlorophyll-to-Carbon Ratios in the
Southern Ocean

Sandy J. Thomalla *2*, A. Gilbert Ogunkoya **, Marcello Vichi 22 and Sebastiaan Swart 24

1 Southern Ocean Carbon and Climate Observatory, CSIR - OceanyStems and Climate, Cape Town, South Africa,

2 Department of Oceanography, University of Cape Town, Capedvn, South Africa,® Marine Research Institute (Ma-Re),
University of Cape Town, Cape Town, South Africa, Department of Marine Sciences, University of Gothenburg, @henburg,
Sweden

One approach to deriving phytoplankton carbon biomass esthates (Gynyto) at

appropriate scales is through optical products. This studyses a high-resolution glider
data set in the Sub-Antarctic Zone (SAZ) of the Southern Ocesto compare four different

methods of deriving Gnyto from particulate backscattering and uorescence-derived
chlorophyll (chl-a). A comparison of the methods showed thiaat low (<0.5mg m 3)

chlorophyll concentrations (e.g., early spring and at dej), all four methods produced

similar estimates of Gnyto, Whereas when chlorophyll concentrations were elevated o

method derived higher concentrations of Ghyto than the others. The use of methods
derived from particulate backscattering rather than uorscence can account for cellular
adjustments in chl-a:Gnyto that are not driven by biomass alone. A comparison of the
glider chl-a:Goyto ratios from the different optical methods with ratios fromaboratory

cultures and cruise data found that some optical methods of driving Ghyto performed

better in the SAZ than others and that regionally derived mhbds may be unsuitable for
application to the Southern Ocean. A comparison of the glidechl-a:Cppyto ratios with

output from a complex biogeochemical model shows that althagh a ratio of 0.02 mg

chl-a mg C 1! is an acceptable mean for SAZ phytoplankton (in spring-sumer), the

model misrepresents the seasonal cycle (with decreasing ti@s from spring to summer

and low sub-seasonal variability). As such, it is recommeratl that models expand

their allowance for variable chl-a:Ghyto ratios that not only account for phytoplankton
acclimation to low light conditions in spring but also to higer optimal chl-a:Gyyto ratios

with increasing growth rates in summer.

Keywords: phytoplankton carbon, chlorophyll to carbon rat ios, particulate backscattering, gliders, Southern

Ocean

INTRODUCTION

Marine phytoplankton at the global scale have an average lEsrhanover time of 1 week or
less Falkowski et al., 1998Despite their temporary existence, these living organisamsabsorb
carbon at a rate of 40-50 Pg CYand are responsible for roughly half the net primary production
on Earth Conghurst et al., 1995; Antoine et al., 1996; Field et al.3;1Balkowski et al., 1998;
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Westberry et al., 2008The Southern Ocean is responsible forsampling of phytoplankton biomass through the water column
40% of global CQ uptake Gruber et al., 2009and the sub- is key to reducing uncertainties associated with carbongetsl
basin of the Sub-Antarctic Zone (SAZ) is recognized as one of Net autotrophic primary production is ultimately a function
the regions of higher carbon export and an e ective atmospheriof the standing population of phytoplankton biomass, which is
COsy sink (Metzl et al., 1999; McNeil et al., 2001; Trull et al.,a system state variable that is not easily observed in remote
2001; Wang et al., 20R1This region of the Southern Ocean is regions like the Southern Ocean. Phytoplankton biomasgsefe
characterized by deep convective mixed layersq0 m) during to the total quantity of phytoplankton in a given volume of
winter, which favors the injection of waters rich in inorgan water expressed here as weight in carbon (mg G)mSatellite
carbon into the mixed layerKey et al., 2004 Conversely ocean color data can provide a proxy of phytoplankton biomass
during summer, seasonal heat ux shoals the mixed laggevgrt through empirical combinations of radiometric informatioto
et al., 201} which improves the overall availability of light obtain estimates of carbon and/or chlorophyll concentratio
for photosynthesis favoring the transformation of inorgani (e.g., Stramski et al., 1999; Gardner et al., 2006; Blondeau-
carbon to particulate organic carbon (POC) and the potentiaPatissier et al., 20).4n addition, production models are available
for an e ective “biological carbon pump”Hroecker and Peng, to turn this information into rates of primary production (e.g
1982; Volk and Ho ert, 198h The deep mixed layers formed Behrenfeld and Falkowski, 1997; Arrigo et al., 1998, 2008r&100
in the SAZ during winter are subducted northwards as Suband Abbott, 2000; Carr et al.,, 2006However, chlorophyll
Antarctic Mode Water (SAMW) and Antarctic Intermediate is a dynamic property of phytoplanktonMacintyre et al.,
Water (AAIW, McCartney, 197)driving an e ective solubility 2002 that is inuenced by shifts in the physiology of the
pump which in combination with the biological pump maintains cells, with intracellular pigments being modulated in respons
a strong CQ sink year round {/icNeil et al., 200). to changes in growth conditions (e.g., temperature, nutsen

If researchers are to accurately re ect the seasonal cydlight) (e.g.,Halsey and Jones, 2015; Behrenfeld et al., )2016
of phytoplankton production in predictive climate models and In addition, di erent pigment content is expressed by the
thereby improve our understanding of the sensitivities o€ th phylogenetic evolution of phytoplankton species with changes
biological carbon pump to changes in climate forcing factorsn accessory pigments leading to di erences in light absorptio
(both needed for predicting long term trends), the Southernper unit chlorophyll Macintyre et al., 2002 As such, temporal
Ocean ecosystem has to be investigated at the appropriats scaleanges in chlorophyll over large ocean regions can resuti fo
that link the physical drivers to the biogeochemisthg(y et al., physiologically or community driven modi cations in cellula
2001; Le Quére et al., 2007; Klein et al., 2008; Doney e08B; 2 chlorophyll-to-carbon ratios, rather than to changes in iiass
Thomalla et al., 2011; Racault et al., 2012; Joubert et 44, 20(Behrenfeld et al., 2005, 2016; Westberry et al., 2008, 2016;
Carranza and Gille, 2015; Swart et al., 20There is increasing Mignot et al., 2014; Bellacicco et al., 2D1Such instances will
evidence in the Southern Ocean that seasonal to sub-sdasohave strong implications on assessments of long term tremds i
temporal scales and meso- to submeso- spatial scales play @imary production, ecosystem trophic dynamics, and carbon
important role in determining the response of primary producersexport Behrenfeld et al., 20).6
to physical forcingBoyd, 2002; Fauchereau et al., 2011; Thomalla Other optical observations such as backscattering arerbette
etal., 2011, 2015; Lévy et al., 2012; Swart et al.),A8khieh may correlated to carbon than chlorophylh(toine et al., 201)jland
in turn a ect their sensitivity to climate change. can provide independent measures of phytoplankton biomass in

Satellite remote sensing provides an essential tool faypen ocean waters (away from regions with highly scattering
investigating patterns of phytoplankton variability at high- inorganic material). In addition, they can be measured bisth
sampling frequency and with good spatial resolution globallysitu and with satellite remote sensing. Unlike chlorophyll, these
However, remotely detected water-leaving radiances eteanameasures are more likely to be insensitive to changes in the
from only the rst optical depth and require assumptions intracellular concentration of pigmentB¢hrenfeld and Boss,
about their representativeness of the vertical structurghef 2006; Behrenfeld et al., 2016; Bellacicco et al., 2016; &estb
water column. The frontier in ocean observation is adequatet al., 201 However, the use of optical proxies for total
and sustained spatial sampling of the sub-surface ocearganic carbon is complicated by the highly variable relagtops
(Rudnick et al., 2004conducted at an appropriate frequency to reported in the literature for POC vs. backscattering which
de ne and understand the growth timescales of phytoplanktoncan vary by a factor of ve Qetinic et al., 2012 Much of
Autonomous platforms (e.g., oats and gliders) are able tahe variability between POC and backscattering is driven by
pro le the water column (0—1000 m) and characterize verticaldi erences inherent to the types of particles in the system. For
biogeochemistry at smaller scales, but also for su ciedtlygg  example, the carbon density (or POC to volume ratio) varies
periods that may help to reduce uncertainties associatel witbetween species with diatoms aRthaeocystibaving typically
carbon budgets at longer time scales. In addition, the v@umlower POC to volume ratiosCetinic et al., 201 In addition,
of information that a single glider mission retrieves, caa b the ability to di erentiate phytoplankton speci ¢ carbon {fayo)
instrumental in developing and validating statisticallybust  from other suspended particulate matter is a big challenge
parameterizations for numerical models, which are otheewisoperationally LU et al., 200Q Methodological constraints result
performed with oftentimes inadequate data sets generatdd the carbon biomass of phytoplankton being poorly identi abl
from once-o or “classical” (low spatial and/or low temporal (Martinez-Vicente et al., 20)&nd not easy to distinguish from
frequency) sampling technigques. As such, high-resolutiomther types of carbonHppley et al., 1992; Oubelkheir et al.,
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2005. Nonetheless, the strong relationship observed betweeawrlationships are specic to the region of original sampling
bio-optical observations of carbon biomass allows the use @nd can only be applied to the SAZ as they are. By comparing
autonomous instruments (e.g., gliders and oats) to retdelata the di erent methods we aim to elucidate the dierences of
at high spatial and temporal resolution, increasing the cdjggbi choosing one method over another and their relative validit
of capturing higher frequency changes in ocean biogeoctigmis in the Southern Ocean. In addition, the chlorophyll-to-carb
(e.g.,Mignot et al., 2014; Thomalla et al., 2)1Bespite their (chl-a:Gpyyo) ratios generated from the di erent methods are
advantages however, the availabilityro$itu bio-optical data on compared within situ data from the literature and a model
both a regional and global scale is still sparse, highlightie  simulation to highlight their respective ranges and disttibn.
need to prioritize their collection on future research canyves.
Given their growing importance in the trajectory of ocean MATERIALS AND METHODS
ecosystem understanding, it is important to develop methods
of detecting biogeochemical properties from instruments orGlider Data
autonomous platforms; and carbon from optical sensors i§he data used for this research were collected in the frameofo
certainly one of the rst candidates, given the importance ofthe Southern Ocean Carbon and Climate Observatory (SOCCO;
phytoplankton production in driving the carbon sinlBpss et al., http://www.socco.org.za) during the Southern Ocean Season
2009. Cycle Experiment (SOSCExyvart et al., 20)2Seaglider SG573
Rates of carbon production can also be derived fronwas deployed south of Gough Island in the South-East Atlantic
mathematical models that link standing biomass andOcean at 43.(5, 11W (Figure 1). The glider was deployed
environmental conditions to growth rates. Since the vergtr on 25 September 2012 and retrieved on 15 February 2013,
extensive discussions on models (ecwillen, 199) chlorophyll  resulting in a high-resolution transect of 143 day<$(5 months)
and/or carbon have been considered necessary to modebvering a total distance of 1693 km (seeart et al., 201for
irradiance-based growth. Mathematical models (empiricalmore detail). The glider measures a suite of parameters that
semi-analytical, and analytical) are used to reconstruchary  includes conductivity (salinity), temperature, pressutissdived
production from satellite estimates of chlorophyll or carbonoxygen, chlorophyle uorescence (proxy for phytoplankton
(see Behrenfeld and Falkowski, 1996r model summary), concentration), Photosynthetically Active Radiation @A and
and are similarly used in global ocean biogeochemical modeta/o wavelengths of optical backscattering by partichggazo)
to determine rates of carbon production (e.g/oore et al., andbyyzoo)
2002; Aumont and Bopp, 2006; Vichi et al., 2pBome of the The glider was programmed to pro le between the surface and
models include mechanistic representations of phytoplanktorl000 m continuously at a nominal vertical velocity of 10 cri.s
acclimation that consider varying amounts of carbon andEach dive cycle (which includes a descent and ascent prot)) t
chlorophyll in the modeled phytoplankton (largely relying dret 5 h to complete and covered an average horizontal distance of
Geider et al., 199formulation). The Southern Ocean is likely 2.8 km, rendering a temporal resolution of 2.5 h and a spatial
to experience light-saturated conditions for a rather liedt resolution of 1.4 km (between each water column pro le). @hd
period, and therefore, the acclimation process and assakciatelata were linearly interpolated to a 6-hourly frequency inerd
changes in chlorophyll-to-carbon ratios in the period leaglin to grid unevenly spaced pro les, which typically ranged betwee
to the summer blooms are very likely. The majority of global4 and 6 hourly. At the deployment and retrieval site of the
ocean biogeochemical models and Earth System Models howegider, ship-based CTD cross-calibration casts were choig
overestimate the magnitude of the spring-summer bloom (e.gyielding two independent inter-calibrations between thelgts,
Doney et al., 2009; Steinacher et al., 2009; Vichi and Masin€TD sensors and bottle sample€sart et al., 2095
2009, which is usually attributed to the coarse resolution Glider uorescence from a WETLabs ECO put¥k(BB2FI-
global ocean models and their inability to simulate deegival  470/700) was dark corrected by subtracting the median
mixing. However,McKiver et al. (2015demonstrated that an uorescence below 300m from all raw instrument counts.
increase in horizontal resolution down to 25 km (consideted Fluorescence quenching was isolated by selecting all daylig
be eddy-permitting and partly eddy-resolving in the Southernpro les between local sunrise and sunset plus 2.5 h (as quegchi
Ocean) did not help to improve the timing and magnitude of was on occasion observed in the prole following sunset).
the bloom in the SAZ. Coarse resolution models with a 1 to 2 Fluorescence quenching was subsequently corrected using
grid tend to have an early bloom and a much larger magnitudeptical backscatterindx,), an alternate proxy for phytoplankton
than observed, and the substantial increase in resolutioly o biomass that is not susceptible to quenching, based on the
partly reduced these biases. They went on to suggest that thigethods described irSackmann et al. (2008)This method
behavior might instead result from inaccurate parametdiiza assumes a constant chlorophyll-to-carbon ratio throughout
of the chlorophyll-to-carbon ratios. This strengthens theed to  the surface waters and no cellular changes in chlorophyll
obtain combined measures of chlorophyll and carbon from thepackaging with depth as a photo adaptive strategy to low
world oceans and particularly from the Southern Ocean. light levels. When backscattering was unavailable (inieemt
This work tests four dierent methods of deriving sensor malfunction), quenching was corrected by extrapajat
phytoplankton carbon from optical data collected by sensorshe maximum uorescence value within the mixed layer to
on a glider deployed in the SAZ. Some of these methods cahe surface according t&Xing et al. (2012)In this method,
be adjusted using available data from the SAZ, while otheghe maximum uorescence yield within the mixed layer is
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FIGURE 1 | Trajectory of the Seaglider (SG573) between 20 Sep tember 2012 and 15 February 2013 (pink line) together with cru ise tracks of SANAE 53
(black solid line), SANAE 50 (grey line), WINTER (black dash ed line), and SOSCEX (red line) overlaid on the bathymetry of t  he study region.

assumed to be representative of the mixed layer and impligsarticulate backscatteringog,) according toDall'Olmo et al.
homogeneity. This however is not necessarily the case asgnix (2009) following the equation:
and settling patterns between phytoplankton functional types a
dynamic Quéguiner, 201)3 As such, when backscattering data bopa70D 2 p[S.C D/ swl (2)
are available, th&ackmann et al. (2008)ethod of quenching
correction is preferred as it allows for small-scale valighin ~ whereSis the instrument speci ¢ scaling factor; C are the raw
biomass with depth and reduces the possibility of overestingat digital counts andD are the dark counts (factory value)jp
surface chlorophyll values in the event of a subsurface ocployll  (equal to 1.1) is the factor used to convert the particulatene
maxima that is not biomass driven. scattering function intdoy, (Boss and Pegau, 20@nd sy is the
Fluorescence was converted to chlorophyll using aolume scattering of pure water estimated using the models of
combination of the manufacturer's instrument specic Zhang and Hu (2009andZhang et al. (2009Remaining spikes
chlorophyll conversion factor anih situ chlorophyll samples in particulate backscattering were removed with a threshold
(250 ml Itered onto GF/F and extracted in 8 ml of 90% in shallow ppu70> 0.048) and deepbf7o > 0.0025) water.
acetone for 24 h at 20 C) collected from CTD casts at glider Pro les with high mean backscatterindgy, > 0.001) in deep
intercept stations. This allowed all ve gliders deployedidgr waters & 150 m) were identi ed as bad pro les and discarded
the SOSCEXx experiment to be plotted simultaneously to fornfseerThomalla et al., 201for more detail).
a statistically signi cant regression from 83 co-locatdiley Mixed layer depth (MLD) was de ned following the criterion
chlorophyll and in situ chlorophyll samples (slop® 4.12, of de Boyer Montégut et al. (2004s the depth where the
intercepD  0.21,r2 D 0.66) with the manufacturer calibrated di erence in temperature exceeds OR in reference to the
glider-based measurements being times higher than the ship- temperature at 10 m1(T1om D 0.2 C). The temperature based
based chlorophyll measurements. The slope of the regressisn veriteria was chosen because (1) the salinity data (and hence
applied to all glider chlorophyll data to correct the manufaetu  density data) is contaminated in the nal5 weeks of the glider
conversion to chlorophyll to one more suited to the regionaldata due to Gooseneck barnacles bio-fouling the condugtivit
characteristics of Southern Ocean chlorophyll (Seeart et al., cell of the CTD sensor and (2) intermittent spiking and theima
2015for more detalil). lag errors (seéarau et al., 20)1of the salinity data resulted
Spikes from raw backscattering © 470) were separated in intermittent false MLD determinations when using a density
using a 7-point running median Iter according tdriggs criterion alone to determine the MLD. An investigation intbe
et al. (2011) Raw digital counts were then converted intotwo MLD methods used on the glider data shows that they match

Frontiers in Marine Science | www.frontiersin.org 4 February 2017 | Volume 4 | Article 34


http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive

Thomalla et al. Phytoplankton Carbon from Glider Optics

each other closelyD 0.86p 0.01) throughout the experiment Estimation of Phytoplankton Carbon

(Swartetal., 2035 Four dierent methods of deriving the fraction of
) phytoplankton-speci ¢ carbon (ghyto) from backscattering
Cruise Data and chlorophyll were applied to the glider optical data. They

Thein situ data used in this work were collected on four cruisesepresent examples of the di erent types of methods available in
to the Southern Ocean between austral winter 2012 and latée scienti c literature.

summer 2013Table 1), which were typically separated into three

legs: The GoodHope Line between Cape Town and Antarctickinear Method (30%POC)

the Buoy Run between Antarctica and South Georgia and thkinear relationships between POC and backscattering wese r
marginal ice zone along the continental margFigure 1). Data  Proposed bysStramski et al. (1999The high correlation in open
consisted of CTD casts and surface underway sampling féicean waters was the result of the dominant organic particle
chlorophyll and POC collected routinely on SOCCO summerconcentration which controls changes in both POC abg)
research cruises. CTD casts also provibigg,, data that were (Stramski and Morel, 1990; Gardner et al., 1993; Stramski and
co-located with Niskin bottle samples for POC. ChlorophyllReynolds, 1993; Loisel and Morel, 129 this method 221
samples (250 ml) were ltered onto Whatmann 25 mm GF/FPOC samples from the cruises listedTable 1(except SANAES3
glass ber lters and extracted in 8 ml of 90% acetone &0 C  Where no CTD POC samples were available) were plotted against
for 12—24 h. Fluorescence was measured on a Turner Trilogip-locatedy,, data Figure 2). POC andbyy,,, were linearly
Laboratory Fluorometer and converted to chlorophyll using acorrelated with one another to provide a regression equation
standard chlorophyll dilution calibration. POC samples L)  SPeci ¢ to the SAZ using a total least square method to account
were ltered onto a pre-combusted 25 mm or 47 mm Whatmannfor the uncertainty in both the POC data and the backscatigri
GF/F lters and oven dried at 5. Filters were acidi ed by

fuming with concentrated Hydrochloric Acid for 24 h to drivee POCD .39418 3000 byy79 .13 6. (2)
inorganic carbon and re-dried in the oven. Filters were peliet

into 5 x 8 mm tin capsules and analyzed using a CHN analyseie have assumed an uncertainty of 7% for both the input data
(Parsons et al., 1984; Knap et al., 7)98lanks were interspersed to the total least square regression and reported the slogde wit
every 6 to 20 samples (typically every 12). No replicate sample# digits, as it is customary in the literatur&able 2, with the

were analyzed. addition of the standard error. The relationships betwégnand
POC from various ocean basins in the literatufialfle 2 are
Model Data included onFigure 2for comparison.

Numerical model results in the Sub-Antarctic zone were POC however still needs to be converted into a fraction
obtained from a simulation of the Biogeochemical Flux Modelspecic to phytoplankton (Gnyto). Behrenfeld et al. (2005)
(BFM, http://bfm-community.eu) coupled with the NEMO summarized ranges of eld basedp:POC ratios from
ocean model (http://www.nemo-ocean.eu) at 0.2Bsolution dierent oceanic regions to an average phytoplankton
(PELAGOSO025McKiver et al., 2016 The BFM model ichi  contribution to total POC of 30%. Their 30% summary
et al., 200yallows computing phytoplankton dynamics in terms was derived from the studies Bppley et al. (1992Durand et al.
of stoichiometrically variable constituents, which alsmlude (2001) Gundersen et al. (2001and Oubelkheir (2001,)where
variable chlorophyll to carbon ratios modi ed aftéteider et al.  Cppy1o:POC ratios ranged between 19 and 49% in regions that
(1997) All details of the model simulation are givenlinicKiver  varied from eutrophic to oligotrophic. The 30%POC method as
et al. (2015)and full descriptions of the biogeochemical modelapplied here converts,7ointo POC using the linear regression
equations are available iichi et al. (2015) The variables (Equation 2) and then uses a constant 30% fraction to represent
extracted from the model results were total phytoplanktonCyn, as the phytoplankton contribution to total POC. A
carbon and total phytoplankton chlorophyll, with the resuliin  comparison of glidebyps7oWith CTD bpu7ofrom ve collocated
dominant functional group in the region throughout the year pro les (at glider deployment, intercept and retrieval sitgaye a
being diatoms. slope of 0.99r(D 104) making it possible to apply the regression
from Equation (2) to the glideby,p7gdata to retrieve POC.

TABLE 1 | Names and dates of the various cruises indicating the different Behrenfeld et al. (2005) Method (BOS)

legs covered and the number of POC samples per cruise, with leg 1 Behrenfeld et al. (2005derived a method of estimating
between Cape Town and Antarctica along the Got?dH(?pe Line, le g 2 from Cphyto from remotely sensed backscattering data using a linear
Antarctica to South Georgia and leg 3 along marginal ice zone ( Figure 1). relationship betweembp44o and chIorophyII. In this method,
Cruise Date Leg Number of POC chlorophyll and b,y at 440 nm (m 1) were estimated using
samples the Garver-Siegel-Maritorena (GSM) semi-analytical atbor
(Garver and Siegel, 1997; Maritorena et al., 2002; Siegél et a
SANAES0  02Jan2011-01Feb2011  1,2and3 151 2002 applied to monthly SeaWiFS data from September 1997 to
WINTER 09 July 2012-01 Aug 2012 1 132 January 2002. While thia,, wavelength analyzed [Behrenfeld
SOSCEX 18 Feb 2013-10 Mar 2013 1 89 et al. (2005440 nm) di ers to our study (BO5) (470 nm) this

SANAE 53 28 Nov2013-11 Feb 2014 1,2and3 149 (surface only)  discrepancy would only result in a small percentage di eremce i
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TABLE 2 | Comparison of POC vs. b 1, reported from literature for original

o éANAEéo ‘ ‘ 1 wavelength [taken from  Cetinic et al. (2012)] with the addition of results
500F o soscex o 2 from Graff et al. (2015) and this study.
o WINTER
4501 ¢
3 Author Sample  Region POCvs.b
4001 1 )
) size
3501 o ]
= 300 o o Stramski et al., 2008 54 Paci ¢, Atlantic? 53607 by, C 2.5
L 6
g oo ° Z ° oo Stramski et al., 2008 59 Pacic, AtlanticP 7085.01 bbp—g.l
> oenl > ]
c 20 s L Stramski et al., 1999 33 APFZ 17069+b:859
° o o
< 200 . 0 ° ° i Stramski et al., 1999 24 Ross Sea 4769358277
o o
1501 o o o %50% o 1 Balch et al., 2010 18 N and S Atlantic 841*k8b395
o
100k 8 5> o 7] Loisel et al., 2001 Mediterranean 37550k, C 1.3
50 56 ° Cetinic et al., 2012 321 North Atlantic 35422hy,, ~14.4
L ° 5 PE
pooe: Graff et al., 2015 53 Nand S Atlantic, ~ 48811bp,—24
of l l ‘ ‘ ‘ ‘ l ‘ ‘ ] Equatorial Paci ¢
0 0001 0002 0003 0004 0005 0006 0.007 0008 0009 001 This study 220 South Atlantic 39418bp-13

b_(m™)
o Southern Ocean

FIGURE 2 | Relationship between in situ POC and particulate
backscattering ( bbp 470 nm) from cruise data (Table 1, SANAE53 was
excluded as corresponding CTD backscattering data were not

available) with the linear least squared regression ( r2 D 0.93) plotted in
solid red. Overlain with ts (summarized inCetinic et al., 2012)) from (1)
Stramski et al. (1999)from Ross Sea; (2)Stramski et al. (2008)from
Atlantic/Paci ¢ (excluding upwelling data); (3)5raff et al. (2015)from the North
and South Atlantic and Equatorial Paci c; (4)-oisel et al. (2001)from
Mediterranean; (5)Cetinic et al. (2012)from North Atlantic; (6)Stramski et al.
(1999)from the Polar Frontal Zone (PFZ); (Balch et al. (2010)from north and
south Atlantic; (8)Stramski et al. (2008)rom Atlantic/Paci c (entire data set,
including upwelling). Se€Table 2 for regression coef cients.

aexcluding upwelling data,for entire data set, including upwelling data and Antarctic
Polar Frontal Zone.

bpp,7ofrom the euphotic zone of a latitudinal study of the Atlantic
ocean using a total least square linear regressigpyfowas
directly estimated from ow cytometry for 6 di erent groups of
phytoplankton using information on phytoplankton abundances,
cellular carbon per unit volume and mean cell volume. The total
Cohyto CONCeNtration per sample was calculated as the sum of the
contributions from each phytoplankton type. A signi cant liae
relationship was found betwedy,,,,and Ghyto:

by values Gra etal., 20193. As withBehrenfeld et al. (2009ur
bopa70 Was corrected for contributions from non-algal organisms
other than phytoplankton (which also contribute to the optical
backscattering signal) by subtracting a background vafu&® The linear regression was limited bBp,,o< 0.003m 1 because

10 4 m 1, with the assumption that this value represents thesamples above this threshold value(8) exhibited a shift in
portion of non-algal particulate matter that does not co-variyh ~ the relationship that was not possible to describe with alsing
phytoplankton Behrenfeld et al., 2005Worth noting however linear function. In this study we applied the M13 Equation (4)
is that the proportion of non-algal particulate matter is not to all glider data, even those higher than 0.003these are all
constant as was shown by a study in the Mediterranean where tis@irface data representing about 3% of the total, with valyes u
non-algal contribution to particulate backscattering wafiboth  to 0.0048 m1). In addition, the form of Equation (4) implies
seasonally and regionally by more than one order of mageitudthat the domain does not comprisa,, values lower than 7.6
(Bellacicco et al., 20).80nly 0.02% of the glider backscattering10 4 m 1. Since in this study most of Tﬂﬂbp47ova|ues collected
data fell below this threshold and they were discarded. Thgy the glider sensor deeper than 150 m were lower than this
correctedbyp7o Was then converted into gyio through the  threshold (about 54% of the total data), they were discafctat
equation the analysis during the application of the method.

ConytoD .30100 1100 byuzo 7.6 0.4 104 (4)

Cphyto D 13000 bppe7o 35104 . ©)

The slope was chosen Bghrenfeld et al. (20059 give satellite

Sathyendranath et al. (2009) Method (S09)
Sathyendranath et al. (2009erived a method of estimating

chl-a:Gynyto Values within the range compiled Behrenfeld et al. Cphyto Using chlorophyll and POC observations from o shore

(2002)from laboratory experiments (average0.010, rang®  'egions of the North West Atlantic Ocean and the Arabian Sea.
0.001 to>0.06) and to give an average phytoplankton carborin their study, the_authors conside_red that POC incprpore_ttes
contribution to total particulate organic carbon 0f30% (range: all types of particulate carbon in the system (including

24 to 37%)Behrenfeld et al. (2008)d not provide any statistical Phytoplankton, bacteria, detritus, and viruses). The S09 oeth
assessment of the estimated parameters. then assumes that for any given chlorophyll concentration,

the minimum particulate carbon content represents an upper
Martinez-Vicente et al. (2013) Method (M13) bound on phytoplankton carbon. In the S09 method, the authors
Martinez-Vicente et al. (2013derived phytoplankton carbon log-transformed both POC and chlorophyll to linearize the
from the relationship between {1, andin situ backscattering relationship and to reduce the weight of the stations witlghhi
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values of POC and chlorophyll in the regression analysis. Thellessis et al. (in review; see also tHégure 6), which shows
then used a 1% quantile regression to represent the upper limgmall-scale excursions of mixed layer density and surfaiferi)
on carbon content from phytoplankton alone. strati cation for the glider time series. These rapid chasge
This method can be applied to the available data from thelensity are associated with submesoscale features theglgct
South Atlantic Southern Ocean, using co-located POC andlump horizontal density gradientsVighadevan et al., 20).2
chlorophyll data from both underway and pro le CTD samples driving enhanced strati cation during periods of lighter xed
collected on all cruises listed Trable 1and depicted irFigure 1. layers and weaker strati cation when mixed layers are dense
The 1% quantile regression was tted to the log- transforrdath  (Supplementary Figure 1) (Du Plessis et al., in review). The
(Figure 3) to derive the following equation: shoaling of the MLD from 100 to 20 m through seasonal heat
ux in late November saw a concomitant increase in surface
(5) chlorophyll (>0.55mg m3) that was sustained throughout
summer until the end of the sampling period in mid-February.
The relationships derived byBuck et al. (1996)and Overall, there is a rather good visual correspondence between
Sathyendranath et al. (200®re included in Figure 3 for  the seasonal evolution of chlorophyll and POEidure 4B),
comparison and show that the SAZ data are characterized byhich was attained through the application of equation 2 to the
lower carbon content per unit chlorophyll and that the valuesgliderbyyzodata. The bulk of POC was located within the MLD,
converge to theSathyendranath et al. (200%ine at higher as it occurs for chlorophyll, with lowest POC concentrations

Conyto D 42 chl %%

chlorophyll concentrationsHigure 3). (50-80mg C m?3) being observed in October, increasing in
November (to about 80-120 mg C rf) and reaching maximum

RESULTS concentrations in December (with values up to 150 mg C3jn
extending through to February. The more evident di erence

Seasonal Evolution of Chlorophyll and POC between the datasets is in late October where an increase in

The glider transect showed substantial seasonal change®C is not observed in chlorophyll and in early January, when
in chlorophyll (Figure 4A) with relatively low chlorophyll adecrease in POC is not observed in chlorophyll.
concentrations € 0.5mg m 3) found at the beginning of the .

transect between late September and October, coincidingthat P Nytoplankton Carbon Estimates

deepest MLDs (down to 200 m). Periods of enhanced chlorophyffigures 5B-D compares the results from the di erent (G0
were shown to be associated with submesoscale physicaidorcinethods for selected depths. Corresponding chlorophyll
of the MLD bySwart et al. (2018nd Thomalla et al. (2015The ~ concentrations are also showhigure 5A). Conyto Shows a very

spatial scales of the physical eld are evident in Supplementa§imilar seasonal distribution to that of chlorophyll and yer
Figure 1, and investigated in more detail in a study by pdittle dierence between surface 10 and 40 m concentrations

highlighting the homogeneity expected in well-mixed surface
waters. When applied to the glideloyu70 and chlorophyll

10° . K data, 3 of the methods of retrieving py0 described in
* Cruise Data Section Discussion showed similar results, despite di erence
——Conyig=118 G (a521) . in the equations used. The 30%POC and B05 methods
—1%QR:C, =42 Cni®® . oot ont (Figures 5B-D showed almost identical distribution patterns

with concentrations ranging between 0 and 45 mg C3mThis

- is not surprising since the slope of the BO5 equation is about
1/3 of the one found in Equation (2), and by assuming a 30%
contribution due to phytoplankton carbon the numbers become
similar. These slopes are also very similar to the more recent
equation developed b$ra et al. (2015)Cppyto D 121280pm70

C 4.86 x 10°) (their Figure 3) that utilized direct measurements

of Cphyto from the temperate South Atlantic, equatorial upwelling
and oligotrophic gyres. In addition, the S09 methédgure 5D),

the only method that uses chlorophyll rather than particulate

____Sathyendranath
et al.,2009
Buck et al.,
1996

—
(=}
)
T

_.
o_.
;

Particulate organic carbon (POC) (mg C m'a)

1o° , l backscattering to retrieve fayto, Showed remarkably similar
10* 10" 10° 10’ results to the methods of BO5 and 30%POC.
Chiorophyll-a (mg m®) Values of Gpyto from the M13 method were overall much

larger, particularly at 10 and 40 nfigures 5B,3, with values

FIGURE 3 | POC against chlorophyll for all cruise data. ~ The least-square up to 80 mg Cm 3 With this method, surface concentrations

t to log-transformed data is shown in red [logjg POCD (2.08C= 0.01)C

. 3 .
(0.55C=0.03) logyg Chla], the Gypyto Minimum carbon estimates by of Cphyto in 'O.CtOber ( 30-40 mg Cm ) were lower relative
quantile regression [logg POCD (1.63C= 0.05)C (0.86C= 0.09) log;o to the remaining transect but high when compared to the other
Chla, p D 0.01], in dark blue. The relationship between phytoplankto carbon three methods (20mg C m 3)_ Similarly, from November to

and chlorophyll fromSathyendranath et al. (2009(green line) andBuck et al.
(1996) (light blue) are shown for comparison.

February, high surface gg from M13 ranged from 40-
100mg C m 3 compared with 20-50 mg C mg? in the other
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FIGURE 4 | Section plot from the glider transect data for (A) chlorophyll and(B) particulate organic carbon (POC) derived from backscattérg data from
equation (2). The mixed layer depth is marked as a solid bladie.

three methods. The discrepancy between M13 and the othevhere a peak in the chl-aygo ratios from bppy70 computed
methods decreases with depth (80 m) and is less prominent atethods Figure 6) was the result of a distinct drop in carbon
the beginning of the transect (October). This indicatesttiie  that was not evident in chlorophyll (see aBigure 4B).
di erence between M13 and the other three methods is generally The ratio obtained with the M13 method is about half that
smaller when chlorophyll concentrations are lowQ.5mg chl-a obtained from the other methods, with similar short term &m
m 3)in early spring and at deptt80 m). variations (' 1-7 days) to the othesyx7oderived methods but a
di erent seasonal time evolution (i.e., no tendency for M13-ch

. a:Gynyito ratios to increase from October to mid-January). The
Seasonal Changes In Chlo_mphy” to secisénal evolution of low to high chl-g{, ratios from sgr)ing
Phytoplankton Carbon Ratios to summer is evidenced in 30%POC, BO5 and S09 methods.
In general, the surface ratioigure 6) appear lower in October  The ratios obtained from the glider data in the SAZ are
(0.01-0.02) when mixed layers were deeper and chlorophylsually larger than the range obtained with global satetiiéa
concentrations were low, increasing toward mid-Januar@Z8  (Behrenfeld et al., 20)@s shown irFigure 6. This range is more
0.04) with decreasing mixed layers and increasing conagatts  jn agreement with the M13 method and the ratio obtained by
of phytoplankton biomassHigure 4). The S09 method, despite applying the originalSathyendranath et al. (200@fuation to
being less variable through its dependence on chlorophyfiealo the data, or by considering all POC as phytoplankton carbon.
shows a similar background value to the chlygfe ratios Interestingly, the model simulation byicKiver et al. (2015)
of the BO5 and 30%POC methods, except at the beginninghich parameterizes a dynamical ratio, also shows a similaeva
of the time series (last week of September through to theven if the temporal trend is opposite.
rst week of October) where a decrease in chlorophyll is not
mirrored by a corresponding decrease (o (from bpx7o
computed methods) resulting in low chl-gfgt ratios (from  DISCUSSION
bppa70 cOMputed methods). A similar deviation occurred in the
last week of January to the rst week of February where S09 chThis study uses a high-resolution glider data set from the-sub
a:Gonyto ratios were noticeably higher than BO5 and 30%POC buAntarctic Southern Ocean to compute o using four di erent
this time due to an increase inggyo (from byyuzo computed methods available in the literature. The ability to get sdun
methods) that was not evidenced in chlorophyll. A nal exampleestimates of Gyto IS important as it provides a measure of
of where chl-a:ghyo ratios between uorescence based andphytoplankton carbon biomass that is core to many models
bpp70 based methods deviated is in the last week of Octobesf net primary productivity, a key indicator of the carbon
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FIGURE 5 | (A) Temporal chlorophyll distribution at different depths angB) temporal distribution of phytoplankton carbon at 10 m,(C) 40 m and (D) 80 m See
supplementary Figure 3 for a version of pangB) showing the ranges derived from using the standard error ohie estimates for 30%POC equation (2), M13 equation

(4), and S09 equation (5).

cycle. In addition, good measurements ofn(zo €nable us the Southern Ocean drives 33% of global organic carbon ux
to better understand changes in cellular chlorophyll-tobman  (Schlitzer, 2002; Lenton et al., 2()1iBis of particularimportance
ratios, which provides information on phytoplankton physiolog that we improve our understanding of the biological responfe o
(e.g., cellular adjustments to changes in light, tempertur Southern Ocean phytoplankton to climate change.

and nutrients,Behrenfeld et al., 2005As such, deriving good

estimates of Ghyto and chl-a:Guyo ratios will enable us to  Comparison of the Methods

re ne model parameterizations of phytoplankton dynamicsRather than assess the quality and merit of individual medtho
(Sathyendranath et al., 2009Since the biological pump in of deriving Gyt against each other, which would require
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FIGURE 6 | Time-evolution of chl-a:C  ppyt ratios at the surface (10 m) derived from the 30%POC method (solid lighter green top line), the BO5 method
(red line), the M13 method (blue line), and the S09 method (pink line). In addition, Chl-a:Gnyto ratios were calculated using the chl-a:POC ratio from the cise
data (which implies that all POC is phytoplankton speci c) athis presented as 100%POC (darker green bottom dashed lineJncluded for comparision are (1) the
chl-a:Cphyto ratios derived from the original equation fronsathyendranath et al. (2009presented as S09original (purple line), (2) the satellitange of ratios from
Behrenfeld et al. (2005)black dotted lines) and (3) the ratios derived from the PEIGOS025 model (icKiver et al., 2015 extracted from the model for the same
geographical co-ordinates as the glider transect in time bufor a year 2011 simulation, solid black line). The inset shes a detail of the daily signal for the BO5 method.

independent phytoplankton data that would inevitably be liedt previously published valueEigure 2, Table 2), which shows the
in time and space, this study aims to evaluate the di erenceslope of the regression between POC #gglto fall well within
of the various methods using high frequency optical glidetada the observed literature range from various ocean basins. The
from the SAZ as a benchmark. It should also be noted that theelationship from our data (from the south Atlantic Soutmer
methods applied in this research were developed using di ererDcean;Figure 2, Table 2 is very similar to that generated from
data obtained from di erent oceanic regions. The M13 methodthe Mediterraneanl(oisel et al., 20Q1the North Atlantic Bloom
is the only equation that was derived from situ Cppyto data  Experiment (NABE Cetinic et al., 201pand the Polar Frontal
(computed from cell counts and assumptions of carbon contenZone (PFZ,Stramski et al., 1999 Our POC vs.by, slope is
per cell) but from a latitudinal study of the Atlantic; the BO5 however lower than that from the North and South Atlantic and
equation is also non-speci c to the Southern Ocean and dériveEquatorial Paci c Gra etal., 2019, the Ross Se&{ramskiet al.,
from global satellite data; the 30%POC and S09 methods wet®99, and the slope that is the basis of the NASA POC algorithm
recomputed using irsitu POC and chlorophyll data from the (Stramski et al., 2008using data from the Paci ¢ and Atlantic
Southern Ocean. To further extend the number of methodsbut excluding data from the upwelling region§édtinic et al.,
the original equation from the S09 method developed usin@012). On the contrary, our slope is higher than that from the
data from the NW Atlantic and Arabian Se&d#thyendranath Atlantic and Paci ¢ including data from the upwelling regions
et al., 200phas been included ifrigures 6 8 for comparison  (Stramski et al., 20Q@&nd yields higher POC (fdo,, >0.0027)
(presented as S09original). when compared to the relationship from the north and south
The most evident result of the comparison is that three of théAtlantic (Balch et al., 2010
methods cluster together (30%POC, B05, and S09) with only one The M13 method returns much higher concentrations
(M13) being substantially di erent in magnitude from the ottsee  0f Cynyto With the dierence being less when chlorophyll
(Figure 5). Despite their di erent origins, Ghyto from 30%POC,  concentrations are below 0.5 mgm 3) in the month of October
BO05, and S09 (the only method that is derived from chlorophyl{Figure 5) and at depth ( 80 m). The reason for the higher
) all show similar results. The similarity inggyto derived using  Cynyto €stimates using M13 is the steep slope (30100) of Equation
BO5 (which made use of a global data set to conggtto  (4), which is more than twice the slopes used in BO5 (13000)
POC) and 30%POC (that used a regionally speci ¢ conversioand 30%POC (11825). The comparatively steep slope of M13
based on Southern Ocean Itered samples) implies that thevas noted inViartinez-Vicente et al. (2013nd the explanation
conversion fromby, to POC used here is regionally robust. This isproposed for the doubling of parameters between their equation
con rmed by a comparison of the POC Ms,, relationship from  and that of Behrenfeld et al. (2005yas due to “uncertainties
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in satellite andn situ estimates oby, and/or di erences in the derivation of chl-a:Gyyo ratios from a monotonic function of
spatio-temporal scales of the two studies.” A big di erencehi@t chlorophyll concentration:
steepness of the slope was similarly noted between M13 (Blope
30100) and a study bgra et al. (2015)in the North and South
Atlantic and Equatorial Pacic (slop® 12128). They suggest
that the di erence may be due to variability in the assumed
volume-based phytoplankton biomass conversions used in thghere aD 42 andbD 0.86 are the coe cients derived from
M13 method to convert volume to §yt. This can yield an order Equation (5). The implication of this is that the S09 method,
of magnitude variability in resultant Gy, estimates Garon though being non-linear, does not allow for a scenario where
etal., 1995; DallOlmo et al., 2011 Conyto increases or decreases without a corresponding change
Equation (4) from Martinez-Vicente et al. (2013was in chlorophyll. The remaining three methods on the other
generated from the typically low biomass region of the Aignt hand allow Gpyto to vary independently of chlorophyll, which
wherein situ by, data were generally less than 0.003YmThe accounts for the higher temporal variability observed in the
eight data points that exceeded this threshold were remove@hl-2:Gnyto ratios using the B05, 30%POC and M13 methods
from the regression by the authors, as they showed a shifFigure 6).
in the relationship that could not be described with a single .. .
linear function. An inclusion of the 8 data points (where S€asonal and Sub-Seasonal Variations in
by Was> 0.003) would drive an even steeper slope, evethe Chlorophyll-to-Carbon Ratio
higher concentrations of g, and a greater disagreement How do surface chlorophyll-to-carbon ratios (chl-gizo) vary
between the di erent methods used here. These 8 data pointa time? In general chl-aigy, ratios tend to be lower in
were characteristic of eutrophic conditions (as opposed tspring (October), higher in summer (December — January), and
oligotrophic conditions) where larger cells characterizb@ decreasing again in late summer (February) in particularhie t
phytoplankton community (more Nano- and Pico- eukaryotesbackscattering methods (30%POC, B05, and M15). The absence
and lessProchlorochoccuswith lower by,:Conyto ratios (see  of a strong seasonal evolution in M13 is likely a consequence
Martinez-Vicente et al., 2013their Supplementary Figure of the method which drives higher fao (relative to the other
1). Similarly, if microphytoplankton were included in their methods) when chlorophyll concentrations are high, and more
measurements (missed by owcytometry), the slope wouldyike similar Gyhyto When chlorophyll is below 0.5mg m thus
be even steeper. This would be consistent with optical theorgampening any seasonal driven signal in surface chigi
that predicts a decrease ioh,:Conyto ratios with an increase ratios.
in particle size, where 1o is proportional to volume Boss According to the literature, chl-agyo ratios tend to be
et al., 2004; Martinez-Vicente et al., 2D1Blowever, worth highestwhen larger diatoms are present and lowest whenemall
noting is that this theory represents phytoplankton cells aspecies dominate (e.d@rochlorococchgSathyendranath et al.,
homogenous spheres that can overestimate the real refeactiz009. As such, some of the seasonal variability observed in
index for certain species/gillancourt et al., 2003 As described the chl-a:Gnyto ratios could be the result of dierent sized
in SectionMartinez-Vicente et al. (2013nethod (M13), the species dominating the community at di erent times. Smaller
M13 equation was applied to all glidep, data (ranging from  cells in spring (October) when light is potentially limiting @an
0.001 to 0.01 m?), with much of the data falling above the MLD D 87m and mean PAR in MLDD 0.01m E cm ?
domain of applicability of Equation (4)b, <0.003). It is thus s 1) and late summer (January) when nutrients are potentially
possible that the overestimateghfx, concentrations generated limiting (depleted reservoir), vs. larger cells in early suenm
from the M13 method are the result of an unsuitable application(December) when light (Supplementary Figure 2) and nutrients
of a regionally derived model from the low backscatteringd e are thought to be unrestricted (mean PAR in MLD 0.03
of the Atlantic to the relatively high backscattering SAZiST m E cm 2 s 1). Previous studies have shown that the range
possibility is supported by all four methods generating similaof chl-a:Gpyto ratios observed in the Southern Ocean are the
Cphyto CONCeNtrations when biomass was below 0.5 mg(e., result of seasonal variation in the physiological response of
in early spring and at depth 80 m, Figure 5). As such, when phytoplankton to light and nutrient limitation Behrenfeld et al.,
chlorophyll concentrations are below 0.5mg fnit appears 2009. Phytoplankton chl-a:Ghyto ratios tend to decrease with
to make little di erence which method of estimatingpfyo is  increasing light conditions and decreasing temperature and
chosen by the user. nutrient concentrations (and vice vers&j¢ider etal., 1997; Socal
The S09 method showed similarpfgo results in range et al., 1997; Taylor et al., 1997; Behrenfeld et al., 2008t &L,
and distribution to both B09 and 30%POC, highlighting its 2009; Halsey and Jones, 2015; Westberry et al.) 2dt6easing
robustness in converting chlorophyll to,&yto. This information  chl-a:Gyyyo ratios as a physiological response of phytoplankton
is particularly useful for data sets that require conversion to low light conditions enables them to increase their light
phytoplankton speci ¢ carbon in the absence of backscatterinparvesting ability by increasing the volume of chlorophyitkad
measurements. However, when the chlygfe ratios from the into their cells @ehrenfeld and Milligan, 2013; Halsey and
di erent methods are comparedF{gure 6), the limitations of  Jones, 2015; Bellacicco et al., J0lrdeed, photoacclimation to
the S09 method are highlighted, namely the very low temporathanges in the underwater light eld as a bloom develops have
variability in chl-a:Gnyto ratios. This can be attributed to the been known to account for the entire range of seasonal viitiab

1
chla: Cpnyio D chla® ® (6)
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observed in bulk chlorophyll (e.g/inn et al., 1995; Westberry a factor of 2.5), it will have a substantial e ect on optically
et al., 2008 However, since Fe reservoirs are replenished iderived chl-a:Gyy ratios. Of the four methods applied here,
winter through deep mixing and depleted through biologicalall three byy70 computed methods (B09, 30%POC and M15)
uptake in the Spring Summer growing seasdioyd et al., apply a constant G:POC ratio with time. On the other
2010, nutrients are not considered the likely driver of the hand, the S09 method may indirectly account for adjustments
observed increase in chl-gjio ratios. Similarly, both light in Cppyo:POC through the non-linear relationship between
(through increased PAR Supplementary Figure 2 and decreasehlorophyll and Gpyto that drives an increase in chl-g;kyto
MLD Figure 4 and temperature (seéhomalla et al., 2015 ratios with increasing chlorophyll. To elaborate; as theobho
their Figure 2B) tend to increase from October to December.develops, phytoplankton biomass increases with a concomitant
It is thus unlikely that these processes (light, temperature odecrease in the percentage Ofnfzo relative to total POC.
nutrients) are responsible for the seasonal increase i@y ~ This may be re ected in the logarithmic relationship betwee
ratios observed during this periodrigure 6). However, since chlorophyll and Gpyto (Figure 3), which would be observed as
laboratory studies consistently show a decrease in chgdC an increase in chl-aggyo ratios with increasing chlorophyll
ratios under Fe stres§(eene et al., 1992; Sunda and Huntsmangoncentrations in the S09 methoHigure 6).
1999, it is possible that limiting nutrients could contribute ~ Over and above the characteristic seasonal cycle in chl-
to the observed decrease in chl-gif ratios in late summer  a:Gyyto ratios, there is strong sub-seasonal and daily variability
(February). Similar results of declining chl-gi, ratios were that are likely driven by phytoplankton community responses
observed byBehrenfeld et al. (2005in regions dominated to smaller scale physical processes and day-night physiologica
by large spring—summer blooms in phytoplankton abundanceadjustments. In the case of the M13 method, where the seasonal
where a decrease in chl-gjxo ratio was observed prior to the cycle is dampened, one can argue that the smaller sub-seasonal
seasonal biomass crash.. scales are in fact dominating the variability. Some distinct
The physiological response of phytoplankton to relief from Feexamples of smaller scale adjustments in the chigiEratios
stress has shown increases in chlggyfs ratios as growth rate are as follows:
increases Greene et al., 1992; Geider et al., 1997; Sunda and . . .
Huntsman(,-\6 199Y. This response is the result of upregulationrl' The low chl-a:6hyro ratios (frombypzo derived methods) at

of photosynthetic machinery and light harvesting capacity the very beginning of the time series (late September/early
(Laws and Bannister, 1980A measure of the growth rate October) Figure §) that are associated with deep MLD'

. . (' 150 m,Figure 4 when the glider crosses the cold core of
estimated as the rqte of change of MLD integrated chlorophyll a mesoscale cyclone200 km in diameter §wart et al., 2005
(Supplementary Figure 2) shows an increase from 0 at th

e . . S A peak in chl-a: ratios (fromb derived methods
beginning of the time series (October) to0.017 mg chi-a m? in ?he last weekgc]))?oOctober(F(gurebg)‘wt%at coincides with)
d 1 in mid-December. Although we are unable to quantify

the role of Fe in this study, the increase in chl-gho ratios an intense shoa_lllng of the MLD to 25m (Flgu.re4), the

. o . . timescale of which relates to an oceanographic feature and
over the same time period may be a phys!ologlcal response ' an event that is mesoscale in nature (slumping of the lateral
|_nc_r§ased growth rates when neither Fe or light were CO'T'E’““e gradient in density) llahadevan et al., 2012; Swart et al.,
limiting. This was a similar response to what was observedhdur 2015: and
bloom conditions byWestberry et al. (2013h both natural and '
purposeful Fe addition experiments. In addition, phytoplankton
must photoacclimate as the bloom develops to counter the e ects
of self-shading, further increasing chl-gjfxo ratios over the
growing season.

Finally, an alternative explanation for the observed sealsonThe drivers of sub-seasonal variability in chl-gs ratios seen
increase in chl-a:gyo ratios is that the ratio of G to  inlate September (low) and late October (peak) are clearlgtink
total POC (and tobyp) decreases as the seasonal bloonto mesoscale features and associated adjustments in the depth
develops. In other words, as the season progresses a greatethe mixed layer, which is deep in late Septembell0 m)
percentage of the particulate backscattering signal is due @nd shallow in late October (25 m). However, the adjustments
non-phytoplankton speci c carbon (e.g., heterotrophic baier in chl-a:Gyyto ratios are not a physiological response of the
detritus, viruses, ciliates)Cpristaki et al., 2001 This was phytoplankton to light. Were this the case, the opposite response
observed in a study in the Mediterranean where the nonwould be true i.e., an increase in chl-giG, ratios would be
algal contribution tobpx7g was generally larger in the more observed when MLD's were deep and light was supposedly
productive regions that had elevated phytoplankton abundancdimiting. It is thus more likely that these small scale adjustits
(Bellacicco et al., 20).8ehrenfeld et al. (2005gported that a in chl-a:Gpy ratios are the result of a shift in community
compiled data set of eld derived fgy1:POC ratios spanning structure from a small cell dominated community with low
oligotrophic to eutrophic ocean regions ranged from 19 togrowth rates in late September to a population dominated by
49%. These dierences re ect system variability in producerdarge cells with high growth rates under high light conditgin
consumer dynamics, processes in uencing the particle eld andate October.
possible dierences in export e ciency Gra et al., 201). To test whether the diurnal variability in the chl-gfyo
If this ratio varies seasonally as much as regionally (., tsignal (see insert inFigure 6 was driven by an artifact

3. A distinct daily signal in chl-a:gy ratios with higher
ratios during the day that are arguably the result of
daily physiological adjustments in phytoplankton chlorophyll
content per unit carbon.
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of residual uncorrected solar quenching (or the quenchingve compare the chl-aggyo ratios generated from a Southern
correction itself), we compared fgure 7the linear regressions Ocean data set (using the di erent optical methods) with those
of midnight and midday Gpyto (r2 D 0.93) to midnight and constrained in satellite data, cruise data and from one mediu
midday chlorophyll (2 D 0.66). Although the coe cient of resolution global model (the PELAGOS025 model analyzed by
determination for chlorophyll is lower, this is what can be (McKiver et al., 2015 Model data). The chl-agyt, data from
expected from the e ects of acclimation. The normal dispersiorthe model was extracted from the same location as the glider
of the data however suggests that the variability in chlogdph transect and over the same dates (month and day) but from a
is not biased and hence implies that there is no systemati®@mulation for the year 2011, due to a limitation in the aadility

arti cial error introduced through the quenching correcih  of atmospheric forcing functions.

(Figure 7). As such, it is believed that the daily signal in Since Gnyt cannot exceed POC, the chl-a:POC ratio from
chl-a:Gyto ratios is a real response of the phytoplanktonthe cruise dataTable 1) was used to set a minimum chl-g1o
community. Interpreting this diurnal variability is di cut as it  ratio assuming all POC was phytoplankton speci ¢ (presented
depends on numerous parameters that include phytoplanktos 100%POCFigure 6). These ratios were understandably low
concentration, composition and physiological status togeth (<0.01mg chl-a mg C!) but above the minimum satellite
with the detrital and small heterotroph concentration, all o range (0.004mg chl-a mg €) of Behrenfeld et al. (200%nd
which are typically not known and hence diurnal variability i oftentimes close in magnitude to the ratios generated byM&
chl-a:Gynyto ratios remains poorly understood. The likely driversmethod. The 50% lower chl-a:Ghyt ratios for M13 are driven
however include the balance between daytime production anbly the high Ghyo values that this method generates relative to
night time degradation, changes in particle size distribanti the other methods, particularly when biomass is high (Decemb
and changes in the refractive index driven by varying inggrn to February). It was proposed earlier that the low chliife
concentrations of organic compounds (e.g., accumulation ofatios were a possible result of an unsuitable application of a
intracellular carbon through photosynthesisif{eireddine and regionally derived model from the Atlantic to the SAZ. The S09
Antoine, 201J. Although this small-scale variability elicits method allows us to do a direct comparison of the chliiie
further detailed investigations it remains outside of tiwege of results generated from one model derived predominantly from

this manuscript. data from the NW Atlantic (S09original) with the same modet b
o L derived from data from the Southern Ocean (Seigure 6). This
Implications for Model Parameterizations comparison shows how the application of the S09original model

Some biogeochemical models apply a constant chirgifYatio  to the SAZ data set results in much lower chl-g;, ratios that
globally (usually 0.02 mg chl-a mg &) even if the constraints are more inline with those generated by the M13 method, that
are not developed equally (i.e., some regions are data poloifg w was similarly derived from cell counts from the Atlantic.

others have a dynamical function that should include acation Both the M13 and S09original methods produce chlggys

to prevailing light conditions. It is entirely possible thateth ratios that are very similar to the 100%POC method, which
inadequate parameterization of this ratio is the reason far t outputs the minimum ratios possible assuming all POC is
seasonal biases found in biogeochemical modeéy et al., phytoplankton speci c. This is not surprising when one considers
2009; Steinacher et al., 2009; Vichi and Masina, RI0Figure 6  that the slope of the M13 method (30100 mg C s 76%

FIGURE 7 | Linear regressions of daily surface midnight vs. dai  ly surface midday concentrations of (A)  Cphyto from the glider transect using the BO5
method (slopeD 0.97, r2 D 0.93, rmse D 2.49) and (B) chlorophyll (slopeD 0.8, r2 D 0.66, rmse D 0.15). The linear least square regression line appears indevith
the one to one line in black.
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of the POC: by, slope found in this study (39418 mg C M) plasticity. The PELAGOS025 model does however do a better job
(Figure 2). This nding implies that when the M13 method is in capturing the range of observed chl-g;, ratios, which the
applied to the glider data set, there is very little non-algald® satellite data do notRigure 6; see satellite range froBehrenfeld
that co-varies with Gyo. This result is unlikely if one considers et al. (2005jor the Southern Ocean 0.004 — 0.013, thieible 1).
that the maximum Gpyo:POC ratio reported bgehrenfeld et al.
(2005)is 49% and in the Equatorial Upwelling and temperate .
spring waters of theSra et al. (2015)study rarely exceeded A Reference Chlorophyll-to-Carbon Ratio
40% (mearD 25%). Although phytoplankton has been known to for the Sub-Antarctic Zone?
dominate POC at a high biomass coastal upwelling sitebcon  The data used for this research provides for the rst time
et al., 197Bthis observation is in contrast to the typical low Cphyto obtained from a high-resolution glider data set to
contribution of Gyhyto to POC in productive o shore waters derive independent surface chl-a:Cphyto ratios from the SAZ.
(Hobson et al., 1973; Andersson and Rudehall, )98 such, it This is a much-needed parameter for biogeochemical models
is more likely that the slope of the M13 method (and S09originalto improve the simulation of phytoplankton blooms in the
is too high for this region and that the 30%POC, S09 and BOEegion. To summarize the range of results obtained with the
methods are more appropriately applied to Southern Ocean daglider data from the di erent methods described in Section
sets, supporting the argument of an unsuitable application of Materials and Methods, we compare kigure 8 their surface
regionally derived model from the Atlantic to the SAZ. The M13(10 m) chl-a:Cphyto ratios to several literature values amyes
method still resolves the shorter-term variations likelwen by  (Montagnes et al., 1994; Sunda and Huntsman, 1995; Llewellyn
photo-physiology but reduces the summer increase in the ratiand Gibb, 200)) as well as to the model results, using non-
explained by adjustments in nutrient driven growth rates andparametric distributions (mean, median and 5-25 percentiles)
community structure. Our analysis suggests that it is not possible to establish
A comparison of the results with the PELAGOS modelone single value for the conversion between chlorophyll and
(Figure 6) imply that an overall chl-a:gpyto ratio of 0.02mg chl- - carbon. The large range of observed variability is driven by
amg C 1 seems adequate to represent the SAZ phytoplanktomethodological uncertainties, regional dierences andgtar
during spring and summer. However, the glider data indicatt seasonal variations. All chl-g;f, ratios from the dierent
the sub-seasonal and seasonal variations of this parameger anethods applied to the glider data set (30%POC, B05, S09, M15)
rather high and may play an important role in determining the fell within the data set limits compiled byehrenfeld et al.
magnitude of the bloom. In addition, the PELAGOS025 model[2002) which for the global ocean range between 0.001 and
shows an apparent misrepresentation of the seasonal cycle 6.06 mg chl-a mg C! (Behrenfeld et al., 2005Similarly, all
chl-a:Gynyto ratios, with high ratios in winter and low ratios in methods generated chl-g;f ratios that fell within the range of
summer (whereas the glider shows an increase in the chhadC laboratory culture measurements collated here (Supplemgnta
ratios from winter through to summer). This is likely becaus Table 1) and within the range of ratios generated when one
PELAGOS025 is based on the Biogeochemical Flux Matigli(  applies the 30% mean and 19-49% range jf,&.POC ratios
et al.,, 2007; Vichi and Masina, 2Q0that uses a variation of (Behrenfeld et al., 20)%o the cruise POC data. Worth noting
the Geider et al. (1997formulation for light acclimation and here is that although th&ehrenfeld et al. (2005ange of 19—
chlorophyll regulation. As such, the seasonal mismatch ney b49% is presented for comparison (derived from the following
a result of the model assumption that all seasonal varigbilitreferences:Hppley et al., 1992; Durand et al., 2001; Gundersen
is purely due to acclimation to a prescribed high optimal chl-et al., 200,landOubelkheir, 200}, this range has been shown to
a:Gnyto ratio (deep mixed layers in winter driving increasedextend to a minimum of 14% b@ubelkheir et al. (2005and as
chlorophyll synthesis through packaging responses to lowt lighhigh as 75% b¥/lartinez-Vicente et al. (2013)
conditions). This may explain the observed seasonal biases o The smaller range (0.02-0.025mg chl-a mg 1C of
the models when compared with ocean color data reportedistribution in chl-a:Gyy ratios from the S09 method (which
in the literature. Rather, if our estimates of,{;, based on does not allow for independent adjustments ignG, relative to
backscattering are appropriate for the Southern Ocean (arsl thchlorophyll) is clear (as ifrigure 6). This range increases (0.008
can only be validated with correspondingsitu estimates) then —0.018 mg chl-a mg G) when applying the S09original model,
the glider data suggest that models need to account for lowhich is characterized by a lower phytoplankton carbon per unit
light adaptation in winter, which would dampen the acclimatio chlorophyll (Figure 3), likely due to the di erent region of origin
response and allow for lower optimal chl-gio ratios inwinter.  of the analyzed samples. A much greater spread is evidenced
While in summer, the large increase in chlorophyll may needn the cruise data (0.002—0.17 mg chl-a mgXCrelative to the
to coincide with a shift toward a community characterized byglider data (0.006—0.05mg chl-a mg ¥. This is likely driven
larger cells, relatively higher growth rates and highermjplichl- by the large regional coverage of the cruises relative tgliter
a:Gonyto ratios. Such a mechanism is currently not implementedFigure 1) with the cruises likely sampling a much wider range
in any of the biogeochemical models because they usualbf communities exposed to more varied growth conditions. In
consider one single group of diatoms. Numerical models, eveline with this argument, it follows that the range of varibyi
the ones with a more sophisticated physiology like the BFMf the cruise data is on a similar scale to that found in the
(or PISCES) may account for acclimation to light but arel stil laboratory culture experiments (0.0001-0.05), which aoenfa
dominated by the same kind of diatoms without any additionallarge variety of phytoplankton species and growing conditions
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FIGURE 8 | Comparison of the distribution of chl-a:Cphyto rat ios derived from (1) the four glider estimates in the SAZ (30%POC , S09, M13 and B05);
(2) the PELAGOS025 model for the glider transect (0-10 m); (3) ac ollation of laboratory culture experiments from the literatu re [Lab: nD 127,
Supplementary Table 1 ( Montagnes et al., 1994; Sunda and Huntsman, 1995; Llewellyn a  nd Gibb, 2000 )]; (4) from Southern Ocean cruise data (Cruise,
0-20 m) assuming a phytoplankton carbon fraction of 19, 30, and 4 9%; (5) minimum possible ratios derived from the glider data if a I POC was
phytoplankton speci ¢ (100%POC) and 6) from the original Sathyendranath et al. (2009) model developed from data from the NW Atlantic and Arabian
Sea (S09orig).

The high variability in observed chl-a;fo ratios illustrates the  on the phytoplankton community composition and their speci ¢

potential error associated with predicting,yto concentrations
based on chlorophyll concentrations alone.

If you round the median of the di erent data sets o to two
decimal places, they fall into two distinct groups. Those Witk
median chl-a:Ghyto ratios ( 0.01mg chl-a mg ch) from the

chlorophyll and carbon content. To this end, recent advarines
technology such as sorting ow-cytometry and high sendiivi
elemental analysis can allow for quantitative assessmeyhph
(e.g.Gra etal., 2019 which will contribute to a more extensive
set of eld data for evaluating and validating optical methads

laboratory cultures and glider data when the 100%POC, M13 andetermining Gyt cONcentrations.
S09original methods are applied, and those with higher median
chl-a:Gnyto ratios ( 0.02 mg chl-a mg Ch from the cruise data, CONCLUSIONS
PELAGOS025 model and the glider data with the 30%POC, B05
and S09 methods applied. Interestingly, another recent studjhis study used optical data from a high-resolution glider
from the north and south Atlantic, using direct measuremeanf transect in the SAZ to compare four dierent empirical
Cphyto, had the same median chl-g, ratio (0.01 range 0.029— estimates of phytoplankton carbon (three based on particulate
0.002) as the M13 and S09original methods that were similarlyackscattering and one on chlorophyll). The chl-g ratios
all derived from the Atlantic Gra et al., 201). These results generated from the di erent methods were compared wiith
suggest that if reality is a low median chl-gx( ratio ( 0.01), situ data from the literature and a model simulation to inform
then the M13 and S09original methods would produce the begin their comparative range and distribution. Out of the four
results when applied to the glider data set from the SAZ. On thenethods used, three (30%POC, B05, and S09) showed similar
other hand, if reality is a higher median chl-gjo ratio ( 0.02)  Cpnyto CONcentrations, despite their di erent origins, in particula
then the 30%POC, S09, and BO5 methods better represent realitfien chlorophyll concentrations were below 0.5 mg3nThe
inthe SAZ. fourth (M13) derived higher concentrations of o When
Nevertheless, even assuming that the values with a median efilorophyll concentrations were high» 0.5 mg m-3). The S09
0.02mg chl-a mg C! are more realistic, the spread is sensiblymethod produced very similar gayto concentrations to BO9 and
large, and apparently not purely driven by acclimation givea th 30%POC, highlighting its robustness in converting chlorophyl
phase discrepancy between the model results and the glidar dab C,py, in the absence of particulate backscattering. However,
(Figure 6). Further insights on the merit of one method over the S09 method does not allow for adjustments ji without
another can only be obtained with the aid of concurrent datgproportional changes in chlorophyll and hence cannot account
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for cellular adjustments in chl-afayo ratios that are not driven  into account the space-time variability of non-algal cobtriions
by biomass. Methods derived froi,, on the other hand, to particulate backscattering, which can vary by more thae on
showed high seasonal and sub-seasonal variability in:hlya,  order of magnitude. To further our understanding of the nteri
ratios that can be attributed to adjustments in dominant spec of di erent optical methods of determining gnyto, additional
composition, physiological adaptations to varying light anddata is required on concurrent community composition and
nutrient regimes, changes in growth rates and variabilityie  speci ¢ chlorophyll and carbon content.
ratio of Cynyto to total POC.

All' chl-a:Gynyto ratios generated from the four dierent AUTHOR CONTRIBUTIONS
methods fell within the literature range compiled by
Behrenfeld et al. (2002)the range of collated laboratory All authors contributed to the nal manuscript: ST designetet
culture measurements and the cruise POC data (when a 1Qesearch, processed the data, and contributed to the writing
49% range in Ghyto:POC ratio was applied). Nonetheless, thethe manuscript. AO prepared all the gures and the rst draft of
methods derived from the North Atlantic (M13 and S09original the manuscript, MV contributed to the analysis of results alnel t
were shown to generate mean chl-gifo ratios that were writing of the manuscript, SS provided and processed the glider
comparatively low (0.01 mg chl-a mg & and did not allow for ~ data. All authors discussed the results and drew the coiuigs
su cient variation of non-algal POC with Ghyto. The 30%POC,
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