
1. Introduction
Chlorophyll-a (Chl) fluorescence is one of the most common bio-optical measurements made on contempo-
rary oceanographic platforms including ships, moorings, autonomous vehicles, and robotic floats (Roesler 
et  al.,  2017). The measuring principle is relatively simple, with Chl fluorescence stimulated by a blue light 
(typically 470 nm) and the resulting fluorescence intensity recorded in a red waveband (typically 695 nm). The 
signal is specific to Chl, although some known interferences from dissolved organic matter exist, especially in 
low-oxygen waters (Wojtasiewicz et al., 2020; Xing et al., 2017). Such interferences are likely negligible in the 
open Southern Ocean.

The simplicity ends with the conversion of Chl fluorescence to Chl concentration, for which the scaling—known 
as the “slope factor”—is highly variable (Roesler et al., 2017). The variability arises because fluorescence from 
phytoplankton is affected by species composition, pigment composition and packaging, photoacclimation, and 
nutrient status, resulting in variable fluorescence:Chl (F/Chl) ratios (Cullen,  1982; Proctor & Roesler,  2010; 
Roesler & Barnard, 2013). Non-photochemical quenching (NPQ, the reduction in fluorescence at supersaturating 
irradiances; Cullen & Lewis, 1995; Müller et al., 2001) can also affect the F/Chl ratio and will be discussed later.

In the Southern Ocean, the slope factor is higher than in any other oceanic region (Roesler et al., 2017). This 
observation stems from a global comparison between fluorescence measurements made with ECO fluorometers 
(WET Labs Inc., Philomath, Oregon, USA) and corresponding pigment samples, analyzed with High Performance 
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concentration that is based on the light attenuation coefficient, Kd. Making use of 4,000 radiometry profiles 
from BGC-Argo floats in the Southern Ocean, we estimate Chl based on Kd and investigate the variability 
in F/Chl. Our analysis reveals a positive correlation between F/Chl and a proxy for iron limitation based 
on non-photochemical quenching dynamics. The strong influence of iron limitation on F/Chl is further 
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Plain Language Summary Phytoplankton fluorescence is a relatively easy and consistent 
measurement that can be made in the ocean. The measured fluorescence stems directly from the chlorophyll 
contained in phytoplankton cells and is therefore very specific to the tiny plants. Great oceanic coverage 
of fluorescence measurements is achieved because fluorometers can be mounted on autonomous platforms 
such as gliders and floats, yielding reliable data for years without human intervention. But there is a problem 
with this measurement: fluorescence does not equal chlorophyll, and the factor for the conversion of 
fluorescence to chlorophyll varies almost 10-fold across the world's oceans. The largest conversion factors, 
with the highest variability, are observed in the Southern Ocean. We know that things such as phytoplankton 
species composition, nutrient status, and acclimation to light all affect the conversion factor. Using data 
from biogeochemical Argo floats and from laboratory studies, we show in this study that iron limitation also 
significantly increases the fluorescence-chlorophyll conversion factor, and that iron limitation may indeed be a 
key driver for the high conversion factors observed in the Southern Ocean.
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Liquid Chromatography (HPLC). While the global average of this slope factor is ∼2, it can be as high as 8 in 
the Southern Ocean (Roesler et al., 2017), with a range from ∼4 to 8, so there is about a factor of 2 variability in 
this ocean basin alone. High and variable slope factors for the Southern Ocean have been corroborated by other 
studies. K. S. Johnson et al. (2017) report a factor of 6.4 for the SOCCOM (Southern Ocean Climate and Carbon 
Observations and Modeling) biogeochemical (BGC) Argo array, while Schallenberg et al. (2019) found a factor 
of 3.1 in the Subantarctic zone south of Tasmania. Clearly, the global average slope factor of 2 currently recom-
mended for the adjustment of fluorescence data from BGC-Argo floats in real time (Schmechtig et al., 2018) is 
a poor approximation in the Southern Ocean and may bias estimates of primary productivity and export for this 
basin. In addition to the obvious problem of potential over-estimation of Chl (by up to a factor of 4), use of an 
incorrect slope factor can overestimate the seasonal Chl variability by 40% (see Text S1 and Figure S1 in Support-
ing Information S1). Matching the dynamic range in Chl seasonality is often a key metric for ecosystem models, 
so a 40% error in the Chl estimate impacts their ability to estimate grazing and export, and therefore the efficiency 
of the biological pump (Franks, 1995; Gehlen et al., 2006).

This observation highlights two pressing research needs: (a) uncovering the reason(s) for the high and variable 
slope factors observed in the Southern Ocean, and (b) better estimates of slope factors for the Southern Ocean. 
Indeed, a better understanding of the cause of the high slope factors might pave the way for their improved and 
even dynamic parameterization.

We hypothesize that wide-spread iron (Fe) limitation contributes to the high slope factor in the Southern Ocean. 
Southern Ocean phytoplankton have adapted to prevailing low-Fe and low-light conditions by increasing the 
size of their photosynthetic units rather than increasing their number (Strzepek et al., 2012, 2019). This strategy, 
intensified under Fe-limiting growth conditions, reduces their Fe requirement while maintaining light-harvesting 
capabilities that suit their environment, but it also decreases the transfer efficiency of excitation energy to the 
reaction centers (Falkowski & Raven, 1997; Vassiliev et al., 1995). As a result, the probability that energy is 
reemitted as fluorescence rises, increasing F/Chl, that is, the slope factor. Disconnection of antennae complexes 
from their photosystems under Fe-limitation, as has been observed for a warm-water cyanobacterium (Schrader 
et al., 2011), would similarly lead to increased F/Chl. We note that several studies have linked phytoplankton fluo-
rescence to iron limitation (Behrenfeld et al., 1996, 2006, 2009; Kolber et al., 1994) but none were conducted with 
the type of fluorometer used here and most took place in equatorial waters. The best-understood fluorescence 
metric with respect to iron limitation is Fv/Fm, the maximum quantum yield of photosystem II photochemistry, 
which cannot be directly related to fluorescence measured on autonomous platforms. An investigation specific 
to the type of fluorescence that is measured on autonomous platforms, as presented here, is therefore warranted.

We evaluate our hypothesis against both in situ Southern Ocean observations and phytoplankton culture results. 
Using BGC-Argo floats from the Southern Ocean equipped with both radiometers and fluorometers, we estimate 
Chl based on light attenuation to estimate F/Chl ratios and investigate the distribution of these F/Chl ratios with 
respect to Fe limitation. We also evaluate data from Southern Ocean phytoplankton cultures to investigate F/Chl 
in different phytoplankton taxa under Fe-stressed and Fe-replete conditions.

2. Methods
2.1. BGC-Argo Float Data

This study uses BGC-Argo data from 36°S to 68°S, with most data from between 40°S and 60°S. Only floats with 
radiometers as well as fluorometers were selected because this allows an independent estimate of Chl based on 
attenuation of solar radiation. This resulted in data from 26 floats being analyzed, mostly from the Indian sector 
of the Southern Ocean (Figure 1a). Data were last downloaded on March 19, 2021 (Argo, 2000).

The Chl fluorescence data were all from WET Labs ECO fluorescence sensors with excitation at 470 nm and 
fluorescence emission at 695 nm. Our analyses use calibrated fluorescence data (“CHLA” in the BGC-Argo 
files), to which an in situ dark correction, based on the fluorescence minimum observed in the first five deep 
profiles, has been applied to correct for small offsets among sensors.

Irradiance data were all from Satlantic OCR 504 instruments. We use downwelling irradiance at 490 nm to esti-
mate attenuation with depth, and broadband (400–700 nm) photosynthetically available radiation (PAR) to gauge 
total irradiance levels. The sensor data were used without any further corrections.
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2.2. Comparison of Attenuation-Based and Satellite-Based Chl Estimates

We calculated Chl concentrations from the diffuse attenuation coefficient at 490 nm (Kd(490)) by inverting the 
relationship established by Morel et al. (2007; their Equation 8):

ChlKd =

[

(𝐾𝐾d(490) − 0.0166)

0.0773

]
1

0.6715

 (1)

Here, Kd(490) is the total attenuation at this wavelength and 0.0166 corrects for attenuation by water (see Table 1 
for a summary of acronyms and abbreviations). We estimated Kd(490) based on the slope of the relationship 
between log(Ed(490)) and depth between 10 and 40 dbar. This depth range minimizes the influence of wave 
focusing and changing seasonal solar angles, which are most apparent near the surface. It is usually within 
the mixed layer depth (MLD), yielding a representative value for the mixed layer. Ours constitutes a simpli-
fied version—yielding only one Kd(490) per profile, rather than depth-resolved Kd—of a previously described 
approach to radiometer-based Chl estimation on BGC-Argo floats (Roesler et al., 2017; Xing et al., 2011).

To avoid poor fits because of a lack of light, we used only those irradiance profiles where the maximum PAR was 
>200 μmol quanta m −2 s −1 for calculation of Kd(490), and only estimates where the slope fit yielded r 2 > 0.95 
were retained. This resulted in n = 2,981 ChlKd estimates, of which ∼150 could be matched to MODIS satellite 
data when the constraint was a 5 × 5 pixel box around the profile location within ±12 hr (Figure 1). Only pixel 
boxes with at least half the values being valid data and the coefficient of variation <15% were included for match-
ups. For the most part (96%), <4 hr passed between BGC-Argo profiles and the respective satellite images. Two 
satellite algorithms were used for comparisons: the MODIS OC3M band ratio algorithm (https://oceancolor.gsfc.
nasa.gov/atbd/chlor_a/) and the Southern Ocean algorithm developed by R. Johnson et al. (2013).

Figure 1. (a) Map of biogeochemical (BGC) float data used in this study. Colored dots indicate Chl estimates (ChlKd) based on the diffuse attenuation coefficient 
(Kd(490)) between 10 and 40 dbar. (b–d) Results of spatiotemporal comparisons (n ∼ 150) between estimates of Kd(490) and ChlKd obtained from BGC-Argo floats and 
from MODIS satellite ocean color (see Section 2), color-coded by the day of the year (DOY), showing no temporal bias. Ocean color algorithms are MODIS OC3M 
and the Southern Ocean (SO) algorithm developed by R. Johnson et al. (2013). Also shown are a robust regression (blue), the 1:1 line (black), the %bias, and mean 
percentage error (MPE) relative to BGC-Argo estimates.

https://oceancolor.gsfc.nasa.gov/atbd/chlor_a/
https://oceancolor.gsfc.nasa.gov/atbd/chlor_a/
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2.3. NPQ Correction and Fe Limitation Proxy

With the estimation of ChlKd relying on daytime data, the corresponding fluorescence signal requires a correction 
for NPQ (Cullen & Lewis, 1995; Müller et al., 2001). For this correction, we broadly followed the recommen-
dations for BGC-Argo floats (Schmechtig et al., 2018; Xing et al., 2012), with the added consideration of an 
irradiance threshold for NPQ (Xing et al., 2018; see Text S2 in Supporting Information S1).

The NPQ-corrected fluorescence was used to estimate average fluorescence between 10 and 40 dbar (Fmean), 
which could then be related to the average ChlKd over the same depths, yielding F/Chl. Additionally, NPQ-cor-
rected fluorescence was used to estimate a proxy for Fe limitation of the phytoplankton, following the approach 
by Ryan-Keogh and Thomalla  (2020). Building on earlier work relating NPQ and the Fe limitation status of 
phytoplankton (Schallenberg et al., 2020; Schuback & Tortell, 2019; Schuback et al., 2015), these authors found 
that the initial slope of the NPQ-PAR relationship (αNPQ) was an indicator of Fe limitation.

Using both NPQ-corrected (Fm) and uncorrected fluorescence (𝐴𝐴 𝐴𝐴
′
m ), we calculated NPQ based on the Stern-Vol-

mer equation (Rohacek, 2002):

NPQ =
𝐹𝐹m − 𝐹𝐹

′
m

𝐹𝐹
′
m

 (2)

The relationship between NPQ and incident PAR was then used to estimate the parameters αNPQ and NPQmax (see 
Text S3 in Supporting Information S1) by fitting the following equation if >20 data points were available:

NPQ = NPQmax

(

1 − 𝑒𝑒
−

PAR∗𝛼𝛼NPQ

NPQmax

)

 (3)

We only retained fits where the following applied: NPQmax and αNPQ > 0, NPQmax< 20, and r 2 > 0.95.

Abbreviation Long name Explanation

αNPQ Initial slope of the NPQ-PAR relationship Estimated using Equation 3; a proxy for Fe limitation in phytoplankton 
(Ryan-Keogh & Thomalla, 2020)

ChlKd Chl concentration derived from Kd(490) Equation 1

Ed(490) Downwelling irradiance at 490 nm Measured directly on the BGC-Argo floats

𝐴𝐴 𝐴𝐴
′
m Chl fluorescence under ambient light Measured daytime Chl fluorescence from the BGC floats, smoothed

Fm Assumed Chl fluorescence in darkness Derived by applying an NPQ-correction to smoothed daytime Chl 
fluorescence

Fmean Mean fluorescence NPQ-corrected Chl fluorescence averaged over the depth layer 10–40 dbar

F/Chl Quenching-corrected fluorescence per Chl; aka the slope factor as per 
Roesler et al. (2017)

For BGC-Argo floats in this study represented as Fmean/ChlKd, where Fmean 
has been NPQ-corrected

Kd(490) Diffuse attenuation coefficient at 490 nm Estimated for the depth interval 10–40 dbar

MLD Mixed layer depth (m) Calculated following the 0.03 kg m −3 density criterion (de Boyer 
Montegut et al., 2004)

NPQ Stern-Volmer non-photochemical quenching (NPQ) Equation 2

NPQmax Maximum NPQ estimated based on the NPQ-PAR relationship Equation 3

PAR Photosynthetically active radiation (400–700 nm) Measured directly on the BGC-Argo floats

Tmean Mean temperature Water temperature (°C) measured directly on the BGC-Argo floats 
averaged over the depth layer 10–40 dbar

Table 1 
Explanation of Acronyms and Abbreviations
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2.4. Phytoplankton Cultures

Southern Ocean phytoplankton cultures were grown in artificial seawater medium, with trace metal concen-
trations buffered by addition of the synthetic organic chelator ethylene-diamine-tetra-acetic acid as described 
in Strzepek et al. (2011). The Fe-limiting media were designed to induce moderate Fe stress (∼25–50% reduc-
tion in maximum growth rate; see Table S2 in Supporting Information S1). Cultures were grown at 2.5–3°C 
under continuous PAR using cool-white fluorescent bulbs. Phaeocystis antarctica were grown at 6 PAR levels 
(10–400  μmol quanta m −2 s −1) while the diatoms were grown at 30–35  μmol photons  m −2  s −1. In vivo Chl 
fluorescence (F) of dark-acclimated (30 min) cultures was determined using a Turner Designs model 10-AU 
fluorometer. Chl concentration was determined after filtration and extraction in 90% acetone (see Supporting 
Information S1 for more details about culturing and measurements).

2.5. Statistical Analyses

To explore the feasibility of predicting F/Chl based on environmental covariates, we modeled F/Chl as the 
response variable in a series of linear mixed-effect models (LMMs) evaluating NPQmax, αNPQ, Tmean, and latitude 
as possible predictors. For all models, the individual float time series of NPQmax, αNPQ, ChlKd, and Fmean were 
smoothed with a Gaussian-weighted moving average over a 15-day time window. Rare observations of very high 
F/Chl ratios (>10) were excluded from the modeling analyses, which excluded one float (WMOID 6902742). 
All LMMs included float ID as the random effect and a temporal autocorrelation term (cor-CAR1) to account for 
serial non-independence in the float timeseries data (total dataset of n = 1,734 profiles, n = 26 floats). Models 
were fit using R statistical computing version 4.0.3 (R-Core-Team, 2020) package nlme (Pinheiro et al., 2020) and 
model comparisons were performed using Akaike's information criterion using package MuMIn (Bartoń, 2020).

3. Results and Discussion
3.1. Chl Estimates Based on Light Attenuation

Because our analysis requires a Chl estimate independent of fluorescence, we first assess whether the Morel 
et al. (2007) algorithm used for our ChlKd estimates yields reasonable results in the Southern Ocean. This algo-
rithm was based on a global open-ocean data set that included only few Southern Ocean observations.

Direct matchups between satellite and float data indicate that the Kd-approach to estimating Chl works reason-
ably well (Figure 1). Observed biases are low for Kd(490) (−18%) and similar in magnitude (∼30%) for the two 
Chl algorithms, while mean percentage errors (MPEs) are within expectations for satellite estimates of Chl, 
which have a nominal uncertainty of ±35% (Moore et al., 2009). The MPE is lower for OC3M, which Haëntjens 
et al. (2017) found to perform well for the Southern Ocean. Agreement between Kd(490) estimates from floats and 
satellites tends to be better than for Chl estimates and is consistent with findings for a global dataset of Kd(490) 
(Xing et al., 2020). While the observed biases and MPEs indicate that optimal Chl estimation from both satellites 
and floats remains challenging, the biases and errors are small compared to the observed range in F/Chl and will 
therefore not be considered further. Our approach maintains accord with the global Morel et al. (2007) algorithm 
as well as with previous work based on BGC-Argo floats (Roesler et al., 2017; Xing et al., 2011).

While this overall agreement with satellite Chl estimates is encouraging, regional and seasonal variations in the 
relationship between Kd and Chl are nonetheless expected and have been observed in the Southern Ocean but 
anticipated errors do not exceed 50% (Bracher & Tilzer, 2001; C. Robinson et al., 2021). In order to ascertain 
that unresolved spatial patterns in the Kd-Chl relationship do not drive the observed F/Chl patterns, we explored 
the spatial variations in the relationship between Kd(490) and particulate backscatter as measured on the floats 
(Sullivan & Twardowski, 2009; Zhang et al., 2009) and concluded that the potential bias is negligible compared 
to the observed variability in F/Chl (Text S5 in Supporting Information S1).

3.2. Fluorescence and Fe Stress in Southern Ocean Phytoplankton

The BGC-Argo observations from around Kerguelen (Figures 2a and 2b) indicate that F/Chl is significantly higher 
upstream (west) of the Kerguelen plateau than downstream (east) (Wilcoxon rank sum test: p < 0.0001). Given 
that the Kerguelen plateau constitutes a well-recognized Fe-source to downstream waters (Blain et  al.,  2007; 
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d’Ovidio et al., 2015; Mongin et al., 2009; J. Robinson et al., 2016), this pattern is consistent with Fe limitation 
leading to increased F/Chl, as hypothesized. Furthermore, we observe a significant relationship between F/Chl 
from the BGC floats and the Fe-limitation proxy αNPQ, with αNPQ the best-ranked predictor for our F/Chl estimates 
(Table S3 in Supporting Information S1).

The results from laboratory cultures corroborate the findings from the BGC-Argo floats. All Southern Ocean 
species investigated (5 diatoms and Phaeocystis antarctica) show increased in vivo F/Chl under Fe stress 
(Figures 2c and 2d). The fluorescence increase relative to the Fe-replete experiments ranges from a doubling 
to more than a 5-fold increase in fluorescence. Overall, across the species, the average F/Chl increase under Fe 
stress was by a factor of 3.6 ± 1.1 relative to Fe-replete conditions, which is a similar magnitude as the species 
effect observed by Roesler et al. (2017), who found slope factors between <1 and 4 in eukaryotic phytoplankton. 
There was no trend between growth irradiance and F/Chl, except for a somewhat diminished F/Chl signal under 
extremely low light (Figure 2c), and F/Chl from BGC-Argo floats showed no relationship with incident light 
(Figure S5 in Supporting Information S1). The overall lack of light influence on F/Chl indicates that different 
mixing regimes across the Southern Ocean are unlikely to influence F/Chl. We conclude, based on the culture 
studies as well as the BGC-Argo data, that F/Chl increases with Fe-stress.

3.3. Relationship Between F/Chl and Other Variables

The model results show the Fe-limitation proxy αNPQ to be the best-ranked predictor for our F/Chl estimates 
obtained from BGC floats (Figure 3, Table S3 in Supporting Information S1). We also observe a significant 
positive relationship between F/Chl and NPQmax (second-ranked candidate predictor; Table S3 in Supporting 
Information S1). While NPQmax has not conclusively been shown to be a proxy for Fe limitation, Ryan-Keogh 
and Thomalla  (2020) showed similar patterns in NPQmax and αNPQ when glider and CTD data from different 

Figure 2. F/Chl estimated from biogeochemical (BGC)-Argo float data around the Kerguelen plateau (a and b) and measured in laboratory experiments with Fe-replete 
and Fe-limited phytoplankton (c and d). (a) Boxplot of data corresponding to the two boxes indicated in the map in panel (b): upstream (west) and downstream (east) 
of the Kerguelen plateau. (b) F/Chl estimates from BGC-Argo floats overlain with currents from a near-surface velocity climatology (Laurindo et al., 2017). (c) F/Chl 
of Phaeocystis antarctica as a function of Fe availability and irradiance; (d) F/Chl of five Southern Ocean diatom species: Proboscia inermis, Eucampia antarctica, 
Fragilariopsis cylindrus, Chaetoceros neogracilis and Chaetoceros flexuosus.
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seasons (with different levels of Fe limitation) were analyzed. Likewise, these two variables are correlated in our 
BGC-Argo dataset (conditional r 2 = 0.44, p < 0.001).

Species composition and other physiological variations in phytoplankton may also influence F/Chl. Water 
temperature and latitude are considered some of the drivers for this variability, so we explored their relationship 
with F/Chl, finding a negative correlation between F/Chl and latitude (lower ranked than the relationships with 
αNPQ and NPQmax) and no significant linear relationship with the mean upper water column temperature (Tmean) 
(Figure 3, Table S3 in Supporting Information S1). The BGC-Argo data investigated here do not include data 
from near the Antarctic slope and continent (Figure 1), where a decrease in Fe-stress would be expected due to 
sedimentary Fe sources and Fe input from sea-ice melt (de Jong et al., 2012; Schallenberg et al., 2018; Wadley 
et al., 2014). Instead, a large portion of the data are centered around the Kerguelen plateau, with higher expected 
Fe input in the northern regions, downstream of the plateau. The observed relationship between F/Chl and lati-
tude could therefore be partially related to Fe limitation.

It is clear, however, that the Fe limitation proxy can only explain a portion of the observed variability in F/Chl. 
Species and pigment composition as well as light acclimation status and pigment packaging can all affect F/Chl 
(Cullen, 1982; Proctor & Roesler, 2010; Roesler & Barnard, 2013; Roesler et al., 2017). Indeed, species compo-
sition may indirectly contribute to all observed relationships (Figure 3), since it will change with Fe limitation 
status, temperature, and light regime (which will be affected by latitude). We do note, however, that the culture 
experiments clearly show that Fe limitation affects F/Chl within a species, affects all species tested, and that the 

Figure 3. Exploring the relationship between F/Chl and other estimated and measured variables, with colors representing 
data density. The Fe-limitation proxy αNPQ (a), NPQmax (b), and latitude (c) are all significantly correlated with F/Chl, with 
αNPQ the best-ranked predictor (see Section 3.3). The relationship with Tmean (d) is not significant. Data correspond to those 
used in the statistical model (n = 1,734); full model results are given in Table S3 in Supporting Information S1.
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Fe-effect appears to be relatively insensitive to light (Figure 2c and Figure S5 in Supporting Information S1), 
suggesting that Fe limitation plays a direct role in determining F/Chl.

3.4. Toward Improved Estimates of F/Chl in the Southern Ocean

The finding that Fe limitation contributes to the high observed F/Chl in the Southern Ocean is an important 
step toward obtaining improved estimates of Chl from Southern Ocean fluorescence measurements. In the first 
instance, this result should caution against applying the “global factor of 2” (Schmechtig et al., 2018) to fluores-
cence measurements in this ocean basin.

For autonomous data sources such as BGC-Argo floats and gliders, if depth-resolved radiometer data are avail-
able, we highly recommended these be used to estimate Chl concentration from light attenuation, allowing a 
more accurate conversion of fluorescence to Chl (see also Xing et al., 2011). Direct satellite comparisons, which 
may be a feasible option in other ocean basins, are rarely possible in the cloudy Southern Ocean (e.g., only 5% 
of our ChlKd estimates could be matched to satellites) and suffer from high uncertainties. Of course, if in situ 
sampling is possible, HPLC samples are the gold-standard for calibrating fluorescence measurements. If none of 
these options are available, one possibility is to apply the mean F/Chl found in this study (mean = 3.79 ± 0.14, 
t-value = 27.82, p < 0.0001, estimated by fitting an intercept-only LMM as described above). While this is a 
rather crude approach given the large range of slope factors encountered (random effects per float give estimates 
ranging 2.91–4.72; Figure S6 in Supporting Information S1), it is nonetheless a considerable improvement over 
using a factor of 2 (Figure S9 in Supporting Information S1). The natural next step would be to suggest that a 
dynamic slope factor, estimated as a function of αNPQ or NPQmax, should be used. We have attempted this, using 
the output from the LMM (Table S3 in Supporting Information S1), but conclude that the result is no better than 
using mean F/Chl (see Text S6 in Supporting Information S1). More research is needed to arrive at a dynamic 
parameterization of F/Chl that represents a true improvement over a static slope factor. For the time being, unless 
radiometer or HPLC data is available in conjunction with fluorescence, the recommendation is to use a slope 
factor of 3.79 in the Southern Ocean.

We note that this mean value is different from one derived for SOCCOM data, for which a linear F/Chl slope of 6.4 
has been reported. However, this was based on Chl estimates from HPLC analyses including depths >40 m, that 
is, covering deep Chl maxima and possibly different species compositions at depth (K. S. Johnson et al., 2017). 
Roesler et al. (2017) calculated an HPLC-based slope factor for the Southern Ocean that ranged between 5 and 8 
but their BGC-Argo based analysis like ours found Southern Ocean slope factors ∼4.

One other factor to consider is that any HPLC-based estimates are likely biased toward summer, when oceano-
graphic voyages to the Southern Ocean are most feasible, hence may be biased toward higher levels of Fe-stress 
late in the growing season. Our own data set may be somewhat biased in the opposite direction due to it being 
centered around the Kerguelen plateau, a known Fe-source to the open ocean (Blain et  al.,  2007; d’Ovidio 
et al., 2015; Mongin et al., 2009; J. Robinson et al., 2016). Given these potential biases and the observed spread 
in slope factors (Figure S6 in Supporting Information S1), a dynamic approach to estimating the slope factor is 
highly desirable. Our finding that Fe limitation plays an important role in determining F/Chl in the Southern 
Ocean is an important step to guide future research toward such a dynamic approach.

4. Conclusions
Our investigation concludes that Fe limitation drives high F/Chl ratios observed in living phytoplankton in the 
Southern Ocean. The spatial distribution of F/Chl around the Kerguelen plateau, where Fe-limited and fertilized 
regions are well defined, is consistent with increased F/Chl under Fe limitation. We also found a significant corre-
lation between an NPQ-based Fe limitation proxy and F/Chl in the Southern Ocean, indicating that Fe limitation 
increases F/Chl. Likewise, our phytoplankton culture studies consistently show a >3-fold increase in F/Chl under 
Fe-limited conditions. While the relationship between F/Chl and Fe limitation is robust, and in the case of the 
phytoplankton culture experiments unequivocal, it can only explain a portion of the observed variability in F/
Chl in the Southern Ocean (Figure 3). Other influences include species composition, pigment composition, and 
pigment packaging, which may also be indirectly influenced by Fe limitation.
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