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Phytoplankton biomass and size structure are recognized akey ecological indicators.
With the aim to quantify the relationship between these two @logical indicators in
tropical waters and understand controlling factors, we anlyzed the total chlorophylla
concentration, a measure of phytoplankton biomass, and itspartitioning into three
size classes of phytoplankton, using a series of observatis collected at coastal
sites in the central Red Sea. Over a period of 4 years, measuments of ow
cytometry, size-fractionated chlorophylla concentration, and physical-chemical variables
were collected near Thuwal in Saudi Arabia. We tted a thre@omponent model
to the size-fractionated chlorophylla data to quantify the relationship between
total chlorophyll and that in three size classes of phytoplkion [pico- <2 m),
nano- (2-20 m) and micro-phytoplankton & 20 m)]. The model has an advantage over
other more empirical methods in that its parameters are intpretable, expressed as
the maximum chlorophylla concentration of small phytoplankton (pico- and combined
pico-nanophytoplankton, Cg‘ and Cgfn, respectively) and the fractional contribution of
these two size classes to total chlorophyll as it tends to zero O, and Dy ). Residuals
between the model and the data (model minus data) were compa&d with a range of
other environmental variables available in the dataset. Reluals in pico- and combined
pico-nanophytoplankton fractions of total chlorophylla were signi cantly correlated with
water temperature (positively) and picoeukaryote cell nuber (negatively). We conducted
a running t of the model with increasing temperature and fond a negative relationship
between temperature and parameterssC[)n and CB"n and a positive relationship between
temperature and parametersDp and Dp . By harnessing the relative red uorescence
of the ow cytometric data, we show that picoeukaryotes, whch are higher in cell
number in winter (cold) than summer (warm), contain highehdorophyll per cell than other
picophytoplankton and are slightly larger in size, possiplexplaining the temperature
shift in model parameters, though further evidence is needk to substantiate this
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Brewin et al. Total and Size-Fractionated Chlorophyll-a in the Red Sea

nding. Our results emphasize the importance of knowing thewater temperature and

taxonomic composition of phytoplankton within each size @ss when understanding their
relative contribution to total chlorophyll. Furthermoregur results have implications for the
development of algorithms for inferring size-fractionate chlorophyll from satellite data,
and for how the partitioning of total chlorophyll into the tree size classes may change in
a future ocean.

Keywords: phytoplankton, size, chlorophyll, Red Sea, tempe rature

1. INTRODUCTION pigment in marine phytoplankton. Unlike phytoplankton
carbon, which is more di cult to measure, total chlorophyll
Phytoplankton are a critical component of the Earth's systemean be routinely estimateid situ (e.g., uorometrically or using
Absorbing incoming solar radiation, COand synthesizing High Performance Liquid Chromatography, HPLC) or through
organic matter, they are responsible for half of the planetargatellite remote-sensing of ocean col@'Reilly et al., 1998
primary production (onghurst et al., 1995; Field et al., 1R98 Conventionally, phytoplankton size structure is quanti ed b
modulate oceanic carbon, and provide energy for the majorityartitioning biomass (total chlorophyll) into three size cas
of marine life. Light absorption by phytoplankton in the ocean[pico- (<2 m), nano- (2-20 m) and micro-phytoplankton
is dependent on its biomass. Most of the light absorbed by>20 m); Sieburth et al., 1978 with the role of each
phytoplankton is lost as heat, thus variations in phytoplanktonthought to dier in the cycling of key elements such as
biomass modulate solar heating in the oceamiiyendranath carbon, with taxonomic composition, nutrient concentrati®
et al., 199). A small component of absorbed light is usedand environmental conditions in uencing the compositiontbie
by phytoplankton in photosynthesis, making phytoplanktonthree size classe$XCCG, 201).
biomass critical for marine primary production and for energy  The relationship between total chlorophyll and that contin
transfer to higher trophic levels, impacting global sher@gch in each of the three size classes has been studied thoroughly
(Chassot et al., 20).0 in some regions Raimbault et al., 1988; Chisholm, 1992;
A second important characteristic of phytoplankton is its sizeGoericke, 2011; Marafion et al., 2012; Lépez-Urrutia and Moran,
structure. A suite of phytoplankton biochemical functionsear 2015, with picophytoplankton known to contribute most to
controlled by size, including: metabolic rate, growth andrient  total chlorophyll at low concentrations, nanophytoplankton a
uptake Platt and Jassby, 1976; Platt and Denman, 1977, 197Atermediate concentrations, and microphytoplankton at tig
Maloney and Field, 1991; Chisholm, 1992; Marafon, 200%;201concentrations IOCCG, 201). This relationship has been
Finkel et al., 2010 The absorption of light by an assemblagequanti ed statistically Uitz et al., 2003 empirically Hirata
of phytoplankton of known biomass varies with size structurest al., 201)l and more mechanisticallyBfewin et al., 2010;
(Morel and Bricaud, 1981; Prieur and Sathyendranath, 198DQevred et al., 20)1at local and global scaleEXCCG, 2013
Bricaud et al., 2004; Devred et al., 2006; Brewin et al.,)2010One approach to modeling this relationship, that has proven to
Therefore, phytoplankton size also in uences photosynthetie ~ be a popular choice (e.g3rotas et al., 2013; Lin et al., 2014;
and ocean heatingSathyendranath and Platt, 2007; Uitz et al.. Sammartino et al., 2015; Sahay et al., 2017; Hu et al., 2018;
2008; Brewin et al., 201)Y.bThe sinking rates of phytoplankton Lamont et al., 2018; Liu et al., 2018; Sun et al., p0ssthe
are impacted by size, with large-celled phytoplankton thoughthree-component model oBrewin et al. (2010)The model is
to be responsible for a large fraction of export production and?@sed on two exponential functionsS{thyendranath et al., 2001;
small-celled phytop|ankton for recyded producti@dpby and Devred et al., 20()&hat relate the fraction of total CthfOphy”
Peterson, 1979; Michaels and Silver, 1988; Boyd and Newtd?y combined pico- and nanophytoplanktoifrd, cells <20 m)
1999; Laws et al., 2000; Guidi et al., 2009; Briggs et all; 20@&nd picophytoplankton Kp, cells <2 m) to total chlorophyll
Mouw et al., 201) at the same time acknowledging small-celledconcentration C) according to
phytoplankton carbon export can also be signi cantiguw
et al., 2016; Richardson, 201The size of phytoplankton is an[l exp(
also thought to in uence the structure of the marine food aha Fpn D
(Legendre and Le Fevre, 1991; Maloney and Field,)19%i&se
are some of the reasons why phytoplankton biomass and sizg,
structure are considered as two key ecological indicatotheé
marine environment Platt and Sathyendranath, 2008 Cg1[1 exp( Egc)]
A common measure of phytoplankton biomass is the total Fp D G
chlorophyll-a concentration (representing the sum of mono- c
and divinyl chlorophylla, chlorophyllide-a, and the allomeric Model parameters are relatively easy to interpret, wah,
and epimeric forms of chlorophyl; hereafter referred to and C™ representing the asymptotic maximum chlorophyll
collectively as total chlorophyll), the major photosyntleeti concentrations for the associated size classes (¥20and

Dpn

cm ©)
c :

1)

)
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TABLE 1 | Symbols and de nitions.

Symbol De nition

C Total chlorophyll concentration (mgm 3)

Cp Chlorophyll concentration for picoplankton (cells 2 m) (mgm 3)

Cpn Chlorophyll concentration for combined nano-picoplankta (cells< 20 m) (mgm 3)
Ch Chlorophyll concentration for nanoplankton (cells 2 20 m) (mgm 3)

Cm Chlorophyll concentration for microplankton (cells 20 m) (mgm 3)

an Asymptotic maximum value ofCp , (cells <20 m) (mgm 3)

C[)“ Asymptotic maximum value ofCp (cells <2 m) (mgm 3)

DOC Dissolved organic carbon ( mol L 1)

Dp,n Fraction of total chlorophyll in combined nano-picoplankin (cells< 20 m) as total chlorophyll tends to zero
Dp Fraction of total chlorophyll in picoplankton (cells: 2 m) as total chlorophyll tends to zero
Fp Fraction of total chlorophyll for picoplankton (cells 2 m)

Fp.n Fraction of total chlorophyll for combined nano- picoplanton (cells< 20 m)
Fn Fraction of total chlorophyll for nanoplankton (cells 2 20 m)

Fm Fraction of total chlorophyll for microplankton (cells 20 m)

Gy Parameter of Equation (5) controlling lower and/or upper bawd in an

Gy Parameter of Equation (5) controlling slope of change iﬁg"n with T

G3 Parameter of Equation (5) controlling th& mid-point of G,

Gy Parameter of Equation (5) controlling lower and/or upper bawd in Cmn

Hy Parameter of Equation (6) controlling lower and/or upper bawd in Cpm

Ho Parameter of Equation (6) controlling slope of change iﬁ,’}q with T

Hs Parameter of Equation (6) controlling th& mid-point of Hy

Hyg Parameter of Equation (6) controlling lower and/or upper bawd in CB‘

Jq Parameter of Equation (7) controlling lower and/or upper baud in Dp

Jo Parameter of Equation (7) controlling slope of change iDp n with T

J3 Parameter of Equation (7) controlling th& mid-point of Jo

Jy Parameter of Equation (7) controlling lower and/or upper baud in Dp

K1 Parameter of Equation (8) controlling lower and/or upper baud in Dp

Ko Parameter of Equation (8) controlling slope of change iDp with T

K3 Parameter of Equation (8) controlling th& mid-point of K,

Ka Parameter of Equation (8) controlling lower and/or upper bau in Dp

MAD Median absolute difference between estimated and measuredata

r Pearson correlation coef cient

RFU Relative red uorescence

RMSD Root mean square difference between estimated and measuredata

T Water temperature (C)

TDN Total dissolved nitrogen (mol L 1)

<2 m, respectively), an®,, and D, representing the fraction with changes in environmental conditions, for example, with
of each size-class relative to total chlorophyll as totadrdghyll  changes in water temperature and light availabilif§refwin
tends to zero. Once suitable parameters are obtained, armd al., 2015b, 2017a; Ward, 201%0 predict the response of
Fpn and F, derived, the fractions of nano-F{) and micro- the marine ecosystem to uctuations in climate, it is crifita
phytoplankton &) can be computed aB, D F,n Fp and  improve our understanding of how the relationships between
Fm D 1 Fpn. The chlorophyll concentration in each size classhese two key ecological indicators may change with changin
(Cp, Cn, and Cyy) can be calculated simply by multiplying the environmental conditions. Among the warmest and most salin
fractions &, Fn, andFp,) by total chlorophyll C). Table 1de nes  waters on the planet onghurst, 2007; Belkin, 2009; Raitsos et al.,
variables, parameters and abbreviations used in the maipiscr 2011; Yao et al., 2014%,land believed to re ect environmental
Although such models have proven successful at capturing theonditions predicted in other marine regions decades from
relationship between total chlorophyll and chlorophyll caimted now (Christensen et al., 20)}7the Red Sea is an interesting
in each size class, it has been recognized that such redaijssn  location to explore relationships between these indicatord a
may be perturbed by climate variabilityB{ewin et al., 2012; environmental variability.
Racault et al., 2014; Agirbas et al., 20potentially impacting In this study, we make use of a dataset collected in coastal
how the marine ecosystem functionSgthyendranath et al., waters of the central Red Sea over a 4-year period, consisting of
2017. Furthermore, relationships have been shown to di ermeasurements of total chlorophyll, size-fractionated ohybdyll,
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FIGURE 1 | Study site. (A) Location of the study site with respect to the broader Red Sea(B) Study site near the coastal waters of Thuwal in the Kingdom daudi
Arabia and the locations of the three datasets used in the stly. KAEC refers to the King Abdullah Economic City and KAUSDtthe King Abdullah University for
Science and Technology.

picophytoplankton (abundance and cell properties by ow9L carboy (KAUST Harbor and Abushusha reef) or Niskin
cytometry) and nutrient concentrations. We use these datayottles (the rest of the sampling).
together with the three-component model®fewin et al. (2010Q)

with the aim to quantify the relationship between total and2 2 Sjze-Fractionated Filtration (SFF) Data

size-fractionated chlorophyll in tro_pical V\_/aters_ and imprcmnr The size-fractionated ltration (SFF) method for determigj
understanding on what controls this relationship. Specilgave  he chiorophyll concentration in each size class involvesvitig

aim to address the following two research questions: (1N t \yater through Iters of di erent pore sizes. For each water sagnpl
relationship between total and size-fractionated chlolbm  (|jected. 200 ml of sea water were Itered sequentiallpiigh
coastal waters of the Red Sea consistent with that observed4g > and 0.2m polycarbonate lIters. Following ltration

other ocean basins? (2) What factors in uence the relatd®s ihe |ters were stored at 80 C for at least 24h. Pigment

between total and size-fractionated chlorophyll? extraction was made by submerging the Iters in 90% acetone
for 24 h at 4C. Samples were then analyzed using a Triology

2. METHODS Fluorometer (Turner Designs), pre- and post-calibrated using
pure chlorophylla as a standard Anacustis nidulansSigma

2.1. Study Area: Coastal Waters of the Red Aldrich). The total chlorophyll concentration was taken &t

Sea sum of the size fractions for each sample. The concentration

The chosen study site was located in the central Ref chlorophyll passing through the 2m lter and retained
Sea Figure 1A) in the coastal waters near Thuwal in the O0 the 0.2 m lter was designated as picophytoplankton
Kingdom of Saudi ArabiaRigure 1B). We made use of water chlorophyll (), that passing through the 20m lter was
samples collected by King Abdullah University for Science angl€Signated as pico- and nano-phytoplankton chloroph@ ),
Technology (KAUST) at three locations: (1) in KAUST harborth_e chlorophyll retained on the 20m lter was deS|gnat_ed as
(22.3065N, 39.1029E;Silva et al., 20)9where weekly sampling m|crophytoplan_kton chlorophyll Cn), an_d the concentration of
of surface waters was conducted between 2015 and 2017 difiorophyllretainedonthe 2m lter, having passed through the
monthly sampling of surface waters during 2018; (2) near King® M ltér, was designated as nanophytoplankton chlorophyll
Abdullah Economic City (KAEC, 22.471%, 39.0345E, 700m Cn). The fractions of each size class rel_ayv_e to total chlorbphy
depth; Calleja et al., 20)8where surface waters (5m depth) (Fp: Fon, Fn, andFm) were computed by dividing the chlorophyll
were sampled around midday covering the seasonal variabili€oncentration in each size clagsy( Cpn, Cn, and Cy) by total
between 2015 and 2017, on board of KAUST R.V. Thuwal angliorophyll concentration €). In total, 136 SFF samples were
KAUST R.V. Explorer; and (3) near Abushusha reef, just o shor@vailable, 8 from KAEC, 116 from KAUST harbor and 12 from
from KAUST (22.321IN, 39.027E; sedFigure 1B), at the surface APushushareef.

of a 70m depth station, sampled on a monthly basis during

2018 on board the KAUST Durrat Al-Bahr Almar 1 and 5 vessels2.3. Model Parameterization

All water samples were collected during daylight hours (08:3 Model parameters @', CJ', Dppn, and Dp) for the three-

p'n'
14:30 local time) using a pre-clean (acid-washed) polycat®mn component model ofBrewin et al. (2010were derived by
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TABLE 2 | Parameter values for Equations (1) and (2) compared with pemeters derived using the size-fractionated Itration (SFFmethod in other regions.

Study Parameters for Equations (1) and (2) Location N#
Cp,nm Cpm Dpn Dp

This Study® 1.23 (0.83% 2.78) 0.43 (0.335 0.68) 0.94 (0.865 1.0) 0.66 (0.58 0.73) Red Sea 136

Brewin et al., 20146 2.61 (1.82% 4.09) 0.73 (0.54 1.11) 0.95 (0.925 0.98) 0.76 (0.715 0.82)  Atlantic Ocean 408

Corredor-Acosta et al., 2016 2.12 (1.75% 2.54) 0.19 (0.11% 0.27) 0.92 (0.88% 0.96) 0.21 (0.16% 0.33) Central-southern Chile 182

Ward, 2015 0.79 0.16 0.98 0.85 Global Ocean 620

$ Model parameters are computed as the median of the bootstrap parameter distributiomnd bracket parameter values refer to the 2.5% and 97.5% con dence intervals othe
distribution.
# N, Number of samples used for model parameterization.

denotes units in mgm 3.

tting Equations (1) and (2) using a standard, nonlineardea with HzPO, until a pH of 1-2, and kept in the dark at €
squared tting procedure (Levenberg-Marquardt, IDL Routineuntil analysis at the laboratory by high temperature catalyti
MPFITFUN, Moré, 1978; Markwardt, 200&sing theF,, Fpn  oxidation (HTCO) using a Shimadzu TOC-LClleja et al.,
and C SFF data as input. The parametddg, and Dp were 2019. The accuracy of the estimates were monitored using
constrained to be less than or equal to one, since sizeidraated  reference material of deep-sea carbon water (42-461CL 1
chlorophyll cannot exceed total chlorophyll. The method ofand 31-33 mol NL 1) and low carbon water (1-2molCL 1)
bootstrapping Efron, 1979; Brewin et al., 2010)5as used to provided by D. A. Hansell (Univ. of Miami).
randomly resample (utilizing IDL Routine RANDOMU) with Water temperature and salinity measurements were collected
replacement the dataset and re-t equations for each iterati for each sample. In KAUST harbor and at Abushusha reef,
(1,000 iterations). Median values and 95% con dence intisrvathis was conducted immediately prior to sampling with an
were taken from the resulting parameter distributions (seenvironmental probe (YSI probéilva et al., 20)9 At KAEC,
Table 2. Model parameters are compared with other model tswater temperature and salinity measurements were obtained
using SFF data in other ocean basimalfle 2. using a SBE 9 (Sea-Bird Electronics) Conductivity-Tempeeat
Depth (CTD) probe. All data used in this study can be accessed

2.4. Flow Cytometry, Nutrient Sampling in the Supplementary Material
and Physical Variables 2.5. Statistical Tests

For the 136 samples with SFF data, measurements of oWg evaluate the model performance, the Pearson linear
cytometry, nutrients, dissolved organic carbon (DOC) antht  correlation coe cient (r, IDL Routine CORRELATE) and the
dissolved nitrogen (TDN) were also collected. The abunéamé  median absolute di erence (MAD) were used. The signi cance
three picophytoplankton group&rochlorococcuSynechococcus (p) of the correlation coe cient ) was computed using the t-
and picoeukaryotes, were obtained from each water sample usigghtistic and applying a two-sidestest (utilizing IDL Routine

BD FACSCanto ow cytometer, applying the methodology asr ppF). The correlation was deemed signi canpi& 0.05 and

detailed in Gasol and Moran (2015)We measured the red hjghly signi cantifp < 0.001. The MAD was computed as
uorescence as a proxy for the chlorophyll content and the tigh

angle light scatter or side scatter (SSC) as a proxy of cell siz
following Calvo-Diaz and Moran (2006These values were made
relative to those of the 1m latex uorescent beads added to eachwhere X is the variable, subscript denotes the index in
sample as internal standard (Molecular Probes, ref. F-1308%he data series, from 1 t& where N is the length of the
The empirical calibration between relative SSC and cell diam series, the subscriphl denotes the measured variable and
described inCalvo-Diaz and Moran (200&yas used to estimate E the estimated variable from the model. Considering that
the cell size of each of the three picophytoplankton groups. the chlorophyll concentration is approximately log-normally
Nutrients were measured by ltering seawater through pre-distributed Campbell, 199f statistical tests were performed
combusted (450C, 4.5h) GF/F lters. The samples werein log;p space when using chlorophyll as the variable (unless
subsequently frozen and stored a0 C until analysis. Nitrate, explicitly stated), and in linear space when using the fraction
nitrite, silicate, and phosphate were analyzed using a seigmien of total chlorophyll in each size class as the variable. The MAD
ow analyzer from Seal Analytical, with standards prepared invas used as it is robust to non-Gaussian distributions and
acid-washed glassware using a nutrient-free arti cialvegiar  outliers. For comparison with results from other studies,also
matrix (Silva et al., 20)9Samples for DOC and TDN analysis computed the root mean square di erence (RMSD), according to
were passed through an online acid-cleaned polycarbonate Ite
cartridge, holding a pre-combusted (450, 4.5h) GF/F lter, B
attached directly to the Niskin bottle, and collected intoich RMSDD = (Xig
. - N
cleaned and pre-combusted glass vials. Samples were acidi ed iD1

MAD D median{Xig  Ximj), 3

#1
Xim)? . (4)
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FIGURE 2 | Fits of the three-component model to size-fractionated ltation (SFF) data collected in the study. Top row shows the almute chlorophyll concentrations
(Cm, Cp,n, Cn, and Cp) and bottom row the fractions Em, Fp n, Fn, and Fp) plotted as a function of total chlorophyll€), with the tuned three-component model
(parameters fromTable 2) overlain. Gray shading represents a model ensemble vargimparameters between their con dence intervals Table 2).

3. RESULTS AND DISCUSSION account for real variability surrounding the general raaship

. between size-fractionated chlorophyll and total chlorophyl
3.1. Fit of Three-Component Model to SFF Whereas the SFF method has an advantage in that the sizes
Data of phytoplankton are explicitly partitioned, in comparison with
The three-component model was seen to capture the genergiher methods of determining size-fractionated chloropliglg.,
changes in size-fractionated chlorophylCy( Cn, Con, and by High Performance Liquid Chromatography pigment analysis;
Cm) and fractions of total chlorophyllRy, Fn, Fon, and Fm)  Vidussi et al., 2001; Uitz et al., 2006; Brewin et al., 2010;
when plotted as a function of total chlorophyllFigure2  Devred et al.,, 2011; Kheireddine et al., 2)lhere are still
and Table 3. Statistical performance indicates that the threeyncertainties in the measurements. The lters can retairtiohes
component model ts the SFF data wellTgble 3, with  smaller than the nominal pore size, which is dependent on the
comparable or lower RMSD values when compared withmorphology of the particles, cohesiveness of the particlésme
model ts in other regions using SFF measurements. Modeltered and on the lter types used$heldon, 1972: Logan, 1993:
parameters also compare favorably with other model ts using_ogan et al., 1994: Chavez et al., 1995: Gasol and Moran, 1999:
SFF data in other ocean basinable 3. The conceptual Knefelkamp et al., 2007; Dall'Olmo et al., 20On the other
framework of the three-component model is seen to hold inhand, a certain portion of particles larger than the nominal
coastal Red Sea waters, with the abundance of small celisre size can also pass through the lter (e.g., from overlapping
increasing to a given chlorophyll concentration, beyond ethi holes), and be accounted for in smaller-size fractions. T#is i
chlorophyll increases through the addition of larger siz#sses dependent on whether the phytoplankton break apart during the
of phytoplankton Raimbault et al., 1988; Chisholm, 1992; |tration process, on the morphology of the particles, and onithe
Goericke, 2011 This upper bound for small cells increasesorientation as they pass through the lIter. The impact of these
with increasing sizeHrewin et al., 2014pwith assemblages of factors on measurement uncertainties is di cult to quarntif
phytoplankton <20 min size having a signi cantly higher upper though it has been suggested that the clogging of lters and
bound (CJ},) than assemblages of phytoplankton <@ in size  the inability to de ne accurately the pore size of Iters, dveo
(CJ', seeTable . In agreement with other studies(CCG,  keyissues{roppo, 200). Simultaneous measurements made by
2019, picophytoplankton contribution to total chlorophyll multiple types ofn situ methods are needed to make an accurate
is highest at low total chlorophyll, nanophytoplankton at diagnosis of uncertainty in the SFF techniquéa(r et al., 2008;
intermediate total chlorophyll, and microphytoplankton at hig Brewin et al., 2019aThough beyond the scope of this study,

total chlorophyll Figure 2). future e orts are needed in this direction.

. . . While acknowledging that the measurements have
3.2. Relationship Between Model Residuals uncertainties, to explore how the relationship between Itota
and Other Variables and size-fractionated chlorophyll could be in uenced by athe

Although the model ts the data reasonably well, itis by noane  ecological factors and consequently how the three-component
perfect {Table 3 Figure 2). Di erences between the model and model could be improved, we investigated whether the res&dua
data can be related either to uncertainties in the measurgsne (model minus measurement) were correlated with other aaa
(Brewin et al., 2019aor simply to inability of the model to in the dataset. We focused on the di erences between model and
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RMSD
0.18
0.12
0.17
0.27

MAD
0.08
0.04
0.09
0.16

r

This study (temperature-dependent)
Red Sea

0.67
0.83
0.79
0.80

RMSD
0.42
0.20
0.22
0.41

Corredor-Acosta et al. (2018)
MAD

Central-southern Chi

r
0.37
0.81
0.80
0.88

RMSD
0.43
0.12
0.30
0.47

Ward (2015}
MAD

Global dataset
r
0.46
0.93
0.88
0.91

RMSD
0.20
0.09

Brewin et al. (2014b)
MAD

Atlantic Ocean
r
0.86
0.97

RMSD
0.18
0.13
0.17
0.30

This study

Red Sea
MAD
0.09
0.05
0.11
0.18

r
0.66
0.82
0.80
0.75

TABLE 3 | Performance of the three-component model t to the Red Sea daa and a comparison with ts of the model in other regions using i&e-fractionated Itration (SFF) data.

Variable

Cp
Con
Cn
Cm

0.14
0.12
0.12
0.12

0.09
0.07
0.06
0.07

0.47
0.58
0.07
0.58

0.13
0.14
0.12
0.14

0.10
0.08
0.07
0.08

0.43
0.41
0.11
0.41

Fo

Fon
Fn

Fm

Statistical tests performed in logo space.
# From the temperature independent model ofVard (2015)

measurement foF,, and Fp, considering that these fractions
were used to parametrize the model (Equations 1 and 2).

Table 4 shows correlations between residualsHgy and Fp
and other variables in the dataset. As anticipated, thereois n
correlation between residuals and total chlorophyll, highting
that the model t captured the variation i, and Fp as a
function of total chlorophyll. ForF,y, highly signicant (p <
0.001) correlations were observed with temperature (p@itiv
and signi cant correlations|§ < 0.05) with picoeukaryote cell
abundance (negative) and salinity (positive). Fgr signi cant
(p < 0.05) correlations were observed with temperature, TDN,
silicate, nitrite (all positive) and picoeukaryote cell abande
(negative). Of all the variablds,, andFp were both signi cantly
correlated with temperature and picoeukaryote cell number.
These two variables were inversely correlate®( 0.40,p <
0.001) in the dataset, with higher picoeukaryote cell numbers
the winter and lower picoeukaryote cell numbers in summer.

Residuals between the three-component model and tted
data have previously been shown to vary with temperature in
polar waters and in the North Atlantic\{ard, 2015; Brewin
et al., 20171 but not in tropical seas with temperatures
consistently exceeding 2€, suggesting seasonality may also
play an important role in tropical waters. To investigate the
impact of temperature on the parameters of the three-component
model we followed a similar approach Exewin et al. (2017a)
This involved sorting the dataset by increasing temperagure
conducted a running t of the model (Equations 1 and 2) as
a function of temperature using a bin size of 60 samples. This
involved sliding the bin from low to high temperature and ttg
Equations (1) and (2) each time the bin slides (increment& of
sample). For each t, we used the method of bootstrapping (1,000
iterations), and derived 13.6 and 86.4 % con dence intex\¢al
standard deviation), as well as 2.5 and 97.5 % con dencevale
(2 standard deviation), for each parameter distribution irclea
bin (Figure 3), and assessed the relationship between the median
parameters and average temperature of the bins.

We observed a positive relationship betwéyy, (fraction of
cells <20 mto C asC tends to zero) and temperature D 0.80,

p < 0.001) andDy (fraction of cells <2 m to C asC tends to
zero) and temperaturer (D 0.63,p < 0.001,Figure 3), and an
inverse relationship betwee!tgjn and temperaturer(D  0.51,

p < 0.001) andCy' and temperaturer(D  0.89,p < 0.001).
To capture these relationships, we tted logistic functioms t
the data following the approach dérewin et al. (2017a)The
quantities(:{,'}n andCB1 were modeled as functions of temperature
(T) according to

G1
C"D1f CG 5
P 1Cexp[ GAT Gy ~ 9 ®)
and
Hi
D1 f C Hag (6)

1Cexp[ Ho(T H3)

whereG; and G4 represent the upper and lower bounds(tﬁ‘n,
G the slope of change i), with T, and Gg the T mid-point
of the slope betweeﬁg"n andT. ForCB", Hi, wherei D 1to 4, is
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TABLE 4 | Correlations between model residuals (model minus measuneents) in the fraction of total chlorophyll by combined picoand nano-phytoplankton ¢p,n) and
picophytoplankton Fp, cells <2 m) and other variables collected in the dataset.

Variable Fp.n Fp
r p N r p N

Total chlorophyll C) 0.00 0.962 136 0.03 0.740 136
Temperature 0.34 0.000 134 0.26 0.002 134
Salinity 0.23 0.008 133 0.07 0.398 133
DOC 0.16 0.073 132 0.03 0.737 132
TDN 0.16 0.072 133 0.17 0.045 133
Silicate 0.05 0.590 122 0.18 0.046 122
Nitrite 0.12 0.193 122 0.26 0.004 122
Nitrate 0.06 0.533 122 0.15 0.090 122
Phosphate 0.09 0.322 121 0.07 0.464 121
Picoeukaryotes cells -0.18 0.040 131 -0.20 0.022 131
Synechococcus cells 0.04 0.638 131 0.13 0.127 131
Prochlorococcus cells 0.26 0.187 27 0.25 0.212 27

Bold indicates signi cant correlations (p< 0.05).
Cell numbers were logg transformed when running the correlations.

analogous tds; for ngn. Similarly,Dpn and Dy were modeled as  size classesTgble 3. Figure 4 illustrates how the relationship

a function of temperatureT) according to between size-fractionated chlorophyll and total chlorophyl
changes with temperature, when incorporating Equations(&)—
Don J Cud, @) into the model.
1Cexp[ (T XH)] Figure 5A shows a time-series of water temperature and

total chlorophyll at KAUST harbor between 2016 and 2019.
Clear seasonal cycles are seen in temperature, but not for
b. D K1 CK ®) total chlorophyll, with sporadic variations occurring at drent
P~ 1cC exp[ Ko(T Ka)] o times. Figures 5B—D show chlorophyll for micro-, nano- and

picophytoplankton fromin situ data (black) and estimates
whereJ; and Jy represent the upper and lower boundsi®n, > from the model (red), driven by total chlorophyll and water
thg slope of change iy with respect tor, andk_theT mid- temperature Figure 5A, Equations 1, 2, 5, 6, 7, and 8). In
point of the slope betweeBp and T. For Dy, Ki is analogous 5 phighly-complex coastal environment, the three-component
to J for Dpp. The parameters for Equations (5)—(8) were derivedyqde| is seen to explain around 50 % of the variance in size-
by tting the equations to the median parameter yalues fOFh_?‘aC fractionated chlorophyll 0.7 correlation in linear space,
bin and average temperature of each bin, using a nonlinegtig, re 5. Considering that both water temperature (sea-surface
least-squared tting procedure with bootstrapping (utilignDL  (emperature) and chlorophyll are accessible through stelli
Routines described in Section 2.3), and by constraining input ;sipje and thermal radiometry, the approach o ers the potential

plausible values (0 to 10 f@g), andC and <1 forDpn andDp).  for estimating size-fractionated chlorophyll from satelidata in
Parameter values for Equations (5)—(8) are providedable 5  ihe central Red Sea.

The functions are seen to capture the general relationships
observed in the datasefFigure 3). Nonetheless, as this analysis . .
is based on arelatively sr%all dataset (136 samples), we rieeogn3'3' In u?nce of Qhanges In Taxonomic
additional data is required to substantiate the relatidqpsh COMpOsition of Picophytoplankton on
between model parameters and temperature observed here. Model Parameters

After Equations (5)—(8) were incorporated into the model,Our understanding of how model parameters change with
residuals between the temperature-dependent model and datemperature can be guided by analysing the ow cytometry
were no longer signi cantly correlated with water tempenau data. Figure 6 shows the relationship between temperature
or picoeukaryote cell numbemp(> 0.05 for bothF,, and F,  and cell abundance for the two dominant picophytoplankton,
for these correlations), con rming that the new parametation ~ Synechococcuand picoeukaryotes, as determined by ow
accounted for the relationships originally observed betweenytometry. For the three sites sampled, with di ering conalits
the residuals and model outpufdble 4. Furthermore, model (depth and picophytoplankton community composition), there
performance was seen to improve using the temperatures a clear shift in the composition of picophytoplankton with
dependent model, with lower MAD values for all size classeemperature, Synechococcuseing positively correlated with
and higher correlation coe cients and lower RMSD for most temperature and picoeukaryotes inversely correlakégure 6).

and
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FIGURE 3 | Relationship between the parameters of the three-componen
model and water temperature derived from sorting the dataseand conducted
arunning t of the model (bin size 60 measurements) with incising
temperature. Average water temperature of each bin is on thabscissa and
13.6 and 86.4 % (darker shading) and 2.5 % and 97.5 % (lighterfsading)

con dence intervals of the parameters from a bootstrap t (1,00 iterations) on
the ordinate (con dence intervals are constrained to reali& values, 0 to 10 for
Cpn and Cp! and <1 for Dp,n and Dp). (A) Shows the relationship between
temperature and the parametersDp n and Dp. Solid black line is the model of
Brewin et al. (2017b)tuned to the data (Equation 8) for cells <2 m and
dashed line for cells <20 m (Equation 7).(B) Shows the relationship between
temperature and the parameterscgn and CT'. Solid black line is the model of
Brewin et al. (2017b)tuned to the data (Equation 6) for cells <2 m and
dashed line (Equation 5) for cells <20 m.

with changes in phytoplankton physiology€ldhuis and Kraay,
1993. Other factors can also impact uorescence measured by a
ow cytometer (Neale et al., 19§9If we multiply the relative red
uorescence for all picophytoplankton groups by their respestiv
abundances, sum them up, then compare withderived from
SFF measurements, we obtain a reasonable positive correlatio
(r D 0.38,p < 0.001LN D 131), con rming the use of relative
uorescence as proxy of per cell chlorophyll concentration im ou
dataset. The increase ]! with decreasing temperature could
therefore be associated with increasing picoeukaryotesheusn
at lower temperature. This group of picophytoplankton is larger
in size (1.31 m for picoeukaryotes compared with 0.88n for
Synechococcand 0.76 m for ProchlorococcuseeTable 6 and
can store higher concentrations of chlorophyll per c&iffle 6),
and may consequently result in higthm values. Similarly,
consideringC, constitutes the dominant portion o€, in our
datasetfFigure 2), that picoeukaryote red uorescence was found
to be correlated withC, (r D 0.38,p < 0.001,N D 131) and
Con (r D 0.33,p < 0.001,N D 131), and that the presense
of picoeukaryotes is often associated with the presense @frlarg
nanoeukaryotesTarran et al., 2006; Tarran and Bruun, 20,15
similarly links could be made with increases in the parameter
Cg?n at low temperature. Nonetheless, additional evidence,(e.g.
taxonomic composition of the larger size classes) is needed to
substantiate these linkages.

With regards to parametefS, and Dy, it is worth recalling
that these parameters re ect the fraction of each size-ctdatve
to total chlorophyll as total chlorophyll tends to zero (i.e.,
ultra-oligotrophic waters). Picophytoplankton are thought to
dominate in oligotrophic conditions, owing to their competi¢
advantage over larger cells in low nutrient conditions, aute
that is consistent with our model parameterization over the
entire temperature rangeD, > 0.6, Figure 4). However, we
see marginally higheDp and Dy, parameters in warmer waters
(summer, higheSynechococcasll numbers) than cooler waters
(winter, higher picoeukaryote cell numbers). A decreas®jn
and Dpn with temperature has also been observed in other
regions, over a di erent temperature rangeréwin et al., 2017ja
There may be some direct e ect of temperature on growth rates
of the di erent picophytoplankton communitiesHppley, 1972;
Chen et al., 200)4and their grazersgteinberg and Landry, 20),7
that cause these di erences and allow for an increasing prEsen
of larger cells (nano- and micro) in cooler oligotrophic water
However, it is worth noting that, as most of the dataset isyver
coastal, chlorophyll concentrations rarely fall below 0.Irmg

Table 6 lists the average relative red uorescence and ce(lFigure 2 making it di cult to interpret variations in Dp and
size for each community of picophytoplankton derived from theDpp, in this dataset. Future e orts to sample more oligotrophic
ow cytometry data. Picoeukaryotes, as expected, were founggions of the Red Sea may shed further light on variations in
to be larger in size and to have higher relative red uoreseen these two parameters.
than the cyanobacteridéble 6), consistent with studies in other
regions Blanchot et al., 2001; Calvo-Diaz et al., J0Relative . . .
red uorescence has been used as a proxy of per cell chloroph 4. Understanding the Re_latlonShlp .
concentration Qlson et al., 1983; Li et al., 1993; Veldhuis et al BEtween Phytoplankton Biomass and Size
1997; Veldhuis and Kraay, 2000; Calvo-Diaz and Moran, 200&tructure in a Future Ocean
Calvo-Diaz et al., 2008; Alvarez et al., 2packnowledging that Two key ecological indicators, phytoplankton biomass and
there are natural variations in uorescence per unitof cldphyll  size structure, are seen to covary in a predictable manner
among speciesSEsik et al., 1999size {eldhuis etal., 1997and in coastal waters of the Red SeRiglre 2), with small cells

Frontiers in Microbiology | www.frontiersin.org 9 September 2019 | Volume 10 | Article 1964



Brewin et al. Total and Size-Fractionated Chlorophyll-a in the Red Sea

TABLE 5 | Parameter values for Equations (5)—(8).

Model parameter Equation Parameters for Equations (5) and (8) $

an 5 Gy D -3.56 ( 1.33) G, D -1.47 ( 0.86) G3 D 28.34( 0.87) G4 D 0.00 ( 0.171)
oy 6 Hy D 1.20 ( 0.30) H, D 2.58 ( 2.23) Hz D 27.28 ( 0.60) Hs D —0.61 ( 0.58)
Dp,n 7 J1 D 0.058 ( 0.010) J, D 5.86 ( 4.87) J3 D 28.01 ( 0.31) J4 D 0.88( 0.01)
Dp 8 Ky D 0.097 ( 0.019) Ky D 5.34 ( 4.49) Kz D 27.82 ( 0.21) K4 D 0.60 ( 0.02)

$ Model parameters are computed as the median of the bootstrap parameter distributioand bracket parameter values refer to median absolute deviation on the didirition.
Denotes units in mgm 3.

FIGURE 4 | In uence of temperature on the relationship between size-fretionated chlorophyll and total chlorophyll, when incorpmating Equations (5)—(8) into the
three-component model. Top row shows the size-fractions othlorophyll and bottom row the fractions of total chlorophi} in each size class, all plotted as a function of
total chlorophyll. Dashed black lines refer to the model usg a single set of parametersTable 2).

dominant at low chlorophyll concentrations and large cells ais in uenced by the chlorophyll-speci ¢ absorption coe cient
high concentrations, consistent with studies in other ceg  which changes with siz&(icaud et al., 2004; Devred et al., 2006;
(Raimbault et al., 1988; Chisholm, 1992; Uitz et al., 2006yiBre Uitz et al., 2008; Brewin et al., 201The structure of the marine
et al., 201)) These predictable relationships have been exploitefbod web has also been found to depend on size composition
for the development of ocean-color algorithm®CCG, 201),  of phytoplankton (/laloney and Field, 1991 Models that tie
and for the validation of, and assimilation of data into, nime&r  primary production and total chlorophyll, export production and
ecosystem models\Ward et al., 2012; Hirata et al., 2013;total chlorophyll, predictenergy ow and biological heatinging
Holt et al., 2014; de Mora et al., 2016; Ciavatta et al., 201ttal chlorophyll, are all vulnerable to shifts in the relatship
Skakala et al.,, 20).8However, it has been recognized thatbetween total and size-fractionated chlorophyll.
such relationships might be perturbed by changes in climate Standard, empirical algorithms used by space agencies
(Sathyendranath et al., 2017 for estimating total chlorophyll from blue-green re ectamc
The size-structure of the phytoplankton aects export ofratios, derived from satellite measurements of ocean color,
large aggregateBgyd and Newton, 1999 with large cells have been shown to incorporate implicitly a xed relationship
thought to contribute more to the ux of carbon at depth between size-fractionated chlorophyll and total chlorophyl
than smaller phytoplankton, at similar levels of total chiphgll  (IOCCG, 201) with low total chlorophyll concentrations
(Guidi et al., 200p acknowledging small-celled carbon exportrepresented by the optical properties of small cells and high
can be signi cant Richardson, 2019 The photosynthetic rate concentrations by large cell®ierssen, 2010; Sathyendranath
of phytoplankton, for a given concentration of total chlorophy et al., 201y, These algorithms are also vulnerable to shifts
has been shown to depend on size-structuéa(t and Jassby, in the relationship between total and size-fractionated
1976; Fernandez et al., 2003; Moréan et al., 2004; Uitz et 8B; 20chlorophyll, with implications for using ocean-color data
Alvarez et al., 2016; Brewin et al., 2017b; Curran et al.8:201to detect climate variabilitySathyendranath et al., 201Tying
Robinson et al., 20189,Biological heating by phytoplankton the relationship between total and size-fractionated ahpdyll
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FIGURE 5 | Time-series of data collected at KAUST harbor in Thuwal beteen 2016 and 2019. (A) time-series of water temperature and total chlorophyli), (B)
microphytoplankton chlorophyll Cm), (C) nanophytoplankton chlorophyll €n), and (D) picophytoplankton chlorophyll Cp). r represents the correlation coef cient
between measurements and model (conducted in linear space)

to other environmental factors (e.g., temperature) could iai  been shown as a key variable for predicting changes in taxanom
ocean-color algorithm development. composition in tropical oceans=(ombaum et al., 2013; Lange
Results from this study indicate that, in the coastal waterst al., 2018; Agusti et al., 2Q18mperate regions\{oran et al.,
of the Red Sea, changes in the taxonomic composition of th2010; Flombaum et al., 2013; Brewin et al., 2)1atd in polar
phytoplankton within a size class may a ect the chlorophyllwaters (i et al., 2009; Ward, 20).59-urthermore, as temperature
in that size class. Therefore, to predict future changes irs a variable that is routinely measured from space, its irtign
size-fractionated chlorophyll, we need to understand hownto models of ocean color could lead to improved estimates of
phytoplankton taxonomic composition is likely to change. Insize-fractionated chlorophyllRaitsos et al., 2008; Ward, 2015;
the coastal waters of the Red Sea, we found temperature Byewin et al., 2017)a as well as other regional ocean-color
correlate with taxonomic composition of picophytoplankton products used in ecological studigdréwin et al., 2013, 2015a;
and the partitioning of total chlorophyll into the three size Raitsos et al., 2013, 2015, 2017; Racault et al., 2015;g8ittin
classes. Other studies in the Red Sea, using di erent methods, al., 2018; Kheireddine et al., 2)1putting us in a better
have con rmed the in uence of temperature on phytoplankton position to harness ocean-color data for detecting shifts aminme
taxonomic compositionPearman et al., 20).7Temperature has ecosystems in the Red Sea.
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FIGURE 6 | Relationship between temperature and picophytoplankton ell
counts. (A) Synechococcus vs. temperature and(B) Picoeukaryotes vs.
temperature. Solid line is a linear regression and symbolsifow those of
Figures 1, 2.

TABLE 6 | Average relative red uorescence and cell size for each commnity of
picophytoplankton derived from the ow cytometry data.

Variable Picoeukaryotes Synechococcus  Prochlorococcus
(N D 131) (N D 131) (N D 27)

Relative red 0.89 ( 0.22) 0.031 ( 0.008) 0.004 ( 0.001)

uorescence (RFU)

Cell diameter ( m) 1.31( 0.05) 0.89 ( 0.02) 0.76 ( 0.01)

Bracketed values represent the median absolute deviation of the data.

4. SUMMARY

Using datasets of size-fractionated chlorophyll, ow cytiny,
physical variables and nutrient concentrations, collecteer

in the three size classes. Model ts and model parameters were
comparable to studies tting the model to datasets in othezac
basins, demonstrating, in answer to research question &}, t
the relationship between total and size-fractionated byl

in the coastal waters of the Red Sea is consistent with that
observed in other ocean basins. We found the residuals intthe

to be signi cantly correlated with water temperature (pogiiy)

and picoeukaryote cell abundance (negatively), demonsgait
answer to research question (2), that temperature and taxonio
composition are key factors in uencing the relationship Wween
total and size-fractionated chlorophyll in the coastal waite the

Red Sea.

We introduced a temperature-dependency on model
parameters that was subsequently found to improve
performance. Temperature was inversely related with

picoeukaryote cell abundance, with higher picoeukaryote
cell abundances in winter (cold) than summer (warm).
Picoeukaryotes are known to contain higher chlorophyll per
cell than picophytoplanktonic cyanobacteria and be larger
in size, possibly explaining a decrease in the maximum
chlorophyll concentration of small cells in the modeCy{
and CL}}n) with increasing temperature. This was supported
by additional analysis using the relative red uorescence
and cell size estimates from ow cytometer data. However,
we recognize additional evidence is needed to substantiate
the link between the temperature dependence of model
parameters and changes in the taxonomic composition of
phytoplankton. Our results highlight the importance of
temperature and taxonomic composition of phytoplankton
within each size class when exploring the relationship betwe
size-fractionated and total chlorophyll. This has implicais

for the development of satellite ocean-color algorithms and
for predicting how ecosystem functioning may change in a
future ocean.
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