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Abstract

Active chlorophyll a fluorescence approaches, including fast repetition rate fluorometry
(FRRF), have the potential to provide estimates of phytoplankton primary productivity
at unprecedented spatial and temporal resolution. FRRF-derived productivity rates are
based on estimates of charge separation at PSII (ETRRCII), which must be converted5

into ecologically relevant units of carbon fixation. Understanding sources of variability
in the coupling of ETRRCII and carbon fixation provides physiological insight into phyto-
plankton photosynthesis, and is critical for the application of FRRF as a primary produc-
tivity measurement tool. In the present study, we simultaneously measured phytoplank-
ton carbon fixation and ETRRCII in the iron-limited NE subarctic Pacific, over the course10

of a diurnal cycle. We show that rates of ETRRCII are closely tied to the diurnal cycle in
light availability, whereas rates of carbon fixation appear to be influenced by endoge-
nous changes in metabolic energy allocation under iron-limited conditions. Unsynchro-
nized diurnal oscillations of the two rates led to 3.5 fold changes in the conversion factor
coupling ETRRCII and carbon fixation (Φe:C/nPSII). Consequently, diurnal variability in15

phytoplankton carbon fixation cannot be adequately captured with FRRF approaches
if a constant conversion factor is applied. Utilizing several auxiliary photophysiological
measurements, we observed that a high conversion factor is associated with conditions
of excess light, and correlates with the expression of non-photochemical quenching
(NPQ) in the pigment antenna, as derived from FRRF measurements. The observed20

correlation between NPQ and the conversion factor Φe:C/nPSII has the potential to
improve estimates of phytoplankton carbon fixation rates from FRRF measurements
alone.
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1 Introduction

Marine phytoplankton account for ∼ 50 % of global carbon fixation (Field et al., 1998),
and play a key role in Earth’s biogeochemical cycles. Understanding the spatial and
temporal patterns in marine primary productivity and its response to environmental
variability is thus a central oceanographic research question. Traditionally, rates of phy-5

toplankton primary production have been measured using incubation-based assays,
tracing the evolution of oxygen or the assimilation of CO2 (Williams et al., 2008). More
recently, bio-optical approaches based on measurements of active chlorophyll a fluo-
rescence (ChlF) yields (Kolber and Falkowski, 1993; Schreiber, 2004) have emerged as
an attractive alternative, avoiding artifacts related to bottle containment, and achieving10

unparalleled spatial and temporal resolution. The method most prominently applied to
measure ChlF yields in field assemblages of marine phytoplankton is fast repetition rate
fluorometry (FRRF) (Kolber et al., 1998). ChlF yields, as measured by FRRF, can be
used to estimate electron transport in photosystem II (ETRRCII, mol e− mol RCII−1 s−1),
and these rates can be converted to carbon units based on theoretical calculations.15

However, empirical comparison of FRRF-derived ETRRCII and carbon fixation data has
shown that the derived conversion factor varies significantly with changes in the physi-
ology and taxonomic composition of phytoplankton assemblages (Suggett et al., 2010;
Lawrenz et al., 2013).

The conversion factor linking ETRRCII and carbon fixation consists of two param-20

eters, the amount of chlorophyll a per number of functional PSII reaction centers
(1/nPSII; mol chl a mol RCII−1) and the electron requirement for carbon fixation (Φe:C;
mol e− mol C−1). Plasticity in both parameters can be observed at the physiological
and taxonomic level, and is ultimately a function of given environmental conditions.
Marine phytoplankton evolved to optimize growth under fluctuating light and often lim-25

iting nutrient conditions. As a consequence, phytoplankton photosynthesis and down-
stream metabolic processes exhibit great plasticity and interconnectivity, allowing rapid
responds to changes in environmental conditions. This physiological regulation influ-
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ences the coupling between ETRRCII and carbon fixation. For example, the conversion
factor Φe:C/nPSII increases when energy and reducing power (ATP and NADPH) from
the photosynthetic light reaction are used directly for the reduction or assimilation of
limiting nutrients, rather than for carbon fixation (Babin et al., 1996; Laws, 1991; Myers,
1980; Napoléon et al., 2013). Furthermore, Φe:C/nPSII has been shown to increase un-5

der excess light conditions (Babin et al., 1996; Cheah et al., 2011; Corno et al., 2006;
Fujiki et al., 2007; Goto et al., 2008; Kaiblinger and Dokulil, 2006; Napoléon et al., 2013;
Napoléon and Claquin, 2012; Raateoja, 2004), in conjunction with the up-regulation of
alternative electron sinks that alleviate “backpressure” along the photosynthetic elec-
tron transport chain (ETC), preventing photoinhibition. In a previous study, we showed10

that low iron concentrations enhanced the effect of excess light, further increasing the
conversion factor Φe:C/nPSII (Schuback et al., 2015).

The conversion factor Φe:C/nPSII can also be expected to change over the course
of a diurnal cycle, since ETRRCII is driven by instantaneous light availability, while the
fraction of ATP and NADPH used for carbon fixation is more dominantly controlled by15

endogenous circadian rhythms (Behrenfeld et al., 2004, 2008; Granum et al., 2009;
Halsey and Jones, 2015; Prézelin, 1992; Suzuki and Johnson, 2001). As a result,
ETRRCII and carbon fixation can become uncoupled over the course of a diurnal cy-
cle, resulting in a variable conversion factor Φe:C/nPSII. Quantifying diurnal changes in
Φe:C/nPSII is important for the characterization of changes in carbon fixation rates from20

FRRF measurements. Yet to our knowledge, there are no direct experimental studies
of the diurnal changes in the coupling of ETRRCII and carbon fixation in marine phyto-
plankton.

In the present study we simultaneously measured rates of 14C-uptake and ETRRCII in
iron-limited phytoplankton assemblages in the NE subarctic Pacific over the course of25

a 24 h diurnal cycle. Our results show that the conversion factor Φe:C/nPSII, derived for
in situ irradiances at 5 m depth, varied significantly (by a factor of 3.4), and we discuss
the potential physiological processes accounting for this variability. Diurnal changes in
Φe:C/nPSII have important implications for the estimate of carbon-based rates of pri-
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mary productivity from FRRF measurements, and should be considered, along with
phytoplankton taxonomy and nutrient status (Lawrenz et al., 2013), when deriving re-
gional conversion factors between ETRRCII and carbon fixation. Building on previously
published results (Schuback et al., 2015), we show that the magnitude and variability
of Φe:C/nPSII can be correlated to FRRF-based measurements of non-photochemical5

quenching (NPQNSV).

2 Methods

2.1 Study site and water-column hydrography

Field sampling was conducted on board the CCGS John P. Tully on 17/18 June 2014.
During the sampling period, the research vessel stayed within close proximity (10 km)10

to Ocean Station Papa (OSP), located in iron-limited waters of the NE subarctic Pa-
cific (50◦N, 145◦W) (https://www.waterproperties.ca/linep/). We acknowledge that our
sampling approach is not truly Lagrangian, and some variability in nutritional status and
taxonomic composition of phytoplankton assemblage could have occurred due to wa-
ter mass advection. However, we expect that surface hydrography and phytoplankton15

characteristics are sufficiently homogeneous in this oceanic region, such that minor
water mass advection would not have significantly influenced primary productivity or
photophysiological parameters measured over the diurnal cycle.

During our occupation of OSP, we conducted five CTD casts (three casts during the
24 h diurnal experiment and one each before and after the diurnal sampling) to charac-20

terize variability in temperature and salinity depth profiles, from which we derived sea-
water density using the GSW toolbox in MATLAB (McDougall and Barker, 2011). Mixed
layer depth (MLD) was calculated from a density difference criterion (∆σ = 0.05). The
depth profile of photosynthetically available radiation (PAR, 400–700 nm, µmol quanta
m−2 s−1) through the upper 100 m of the water column was obtained using a PAR25

sensor (Biospherical QSP-400) mounted on the rosette during one of the CTD casts
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(12:30 local time, LT). The optical extinction coefficient, kd (m−1), was calculated as:

kd = (lnE0 − lnEz)/z (1)

where E0 is surface irradiance and Ez is irradiance at depth z (m). Surface PAR (E+
0 )

was continuously logged (10 min intervals) with a LI-1000 down-welling PAR sensor
(LI-COR, USA), mounted in a non-shaded position on the ship’s superstructure, at5

a height of ca. 7 m above the sea-surface. Unfortunately, 3 h of PAR data were lost due
to an instrument malfunction. To fill the data gap, we utilized shortwave solar radia-
tion data from a nearby moored surface buoy, operated by the Ocean Climate Stations
(OCS) group at Pacific Marine Environmental Laboratory of the National Oceanic and
Atmospheric Administration (PMEL-NOAA). All mooring data are available from the10

NOAA OCS website (http://www.pmel.noaa.gov/OCS). We aligned the two sets of ir-
radiance data (ship-based and surface mooring) and extrapolated over the 3 h gap in
order to obtain consistent E+

0 for the timespan of the diurnal experiment. Surface re-
flectance was calculated as a function of solar zenith angle following Kirk (2011) using
the R package “phytotools” (Silsbe, 2015). Subtracting surface reflectance provides15

PAR just under the air-ocean interface (E−0 ). PAR at 5 m depth (E−5 m) was calculated as

E−5 m = E−0 exp(kd × 5 m).
Macro-nutrients (P, N, Si) were measured on samples from 2 CTD-rosette casts

following the methods outlined in Barwell-Clarke (1996). Additional measurements of
surface water (∼ 5 m) temperature and salinity were derived from the ship’s thermos-20

alinograph (TSG) connected to a continuous seawater supply, and also from the NOAA
mooring.

2.2 Sample collection

Seawater samples were collected from the seawater intake system (ca. 5 m depth)
every 3 h over a 24 h period and processed immediately for a variety of physiological25

assays described below. The resulting dataset consists of 8 time-points (TPs). Local
16808
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sunrise, solar noon and sunset were at 6:30, 14:40 and 22:50 LT, respectively, resulting
in 3 night-time TPs (3:00, 23:00, 0:00 LT) and 5 day-time TPs (6:00, 9:00, 12:00, 15:00,
18:00 LT). Samples taken at each TP are summarized in Table 1.

2.3 [chl a] and HPLC

At each TP, duplicate 500 mL samples for [chl a] were filtered onto pre-combusted5

25 mm glass fiber filters (GF/F) using low vacuum pressure (< 5 mm Hg), taking care
to keep the filters out of direct light. Filters were stored at −20 ◦C and analyzed follow-
ing the method of Welschmeyer (1994) within two weeks of collection. At 4 TPs (3:00,
9:00, 15:00, 21:00 LT) duplicate 2.2 L samples for pigment analysis were filtered onto
pre-combusted 25 mm GF/F, as above. Filters were blotted dry with absorbent paper,10

flash frozen in liquid nitrogen and stored at −80 ◦C until analysis by reverse-phase high
pressure liquid chromatography (HPLC) following the method of (Pinckney, 2013). In
order to assess diurnal changes in the extent of light stress experienced by the phyto-
plankton assemblage, we derived a number of pigment ratios (Table 2). We also used
the pigment data to estimate the relative abundance of different phytoplankton taxa15

at our sampling site. CHEMTAX analysis was performed using the averaged pigment
concentrations from each TP. Analysis was performed essentially as described in Tay-
lor et al. (2013). The initial pigment ratio matrix, specific to North Pacific phytoplankton
isolates, was taken from Table 5 in Lee et al. (2011).

2.4 Absorption spectra20

Absorption spectra of phytoplankton cellular pigments (aphy(λ)) were determined follow-
ing the quantitative filter technique (QFT) as described in (Mitchell et al., 2002). At each
TP, duplicate 1.1 L samples were filtered onto pre-combusted 25 mm GF/F under low
vacuum pressure and light, taking care to achieve even sample distribution on the filter.
Reference filters were prepared by filtering 1.1 L of Milli-Q water. Filters were carefully25

placed into 25 mm tissue capsules (Fisher), flash frozen in liquid nitrogen and stored at
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−80 ◦C until analysis within 1 month of the experiment. Sample filters were analyzed on
a Cary BIO-100 dual-beam spectrophotometer (Varian) against reference filters as de-
scribed in Mitchell et al. (2002). Optical density (OD) was measured from 370–800 nm
(1 nm resolution) before and after extraction of pigment with 90 % methanol (Kishino
et al., 1985) to determine OD of the whole particulate sample and OD of detritus af-5

ter pigment extraction, respectively. Each sample and blank was analyzed in triplicate,
to minimize error associated with instrument measurements. The wavelength-specific
phytoplankton pigment absorption spectrum (aphy(λ),m−1) was calculated as:

aphy (λ) = 2.303×
(
ODsample (λ)− ODdetrius (λ)

)
× A
V
× β−1 (2)

where 2.303 is the conversion of from base-10 to a natural logarithm, A is the par-10

ticulate retention area of the filter (m2), V is the volume filtered (m3), and β is the
path-length amplification coefficient (4.5, Roettgers and Gehnke, 2012). To determine
chl a specific absorption spectra (a*phy(λ), m−1 mg chl a−1), values were normalized to
corresponding [chl a] values. Absorption spectra were used for spectral correction of
our rate measurements, as described in detail below.15

2.5 FRRF-derived photophysiological parameters and ETRRCII

All FRRF measurements were conducted on a bench top FRRF instrument (Soliense
Inc.), as described in Schuback et al. (2015). Briefly, we applied a single turnover
(ST) protocol (100 flashlets with 1.0 µs length and 2.5 µs interval, 46 200 µmol quanta
m−2 s−1 peak power intensity, resulting in a ST flash length of 250 µs, providing ∼ 5–20

10 quanta per RCII), during which excitation power was provided by an array of eight
LEDs at four wavelengths centered on 445, 470, 505, and 530 nm (equal intensity from
each wavelength). We measured steady state light curves (SSLC), where each sam-
ple was exposed to 10 actinic “background” irradiances from 0 to 1000 µmol quanta
m−2 s−1, provided at the same four wavelengths. All ChlF yields and parameters de-25

scribed below were derived by an iterative non-linear fitting procedure, applying the
16810
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four parameter biophysical model of Kolber et al. (1998) to a mean of 20 consecutive
ST flashlet sequences using custom software (Z. Kolber). This software accounts for
the formation of fluorescence quenching, most likely due to formation of a P680 triplet,
which reduces the maximum fluorescence yield attainable during the ST flash by 3–
6 %. Throughout the SSLC, ST flashlet sequences were measured continuously (1 s5

interval) and the length of each light step was optimized to allow all derived parameters
to reach steady state (ca. 3 min). ChlF yields and parameters corresponding to each
light level were obtained from the mean of the last three acquisitions at each light level.
In this way, we derived the fluorescence yields Fo and Fm (in dark-regulated state) as
well as F ′ and F ′m (in the light regulated state for each light level of the SSLC). F ′o was10

calculated as F ′o = Fo/(Fv/Fm + Fo/F
′

m) (Oxborough and Baker, 1997).
The five fluorescence yields Fo, Fm, F ′, F ′m and F ′o were used to calculate ChlF param-

eters, following (Roháček, 2002) as described in Schuback et al. (2015). Furthermore,
the functional absorption cross section of PSII, σPSII (×10−20 m2 RCII−1), was derived
from the rate of closure of RCII in the dark-regulated and each light-regulated state15

(Kolber and Falkowski, 1993; Kolber et al., 1998). We calculated ETRRCII as:

ETRRCII = E ×σ′PSII
× F ′q/F ′v ×0.006022 (3)

where E (µmol quanta m−2 s−1) is the actinic irradiance at each light level, σ′PSII (×
10−20 m2 RCII−1) is the functional absorption cross section of PSII at each light level,
and F ′q/F

′
v (= qP) is the quantum efficiency of photochemical energy conversion in RCII20

at a given light intensity. The parameter qP can also be interpreted as an estimate of
the fraction of RCII in the open state, i.e. the primary stable electron acceptor in the
oxidized state (Roháček, 2002). The number 6.022×10−3 converts µmol quanta to
quanta and 10−20 m2 to m2.

Non-photochemical quenching (NPQ) at each light level was estimated as the nor-25

malized Stern–Volmer quenching coefficient, defined as NPQNSV = (F ′m/F
′

v )−1 = F ′o/F
′

v
(McKew et al., 2013).
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2.6 Carbon fixation

Rates of carbon fixation were measured as small volume P vs. E curves in a cus-
tom built photosynthetron as described in Schuback et al. (2015). Briefly, 300 mL wa-
ter samples were spiked with 150 µCi NaH14CO3 (final concentration 0.5 µCimL−1,
52.5 mCimL−1 specific activity) (Perkin–Elmer). Samples were spiked with tracer within5

30 min of sampling, mixed gently but thoroughly, and then aliquoted into 20 mL glass
scintillation vials and placed into the photosynthetron. Temperature was kept within
1 ◦C of in situ temperature by circulating water from a water-bath through an aluminum
cooling jacket. Each P vs. E curve consisted of 11 light levels spanning intensities from
3 to 600 µmol quanta m−2 s−1. Incubations lasted for 3.5 h and were ended by gentle10

filtration onto pre-combusted 25 mm GF/F filters. All work was done under low light. For
each curve, 3 time-zero samples were taken by filtering 20 mL immediately after adding
the spike. The total 14C activity added was determined from three 1 mL aliquots of the
spiked sample added to 1 mL of 1 M NaOH. Filters were stored in scintillation vials at
−20 ◦C until processing within 1 month of the experiment. During laboratory process-15

ing, 500 µL of 3 M HCl was added to each filter and vials were left to degas for> 24 h
to eliminate any inorganic 14C remaining in the samples. Ten mL of scintillation cocktail
(Scintisafe plus, Fisher) were added to each vial, and vials were then vortexed and left
to stand in the dark for> 12 h before analysis on a liquid scintillation counter (Beck-
man). Disintegrations per minute (DPM) were derived from scintillation counts using20

a quench curve prepared from commercial 14C standards (Perkin–Elmer). DPM were
converted to units of carbon biomass following Knap et al. (1996).

16812
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2.7 Spectral correction and curve-fitting

To account for differences in the spectral distribution of LEDs used in photosynthetron
and FRRF instrument, all rates were divided by a spectral correction factor (SCF).

SCF =

∑700
400a

∗
phy (λ)Ein situ(λ)

∑700
400ELED(λ)∑700

400a
∗
phy (λ)ELED(λ)

∑700
400Ein situ(λ)

(4)

where a*phy(λ) (m−1) is the [chl a] specific phytoplankton pigment absorption spectrum5

determined for each TP as described above, ELED is the spectral distribution of the
LEDs used in photosynthetron or FRRF, and Ein situ is the spectral distribution of sun-
light at 5 m depth. We estimated the in situ spectral distribution of PAR at 5 m depth
following Stomp et al., 2007 as

E (λ,z) = E0 (λ)exp
(
−
[
Kw (λ)+KGT (λ)+KPH (λ)

]
z
)

. (5)10

Here, E0 (λ) is the spectral distribution of incident sunlight and Kw (λ) (m−1)
is the absorption by pure water (Pope and Fry, 1997). KGT (λ) (m−1) is the
absorption by dissolved and particulate organic matter, estimated as Kw (λ) =
KGT (440)exp(−S (λ−440)), assuming that KGT (440) = 0.003 m−1, a typical value of
clear open ocean water (Morel et al., 2007), and S = 0.017 nm−1 (Kirk, 2010). Val-15

ues for KPH (λ) (m−1) were taken from the absorption spectra measured using the filter
pad technique as described above.

After spectral correction, carbon fixation and ETRRCII data were plotted against irra-
diance and fit to the exponential model of (Webb et al., 1974) using a non-linear least
squares regression procedure in MATLAB. For the carbon fixation data, an intercept20

parameter was added to force the regression through the origin and provide a good fit
in the linear part of the P vs. E curve (Arrigo et al., 2010; Suggett et al., 2001). For both
rates of productivity, we derived the light saturated maximum rate Pmax, the light utiliza-
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tion efficiency α, and the light saturation point Ek = Pmax/α. When photoinhibition was
observed at high irradiances, the data-points were excluded from the fitting procedure.

2.8 Derivation of conversion factor

The conversion factor linking ETRRCII (mol e− mol RCII−1 s−1) and carbon fixation (mol
C mol chl a−1 s−1), was derived as described in Schuback et al. (2015);5

ETRRCII

(
mole−molRCII−1 s−1

)
C-fixation

(
molCmolchl-a−1 s−1

) =Φe:C

(
mole−

molC

)
×1/nPSII

(
molchl a
molRCII

)
(6)

In this approach, the conversion factor between the two rates accounts for changes in
chl a functionally associated with each RCII (1/nPSII, mol chl a mol RCII−1), as well
as variability in the number of charge separations in RCII needed per CO2 assimilated
(Φe:C, mol e− mol C−1). While an approach to estimate values of 1/nPSII directly from10

FRRF measurements exists (Oxborough et al., 2012), it is unlikely to give accurate
results under conditions of iron limitation (Behrenfeld and Milligan, 2013; Oxborough
and Baker, 1997; Vassiliev et al., 1995), and has therefore not been applied in this
study. Based on the measured light dependence of carbon fixation and ETRRCII for
each sample, we were able to derive the light dependency of the conversion factor15

Φe:C/nPSII at each TP. Additionally, we used α and Pmax values from the ETRRCII and
14C P vs. E curves to derive the conversion factor under sub-saturating and saturating
light conditions, respectively.
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3 Results

3.1 Physical and chemical characteristics of the water-column during the
experiment

During the sampling period, the upper water-column at OSP was stratified, with
a well-defined mixed layer of 33±2 m. As expected for iron-limited waters, excess5

macronutrients were present in the mixed layer and concentrations did not vary over
the course of our sampling (2 casts, 3:30 and 12:30 LT; N = 9.1±0.00 µmolL−1, P =
0.98±0.01 µmolL−1, and Si= 14.5±0.51 µmolL−1). Chlorophyll a concentrations were
homogenously distributed throughout the mixed layer (0.26±0.03 mgm−3; 8 depths
sampled on 1 cast at 12:30 LT), while temperature was nearly invariant (10.4±0.07 ◦C)10

during our sampling period. Total daily incident PAR dose over the 24 h period (E+
0 )

was 53 236 µmol quanta m−2, with a noon maximum of 1162 µmol quanta m−2 s−1. The
water column light extinction coefficient, kd, was 0.07 m−1, which is a value typical for
the open ocean (Kirk, 2010). The photic zone extended below the mixed layer depth at
all TPs, apart from the nighttime TP (TPs 1, 7 and 8).15

3.2 Phytoplankton community composition

CHEMTAX analysis of the pigment data suggested that the phytoplankton assemblage
at the sampling location was highly diverse, consisting of approximately 3 % diatoms,
2 % dinoflagellates, 15 % prymnesiophytes, 12 % chlorophytes, 16 % prasinophytes,
14 % cryptophytes, 15 % pelagophytes and 23 % cyanobacteria.20

3.3 Diurnal changes in rates of carbon fixation and ETRRCII

Over the course of the diurnal cycle, we observed significant changes in the P vs. E
curves for carbon fixation and ETRRCII (Fig. 1). However, the two rates, and their light
dependency, did not change in parallel (Fig. 1). As a consequence, we observed sig-
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nificant changes in magnitude and light dependency of the derived conversion factor
Φe:C/nPSII. At all TP, Φe:C/nPSII increased with increasing light (Fig. 1). The maximum,
light-saturated value of Φe:C/nPSII as well as the slope of the light dependent increase
was highest in the afternoon, with maximum Φe:C/nPSII values (> 9000 mol e− mol
RCII−1/mol C mol chla−1) observed (Fig. 1).5

From the P vs. E curves shown in Fig. 1 we derived the photosynthetic parameters
Pmax and α for both ETRRCII and carbon fixation (Fig. 2c–f). Over the diurnal cycle, the
Pmax for ETRRCII changed by a factor of 3.2 and closely followed the incident irradiance
(Fig. 2c), with peak values observed around solar noon. In contrast, Pmax of carbon
fixation was highest in the early morning and then steadily declined over the course of10

the day, changing by a factor of 2.5 over the diurnal cycle (Fig. 2e). The conversion fac-
tor Φe:C/nPSII, derived for light saturated photosynthesis at Pmax, exhibited high values
and a pronounced diurnal cycle, varying by a factor of 2.9 (Fig. 2g). Minimum values of
Φe:C/nPSII were observed early in the morning, while maximum values were observed
during the afternoon.15

The light use efficiency per incident quanta under sub-saturating light conditions, α,
showed similar patterns to Pmax for both ETRRCII and carbon fixation (Fig. 2). Values
for α of ETRRCII peaked during the late morning and then declined during the after-
noon and into the evening (Fig. 2d). In contrast, the α values for carbon fixation were
highest before sunrise and steadily decreased throughout the day (Fig. 2f). Over the20

course of the diurnal cycle, α changed by a factor of 1.9 and 3.1 for ETRRCII and car-
bon fixation, respectively. As with Pmax, the conversion factor Φe:C/nPSII derived for
α, varied strongly (2.4 fold) over the diurnal cycle and showed maximum values dur-
ing the afternoon, in conjunction with the highest incident PAR levels (Fig. 2h). At all
TP, the conversion factor Φe:C/nPSII was higher during light saturated photosynthesis25

(Pmax) than under conditions of light limitation (α) (Fig. 2g and h, note different scale of
y axis).

The light saturation point Ek was higher for ETRRCII than for carbon fixation at all
TPs (Fig. 3), implying that carbon fixation rates saturated at lower light intensity than
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ETRRCII. For both, carbon fixation and ETRRCII, Pmax and α changed roughly in parallel
(Fig. 2c–f). Consequently, diurnal changes in Ek , derived as Pmax/α, were relatively
small (Fig. 3). Furthermore, the relatively low values of Ek (∼ 100–150 µmol quanta
m−2 s−1) indicate that both, ETRRCII and C-fixation, were saturated at in situ irradiance
levels for most of the day (Fig. 3).5

Using the P vs. E curves measured for both ETRRCII and carbon fixation (Fig. 1),
we derived rates corresponding to the in 5 m irradiance levels at each TP (Fig. 4b and
c). Over the diurnal cycle, these derived in situ rates of ETRRCII changed by a factor
of 5.1 (Fig. 4b), closely following changes in ambient irradiance levels (Fig. 4a), with
peak values around noon. By comparison, carbon fixation derived for in situ light levels10

at 5 m depth changed by a factor of 1.7 over the period of our sampling (Fig. 4c).
The maximum rate of realized carbon fixation at 5 m depth (0.0433±0.0112 molC mol
chl a−1 s−1) was reached in the morning, well before the daily irradiance maximum
(Fig. 4a and c). The derived in situ conversion factor Φe:C/nPSII varied by a factor of
3.4. Lowest derived values of in situ Φe:C/nPSII were observed early in the morning15

after which values increased until reaching a maximum in the afternoon (Fig. 4d).

3.4 Photo-regulatory changes

In addition to the apparent diurnal changes in carbon fixation and ETRRCII, we ob-
served strong diurnal oscillations in a number of photophysiological parameters, as
well as changes in pigment composition of the phytoplankton assemblage. The ratio20

of photoprotective carotenoids (PPC) to total pigment (TPig) (Table 2), changed by
a factor of 1.4 over the diurnal cycle, with highest values observed during the mid-day
period of maximum irradiance (Fig. 5a). Similarly, the proportion of the chromophyte
xanthophyll cycling pigments diadinoxanthin (Dd) and diatoxanthin (Dt) to total chl a in-
creased by 30 % with increasing irradiance (Fig. 5b), peaking during the mid-afternoon.25

These results indicate significant changes in the proportion of the pigment pool dedi-
cated to photo-protection. Moreover, we observed a 2.4 fold daytime increase in the de-
epoxilation state ratio (DES ratio; Dt/(Dd+Dt)) of chromophyte algae (Fig. 5b), which is

16817

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/12/16803/2015/bgd-12-16803-2015-print.pdf
http://www.biogeosciences-discuss.net/12/16803/2015/bgd-12-16803-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
12, 16803–16845, 2015

Diurnal variation in
the coupling of
photosynthetic

electron transport

N. Schuback et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

an indicator of the activation of the photoprotective xanthophyll cycling process (Brunet
et al., 2011).

The changes in pigment ratios shown in Fig. 5 indicate that the phytoplankton assem-
blage sampled from 5 m depth experienced supersaturating light conditions for a sub-
stantial part of the day. This is further confirmed by the diurnal changes in PSII-specific5

photophysiological parameters derived from FRRF measurements (Fig. 6). Estimates
of the expression of non-photochemical quenching, NPQNSV, at in situ irradiance levels
changed 7.6 fold over the diurnal cycle, with maximum values near the peak of solar
irradiance (Fig. 6a). Spectrally corrected values of the functional absorption cross sec-
tion of PSII, σ′PSII, also derived for in situ irradiances, correlated inversely with irradiance10

(Fig. 6b). This decrease further confirms the induction of photo-protective mechanisms
within the pigment antenna, preventing excess energy from reaching RCII. Values of
Fv/Fm, measured in the dark-regulated state, varied from 0.12 to 0.32 and showed
an inverse relationship to irradiance (Fig. 6c). Observed values of Fv/Fm are only
about half of the values expected for nutrient deplete phytoplankton, confirming the15

iron-limited state of the phytoplankton assemblage sampled, while the diurnal changes
likely indicate a down-regulation of PSII during high irradiance conditions. Photochemi-
cal quenching, qP, indicates the fraction of RCII in the “open state”, i.e. the primary sta-
ble electron acceptor QA in the oxidized state (Roháček, 2002). Values of qP, derived
for a reference irradiance value of 500 µmol quanta m−2 s−1 at all TP, show significant20

change over the diurnal cycle, with mid-day values twice as high as those observed
during the night (Fig. 6d).

4 Discussion

The experimental approach and results presented in this study contribute to a better un-
derstanding of environmentally driven shifts in cellular energy allocation that decouple25

photosynthesis from net growth on diurnal timescales. As the first study to investigate
diurnal pattern of cellular energy allocation conducted in a HNLC region, our work also
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provides insight into how marine phytoplankton exploit their photophysiological plastic-
ity to maximize growth while minimizing photodamage under iron-limited conditions.

In the following, we first discuss diurnal variation at the level of carbon fixation and
put our observations in context with the rich information available from the literature.
We then consider the diurnal changes in ETRRCII and the derived conversion factor5

Φe:C/nPSII, and discuss the relevance of our results to the development of FRRF-
based phytoplankton primary productivity measurements. Building on the work of oth-
ers (Behrenfeld et al., 2004, 2008; Halsey and Jones, 2015) we interpret our results in
the context of cellular energy allocation.

4.1 Diurnal changes in carbon fixation10

Diurnal variations in the capacity (Pmax), efficiency (α) and realized rates of carbon
fixation are characteristic of phytoplankton assemblages in the natural environment,
as well as in laboratory cultures (Bruyant et al., 2005; Doblin et al., 2011; Doty and
Oguri, 1957; Erga and Skjoldal, 1990; Harding et al., 1981, 1982, 1987; John et al.,
2012; MacCaull and Platt, 1977; Prézelin, 1992; Stross et al., 1973; Zhao and Quigg,15

2015). The general consensus is that carbon fixation is not passively regulated by the
availability of light, but by complex metabolic feedbacks and endogenous circadian
clocks. For example, it has been shown that expression of genes involved in carbon
fixation peaks before dawn (Ashworth et al., 2013; Granum et al., 2009), “priming”
cells to achieve maximum rates early in the day. High carbon fixation capacities before20

sunrise, as observed in our data (Fig. 2b), further confirm endogenous circadian control
of this pathway.

In our data, Pmax and α of carbon fixation peaked early in the morning and co-varied
over the diurnal cycle (Fig. 2e and f). As a result, Ek (which is derived from the ratio
of these parameters) remained relatively constant (Fig. 3). This “Ek-independent” vari-25

ability in the photosynthetic parameters Pmax and α has long been considered some-
what enigmatic, but is now accepted to be driven by shifts in cellular energy alloca-
tion (Behrenfeld et al., 2004, 2008; Bruyant et al., 2005; Halsey and Jones, 2015).
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In phytoplankton, the fraction of photosynthetically-derived reductant (NADPH) and
energy equivalent (ATP) allocated to carbon fixation and net growth and the ratio of
NADPH : ATP produced are finely tuned to match metabolic demand. Metabolic de-
mand, in turn, is a function of evolved endogenous rhythms and external environmental
forcing. As discussed below, the decline in Pmax (Fig. 2e), α (Fig. 2f), and realized rates5

of carbon fixation (Fig. 4c) after a peak in the early morning, are likely due to such
shifts in energy allocation, as well as to the damaging effects of excess light, which
accumulate throughout the light-period.

4.2 Diurnal changes in ETRRCII and the conversion factor Φe:C/nPSII

In contrast to the diurnal cycles of Pmax and α of C-fixation, Pmax and α of ETRRCII fol-10

lowed availability of light more closely, peaking at noon (Fig. 2c and d). Similarly, real-
ized ETRRCII, derived for in situ irradiances at each TP, correlated more closely to light
availability than realized rates of carbon fixation (Fig. 4b). While it has been demon-
strated that virtually all stages of photosynthesis exhibit circadian control (Suzuki and
Johnson, 2001), our results suggests that ETRRCII responds more directly to changes15

in light availability than the subsequent conversion of light energy into cellular organic
carbon. The resulting decoupling of carbon fixation and photosynthetic electron trans-
port is reflected in the diurnal variability in Φe:C/nPSII (Figs. 2g and h, 4d).

In our dataset, in situ values for Φe:C/nPSII ranged from 2700 to
9200 mole−molCmol chl a mol RCII−1. Assuming a constant value of 500 mol20

chl a mol RCII−1 (Kolber and Falkowski, 1993), the derived Φe:C ranges from 5–
18 mole−molC, which is within the range of previously reported values (Lawrenz et al.,
2013) and above the theoretical minimum of 4 mole−molC.

The large diurnal variability in ETRRCII and carbon fixation and the highly variable
Φe:C/nPSII, reflect the integrated growth environment experienced by the sampled25

phytoplankton assemblage. The lowest values of Φe:C/nPSII were observed early in
the morning (Fig. 4d), indicating that much of the energy harvested from sunlight and
converted into chemical energy was used directly for carbon fixation. Thereafter, the
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conversion factor Φe:C/nPSII increased rapidly, reaching a maximum in the afternoon
(Fig. 4d).

On the cell physiological level, the increase in Φe:C/nPSII can be explained by a num-
ber of interconnected mechanisms. Firstly, it is possible that diurnal oscillations in cell
metabolism result in changes in organic carbon respiration and/or excretion. In our5

3.5 h 14C-uptake experiments, transient organic carbon pools destined for respiration
or excretion could have been captured to different extents, affecting the derived conver-
sion factor Φe:C/nPSII. Changes in cellular energy allocation, controlled in part by en-
dogenous circadian rhythms, could also have affected the conversion factor Φe:C/nPSII,
by re-routing NADPH and ATP generated by the photosynthetic light reaction to pro-10

cesses other than carbon fixation, thus increasing Φe:C/nPSII. Alternative sinks for ATP
and NADPH formed during the light reaction are numerous and interconnected in com-
plex ways, due to their differential demand for, and effect on, cellular ATP : NADPH
ratios (Halsey and Jones, 2015). Processes decoupling ETRRCII from carbon fixation
include nutrient assimilation (Laws, 1991), carbon concentrating mechanisms (Gior-15

dano et al., 2005), photorespiration (Foyer et al., 2009), and malate formation (Halsey
and Jones, 2015). Pseudo-cyclic electron transport through the Mehler-ascorbate per-
oxidase pathway also has the ability to increase the conversion factor Φe:C/nPSII by al-
lowing ETRRCII to increase without affecting carbon fixation (Miyake and Asada, 2003;
Niyogi, 2000). Moreover, processes acting before PSI can decouple ETRRCII and car-20

bon fixation by “syphoning” electrons out of the ETC to alleviate over-reduction un-
der supersaturating light condition. Pseudo-cyclic electron transport though midstream
terminal oxidases (Bailey et al., 2008; Mackey et al., 2008), cyclic electron transport
around PSII (Feikema et al., 2006; Prasil et al., 1996), and charge recombination in
RCII (Vass, 2011) could all be important under high mid-day irradiances, increasing25

ETRRCII without affecting CO2-assimilation, and thus leading to a higher conversion
factor Φe:C/nPSII.

Iron limitation, as experienced by the phytoplankton assemblage we sampled, di-
rectly affects the functioning of the ETC, which is rich in iron containing redox-chain
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components (Raven et al., 1999; Yruela, 2013). It is thus likely that the need for safe
dissipation of excess excitation pressure after charge separation in RCII is enhanced
under iron limitation (Behrenfeld and Milligan, 2013; Schuback et al., 2015), leading to
a greater decoupling of ETRRCII and carbon fixation (Schuback et al., 2015). Pseudo-
cyclic electron flow could alleviate over-reduction of the ETC under iron limiting condi-5

tions, while also contributing to ATP production (Behrenfeld and Milligan, 2013). The
resulting increase in the cellular ATP : NADPH ratio would match the shift in energy
demand from growth (higher NADPH requirement) to maintenance (higher ATP re-
quirement), which takes place under nutrient limited growth conditions.

In conclusion, we suggest that the observed changes in the conversion factor10

Φe:C/nPSII over the diurnal cycle reflect the interactions of external phasing of pho-
tosynthetic metabolism by the availability of light as well as internal metabolic rhythms
in cell metabolism, optimizing energy allocation and growth under iron-limited condi-
tions.

4.3 Diurnal changes in photophysiology at the level of PSII15

In our data, several lines of evidence demonstrate that the phytoplankton assemblage
we sampled from 5 m depth experienced supersaturating irradiance during part of the
day. A suite of mechanisms was activated to dissipate the excess excitation energy
in the pigment antenna, before it could reach RCII. This was indicated by changes in
pigment ratios and FRRF-derived photophysiological parameters (Figs. 5 and 6). The20

light harvesting antennae of phytoplankton are comprised of both photosynthetic and
photoprotective pigments, the relative abundance of which can change in response
to irradiance. The ratio [PPC]/[TPig], provides information on the degree of high light
acclimation of a mixed phytoplankton assemblage (Brunet et al., 2011). In our data,
[PPC]/[TPig] increased during the day (Fig. 5a), indicating that the phytoplankton as-25

semblage experienced and responded to supersaturating irradiance levels. Further-
more, significant changes in the DES ratio (Fig. 5b) illustrate rapid activation of photo-
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protective energy dissipation in the pigment antenna in response to diurnal changes in
irradiance (Brunet et al., 2011).

Processes that dissipate excess excitation pressure in the pigment antenna also
quench ChlF yields measured by FRRF. Therefore, non-photochemical quenching
(NPQ), as estimated from FRRF measurements, has been widely used as an estimate5

for photoprotective energy dissipation (Demmig-Adams et al., 2014; Derks et al., 2015).
NPQ encompasses a wide variety of mechanisms, all acting to dissipate absorbed light
energy as heat before it reaches RCII (e.g. Derks et al., 2015). Following the approach
of McKew et al. (2013) we estimated NPQ from FRRF measurements as so-called
normalized Stern–Volmer quenching (NPQNSV). The 7.6 fold change in NPQNSV, esti-10

mated for in situ light availability at 5 m depth (Fig. 6a), confirms that the phytoplankton
assemblage sampled experienced, and rapidly reacted to, super-saturating light con-
ditions. The inverse light dependence of σ′PSII, (functional absorption cross-section of
PSII) derived for in situ irradiances at each TP (Fig. 6b), provides a further illustration of
rapid changes taking place in the pigment antenna to prevent excess excitation energy15

from reaching RCII.
Throughout the diurnal cycle, values of Fv/Fm, derived for the dark-regulated state,

were low, confirming the iron-limited state of the phytoplankton assemblage (Fig. 6c)
(Petrou et al., 2011; Behrenfeld and Milligan, 2013). The decrease in Fv/Fm at noon,
however, is not due to changes in the nutritional state of the phytoplankton, but to per-20

sistent photo-protective changes and photoinhibition in PSII (Öquist et al., 1992). In
order to derive ChlF yields and parameters in the dark-regulated state, samples are
typically left in the dark or low light before measurements. This “dark-acclimation” is
meant to allow for oxidation of the ETC and relaxation of all NPQ processes, enabling
the measurement of maximum ChlF yields. In practice, however, a fully dark-regulated25

state cannot be achieved in mixed phytoplankton assemblages in the field, where op-
timal dark-acclimation times can be on the order of hours long (From et al., 2014),
and would depend on recent light history and taxonomic composition. Despite this
ambiguity in the derivation of Fv/Fm, the observed inverse relationship to diurnal light
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availability strongly indicates the presence of slow-relaxing NPQ components (includ-
ing damage of PSII protein), providing further evidence for high light stress experienced
by the phytoplankton assemblage (Fig. 6c).

In addition to the protective mechanisms discussed above, which act in the pigment
antenna to prevent charge separation in RCII, photo-protective mechanisms also act5

after charge separation in RCII (Sect. 4.2). These mechanisms alleviate over-reduction
by allowing rapid re-oxidation of the primary stable electron acceptor QA. Our data
show evidence of the up-regulation of such alternative electron sinks during mid-day.
Figure 6d shows values of the estimated fraction of QA in the oxidized state (qP). Im-
portantly, these values of qP were derived for a reference irradiance of 500 µmol quanta10

m−2 s−1. The mid-day increase in the oxidized fraction of QA at a constant saturating
irradiance of 500 µmol quanta m−2 s−1 strongly suggests the up-regulation of alterna-
tive electron sinks, which most likely serve a photoprotective function (Mackey et al.,
2008). Importantly, up-regulation of these processes directly affect the conversion fac-
tor Φe:C/nPSII (Sect. 4.2).15

4.4 Linking Φe:C/nPSII and NPQNSV

Considering that processes preventing energy transfer to RCII and processes acting
to prevent over-reduction of the ETC after charge separation are all driven by excess
excitation energy, it is reasonable to expect that their magnitude correlates. Following
the approach and interpretation suggested by Schuback et al. (2015), we examined the20

correlation between the derived conversion factor Φe:C/nPSII and estimates of NPQNSV.
As shown in Fig. 7, we found a strong correlation between these two variables (R2 =
0.81, p value< 0.0001, n = 64). Data shown in Fig. 7 are estimates of NPQNSV for
each light level of the FRRF light curves at each TP. For the same light levels, we
derived values of Φe:C/nPSII by extrapolation along the carbon fixation and ETRRCII25

based P vs. E curves.
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As described in detail in Schuback et al. (2015), the correlation between Φe:C/nPSII
and NPQNSV can be mechanistically explained by the effects of excess excitation pres-
sure and consequent expression of protective mechanisms both upstream and down-
stream of charge separation in RCII. The dissipation of excess excitation energy as
thermal energy before reaching RCII, estimated as NPQNSV, prevents excess elec-5

tron transport and over-reduction of the ETC. After the initial charge separation in
RCII, excess electron transport and over-reduction of the ETC can be alleviated by
a number of alternative electron pathways; the up-regulation of which will increase
Φe:C/nPSII (e.g. Bailey et al., 2008; Cardol et al., 2011; Laureau et al., 2013; Mackey
et al., 2008; McDonald et al., 2011; Niyogi, 2000; Streb et al., 2005; Vass, 2011; Zehr10

and Kudela, 2009). Thus, both NPQNSV and Φe:C/nPSII respond strongly to excess
excitation pressure, providing a mechanistic interpretation for their tight correlation. In
fact, a positive feedback loop exists between energy dissipation in the antenna and
photosynthetic control in the ETC, because alternative electron pathways enhance the
trans-membrane ∆-pH, which triggers several components of NPQ (Nawrocki et al.,15

2015).
As expected, both NPQNSV and Φe:C/nPSII were highest at midday and during

the early afternoon, coinciding with highest irradiance levels (Fig. 7, black symbols).
Similarly, values measured during the night-time TPs showed low values for both,
NPQNSV and Φe:C/nPSII (Fig. 7, white symbols). Interestingly, during the early morning20

(6:00 LT, grey circles in Fig. 7), NPQNSV increased more rapidly than Φe:C/nPSII, while
Φe:C/nPSII increased more rapidly than NPQNSV during the late afternoon (21:00 LT,
grey diamonds in Fig. 7). Mechanistically, these observations may be explained by the
differential induction and relaxation time-scales of the different photo-protective mecha-
nisms involved. NPQNSV, which represents rapid changes in the pigment antenna, may25

be activated earlier in the diurnal cycle, while the dissipation of excess excitation energy
by processes acting after charge separation in RCII appear to lag in both induction and
relaxation. The importance of multiple interacting photo-protective mechanisms, acting
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on different timescales, has recently been discussed by e.g. Derks et al. (2015) and
Giovagnetti et al. (2014).

While a correlation between NPQNSV and Φe:C/nPSII can be mechanistically ex-
plained and could have important implications for the derivation of primary productivity
rates in carbon units from FRRF measurements, it can be confounded by ambiguity5

and inherent biases in the derivation of all involved parameters. For example, while the
correlations between NPQNSV and Φe:C/nPSII in the present, as well as our previously
published dataset (Schuback et al., 2015), are strong, the slopes of the relationships
differ. The observed discrepancy could be explained in several ways. Firstly, data in
our previous study was not corrected for spectral differences between the FRRF instru-10

ment, the 14C-uptake experiments and in situ light. As a consequence, absolute values
of the derived conversion factor were likely over-estimated. Furthermore, data pre-
sented in Schuback et al. (2015) included phytoplankton assemblages sampled over
a range of iron-limited and iron-replete conditions, likely resulting in a range of growth
rates that would influence the relative balance between net and gross carbon fixation15

captured in 3 h 14C-uptake experiments (Halsey et al., 2011; Milligan et al., 2015; Pei
and Laws, 2013), and affect the derived conversion factor Φe:C/nPSII.

More generally, significant uncertainty remains in the estimation of ETRRCII from
ChlF yields, particularly if the theoretical biophysical models are applied to mixed phy-
toplankton assemblages containing species with contrasting photosynthetic architec-20

tures and photo-physiological characteristics. Inherent biases, and potential systematic
errors in the derivation of ETRRCII will inevitably affect the derived conversion factor
Φe:C/nPSII. Similarly, it remains unclear if the quenching of ChlF yields, used to derive
NPQ, correlate linearly with increases in thermal energy dissipation in the pigment an-
tenna (Derks et al., 2015). Larger datasets, spanning multiple oceanic regions and phy-25

toplankton assemblages of contrasting taxonomic composition and physiological state
are needed to further investigate the correlation between NPQNSV and Φe:C/nPSII.
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5 Conclusions

The lure of FRRF instruments lies in their potential for autonomous, instantaneous data
acquisition at high temporal and spatial resolution. However, uncertainty in the conver-
sion factor needed to convert rates of ETRRCII into ecologically relevant rates of carbon
fixation remains a significant challenge. Through a suite of photo-physiological data5

and ancillary measurements, our results provide some insight into the potential mech-
anistic causes leading to an uncoupling of ETRRCII and carbon fixation over diurnal cy-
cles in iron-limited phytoplankton assemblages. We suggest that recent efforts to esti-
mate the conversion factor from predominant environmental conditions (Lawrenz et al.,
2013), could potentially be improved using the observed strong correlation between10

the derived conversion factor and NPQNSV. Beyond providing improved methods to es-
timate phytoplankton carbon fixation rates, information on magnitude and variability of
the conversion factor linking ETRRCII and carbon fixation allows a better mechanistic
understanding of how phytoplankton harvest and allocate light energy in response to
environmental conditions. Our mechanistic understanding of these processes is crucial15

for the modeling and prediction of patterns in marine primary productivity in the face of
climate-dependent changes in oceanic ecosystems.

More generally, it is important to consider that the dynamics of marine productivity
over long time-scales are ultimately controlled by interactions among biological and
physical processes that have strong diurnal components. Several recent studies sug-20

gest a previously under-appreciated importance of closely coupled diurnal oscillations
as the underlying mechanisms of ecosystem stability in open ocean food webs (Otte-
sen et al., 2014; Ribalet et al., 2015). Our results show strong diurnal variability in pho-
tophysiology and cell metabolism of mixed phytoplankton assemblages. These phys-
iological processes likely influence the phasing and periodicity of higher trophic level25

processes, and may ultimately contribute to conveying stability to the system.
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Table 1. Parameters measures at each time-point during the diurnal experiment.

Time Point 1 2 3 4 5 6 7 8

Local time 3:00 6:00 9:00 12:00 15:00 18:00 21:00 0:00
[chl a] × × × × × × × ×
HPLC × × × ×
Absorption Spectra × × × × × × × ×
FRRF measurements × × × × × × × ×
C-fixation × × × × × × × ×
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Table 2. Phytoplankton pigments used for the derivation of diagnostic pigment ratios. Pig-
ments identified from HPLC analysis were chlorophyll c3 (Chl c3), chlorophyll c1c2 (Chl
c1c2), 19′butanoyloxyfucoxanthin (19′ButFuc), fucoxanthin (Fuco), 19′hexanoyloxyfucoxanthin
(19′HexFuc), 9′cis-neoxanthin (Neo), prasinoxanthin (Prasino), violaxanthin (Viola), diadinox-
anthin (Dd), alloxanthin (Allox), diatoxanthin (Dt), lutein, zeaxanthin (Zea), chlorophyll b (Chl b),
chlorophyll a Allomer (Chl a allomer), chlorophyll a+ divinyl chlorophyll a (Chl a), chlorophyll a′

(Chl a prime), α carotene (α carot), β carotene (β carot).

Pigment group Pigments

Photoprotective carotenoids (PPC) Neo + Viola + Dd + Allox + Dt + Lutein + Zea +β carot
Photosynthetic carotenoids (PSC) 19′ButFuc + Fuco + 19′HexFuc + Prasino +α carot
Total chlorophyll (Tchl) Chl c3+ Chl c1c2+ Chl b+ Chl a allomer + Chl a+ Chl a prime
Total pigment (TPig) PPC + PSC + Tchl
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Figure 1. Diurnal variation in rates and light dependency of ETRRCII, carbon fixation and the
derived conversion factor Φe:C/nPSII. P vs. E curves of ETRRCII (mol e− mol RCII−1 s−1) and
carbon fixation (mol C mol chl a−1 s−1) were measured at 3 h intervals over a 24 h diurnal cycle.
Data were fit to the exponential model of Webb et al. (1974). The conversion factor Φe:C/nPSII

(mol e− mol RCII−1/mol C mol chl a−1), and its light dependency, were derived as the quotient
of corresponding values of ETRRCII and carbon fixation. The vertical line on plots corresponds
to in situ PAR values at 5 m depth during sampling for each time-point.
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Figure 2. Diurnal changes in Pmax (b–d) and α (e–g) of carbon fixation, ETRRCII and the derived
conversion factor Φe:C/nPSII. The conversion factor Φe:C/nPSII at light saturation is derived
from the values in (c) and (e). Similarly, the conversion factor Φe:C/nPSII under light limiting
conditions is derived from values in (d) and (f). The error in (b), (c), (e), and (f) is the 95 %
confidence interval of the parameter derived from the fit to data shown in Fig. 1, and the error
in (d) and (g) is the propagated error for (b)/(c) and (e)/(f), respectively. PAR at 5 m depth is
shown in (a) and (b). The vertical gray lines in all plots mark sunrise, solar noon and sunset.
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Figure 3. Diurnal variation in the light saturation point Ek of ETRRCII and carbon fixation in
relation to in situ PAR at 5 m depth. Ek was derived as Pmax/α from P vs. E curves of each rate,
measured at each TP and error bars are the propagated error.
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Figure 4. Diurnal changes in ETRRCII, carbon fixation and Φe:C/nPSII derived for in situ light
intensities at 5 m depth. Diurnal changes in irradiance at 5 m depth (a), with arrows indicating
the PAR value used to derive rates in (b) and (c). Realized rates of ETRRCII (b) and carbon
fixation (c) at each time-point were derived from the P vs. E relationship established in Fig. 1.
The error in (b) and (c) is the propagated 95 % confidence interval of the parameter P vs. E fit
parameters, and the error in (d) is the propagated error from (b)/(c). The vertical gray lines in
all plots mark sunrise, solar noon and sunset.

16842

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/12/16803/2015/bgd-12-16803-2015-print.pdf
http://www.biogeosciences-discuss.net/12/16803/2015/bgd-12-16803-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
12, 16803–16845, 2015

Diurnal variation in
the coupling of
photosynthetic

electron transport

N. Schuback et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

 

Figure 5. Diurnal changes in pigment ratios. (a) shows changes in the abundance of all pho-
toprotective pigment (PPC), relative to the total pigment present (TPig) at each time-point.
(b) shows relative changes in the abundance of the chromophyte xanthophyll cycling pig-
ments Dd and Dt, normalized to [chl a]. Changes in the de-epoxilation state ration (DES
ratio = Dt/(Dt+Dd)), also shown in (b), indicate the extent of active photo-protective energy
dissipation through xanthophyll cycling in the pigment antenna. Error bars are the range of val-
ues from two replicate samples taken at each time-point. See Table 2 for a definition of pigment
groups used to derive these ratios.
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Figure 6. Diurnal changes in PSII photophysiological parameters derived from FRRF measure-
ments. (a) shows the normalized Stern–Volmer quenching, NPQNSV, derived as F ′o/F

′
v (McKew

et al., 2013) and (b) shows the functional absorption cross section, σ ′PSII, as estimated for in
situ light availability at each TP. Values in (a) and (c) were calculated by extrapolating be-
tween values derived for each light step of the FRRF steady state light curves. (c) shows Fv/Fm
in the dark-regulated state at each TP, and (d) shows estimates of photochemical quenching
(qP = F ′q/F

′
v ), indicating the fraction of open RCII (primary stable electron acceptor QA oxidized)

at a reference irradiance level of 500 µmol quanta m−2 s−1 (qP500).
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Figure 7. Correlation between the conversion factor Φe:C/nPSII and the expression of NPQNSV.
NPQNSV was derived as F ′o/F

′
v (McKew et al., 2013), for each step of the FRRF light curve

at each TP. Values of Φe:C/nPSII corresponding to the same light intensities were derived by
extrapolation along the carbon fixation and ETRRCII based P vs. E curves. Values of TPs before
solar noon are circles, and darkness of symbols increases towards noon. Values for TPs after
noon are diamonds, and darkness of symbols decreases towards night.
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