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ABSTRACT

Nonphotochemical quenching (NPQ) is known to depress
in vivo fluorescence (IVF) of chlorophyll a (Chla) in aquatic
environments, which makes it difficult to interpret the hour-to-
hour variations in Chla measured by in situ fluorometers. We
hypothesized that ratios between quenched and unquenched
IVF are a function of both NPQ and photochemical quenching.
In this study, two diatom model species Thalassiosira pseudo-
nana (CCMP1335) and Thalassiosira weissflogii (CCMP1047)
incubated under a sinusoidal light:dark cycle were studied;
IVF was recorded continuously, and Chla and photo-
physiological variables were measured seven times a day. The
maximal decline in Chla-specific IVF (IVFB) attributable to
quenching was 50% under the experimental settings. An NPQ
and photochemical quenching-based modeling equation exhib-
ited a better match to the measured IVF® than equations rep-
resenting the sole NPQ effect. Photochemical quenching
induced by measuring light beam varied substantially during
the day, and the part of the model for this process is excitation
intensity-dependent (which is differed between models of
in situ fluorometers, implying no straightforward method to
correct Chla for all instrument models, instrument-specific
parameterization is required). The forms of the IVF®-light
relationship are discussed as well. The findings foster a holistic
understanding of NPQ effects on in vivo Chla fluorometry.

INTRODUCTION

In vivo fluorometry of chlorophyll a has been used widely in aqua-
tic environments for continuous monitoring of spatiotemporal
changes in phytoplankton biomass (1). The use of in vivo fluorom-
etry has facilitated observations and comparisons of chlorophyll a
(Chla) in the sea at various time intervals (e.g. daily, weekly, and
interannually) in a cost-effective way (2,3). Reliability of hourly
measurements, however, remains problematic (4-7). Although
Chla concentration is estimated by this method, it is in vivo fluo-
rescence (IVF) that is actually measured. IVF is the light re-
emitted by photosystems from excited to ground states. Chla-
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specific IVF (IVF®) is variable and can be affected by phytoplank-
ton taxonomy (8,9), cell size (10), nonphotochemical quenching
(4,7,11,12,13), temperature (1,14) and nutrient status (15). Non-
photochemical quenching (NPQ) is a protection mechanism used
by plants and algae to dissipate excess absorbed light energy as
heat (i.e. photochemistry + fluorescence emission + heat dissipa-
tion = absorbed light energy); consequently, quantum yield of flu-
orescence (the ratio between fluorescence emitted and photons
absorbed) is reduced as the dissipation rate increases (16). Sunlight
intensity changes constantly during the day, and NPQ is extremely
sensitive to light intensity (17,18). Accordingly, on an hourly
basis, NPQ effects upon IVF® are dynamic. In coastal waters,
where diatoms often dominate (19), hydrographic dynamics, such
as tidal advection and wind-induced turbulence, also contribute to
the hour-to-hour variation in actual Chla (20,21). The IVF variabil-
ities driven by NPQ and Chla are blended. As a result, correcting
NPQ effects becomes one of the biggest challenges for in vivo flu-
orometry. Nevertheless, in vivo fluorometry is the favored method
for monitoring phytoplankton biomass in coastal waters because
other methods that are not IVF-based (such as the particulate
backscattering method and the absorption line height method) have
severe issues attributable to turbidity and biofouling (22,23).

To correct for NPQ effects, indirect methods assumed that Chla
was homogenous within the mixed layer and at a steady state
between growth and loss, and then, the unquenched IVF at deep
layers or during the night was taken for extrapolation (4,11),
thereby removing quenched IVF. Recently, a machine-learning
method to perform the direct correction was reported (7). We
believe that a straightforward, mathematical correction has practi-
cal potential. Such a correction can help to monitor rapid changes
in Chla arising from short-lived algal blooms (24), patchiness (25)
or consumption by suspension feeders (6,26). However, a limited
understanding of NPQ effects on IVF® has been a bottleneck
restricting direct correction. For instance, the role of photochemi-
cal quenching in the determination of IVF® regarding NPQ
remains unclear, and forms of the TVF>-light relationship (expo-
nential or sigmoid) are also underexplored. In this report, NPQ and
IVF® of diatoms were measured simultaneously under environ-
mentally relevant nutrient concentrations and light condition,
revealing subtle mechanisms and updated quantitative relation-
ships between NPQ and IVF® to highlight the level of confidence
one should expect from environmental in vivo fluorescence data.
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MATERIALS AND METHODS

Mechanistic equations. The general equation for IVF (27) is

IVF=Ix aumm ¢r 0O, G (D

In the equation, I is the intensity of excitation light beam, apgmy is the
absorption coefficient of photosystem II (PSII) light-harvesting apparatus,
¢r is the quantum yield of fluorescence, O, quantifies reduced fluores-
cence due to the package effect, and G is the instrument-specific detec-
tion efficiency. The term gP is photochemical quenching (the process in
which ¢ is reduced with increased photochemical reaction rates) and
has been taken as an estimate of the fraction of open PSII reaction cen-
ters (28); the use of (1 gP) can derive ¢, from minimum and maximum
quantum yields of fluorescence (¢, and ¢p,) (29).

= bro + (Prm Pro)(1 qP) (2a)

Furthermore, the Poisson possibility of a PSII reaction center remaining
in the open state is a natural exponential function of the ambient light (1)
(30).

br = ¢po+ (brm bro) 1 e (2b)

In the equation, « is the initial slope for the proportion of closed PSII
reaction centers against I. Because the I,, of an in situ Chla fluorometer
is constant, and it is reasonable to consider the variations of aiyy, Q,,
and G are neglectable for studies of single phytoplankton culture, Eq. 2b
can be replaced by

F(I) =Fo+ (Fn Fo) 1 et @) (3a)

Under the light-regulated state, Fy and Fy, become F and F| because
of NPQ, then

F(le) =Fy+ F', F) 1 el ) (3b)
Accordingly, the IVF detected by an in situ Chla fluorometer could be
simulated by using an active fluorescence technique, for example, fast
repetition rate fluorometry or a fluorescence induction and relaxation
technique (31,32). Conceptually, there are three modes of in vivo fluo-
rometry related to Iex: Fo—, Fn—, and F—modes (33). I.x of Fp—mode
must be small enough to not induce closure of PSII reaction centers.
Fn—mode demands a short (100 ps), saturating light pulse to induce Fy,
(31,33). Ix of F—mode is somewhere between. In situ Chla fluorometers
usually operate in the F—mode for balancing all factors (such as manu-
facturing, signal strength, and accuracy). Based upon the Eq. 3b, F(Iy)
would be at the same position between F; and F, if a is constant
throughout the day, through which photochemical quenching does not
contribute to the variation in IVF; however, results of previous research
that studied on the diel variation of phytoplankton photo-physiology
implied that « is indeed varying with the ambient light condition (34,35).
We proposed that photochemical quenching plays an important role in
the determination of IVF. The extent of the variation in a and the
impacts of varying a on the diurnal pattern of IVF were studied to con-
firm this hypothesis.

Morrison (29) has proposed an empirical equation to model sunlight-
induced Chla fluorescence during the daytime. That equation can model
the smooth responses of IVF to changing light intensity. That equa-
tion was modified to fit for our work.

Flo) = [r+ (1 re ’/’TH o+ (Fn Fo) 1 el @) } (4a)

where r scaled between 0 and 1 is the constant fraction of photosystem II
that is unaffected by NPQ by assumption, (1 r) might represent the maxi-
mum quenching by NPQ, Ir is the light constant at which NPQ reaches the
half of its maximal capacity. Serodio and Lavaud (36) parameterized the
function of light for NPQ following the Hill equation, which depicts the
protein-ligand binding kinetics for activation of cofactors and quenchers of
energy-dependent NPQ (16). The equation shows that NPQ cannot increase
infinitely with light, namely there is a maximum, and the ratio between the
discrete and maximal NPQ is a sigmoid function of light (36,37). Thus, we
defined the sigmoid alternative of the Eq. 4a as follows

) Ig()

F(IEX) = r W

r4(1 [Fo+ (Fu Fo) 1 el ) |

(4b)

where n is the Hill coefficient and Isq is the constant of half saturation
light. The average value of n for diatoms is 1.60 (36), which was used in
this study.

Chla probes. Four Chla probes were used in this study, and each was
composed of a cyclops-7 Chla sensor (Turner Designs) and a data logger
(Precision Measurement Engineering). The I.x was approximately 80 pmol
photons m™ s™' measured by using an LI-192 quantum sensor (LI-COR
Biosciences) at the focal point. The Chla probes were calibrated with
rhodamine (Turner Designs) and cross-calibrated following the procedure
of Cremella ef al. (38). The measuring frequency was set as one value per
minute. Data logger clocks were synchronized before each experiment.
Probe shells were cleaned and sterilized with ethanol.

Batch culture, sampling, and basic measurements. Thalassiosira
pseudonana (CCMP1335) and Thalassiosira weissflogii (CCMP1047)
isolated from Long Island Sound were cultured for experiments. Diatoms
were inoculated under dim light at the beginning then transferred to the
experimental light (and temperature) condition for acclimation. Light was
provided by a cool-white LED panel (superbrightleds.com). A
programmed controller was used for simulating the sinusoidal light: dark
(12:12) cycle, with the highest of 600 pmol photons m~2 s~" (Figure S1)
at noon. For the experimental settings to have the environmental and
ecophysiological relevant magnitude of the light intensities and their diel
variations in the coastal waters, the highest light intensity was the
estimated mean midday photosynthetically available radiation (PAR) of
the mixed layer between April and September in the Long Island Sound,
a temperate estuary in the Atlantic coast of USA (details on the estimate
can be found in Appendix S2; Figure S2). The months from October to
March were not included in the estimate because there was insufficient
light to generate appreciable NPQ.

After at least eight generations, the acclimated culture in the exponen-
tial phase of growth was transferred again to four cylinder-shaped
borosilicate glass bottles (KIMAX, Kimble), each filled with 8 L /40
medium and labeled with letters (A, B, C, and D). The amounts of nutri-
ents were based upon calculations to ensure that: (1) diatoms would grow
without nutrient limitation starting from an established cell density, and
(2) the amount was within the range of coastal environments. The steril-
ized Chla probes were placed inside the bottles. Magnetic stir bars were
used to create vortex flow inside the bottles for two purposes: (1) to
allow the phytoplankton cells to experience the same light condition and
(2) to induce water flow in and out of the probe chamber for a homoge-
neous exposure of probe to phytoplankton cells. Light intensity was
recorded continuously at the average distance of the bottles from the
LED panel by using the LI-192 quantum sensor and a LI-1500 logger
(LI-COR Biosciences).

Sampling was conducted for 2 days (during exponential growth)
before the population became too dense, and nutrients were exhausted, at
which point, photo-physiological status would be greatly changed. Sam-
pling was performed seven times a day at 5:00 (before turning on the
light), 7:00, 9:30, 12:00, 14:30, 17:00 and 19:00 (after turning off the
light). Water samples were collected from bottle bottom taps. Immedi-
ately after tap sampling, an aliquot of 4 mL fresh sample was transferred
to a glass cuvette for the photo-physiological measurement, and the rest
was stored in the dark in an icebox for filtration. Aliquots of 30 mL were
filtered onto 25-mm diameter GF/F glass fiber filters (Whatman) for Chla
analysis and temporarily stored in glass tubes in a —20°C freezer (imme-
diately analyzed after incubation). Aliquots of 2 mL were mixed with 4%
(v/v) formalin for cell counts. In addition, nutrient samples were collected
at the beginning and the end and stored at —20°C before analysis. See
Appendix S3 for analytical methods of Chla, cell density and nutrients.
Growth rate (p) was computed by

InB, InB
4 = InBz_InBy 58)
h 1
Inb, Inb
p=—r (5b)
Hh h

where B and b were Chla concentration and cell density, respectively,
and ¢ was time (h).
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Processing of IVF data. When incubation ended, the IVF data were
downloaded from the probes and archived on a secure network server.
Then, quality control, including time format conversion, temperature
correction, removing apparent outliers, and cross-calibration, was
performed on the data (see Appendix S4). To estimate IVF®, Chla at
each time point was estimated from the exponential function
[InB; =1InB; + p(t; #)] for simplicity, although this process would
overlook circadian variations. Then, IVF® was computed by normalizing
IVF to Chla. To remove any IVE® trends caused by factors other than
NPQ, a straight line was drawn through the 6:00 and 18:00 points and
used as the unquenched IVFE. Finally, the quenching ratio Q% was
calculated.

VFquenched IVFunquenched

Q% = ©)

IVFunquenChed

Photo-physiological analysis and calculation of photo-physiological
variables. The sample in the glass cuvette was placed in a fluorescence
induction and relaxation (FIRe) system (Satlantic, Canada) for photo-
physiological analysis. The method of single turnover active fluorometry
(31) was used. The measuring protocol is displayed in Figure S3 and
detailed in Appendix S5. F' and F! for incubation light intensity and a
series of actinic light were measured Fy,, and Fm(2\ were also
measured with 2-s dark period that is required to allow reopening of
closed PSII reaction centers (39). The F0 5 and Fm 5 at dawn (those
with the highest F/ /F’ (2) ) was taken as tl?le dark- accflmated (in other
words, NPQ not present) Values Foqo) and Fp0). These values were
critical as the baseline for calculation of the Stem—Volmer parameter
NPQsv () (40).

Fin(i0)

NPQgy/(y) 7

1 @)
The light-regulated maximum quantum yield of PSII was expressed as
Flv/Fin(Zx) = F;n(Zx) F6(25) /F:n(Zs)' ®)
Fast and slow components of NPQ and the normalized Stern-Volmer coeffi-
cient (NPQysy) were also calculated for complementary results (see Appen-

dix S6), a higher NPQysy value means more energy will be dissipated (41).
The minimum fluorescence associated with F}, was calculated by

Flo, F !
F, 1 0(2s) 0(2s) 9
()calc 0(2s) F/m(Zs) + F;n ©)
Then, photochemical quenching (gP) was computed by
FF
m 0,calc
The partial derivative of @ was
a1 qP
o= 20 _aP) (11
ol gP=1

To allow for direct comparison, the volumetric values (F{ ., and F)
were firstly corrected for different gain settings and secondly normalized
to Chla to get Ff,,. and F%. With the known photo-physiological
parameters, F(I) and normalized F (Iex) [F®(Iex)] can be computed,
respectively, by

F(] ) F{)calc + Flm F:)calc 1 e( aler) (123')
FB(IeX) = FOCdlC + F/B F:)l?calc 1 e( oler) (12b)

The smaller diatom 7. pseudonana showed an unusual fluorescence
induction trace on the second sampling day (Figure S4). The induction
trace, however, returned to normal by the excitation of the combination
of blue and green light. This phenomenon might be attributed to triplet
quenching and triplet-triplet transfer (see Appendix S7). Although a spe-
cial program was performed to obtain the photo-physiological variables
(see Appendix S7), those data were excluded for comparison.
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Model experiments. To obtain model coefficients of Eq. 4a and 4b,
optimization with the “optim” function of the “stats” package of the R
software was performed. Furthermore, to simulate varying «, an
analytical subroutine to derive @ was embedded in the optimization (see
Appendix S8, fluorescence-chlorophyll inversion for diurnal cycle
(ConFID) model), model coefficients were compared between constant
and varying a. The models were assessed by both root-mean-square error
(RMSE) and visual inspection for normality of residuals. In addition to
the laboratory data, data measured in situ in Harpswell Sound, Maine,
USA (4) were also analyzed. The values digitized from the published
figures were used.

RESULTS AND DISCUSSION

Chla concentration, cell density and nutrients

Both T. weissflogii and T. pseudonana grew exponentially during
the sampling periods (Fig. 1). The Chla-based p of T. weissflogii

and T.  pseudonana  were  0.079 0.010 h~! and
0.053  0.002 h™', respectively; the density-based p were
0.102 0.007h™" and 0.065 0.002h™', respectively

(Table 1). Higher cell-density-based p than Chla-based p was
observed, reflecting the phenomenon that diatoms decrease in
size and Chla per cell with each cell division. At the end of sam-
pling, T. weissflogii reached the Chla concentration of
237 82pugL7" and cell density of (16 4)x 10* cells
mL~", whereas T. pseudonana reached a mean Chla concentra-
tion of 101.8 7.4 pg L™" and cell density of (393  8) x 10°
cells mL™". Nutrient concentrations at the end of the sampling
were greater than half of what initially was added in the media
(Table S2), indicating that growth did not become nutrient-
limited.

Time series of IVF®

The time series of IVF in the two days exhibited two distinctive
features: an overall exponential increase of IVF and periods of
depressed values during the daytime that formed two “U” shapes
embedded in the increasing trend (Fig. 1C,G). The two “U”
shapes during the daytime could be seen clearly by normalizing
the IVF to the Chla (namely IVF®) (Fig. 1D,H). Ranges of IVF®
were similar between the two species. T. pseudonana demon-
strated a decreasing trend of IVE® on the second day attributable
to triplet quenching (see Appendix S7 and Figure S4), but T.
weissflogii did not.

Relating diurnal variations in IVF® to NPQ and
photochemical quenching

F'B underwent diurnal cycles (Fig. 2A,E) with higher values at
5:00, 7:00, 17:00, 19:00 and lower values between 9:30 and
14:30. The absolute magnitudes of F'3 on both days were similar
for T. weissflogii (Fig. 2A), but lower on the second day for 7.
pseudonana (Fig. 2E). The NPQgy () of both T. pseudonana and
T. weissflogii was generally lower than 0.2 at 5:00, 7:00, 17:00,
19:00 and around 1.1 between 9:30 and 14:30 (Fig. 2B,F) except
the NPQgy( of T. pseudonana was 1.8-1.9 at 12:00 and 14:30
on the second day (Fig. 2F). The analysis of NPQ components
showed that NPQ relaxed quickly during the first 2 s while gen-
erally 40% of total NPQgy () remained at 30 s reﬂecting a slow
process of NPQ recovery (Flgure S5). The F/, /F ) of T. weiss-
flogii was about 0.56 at 5:00 and 7:00, then decreased gradually
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Figure 1. Exponential increases in (A, E) Chla concentration, (B, F) cell density and (C, G) in vivo fluorescence (IVF) of T. weissflogii and T. pseudo-
nana over time. (D, H) Chla-specific IVE (IVE®). 12 AM of the first sampling day was set as the hour zero. Replicates are displayed in different colors

and labeled with letters.

to 0.33 at 14:30 until recovering during dusk and dark (Fig-
ure S6). A similar pattern was observed for T. pseudonana on
the second day, but a different pattern than on the first day
(higher F,,/F :“(25) in the dusk than in the dawn) might reflect an
acclimation process (Figure S6). The NPQygy of T. weissflogii
was 0.80 in the dark, then increasing after 7:00, reaching a peak
of 2.00 at 14:30 (Figure S6). The increased NPQygy indicated
additional quenching which was dynamic during the day; a simi-
lar pattern for T. pseudonana was observed on the second day
(Figure S6).

There were three general features in the relationship between
(1 gP) and actinic light, as well as time (Fig. 2C,G). Firstly,
(1 gP) versus actinic light was characterized as an exponential
saturation curve. Secondly, the curve displayed the steepest slope
in the dark, and a much gentler slope between 9:30 and 14:30,
with a transition at 7:00 or 17:00; the resulting a showed signifi-
cant diurnal variations, with much higher a at 5:00 and 19:00
(Fig. 2D,H). Lastly, the curve’s saturation point varied with time,
day and species. It was intriguing that the saturation points were
substantially lower than 1. After a literature review, we found



Table 1. Mean growth rates () calculated from Chla concentration and
cell density of T. weissflogii and T. pseudonana. The P > 0.05 indicated
that ¢ was not different between replicates as tested by analysis of
covariance on the slopes of linear regressions shown in Fig. 1

Chla Cells
Species N um™h P u(h™h P
T. weissflogii 4 0.079 0.010 0.016 0.102 0.007 024
T. pseudonana 3 0.053 0002 072  0.065 0002 0.74
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that 1 e @ is not the most appropriate expression of
(I gP), and the mechanical expression of gP is based upon the
Poisson possibility by which gP is the ratio between occurrence
of PSII charge separation and multiple hits of photons on the
functional cross section of PSII (s) over the time scale 7 (the
unit time for PSII to process one PSII charge separation) (42).
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relationships between 1 ¢P and actinic light as well as time for day 0—1, same subplots in Figure S6 for day 1-2.
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was taken as a. NPQ was one of the underlying mechanisms of
varying a. A recent study in another diatom model species,
Phaeodactylum tricornutum, reported a precise negative correla-
tion between NPQ and o (43), which suggests the higher the
NPQ, the lower the proportion of PSII reaction centers being in
the closed state (because of the lower possibility of the absorbed
photon to be used for photochemistry) for a given intensity of
illumination, thereby reducing excitation pressure and the risk of
photoinhibition (44). Consequently, a is lower with higher NPQ.
This mechanism has been also verified for green algae but not
for picocyanobacteria (35).

The influences of varying a on IVF® are illustrated in Fig. 3;
IVE® in the dark was close to F’Z and distant from F/®; when
light was turned on and the light intensity was increased con-
stantly, F:ff decreased quickly because of increasing NPQgy ),
but TVF® decreased more as a consequence of decreasing a
(Fig. 2); this shift resulted in IVF® near midday (approximately
between 9:30 and 14:30) being close to FE)B and distant from
F ;f . Thereafter, IVF® recovered in the late afternoon and
returned to the dark value, which was close to F'2. The linear
regression between IVF® and F 5 displayed a small coefficient of
determination (R?) (R* = 0.56) indicating that IVE® did not fol-
low Fi¥ (Fig. 4A). The R* was 0.84 for F’? (Fig. 4B) and 0.88
for FB(I) showing the variation of TVF® was most consistent
with that of F2(I.) (Fig. 4C). The a value in the dark was about
0.020 (umol photons m™2 s™")7!, then 1 ¢l #) =0.80 which
made the IVF® in the dark approach F f and account for the bet-
ter correlation of IVE® with FB(I) and F% than with F{¥. But
if @ was an incorrectly assumed constant, IVF® would be at the
same position between F/Z and F? over the time. Similarly, the
linear regression between IVF and F(I.) showed the highest R
(Fig. 4F). To summarize, NPQ has been shown to be the major
factor accounting for the diurnal IVF® reductions, but the contri-
bution of photochemical quenching cannot be neglected. Based
on the above understanding, optimization was performed to
obtain coefficients of compensating models. Optimized r values
were 0.348 and 0.334, respectively, for Eq. 4a and 4b. The
derived Ir of Eq. 4a was approximately 400 pmol photons
m~2 s™!, while the Isy of Eq. 4b was about 288 pmol photons
m~2 s7! (Fig. 5). These NPQ-based equations fit fairly well with
this study’s data, yielding RMSE of 0.054 and 0.051, respec-
tively.

Sigmoid light function for NPQ

The difference between Eq. 4a and 4b depicted in the graphics
was that Eq. 4a estimated greater quenching when / was below
200 pmol photons m~2 s~ (Fig. 5), although the difference was
too small to determine which model was better. Nonetheless,
model optimization was also performed on the published envi-
ronmental data. The optimization showed similar results, Eq. 4a
overestimated quenching when [ was <500 pmol photons
m~2s~'; by contrast, Eq.4b slightly improved the modeled
quenching under low light conditions (Fig. 5), and the optimized
r and Isy were 0.140 and 900 pmol photons m2s ! respec-
tively. More importantly, the use of Eq. 4b improved reliability
of model optimization. The idea of a sigmoid light function for
NPQ is supported by literature (16,36). The sigmoid shape is
determined by cooperativity in enzyme Kkinetics, reflecting
increased affinity for cofactors or quenchers with development of
NPQ. However, Lepetit et al. (37) found distinct responses of
NPQ to fluctuating and steady sinusoidal light cycle, respec-
tively, and different types of responses were regulated by differ-
ent sets of genes. The intense NPQ responses to fluctuating
sinusoidal light cycle would lead to a responsive curve similar to
Eq. 4a (40). Thus, model coefficients reflected different degrees
of mixing between this study and the Harpswell sound environ-
ment. Alternatively, the shape of the light function for NPQ
could also be affected by the residence time of water in the mea-
suring chamber. At 7:00 and 17:00 when NPQgy() was low,
NPQ could be largely relieved at 2 s (Fig. 5 and Figure S5) for
a long residence time making the IVF® curve flatter during those
time ranges; thus, a sigmoid curve would match. Studies
revealed that diatom NPQ consists of different components with
different kinetics, and occurrence of all components is not simul-
taneous but rather additive based upon light conditions (37,43).
The fastest component usually comes first, while high light con-
ditions tend to induce sustained components of NPQ which
require longer time to relieve (Figure S5).

Influences of varying a upon IVF®

With the subroutine to derive varying @, the ConFID model
reproduced the same curve (Fig. 3) as that depicted by Eq. 4b
(Fig. 5), but model coefficients were different. The tight coupling

20~
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2 — e day0-1
0- a 500 & * day1-2
3
o
400 © Modeled
2 201 3 — v
e -300 S -- F
(72} F'B
0
—40+ - 200 3,
N
..... 7]
-100 =  Species
~60- a T pseudonana
Lo + T weissflogii
50 7.0 95 120 145 170 19.0

Hour of the day

Figure 3. Comparison between the measured and modeled percentage of quenching (Q%). Yellow line represented the incubation light intensities.
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Figure 5. Comparisons of different models for (A) experimental data of this study and (B) field data in the Harpswell Sound, Maine, USA (extracted
from Ref. 4). Black dots in (B) are medians.

between NPQ and o indicates that /sy and n optimized by the modeled. Here, the measured @ was used for validation (Fig-
ConFID model can be used only for reference, if without valida- ure S7). Finally, the optimized Isp was 320 pmol photons
2 1

tion, because the coefficients are dependent upon how a is m s, and a lower maximum NPQ was found (indicated by
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Figure 6. Influences of different I, on NPQ effects on in vivo fluorome-
try of Chla displayed as both (A) magnitude scaled to Fy, and (B) per-
centage of quenching (Q%) against time.

r = 0.420 comparing to 0.334 by Eq. 4b). Consequently, the
clarification of the relationship between IVF® and F'?, as well as
F8, is important for the research effort to recover NPQgy infor-
mation from the diurnal variation in IVF® (45).

We also analyzed the potential impacts of varying a on the
use of in situ Chla fluorometers with different /,,. Output of the
ConFID model with a possible range of I.x for commonly used
in situ Chla fluorometers (5, 10, 20, 40, 80 and 160 pmol pho-
tons m~2 s_l, the lowest number was determined according to
the configuration provided by Beutler ez al. (46), and the highest
number was simply the double of I, used in this study) was
computed. Both Q% and absolute values of IVF® were evalu-
ated. Firstly, IVF® declined proportionally to I (data not
shown). Secondly, decreased I,, made the IVE® curve gentler to
some extent but did not eliminate the depression (Fig. 6); low
absolute values of IVF® caused by a small I will also sacrifice
detection limit and signal-to-noise ratio, thereby prohibiting use
of in situ Chla fluorometers in some waters with low phyto-
plankton biomass or at times when biomass is low. Thirdly,
results showed a large difference in IVF® in the dark (scaled to
the dark-acclimated F,,) because of substantial divergence in
photochemical quenching, without NPQ present, the large frac-
tion of absorbed photons is used for photochemistry; then, reac-
tion centers will be oxidized/closed quickly with the increased
intensity of excitation light; thus, IVF® will change greatly as a
function of I, By contrast, with NPQ present during midday,
F{f and F:f are depressed, and then, variable fluorescence is
smaller, and a smaller fraction of absorbed photons used for

photochemistry leads to less photochemical quenching. IVEE,
therefore, will show a small variation for different /., during
midday (Fig. 6A). If we adapted Eq. 4a and 4b to different mod-
els and/or brands of in situ Chla fluorometers (simulated by dif-
ferent I.) that are pre-calibrated in the dark, the equations
would significantly overestimate the quenching during midday
for a small I (Fig. 6B; and Fig. 4 in Rousso et al. (12)), subse-
quently overestimate Chla by correction for NPQ effects. The
implication is that an NPQ correction for IVF® could be fluorom-
eter specific.

Limitations of this study

PSII photoinactivation is the process of light-induced damage to
PSII and can be reversed by repair reactions (47). The maximum
light intensity used in this study was 600 pmol m~2 s™', which
was much higher than the half-saturation light for growth
(48,49). Thus, net PSII photoinactivation could occur when
instantaneous light intensity was above a threshold, although the
overall effect of photoinactivation upon growth rate might be
small. Increased Fé)(ZS) is one of the consequences of net PSII
photoinactivation (47), and IVF® would be increased accord-
ingly. The existence and extent of photoinactivation could not be
assessed without the knowledge of Fy and Fy,, which were diffi-
cult to measure under the light-regulated state (47). Thus, for
simplicity, the models in this study did not take photoinactiva-
tion into account. The limitation may account for the overesti-
mated quenching in the afternoon (Fig. 3), leading to the
asymmetrical pattern (12).

Insufficient dark acclimation is another reason accounting for
the difficulty in obtaining true Fy and Fp,. Energy-dependent
quenching (qE) contributes most NPQ for diatoms. It is known
that qE of diatoms requires activation of both light-harvesting
complex stress-related (LHCX) proteins and the xanthophyll
cycle pigment diatoxanthin (43,50). In addition, a pH gradient is
required for activation of diatoxanthin as the quencher (51) but
not for maintaining this quenching (18). If diatoxanthin is
already activated, absence of a pH gradient cannot completely
relieve qE; instead, there will be two relaxing stages (Figure S5)
comprised of a sharp drop within seconds (the mechanism is
unclear) and a slow process that is diatoxanthin-dependent. A
certain level of light illumination is essential for diatoms to gen-
erate NADPH to perform the epoxidation of diatoxanthin; there-
fore, qE can be fully relaxed (18). But for logistical reasons,
dark acclimation was not conducted at measurements between
7:00 and 17:00; then, uncertainty in calculating the NPQ parame-
ter was introduced. However, it is reasonable to assume F,, to
be constant throughout the day (40); thus, it is appropriate to use
the NPQgy ;) calculated by taking the Fiy) as the Fr to assess
the quenching level of IVF®,

The temperature or nutrient dependence of NPQ effects on
IVF® was not experimentally assessed in this study. Temperature
is a critical factor that determines the rates of enzymatic reactions
(52), including the reactions for photosynthetic carbon fixation
(53). The enhanced carbon fixation with increasing temperature
can lower the excitation pressure (54), thereby reducing NPQ
effects upon IVF®. We propose that this phenomenon could be
simulated by the ConFID model (see Appendix S10). The simula-
tion showed that IVF® negatively correlated with temperature
(Figure S8), and the coefficient of temperature correction (see
Appendix S10) was estimated to be —0.010 °C™", similar to the



literature value (14). And no interaction between effects of tem-
perature and NPQ on IVF® was found in the model experiment
(Figure S8). Nutrient addition to a nutrient-limited or nutrient-
starved culture can cause a fluorescence transience followed by
recovery, but the direction of change will be different depending
upon which nutrient is added—it could rise with nitrate enrich-
ment but drop with ammonium or phosphate addition (15).

Comments and recommendations

In vivo fluorometry is a powerful and easy-to-use method for
estimating phytoplankton Chla. The enormous amount of IVF
data, measured by ships, buoys and robots, have yielded an envi-
ronmental treasure worth a great effort to understand and utilize.
Multiple factors can, however, interfere with the method’s accu-
racy. Our research focused on studying NPQ effects among
others, and the results revealed as much as 50% decrease in the
IVE® is attributable to NPQ. We noted that NPQ-derived inaccu-
racies are to be expected during the main growing seasons of
April-October in Long Island Sound, as an example of a highly-
productive, temperate estuary (see Appendix S2). Vismann et al.
(26) used in vivo fluorometry to monitor the amount of phyto-
plankton consumed by bivalve mollusks in the Limfjord, Den-
mark. They found a decreasing trend of IVE® in the ambient
water without bivalve feeding. The consumption rate of bivalves
could not be accurately calculated without correcting for the
NPQ effects. Li ef al. (6) monitored the diel change of IVE® in
the Great Peconic Bay, New York, USA. That study documented
a “U” shape similar to our Fig. 1, and the maximal decline was
about 30%. The study in the Harpswell Sound, Maine, USA,
observed a decrease of up to 80% (4). To correct for NPQ
effects, simple equations have been introduced in this study. The
compensating modeling equations were formulated upon the nat-
ure of NPQ; however, the representativeness of their coefficients
needs to be evaluated in the future when IVF® and light data
from diverse environments were available. If the models with
known coefficients fail to produce reasonable results, the process
to derive correction models should be repeated. Changed coeffi-
cients will reflect spatial and temporal variabilities in environ-
mental factors and dominant diatoms species or use of different
models and/or brands of in situ fluorometers. For the latter, this
study proposed a mathematical approach to model the I,.-
dependent NPQ effects on IVF® which could be adjusted accord-
ingly, and this advance may save substantial labor and time in
the future. In general, although the correction efforts are far from
straightforward, as demonstrated above, they are plausible to
increase the level of confidence one should expect from environ-
mental in vivo fluorescence data.
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