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[bookmark: _Toc99804000]Appendix S1. Incubation light condition
[image: ]
Figure S1. Light condition for incubation. Black dots were measured light intensity. The solid red line is expected light intensity. 
 

[bookmark: _Toc99804001]Appendix S2. Estimates of the mean, midday photosynthetically available radiation of the mixed layer in the Long Island Sound
	The daily amounts of photosynthetically available radiation (DailyPAR, unit: mol photons m-2 d-1) were extracted from the climatology MODIS-Auqa PAR data products downloaded from the NASA ocean color website (https://oceancolor.gsfc.nasa.gov/l3/ ). Euphotic depths (Zeu, unit: m) were extracted from the climatology MODIS-Auqa ZLEE data products that were also from NASA. Mixed layer depths (MLD, unit: m) were extracted from the World Ocean Atlas (WOA) 2013 data product (https://www.nodc.noaa.gov/OC5/woa13/ ).
The midday photosynthetically available radiation (PAR, unit: μmol photons m-2 s-1) was calculated by

The light attenuation coefficient (K) was estimated by

Then, the mean PAR of the mixed layer was computed by

	The mean PAR of the mixed layer was small between October and March, the condition of which was unsuitable for stimulating NPQ, thus those months were excluded for analysis. The median value between April and September was about 600 μmol photons m-2 s-1 (Figure S2).
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Figure S2. Distributions of (left) euphotic depth and (right) mean midday photosynthetically available radiation of the mixed layer between April and September in the Long Island Sound. 

[bookmark: _Toc99804002]Appendix S3. Analysis of Chla, cell density, and nutrients
For Chla analysis, 7 mL of 90% acetone was added to each glass tube containing a sample filter, and the tubes were stored in a 4 °C refrigerator for 18−24 hours to allow full extraction of Chla. Then, 8000 × g centrifugation was performed to the Chla extract for 10 minutes to precipitate debris. Afterwards, Chla was measured with a 10AU fluorometer (Turner Designs, USA) pre-calibrated with a Chla standard (Sigma-Aldrich, USA) (Li et al. 2018). 
Cell density was numerated at a C6 flow cytometer (BD Biosciences, USA). Electronic noise and cells were well separated and counted in the plot of red fluorescence against forward scatter. The cell counts were divided by the injection volume and corrected for the volume of formalin to obtain the cell density. 
Nutrients were analyzed in the analytic lab of the Marine Science Institute, University of California, Santa Barbara by the flow injection analysis method with the QuikChem 8500 Series 2 (Lachat Instruments, Zellweger Analytics, Switzerland). 


[bookmark: _Toc99804003]Appendix S4. IVF data processing: temperature correction and cross-calibration
The equation for the temperature correction (Lorenzen 1966) was

Where T was temperature. 
To eliminate the geometric differences between Chla probes, cross-calibration was performed following a previous study (Cremella et al. 2018). Briefly, the four probes measured the same series of pure-culture samples; then, one probe was designated as probe A, the mean ratio of readings to probe A’s readings was used as the cross-calibration coefficient for that probe.   

Where  was 1.00, 0.82, 0.78, and 0.87 for the four probes used in the present study. 


[bookmark: _Toc99804004]Appendix S5. FIRe analysis procedure
First, the sample was re-illuminated by actinic light (according to the incubation light level, but a factor of 0.5 was applied based upon the spectral differences between light sources and the phytoplankton absorption spectrum) for 2 minutes,  and  were measured. Then,  and  were measured at 2 seconds after actinic light was turned-off (Murphy et al. 2017), followed by a fluorescence-light curve analysis. There were 9−13 steps of actinic light to generate a curve, the interval was 50 μmol photons m-2 s-1, and the 13th step was 600 μmol photons m-2 s-1. For each step, the actinic light was turned on for 15 seconds before  and  measurements. The raw data were reprocessed [by a self-developed R program named “R-FIReBatchPro” with the core curve-fitting module copylefted from the PSIworxR program (https://sourceforge.net/projects/psiworx/), following the standard method (Kolber et al. 1998)] to obtain the photo-physiological values.
 is required for the calculation of photochemical quenching ().  and  were used to calculate  by the method of Oxborough and Baker (1997), but it should be noted that photoinactivation of PSII would disguise  and  (Campbell and Tyystjärvi 2012). 
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[bookmark: _Hlk56758941]Figure S3. The measuring protocol displayed by representative induction traces. Prior E means prior illumination before fluorescence induction. The sample displayed here was Thalassiosira weissflogii at 9:30 on day 0-1. The maximal level of actinic light for the fluorescence-light curve analysis was 500 μmol photon m-2 s-1 (blue light). In this case, the interval was approximately 45 s between the measurements of  and  and step 1.

[bookmark: _Toc99804005]
Appendix S6. Analysis of NPQ components.
	The NPQ relaxation of diatoms is unique. It comprises of a fast component and a slow component (or dynamic NPQ and sustained NPQ) (Lacour et al. 2018, Wu et al. 2012). In this study, the analysis of NPQ components did not strictly follow their protocols but was based on the data collected by our FIRe analysis procedure. The  used here was the first  in Figure S3. The  was from the first step of fluorescence-light curve. The 30 s interval was approximate because FIRe only allowed manual operation for our protocol. Different time intervals (e.g., 5 minutes) were used by different research groups to separate the dynamic and sustained components of NPQ. Remaining  after 30 s did not equal to the sustained NPQ that would slowly recover for 30 minutes.


	Besides, the normalized Stern-Volmer coefficient () was computed by (McKew et al. 2013)


[bookmark: _Toc99804006]
Appendix S7. Discussion about triplet quenching 
	The FIRe system was equipped with a blue LED array (center wavelength of 450 nm) and a green LED array (center wavelength of 540 nm) as the excitation light sources. During the second sampling day of the Thalassiosira pseudonana experiment, yields of fluorescence abnormally decreased during the first three flashlets and the maximum yield of the induction phase was significantly lower than that of the relaxation phase (Fig. S4) with the normal protocol (blue light excitation). Modified protocols were tested. Among others, the induction trace returned to normal with the combination of blue and green light, which implied a molecule that has an absorption band at 540 nm was involved in this change. In diatoms, fucoxanthin (a carotenoid) has significant absorption at 540 nm (Bricaud et al. 2004).  
	Chlorophylls have two excited states: singlet and triplet. When a singlet state passes to a more stable triplet state (the process is called intersystem crossing), energy is lower, and the yield of fluorescence is reduced. Singlet oxygen is produced by the reaction between triplet chlorophylls and oxygen (Peterman et al. 1995). Singlet oxygen is one of reactive oxygen species that can damage the organism. Triplet-triplet transfer is a photoprotection mechanism in plants and algae. In this process, carotenoids accept triplets from chlorophylls, but triplet carotenoids cannot react with oxygen to form singlet oxygen, and triplet-triplet transfer is extremely fast (thus the lifetime of triplet chlorophylls is very brief).  Triplet-triplet transfer, therefore, plays an important role in photoprotection (Peterman et al. 1995). Without triplet-triplet transfer, triplet chlorophylls would be accumulated, and yields of fluorescence would be reduced as displayed in our results (Figure S4). The role of green light might be to activate a fast response of triplet-triplet transfer in diatoms. 
	To be consistent, the modified protocol was tested but not used for the experiment. The original R-FIReBatchPro program took the first value in the induction trace as  for curve-fitting. For processing the triplet-quenched traces, a special program that took the minimal value as  was used. 
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Figure S4. Induction traces excited by blue light (B) and the combination of blue and green light (B+G), respectively, depicting the triplet quenching.
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Appendix S8. Fluorescence-chlorophyll Inversion for Diurnal cycle (ConFID) model

Table S1. Symbols used in the ConFID model.
	Symbols
	Definition
	In model
	Unit
	Reference

	
	The ambient light at noon
	600
	µmol photons m-2 s-1
	

	
	Half-saturation light for growth
	50
	µmol photons m-2 s-1
	(Edwards et al. 2015, Schwaderer et al. 2011)

	
	The ambient light
	Eq. B5
	µmol photons m-2 s-1
	

	
	Proportion of reaction centers unaffected by NPQ
	
	
	(Morrison 2003)

	
	Half-saturation light for NPQ
	Optimized
	µmol photons m-2 s-1
	(Serodio and Lavaud 2011)

	
	The Hill coefficient
	1.60
	
	(Serodio and Lavaud 2011)

	
	Quantum yield of 
	Eq. B6
	
	

	
	Quantum yield of 
	0.05
	
	(Morrison 2003)

	
	Quantum yield of 
	Eq. B7
	
	

	
	Quantum yield of 
	0.022
	
	(Morrison 2003)

	
	Quantum yield of regulated energy dissipation of PSII
	Eq. B1 and B4
	
	(Xu et al. 2018)

	
	The initial slope of closed PSII reaction centers
	Eq. B2
	(µmol photons m-2 s-1)-1
	

	
	Functional cross section of PSII
	Eq. B2
	
	(Falkowski and Kiefer 1985)

	
	Unit time for PSII to process one PSII charge separation
	Eq. B2
	
	(Falkowski and Kiefer 1985)

	
	Photochemical quenching
	Eq. B2
	
	(Maxwell and Johnson 2000)

	
	Excitation intensity of the in vivo Chla fluorometer.
	80
	µmol photons m-2 s-1
	

	IVFB
	Chla-specific IVF
	Eq. B8
	
	

	
	Chla-specific light absorption coefficient at 440 nm
	0.038
	m2 (mg Chla)-1
	(Bricaud et al. 1995)

	Q%
	Quenching ratio
	Eq. B9
	
	(Lucius et al. 2020)




S22

(1) The analytical solution of  
 is solved analytically from the following equations. The logic is that the maximum electron transfer rate is controlled by total capacity of photochemical reactions, the initial rate of which is determined by 
	
 is the quantum yield of regulated energy dissipation (Xu et al. 2018), and the functional absorption cross section of PSII decreases with increasing  (Buck et al. 2019). 
	(A1)
	(A2)
	(A3)
	(A4)
We set  = 50 µmol photons m-2 s-1 to match the value of  that was about 0.02 (µmol photons m-2 s-1)-1 during the night time. But trials showed that setting constant  throughout the day did not sufficiently reproduce the variation of . Finally, the setting of  proportional to  produced reasonable variations of  and  (Figure S8), which could be attributable to simulation of (1) decreasing  with decreasing  ; (2) contrasting carbon fixation rates between day and night, and (3) light induced supplementary photochemical pathways.  
(2) Modeling the quenching ratio 
The cycle of  is a sine function assuming daylength of 12 hours in this study.
 and 	(A5)
The NPQ is modeled by the sigmoid function of light  (Serodio and Lavaud 2011). The coefficients  and  are determined by an optimization procedure. The value of n was set as 1.6. 
	(A6)
And  is estimated following Oxborough and Baker (1997).
	(A7)
 	(A8)
	(A9)



[bookmark: _Toc99804008]Appendix S9. Additional results

Table S2. Nutrient concentrations during the experiments
	
	
	Concentrations (μmol L-1)
	

	Species
	N
	NO3+NO2
	PO4
	SiO3
	

	
	
	
	Beginning
	
	

	T. pseudonana
	3
	45.8 ± 0.4
	3.2 ± 0.4
	73.2 ± 20.7
	

	T. weissflogii
	4
	53.4 ± 0.8
	9.2 ± 0.2
	127.6±6.8
	

	
	
	
	End
	
	

	T. pseudonana
	3
	22.6 ± 0.6
	0.8 ± 0.6
	54.9 ± 6.6
	

	T. weissflogii
	4
	42.2 ± 5.8
	8.3 ± 0.6
	104.6 ± 37.4
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Figure S5. Diurnal variations of the Stern–Volmer quenching parameter of NPQ components separated by time intervals. 
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Figure S6. Diurnal variations in (A)  and (B)  of T. weissflogii and T. pseudonana. Values are displayed as average ± standard deviation. (C, F) same as Figure 2C and 2G.
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Figure S7. Comparisons between measured (dots with standard deviation) and ConFID modeled (lines)  and . 


[bookmark: _Toc99804009][bookmark: _GoBack]Appendix S10. Temperature dependence of NPQ effects on IVFB
We propose that the maximal capacity of the photochemical quenching was proportional to . The  in the dark at 20 ºC was assumed as 50 μmol photons m-2 s-1. The temperature dependence of  was computed by (Eppley 1972)

Then, the Eq. A1 simulates the temperature dependence of phytoplankton light absorption. Finally, the ConFID model was run with different  between 5 ºC and 30 ºC, and the modeled IVFB was assessed (Figure S9).
The form of the relationship between IVFB at  and the reference at 20 ºC followed Watras et al. (2017):  

The coefficient of temperature correction () was derived from the linear regression (Figure S9).



[image: ]
Figure S8. (A) Temperature dependence of IVFB calculated by the ConFID model. (B) Coefficients of temperature correction () derived from the data in subplot A.


References
Bricaud, A., Babin, M., Morel, A. and Claustre, H. (1995) Variability in the chlorophyll-specific absorption coefficients of natural phytoplankton: Analysis and parameterization. J. Geophys. Res. 100(C7), 13,321-313,332.
Bricaud, A., Claustre, H., Ras, J. and Oubelkheir, K. (2004) Natural variability of phytoplanktonic absorption in oceanic waters: Influence of the size structure of algal populations. J. Geophys. Res. 109, C11010.
Buck, J.M., Sherman, J., Bartulos, C.R., Serif, M., Halder, M., Henkel, J., Falciatore, A., Lavaud, J., Gorbunov, M.Y., Kroth, P.G., Falkowski, P.G. and Lepetit, B. (2019) Lhcx proteins provide photoprotection via thermal dissipation of absorbed light in the diatom Phaeodactylum tricornutum. Nat Commun 10(1), 4167.
Campbell, D.A. and Tyystjärvi, E. (2012) Parameterization of photosystem II photoinactivation and repair. Biochimica et Biophysica Acta (BBA) - Bioenergetics 1817(1), 258-265.
Cremella, B., Huot, Y. and Bonilla, S. (2018) Interpretation of total phytoplankton and cyanobacteria fluorescence from cross‐calibrated fluorometers, including sensitivity to turbidity and colored dissolved organic matter. Limnology and Oceanography: Methods 16(12), 881-894.
Edwards, K.F., Thomas, M.K., Klausmeier, C.A. and Litchman, E. (2015) Light and growth in marine phytoplankton: allometric, taxonomic, and environmental variation. Limnology and Oceanography 60(2), 540-552.
Eppley, R.W. (1972) Temperature and phytoplankton growth in the sea. FISHERY BULLETIN 70(4), 1063-1085.
Falkowski, P. and Kiefer, D.A. (1985) Chlorophyll a fluorescence in phytoplankton: relationship to photosynthesis and biomass. Journal of Plankton Research 7(5), 715-731.
Kolber, Z.S., Prášil, O. and Falkowski, P.G. (1998) Measurements of variable chlorophyll fluorescence using fast repetition rate techniques: defining methodology and experimental protocols. Biochimica et Biophysica Acta (BBA) - Bioenergetics 1367(1-3), 88-106.
Lacour, T., Larivière, J., Ferland, J., Bruyant, F., Lavaud, J. and Babin, M. (2018) The Role of Sustained Photoprotective Non-photochemical Quenching in Low Temperature and High Light Acclimation in the Bloom-Forming Arctic Diatom Thalassiosira gravida. Frontiers in Marine Science 5.
Li, Y., Meseck, S.L., Dixon, M.S. and Wikfors, G.H. (2018) The East River tidal strait, New York City, New York, a high-nutrient, low-chlorophyll coastal system. International Aquatic Research 10(1), 65-77.
Lorenzen (1966) A method for the continuous measurement of in vivo chlorophyll concentration. Deep Sea Research 13, 223-227.
Lucius, M.A., Johnston, K.E., Eichler, L.W., Farrell, J.L., Moriarty, V.W. and Relyea, R.A. (2020) Using machine learning to correct for nonphotochemical quenching in high‐frequency, in vivo fluorometer data. Limnology and Oceanography: Methods 18(9), 477-494.
Maxwell, K. and Johnson, G.N. (2000) Chlorophyll fluorescence--a practical guide. Journal of Experimental Botany 51(345), 659-668.
McKew, B.A., Davey, P., Finch, S.J., Hopkins, J., Lefebvre, S.C., Metodiev, M.V., Oxborough, K., Raines, C.A., Lawson, T. and Geider, R.J. (2013) The trade-off between the light-harvesting and photoprotective functions of fucoxanthin-chlorophyll proteins dominates light acclimation in Emiliania huxleyi (clone CCMP 1516). New Phytologist 200, 74-85.
Morrison, J.R. (2003) In situ determination of the quantum yield of phytoplankton chlorophyll a fluorescence: A simple algorithm, observations, and a model. Limnology and Oceanography 48(2), 618-631.
Murphy, C.D., Ni, G., Li, G., Barnett, A., Xu, K., Grant-Burt, J., Liefer, J.D., Suggett, D.J. and Campbell, D.A. (2017) Quantitating active photosystem II reaction center content from fluorescence induction transients. Limnology and Oceanography: Methods 15(1), 54-69.
Oxborough, K. and Baker, N.R. (1997) Resolving chlorophyll a fluorescence images of photosynthetic efficiency into photochemical and non-photochemical components – calculation of qP and Fv'/Fm' without measuring Fo'. Photosynthesis Research 54, 135-142.
Peterman, E.J., Dukker, F.M., van Grondelle, R. and van Amerongen, H. (1995) Chlorophyll a and carotenoid triplet states in light-harvesting complex II of higher plants. Biophysical Journal 69(6), 2670-2678.
Schwaderer, A.S., Yoshiyama, K., de Tezanos Pinto, P., Swenson, N.G., Klausmeier, C.A. and Litchman, E. (2011) Eco-evolutionary differences in light utilization traits and distributions of freshwater phytoplankton. Limnology and Oceanography 56(2), 589-598.
Serodio, J. and Lavaud, J. (2011) A model for describing the light response of the nonphotochemical quenching of chlorophyll fluorescence. Photosynth Res 108(1), 61-76.
Watras, C.J., Morrison, K.A., Rubsam, J.L., Hanson, P.C., Watras, A.J., LaLiberte, G.D. and Milewski, P. (2017) A temperature compensation method for chlorophyll and phycocyanin fluorescence sensors in freshwater. Limnology and Oceanography: Methods 15(7), 642-652.
Wu, H., Roy, S., Alami, M., Green, B.R. and Campbell, D.A. (2012) Photosystem II photoinactivation, repair, and protection in marine centric diatoms. Plant Physiol 160(1), 464-476.
Xu, K., Lavaud, J., Perkins, R., Austen, E., Bonnanfant, M. and Campbell, D.A. (2018) Phytoplankton σPSII and Excitation Dissipation; Implications for Estimates of Primary Productivity. Frontiers in Marine Science 5.

image2.tiff
i) e AR et potons v 5
Month WiDyew 10m

755 T30

T

o N 7o
Longiude () Longiuce ()
oS Wboee7m
s14]
e
Swoeft
w00
o 7s 7o s e 7o s EIE)
Longtude () Longtuds (€1
Vortn Woom
. v P v v PR P P P P 11
Longlude () Longtuce ()
ot 7 Whoo a7
]
24121
Foo]
Zuosl
0o
o Ts o 7s  mo o s wo  Bs 7o
Longtude () Longtuce (E)
o Wowor 56m

is o

s

720

PR PR Y 70 055 rho
Longiude () Longude (€)

Month & MDpor 63m

v arad .

o Bs w0
Longitude ()

s

78

7o s

Longituce ()





image3.tiff
Fast repetition rate fluorescence (AU)

900

800

700

600

500

400

300

F'm(2s)

N
F m

F'o2s)

1
F m

Step 1 Steps 2—5

Fluorescence-light curve

Step 6

o)
F m

F'm

Steps 710 Step 11

Actinic on

T Prior E for 120 s l

|
S

Actinic off

1

Actinic on

Time sequence

ITl

Prior E for 15 s

T I?I

Prior E for 15's





image4.png
Yield of fluorescence (AU)

1800
1600
1400
1200
1000
800
600
400
200

20 40 60 80 100 120
Flashlet

—e—YieldB) —e—YieldB+G)




image5.tiff
(A) T. weissflogii day 1-2

(C) T. pseudonana day 0-1

1.6 1.6
l NPQsy(2s) I NPQsy2s)
124 l NPQsy30s) 124 I NPQsy(30s)
“TO NPQsvy “10 NPQsvy
>
0.8 J 08
a
b2
0.4 0.4 1 ﬂ
oL i ﬁ ool o e f
95 145 5 7 5 12 145 17 19
Hour of the day Hour of the day
(B) T. weissflogii day 1-2 (D) T. pseudonana day 1-2
16 1.6
NPQsy2s) B NPQsves
|
124 [ NPQsy(os) 121 [0 NPQsyos)
“TO NPQsvy “10 NPQsyy
>
0.8+ J 081
a
z
041 iﬁ 041 i
0.01 Jﬁ ﬁ 0.0 -Eﬁ -]J;j

7 95 12 145 17
Hour of the day

5 7 95 12 145
Hour of the day

17





image6.tiff
(D) T. pseudonana

(A) T. weissflogii
H day0-1 W day 1-2

H day0-1 B day 1-2

F/Fnes)

7 95 12 145 17 19

5 7 95 12 145 17 19 ' 5
Hour of the day

Hour of the day

(B) T. weissflogii (E) T. pseudonana

3 3
® day 0-1 *
G2y davi2 524°
4 z
g ]
o a
Zz 11 z 11
0 — T 0 — T T T —
5 7 95 12 145 17 19

5 7 95 12 145 17 19

Hour of the day Hour of the day





image7.tiff
(C) T. weissflogii (day 1-2) (F) T. pseudonana (day 1-2)

1.00 - 1.00 - :
0.75- T e 0.75
gBs==oul
‘/ =1 T 4 4 al
, A O
0.50 - g > ()50 -
TR - S
0.25 - Time . 09'30 = 19°00 0.25 - Time . 09'30 = 19°00
/) / —— 1200 —e— 1200
0.00 - * ' Replicate : g‘ : 8 0004 Replicate : g‘ = C
0 200 400 600 0 200 400 600

Actinic light (umol photons m* 3_1) Actinic light (umol photons m* s_1)




image8.tiff
N Pst(t)

2.5

2.0 1

1.5 1

1.0 1

0.5 1

0.0 1

= NPQ

— (04

-0.025

- 0.020

-0.015

uojoyd jown) 0

-0.010 o

-0.005

s _w

L_

-0.000 ~—

5.0

7.0

95 120 145
Hour of the day

170 19.0




image9.tiff
IVE® (AU)

(A) (B)
0.16 0.175
max(I) = 600
0.12 - 0.150 A p=-0.010
’5;; 0.125 -
008 ~~ 0.100 1
= =-0.010
0.04 - > 0.075 ‘\‘L.\,\’\‘
0.050 -
OOO 1 I I 1 1 1 1
50 7.0 95 12.0 145 17.0 19.0 0.025_ | | | | |
Hour of the day 5 10 15 20 25 30

Temperature (°C)

- 5 — 15 — 25
Temperature (°C)
— 10 — 20 — 30 Time -®- dark -®- noon




image1.png
1

00s 00e 00L 0

r.m L suojoyd jown) |

Hour




