
Reply to Referee#2.

We would like to thank the referee for constructive and clarifying comments that have improved the manuscript. We have

addressed all the reviewer’s comments and corrections below. Our replies are shown in italics and a copy of the manuscript

with track-changes since our submission is also included below.

Anonymous Referee #2, 22 Sep 2026

This manuscript presents an interesting field dataset examining light-associated changes in phytoplankton photophysiology

across contrasting North Atlantic environments. I particularly appreciated the extensive observations from the North Sea,

including the time-series  station,  and the combination of  physiological  measurements  with information on the physical

environment. The relationship between the PI metric and irradiance, particularly in the upper water column, is clear and

potentially useful.

My main comments concern the interpretation of this relationship rather than the observations themselves. In a few places, I

think the conclusions go somewhat beyond what can be directly inferred from the measurements, particularly regarding the

physiological meaning of the recovery in Fv/Fm, the short response time, and the relative importance of light compared with

other environmental variables. I think these points can mostly be addressed by clarification and somewhat more cautious

wording.

Reply: Thank you for the constructive comments and for pointing out where clarifications are needed. 

1. Interpretation of the PI metric

The  approach  assumes  that  the  increase  in  Fv/Fm  during  the  4-h  low-light  incubation  represents  recovery  from

photoinhibition, presumably through repair of PSII. This seems a reasonable operational approach based on From et al.

(2014), but I think the manuscript sometimes treats this interpretation more directly than the measurements allow. Damage

and repair rates are not measured independently here. One observation that seems relevant is that the corrected Fv/Fm_c

itself changes during the day. Since this value provides the recovered reference state used to calculate relative PI (Pi_PI), I

think its diel variability deserves some discussion. I therefore suggest describing Pi_PI more explicitly as an operational

estimate of PI based on low-light recovery of Fv/Fm, and being somewhat cautious when interpreting it specifcally in terms

of PSII damage and repair.

Reply: We agree that this is an interesting phenomenon, and this was also the reason for the temporal analysis of the daily

trends during days 211 and 212. However, near-surface Fv/Fm|c only showed a significant decrease during day 212 whereas

no significant trend was observed on the previous day. Therefore, we have not concluded further on this trend. However, a

potential temporal decrease during the day indicates that the low-light incubations may not allow complete recover from PI
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during days with high light  intensity,  and this suggest that the recovery rate during low-light incubations (i.e.,  the net

balance between damage and repair) may depend on the light-history. We have followed the reviewer’s suggestion and

added the following text to the first paragraph in the Discussion section: 

"The corrected Fv/Fm|c near the surface showed a significant decrease during day 212 at the timeseries station from the

North Sea, i.e., the day with the highest insolation  (Fig. 4b). This could indicate a general and relatively small temporal

decrease  in  the  photosynthetic  capacity  of  the  phytoplankton  community  during  days  with intense  radiation.  Hence,  a

potential temporal variation of Fv/Fm|c should be considered in the analysis of ΠPI ."

1. Response time to changes in light

The light-history analysis shows that PI is more closely related to recent irradiance than to irradiance averaged over several

hours. I am less convinced, however, that the analysis resolves a physiological response time of approximately 20–30 min.

Instantaneous and 10–30 min PAR give very similar R2 values, while averaging over longer periods will also smooth the

diel light cycle. There is also a clear depth dependence in Table 1. For samples from 0–10 m, R2 is approximately 0.44–0.45

for instantaneous through 30-min PAR, whereas below 10 m

it is only about 0.03. Thus, the relationship for the complete dataset seems to be mainly driven by the upper water column. I

would therefore emphasize the result that PI is closely associated with recent light exposure in the upper layer, while being

somewhat more cautious with the conclusion of a <30-min physiological response time, particularly where this is described

as an “almost immediate” response.

Reply:  We agree with this comment,  and have clarified this further.  As the reviewer points out, there is  no significant

difference in R2-values  between light-histories between 0 - 30 minutes.  We also agree that PI is  significantly  different

between near-surface and deeper samples; this was also the motivation for splitting the dataset in Table 1 in groups above

and below 10 m depth. To clarify this further, we have modified the text accordingly:

In the Abstract and Conclusion we have added (with bold): 

"Furthermore, an almost immediate response of PI above 10 m depth to changes in light intensity was demonstrated."

and further down in the abstract: 

"...that PI in natural phytoplankton communities near the surface is closely related to, and occurs almost immediately, in re-

sponse to changes in insolation ... "

In the conclusion:

"PI near the surface was found to generally respond to changes in  insolation within 30 minutes."

1. PCA and broader interpretation
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The PCA nicely illustrates the environmental structure of the dataset and the close covariance between PAR and PI. At the

same time, PC1 also seems to represent an important vertical gradient: PAR, PI and temperature covary toward the surface,

while nutrients show the opposite pattern. For this reason, I am not sure that the PCA alone demonstrates that light is the

“dominating variable” controlling PI or that nutrients and other variables are less influential. I would probably describe this

result  more simply as a  strong covariance between PAR and PI,  unless the authors  wish to separate the effects  of the

different environmental variables more explicitly. I would also be somewhat cautious with some of the broader implications.

The Irminger and Sargasso Sea observations are valuable because they show similar light-associated responses in contrasting

environments, although there are also deviations from the North Sea relationship. 

Reply: We agree with the reviewer’s point. From the PCA-diagram, it cannot be concluded that PAR is the "dominating"

variable, and we have deleted the term "dominating" and modified the sentence so it reflects the strong correlation (changes

in bold): "However,  the strong correlation between PI and PAR identified from the PCA supported that light exposure

explained a major fraction of the variability in PI."

In  addition,  the  measurements  concern  maximum  PSII  photochemical  yield  rather  than  carbon  fixation  directly.  The

implications for primary production are certainly worth discussing, but statements concerning ubiquitous PI or constraints on

photosynthesis across large ocean regions seem somewhat broader than can be demonstrated from the present observations.

Reply: We have reformulated the sentence in the Discussion section 4.1 to clarify the speculative character of the possible

implications: " As these regions represent vastly different ecosystem types,  we speculate that the consistent finding of PI

implies that photosynthesis in the surface waters of much of the global ocean may be constrained by PI."

Specific comments

1.  Incubation  conditions:  Please  provide  some  additional  information  on  the  4-h  low-light  incubations,  particularly

incubation temperature and whether it was controlled relative to in situ conditions. Was 4 h known to represent a stable

recovery endpoint across the different regions/communities?

Reply:  We have  now specified  the  temperature  conditions:  "...   in  a  temperature-controlled  room, with a temperature

adjusted to match the average temperature of the collected water samples (From et al., 2014)."

We have also described the conclusion from From et al. (2014) that motivates the application of a 4-hour period, and added

the following to the paragraph:" ...From et al. (2014), using natural phytoplankton samples from the Kattegat, found that a

period of 2-4 hours of incubation of natural phytoplankton samples in low light (50 - 100 μE m -2 s-1) was sufficient to

essentially eliminate a signal in Fv/Fm emanating from exposure to previous light climate. We assumed this relationship

would also apply in the regions studied here. 

2. Sample size and supplementary data: I may have misunderstood the structure of the supplementary datasets, but I could

not reconcile the sample size reported for the North Sea PAR–PI regression. The manuscript reports n = 281 for observations

with PAR > 50, whereas I find 120 observations satisfying this criterion in the supplied .dat flle. Interestingly, using these
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observations  gives  essentially  the  reported  regression  coeffcients  and  R2.  Could  the  authors  please  clarify  which

observations were used for Eq. 3 and Table 1 and whether the complete PAR dataset used in these analyses is included in the

Supplement?

Reply: The value of 120 with PAR > 50 is correct, and this is the number that was used in the regression analysis. Thank you

for correcting this. The PCA- and regression analysis are made on samples where both Fv/Fm, PAR and nutrients were

measured.  To  clarify  this,  we  have  renamed  the  file:  bendtsen_et_al_supplementary.dat  to

bendtsen_et_al_supplementary_Table_S1.dat  (i.e.,  the  file  used  by  the  reviewer).  This  file  contains  all  data  with

simultaneous measurements of low-light incubations, in situ PAR, and nutrients. Low-light incubations were also made at

stations without simultaneous nutrient measurements and this data set is applied in the analysis of the impact of light history.

We have correspondingly renamed this file to bendtsen_etal_supplementary_table_S1.xlsx. To clarify this, we have added

more information to section 2.6 where we refer to Tables S1 and S2 together with a more detailed description of the data.

3. Statistical structure: Related to the previous point, were observations from different depths, repeated casts and the time-

series station treated as statistically independent in the regression? Some clarification of the observational structure would be

useful.

Reply:  The  observations  are  treated  as  statistically  independent.  The  regression  analysis  is  based  on  samples  where

simultaneous observations of nutrients and low-light incubations, and, as now described in section 2.6, these samples are

representative for the spatial  and temporal variation along the transects and in the timeseries.  More details about the

conditions at the timeseries station in the North Sea have also been included in section 3.1.

4. Range of the PAR–PI relationship: Equation 3 was fitted only to observations with PAR > 50 micromol photons m-2 s-1. I

suggest making this range clear when the relationship is subsequently discussed or applied, particularly since the positive

intercept should probably not be interpreted at very low PAR.

Reply: We have clarified the paragraph and added the following: " ... , and it should also be noted that Eq. 3 only is valid for

PAR> 50 μE m-2 s-1."

5. Regional comparison: Different fluorometry systems were used in the North Sea, Irminger Sea and Sargasso Sea. A brief

comment on whether this affects quantitative comparison of Fv/Fm and Pi_PI among regions would be helpful.

Reply:  We have added more information on measurements  of  Fv/Fm with STAF and FRRF in the Method section 2.5:

"Measurements of Fv/Fm with FRRF and STAF are generally comparable, however, STAF-measurements are corrected for

non-living but  still  fluorescent  phytoplankton and associated  detritus  (Schuback  et  al.,  2021).  This  potential  difference
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should be  considered  when  comparing  Fv/Fm FRRF-measurements  from the  North  Sea  and  Sargasso  Sea  with  STAF-

measurements from the Irminger Sea."

6. Terminology: In a few places, Delta Fv/Fm is described as a reduction in “photosynthetic activity”. Since carbon fixation

was not measured directly,  “reduction in Fv/Fm” or “reduction in maximum PSII photochemical  yield” might be more

precise.

Reply: We have replaced "photosynthetic activity" with "photosynthetic capacity" in places where it directly refers to Delta

Fv/Fm.

7. Minor corrections: Figure 4 appears to use Pi_NPQ, whereas I assume this should be Pi_PI. I also noticed a few minor

inconsistencies in the reference list and DOI formatting that could be checked during revision.

Reply: Yes, the text in the figure-files should be Pi_PI. It is now corrected in the new figure 4 and 5. The figure legends in

the manuscript file are correct.

We have checked and corrected all DOIs in the reference list.

Below is a version with track-changes since our submission:

Impact of light, turbulent mixing, and nutrients on phytoplankton
photoinhibition  in  the  North  Sea  and  selected  regions  ofeuphotic
zone from the subtropical to subpolar North Atlantic

Jørgen Bendtsen1,2, Line D. Jessen3, Niels Daugbjerg4, Katherine Richardson3

1Globe  Institute,  Section  for  Geobiology,  University  of  Copenhagen,  Øster  Voldgade  5-7,  DK-1350  Copenhagen  K,
Denmark
2ClimateLab, Symbion Science Park, Fruebjergvej 3, DK-2100 Copenhagen Ø, Denmark
3Globe Institute, Center for Macroecology, Evolution and ClimateSection for Biodiversity, University of Copenhagen, 
Universitetsparken 15, DK-2100 Copenhagen Ø, Denmark
4Department of Biology, University of Copenhagen, Universitetsparken 4, DK-2100 Copenhagen Ø, Denmark

Correspondence to: Jørgen Bendsten (jb@climatelab.dk)

Abstract. 

Photoinhibition, a condition caused when high photon fluxes lead to the rate of electron transport from light receptors in pho-

tosystem II exceeding a cell’s photochemical capacity, causes damage to the photosynthetic apparatus and reduces photosyn-

thesis. The balance between damage and repair processes in cells determines the degree of photoinhibition (PI). PI is here
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shown to be ubiquitous in natural phytoplankton communities in the North Atlantic. PI effects were determined as the differ-

ence between the maximum photosynthetic quantum yield (Fv/Fm) recorded at the time of sampling and following a 4 h low-

light incubation. Samples from the euphotic zone in the North Sea showed significant daily variation of PI extending to

depths of 20 m. Principal component analysis identified a strong correlation between PI and light availability, whereas nutri -

ent distributions and other environmental variables were less influential on PI. Furthermore, an almost immediate response

of PI above 10 m depth to changes in light intensity was demonstrated. A light-dependent linear regression model of PI for

the northern North Sea explained a significant increase in PI (R2 = 0.4) with intensity of insolation. PI in samples from the

euphotic zone in the subpolar Irminger Sea and the subtropical Sargasso Sea also showed significantly elevated PI at higher

light levels. Our results show that PI in natural phytoplankton communities near the surface is closely related to, and occurs

almost immediately, in response to changes in insolation. The sensitivity of phytoplankton communities’ photo-chemical ca-

pacity to insolation changes may help to explain the wide variation in photosynthetic parameters reported in nature and

should be taken into account when estimating ocean primary production.

1 Introduction

Chlorophyll molecules in photosystem II (PS II) in all photosynthesizing cells absorb light and induce an electron transport

that  is  directed towards  growth and metabolic  consumption, fluorescence,  or  heat  dissipation (Gorbunov & Falkowski,

2022). However, various photo-inactivating processes are activated action when electron generation exceeds the maximum

capacity of the system. This response to high-light intensities is also a characteristic response of phytoplankton (Campbell &

Serôdio, 2020; Zuo, 2025). Photo-damage is compensated by a continuous repair of the photosystem, and the outcome of

these  two opposing processes  determines  the  resulting photo-inactivation  or  photoinhibition (Campbell  and Tyysthärvi,

2012). The term photoinhibition (PI) is used generally to refer to any reduction in photosynthetic activity in response to

exposure to excess light. More specifically, however, it is used to describe the situation where light induces a damage rate of

the photosynthetic apparatus that exceeds the repair rate in the cell. This causes a reduction of the water-splitting process and

the associated electron transport rate in the light-harvesting photosystem II (PSII) in the photosynthetic apparatus. Hence, the

impact from PI limits the photosynthetic activity in the cells. The phenomenon has previously been described in field and

laboratory studies of plants (e.g., Genty et al., 1989; Leverens et al., 1990) and phytoplankton (Kok, 1956; Platt et al., 1980;

Long et al., 1994; Behrenfeld et al., 1998). Here, we apply the term, PI, to describe the reduction of functional reaction

centers in PS II. 

The distribution of photosynthetic activity in the euphotic zone has not been easily detectable from direct measurements of

phytoplankton assemblages collected  in situ in larger oceanic areas.  Thus, it  is poorly understood to what degree PI in

natural  communities is  affecting photosynthetic activity.  With the development  of  Single Turnover Active Fluorometry

(STAF) and Fast Repetition Rate Fluorometry (FRRF) instrumentation designed for field studies (Schuback et al., 2024), the

means  for  interrogating  phytoplankton  communities  with  respect  to  their  PI  status  is  now  readily  available.  Variable
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fluorescence normalized to maximal fluorescence, Fv/Fm  (Kolber et al., 1998), provides the photochemical quantum yield

from the electron transport in PSII (Gorbunov and Falkowski, 2022). Hence, Fv/Fm can be used as an indicator of PSII status.

Taxonomy and other factors influence the absolute values of Fv/Fm recorded. Nevertheless, one can assume that an increase

in Fv/Fm in any given sample is indicative of an increase in the capacity for electron transport in PSII in that sample. Hence,

changes in variable fluorescence may indicate photosynthetic response to changes in environmental variables as excess light

(Behrenfeld et al., 1998; Oliver et al., 2003), nutrient availability (Beardall et al., 2001; Allakhverdiev and Murata, 2004), or

trace metal availability (Lin et al., 2017; Schuback and Tortell, 2019; Gorbunov and Falkowski, 2022). From et al. (2014)

applied  this  sensitivity  of  Fv/Fm to  light  and  nutrient  availability  to  develop  a  method  for  quantifying  the  impact  of

photoinhibition on phytoplankton samples.

From et al. (2014) sampled both laboratory cultures and natural marine phytoplankton populations for Fv/Fm taken from

different light regimes. After sampling, they incubated the samples in either darkness or low light for up to 4 hours. No

change in Fv/Fm was noted in the dark incubated samples. However, those incubated in low light often exhibited higher Fv/Fm

after  incubation than at the time of the original sampling. These findings were interpreted as implying that energy was

required for the cells to repair photodamage in PSII. This has also been shown in laboratory studies (Allakhverdiev and

Murata, 2004; Campbell & Serôdio 2020). Assuming this to be the case, the difference in Fv/Fm measured initially at the time

of sampling and that determined after incubation of the sample in low light can be assumed to relate to repair of the damaged

photosynthetic apparatus and, thus, to the degree of PI experienced by a given phytoplankton community at the time of

sampling.

Here, we extend the analysis of From et al. (2014) to natural communities in the euphotic zone of the North Atlantic. We

analyse PI from a large data set, including a time-series station, collected in the temperate North Sea and evaluate the impact

from light, nutrients, and other environmental variables in a principal component analysis (PCA). Based on this analysis, the

correlation between light climate and PI is further explored by considering the light history experienced by phytoplankton

cells at different depth levels and different times of the day. We then develop a statistical model constrained by data that

describes PI as a function of photosynthetically available radiation (PAR) at the sampling depth. The model was tested

against data from the subpolar and subtropical northern Atlantic. Finally, we discuss the presence of PI in the water column

at three locations in the North Atlantic and its implications for photosynthesis and phytoplankton diversity.

2 Methods

2.1 Study area

Data were collected in the subpolar waters  in the North Atlantic (~67°N),  the North Sea (~57°N),  and the subtropical

Sargasso Sea (~30°N; Fig. 1, Table S1). The northeastern North Sea was visited during the period 16 - 30 July, 2016 (R/V

Dana, National Institute of Aquatic Sciences, Technical University of Denmark) where Fv/Fm and low-light incubations for

PI were measured at 127 stations, including a time series station with hourly low-light incubations over 36 hours (Fig. 1).
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Data from the subpolar North Atlantic were collected on board the Icelandic research vessel, Arní Fridriksson, in the period

17-19  June,  2021,  where  Fv/Fm determinations  and  low-light  incubations  were  made  at  3  stations  at  multiple  depths,

including a time-series station with a duration of 28 hours. Data from the Sargasso Sea were also collected on board R/V

Dana in the period 11-20 April, 2014, where Fv/Fm and low-light incubations were determined at 10 m at 22 stations. 

2.2 Hydrography, water sampling and turbulence measurements

Hydrographic  data of  conductivity,  temperature,  and depth (CTD) were  on all  three cruises determined with a  Seabird

SBE911 plus system. In the North Sea and Sargasso Sea, the rosettes were equipped with a Seabird SBE43 sensor, a SCUFA

(self-contained  underwater  fluorescence  apparatus)  fluorometer  and 12 10-liter  Niskin bottles.  In  the Irminger Sea,  the

rosette was equipped with an oxygen SBE43 sensor, a LI-COR Biospherical PAR sensor, a Seapoint fluorometer (Seapoint

Sensors Inc., USA) and 11 5-liter Niskin bottles.

Micro-scale turbulence in the North Sea and in the Irminger Sea was measured with a loose-tethered free-fall Rockland

Scientific  International  (RSI)  VMP-250  microstructure  vertical  profiler  equipped  with  two  shear  probes.  The  vertical

turbulent diffusion coefficient  (kv) was estimated from the dissipation rate of TKE (Osborn, 1980) assuming a constant

mixing rate and following the procedure described in Bendtsen and Richardson (2018).

2.3 Nutrients and chlorophyll a

Water samples from the North Sea and Irminger Sea were tapped and immediately frozen for nutrient determination. The

samples were analysed at Aarhus University, Department of Bioscience. Here, they were thawed, filtered (Milipore Millex-

GP Hydrophylic  PES 0.22 μm),  and analysed by wet  chemistry methods according to Grashoff  et  al.  (1983).  Nutrient

determinations of the water samples from the Sargasso Sea were carried out as for the North Sea samples and measured

using a SanPlus System Scalar auto analyser at Aarhus University, Denmark.

Chlorophyll  a measurements were made fluorometrically (Arar  & Collins, 1997) following ethanol (96%) extraction of

chlorophyll retained on a glass fiber filter (Whatman).  These were used to calibrate CTD fluorescence. Distributions of

chlorophyll a and nutrients from the VERMIX study were previously analysed in Bendtsen and Richardson (2018).

2.4 Photosynthetically available radiation

The  underwater  light  field  of  in  situ photosynthetically  available  radiation  (PAR)  was  measured  by  a  PAR-sensor

(Biospherical cosine QCP) mounted on the rosette. Generally, observations were made with the rosette deployed towards the

sun. However, shading from the ship may still have impacted light at the uppermost samples taken at 5 m. The observed in

situ PAR was applied in the PCA and linear regression analyses. 

Surface PAR (SPAR) was measured continuously by a Biospherical scalar QSR-2200 mounted on the ship and was used for

analysing the impact of the light history of the water samples. The corresponding underwater light history (LH) was then
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estimated from the surface PAR following Beers law; LH(d, τ0) = α SPAR(τ0) exp(-d kd), where α represents the reduction of

light due to surface albedo, SPAR(τ0) represents the average SPAR during a period, τ0, prior to the time of sampling. The light

attenuation coefficient, (kd), describes the distribution of light with depth (d). The average light attenuation coefficient (k d) in

the North Sea during the cruise was 0.14 m-1 (Bendtsen & Richardson 2018). The value of α was assumed to be constant in

the area and, therefore, to have no impact on the correlation analysis between PI and LH.

2.5 Low-light incubations

The degree of PI experienced by phytoplankton under natural conditions was assessed using STAF and FRRF to determine

Fv/Fm from the upper 60 m in the North Sea (using FRRF) and Irminger Sea (STAF), and from 10 m depth in the Sargasso

Sea (FRRF). Measurements of Fv/Fm with FRRF and STAF are generally comparable. However, STAF-measurements

are corrected for non-living but still fluorescent phytoplankton and associated detritus (Schuback et al., 2021). This

potential  difference  should be  considered  when comparing Fv/Fm FRRF-measurements  from  the North  Sea  and

Sargasso Sea with STAF-measurements from the Irminger Sea. Initial Fv/Fm determination following sample collection

was made following dark incubation for a minimum of 30 min in a temperature-controlled room, with a temperature

adjusted to match  the average temperature  of  the collected water  samples (From et  al.,  2014).  The samples  were

thereafter incubated at low light (~50 μE m-2 s-1) for 4 hours ± ~10 min, to eliminate PI. Fv/Fm was then again determined.

The  post-incubation  Fv/Fm  -value  after  4  hours  is  referred  to  as  corrected  Fv/Fm|c.  From et  al.  (2014),  using  natural

phytoplankton samples from the Kattegat,  found that a period of 2-4 hours of incubation of  natural phytoplankton

samples  in low light (50 - 100 μE m-2 s-1) was sufficient to essentially eliminate a signal in Fv/Fm emanating from

exposure to previous light climate.  We assumed this relationship would also apply in the regions studied here.  The

low-light incubations generally resulted in a higher Fv/Fm|c compared to the initial Fv/Fm, presumably due to repair of the

photosynthetic apparatus supported by energy from the low photon flux. The impact from PI (i.e., ΔFv/Fm) was calculated as:

ΔFv/Fm = Fv/Fm|c - Fv/Fm (1)

Thus, the relative reduction of the maximum photochemical yield due to PI (ΠPI) could then be calculated:

ΠPI = (ΔFv/Fm)/(Fv/Fm|c) (2)

Fv/Fm data from the North Sea were measured with a FastOcean FRRf 3 sensor (Chelsea Technologies Group, UK) with a

dark chamber installed, and the data were acquired in the FASTpro 8 software. The FastOcean FRRf 3 sensor had a detection

limit of Fv/Fm = 0.150, and all values below this limit were noted as 0.150. The Fv/Fm data from the Irminger Sea were

determined using a LABSTAF instrument (Oxborough, 2021). Fv/Fm data from the Sargasso Sea were determined using a

FASTTRACKA fluorometer (Chelsea Instruments Group Ltd) (Richardson & Bendtsen 2017). 

2.6 Analysis of PI

Photoinhibition, ΔFv/Fm, was analysed in relation to the light history as experienced by phytoplankton cells in the water

column.  The analysis of light history used the entire low-incubation data set from the North Sea (n = 668) where the
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light history of PAR was modelled from continuous SPAR-observations and the average attenuation coefficient from

the  area  (Table  S1).  Hence,  the  average  light  intensities  of  the  0-50  minutes  and  1-6  hours  prior  to  sampling  of

phytoplankton were  determined.  The instantaneous and average light  intensities prior to sampling were calculated with

respect to bottle closure time at each depth level. The correlations between photoinhibition and instantaneous and average

light conditions prior to sampling were determined from a linear regression. A Principal Component Analysis (PCA) and

a linear  regression  model  were  then analysed from all  simultaneous low-light incubation data,  in  situ PAR and

nutrient samples in the North Sea (n = 436, Table S2). Nutrient observations were selected at a sub-set of stations that

represented the spatial and temporal variations along the transects and during the time series. Lastly, th observations

from the Irminger Sea (n = 49) and Sargasso Sea (n = 22) were compared with the analysis from the North Sea. The

data analysis only considered data points with instantaneous PAR higher than 50 µE m -2 s-1 (discussed in section 3.1).  The

statistical software RStudio version 4.3.2 was used for the analysis (R Core Team 2021). Confidence levels for all statistical

tests were set at a p-value < 0.05.

3 Results

3.1 Time series observations in the North Sea

A 36-hour long time series station was monitored between 29-30 July (referred to as day 211 and 212, respectively) above

the shelf edge in the north-eastern North Sea (Fig. 1a), where water samples, CTD-casts, and turbulent shear measurements

were  collected every hour,  except  for  short  intervals  during the night.  The shelf  edge is  a  dynamic area and model

simulations indicate average currents of ~0.2 m s-1 during the sampling period (Bendtsen and Richardson, 2020).

Surface winds were relatively calm (~5 - 10 m s-1) during the low-light incubations in the North Sea and they varied

between 3 - 10 m s-1 during the time series station (average and SD: 6.2±1.9 m s-1). Hence, wWater mass distributions

and  dynamic  conditions  were  relatively  stable  during  the  period.  The  surface  mixed  layer  was  about  10  m deep  and

characterized by temperatures above 16 °C, and with vertical turbulent diffusion coefficients ranging between ~10-2- 10-3 m2

s-1 (Fig. 2). Note that vertical mixing in the upper ~5 m could be influenced by disturbances from the free-drifting ship

(draught  of 5.7 m),  and mixing rates  obtained near  the surface  are,  therefore,  considered as an upper limit.  Below the

seasonal thermocline and in the depth range of  20-40 m depth range, the temperature was ~8-12 °C and associated with

relatively low values of the turbulent diffusion coefficients (< 10-5 m2 s-1). 

The mixed layer concentration of chlorophyll a was, in general, very low (< 0.2 μg l-1) whereas concentrations above 1 μg l-1

were observed in a subsurface chlorophyll  a maximum at ~30 m depth  (Fig. 3). Surface insolation of PAR (SPAR) varied

between cloud-free and cloudy conditions with more cloudy periods during the first day (Fig. 3a).  The largest  Π PI was

observed at the surface around midday during day 212. Below 20 m, there were only minor changes in ΠPI during the period.

The corrected variable fluorescence (Fv/Fm|c) showed relatively minor changes during the day at all depth levels (Fig. 3c)

whereas the lowest values of Fv/Fm were seen near the surface around midday. Short- term variability along the shelf edge
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was also observed, e.g., co-variation between high chlorophyll a and Fv/Fm at 40 m depth the first day in the afternoon, i.e.

onat day 211.75.

Further analysis of the time series of ΠPI in the upper 20 m showed that maximum PI at all three depth levels occurred during

midday (Fig. 4). ΠPI increased by 49%, 31%, and 21% at 5, 10, and 20 m depth, respectively. In general, Π PI increased from

sunrise to midday and decreased thereafter to zero by late afternoon. Fv/Fm varied in an inverse pattern, where a minimum

value was observed around midday. Linear regressions of Fv/Fm| c versus time during the daylight hours showed a significant

(p < 10-3) decrease on day 212 at the three depth levels (R2 ranging between 0.63 -0.79), and with the largest decrease (-0.008

h-1) being seen at 5 m depth, corresponding to a drop of ~0.1 during the day. On day 211, the decrease was not significant

except at 20 m depth (-0.004 h-1, R2 = 0.40, p = 0.02). The average surface insolation (SPAR) during daytime on days 211 and

212 was 773 and 1856 μE m-2 s-1, respectively. Variability of surface salinity (Fig. 4a) was associated  with the half-daily

tidal motion (Bendtsen and Richardson, 2020) and was not correlated to SPAR.

3.2 Low-light incubations in the North Sea

In addition to the time series station, water sampling for low light incubations in the North Sea was also carried out along 4

transects between sunrise and sunset, with sampling being approximately equally distributed during the day (Fig. 1a). The

relative change in PI showed a similar pattern as found at the time  series station, where the greatest PI was generally found

in the nutrient depleted surface layer and above the subsurface chlorophyll a maximum (Fig. 5). The greatest values of PI

were seen above the shallow areas on transect 5 (Fig. 5d). However, spatial variability of PI was observed both along the

transects and with depth.

A PCA determined the relation between normalized environmental variables in the area, and variability in PI was analysed in

relation  to  PC1  and  PC2,  explaining  45%  and  19%  of  the  variability,  respectively  (Fig.  6).  The  primary  component

explaining variability in the data set was associated with variability in temperature, i.e., related to the vertical separation of

the surface and subsurface layer by the seasonal thermocline. In situ PAR and PI were tightly correlated and covaried with

temperature,  i.e.,  increased  light  and  PI  towards  the  warmer  surface  waters.  Salinity  was  mainly  anti-correlated  with

temperature and reflected the general salinity increase in the subsurface water masses. The anti-correlation between PAR and

fluorescence (i.e., chlorophyll a) could be explained by the low surface concentration of chlorophyll and the attenuation of

light by the relatively highlarge chlorophyll  a concentrations in waters below ~20 m depth. Nutrients were anti-correlated

with both temperature and fluorescence due to  the nutrient depletion and biological uptake in the surface layer. Thus, the

PCA showed a strong correlation between  in situ PAR and PI. This was in accordance with both the general  temporal

patterns observed at the time-series station and the spatial variability along the four transects. Therefore, the relation between

these two variables was analysed further.

Observations of in situ PAR near the surface showed values up to ~1000 μE m -2 s-1 around midday, and incubations at 5 m

depth showed a corresponding pronounced maximum reduction of photosynthetic capacityactivity with ΔFv/Fm values up to

~0.2 for samples collected between 12–14h in the afternoon (Fig. 7). Values close to zero were measured just after sunrise
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and before sunset. Both positive and negative ΔFv/Fm values were found at deeper depths, i.e., with low ambient in situ PAR-

values. Thus, the low-light incubations had no significant effect on the photosynthetic capacityactivity on samples already

exposed to low light levels in situ. Part of this variation might be due to the relatively weak incubation light of ~50 μE m -2 s-1

inducing PI in cells acclimated to an even lower light level near the bottom of the euphotic zone. Samples collected from

ambient in situ light levels below 50 μE m-2 s-1 were, therefore, excluded from the subsequent analysis of PI.

Distributions of ΔFv/Fm and ΠPI from the VERMIX-cruise showed a corresponding increase with  in situ PAR (Fig. 8). A

statistical PI-model could then be constructed based on a linear regression of all North Sea incubation data of Π PI and in situ

PAR > 50 μE m-2 s-1 (Fig. 8b):

ΠPI = πa PAR + πb (3)

where πa = 3.76·10-4 (μE m-2 s-1)-1 and πb = 0.078. The ΠPI-model of PI resulted in a R2 = 0.40 (p < 10-3, n = 120281). Thus, the

PI-model implies that the photochemical yield is reduced by ~45% for PAR-levels at ~1000 μE m -2 s-1  (i.e., 0.376+0.078).

The  offset  (πb  )  presumably  reflects  uncertainties  associated  with  the  experimental  procedures  as  well  as  other

factors/processes than light which influence photosynthetic capacityactivity., and it should also be noted that Eq. 3 is only

valid for PAR> 50 μE m-2 s-1. A sSimilarly, a significant regression model was also determined for ΔFv/Fm with a slope and

intercept of 1.38·10-4 and 0.038 (p < 10-3, R2=0.37), respectively (Fig. 8a).

3.3 Impact of light history on PI

PI was analysed in relation to the light history experienced by the water sample. The light history (LH) was estimated from

variations in surface PAR in a period (τ) prior to the sampling time (τ0), i.e., when the Niskin bottle was closed. The potential

role of the accumulated photon flux experienced over a period of time (τ) prior to τ 0 was examined in a statistical correlation

analysis of ΠPI versus the light history providing a linear regression model similar to Eq. 3. The light history, determined as

the average SPAR during the period τ was calculated for a range of τ-values in time intervals from 10 minutes and up to 6

hours before the bottle was closed (Table 1).

The proportion of variation explained by the linear regression when the light history was averaged 10 and 20 minutes before

the water sampling resulted in a similar or slightly larger R2 (0.40-0.41) than the PI-model based on the instantaneous light

(Eq. 3). A similar statistic of R2 was found for an analysis based on surface samples only (R2 = 0.44-0.45). Using time

intervals longer than 20-30 minutes before the water sampling, resulted in a gradual lowering of R2, e.g., a time interval of 1

hour resulted in an R2 of 0.36. Increasing the time period for averaging the PAR before bottle closure further yielded an

increasingly poorer explanatory power of the linear regression (e.g., R2 = 0.31 and 0.16 for time periods of τ = 2 and 6 hours,

respectively). 

Thus, the highest R2 values were obtained in relationships based on light intensities averaged over a few tens of minutes

before the sample was enclosed in darkness in the Niskin bottle. This suggests that the level of PI in natural phytoplankton

communities reaches a near-steady state within a relatively short time (i.e., τ ~ 20 minutes) when exposed to a given light

level during the day. Considering the small difference in the statistical models between the instantaneous and short - time-
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averaged in situ PAR, we simply applied the instantaneous light as being representative for the photon flux causing PI in the

phytoplankton cells.

3.4 PI from subtropical to subpolar areas

Measurements from low-light incubations made in the Sargasso Sea and the Irminger Sea were analysed in relation to the

statistical  PI-model  from  the  northern  North  Sea  (Fig.  1b).  The  three  areas  covered  conditions  in  the  center  of  the

oligotrophic subtropical gyre (Sargasso Sea), the relatively high-productive subpolar region in the North Atlantic (Irminger

Sea), and the transition between shelf and slope water masses across the European shelf (North Sea). The average PI for light

levels above 50 μE m-2 s-1 were 0.33±0.02 (SE, n = 11) and 0.21±0.05 (n = 12) for the Irminger Sea and the Sargasso Sea,

respectively (Fig. 8). However, in comparison with the PI-model, the values of ΠPI tended to be larger in the Irminger Sea.

Thus, the model underestimated the impact on potential photochemical yield from PI in this area. PI in the Sargasso Sea was

also in general accordance with the PI-model, however with a tendency to be less than the PI-model for highest light levels.

In general, ΠPI in the Irminger Sea and Sargasso Sea supported the PI-model showing a significant PI for high light levels.

However, deviations from the model in both areas indicated that other processes than light also affect the relationship with in

situ PAR.

4 Discussion

Photoinhibition  in  natural  phytoplankton  communities  in  the  euphotic  zone  is  shown  here  to  significantly  reduce

photosynthetic capacity in the surface layer in all three areas. The short response time (< 30 min) for the onset of PI for a

given  light  level  that  was  found for  the  entire  North  Sea  data  set  is  in  accordance  with  observational  studies  of  the

photochemical response to short-term increases in light exposure (Alderkamp et al., 2010) and the mechanistic modeling of

PI based on laboratory experiments (Baklouti et al., 2006). However, the impact of PAR on a natural water sample is also

influenced by vertical  mixing. This has to be considered in relation to the estimated response time as the time spent at

shallower depth levels during a short period of time due to mixing would tend to increase the amount of PAR received

(Oliver et al., 2003; Ross et al., 2011). We analysed the potential influence of mixing on the PI recorded here from the

observed turbulence. A representative time scale (τ) for vertical displacements (Δz) could be estimated from the vertical

turbulent diffusion coefficient (kv): τ ~ Δz2/kv  .  TThe vertical turbulent diffusion coefficient near the surface in the North

Sea was typically estimated to be in the range ~10-2-10-3 m2 s-1 (Fig. 2b), so vertical displacements of ~5 m in this layer then

correspond to turbulent diffusive timescales of 0.7-7 hours. Thus, the typical vertical movement due to turbulent motion

during periods of less than an hour could have exposed some of the 5 m samples to light at the surface, i.e., an increase in

PAR of ~50%. Turbulent motion can, therefore, explain some of the variability of ΠPI to PAR in samples near the surface.

Turbulent motion below10 m depth (kv < 10-3 m2 s-1) implied timescales longer than 7 hours and would, therefore, have had

minor effects on variations in PAR exposure during the day.  Turbulence measurements from the Irminger Sea (not
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shown) were in general accordance with this distribution, although a weaker stratification and a larger wind forcing

caused a deeper impact from turbulence. Turbulence at 10 m ranged between 10-3 - 10-2 m2 s-1 at some stations, and

values of ~10-3 m2 s-1 were found at 30 m at a single station. Otherwise kv-values were below 10-4 m2 s-1 in the euphotic

zone. Elevated mixing in the Irminger Sea could therefore have made a larger impact on PI and may explain some of

the generally higher PI-values for low light levels there (Fig. 8). Other environmental factors, e.g. temperature (Long et

al., 1994) and nutrient availability (Sugget et al., 2009), may also affect PI and explain some of the variability of the data in

comparison with the statistical PI-model. However, the strong correlation between PI and PAR identified from the PCA

supported that light exposure was the dominating variable explaining  explained a major fraction of the variability in PI.

The PI-model presented here does not include transient effects due to time lags between the damage and repair cycles of PSII

(He and Chow, 2003; From et al., 2014) where the potential asymmetric response due to gradual damage and repair of the

photosynthetic apparatus during the daily insolation cycle may imply a different PI response before and after noon. The

approximately symmetrical response of PI around midday (Fig. 4, 6) indicated that photo-damage over the entire day was in

a  quasi-stationary  balance  with  repair  processes  in  the  cells,  i.e.,  the  characteristic  timescale  of  repair  processes  was

comparable to the variations in PI. Thus, because of the symmetrical PI around midday and the relatively high correlation

with instantaneous light, we consider the impact from an asymmetrical response between damage and repair as a second-

order effect.

The corrected Fv/Fm|c near the surface showed a significant decrease during day 212 at the time series station from the

North Sea, i.e.,  the day with the highest insolation  (Fig.  4b).  This could indicate  a general and relatively small

temporal  decrease  in  the  photosynthetic  capacity  of  the  phytoplankton  community  during  days  with  intense

radiation. Hence, a potential temporal variation of Fv/Fm|c must be considered in the analysis of ΠPI .

Sampling at the time-series station is only a proxy for the temporal variation of the phytoplankton cells because of advective

transport  due to ocean currents.  Thus, some of the variation could also potentially be explained by changed conditions

upstream of the sampling sites  (Bendtsen and  Richardson,  2020;  Cordier  et  al,  2025).  Nevertheless,  similarities  in  the

evolution of ΠPI and Fv/Fm at the time-series station on the two days of sampling indicate a common temporal pattern with an

extremum around midday. The time-series station at the shelf edge in the northern North Sea showed a significant PI during

the day in the upper ~20 m (Fig.  4).  PI in the upper 5 m was found to increase and exceed 30% towards midday. PI

decreased in the afternoon and during the night. This sensitivity was also reflected in the daily variation of insolation due to

cloud cover, where the relatively low insolation during the first day in the time-series resulted in lower PI at midday (i.e.,

day 211.5) than observed on the following day when insolation was greater (Fig. 3b). This correlation between PI and light

was in accordance with the PCA (Fig. 6) based on all data from the area (Fig. 5).

4.1 Impact on phytoplankton communities and primary production estimates

It is generally assumed that optimal conditions for phytoplankton photosynthesis are found at the ocean surface, i.e., where

light is most available. Data presented here, however, suggest this may not be the case as phytoplankton communities in the
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three study regions of the North Atlantic all regularly experienced PI in the upper 10 m or more of the water column. As

these regions represent vastly different ecosystem types, we speculate that the consistent finding of PI suggests implies that

photosynthesis in the surface waters of much of the global ocean may be constrained by PI. While this result may, at first,

appear counterintuitive, we suggest that it might be explained through physical and/or evolutionary considerations. 

As light is attenuated exponentially with depth, a phytoplankter with a photosynthetic apparatus that performs optimally at

low light will be able to thrive over a greater percentage of the water column than one whose apparatus performs optimally

at high light. Another consideration could be that Earth conditions, including the global ocean light climate, have varied

dramatically in the over 3 billion years since photosynthesis emerged, due to gradual increases of insolation, changing ocean

chemistry, variations in cloud cover, and atmospheric composition. It is not hard to imagine that, in periods with less light

available at the ocean surface than today, conditions optimal for phytoplankton photosynthesis may have been found at the

ocean surface and, indeed, that the potential to adjust the vertical distribution of optimal photosynthetic performance has

provided the global phytoplankton community with resilience and the ability to optimize its photosynthetic performance in

the face of varying light conditions.

The ubiquitous occurrence  of  photoinhibition in the surface  layer  of  the ocean  demonstrated here  has  implications for

estimating global ocean production in that such estimates are highly dependent on the photosynthetic parameters used in the

models applied (Neale and Thomas, 2017; Richardson and Bendtsen, 2019). A survey (Richardson et al., 2016) of reported

values for photosynthetic parameters from natural communities relevant for estimating primary production indicated large

variability in parameter values. Based on the results reported here, at least some of that variability seems likely to derive

from  differences  in  the  ambient  light  conditions  when  the  photosynthetic  measurements  were  made.  The  effect  of

photoinhibition on photosynthetic parameters may potentially be minimized by conducting incubation experiments for the

determination of these parameters either early or late in the day. In any case, it would be advisable that the ambient light

intensity at the sample depth be recorded and reported when presenting results of primary production estimates for natural

phytoplankton communities. That PI apparently reduces photosynthetic activity (ΠPI) in the upper ocean today impacts not

only the potential photosynthesis in this layer, as shown here, but also community composition, as different phytoplankton

groups  and  species  show different  affinities  for  light  climate  (Richardson  et  al.,  1983).  The  highest  concentrations  of

chlorophyll in the water column in all regions were found below the surface layer. i.e., in the deep chlorophyll maximum

(DCM). That these DCMs were located at depth levels below the depth to which PI was estimated to penetrate suggests that

PI may also be a determinant of the vertical distribution of phytoplankton.

5 Conclusion

Natural phytoplankton communities experienced PI over much of the day in water samples from subpolar, temperate, and

subtropical regions in the North Atlantic. PI  near the surface  was found to generallymainly respond to changes in  solar

insolation within 30 minutes. A linear regression model of PI versus  in situ PAR showed a significant reduction of the
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maximum photochemical  yield due  to  the  intensity  of  solar  insolation.  Data  from subtropical  and subpolar  areas  were

consistent with the statistical model, and model simulations of the daily PI showed a reduction between 10-30% of the

maximum photosynthetic  efficiency  of  PSII  in  all  areas.  These  results  show  the  dynamic  short-time  response  of  the

photosynthetic system to changes in light and support that PI is a ubiquitous phenomenon in the upper ocean.
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Tables

Table 1 Statistical correlation analysis of Πpi versus the Light history experienced over a time period (τ) prior to the water 

sampling, i.e., the closing of the Niskin bottle: Correlation coefficient (R2), and the range of number of samples for the 

different light histories (n). Significant values (p<0.001) are marked (*).

Depth All depths 0-10 m >10 m

Time

(τ)

R2

(n=276:281)

R2

(n=195:197)

R2

(n=83:84)

0 min 0.40* 0.44* 0.03

10 min 0.41* 0.45* 0.03

20 min 0.40* 0.45* 0.03

30 min 0.39* 0.44* 0.03

1 hr 0.36* 0.40* 0.01

2 hrs 0.31* 0.33* <0.01

Figure captions

Figure 1 Locations of stations with low light incubations (white circles), the time series station (white triangle), and stations

with  chlorophyll  a measurements  (bullets)  from  the  VERMIX  cruise  in  the  North  Sea.  Colors  show  the  sea  surface

temperature obtained from MODIS data, 16 July 2016. (b) Locations of incubation experiments (white circles) from the

North Sea (1), the Sargasso Sea (2) and the Irminger Sea (3), and monthly averaged chlorophyll  a in June 2021 (NASA

Ocean Biology Processing Group, 2017).

Figure  2 Observations  from  the  VERMIX-time series  station  between  29  July  and  30  July  (i.e.,  day  211  and  212,

respectively;  time of  observations  marked  with gray  dots).  (a)  Potential  temperature  (θ),  and  (b)  Log10 of  the  vertical

diffusion coefficient (kv).

Figure 3 Observations from the VERMIX-time series station. (a) Photosynthetically available radiation at the surface (SPAR),

and distributions (colored circles)  in the surface  layer  of  (b)  ΠPI,  (c)  Fv/Fm|c and (d)  Fv/Fm.  (b-d)  Filled contours show

observed chlorophyll a.
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Figure  4 Observations  from the  VERMIX-time series  station  of  (a)  Surface  salinity  (black,  practical  salinity  SP)  and

photosynthetically available radiation at the surface (gray, SPAR). Observations at three depth levels of (b) ΠPI, (c) Fv/Fm|c and

(d) Fv/Fm.

Figure 5 Observations along the four VERMIX-transects of chlorophyll  a (Chl) and relative change in Fv/Fm in low-light

incubations (ΠPI).

Figure 6 Principal component analysis (PCA) of temperature (T), in situ light (PAR), PI determined from the relative change

in  Fv/Fm in  low-light  incubations,  nitrate  (NO3),  phosphorus  (PO4),  silicate  (Si),  salinity  (S)  and  fluorescence  from

chlorophyll  a (Flu).  The first and second PC explained 44.9 and 18.9 % of the variance,  respectively,  and the relative

contribution from the two PC’s (cos2) are shown with colors.

Figure 7 VERMIX-observations of (a) in situ PAR, and (b) ΔFv/Fm versus local time of day. Colors show observations from

the upper 5 m (red) and below (blue). 

Figure 8 (a)  ΔFv/Fm and (b)  ΠPI  versus  in situ PAR from the VERMIX-cruise (red,  bullets),  the Irminger Sea (brown,

squares) and Sargasso Sea (blue, diamonds). Linear regressions to the the VERMIX-observations (>50 μE m -2 s-1) are shown

as red lines.
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