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Abstract 23 

 24 

We employed Fast Repetition Rate fluorometry for high-resolution mapping of marine 25 

phytoplankton photophysiology and primary productivity in the Lancaster Sound and Barrow 26 

Strait regions of the Canadian Arctic Archipelago in the summer of 2019. Continuous ship-board 27 

analysis of chlorophyll a variable fluorescence demonstrated relatively low photochemical 28 

efficiency over most of the cruise-track, with the exception of localized regions within Barrow 29 

Strait where there was increased vertical mixing and proximity to land-based nutrient sources. 30 

Along the full transect, we observed strong non-photochemical quenching of chlorophyll 31 

fluorescence, with relaxation times longer than the 5-minute period used for dark acclimation. 32 

Such long-term quenching effects complicate continuous underway acquisition of fluorescence 33 

amplitude-based estimates of photosynthetic electron transport rates, which rely on dark 34 

acclimation of samples. As an alternative, we employed a new algorithm to derive electron 35 

transport rates based on analysis of fluorescence relaxation kinetics, which does not require dark 36 

acclimation. Direct comparison of kinetics- and amplitude-based electron transport rate 37 

measurements demonstrated kinetic-based estimates were, on average, 2-fold higher than 38 

amplitude-based values. The magnitude of decoupling between the two electron transport rate 39 

estimates increased in association with photophysiological diagnostics of nutrient stress. 40 

Discrepancies between electron transport rate estimates likely resulted from the use of different 41 

photophysiological parameters to derive the kinetics- and amplitude-based algorithms, and 42 

choice of numerical model used to fit variable fluorescence curves and analyze fluorescence 43 

kinetics under actinic light. Our results highlight environmental and methodological influences 44 
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on fluorescence-based productivity estimates, and prompt discussion of best-practices for future 45 

underway fluorescence-based efforts to monitor phytoplankton photosynthesis. 46 

  47 

Introduction  48 

 49 

Phytoplankton productivity in polar marine waters is constrained by nutrient and light 50 

availability, which fluctuate dramatically across seasonal cycles and shorter time and space 51 

scales [1]. In late summer, when sea ice cover is at a minimum and the mixed layer is shallow 52 

and highly stratified, phytoplankton are exposed to high solar irradiances and low nutrient 53 

concentrations [2]. Under these conditions, the growth and photosynthetic efficiency of Arctic 54 

phytoplankton becomes nitrogen-limited [3]–[5]. However, localized regions of elevated 55 

productivity can persist where various processes transport nutrients into the mixed layer, 56 

including upwelling, tidal mixing, and freshwater input from rivers and glaciers [6]–[8]. 57 

Modelling studies suggest that Barrow Strait in the Canadian Arctic Archipelago is one such 58 

productivity hotspot, with strong tidal currents and shallow sills driving vertical mixing in a 59 

region where Pacific and Atlantic-derived water masses converge [9], [10]. Additionally, Barrow 60 

Strait receives glacial and land-derived nutrients from the Cornwallis and Devon Island rivers 61 

[11], [12]. Rapid climate change in the Arctic is expected to have complex effects on these 62 

nutrient delivery mechanisms through the intensification of coastal erosion [13], increasing river 63 

inputs [14] and reduced vertical mixing due to intensifying stratification [15], [16]. At present, it 64 

is unclear how phytoplankton productivity will respond to these anticipated perturbations.   65 

 66 
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Assessing phytoplankton productivity in physically-dynamic marine waters requires high spatial 67 

resolution measurements that cannot be obtained from traditional discrete bottle incubation 68 

methods, such as 14C uptake experiments. For this reason, oceanographic field studies have 69 

increasingly employed continuous sampling of surface water properties using variable 70 

chlorophyll a (Chla) fluorescence from Fast Repetition Rate Fluorometry (FRRf) and other 71 

related methods to rapidly and autonomously assess phytoplankton photophysiology and 72 

productivity (e.g. [17]–[21]). Such variable fluorescence techniques rely on the inverse 73 

relationship between Chla fluorescence and photochemistry. These processes, along with heat 74 

dissipation, represent the three energy dissipation pathways of absorbed light energy within 75 

Photosystem II (PSII) [22]. Fast Repetition Rate Fluorometry operates by supplying rapid 76 

excitation light pulses to progressively saturate the photosynthetic pathway and simultaneously 77 

induce a measurable Chla fluorescence response – often referred to as a fluorescence transient 78 

[23]. Analysis of Chla fluorescence transients provides information on the photochemical 79 

efficiency and functional absorption cross section of PSII, as well as estimates of the turnover 80 

rate of photosynthetic electron transport chain molecules [24], [25]. Fast Repetition Rate 81 

fluorescence transients can be obtained nearly instantaneously, offering opportunities for very 82 

high temporal and spatial resolution measurements.  83 

 84 

Primary productivity is typically estimated from variable Chla fluorescence measurements by 85 

calculating the rate of photosynthetic electron transport out of PSII (ETRPSII). There are several 86 

algorithms that may be applied to derive ETRPSII [17], [26]–[30]. Each algorithm relies on the 87 

same principles of light harvesting and photosynthetic electron transport, but arrive at ETRPSII 88 

estimates using slightly different, but theoretically equivalent, combinations of 89 
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photophysiological metrics. As a result, different algorithms confer different field-sampling 90 

advantages and challenges (see [31]). The so-called ‘amplitude’ based approach (abbreviated 91 

ETRa; sometimes also referred to as the sigma-algorithm), calculates ETRPSII as the product of 92 

photosynthetically available radiation (PAR), the functional absorption cross section of PSII in 93 

the dark-acclimated state (σPSII), and the photochemical efficiency of PSII normalized by the 94 

dark-acclimated maximum photochemical efficiency of PSII [27]. This approach reduces 95 

uncertainty in ETRPSII estimates by using σPSII measurements made in the dark-acclimated state, 96 

which are subject to less noise than σPSII' measurements made in the light [31]. As a result, ETRa 97 

is a favorable approach in low biomass waters where low signal-noise measurements represent a 98 

considerable challenge.  99 

 100 

To achieve dark acclimation for ETRa measurements, phytoplankton samples are kept in 101 

darkness or very low light to relax non-photochemical quenching processes (NPQ) that 102 

upregulate heat dissipation of absorbed light energy, thereby reducing photochemistry and 103 

fluorescence yields [32]. Optimal dark acclimation times vary between phytoplankton species, 104 

and depend to a large extent on the environmental history of samples [33], making it challenging 105 

to design widely applicable field protocols for high resolution data acquisition. In practice, 106 

applied dark-acclimation periods range from 5-30 minutes (e.g. [34], [35]). Many FRRf field 107 

deployments have focused on discrete sample analysis, applying extended dark acclimation 108 

periods to ensure samples reach a short-term steady state condition [25], [36]–[38].  Such 109 

discrete sample analysis enables standardized measurements and characterization of light-110 

dependent physiological responses, at the cost of significantly reduced spatial and temporal 111 

measurement resolution. In contrast, continuous underway flow-through data acquisition yields 112 
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high-resolution, real-time measurements of phytoplankton photophysiology, but creates 113 

uncertainty in the light exposure history of phytoplankton transiting through a ship’s seawater 114 

supply lines. As a result, samples analyzed in continuous mode are neither fully representative of 115 

in-situ photophysiology or fully dark-acclimated states, and thus incompatible with the ETRa 116 

algorithm that requires both dark- and light-acclimated measurements.  117 

 118 

Recently, a new fluorescence approach has been developed to derive ETRPSII based on the 119 

turnover rate of the primary electron acceptor molecule (Qa) within the photosynthetic electron 120 

transport chain [30]. In this ‘kinetic’ approach, Qa turnover rates are derived from analysis of 121 

fluorescence relaxation time-constants, resulting in the term ETRk. The derivation of ETRk does 122 

not depend on dark-acclimated measurements, and can thus significantly increase the frequency 123 

of ship-board ETRPSII measurements.  The kinetic fluorescence approach for ETRk was originally 124 

developed and implemented in mini-Fluorescence Induction-Relaxation (mini-FIRe) instruments 125 

[30], which use similar data acquisition protocols, but a different numerical approach for 126 

fluorescence relaxation analysis than FRRf. Gorbunov et al. [30] observed greater coherence 127 

between growth rates of laboratory cultures and FIRe-derived ETRk compared to alternative 128 

ETRPSII estimates, suggesting a strong potential for ETRk to quantify in situ primary productivity. 129 

To our knowledge, there have been very few direct comparisons of FRRf-derived ETRk and 130 

ETRa estimates for natural phytoplankton assemblages.  131 

 132 

Here, we present results from ship-board FRRf analyses quantifying phytoplankton 133 

photophysiology and ETRPSII along a ship-track through Lancaster Sound and Barrow Strait in 134 

the Canadian Arctic Ocean. We employed a hybrid approach to data collection, combining semi-135 
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continuous flow-through measurements with light response curves on static samples. Continuous 136 

sampling enabled us to obtain high-resolution measurements and examine the effects of light 137 

history and nutrient status on the physiology of Arctic phytoplankton assemblages. Data from 138 

rapid light-response curves allowed direct comparison of FRRf-derived ETRk and ETRa 139 

estimates. Our results demonstrate residual light-dependent NPQ effects on dark (low light) 140 

sample measurements, and illustrate a decoupling of ETRk and ETRa under conditions of 141 

phytoplankton photophysiological stress. We relate the spatial patterns in our observations to 142 

regional and fine-scale patterns in hydrography and nutrient supply in the eastern Canadian 143 

Arctic Archipelago, and discuss the potential effects of different data analysis approaches on 144 

ETRPSII-based productivity estimates. Results from our work will inform future ship-based 145 

deployments of FRRf and related techniques to understand spatial patterns in phytoplankton 146 

productivity.  147 

 148 

Materials and Methods 149 

Underway sampling 150 

Arctic Ocean samples and hydrographic data were collected aboard the CCGS Amundsen from 151 

August 10 – 15, 2019, within the eastern region of Lancaster Sound and Barrow Strait, in the 152 

waters surrounding Devon and Cornwallis Islands. All FRRf measurements were obtained with a 153 

Soliense LIFT (Light Induced Fluorescence Transient)-FRR fluorometer (LIFT-FRRf; Soliense 154 

Inc., USA). Water samples were delivered to the LIFT-FRRf sampling cuvette using the ship’s 155 

seawater line as a primary supply (March MFG Inc, BC-4C-MD pump, nominal flow rate ~20 L 156 
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min-1), combined with two secondary peristaltic pumps. The first pump (Masterflex L/S, model 157 

7518-10), was used to create a continuous sampling loop (~200 mL min-1) that was connected 158 

via t-fitting to a custom-built peristaltic pump actuated by the LIFT-FRRf software. Use of the 159 

FRRf-actuated pump enabled precise synchronization of the sample handling and fluorescence 160 

measurements, allowing us to employ a semi-continuous sampling strategy of alternating 161 

fluorescent transient and light response curve measurements (details below).  162 

 163 

In parallel with FRRf measurements, in-situ Chla fluorescence, surface water salinity and 164 

temperature were measured using a flow-through thermosalinograph system (Seabird, SBE 38), 165 

equipped with a Wetlabs fluorometer (WETStar). The underway Chla fluorescence signal was 166 

calibrated against discrete samples collected from surface Niskin bottles to approximate the 167 

along-track Chla biomass (mg m-3). Surface PAR measurements were obtained from an QCR-168 

22000 biospherical probe mounted above the ship’s super-structure. Biological oxygen 169 

saturation, ΔO2/Ar, was measured as a metric of net community production using a membrane 170 

inlet mass spectrometer (MIMS) following the approaches outlined by Tortell et al. [39], [40]. 171 

These gas measurements were made continuously on seawater obtained from the same underway 172 

lines that supplied the FRRf system. Briefly, seawater was circulated at a constant flow rate past 173 

the mass spectrometer’s inlet cuvette consisting of a 0.18 mm thick silicone membrane. 174 

Measurements of the mass-to-charge ratios at 32 (O2) and 40 (Ar) atomic mass units were 175 

obtained at approximately 20 s. intervals. Air standards, consisting of filtered seawater (<0.2 µm) 176 

incubated at ambient sea surface temperature and gently bubbled using an aquarium air pump, 177 

were run periodically by automatically switching the inflow water source every 45 – 90 minutes. 178 

For both seawater and air standard measurements, the inflowing water passed through a 6-m heat 179 
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exchange coil immersed in a constant-temperature 4oC water bath before passing the MIMS 180 

inlet. The seawater and air standard O2/Ar ratios ([O2/Ar]sw and [O2/Ar]std, respectively) were 181 

used to derive underway ΔO2/Ar by linearly interpolating between air standard measurements.  182 

 183 

In addition to continuous surface water sampling, water column hydrographic profiles were 184 

examined using CTD casts to a depth of 200m at 16 stations (Fig 1). Mixed layer depths were 185 

derived from a density difference criterion of 0.125 kg m-3 from surface water values.     186 

 187 

Figure 1. Study Region Map. CTD stations sampled in August 2019 are numbered and overlain 188 
on bathymetric contours. We use the 200m bathymetric contour line around 92°W to separate 189 
Lancaster Sound and Barrow Strait. The ship track is shown in red. 190 

 191 

The CTD and underway surface salinity, temperature, Chla, and PAR data were provided by the 192 

Amundsen Science group of Université Laval (Amundsen Science Data Collection, 2020a,b,c). 193 

 194 

LIFT-FRRf Sampling protocols & parameter retrieval 195 

 196 

Chlorophyll a fluorescence transients were obtained using a Single Turnover (ST) flash protocol 197 

and fit to the biophysical model of Kolber et al. [23] to derive photosynthetic parameters under 198 

dark acclimation and under actinic light, where the latter is denoted with the ´ notation. A 199 

summary of parameters measured and definitions is given in Table 1. Specifically, we derived 200 

estimates of the functional absorption cross section of PSII (σPSII, σPSII´), the minimum and 201 

maximum fluorescence when the reaction center pool is fully open and closed (Fo, F´ and Fm, 202 

Fm´, respectively), and the variable fluorescence (Fv = [Fm - Fo]; Fq´ = [Fm´ - F´]). Single 203 
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Turnover flash excitation flashlets were delivered simultaneously by 445, 470, 505, 535, and 590 204 

nm LED lamps. Each curve fit and acquisition was based on fluorescence yields averaged from 205 

five sequential ST flash sequences delivered every 1s. Curve fitting and fluorescence averaging 206 

was completed within Soliense LIFT software.  207 

 208 

Table 1. Commonly referred to photophysiological terms and abbreviations 209 

Term Definition Units 

Fo, Fʹ Minimum ChlF measured in dark and light 
acclimated state, respectively.  

Relative Units 

Fm, Fmʹ, Maximum ChlF measured in dark and light 
acclimated state, respectively 

Relative Units 

σPSII, σPSIIʹ, Functional absorption cross-section for PSII in the 
dark and light acclimated state, respectively 

Å2 RCII-1 

Fv/Fm Photochemical yield in the dark acclimated state; 
(Fm-Fo)/Fm 

Dimensionless 

Fqʹ/Fmʹ (150) 
Fqʹ/Fmʹ (Emax) 

Photochemcial yield measured under 150 μmol 
quanta m-2 s-1 
Photochemcial yield measured under 150 μmol 
quanta m-2 s-1 

Dimensionless 

NPQ Non-photochemical quenching; (Fm - Fʹm)/Fm Dimensionless 

𝜏Qa Photosynthetic electron turnover rate measured at 
saturating irradiance 

s-1 

p Probability of energy transfer between RCIIs Unitless 

C(t) Fraction of initially available RCIIs closed by 
excitation flashlets  

Unitless 

PAR Photosynthetically available radiation μmol quanta m-2 

s-1 

E(t, 𝜆) Transient PAR provided by Excitation flashlets  μmol quanta m-2 

s-1 

ETRa Amplitude-based electron transport rate e- s-1 RCII-1 
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ETRk Kinetic-based electron transport rate e- s-1 RCII-1 

 210 

Each seawater sample was initially held in the cuvette under low light for five minutes to allow 211 

NPQ relaxation. During this low-light acclimation period, five LEDs at peak wavelength 212 

excitation of 445, 470, 505, 535, and 590 nm each supplied 1 μE m-2 s-1 of actinic light, 213 

providing a total irradiance of 5 μE m-2 s-1. Samples were acclimated to low light rather than total 214 

darkness to avoid RCII closure and fluorescence quenching associated with back flow of 215 

electrons from the PQ pool to Qa (e.g. [41]). After this short acclimation period, 40 acquisitions 216 

(each consisting of 5 averaged fluorescence transients) were collected. Irradiance was then 217 

increased to 150 μE m-2 s-1 (30 μE m-2 s-1 per LED) and samples were held for an additional five 218 

minutes to acclimate to the higher irradiance level before collecting another 40 acquisitions. The 219 

LIFT-FRRf cuvette was then flushed for 60 s with seawater from the ship seawater supply, 220 

displacing at least five full cuvette volumes before the pump was turned off to isolate the next 221 

sample for measurements.  222 

   223 

Semi-continuous sampling was interrupted every 90 mins to perform light response curves on 224 

static samples. For each light response curve, the actinic irradiance supplied by each LED lamp 225 

increased incrementally from 0 to 350 μE m-2 s-1 for all 5 LEDs to create light steps of 0, 15, 35, 226 

75, 110, 150, 200, 300, 400, 550, 850, 1250, and 1750 μE m-2 s-1 total actinic light. A total of 25 227 

acquisitions (of 5 averaged fluorescence transients each), were obtained at each light step. 228 

Fluorescence amplitudes generally stabilized by the third round of data acquisition, and we thus 229 

excluded the first two flash sequences at each light level from data analysis. Light response 230 

curves were used to calculate ETRPSII as a function of increasing light intensity (see below for 231 
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calculation details). To produce final photosynthesis-irradiance curves, ETRPSII was plotted 232 

against irradiance and fit to the hyperbolic function described by Webb et al. [42], using a least 233 

squares non-linear regression to derive the maximum light-saturated photosynthetic rate 234 

(ETRmax), the saturating light intensity (Ek) and the light utilization efficiency (α). 235 

 236 

Daily blank corrections were performed by analyzing seawater gently passed through a 0.2 μm 237 

syringe filter (e.g. [25]). Soliense software was programmed to subtract the resulting 238 

fluorescence intensity from all measurements. Prior to the field deployment, the LIFT-FRRf 239 

lamps used to produce actinic light and the probing flashes were calibrated using a Walz 240 

spherical submersible micro quantum sensor (Walz, US-SQS-L).   241 

 242 

Electron Transport Rates (ETRPSII)  243 

 244 

The amplitude and kinetics-based ETRPSII algorithms (ETRa and ETRk, both e- s-1 RCII-1) were 245 

applied to fluorescence data collected during light response curves to determine ETRPSII at 246 

increasing actinic light intensities. ETRa was applied to all 85 light response curves collected 247 

along the ship-track to produce photosynthesis-irradiance curves following Webb et al. [42]. At 248 

each light level, ETRa (e- RCII-1 s-1) was determined as the quantity of incident light absorbed by 249 

PSII directed towards photochemistry [27], [28];  250 

 251 

𝐸𝑇𝑅! = 𝑃𝐴𝑅	 ×  𝜎"#$$ ×
%&!' &"'⁄ )
(&# &"⁄ )

× ,6.022 × 10,3.																																											(1) 252 

 253 
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Here, PAR (μmol quanta m-2 s-1) is the total actinic light provided by the FRRf LEDs, σPSII (Å2 254 

quanta-1) is the PSII functional absorption cross section measured in dark acclimated samples, 255 

and Fqʹ/Fmʹ divided by Fv/Fm (dimensionless) is the PSII photochemical efficiency measured 256 

under actinic light normalized by the dark-measured maximum photochemical efficiency. The 257 

constant 6.022*10-3 converts σPSII units from Å2 RCII-1 to m2 RCII-1 and PAR from 𝜇mol quanta 258 

to quanta. 259 

 260 

For ETRk calculations, fluorescence data from a subsample of 25 light response-curves with 261 

optimal signal-to-noise ratios were re-analyzed using a 3-component multi-exponential model to 262 

describe Qa reoxidation kinetics. This numerical procedure was applied as a fitting option in the 263 

FRRf Soliense Software.  264 

 265 

𝐹(𝑡) = 𝐹- + (𝐹. −	𝐹-)
1,	0$%(1)
1,0$%(1)⋅3

     (2) 266 

 267 

40$%
41

= 𝐸(𝑡, 𝜆) × 𝜎"#$$(𝜆) ×
1,	0$%(1)
1,0$%(1)⋅3

− 𝐶(𝑡)∑ 𝛼5/𝜏56
578     (3) 268 

	  269 

Here, C(t) (dimensionless) is the fraction of available PSII reaction centers closed by excitation 270 

flashlets, with C(t) equal to 1 when the photochemistry pathway is fully closed. The term p 271 

(dimensionless) is the connectivity factor, which describes the likelihood of energy transfer 272 

between RCIIs. 𝛼5	and 𝑇5 refer to the amplitude and time constant of the ith component of Qa 273 

reoxidation, respectively. The value 40$%
41

 is determined by the balance between primary 274 

photochemistry induced by excitation flashlets (E; μmol quanta m-2 s-1) and electron transfer 275 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 17, 2021. ; https://doi.org/10.1101/2021.08.17.456659doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.17.456659
http://creativecommons.org/licenses/by/4.0/


  Photosynthetic electron transport rates 
Page 14 of 42  

14 
 

from Qa to secondary electron acceptor, Qb, mediated by three kinetic components. Fluorescence 276 

transients were fit to retrieve photophysiological parameters by integrating Eq. 3 over the length 277 

of the ST flash sequence and then iteratively fitting Eq. 2. to the fluorescence data. Importantly, 278 

we note Eq. 3 differs slightly from that applied by FIRe-based data analysis, in which there is an 279 

added term to describe RCII closure induced by actinic irradiances (See‘Computational 280 

Considerations’ in the Discussion).  281 

 282 

The rate of Qa reoxidation was calculated by averaging the time constants of the two primary 283 

components of electron transfer from Qa to secondary electron acceptor Qb following the 284 

approach of Gorbunov and Falkowski [30] as,  285 

 286 

𝜏9: = (𝛼1𝜏1 +	𝛼2𝜏2)/(𝛼1 +	𝛼2)     (4) 287 

 288 

ETRk was then derived at each light step as 289 

 290 

𝐸𝑇𝑅; =  1
<

 ;𝑃𝐴𝑅 ×  &!ʹ
&"ʹ
< / =𝑃𝐴𝑅.!= ×  &!ʹ

&"ʹ>.!=
>    (5) 291 

 292 

Here, PARmax is a super-saturating light level chosen as a value three–fold higher than the light 293 

saturation parameter, Ek, derived from photosynthesis irradiance curves. &!ʹ
&"ʹ>.!=

 is the PSII 294 

photochemical efficiency measured under PARmax. The photosynthetic turnover rate, 1
<

 (s-1), is 295 

taken as 1
<$%

 at saturating irradiance where primary photochemistry is at a maximum [30].  296 

 297 
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Non-Photochemical Quenching (NPQ) 298 

 299 

We quantified NPQ as a measure of the relative increase in heat dissipation of absorbed energy 300 

by PSII between samples exposed to low light and 150 𝜇𝑚𝑜𝑙	𝑞𝑢𝑎𝑛𝑡𝑎 m2 s-1, following Bilger 301 

and Bjorkman [43] as:  302 

 303 

                                                               NPQSV = (Fm – 𝐹.ʹ)/Fm                                                 (6) 304 

 305 

This derivation assumes full relaxation of all NPQ processes in the dark-acclimated state. 306 

However, as discussed in Results section, this assumption did not hold in our samples. For this 307 

reason, we used an additional measure of long-term NPQ processes, based on the ratio of 308 

photochemical efficiency measured under low and high light (i.e. (𝐹? ʹ /𝐹.ʹ)/(Fv/Fm)).  309 

 310 

Statistical analysis 311 

 312 

Pair-wise statistical relationships between measured variables were determined using Spearman 313 

Rank correlation tests. Samples from two regions of our transect (Lancaster Sound and Barrow 314 

Strait) were compared using Kruskal-Wallis test (Fig 8). Lilliefors test rejected the null 315 

hypothesis that underway data were normally distributed, so we report median rather than mean 316 

values of all photophysiological variables. Deviation from the median was determined as the 317 

median absolute deviation. Continuously measured, in-situ parameters such as temperature and 318 
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salinity were not corrected for autocorrelation. All analyses were completed using Matlab 319 

(R2020a). 320 

 321 

Results 322 

 323 

Hydrographic properties 324 

Sea surface temperature (SST) and salinity varied significantly across our study region, 325 

reflecting the influence of different water masses and freshwater inputs. Sea surface temperature 326 

ranged from 0.6 to 15.5 oC, and salinity ranged from 22.8 to 31.6 PSU. Salinity and SST strongly 327 

covaried, and exhibited a number of sharp transitions across prominent hydrographic fronts 328 

associated with freshwater input (Fig 2; Table 2). Surface layer (~7m) phytoplankton biomass, 329 

approximated by in-situ Chla fluorescence measurements (non-FRRf), was low throughout the 330 

entire transect, with a mean Chla fluorescence equivalent to 0.15 ± 0.04 mg m-3 (n= 7200). 331 

These in situ Chla measurements showed significant diel periodicity, likely reflecting daytime 332 

quenching effects. Both SST and salinity exhibited weak (though statistically-significant) 333 

correlations with Chla (Table 2). Mixed layer depths recorded at the 16 profiling stations were 334 

shallow, with a mean of 9.2 ± 4.5 m. Mixed layer nitrate and nitrite concentrations were near 335 

zero at each of the depth profiling stations (Table 3, mean 0.03 ± 0.049 𝜇M, n = 16), indicative 336 

of post-bloom, nutrient-limited summer conditions. The mixed layer Chla concentration 337 

averaged across all 16 profiling stations was 0.40 ± 0.18 mg m-3 (n = 16). There was no 338 

statistically significant relationship between station Chla and mixed layer nitrate and nitrite 339 
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concentrations (r = 0.09, p = 0.75, n = 16). Biological oxygen saturation, derived from ΔO2/Ar 340 

measurements, was greater than zero across the entire cruise track, implying net autotrophic 341 

conditions. Small-scale features in ΔO2/Ar distributions were observed across hydrographic 342 

frontal regions with only weak correlation to salinity or temperature measured along the cruise 343 

track (Table 2). 344 

Fig 2. Summary of oceanographic conditions. Hydrographic conditions, phytoplankton 345 
biomass and biological oxygen saturation measured in surface waters (~ 7 m depth) along the 346 
cruise track. Shaded area on Aug. 13-14 marks measurements made in Barrow Strait. 347 
 348 

Table 2. Correlation of underway hydrographic variables. 349 
 
 

Salinity 
(psu) 

Temp. 
(°C) 

Chla  
(mg m-3) 

𝚫O2/Ar  

Salinity 
(psu) 

-- 0.70** 0.06** 0.09** 

Temp. 
(°C) 

 -- -0.17** -0.12** 

Chla  
(mg m-3) 

  -- 0.19** 

𝚫O2/Ar     -- 

Results of Spearman Rank correlation analyses among each underway hydrographic variable are 350 
displayed. In all instances n = 7200. Note, this sample number does not account for 351 
autocorrelation. ** is used to indicate p values < 0.001. 352 
 353 

Table 3. CTD profiling stations  354 
 355 

Location CTD 
Station 

Latitude 
(°) 

Longitude 
(°) 

MLD  
(m)  

[NO3- + 
NO2-]  (μM) 

Chl a 
(mg/m-3)  

LS 1 74.316 -80.517 6 0.002 0.43 

LS 2 74.107 -80.511 9 0.007 0.21 
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LS 3 73.987 -80.468 9 0 0.25 

LS 4 75.482 -78.643 8 0 0.12 

BS 5 74.222 -93.517 10 0.007 0.20 

BS 6 74.361 -93.556 6 0.003 0.39 

BS 7 74.599 -93.717 10 0.013 0.41 

LS 8 74.371 -89.621 9 0.087 0.50 

BS 9 74.483 -93.640 9 0.063 0.77 

LS 10 74.486 -80.508 8 0.014 0.45 

LS 11 74.159 -80.470 6 0.189 0.24 

LS 12 73.816 -80.508 7 0 0.58 

BS 13 74.951 -92.388 24 0.018 0.58 

BS 14 75.014 -93.115 14 0.048 0.28 

LS 15 75.523 -79.748 12 0.047 0.54 

LS 16 74.234 -86.160 6 0 0.21 

Sampling station locations are indicated as LS for Lancaster Sound or BS for Barrow Strait. 356 
Station mixed layer depth (MLD), mean mixed layer nitrate and nitrite concentration, and Chl a 357 
concentration within the mixed layer are shown. 358 
 359 

Photophysiological measurements 360 

Continuous flow-through measurements.  361 

 362 
The photophysiological parameters Fv/Fm and σPSII fluctuated over diel cycles throughout our 363 

sampling period (Fig 3a-b), showing daily maxima during the night, and decreasing during 364 

daylight hours. Both of these variables exhibited a significant negative correlation with actinic 365 

surface PAR intensity averaged over the 5 min window prior to sample measurements (r = -0.50 366 
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and r = -0.72, respectively, p < 0.001 and n = 481 for both; Fig 4a-b). These observations are 367 

consistent with previously noted in-situ photophysiological diurnal patterns of daytime 368 

fluorescence quenching [44], [45]. We note, however, that these Fv/Fm and σPSII measurements 369 

were collected after 5 minutes of low light exposure, indicating the persistence of longer-lived 370 

light-dependent quenching effects after this acclimation period. We thus conclude that dark-371 

acclimation (i.e. NPQ relaxation) was not achieved in our measurement protocol, and Fv/Fm and 372 

σPSII  are thus representative of an intermediate state between in-situ and dark-acclimated values.  373 

 374 

Fig 3. Photophysiological conditions summary. Semi-continuous FRRf measurements of 375 
photophysiology (black dots) are superimposed over the in-situ surface PAR (blue line). A loess 376 
smoothing function was applied to photo-physiological measurements (red line). Shading 377 
denotes the Barrow Strait portion of the transect. 378 

 379 

Fig 4. Recent light history effects on photophysiology measured under low light. FRRf-380 
derived photophysiological parameters measured under low light are plotted against in-situ 381 
surface PAR at the time of sample acquisition. Panels (a) and (b) show Fv/Fm and σPSII 382 
measurements made after 5 min of low light exposure. Panels (c) and (d) show NPQ and residual 383 
quenching measured after low light treatment. Data collected in Barrow Strait (BS) are shown in 384 
filled points, while data collected in Lancaster Sound (LS) are represented with unfilled circles. 385 
Error bars show standard error, but are often concealed by size of data symbols. R values 386 
indicate Spearman Rank correlation coefficients. 387 

 388 
Despite signs of strong light-dependent quenching, NPQ values, calculated as NPQSV = (Fm – 389 

Fmʹ)/Fm, were negatively correlated to surface PAR (Fig 4c). This surprising result can be 390 

explained by the derivation used for here for NPQ, which measures the fractional change in NPQ 391 

between light and dark (low light) measurements, rather than total NPQ. As a result, this 392 

approach does not account for any residual quenching present in samples after five minutes of 393 

low light acclimation. To address this limitation, we used the ratio (F ʹq/F ʹm)/(Fv/Fm) to estimate 394 

the extent of residual quenching present in samples after five minutes of NPQ relaxation. As 395 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 17, 2021. ; https://doi.org/10.1101/2021.08.17.456659doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.17.456659
http://creativecommons.org/licenses/by/4.0/


  Photosynthetic electron transport rates 
Page 20 of 42  

20 
 

expected, this derived variable was well correlated to surface PAR (Fig 4d, r = 0.68, p < 0.001, n 396 

= 481), reflecting the effects of residual quenching and, potentially, short-term photoinhibition.  397 

 398 

To further examine low light-acclimated Fv/Fm and σPSII values, we isolated night-time Fv/Fm and 399 

σPSII measurements collected under relatively low ambient surface PAR. Due to the long summer 400 

daylight hours in the Arctic, only 1% of data points represents true night when surface PAR = 0. 401 

We thus chose light levels ≤100 μmol quanta m-2 s-1 to represent night-time conditions. By 402 

comparison, midday surface PAR ranged from 400 – 1000 μE m-2 s-1. The median night-time 403 

Fv/Fm for the entire transect was 0.36 ± 0.03 (n = 214), a value similar to the global average of 404 

0.35 ± 0.11 [46], but lower than the 0.55 median value previously recorded for late-summer 405 

assemblages in the Canadian Arctic [47]. The lowest Fv/Fm values were recorded at the 406 

beginning of the ship track (August 10-12) within Lancaster Sound (0.32 ± 0.03, n = 120), while 407 

Fv/Fm increased significantly in Barrow Strait (0.40 ±	0.02, n = 94), indicating greater 408 

photosynthetic potential in this region (Fig 3b). In contrast, night-time σPSII did not significantly 409 

vary between Lancaster Sound (250 ± 17.2) and Barrow Strait (241.1 ± 15.3) (Fig 3a). These 410 

absolute σPSII values are somewhat lower than those reported in previous studies, likely reflecting 411 

our use of simultaneous excitation flashlets centered around 445, 470, 505, 535, and 590 nm. 412 

Relative to blue light, not all of these wavelengths are efficiently absorbed by phytoplankton, 413 

resulting in an apparent decrease σPSII [48]. As discussed below, σPSII values are also subject to 414 

physiological, taxonomic and environmental effects [49]. 415 

 416 

As observed for Fv/Fm, the photosynthetic efficiency measured under 150 𝜇𝑚𝑜𝑙	𝑞𝑢𝑎𝑛𝑡𝑎	𝑠,1𝑚,2 417 

actinic light (Fqʹ/Fmʹ(150)) displayed strong regional differences, increasing from 0.21 ± 0.01 (n = 418 
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120) in Lancaster Sound to 0.30 ± 0.02 (n = 94) in Barrow Strait. However, unlike the low-light 419 

measurements, Fqʹ/Fmʹ(150) did not exhibit a diel signature and was remarkably consistent across 420 

samples measured within Lancaster Sound  (Figs 3e and 5). Moreover, there was no relationship 421 

between Fqʹ/Fmʹ (150) values and surface PAR intensity experienced prior to sampling (r = 0.01, p 422 

= 0.76, n= 481). This result suggests that irradiance-specific PSII photochemical yields were 423 

independent of prior light-history experienced by phytoplankton. This, in turn, indicates that 424 

even short (5 min) exposure to actinic light is sufficient for phytoplankton to reach a 425 

photosynthetic steady-state.  426 

Fig 5. Recent light history effect on photochemical efficiency measured under constant 427 
actinic light. The PSII photochemical efficiency measured under 150 μE m-2 s-1 in relation to 428 
natural surface irradiance at the time of sample acquisition. R value indicates Spearman Rank 429 
correlation coefficient. Data collected in Barrow Strait (BS) is shown in filled points, while data 430 
collected in Lancaster Sound (LS) is represented with unfilled circles. 431 

Photosynthesis-Irradiance curves and ETRPSII comparisons 432 

We used light response curves to compare FRRf-based ETRa and ETRk estimates. In this 433 

approach, ETRa (Eq. 1) was plotted against actinic irradiance (Fig 6) to derive the maximum rate 434 

of charge separation at RCII (ETRmax), the light-dependent increase in the charge separation rates 435 

(𝛼), and the saturating light intensity (Ek). Fit parameters from these curves varied considerably, 436 

with mean values of ETRmax, 𝛼, and Ek of 460 ± 345 e- s-1 RCII-1, 1.37 ± 0.57 e- RCII-1 quanta-1 437 

m-2, and 358.0 ± 199.0 μmol quanta m-2 s-1, respectively (n = 85).  438 

 439 

Fig 6. Photosynthesis-Irradiance curves derived by ETRk and ETRa. Consolidated mean 440 
ETRk (black) and ETRa (red) estimates at each light step of the 25 reprocessed P-I curves. Error 441 
bars represent the standard error of all individual measurements from all curves at each light 442 
step. Curves were produced using the photosynthesis-irradiance function described by Webb et 443 
al. (1974). 444 

 445 
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A subsample of 25 light response curves was re-analyzed using the ‘kinetic’ approach (ETRk; 446 

Eq. 5), and compared with ETRa values. This comparison revealed a strong correlation between 447 

the ETR values (r = 0.81, p < 0.001; Fig 7). However, the kinetics-based algorithm produced 448 

consistently higher results than ETRa, with values 1.96 ± 1.2 times greater, on average, than 449 

ETRa (Fig 6). 450 

 451 

Fig 7. ETRk plotted against ETRa derived from Photosynthesis-Irradiance curves and 452 
colored by Fv/Fm. Each point represents the mean ETR value at a given light intensity within a 453 
Photosynthesis-Irradiance curve, and error bars are the standard error.  The dashed line indicates 454 
a 1:1 relationship. 455 
 456 

Along our cruise track, we observed a distinct spatial pattern in the ETRk:ETRa ratio. The highest 457 

values (3.26 ± 0.95, n = 14) occurred during the early part of our survey (August 10-13), with 458 

significantly lower ETRk:ETRa (1.42 ± 0.16, n = 11) observed near the end of our cruise, 459 

particularly in Barrow Strait where Fv/Fm was maximum (Fig8). More generally, ETRk:ETRa 460 

displayed a strong negative correlation with Fv/Fm values (r = -0.60, p < 0.01, n = 25). As 461 

discussed below, this result suggests ETRk:ETRa decoupling is strongly driven by 462 

photophysiological and environmental variability.  463 

Fig 8. Parameters contributing to the ETRk:ETRa ratio measured in Lancaster Sound (LS) 464 
versus Barrow Strait (BS). Horizontal lines within each boxplot represent the median. The 465 
upper and lower edge of each box demarks upper and lower quartiles, respectively, while 466 
whiskers extend over the entire data range, excluding outliers. Outliers, determined as data points 467 
falling over 1.5x the interquartile distance away from box edges, appear as unfilled circles. P 468 
values in each subplot are results from 2-group Kruskal-Wallis tests. All data shown here was 469 
collected during the 25 reprocessed P-I curves. 470 

 471 

Discussion 472 

 473 
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The primary focus of our work was to quantify phytoplankton photophysiology and productivity 474 

along our ship-track using active Chla fluorescence methods. With this in mind, we applied a 475 

sampling and analysis strategy to support both amplitude-based and kinetic analysis of FRRf 476 

data to derive ETR estimates. In the following, we first discuss the spatial patterns in FRRf-477 

based measurements in relation to nutrient concentrations and light histories of phytoplankton 478 

assemblages encountered along our sampling transect through Lancaster Sound. We then 479 

examine potential factors leading to the uncoupling of ETRPSII estimates, including 480 

environmental and physiological variability, and potential influences of different data analysis 481 

methods.  We conclude by discussing the implications of our results for future ship-board FRRf 482 

deployments.  483 

 484 

Spatial distribution of photophysiology 485 

 486 

Across our survey region, we observed notable spatial patterns in FRRf data, with low Fv/Fm and 487 

Fqʹ/Fmʹ(150) values in Lancaster Sound, and significantly higher values in Barrow Strait. Previous 488 

studies of late-summer Arctic photophysiology have reported low background Fv/Fm values, as 489 

observed over most of our sampling transect. At the same time, these prior studies have also 490 

demonstrated increased Fv/Fm in response to nitrate (but not phosphate) enrichments [5], [50]. 491 

This result, coupled with the nutrient depletion observed at profiling stations along our cruise 492 

track (Table 2), suggest that the low Fv/Fm values we observed likely reflect nitrogen deficiency. 493 

Iron (Fe)-limitation has also been shown to exert a strong negative effect on Fv/Fm, coincident 494 

with increases in σPSII values. These Fe-dependent effects result from a combination of 495 
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physiological responses [36], [51], [52] and taxonomic shifts towards smaller cells [49]. In 496 

contrast, the low Fv/Fm values recorded in the Lancaster Sound were not associated with high 497 

σPSII, and correlation analysis of night-time σPSII and Fv/Fm values revealed a weak positive 498 

relationship between σPSII and Fv/Fm (r = 0.17, p < 0.05, n = 214). Based on these results, and the 499 

proximity of our sampling to land-based Fe sources [53], we infer that nitrogen, rather than iron 500 

deficiency was the most likely cause of low photo-efficiencies observed from August 10-13 in 501 

Lancaster Sound.  502 

 503 

Notwithstanding the low background nutrient concentrations measured at profiling stations, 504 

chemical analyses from the Canadian Arctic Archipelago Rivers Program and Canadian Arctic 505 

GEOTRACES program have revealed elevated nitrite and nitrate concentrations within several 506 

rivers that discharge into Barrow Strait (Fig 9; [11], [54] ). In this region, we observed low 507 

surface water salinity and elevated Fv/Fm, suggesting a link between river input and increased 508 

photo-efficiency, which we ascribe to nutrient inputs. Additionally, the greatest mixed layer 509 

depths were found at the two CTD profiling stations situated between Cornwallis Island and 510 

Devon Island (Table 2), indicative of enhanced mixing associated with strong tidal currents, in 511 

agreement with model predictions of elevated mixing in Barrow Strait. These observations 512 

suggest that spatial differences observed in FRRf-derived photophysiology may reflect elevated 513 

nutrient availability in Barrow Sound, resulting from a combination of river inputs and mixing 514 

effects. 515 

 516 

Fig 9. Spatial distribution of riverine nutrient inputs and photochemical efficiency (Fv/Fm) 517 
along the ship track. River contributions of nitrate and nitrite are indicated by the size of grey 518 
bubbles. The largest inputs of nitrate and nitrite in the region are concentrated in the strait 519 
between Cornwallis and Devon Islands, coincident with observations of raised Fv/Fm values. 520 
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Larger circles are used to denote night-time measurements of Fv/Fm, whereas smaller triangles 521 
denote day-time measurements. 522 

 523 
Several mechanisms can explain the apparent effects of increased nitrogen availability on 524 

phytoplankton photophysiology. First, increased nitrogen availability enables protein synthesis 525 

needed to repair inactive reaction centers [55], [56]. Second, localized nutrient loading may 526 

indirectly affect photophysiology by stimulating a shift from small to larger phytoplankton 527 

species, for instance from nano-flagellates to diatoms [50]. Unfortunately, we lack information 528 

on phytoplankton assemblage composition, and thus cannot directly examine any potential 529 

taxonomic effects on photophysiology. However, such a shift from small to large cells would be 530 

expected to drive a decrease in σPSII, concurrent with increases in Fv/Fm [49], which we did not 531 

observe. Previous pigment analyses conducted in the Canadian Arctic Archipelago found that 532 

Lancaster Sound and Barrow Strait were both dominated by diatom species, followed by 533 

dinoflagellates, in summer [57]. We thus infer that the spatially-divergent Fv/Fm values, coupled 534 

with persistently low σPSII, primarily reflect photophysiological nutrient effects in relatively large 535 

cells.  536 

 537 

Light-dependent effects and residual NPQ  538 

 539 

We observed strong residual NPQ effects after five minutes of low light acclimation (Figs. 3, 4). 540 

Notably, the extent of these quenching effects was a predictable function of the short-term light 541 

history experienced by in situ phytoplankton assemblages (Fig 3d). Previous studies examining 542 

the drivers of NPQ variability [58]–[60] suggest that the magnitude of NPQ effects at a given 543 
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light level is tied to a number of environmental factors (e.g. temperature and CO2 544 

concentrations), phytoplankton taxonomy and physiological status. Given these sources of 545 

variability, NPQ relaxation times needed for robust Fv/Fm measurements are expected to differ 546 

significantly across ocean regimes. In cold waters, such as those encountered along our ship 547 

track, NPQ relaxation is slower [61], and this may have contributed to the longer-lived 548 

quenching observed in our low-light samples. As the spatial and temporal resolution of Fv/Fm 549 

and ETRa measurements are constrained by such acclimation periods, it is recommended that 550 

future field deployments of FRRf conduct experiments using natural assemblages to determine 551 

the regional minimum relaxation period necessary to achieve steady-state dark-acclimation. This 552 

acclimation step can then be incorporated into underway FRRf protocols, resulting in more 553 

robust ETRa estimates, albeit with reduced measurement frequency. Such routine determinations 554 

of the minimum NPQ relaxation time requirements have not been commonly carried out for 555 

marine phytoplankton [25]. As a result, there is little systematic knowledge of the global 556 

variability of NPQ relaxation times. Adopting such pre-study tests (or within protocol) as 557 

standard practice would improve current understanding of environmental and taxonomic controls 558 

on NPQ relaxation kinetics. Moreover, it may be necessary to adjust the length of the dark-559 

acclimation period to reflect changing conditions over the duration of a cruise. We thus 560 

recommend that future work incorporate semi-regular assessments of dark-acclimation times into 561 

field-sampling protocols.  562 

 563 

Decoupling of ETRa and ETRk 564 

 565 
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We observed significantly higher ETRk compared to ETRa across our study region (Fig 6), with 566 

the magnitude of ETRk and ETRa decoupling varying strongly in response to phytoplankton 567 

photophysiological conditions (Fig 7). The ratio between ETRa and ETRk depends on a number 568 

of variables:  569 

 570 

𝐸𝑇𝑅;: 𝐸𝑇𝑅! =	
&@/&.

B&'((	×	<∗
)′!
)′"*"+,

×	>.!=	×	6.022	×	10-3
     (7) 571 

  572 

Importantly, all of the terms defining ETRk:ETRa are potentially responsive to shifts in nutrient 573 

abundances and phytoplankton taxonomic composition. Nutrient enrichment experiments have 574 

demonstrated increasing 𝜏Qa with nutrient deficiency and elevated actinic irradiance [30], [50]. 575 

Moreover, 𝜎"#$$ can also change with nutrient availability, but the observed percent change in 576 

𝜎"#$$ following short-term nitrate enrichment is small compared with that of Fv/Fm [5], [50]. 577 

Baseline fluorescence, may also influence the terms used to define ETRk:ETRa. This 578 

phenomenon represents a non-variable contribution to the Chl fluorescence signal, which is 579 

understood to reflect the presence of energetically decoupled light harvesting complexes under 580 

nutrient limitation or photoinhibitory stress [31]. High baseline fluorescence decreases the 581 

amplitude of fluorescence transients, making Fv/Fm a useful gauge of phytoplankton 582 

physiological stress [5], [62], [63].  Analysis of our data revealed a strong correlation between 583 

Fv/Fm and (F'q/F'm)Emax, (r = 0.93, p < 0.001, n= 25), suggesting (F'q/F'm)Emax is similarly 584 

affected by baseline fluorescence and reflective of physiological status. Overall, we thus 585 

conclude that differential environmental and taxonomic sensitivities of the variables used to 586 

derive ETRa and ETRk can lead to discrepancies between these two productivity metrics.  587 

 588 
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Going forward, further investigation of ETRk and ETRa divergence is critical to inform our 589 

understanding of electron requirements for carbon assimilation and biomass production, 590 

particularly under nutrient limiting conditions [28]. For instance, Schuback et al. [36] found that 591 

iron-limited phytoplankton assemblages exhibited elevated ETRa and greater decoupling 592 

between ETRa and C-assimilation rates as compared to iron-enriched assemblages. This result 593 

was attributed to the higher σPSII values in iron limited samples. Since ETRk does not directly 594 

include σPSII, we speculate that C-assimilation will show less decoupling with this productivity 595 

metric under low iron conditions. This hypothesis remains to be tested in future studies.  596 

 597 

Computational considerations 598 

 599 

Beyond the physiological and taxonomic effects described above, the computational procedures 600 

used to analyze Chla fluorescence relaxation kinetics and derive turnover rates of electron 601 

transport molecules may also have a direct effect on the observed relationship between ETRk and 602 

ETRa. We derived τQa parameters used to calculate ETRk using the FRRf fluorescence transient 603 

fitting approach, as outlined in ‘Electron Transport Rates, ETRPSII’ Materials and Methods 604 

section. This approach relies on numerically fitting the rate of change in the redox state of Qa, 605 

driven by electron fluxes in and out of PSII reaction centers.  606 

 607 

40(1)
41

= 𝑒5F −	𝑒-G1      (8) 608 

 609 
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Here ein is equivalent to the rate of primary photochemistry induced by excitation flashlets, and 610 

eout is controlled by Qa reoxidation. Within FRRf Soliense software, ein is formulated as, 611 

 612 

𝑒5F = 𝐸(𝑡, 𝜆) × 𝜎"#$$(𝜆) × ;
1,0(1)
1,0(1)3

<    (9) 613 

 614 

By comparison, FIRe-based analysis of fluorescence transients deviates from FRRf by including 615 

an additional term to describe reaction center closure by background actinic light (PAR) [30]. As 616 

a result, Eq. 3 is modified as: 617 

 618 

𝑒5F = 𝐸(𝑡, 𝜆) × 𝜎"#$$(𝜆) × ;
1,0(1)
1,0(1)3

< + 𝑃𝐴𝑅(𝜆) × 𝜎"#$$(𝜆) × ;
1,0(1)
1,0(1)3

<  (10) 619 

 620 

The FRRf based analysis does not include a PAR term, as it is presumed that constant 621 

background light influences the baseline of the fluorescence signal, but does not contribute to 622 

dynamic changes in fluorescence measured over the course of an ST flash [Z. Kolber, pers. 623 

comm.]. In this interpretation, C(t) represents the fraction of initially available reaction centers 624 

closed by excitation pulses, such that C(t=0) always equals 0. 625 

 626 

Gorbunov and Falkowski [30] conducted a primary analysis of differences in τQa values retrieved 627 

from FRRf and FIRe fluorescence relaxation analyses. Their results showed that when the effect 628 

of background light was explicitly included in numerical formulations, FIRe-derived τQa values 629 

displayed strong actinic light dependencies, increasing with irradiance until plateauing around 630 

saturating irradiances (Ek). By contrast, their FRRf-derived τQa values varied little with actinic 631 

irradiance and resulted in a markedly shorter photosynthetic turnover time. Our own FRRf-632 
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derived τQa values displayed a weak relationship with applied actinic irradiances (r = 0.17, p < 633 

0.01, n = 203). It is possible that applying the FIRe model fit to our own data may have also 634 

yielded slower photosynthetic turnover times, and therefore lower ETRk estimates, but it is 635 

unclear to what extent the alternative model may have affected our ETRk results and the observed 636 

decoupling between ETRk and ETRa.  637 

 638 

Going forward, it will be important to separate physiological drivers of ETRk and ETRa 639 

decoupling from offsets resulting from the use of different mathematical approaches to data 640 

analysis. Discrepancies between ETRk and ETRa that cannot be explained by different 641 

derivations of 𝜏9! must be attributable to differences between the two ETRPSII algorithms 642 

themselves. This raises the important question of which approach is most accurate, as neither has 643 

been established as a “gold standard”. Addressing this issue will require parallel independent 644 

measurements of PSII activity, such as gross oxygen evolution measurements from 18O 645 

experiments, as preformed previously for ETRa (e.g. [49]) but not ETRk. Such fluorescence-646 

independent validations of ETRa and ETRk are critically lacking, and will help elucidate the 647 

taxonomic and environmental influences on FRRf-based productivity measurements (Hughes et 648 

al., 2018). This, in turn, will be of significant practical utility to FRRf users seeking to derive 649 

ship-based primary productivity estimates.  650 

Conclusions and Future Recommendations 651 

  652 

Fast Repetition Rate Fluorometry offers a means to rapidly assess both physiological status and 653 

photosynthetic electron transport rates of phytoplankton. The aim of this study was to evaluate 654 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 17, 2021. ; https://doi.org/10.1101/2021.08.17.456659doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.17.456659
http://creativecommons.org/licenses/by/4.0/


  Photosynthetic electron transport rates 
Page 31 of 42  

31 
 

an autonomous protocol for high resolution FRRf measurements of phytoplankton physiology, 655 

and to compare two alternative models for deriving primary productivity estimates from FRRf 656 

data. Our results demonstrate significant residual NQP effects after five minutes of low light 657 

acclimation, suggesting the need for extended low light acclimation periods, which would 658 

significantly decrease measurement frequency. In contrast, in-situ surface PAR had no effect on 659 

𝐹′𝑞 /F′m measured under 150 μE m-2 s-1 of actinic light, suggesting phytoplankton rapidly 660 

approach steady state conditions in the presence of actinic light. Our findings also illustrated 661 

localized regions of elevated Fv/Fm, likely linked to local nitrogen loading by freshwater inputs 662 

and tidal mixing. Although the amplitude-based and kinetic-based derivations of photosynthetic 663 

electron transport rates were well correlated, absolute agreement between estimates appeared to 664 

be affected by phytoplankton photophysiology, with the two models diverging under nutrient-665 

limited conditions.  666 

 667 

As a first step, resolving discrepancies between ETRa and ETRk will require consensus regarding 668 

the analysis of raw fluorescence transient data. This aim is fundamental for consistent data 669 

reporting among the growing community of FRRf and FIRe users [31]. Second, ETRa and ETRk 670 

should be validated against fluorescence-independent measures of productivity. Considering that 671 

measurement of ETRk does not require a dark acclimation step, short (~ 5 min.) acclimation 672 

steps should be sufficient to accurately derive this term. Based on these findings, the ETRk 673 

model, if validated against independent productivity metrics, may be advantageous for high 674 

resolution evaluations of in-situ photosynthetic rates under ambient light conditions.  675 

 676 
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