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INTRODUCTION

Brown algae of the order Laminariales make up the 
majority of macroalgal biomass in the world's temper-
ate and high-latitude shallow rocky coastal areas of the 
Northern hemisphere (Steneck et al., 2002), reaching 

annual net primary production (NPP) rates between 
166 and 1780 g C · m−2 seafloor · y−1 (Duarte et al., 2022; 
Mann, 2000; Pedersen et al., 2020; Smale et al., 2020). 
Due to their high production rates, these macroal-
gal communities represent important links in the ma-
rine nutrient and carbon cycle. One of these links is 
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Abstract
Coastal kelp forests produce substantial marine carbon due to high annual 
net primary production (NPP) rates, but upscaling of NPP estimates over time 
and space remains difficult. We investigated the impact of variable underwa-
ter photosynthetically active radiation (PAR) and photosynthetic parameters 
on photosynthetic oxygen production of Laminaria hyperborea, the dominant 
NE-Atlantic kelp species, throughout summer 2014. Collection depth of kelp 
had no effect on chlorophyll a content, pointing to a high photoacclimation 
potential of L. hyperborea towards incident light. However, chlorophyll a and 
photosynthesis versus irradiance parameters differed significantly along the 
blade gradient when normalized to fresh mass, potentially introducing large 
uncertainties in NPP upscaling to whole thalli. Therefore, we recommend a 
normalization to kelp tissue area, which is stable over the blade gradient. 
Continuous PAR measurements revealed a highly variable underwater light 
climate at our study site (Helgoland, North Sea) in summer 2014, reflected 
by PAR attenuation coefficients (Kd) between 0.28 and 0.87 m−1. Our data 
highlight the importance of continuous underwater light measurements or 
representative average values using a weighted Kd to account for large PAR 
variability in NPP calculations. Strong winds in August increased turbidity, 
resulting in a negative carbon balance at depths >3–4 m over several weeks, 
considerably impacting kelp productivity. Estimated daily summer NPP over 
all four depths was 1.48 ± 0.97 g C · m−2 seafloor · d−1 for the Helgolandic kelp 
forest, which is in the range of other kelp forests along European coastlines.
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the large export of seaweed detritus to adjacent areas 
where it fuels secondary production or becomes buried 
in marine sediments as blue carbon (Krause-Jensen 
& Duarte, 2016; Pedersen et al., 2020). Therefore, reli-
able macroalgal primary production estimates obtained 
over the annual cycle and along environmental gradi-
ents are crucial for assessing the role of kelp forests in 
the local and global carbon cycles.

Kelp species can be observed in the rocky sublittoral 
zone around the world (e.g., Krause-Jensen et al., 2012, 
2020; Pehlke & Bartsch,  2008; Smale et al.,  2020) 
and are thereby exposed to regular changes in water 
levels throughout the tidal cycle and to intense wave 
motion during storm events. The resulting sediment 
re-suspension in combination with terrestrial input of 
dissolved and particulate organic matter can reduce 
underwater light availability significantly in the coastal 
environment (Lüning & Dring, 1979). Light is one of the 
main factors physiologically constraining the global 
distribution of kelp forests next to substrate availabil-
ity, water temperature, and nutrients (Assis et al., 2016; 
Bolton & Lüning,  1982; Steneck et al.,  2002). Kelp 
species have to acclimatize to considerable daily and 
seasonal (sun angle, day length, cloud cover, and tidal 
cycles) variations in incident irradiance along their 
depth distribution to reach high production rates and 
efficiently convert carbon dioxide into carbohydrates 
such as the storage compounds mannitol and lami-
narin, which are used to support growth in low-light pe-
riods during winter (Lüning, 1979, 1990).

Kelp primary production can be estimated from stand-
ing crop (expressed in fresh mass, dry mass, or blade 
area), population density, and growth rate or by measur-
ing gas exchange in terms of either the oxygen released 
or the radio-labeled carbon (14C) assimilated (Iñiguez 
et al., 2016; Lüning, 1969; Pedersen et al., 2012; Smale 
et al., 2020). Oxygen production and uptake in an entire 
individual or excised blade tissue are measured either ex 
situ in the laboratory or in situ in submerged chambers, 
and both measures have been widely used to study the 
physiology and biomass production of macroalgae (e.g., 
Colombo-Pallotta et al., 2006; Liu et al., 2018; Staehr & 
Wernberg, 2009; White et al., 2021). In order to derive 
the amount of fixed carbon as the ultimate and widely 
comparable measure of production, oxygen-release 
values have to be converted into units of fixed carbon 
using the photosynthetic quotient (PQ). The PQ is de-
fined as the molar ratio of oxygen (gross oxygen evolu-
tion) produced to carbon dioxide (gross carbon fixation) 
assimilated during photosynthesis (Iñiguez et al., 2016); 
however, PQ values are variable, species-specific, and 
often unknown (Buesa, 1980; Iñiguez et al., 2016; Miller 
III et al., 2009). In addition, acquiring primary production 
measurements of kelp species remains challenging due 
to the high level of thallus differentiation and the result-
ing variability in structure and metabolically active tissue 
(Gómez et al., 2016; Küppers & Kremer, 1978; Steinbiss 

& Schmitz, 1974). These studies have shown that pho-
tosynthetic activity varies along the thallus gradient and 
that production estimates from one region of the blade 
should be handled with care when normalized to dif-
ferent parameters (e.g., fresh mass versus dry mass). 
Additionally, the photosynthetic performance of individ-
uals can vary with depth and decreasing light levels as 
Koch et al. (2016) have shown for Macrocystis pyrifera.

Laminaria hyperboreais the biomass-dominant kelp 
species in the rocky mid-sublittoral along the European 
coastline (Assis et al.,  2016; Smale et al.,  2020). Its 
distribution range stretches from northern Portugal 
(Araujo et al.,  2009) to northern Norway (Kylin, 1947; 
Lüning,  1990). In the southern North Sea, the rocky 
island of Helgoland (Germany) represents a hotspot 
of marine biodiversity and is surrounded by a unique 
kelp forest (Lüning,  1969), with L. hyperborea repre-
senting the biomass-dominant kelp species between 
1 and 12.5 m depths (Pehlke & Bartsch, 2008). While 
quantitative data about biomass distribution and blade 
area of this species are available (Lüning, 1969; Pehlke 
& Bartsch, 2008; Steinberg, 2019), NPP estimates are 
still lacking.

To address this lack of knowledge, the present study 
provides first estimates of Laminaria hyperborea NPP 
at the island of Helgoland, measured during summer 
2014 when annual incident solar radiation and water 
temperature were highest. Oxygen optode incuba-
tion methods were used to derive photosynthetic pa-
rameters of adult L. hyperborea sporophytes from 
fitted photosynthesis versus irradiance (PI) curves. 
Retrieved photosynthetic rates were correlated with 
continuous in situ underwater PAR measurements at 
different depth levels derived from Kd values and later 
converted into carbon fixation (C-fixation) rates. These 
rates were multiplied with L. hyperborea blade area per 
square meter seafloor to calculate mean daily summer 
NPP integrated over depth. Here, we show how large 
variations observed in incident underwater irradiance 
caused by changing surface conditions, ranging from 
calm and sunny to windy and cloudy, affect seasonal 
NPP calculations with different PAR inputs. The data-
set was also used to develop a framework of how to 
generate more reliable NPP rates based on ex situ pho-
tosynthetic measurements.

Specifically, our objectives were (1) to assess the in-
fluence of variations in photosynthetic performance and 
chlorophyll a (Chl a) concentration of Laminaria hyper-
borea along its depth distribution and along its blade 
gradient when normalized to two different parameters 
used in photosynthesis measurements (fresh mass 
and blade area), (2) to investigate the variability of the 
underwater light climate in the sublittoral throughout 
summer and its impact on seasonal NPP estimations 
along the depth gradient, and finally, (3) to calculate the 
first estimate of daily summer NPP of L. hyperborea off 
Helgoland per unit seafloor.
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METHODS

Study site, sampling, and material

Adult Laminaria hyperborea (hereafter called L. hyper-
borea) sporophytes were collected from the sublitto-
ral zone along a depth gradient at 0.5, 2, 4, 6 ± 0.2 m 
mean low water spring (MLWS; depth measured at 
the holdfast) off the island of Helgoland (North Sea, 
Germany; 54°11'17'  N°52'12'' E) between 17 July and 
12 September 2014 (Figure 1). The sampling locations 
followed a depth transect through the main L. hyperbo-
rea forest north of the island (Uhl et al., 2016) stretching 
approximately 1.4 km (Figure 1). Sampling at each target 
depth took place over a period of 7 weeks for 9 d in total. 
Due to intermediate rough weather conditions, the sam-
pling period had to be extended. Very warm weather 
also resulted in degradation of the material in one case, 
so that sampling had to be repeated (Table 1). At 0.5 m 
target depth, samples were taken and processed only 
once. At 2 and 4 m target depths, three dives per depth 
were conducted, and after each dive, two individuals out 
of nine were selected for incubations that same day to 
keep the material as fresh as possible. At 6  m target 
depth, two sampling and incubation days were needed 
for completion of all replicate measurements (Table 1).

Seawater temperature and salinity were 18 ± 2°C 
and 31 ± 1 SA (absolute salinity), respectively, at 10 m 
(MLWS) during the sampling period (CTD2 Underwater 

Node Helgoland, COSYNA data web portal: http://
codm.hzg.de/codm/).

At each depth, three 1  m2 quadrats were placed 
by SCUBA divers, and within these, three individu-
als with the longest stipe and with the blade (visually) 
least covered by epibionts were removed completely, 
resulting in a total of nine individuals per sampling 
depth (Figures  2a,b). Due to the uneven underwater 
topography of the northern sublittoral zone, quadrats 
were placed as haphazardly as possible in the sam-
pling area at the target depth during each dive. As the 
topography off Helgoland is rough with canyons and 
ridges alternating along short distances, kelp individu-
als are not evenly spread along the seafloor but grow 
quite patchy, especially at depths ≥4 m. Thus, usage of 
random numbers was not applicable for our purpose. 
All Laminaria hyperborea samples were carried to the 
laboratory in dark plastic bags with constant natural 
seawater flow. Directly after sampling, kelp individuals 
were transferred into two 60 L basins, freshly filled with 
cooled (approximately 15°C) pre-filtered seawater and 
stored in the dark in the culture room. For the following 
photosynthesis incubation experiments, the individuals 
with the lowest visible coverage of epi- and endobionts 
from each depth were chosen. Measurements always 
took place the day after sampling. For details, see 
Table 1. One hour after the transfer of the sampled kelp 
individuals into the laboratory, blade tissue was excised 
for the two experiments:

F I G U R E  1   Study site in the north-western rocky sublittoral off Helgoland, Germany. Locations of the Laminaria hyperborea sampling 
stations at different depths (mean low water spring tide) are shown as black circles and locations of underwater light loggers are shown as 
gray stars.
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Experiment 1 - Depth gradient: Three neighboring 
blade discs per individual were cut with a cork borer 
(Ø 1.7 cm) at 25 cm (medial) distance above the stipe-
blade transition zone.

Experiment 2 - Blade gradient: From the material 
collected at 2 and 4 m depths, three additional blade 
discs (Ø 1.7 cm) were cut per individual at 5 cm (basal) 
and 50 cm (distal) distance above the stipe-blade tran-
sition zone (Figure 2d).

After excision, the three discs per individual for 
the depth gradient (nine discs per individual for the 
blade gradient) were cultivated separately in filtered 

seawater in 1-L Nalgene flasks in a temperature-
controlled room at 13.5 ± 0.5°C in the dark, over-
night. This procedure aimed to reduce increased 
respiration rates associated with cutting (Bidwell & 
McLachlan,  1985; Hatcher,  1977), to reduce mucus 
excretion, and to enable the formation of new medul-
lary cells and epidermis along the cut edges (Lüder 
& Clayton, 2004). Directly after cutting and on the fol-
lowing morning, the potential maximum quantum yield 
of PSII (Fv/Fm) of each of the three discs per individual 
for the depth gradient (nine discs per individual for the 
blade gradient) was measured. The disc with the best 
Fv/Fm value per individual and distance was chosen 
for oxygen incubation, resulting in n = 6 for each PI 
measurement for both experiments. Due to logistical 
constraints of only performing three measurements 
in parallel, three discs were measured in the morn-
ing and in the afternoon, thereby also accounting 
for the diurnal variance known to be inherent in sea-
weed photosynthetic activity (Granbom et al.,  2001; 
Henley et al., 1991; Schubert et al., 2004). For a bet-
ter understanding, the complex sampling design and 
workflow is visualized in Figure S1 in the Supporting 
Information.

TA B L E  1   Sampling days of Laminaria hyperborea individuals 
for the two experiments at each target depth during summer 2014.

Depth (m) Sampling date in 2014

0.5 8 Aug (6/6)

2 22 Aug (2/6) 27 Aug (2/6) 6 Sep (2/6)

4 24 Jul (2/6) 1 Aug (2/6) 15 Aug (2/6)

6 4 Aug (4/6) 3 Sep (2/6)

Note: The number of individuals measured during the respective next 2 days 
is given in brackets. The second number shows the respective number of 
replicates.

F I G U R E  2   Sampling procedure and set-up for photosynthesis versus irradiance measurements. Laminaria hyperborea forest at (a) 
0.5 m and (b) 6 m depth (mean low water spring tide). (c) Photosynthetically active radiation logger at 6 m. (d) Blade of L. hyperborea with 
cut-out discs at three regions (basal, medial, and distal) above the stipe-blade transition zone. (e) Oxygen production measurement set-up 
in temperature-constant room showing slide projector and (f) incubation chamber with the mounted kelp disc, temperature sensor (upper 
arrow) and optical fiber attachment (lower arrow). [Color figure can be viewed at wileyonlinelibrary.com]
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Maximum quantum yield

The in vivo Chl a fluorescence of photosystem II (PSII) 
of freshly cut and dark-acclimated (12 h) discs was 
measured using pulse-amplitude-modulated fluorom-
etry (PAM 2100, WALZ, Germany) as described by 
Schreiber et al.  (1986). These measurements were 
performed before the oxygen incubations to verify that 
discs were in good physiological condition. Minimum 
(F0) and maximum fluorescence (Fm) of samples were 
measured, and Fv/Fm was calculated.

Photosynthesis versus irradiance 
measurements

Net oxygen flux of incubated Laminaria hyperborea 
discs was measured using an oxygen optode system 
and applying PI relationships to investigate the photo-
synthetic performance along the depth (experiment 1) 
and blade gradient (experiment 2). Measurements were 
performed the day after disc cutting in a temperature-
constant room at 12 ± 0.5°C. Photosynthetic oxygen 
flux of each disc was measured in a constantly stirred 
circular 80-mL airtight acrylic glass chamber. Before 
each measurement, the L. hyperborea disc was fixed 
in an acrylic glass ring attached to the chamber filled 
with sterile filtered seawater and orientated perpen-
dicular to the light source (Figure 2e,f). The sterile fil-
tered seawater medium was enriched with 8 mL Tris 
buffer (1.0 M, pH 8.0, Merck Millipore, Germany) and 
0.42 g sodium bicarbonate (NaHCO3, 5.0 mM, Merck 
Millipore, Germany) per liter medium to prevent bi-
carbonate depletion (Johnston & Raven,  1986) and 
was initially flushed with gaseous nitrogen to an initial 
dissolved oxygen (O2) concentration of 70%–80% of 
air saturation. After-closure changes in O2 within the 
chamber were determined every 10 s by fiber-optic ox-
ygen micro-optodes (Fibox 3, PreSens) with a Pt1000 
temperature sensor and a 2-mm thick polymer opti-
cal fiber connected to a non-invasive fluorescent oxy-
gen sensor spot (type PSt3, PreSens, Regensburg, 
Germany; Figure 2f). Oxygen sensor spots were only 
used after two-point calibration with oxygen-free and 
oxygen-saturated seawater, which was repeated every 
3 weeks. Oxygen-free water was achieved by dissolving 
1 g of sodium sulfite (Na2SO3, M = 126 g/L, Carl Roth 
GmbH + Co KG, Karlsruhe, Germany) in 100 mL water. 
Oxygen saturation was determined in vapor-saturated 

air. Incident light was generated by a slide projector 
(Liesegang Dianfant, Leitz Prado, Germany) equipped 
with a halogen lamp (Osram Xenophot 400 W/36 V, 
Germany) and 11 Schott neutral gray filters to achieve 
increasing photon flux densities (PFD) between 3 and 
560 μmol photons · m−2 · s−1 (Table S1 in the Supporting 
Information). Irradiances were recorded with a cosine-
corrected planar sensor for photosynthetically active 
radiation (PAR, 400–700 nm; LI-190SA quantum sen-
sor, LI-COR Inc., USA) connected to a data logger (LI-
1400 logger, LI-COR Inc).

Dark respiration of the discs was measured for 
20 min before and after the exposure to the increas-
ing PFD levels; all 11 PFDs were measured in 10-min 
intervals (Table  2). Oxygen concentration expressed 
in % air saturation was logged by the OxyView soft-
ware (Presens) and corrected for air pressure, salinity, 
and logged temperature in accordance with Tengberg 
et al. (2006). During post-processing, the oxygen pro-
duction rate for each PFD level was calculated by plot-
ting a linear regression model through all O2 values 
measured during the time interval and was normalized 
to either fresh mass (FM, unit: μmol O2 · g

−1 FM · h−1) 
or disc surface area (DA, unit: μmol O2 · cm−2 DA · h−1). 
Oxygen incubations of samples from the same depth 
and blade section were performed in replicates of six, 
always three in the morning and three in the afternoon, 
to account for the diurnal variability of photosynthetic 
activity (Hanelt et al., 1993; Figure S1). FM of each disc 
was determined after the oxygen measurements.

To calculate photosynthetic rates, oxygen produc-
tion and respiration rates of every disc along the blade 
and depth gradient were plotted against irradiance. PI 
curves were fitted by minimizing the sum of differences 
between the measured oxygen flux and the model pro-
posed by Jassby and Platt (1976):

where P is oxygen production rate (μmol O2 · g−1 
FM · h−1 or μmol O2 · cm−2 DA · h−1), at a given irradi-
ance I (PAR, μmol photons · m−2 · s−1). The maximum 
oxygen production rate is Pmax (μmol O2 · g

−1 FM · h−1 or 
μmol O2 · cm−2 DA · h−1); the light utilization coefficient 
is α (μmol O2 · g

−1 FM · h−1 (μmol photons · m−2 · s−1)−1 
or μmol O2 · cm−2 DA · h−1 (μmol photons · m−2 · s−1)−1); 
and the initial dark respiration rate is R (μmol O2 · g

−1 
FM · h−1 or μmol O2 · cm−2 DA · h−1). The light saturation 

(1)P = Pmax × tanh

(

α × I

Pmax

)

+R

TA B L E  2   Details of the photosynthesis versus irradiance experiments.

Experiment Depth (m)
Replicates 
per depth Blade region

PFD levels (μmol 
photons · m−2 · s−1)

Exposure time per 
light step (min)

Dark 
incubation 
(min)

Blade gradient 2, 4 6 Basal, medial, distal 3–560 10 20

Depth gradient 0.5, 2, 4, 6 6 Medial

Note: Basal: 5 cm, medial: 25 cm, distal: 50 cm from the stipe-blade transition zone. PFD: Photon flux density
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point Ik (μmol photons · m−2 ·s−1) was calculated by di-
viding Pmax by α. The light compensation point Ic (μmol 
photons · m−2  · s−1), at which photosynthesis equals 
respiration, was obtained from the intersection of the 
curve with the x-axis.

Chlorophyll a concentration

After termination of the oxygen incubations, discs were 
flash-frozen in liquid nitrogen and stored at −80°C for 
up to 7 weeks until all discs had been freeze-dried 
for approximately 36 h (Beta 1–8 LDplus, Christ, 
Osterode am Harz, Germany). Before pigment extrac-
tion, freeze-dried discs were finely ground for several 
minutes using steel grinding balls (3 mm diameter) in a 
Mikro-Dismembrator U (Braun Biontech International, 
Melsungen, Germany) at a frequency of 2000 shakes 
per minute. Chl a concentration of each disc was ana-
lyzed following a modified method after Inskeep and 
Bloom  (1985). Approximately 20% of the ground disc 
material (0.01–0.04 g) was used to extract Chl a in 5 mL 
of N,N-dimethylformamide (DMF) in the dark at 4°C for 
4 d. Afterward, the extract was centrifuged for 8 min at 
252 g in a cooled centrifuge (Centrifuge 3 K10, Sigma, 
Osterode, Germany). The Chl a concentration of the 
supernatant was determined using a spectrophotom-
eter (U-3310, Hitachi High-Tech, Japan) at two wave-
lengths (347 and 664.5 nm), and Chl a was normalized 
to FM (Chl aFM) and DA (Chl aDA) as follows:

Underwater irradiance measurements

Underwater irradiance was recorded with cosine-
corrected planar PAR loggers (Odyssey Photosynthetic 
Irradiance Recording System, Dataflow Systems PTY 
Limited, New Zealand) at four depths: 1.2, 2.9, 4.4, and 
6.6 m (MLWS; Figure 2c). Odyssey PAR loggers were 
calibrated against a cosine-corrected planar PAR sen-
sor (LI-190SA quantum sensor, LI-COR Inc., USA) over 
a 24-h period at 4 m depth in the Helgolandic South har-
bor. During the sampling period between 18 June and 
11 September 2014, incoming PAR was recorded con-
tinuously every 15 min at 1.2 and 2.9 m and every 30 min 

at 4.4 and 6.6 m in the northern sublittoral (Figure 1). No 
PAR was recorded on 24 July or 1 August, nor between 
25 and 28 August due to sensor removal for data down-
load and, in late August, unsafe weather conditions that 
prevented a timely redeployment. To avoid biofouling 
of the sensor heads, PAR loggers were cleaned every 
week (1.2 m) or every second week (all other depths) 
by SCUBA divers. The diffuse vertical attenuation coef-
ficient Kd (PAR, m−1) of downward PAR (Id, z) for each 
hour of each day was determined by the slope of the lin-
ear regression between the natural logarithm of meas-
ured PAR and the four depth levels (Morris et al., 1995).

Calculation of daily net production

Daily NPP of Laminaria hyperborea was calculated by 
correlating the PI parameters obtained in vitro with contin-
uous in situ PAR data at the mean depth of the L. hyperbo-
rea. Therefore, irradiance, Id (z2), available at the holdfast 
depths was estimated by applying Beer–Lambert's Law:

including the calculated hourly Kd (PAR) and the down-
ward irradiance of PAR (Id, 0

−) just below the water sur-
face. Beforehand, Id (0

−) was estimated for every 15 min 
using Equation  4 with calculated hourly Kd (PAR) and 
in situ Id (z2) at z2 = 1.2 m, which was measured every 
15 min. The PI parameters (Pmax, R, α; normalized to DA 

as this was independent from depth and blade gradient), 
measured in medial discs and estimated Id (z), were used 
in Equation 1 to calculate net oxygen production rates 
(μmol O2  · cm−2 DA  · 15 min−1) for every 15 min during 
the 7 weeks at the holdfast depths (0.5, 2, 4, 6 m ± 20 cm) 
following the concept of Deregibus et al. (2016). The cal-
culated oxygen production rates in micromoles from all 
96 measurements of 1 d were divided by 4 to correct for 
hourly values over the 24-h period and converted to mol 
O2 · cm−2 DA · h−1. The resulting net oxygen production 
rates were converted to C-fixation rates using the molar 
weight of carbon of 12.011 g · mol−1 and a PQ of 1.18 
(Miller III et al., 2009) according to:

(2)mgChl a ∙ g−1FM =

(

12.7 ∙ Extinction664.5 nm ∙
DMF(mL)

1000

)

∙ FM
(

g−1
)

(3)mgChl a ∙ cm−2DA =

(

12.7 ∙ Extinction664.5 nm ∙
DMF (mL)

1000

)

∙DA
(

cm−2
)

(4)Id
(

z2, PAR
)

= Id(0
−, PAR) ∙ e(−Kd(PAR)∙(z2−z1))

(5)
NPP

(

g C ∙ cm−2DA ∙ h−1
)

=

NPP
(

mol O2 ∙ cm
−2DA ∙ h−1

)

1.18 mol O2 ∙mol−1 C
∗12.011 g C ∙mol−1
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Next, hourly C-fixation rates were summed up 
over the 24-h period to calculate NPP per cm2 L. hy-
perborea DA for an entire day (g C · cm−2 DA · d−1). 
Lastly, daily NPP per depth and square meter sea-
floor (g C · m−2 seafloor · d−1) of the L. hyperborea for-
est at 0.5, 2, 4, and 6 m was estimated by multiplying 
the production rate per cm2 L. hyperborea DA with 
the mean in situ leaf area index (LAI) of L. hyperborea 
per depth published in Pehlke and Bartsch  (2008). 
This resulted in mean production rates for each depth 
over the 7 weeks of irradiance recordings. The final 
mean NPP value was calculated using the mean 
values across all four depths. For comparative pur-
poses, daily NPP values were also calculated using 
the measured maximum and minimum daily Kd and 
the mean Kd, which was derived from all daily Kd over 
the entire sampling period.

Statistical analysis

Statistical analyses were performed in IBM SPSS 
Statistics (version 27.0.1). Data were analyzed in two 
groups: blade gradient (basal, medial, and distal discs 
from 2 and 4  m) and depth gradient (medial discs 
from all four depths). Blade gradient: Significant dif-
ferences in FM, Fv/Fm, PI parameters, and Chl a be-
tween blade regions were assessed using a repeated 
measures analysis of variance (RM ANOVA) for both 
depths separately. Beforehand, data were tested for 
sphericity using Mauchly's sphericity test, and the 
Greenhouse–Geisser correction was used if spheric-
ity was not given. For pairwise comparison, the signifi-
cance level was adjusted with the Bonferroni correction 
(p  =  0.05/3  =  0.017) due to multiple comparisons. 
Differences in Fv/Fm values before and after overnight 
cultivation were assessed using an RM ANOVA for 
both depths separately. Depth gradient: To compare 
FM, Fv/Fm, PI parameters, and Chl a between sampling 
depths, one-way ANOVAs were conducted after data 
were tested for normal distribution and homogeneity 
of variances using the Kolmogorov–Smirnov test and 
Levene's test, respectively. Tukey HSD post-hoc tests 
were performed when significant differences occurred.

To compare the impact of different Kd values, daily 
NPP rates were calculated using measured daily Kd val-
ues and compared to daily mean NPP rates, calculated 
with (1) mean daily Kd input over the entire sampling 
period, (2) minimum daily Kd input, and (3) maximum Kd 
input in non-parametric Kruskal-Wallis ANOVAs as nor-
mal distribution was not given (Kolmogorov–Smirnov-
Test), for all sampling days (n  =  50) and for each 
depth separately. Per depth, the overall summer NPP 
rates (n = 4) calculated using different Kd values were 
compared in paired-sample t-tests with Bonferroni-
correction (p < 0.013) for multiple comparison. To eval-
uate the daily NPP rates based on different Kd values 

and daily NPP rates based on daily calculated Kd val-
ues, the coefficient of determination (R2) was used.

RESULTS

Physiological condition of blade discs

Directly after cutting, the Fv/Fm of Laminaria discs 
was 0.74 ± 0.02. Water depth and blade region had 
no significant effect on Fv/Fm, while time had a signifi-
cant effect on discs of both gradients. Overnight cul-
tivation had a significantly negative effect on Fv/Fm of 
discs from different blade regions (2  m: F1,5  =  76.7, 
p < 0.001; 4 m: F1,5 = 9.3, p = 0.03, RM ANOVAs) and 
different depths (F1,20  =  19.3, p < 0.001, one-factorial 
ANOVA). However, overnight samples showed Fv/Fm 
of 0.71 ± 0.01, which was still in the known optimum 
range for brown algae (0.7–0.8; Hanelt,  2018). Fresh 
mass of medial discs was 0.45 ± 0.05 g and not signifi-
cantly different between the four depths (F3,20  =  0.8, 
p = 0.5, one-factorial ANOVA). However, FM of discs 
decreased significantly from the basal (0.67 ± 0.04 g) 
to the distal region (0.30 ± 0.02 g) in individuals of both 
investigated depths (2 m: F2,10 = 333, p < 0.001; 4 m: 
F2,10 = 81, p < 0.001, RM ANOVAs).

Photosynthetic characteristics

Experiment 1 – Depth gradient. The impact of normali-
zation to either FM or DA on Chl a and photosynthetic 
parameters of Laminaria sampled at 0.5, 2, 4, and 6 m 
depths in the same intermediate tissue area is exhib-
ited in Figure  3. The depth gradient did not result in 
significant differences in Chl a, Pmax, and α and in the 
reference independent Ik. Respiration rates normalized 
to both factors and reference independent Ic showed 
significant but random changes along the depth gradi-
ent (Table 3).

The mean Chl a concentration of Laminaria discs 
from all depths was 0.01 ± 0.002 mg · cm−2 DA or 
0.05 ± 0.01 mg · g−1 FM and, although slightly decreas-
ing at 2  m, was not significantly different (Figure  3a; 
Table 3). Over all depths, Ik was 70.2 ± 13.4 μmol pho-
tons · m−2 · s−1 and had highest values at 4 and 6 m with-
out a significant difference (Figure 3c; Table 3). Similarly, 
maximum photosynthesis Pmax was stable over the 
depth gradient irrespective of the normalization param-
eter with mean values of either 3.3 ± 0.5 μmol O2 · cm−2 
DA · h−1 or 17.7 ± 4.6 μmol O2 · g

−1 FM · h−1 (Figure 3d; 
Table 3). Along the depth gradient, α was very stable 
with mean values of either 0.05 ± 0.02 μmol O2  · cm−2 
DA · h−1 (μmol photons · m−2 · s−1)−1 and 0.26 ± 0.09 μmol 
O2  · g

−1 FM · h−1  (μmol photons · m−2  · s−1)−1 (Table 3; 
Figure 3f). In contrast, the reference independent Ic sig-
nificantly varied with depth, being significantly lower at 
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2 m than at 4 m (5.4 ± 2.9 vs. 13.2 ± 5.8 μmol photons · 
m−2 · s−1, respectively; Tukey test: p < 0.03), while values 
at 0.5 and 6 m overlapped with the latter (Figure 3b). 
The respiration rates showed a congruent pattern. 
When normalized to FM, rates were highest at 4 m with 
−2.9 ± 0.4 μmol O2 · g

−1 FM · h−1 and thereby almost 50% 
higher than at 2 m, while rates at 0.5 and 6 m were in-
termediate (Figure 3e; Tukey test: p < 0.004). The same 
general pattern in respiration rates was apparent when 
normalized to DA (Figure 3e; Tukey test: p < 0.001).

Experiment 2 – Blade gradient. The impact of nor-
malization to either FM or DA on Chl a and photosyn-
thetic parameters measured along the blade gradient 
from the base to the tip of 2-m and 4-m algae is ex-
hibited in Figures 4 and 5, respectively. Normalization 
to FM resulted in significant differences in Chl a, Pmax, 
and α along the blade gradient. Respiration rates also 
showed large but insignificant increases. In contrast, 

normalization to DA resulted in stable values along the 
blade gradient in all photosynthetic parameters, but not 
for the Chl a content (Table 4). The interaction of factor 
depth × blade region was tested for all parameters, re-
vealing no significant effect (statistics not shown).

Blade region had an overall significant effect on 
the Chl a content irrespective of the used normaliza-
tion parameter (Table 4). At 2 m depth, Chl a of FM of 
distal discs was 36% higher than that of medial discs 
(Figure 4a), but differences were not significant due to the 
lowered p-value after Bonferroni-correction (α  =  0.017; 
Tukey test: p < 0.03). At 4 m depth, Chl a of FM of dis-
tal discs was 0.05 ± 0.01 mg · g−1 FM and thereby 35% 
higher than in the basal region (Figure  4d; Tukey test: 
p < 0.007). Chl a at DA at 2 and 4 m depth showed the 
opposite pattern. There was a significantly higher Chl a at 
DA content in basal discs compared to medial and distal 
discs at 2 m (basal: 0.01 ± 0.003 mg · cm−2 DA; medial: 

F I G U R E  3   Chlorophyll a concentration (Chl a) and photosynthesis versus irradiance (PI) parameters of Laminaria hyperborea (n = 6 
each depth) collected along a depth gradient (0.5–6 m). Samples were cut 25 cm above the stipe-blade transition zone. (a) Chl a and PI 
parameters, (d) Pmax, (e) R, and (f) α, were normalized to either fresh mass (FM; black square) or disc area (DA; white diamond). Units of PI 
parameters, (b) Ic and (c) Ik, are independent from normalization and the same for both reference parameters (filled circles). Lower case and 
capital letters within each subplot show significant differences between regions related to either DA or FM, respectively (Statistical results: 
Table 3).
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0.007 ± 0.002 mg · cm−2 DA; distal: 0.008 ± 0.001 mg · cm−2 
DA; Figure 4a; Tukey test: p < 0.003) and in basal com-
pared to distal discs at 4 m (basal: 0.014 ± 0.009 mg · cm−2 
DA; distal: 0.001 ± 0.006 mg · cm−2 DA; Figure 4d; Tukey 
test: p < 0.001).

There were no significant differences of the refer-
ence independent parameters Ic and Ik along the blade 
gradient (Figure 4b,c,e,f). At 2 and 4 m depths, Ic was 
5.8 ± 3.6 μmol photons · m−2 · s−1 and 13.0 ± 7.8 μmol 
photons · m−2  · s−1, respectively, showing two- to 
three-fold higher values at 4  m than those at 2  m 
(Figure 4b,e; Table 4). Similarly, Ik was stable at basal, 
medial, and distal discs, with an Ik of 69.4 ± 13 μmol 
photons · m−2  · s−1 at 2  m (Figure  4c) and of 
70.5 ± 15.9 μmol photons · m−2 · s−1 at 4 m (Figure 4f; 
Table  4). There were no significant differences in 
respiration rates for both depths and reference pa-
rameters along the blade gradient. Respiration rates 
normalized to FM decreased considerably between 
the basal and the distal region (Table 4; Figure 5b,e). 
Only when normalized to FM was Pmax significantly 
different along the blade gradient for both depths 
(Table 4; Figure 5a). Lowest values were in the basal 
region, which increased significantly in the distal re-
gion by 52% to 26.7 ± 3.7 μmol O2 · g−1 FM · h−1 at 2 m 
and by 50% to 20.6 ± 3.1 μmol O2 · g−1 FM · h−1 at 4 m 
(Figure 5a,d; Tukey test: p < 0.011). Similarly, the light 
utilization coefficient α at 2 m was not significantly dif-
ferent along the blade gradient when normalized to 
DA but increased significantly from the basal to dis-
tal region when normalized to FM (Figure 5c; Table 4; 
Tukey test: p < 0.005). The basal region had a low α 
of 0.2 ± 0.03 μmol O2  · g−1 FM · h−1  (μmol photons · 
m−2 · s−1)−1, which nearly doubled in the distal region 
with 0.4 ± 0.05 μmol O2 · g−1 FM · h−1 (μmol photons · 
m−2 · s−1)−1. At 4 m, the general pattern in α was the 
same for both reference parameters, but differences 
in FM normalized data were not significant (Figure 5f; 
Table 4).

Underwater light climate

Recorded underwater PAR at four different depths (1.2, 
2.9, 4.4, and 6.6  m) showed periods of low turbidity 
and high incident irradiance in July and the beginning 
of August as well as highly turbid periods with low inci-
dent irradiance in August and September (Figures 6 and 
7a–c). During the sampling period, several storm events 
with cloudy skies and high wind speeds were observed, 
causing increased water turbidity. Consequently, meas-
ured incident PAR at the water surface (Land Station 
Helgoland, COSYNA data web portal: http://codm.
hzg.de/codm/), measured at noon, largely varied be-
tween 365 μmol photons · m−2  · s−1 (17 August, 2014) 
and 1778 μmol photons · m−2 · s−1 (19 July, 2014). PAR 
values, measured at noon at 1.2 m depth, ranged from 
13 μmol photons · m−2 · s−1 (10 August, 2014) to 866 μmol 
photons · m−2 · s−1 (19 July, 2014; Figure 6a, c). Figure 6 
highlights the large differences in calculated hourly Kd 
(PAR) between a cloud-free, calm day with a mean 
value of 0.42 ± 0.03 m−1 (19 July; Figure  6b), showing 
only small hourly variations during the entire photoper-
iod, and an overcast and stormy day with a Kd (PAR) of 
0.75 ± 0.23 m−1 (10 August; Figure 6d) and a large vari-
ability in hourly values. Calculated daily Kd (PAR) was 
lowest and between 0.28 m−1 with a 95% confidence in-
terval (CI) of 0.25–0.31 m−1 (range of hourly Kd (PAR)) 
on 7 September and highest with 0.87 m−1 with a CI of 
0.77–0.97 m−1 on 11 August (Figure 7c). The mean daily 
Kd (PAR) was 0.46 m−1 for the entire sampling period 
(Figure 7c).

Modeled net primary production of the 
Laminaria hyperborea forest

The modeled daily net C-fixation rates over the depth 
gradient between 0 and 6.6 m are exhibited in Figure 7d. 
The figure shows that production over summer was 
highly variable and that periods with high Kd values, indi-
cating increased turbidity after storm events (Figure 7c), 
led to a negative carbon balance in depths below 3–4 m 
MLWS over several weeks, although incident PAR was 
not low (Figure 7a). Based on daily Kd values, highest 
daily NPP were calculated for cloud-free, calm days 
ranging between 3.5 ± 0.8 g C · m−2 seafloor · d−1 at 2 m 
and 1 ± 0.2 g C · m−2 seafloor · d−1 at 6 m on 19 July. 
Lowest daily NPP was calculated during a stormy pe-
riod on 17 August, ranging between 0.62 ± 0.3 g C · m−2 
seafloor · d−1 at 0.5 m and − 0.45 ± 0.1 g C · m−2 seafloor · 
d−1 at 6  m. Interestingly, NPP of Laminaria hyperbo-
rea  at 2 m depth was 22% higher than at 0.5 m dur-
ing calm periods between 2 and 8 August. Averaging 
daily NPP over each investigated depth and over the 
entire 7 weeks resulted in mean daily summer NPP of 
Laminaria of 2.1, 2.3, 1.2 and 0.2 g C · m−2 seafloor · d−1 
at 0.5, 2, 4, and 6 m, respectively (Table 5). Using these 

TA B L E  3   Results of one-factorial ANOVAs along the depth 
gradient.

Parameter df

DA FM

F p F p

Chl a 3 2.69 0.074 1.89 0.164

Ic 3 3.41 0.037 3.55 0.033

Ik 3 1.12 0.366 1.46 0.256

Pmax 3 1.99 0.148 1.58 0.226

R 3 7.73 0.001 6.17 0.004

α 3 0.02 0.997 0.02 0.997

Note: Effect of depth (0.5, 2, 4 and 6 m) on chlorophyll a concentration 
(Chl a) and photosynthetic parameters calculated from PI curves modeled 
after Jassby and Platt (1976) of Laminaria hyperborea blade discs (n = 6), 
which were normalized to either disc area (DA) or fresh mass (FM). 
Significant effects are in bold (α = 0.05).
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mean values, mean summer NPP of the whole kelp for-
est was 1.5 ± 0.97 g C · m−2 seafloor · d−1.

Furthermore, the mean, minimum, and maximum 
daily Kd values of 0.46, 0.28, and 0.87 m−1, respec-
tively, were used to calculate daily NPP rates (here-
after called NPP) for the different depths during the 
entire sampling period. Results were compared to the 
estimated NPP based on daily Kd (NPPdaily Kd; Tables 5 
and S2 in the Supporting Information). Although 
mean values were quite different, overall sum-
mer NPP at all four depths revealed no significant 

differences between the four different NPP calcula-
tions (NPPdaily Kd, NPPmean Kd, NPPmin Kd, NPPmax Kd; 
t-test: NPPmean Kd: T = −1.7, df = 4, p = 0.2; NPPmin Kd: 
T = −2.2, df = 4, p = 0.1; NPPmax Kd: T = 1.6, df = 4, 
p = 0.1). The coefficient of determination was higher 
when relating NPPdaily Kd and NPPmean Kd (R2 > 0.93), 
than relating NPPdaily Kd and either NPPmin Kd or 
NPPmax Kd (R2 < 0.88 and R2 < 0.76, respectively; 
Table 6). Separated by depth, the comparison of NPP 
based on different Kd values revealed significant dif-
ferences only at 4 and 6  m (Table  7). For 0.5 and 

F I G U R E  4   Chlorophyll a concentration (Chl a), light saturation point (Ik), and light compensation point (Ic) along the blade gradient of 
Laminaria hyperborea (n = 6 each blade region) collected at 2 and 4 m. Blade regions were cut 5 cm (basal), 25 cm (medial), and 50 cm 
(distal) above the stipe-blade transition zone. (a) and (d) Chl a was normalized to either fresh mass (FM; black square) or disc area (DA; 
white diamond). Units of (b) and (e) Ic and (c) and (f) Ik are independent from normalization and the same for both reference parameters 
(filled circles). Lower case and capital letters within each subplot show significant differences between regions related to either FM or DA, 
respectively (Statistical results: Table 4).
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2 m, the coefficient of determination was R2 > 0.93, 
while at 4 and 6 m depth R2 was <0.88 and <0.80, re-
spectively (Table 6). NPPdaily Kd was not significantly 
different to NPPmean Kd (post hoc Test: 4 m p = 0.73, 
6 m p = 0.9; Table S3 in the Supporting Information). 
At 4 m, NPPdaily Kd was significantly lower by −38% 
than NPPmin Kd (post hoc Test: p  =  0.008) and sig-
nificantly higher by 107% than NPPmax Kd (post hoc 
Test: p < 0.001; Tables 5 and S3). At 6 m, NPPdaily Kd 
was significantly lower by −69% than NPPmin Kd (post 
hoc Test: p < 0.001) and significantly higher by 286% 
than NPPmax Kd (post hoc Test: p < 0.001; Tables  5 
and S3).

DISCUSSION

The present study investigated the photosynthetic per-
formance and Chl a content of the dominant subtidal 
NE-Atlantic kelp forest-forming species, Laminaria hy-
perborea, along its depth distribution and along the 
blade gradient as well as the influence of photosyn-
thetic normalization parameters and variable underwa-
ter irradiance for NPP modeling. Although, some data 
were available about the photosynthetic performance 
of L. hyperborea, the data often lacked the depth or 
blade gradient component (Küppers & Kremer,  1978; 
Miller III et al., 2009; Steinbiss & Schmitz, 1974; White 

F I G U R E  5   Photosynthesis versus irradiance (PI) parameters along the blade gradient of Laminaria hyperborea (n = 6 each blade 
region) collected at 2 and 4 m. Blade regions were cut 5 cm (basal), 25 cm (medial), and 50 cm (distal) above the stipe-blade transition 
zone. PI parameters (a), (d) Pmax, (b), (e) R,  (c), and (f) α were normalized to either fresh mass (FM; black square) or disc area (DA; white 
diamond). Lower case and capital letters within each subplot show significant differences between regions related to either FM or DA, 
respectively (Statistical results: Table 4).
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et al., 2021), which had received some attention in the 
studies of Macrocystis and Ecklonia (e.g., Fairhead 
& Cheshire,  2004; Koch et al.,  2016; Rodgers & 
Shears, 2016).

Brown algae display large differences in the ana-
tomic structure along the thallus, which have a large 
impact on PI parameters used in NPP models (King & 
Schramm, 1976). In the present study, it became ev-
ident that normalization of photosynthetic parameters 
to blade area generates more robust data than nor-
malization to fresh mass. Thus, up-scaling of ex situ 
measurements to in situ demographic kelp parame-
ters via kelp blade area is more reliable than via kelp 
fresh mass. Photosynthetic rates of seaweeds have to 
be normalized, and this is achieved via referring to ei-
ther FM or dry mass or tissue area or Chl a (e.g., Blain 
et al., 2020; Borlongan et al., 2019; Gévaert et al., 2011; 
Gómez et al., 2007). Previously, Gévaert et al.  (2011) 
compared oxygen production rates measured in basal 
discs and whole sporophytes that were either normal-
ized to fresh mass or surface area. They observed 
comparable oxygen production rates for discs and en-
tire sporophytes only when rates were normalized to 
surface area (Gévaert et al., 2011). Especially in kelps 
with their complex tissue, FM decreases toward the 
distal region (e.g., Krüger, 2016). This change in blade 
thickness is caused by the increased proportion of non-
photosynthetically but respiratory active inner cell lay-
ers (cortex and medulla) in the basal region (Kain & 
Jones, 1976; Steinbiss & Schmitz, 1974). Thus, it was 
not surprising that in the presented study, FM of thallus 
discs, and Chl a normalized to FM, displayed a clear 
gradient along the blade with decreasing disc FM and 
increasing disc Chl a from the basal to the distal region. 
In contrast, disc FM and Chl a taken at the same blade 
location (25 cm) along the depth gradient were not sig-
nificantly different irrespective of normalization to either 
FM or DA. That, too, was to be expected, as at compa-
rable blade locations the same thallus thickness and 
structure is expected (Kain & Jones, 1976; Steinbiss & 
Schmitz, 1974).

Within the complex thallus of brown algae, all cells 
contain plastids, but well-developed highly pigmented 
chloroplasts are present in cells of the outer cell lay-
ers of the meristoderm and cortex rather  than in the 
medulla, and thereby, the medulla plays a minor role 
in photosynthesis (Garbary & Kim,  2005; Grevby 
et al., 1989). Presumably, this general anatomical pat-
tern does not change much along the blade gradient. 
Hence, due to the higher proportion of photosyntheti-
cally inactive medulla cells lacking pigments (personal 
observation of K. Franke; Garbary & Kim, 2005), Chl 
a normalized to FM significantly increased from the 
basal to the distal region, while Chl a normalized to DA 
showed a reverse pattern. The observed slightly higher 
Chl a content in the basal region when normalized to 
DA may be a result of reduced in situ irradiances at T
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the basal blade meristem compared to distal parts at 
the light-flooded kelp forest canopy, leading to an in-
crease in Chl a contents under low light conditions 
(Buschmann et al., 2014; Kirk, 1994).

When normalized to FM, PI parameters Pmax and 
α also increased from basal to distal regions for the 
same reason of a relatively higher ratio of structural to 
photosynthetic tissues, which tend to have a lower pho-
tosynthetic capacity than the distal regions (Littler & 
Littler,  1980; Steinbiss & Schmitz,  1974). Surprisingly, 
respiration rates normalized to FM were not significantly 
different along the blade, although values were more 
variable compared to respiration rates normalized to DA. 
Measured PI parameters normalized to DA displayed no 
significant trends. In conclusion, these results highlight 
the importance of carefully considering the reference 
parameter when interpreting existing data on photoac-
climation of kelp (Andersen et al., 2013; Gerard, 1986, 
1988; Pedersen et al., 2014). To convert published pho-
toacclimation parameters with different normalization pa-
rameters, we provide DM:FM ratios as well as DM:area 
ratios (Table S4 in the Supporting Information), which are 
comparable to previously published ratios of Laminaria 
hyperborea sporophytes off Helgoland (Lüning, 1979).

In contrast to the pronounced differences along the 
blade gradient, most PI parameters and Chl a content 
of Laminaria hyperborea blades remained stable along 

the depth gradient, independent of the reference pa-
rameter. Only the light compensation point Ic and respi-
ration rates differed, but without displaying a significant 
trend and without a reasonable explanation for these 
differences. Overall, measured respiration rates nor-
malized to FM were comparable to published respira-
tion rates of L. hyperborea, ranging between −23.4 and 
−5.63 μmol O2  · g

−1 DM · h−1 with lowest values mea-
sured when the entire algae were incubated (Duarte 
et al., 2013; Johansson & Snoeijs, 2002; Lüning, 1979). 
Respiration rates normalized to DA were comparable 
to respiration rates of L. digitata, sampled in Roscoff, 
France and Wissant, England (Delebecq et al., 2013). 
Presented in vitro PI parameters are in the range of 
previously reported values (Lüning,  1979; Miller III 
et al.,  2009; White et al.,  2021); however, differences 
in the age of algae (Altamirano et al., 2003; Campbell 
et al., 1999), sampling season (Dunton & Schell, 1986; 
Fairhead & Cheshire,  2004; Marambio et al.,  2017), 
water temperatures (Kain, 1979; Machalek et al., 1996; 
Pedersen et al.,  2014), and experimental set-up and 
reference parameters (Gévaert et al., 2011; Johansson 
& Snoeijs, 2002; Krüger, 2016) can lead to large varia-
tions in PI parameters.

Our study furthermore showed that underwater irra-
diance is extremely variable even over one season in 
coastal waters, in our case summer 2014, and thereby 

F I G U R E  6   Underwater light availability of two different days. Hourly photosynthetically active radiation (PAR) for (a) 19 July and (c) 10 
August 2014 measured at four depths (1.2, 2.9, 4.4, and 6.6 m), and hourly Kd(PAR), calculated over the depth gradient, for (b) 19 July (calm 
and sunny day) and (d) 10 August, 2014 (stormy and cloudy day).

 15298817, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jpy.13327 by A

lfred W
egener Institut F. Polar- U

. M
eeresforschung A

w
i, W

iley O
nline L

ibrary on [28/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



      |  531KELP FOREST SUMMER PRODUCTION

F I G U R E  7   Summer incident irradiance and daily net primary production (NPP) rates of the Laminaria hyperborea forest surrounding 
Helgoland between 0 and 6.6 m water depth. Incident irradiance is shown for (a) daily integrated photosynthetically active radiation at the 
water surface Id (PAR, 0) during the sampling period (Land Station Helgoland, COSYNA data web portal: http://codm.hzg.de/codm/). (b) 
Daily integrated PAR just below the water surface Id (PAR, 0−) was estimated with calculated hourly Kd(PAR) and in situ Id (z2) at z2 = 1.2 m 
over the entire sampling period. (c) The mean vertical diffuse vertical attenuation coefficient Kd (PAR) (black line) is shown with 95% 
confidence interval (gray). (d) Calculated daily NPP for all four investigated depths is given as carbon fixation rate per square meter seafloor 
and was interpolated along the entire vertical profile. Missing data are represented as white areas in all subplots. [Color figure can be 
viewed at wileyonlinelibrary.com]

Depth (m)

NPPdaily Kd NPPmean Kd NPPmin Kd NPPmax Kd

(g C · m−2 seafloor · d−1)

0.5 2.12 ± 0.61 2.16 ± 0.61 2.12 ± 0.62 2.25 ± 0.57

2 2.34 ± 0.18 2.42 ± 0.16 2.55 ± 0.16 2.11 ± 0.16

4 1.24 ± 1.40 1.35 ± 1.20 2.01 ± 1.21 −0.09 ± 0.82

6 0.21 ± 0.51 0.18 ± 0.38 0.67 ± 0.52 −0.39 ± 0.07

Overall mean 1.48 ± 0.97 1.53 ± 1.01 1.84 ± 0.81 0.97 ± 1.40

Note: PAR along the vertical depth profile was calculated with different diffuse vertical attenuation 
coefficients (Kd) calculated either for each day (daily Kd), mean daily Kd over the 7 weeks, lowest daily 
Kd (minimum K) or highest daily Kd (maximum Kd) measured during the 7 weeks. Additionally, the overall 
mean for all four depths is shown. Statistical results are shown in Tables 7 and S4 in the Supporting 
Information.

TA B L E  5   Net primary production 
(NPP, g C · m−2 seafloor · d−1) based on 
photosynthetic versus irradiance curve 
parameters and photosynthetically active 
radiation (PAR).
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considerably influences estimations of daily or annual net 
primary production rates. Similar underwater irradiance 
variations have been shown elsewhere (e.g., Dean, 1985; 
Dunton, 1990). As the recently observed increase in tur-
bidity of coastal waters called “coastal darkening” (e.g., 
Capuzzo et al., 2015) can negatively affect kelp produc-
tion (Blain et al.,  2021; Mabin et al.,  2019), a thorough 
discussion of light input into production models is thus of 
utmost importance.

The interpretation of our data should be considered 
under the constraints of the sample size and the sam-
pling schedule. Our sample size of n = 6 is relatively 
high for physiological photosynthesis studies compared 
to similar other studies (e.g., Deregibus et al.,  2016: 
n = 4; Gévaert et al., 2003: n = 3; Gómez et al., 1997: 
n = 4; Hanelt, 1998: n = 3; Pedersen et al., 2014: n = 3). 
Our study even accounted for the diurnal variation of 
photosynthetic activity (Granbom et al.,  2001; Henley 
et al., 1991; Schubert et al., 2004) by measuring 50% 
of the replicates in the morning and 50% in the after-
noon, thereby gaining a robust mean value of the daily 
performance. However, the sampling schedule may 
have induced an unforeseen bias as samples from dif-
ferent depths were taken within a period of 7 weeks and 
samples for the blade gradient experiment were taken 
several days apart from each other. In the latter case, 
care was taken so that at each time point the full blade 
gradient was measured from two individuals. Thereby, 
mean values integrate a potential impact of time on 
the response values. During the experimental period, 
very variable in situ irradiance conditions were moni-
tored due to stormy and turbid phases. Hence, in situ 
photoacclimation to increased turbidity and high stress 
levels may have induced a differential pre-conditioning. 
In addition, many of the kelp individuals showed at least 
some epizoic bryozoan cover. Beside these changing 

light climateic conditions, summer surface water tem-
peratures of 18 ± 2°C were near the reported 2-week 
survival temperature of sporophytes of Helgolandic 
Laminaria hyperborea at 20–21°C (tom Dieck, 1992). A 
study on Saccharina latissima showed that photosyn-
thesis was not affected by a temperature fluctuation of 
2–3°C. Oxygen production rates were comparable be-
tween algae grown at an optimal temperature of 15 and 
18°C for 3 weeks and a sub-lethal temperature of 20°C 
for 1 week (Gerard & Du Bois, 1988). Thus, the short-
term temperature fluctuation during the experimental 
period most likely had no effect on photosynthesis.

As an overall conclusion, we are confident that the 
obtained values sufficiently characterize the summer 
situation at our study location, especially as the gen-
eral lack of changes in photosynthetic parameters of 
Laminaria hyperborea, as well as of Saccharina latis-
sima, along a depth gradient or at different light levels 
has been shown earlier (Lüning, 1979, 1981; Machalek 
et al., 1996); thus, the lack of changes may not have 
been induced by our sampling design. These observa-
tions indicate a high photoacclimation potential and/or 
a high recovery potential of kelp species toward varying 
light availability. The lack of photoinhibition observed in 
our laboratory conducted PI-curves for individuals from 
all four depths supports the possibility of a high physio-
logical plasticity allowing L. hyperborea to grow across 
the complete upper subtidal zone.

Nevertheless, light availability has been identified 
as the restricting factor for the depth distribution of 
Laminaria hyperborea (Lüning, 1990), which is located 
between 1 and 12.5 m water depth in the sublittoral off 
Helgoland (Pehlke & Bartsch,  2008). Due to a large 
daily tidal range of nearly 2.5 m (Lüning, 1990) and fre-
quent weather events with strong winds and wave mo-
tion, large amounts of sediment can be re-suspended 
into the water column, which increases light attenuation. 
We showed a three times higher daily Kd (PAR) during 
storm events compared to calm days with little wave 
motion, within a short period in summer. This large vari-
ability in daily mean Kd (PAR) values between 0.28 and 
0.87 m−1 matches previous Secchi disc measurements 
performed from research vessels between 1979 and 
1994 in a 5 km radius around Helgoland (Aarup, 2002). 
These surveys obtained Kd (PAR) values between 0.25 
and 1.48 m−1 and were calculated by dividing Secchi 
disc depth by a factor of 1.48 (Lee et al.,  2018). So 
far, only few annual optical data about turbid coastal 

TA B L E  6   Coefficient of determination (R2) between modeled 
daily net primary production rates (NPP) based on daily diffusion 
vertical attenuation coefficient (Kd) and modeled daily NPP based 
on mean, minimum, or maximum daily Kd.

Depth (m) R2 (mean Kd) R2 (min Kd) R2 (max Kd)

0.5 0.962 0.959 0.964

2 0.943 0.938 0.948

4 0.877 0.833 0.872

6 0.793 0.716 0.788

All depths 0.939 0.873 0.755

TA B L E  7   Results of different Kruskal–Wallis ANOVAs, one per each depth.

Depth 
(m)

0.5 2 4 6

H df p H df p H df p H df p

1.9 3 0.58 6.5 3 0.09 58.4 3 <0.001 103.6 3 <0.001

Note: Net primary production rates (NPP) calculated from different diffuse vertical attenuation coefficients (Kd) were compared (Table S2).Significance level: 
p < 0.05; each depth n = 50.

 15298817, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jpy.13327 by A

lfred W
egener Institut F. Polar- U

. M
eeresforschung A

w
i, W

iley O
nline L

ibrary on [28/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



      |  533KELP FOREST SUMMER PRODUCTION

systems such as the sublittoral off Helgoland or at 
sites influenced by glacial melt in the Arctic have been 
published (Hanelt et al., 2001; Lüning & Dring, 1979). 
Many studies only used short-term continuous under-
water irradiance measurements for NPP estimation 
at other locations (e.g., Dean,  1985; Dunton,  1990, 
1994) as logistics to pertain continuous underwater 
irradiance measurements are high. Meanwhile, sev-
eral initiatives have started continuous long-term un-
derwater irradiance measurements, e.g., at Helgoland, 
in the Arctic (CTD2 Underwater Node Helgoland and 
CTD 90 M Underwater Node Spitsbergen, COSYNA 
data web portal: http://codm.hzg.de/codm/) or in Potter 
Cove, Antarctica in the Southern Ocean (Deregibus 
et al., 2016).

As shown in the present study, Kd (PAR) values are 
highly variable during one season and always vary di-
urnally, and hence, single underwater irradiance mea-
surements can lead to large under- or overestimations 
of NPP as they represent only a snapshot. Our net 
primary production rates resulted in comparable NPP 
rates when either daily Kd or mean Kd were used to cal-
culate light input, both based on continuous underwa-
ter measurements. However, usage of single minimum 
Kd values representative of a clear and sunny summer 
day or maximum Kd values representative of windy 
conditions resulted in considerable over- or underes-
timation of NPP, especially in depths ≥4 m. To deter-
mine a representative mean daily Kd of the investigated 
season for reliable NPP estimations without performing 
daily underwater light measurements, we propose a 
weighted mean Kd (Matthes et al., 2021; Equation 2). 
A weighted average takes into account the weight or, 
in this application, frequency of high and low daily Kd 
values during the sampling period. To separate calm 
days with a low daily Kd from stormy days with a high 
Kd, we used a threshold of daily averaged wind speed 
of 8 m · s−1, which is equivalent to 16 knots or number 4 
(moderate breeze) on the Beaufort scale. According to 
the Beaufort scale, above number 4, the wave heights 
increase >1.83 m with many white caps. Although this 
wind speed threshold is believed to be applicable for 
several coastal regions with shallow kelp forests, the 
threshold should be adjusted for different local condi-
tions and deeper kelp forests. Helgoland daily averaged 
wind speed data for our study period was downloaded 
from the open-access database of the German weather 
service (Deutscher Wetterdienst, https://www.dwd.
de/DE/leist​ungen/​klima​daten​deuts​chlan​d/klarc​hivta​
gmonat.html?nn=16102). The weighted mean Kd was 
calculated using the ratio of calm days and stormy 
days, respectively to the number of days in the sam-
pling period (total days) as follows:

For our study period, the calculated weighted mean 
daily Kd of 0.47 m−1 is close to the mean daily Kd of 
0.46 m−1, when averaging all daily Kd measurements of 
the sampling period. These results show that a weighted 
seasonal Kd of vertical light measurements during dif-
ferent weather conditions provides a useful alternative 
to continuous underwater light measurements. This is 
preferred over single light measurements at fixed days 
or times of the day (e.g., only midday) or using seasonal 
averages of irradiance values (Anthony et al.,  2004; 
Pedersen et al.,  2014), which may possibly lead to 
large uncertainties and inaccuracies in NPP estima-
tions. Unexpectedly, during several days in mid-August 
2014, PAR was close to zero at 6.6  m depth during 
the day, which led to a temporal negative C-balance 
of Laminaria hyperborea >3–4  m. Although daily C-
fixation rates per cm2 DA where highest in blades at 
0.5 m water depth, highest daily C-fixation rates per m2 
seafloor were calculated for blades between 2 and 4 m 
due to the multiplication of rates with blade area per m2 
seafloor. The biomass maximum of Laminaria around 
Helgoland is at 4  m depth (Pehlke & Bartsch,  2008; 
Steinberg, 2019). Only during stormy periods in August 
and September, maximum production of L. hyperborea 
shifted to the surface due to decreased PAR levels at 
greater depths.

PI parameters gained in oxygen incubation exper-
iments in combination with in situ continuous PAR 
measurements, known LAI, and a PQ of 1.18 was used 
to calculate for the first time a depth integrated mean 
daily summer NPP of 1.5 ± 0.97 g C · m−2 seafloor · d−1 
of Laminaria hyperborea for the summer period. So 
far, only a few PQ-values are known for L. hyperborea, 
and kelp in general (Gerard, 1988; Iñiguez et al., 2016; 
Miller III et al., 2009). Iñiguez et al. (2016) calculated PQ-
values for kelp species that were exposed to different 
temperatures in combination with different carbon diox-
ide levels, showing no significant influence of these fac-
tors, but all PQ values were species-specific. However, 
it is still unclear how PQs are influenced by season and 
depth. In this study, modeled NPP was comparable to 
estimated NPP of other L. hyperborea forests along 
European coastlines ranging from 0.5–13.3  g C · m−2 
seafloor · d−1 (Kain & Jones, 1977; Smale et al., 2020; 
White et al., 2021). Although the Helgolandic L. hyper-
borea forest is relatively small compared to kelp forests 
along the British and Norwegian coastlines, our NPP 
calculation demonstrated that it is a very productive eco-
system in the southern North Sea, which presumably 
strongly influences the surrounding soft bottom areas 

(6)
Weighted daily Kd =

No. calm days

No. total days
∙ daily Kd,calm days +

No. stormy days

No. total days
∙ daily Kd,stormy days

0.47 m−1 =
21

50
∙ 0.42 m−1 +

29

50
∙ 0.50 m−1
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by a considerable carbon export as was shown in detail 
for other regions (e.g., Krumhansl & Scheibling, 2012; 
Pedersen et al., 2020), but its CO2 capture potential will 
be strongly dependent on future storm activity and water 
clarity as was shown here.

Most recently, Duarte et al. (2022) compiled the scat-
tered information on NPP rates in macroalgal habitats 
around the globe and estimated the global extent of 
macroalgal habitats. This resulted in a global macroal-
gal NPP model, although global NPP values for mac-
roalgae are still prone to high insecurities and variations 
that even became apparent in our detailed local study. 
CO2 uptake, standing stock, and carbon export of kelp 
forests are likely to change under global climate change, 
highlighting the urgent need to quantify and investigate 
processes that lead to regional differences in standing 
stock and biomass accumulation for a better under-
standing of regional and global marine carbon cycles.
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SUPPORTING INFORMATION
Additional supporting information can be found online 
in the Supporting Information section at the end of this 
article.

Figure S1. Experimental scheme from sampling and 
cutting the blade discs for the two experiments (blade 
gradient and depth gradient) until the final oxygen 
measurements with subsequent chlorophyll analysis.
Table S1. Photon flux densities (PFD) of the three used 
slide projectors during the incubation experiments.
Table S2. Mean daily net primary production rates 
(NPPs) along the depth gradient of 0.5, 2, 4, and 6 m for 
different diffuse vertical attenuation coefficients (Kd).
Table S3.Post hoc test for Kruskal–Wallis ANOVAs. 
Net primary production rates (NPP) along the depth 
gradient were modulated based on daily diffuse 
vertical attenuation coefficients (Kd). NPP modulated 
with daily Kd (Table S3) were compared to NPP either 
modulated with mean Kd (Mean, 0.46 m−1), lowest 
calculated Kd (Min, 0.28 m−1), and highest calculated Kd 
(Max, 0.87 m−1; each depth n = 50). Significance level: 
p < 0.05.
Table S4. Dry mass (DM): area ratios of Laminaria 
hyperborea blade discs from different depth and along 
the blade gradient.
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