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Abstract
Kelps act as ecosystem engineers on many polar rocky shore coastlines. The underwater light climate and

temperature are the main drivers for their vertical and latitudinal distribution. With temperatures rising glob-
ally, an Arctic expansion of temperate kelp species and an accelerating glacial melt is predicted. It was our aim
to investigate the effects of retreating glaciers and rising temperatures on the potential habitat of kelps in Arctic
fjords. We analyzed the underwater light climate of areas being influenced by different stages of glacial retreat
(sea-terminating glacier, land-terminating glacier, coastal water) in Arctic Kongsfjorden. We observed reduced
light intensities and a changed spectral composition in glacial meltwater plumes, potentially resulting in an
upward shift of the lower depth limit of kelp, counteracting the predicted biomass increase in the Arctic. Fur-
thermore, we studied temperature-related changes in light-use characteristics in two kelp species (Alaria
esculenta, Saccharina latissima) at 3�C, 7�C, and 11�C. Rising temperatures lead to a significant increase of the
compensation irradiance of A. esculenta. The dark respiration of S. latissima increased significantly, correlating
with a decreasing carbon content. We detected no differences in photosynthetic rates, although the
chlorophyll a concentration of A. esculenta was � 78% higher compared to S. latissima. Ultimately, temperature-
induced changes in kelps light-use characteristics might lead to a changed species composition, as we found A.
esculenta better adapted to polar conditions. We conclude that the deterioration of the underwater light climate
and the temperature increase may drive substantial changes of the future Arctic kelp forest structure.

Kelps (Laminariales, Phaeophyceae) dominate many rocky
shore coastlines in temperate and polar regions, forming sub-
marine forests that are among the most productive ecosystems
on our planet (Teagle et al. 2017; Wernberg et al. 2019). Kelps
function as ecosystem engineers and foundation species,
thereby providing a wide range of ecosystem services that are
of vast socioeconomic importance (Eckman et al. 1989; Filbee-
Dexter et al. 2019; Wernberg et al. 2019). However, kelp forest
distribution and productivity strongly depend on external

biotic and abiotic factors (e.g., Feehan et al. 2012; Smale and
Wernberg 2013; Smale 2020). Especially in the context of
global climate change, it is important to understand the
drivers of kelp forest distribution to conserve these ecosystems
and their essential ecological and socioeconomic role.

The underwater light climate, being defined as the intensity
of photosynthetically active radiation (PAR) and the spectral
composition of the downwelling irradiance, is a key driver of
kelps vertical distribution in the water column (Wondraczek
et al. 2013; Fragkopoulou et al. 2022). Kelps are dependent on
the underwater light climate as they can only accumulate bio-
mass, if their net carbon uptake (photosynthesis) exceeds their
carbon loss (respiration), that is, if their net photosynthetic
rate is positive (Kirk 2011). The light intensity at which the
photosynthetic and respiration rate are balanced is called com-
pensation irradiance. Its ecological application is the compen-
sation depth, above which net carbon uptake is positive and
below it is negative (Falkowski and Raven 2007). The under-
water light climate is the result of complex interactions, such
as the Sun’s activity, the Earth orbit geometry and the light
transmission through the atmosphere (Kirk 2011), as well
as spectral properties of the water and its suspended
particles, scattering and absorbing light (Stomp et al. 2007).
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The influence of suspended particular matter is particularly pro-
nounced in the Arctic (Aksnes et al. 2009; Konik et al. 2021), as
permafrost thaw (Bintanja 2018), melting glaciers (Milner
et al. 2017) and high precipitation rates (Bintanja and
Andry 2017) release sediments to fjord systems. The sediment
concentration of the fjord meltwater layer is heterogenous with
spatial and temporal (seasonal) variations (Huovinen
et al. 2020), which are strongly affected by the glacier type. At
sea-terminating glaciers, the meltwater enters the ocean below
the surface and rises buoyantly toward the surface once it
reaches open water, establishing an upwelling nutrient flux. As
the meltwater of land-terminating glaciers discharges into
proglacial rivers, entering the fjord on the surface (Schild
et al. 2017), this nutrient flux subsides once the glacier becomes
land-terminating. Furthermore, the sediment plume dynamics
affect the sedimentation patterns. This has consequences to kelp
population dynamics and interspecific competition (Traiger and
Konar 2017), as the substrate quality and the properties of the
downwelling irradiance, reaching the benthos are changed
(Huovinen et al. 2020). Whether the effect of glacial retreat and
run-off on marine primary production is positive or negative
depends on a multitude of interacting factors, for example,
fjord-glacier geometry, resource availability, and glacier type
(Hopwood et al. 2020). In the near-future, the loss of global gla-
cier mass is predicted to accelerate (Hugonnet et al. 2021),
resulting in increasing terrestrial run-off (Bintanja and
Andry 2017), sediment release and, consequently, a deteriora-
tion of the underwater light climate (Payne and Roesler 2019).

Temperature is a key driver of the latitudinal distribution of
kelps (Fragkopoulou et al. 2022). Since the past century, the
annual mean global sea surface temperature (SST) is rising
drastically (Xu et al. 2021) and sedentary species, such as
kelps, have to adapt to thrive under future conditions
(Vranken et al. 2021). For many kelp species, rising SSTs have
already led to a high mortality at their warm-distribution edge
(Krumhansl et al. 2016; Filbee-Dexter et al. 2020) and a pole-
ward range shift of kelps has been recorded (Smale and
Wernberg 2013; Bartsch et al. 2016). For many kelp species,
SSTs in the Arctic are currently below their optimum growth
temperature (Krause-Jensen et al. 2020). Therefore, the species
trait characteristics to survive and produce viable offspring in
the Arctic environmental setting is not optimal (reduced per-
formance; Pörtner et al. 2005). Hence, kelp biomass accumula-
tion in the Arctic is lower compared to mid-latitudinal regions
(Borum et al. 2002; Pessarrodona et al. 2018). However, with
the Arctic warming at a rate far beyond the global average
(Previdi et al. 2020, 2021; England et al. 2021), near-future
SSTs might allow for increasing enzymatic activity and perfor-
mance (Pörtner et al. 2005). Consequently, models predict a
biomass increase of kelps in the Arctic (Krause-Jensen and
Duarte 2014; Krause-Jensen et al. 2020; Assis et al. 2022).
However, higher temperatures were shown to alter species
light-use characteristics (Davison et al. 1991; Atkin and
Tjoelker 2003), this might result in rising compensation

irradiances. Depending on the species temperature tolerance,
temperature changes affect species light-use characteristics dif-
ferently, which might result in a changed species community
composition (Traiger and Konar 2017).

It was the aim of this study to gain a mechanistic under-
standing of the interactive effects of deteriorating underwater
light climate and rising SSTs in Arctic fjords on the potential
habitat of the two cold-temperate kelp species Alaria esculenta
and Saccharina latissima. Both species are forming extensive
kelp forests in Kongsfjorden, Svalbard (Bartsch et al. 2016),
which is at their cold-distribution edge with summer SSTs
below their optimum growth temperature (Munda and
Lüning 1977; Bolton and Lüning 1982). We assessed the influ-
ence of glacial retreat on the underwater light climate and the
effect of temperature on the light-use characteristics of kelps.
Our study was guided by two hypotheses:

Hypothesis 1: Given the complex sediment plume dynam-
ics of sea- and land-terminating glacier, we expect a strong
spatial gradient of prevailing PAR intensities, decreasing closer
to the glaciers, which results in a shallower compensation
depth of kelps.

To verify this, we chose Kongsfjorden, Svalbard as model
fjord system, analyzing the underwater light climate in three
areas, representing different stages of glacial retreat: (1) sea-
terminating glacier, (2) land-terminating glacier, (3) coastal
water (at the mouth of the fjord). Based on these results, we
created a model showing the prevailing PAR intensities in
Kongsfjorden. Furthermore, we expect the spectral composi-
tion to change with decreasing proximity to the glaciers due
to the additional suspended particles in the water column.

Hypothesis 2: Regarding the kelp response to increasing tem-
peratures, we expect A. esculenta (optimum: 8–9�C; Munda and
Lüning 1977) to be better adapted to lower temperatures compared
to S. latissima (optimum: 10–15�C; Bolton and Lüning 1982).

To assess this, we exposed A. esculenta and S. latissima to
three short-term temperature treatments (3�C, 7�C, and 11�C)
and examined changes in their photosynthesis vs. irradiance
curves and biochemical composition. We expect to find
increasing respiration and photosynthetic rates with higher
temperature due to higher enzymatic and metabolic activities
and differences in the kelps pigment concentrations and car-
bon to nitrogen ratio. We hypothesize that the different tem-
perature tolerance ranges of the kelps to rising temperatures,
result in a temperature-induced variation of the compensation
depth, leading to a shift of the species composition.

Methods
Study region

Kongsfjorden is one of the best-studied Arctic fjord ecosys-
tems (Bischof et al. 2019). It represents a model system to
study links between changes in the physical environment
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(such as glacial retreat) and their effects on ecological processes,
which serve as indicators for future Arctic conditions (Bischof
et al. 2019). It is located at 79�N at the west coast of Spitsber-
gen, Norway, being orientated from southeast to northwest. It
is about 20 km long (Fig. 1) and up to 350 m deep. Its tidal
range is about 0.5 m. Since 2014, SSTs between �1.8�C in win-
ter and +8.35�C in summer were recorded (AWI-Dashboard,
https://dashboard.awi.de/?dashboard=2847;15 July 2022). The
fjord is characterized by areas being influenced by different
stages of glacial retreat: (1) Three sea-terminating glaciers
(Kongsvegen, Kronebreen, Kongsbreen) terminate into the
fjord at the southeast coast. (2) Brøggerbreen is a land-
terminating glacier on the southern coast, discharging melt
water into the Bayelva river and the fjord (Svendsen
et al. 2002). (3) In the outer fjord region glacial freshwater
release is not in close spatial proximity and relatively clear
coastal water prevails, depicting the last stage of glacial retreat.

Underwater light climate measurements and water
samples

The spectrally resolved downwelling irradiance was measured
(RAMSES-ACC-UV/VIS radiometer; TriOS Optical Sensor) from
400 to 700 nm in July 2021 at 17 depth profiles (Fig. 1; Table S1).
At each depth profile, 14 spectral measurements in water depths
from 0 to 12.5 m were taken (alternative calibration). All depth
profiles were taken between midday and early afternoon (highest
light intensities) and only on days with stable and constant light
conditions to ensure comparability between the measurements.
In each area, we measured several depth profiles: Depth profiles
A–J represent the sea-terminating glacier fjord area (zone 3 and
4 after Hop et al. 2002). Depth profiles K–O (zone 3 after Hop
et al. 2002) are within the land-terminating fjord area. The coastal

water is represented by depth profiles Q and P (zone 2 after Hop
et al. 2002). We measured as many depth profiles as possible
under the prevailing environmental conditions to ensure the cov-
erage of a large area in the meltwater plume at the highest possi-
ble resolution (sea-terminating glacier: 10, land-terminating
glacier: 5, coastal water: 2). Due to the presence of ice bergs during
July 2021, we were not able to conduct light measurements closer
to the sea-terminating glacier than depth profile A. The irradiance
of each wavelength was measured in mW m�2 nm�1 and
converted to μmol photons m�2 s�1 after Eq. 1.

Iλ ¼ λ mð Þ�Xλ Wm�2� �� �� h Jsð Þ� c ms�2� ��NA mol�1
� �h i�1

¼ μmol photonsm�2 s�1

ð1Þ

PAR was calculated by integrating the irradiance (Iλ) from
400 to 700 nm (Eq. 2). As the downwelling irradiance was
measured every 2.1 nm, PAR values were corrected by this fac-
tor in consultation with the manufacturer.

IPAR ¼
ð700

400

Iλdλ�2:1¼
X700
400

Iλ�2:1¼ μmol photonsm�2 s�1 ð2Þ

Based on these calculations, the Kongsfjorden underwater
light climate in July 2021 was modeled using Ocean Data View,
version 5.5.1 (Schlitzer 2021). The model (DIVA gridding, X
scale-length: 40 permille, Y scale-length: 30 permille) shows the
log10 of PAR irradiances to highlight low irradiances, which are
relevant for the kelp’s lower depth limit. The kelps compensa-
tion depth was based on the measured compensation irradiance

Fig. 1. Sampling sites in Kongsfjorden, Svalbard. Positions of the underwater light climate depth profiles (A–Q) and kelp sampling sites (Saccharina
latissima, Alaria esculenta) in Kongsfjorden, Svalbard. Right upper corner: Overview map of Svalbard; black rectangle marks the position of Kongsfjorden.
BB: Brøggerbreen; BV: Bayleva river; KV: Kongsvegen; KR: Kronebreen; KO: Kongsbreen. Brownish water: high concentrations of suspended particles in
the water. Map: Ocean Data View (Schlitzer 2021). Satellite image: https://toposvalbard.npolar.no/; 15 July 2022.
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(see paragraph below). It was calculated by fitting a linear func-
tion on the log10-PAR irradiance measurements of each depth
profile. The mean compensation irradiance of each species and
temperature was inserted into the linear function and the equa-
tion was solved for the water depth.

The depth profile’s spectrum peak describes the wavelength
with the maximum irradiance transmission through the water
column. It was calculated as the average over the spectral mea-
surements in depth (0–12.5 m) (Eq. 3) and is used as proxy to
quantify the overlap of the underwater light climate with the
pigment absorption (Wondraczek et al. 2013).

λ depth profile’s spectrumpeak
� �
¼X max Iλ 0mð Þ; max Iλ 0:5mð Þ;…; max Iλ 12:5mð Þð Þ¼nm ð3Þ

At each depth profile, a surface water sample was taken to
determine the salinity with a refractometer.

Kelp sampling and temperature experiment
Scientific SCUBA divers collected S. latissima and A. esculenta

sporophytes in Kongsfjorden, Svalbard from 6 to 9 m depth
(Fig. 1; Table S1). Sporophytes of the same species were of simi-
lar size. Meristematic discs (diameter = 2 cm) were cut and dis-
tributed between temperature treatments and replicates (n = 4),
avoiding pseudo-replication. They were cultivated in 1 L aerated
glass beakers, filled with filtered seawater (changed every 2 d),
applying 24 h of constant light (24 μmol photons m�2 s�1). The
experiment ran for 7 d (t0 � t7), with temperature treatments of
3�C (in situ SST; July 2021, 10 m depth), 7�C (present high SSTs;
AWI-Dashboard, https://dashboard.awi.de/?dashboard=2847; 15
July 2022) and 11�C (future SST by the year 2100; Skogseth
et al. 2020). Treatment temperature was increased every 2 d by
4�C, allowing for successive acclimation (Fig. 2). After photosyn-
thesis vs. irradiance curves were measured on t3, t5, and t7, the
samples were silica-dried and stored in darkness until biochemi-
cal analysis.

Kelp response parameters
To quantify the kelp response to rising temperatures, we

measured photosynthetic vs. irradiance curves, the maximum
quantum yield of photosystem II (Fv/Fm), pigment concentra-
tions and carbon to nitrogen ratio. Photosynthetic
vs. irradiance curves were measured on t3, t5, and t7 (Fig. 2) to
measure whether increasing temperature changes the kelp
light-use characteristics. Therefore, we measured the oxygen
concentration evolution under different light intensities,
using an optode set-up of PyroScience. Dark respiration and
net photosynthetic rates were calculated in μmol
O2 L�1 cm�2 h�1. Subsequently, we analyzed Fv/Fm with a
chlorophyll fluorometer of dark-adapted discs, which is used
as proxy to quantify algal cellular and physiological stress
level. As the algal pigment composition is crucial to absorb
light for photosynthesis, we analyzed the chlorophyll a (Chl a)

concentration and ratio of accessory pigments to Chl a after
Koch et al. (2015) and Wright et al. (1991). Pigment contents
were calculated in μg cm�2. Furthermore, we quantified the
kelps carbon to nitrogen ratio, to analyze for temperature-
induced carbon gain or loss (photosynthesis and respiration).
We measured the carbon to nitrogen ratio by combustion of
dried kelp material and using Acetanilide as standard (Verardo
et al. 1990). Total carbon and nitrogen content were expressed
as proportion (%) and ratio. A. esculenta and S. latissima are
morphologically different, with the meristematic discs of
S. latissima being � 85% heavier (fresh weight; data not shown)
than A. esculenta. To be able to compare the temperature-
induced responses, we standardized all parameters to the discs
total area (cm2), including the front- and backside of the discs.

A detailed description of all methods to measure the kelp
response parameters can be found as Supporting Information.

Statistics
All statistical analyses of the physiological and biochemical

data were run in RStudio (Version 2021.09.0 + 351; R Core
Team 2021). A linear model was fit on the data of each param-
eter, using the “lm” function of the R package “stats”. Species
(S. latissima, A. esculenta) and treatment’s temperature (3�C,
7�C, 11�C) were modeled as multiple fixed effects. For the
analysis of the compensation depth and spectrum peak, the
fixed effect of area (sea-terminating glacier; land-terminating
glacier; coastal water) was included. Each model’s fit on the
data was assessed by evaluating the Akaike information crite-
rion and Bayesian information criterion. The normality
(Shapiro–Wilk test, p > 0.05) and homoscedasticity (Levene’s
test, p > 0.05) of the model’s residuals were tested. Analysis of

Fig. 2. Experimental set-up. The treatments temperature (�C) (solid black
line) was increased by 4�C on t3 and t5 of the experiment until the treat-
ment’s temperature was reached (3�C, 7�C, and 11�C). Photosynthesis
vs. irradiance curve were measured on t3 (3�C treatment), t5 (7�C treat-
ment), and t7 (11�C treatment). Dashed purpled line: expected perfor-
mance of Alaria esculenta based on Munda and Lüning (1977). Dashed
orange line: expected performance of Saccharina latissima based on Bol-
ton and Lüning (1982).
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variance was tested on the model by using the “anova” func-
tion, to assess the influence of the fixed effects. Pairwise com-
parisons were performed, using the “emmeans” function of
the R package “emmeans” (Lenth 2021), to calculate the
degrees of freedom and Tukey adjustment of the p value. Lin-
ear dependency of the response variables was determined by
calculating the Pearson correlation coefficient, using the “cor.
test” function of the R package “stats” (R Core Team 2021)
after testing for normality (Shapiro–Wilk test, p > 0.05).

Results
Underwater light climate

Comparing the aerial view of Kongsfjorden, distinct melt-
water plumes of the sea- and land-terminating glaciers are

clearly visible. The brown, sediment-rich water is contrasting
the blue, clear water (Fig. 1).

PAR intensities and kelp compensation depth
The modeled PAR intensities of Kongsfjorden in different

water depths can be seen in Fig. 3a,b. PAR intensities over depth
varied strongly between the three fjord regions. Depth profile Q
(coastal water) was characterized by the highest PAR intensities.
On 12.5 m, PAR intensities of 81 μmol photons m�2 s�1 were mea-
sured, while in depth profile A (sea-terminating glacier) the lowest
PAR intensity was measured (� 0.01 μmol photons m�2 s�1). Com-
paring the mean PAR intensities of all areas on 4.5 m, it was
highest in the coastal water and lowest near the land-terminating
glacier (coastal water: 254.7 � 24.55 μmol photons m�2 s�1 > sea-
terminating glacier: 24.8 � 30.53 μmol photons m�2 s�1 > land-
terminating glacier: 8.5 � 5.58 μmol photons m�2 s�1). The

Fig. 3. Photosynthetically active radiation (PAR) in Kongsfjorden, Svalbard. Model of the underwater light climate (log10 of PAR irradiances; 400–700 nm)
along a longitudinal section through Kongsfjorden, covering all depth profiles (A–Q) and water depths (0–12.5 m). Depth profile P, Q: coastal water. Depth
profile O–K: influence of land-terminating glacier. Depth profile A–J: influence of sea-terminating glaciers. Black dots: spectral measurements. White area: insuf-
ficient data coverage for model. Black lines in the plots: compensation depth of (a) Alaria esculenta and (b) Saccharina latissima being cultivated at 3�C (solid
line), 7�C (dashed line) and 11�C (dash-dot-dot line). (c) Compensation depth of both species (A. esculenta: purple, S. latissima: orange) in all fjord areas
(coastal water, land-terminating glacier, sea-terminating glacier) after different temperature treatments (3�C, 7�C, 11�C). Temperature mean (dot) � SD (num-
ber associated to each point) and depth profile response (cross). Different capital letters indicate significant differences between area, temperature, and species.
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compensation depth for A. esculenta (Fig. 3a) and S. latissima
(Fig. 3b) was modeled based on the measured compensation irradi-
ance (see paragraph below) and follows the variations in PAR inten-
sities. While we detected no significant changes in the
compensation depth between species (p = 0.163; F1,84 = 1.985) or
temperature (p = 0.841; F2,84 = 0.174), the fjord area showed signif-
icant differences (p < 0.001; F2,84 = 188.536). The compensation
depths of both species were significantly higher in the coastal area
compared to the glacier-influenced areas (Fig. 3c). In the coastal
water, the potential compensation depth for both kelp species and
all temperature treatments was below 17 m. Furthermore, we
detected three trends (Fig. 3): (1) With increasing temperature, the
compensation depth of A. esculenta shifts to shallower water depths
by a mean of 10.4 � 0.2% independently of the fjord region.
S. latissima showed no temperature dependent differences. (2) The
compensation depth of S. latissima is 11.3 � 0.05% shallower com-
pared to A. esculenta. (3) Within the glacial areas, the compensation
depth of both species increases with increasing distance to the gla-
cier front.

Spectral composition
The spectral characteristics of the underwater light climate

in different water depths of each area are shown in Fig. 4. The
mean spectrum peak of the areas varied significantly
(p = 0.0032; F2,14 = 8.925), with spectrum peak of the coastal
water area (519.72 � 9.30 nm) being significantly lower

compared to the mean spectrum peak of the land-
(592.34 � 22.31 nm, p = 0.0028) and sea-terminating glacier
(581.70 � 21.50 nm; p = 0.0053) area (Fig. 4a). While the
mean spectrum peak of all three areas are within the green
gap of Chl a, the spectrum peaks of the coastal area are close
to the absorption of fucoxanthin. The spectrum peaks of the
areas being influenced by glaciers are out of the spectral
absorption range of fucoxanthin. Comparing the spectral light
composition of depth profiles for each fjord region (coastal
water: depth profile Q; land-terminating glacier: depth profile
O; sea-terminating glacier: depth profile A), three characteris-
tics can be seen (Fig. 4b): (1) in all fjord regions, the irradiance
of each wavelength is decreasing with increasing water depth.
(2) Comparing the same water depth, the irradiance is highest
in the outer fjord region (depth profile Q) and lowest near the
Bayelva river mouth (depth profile O) and (3) not only the
depth profiles spectrum peak is shifting, but the whole spec-
tral composition is changing.

Salinity
The water’s surface salinity (SA) varied significantly between

all areas (p < 0.001; F2,48 = 11.704). The coastal water had the
highest mean salinity (SA = 36.75 � 0.82), followed by the sur-
face salinity of the land-terminating glacier area
(SA = 27.80 � 3.16) and the sea-terminating glacier area
(SA = 31.15 � 4.46), which were significantly lower. Within

Fig. 4. Spectrum peaks. (a) Spectrum peaks (wavelength with the highest light transmission trough the water column) of the three fjord areas (sea-
terminating glacier, land-terminating glacier, coastal water). Area mean (black dots) � SD and depth profile spectrum peak (black cross) (n = 2–10). Dif-
ferent capital letters indicate significant differences between areas. Schematic light absorption curve of chlorophyll a (green line) and fucoxanthin (brown
line) after Jeffrey et al. (1997). (b) Spectrally resolved underwater light climate of different water depths of depth profile Q, O, and A. Vertical black line;
λ: depth profiles spectrum peak. Note the different y-axis scales of the subplots.
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the land-terminating glacier area, the salinity was lowest of
depth profile O (SA = 26), showing an increasing trend with
increasing distance to the Bayelva river mouth
(SA = O < N < L < K). The salinity of the sea-terminating gla-
ciers influenced depth profiles A–J, showed no clear spatial
trend.

Kelp response parameters
Dark respiration rate

The dark respiration rate (μmol O2 L�1 cm�2 h�1) was sig-
nificantly affected by species (p < 0.001; F1,18 = 102.675) and
temperature (p < 0.001; F2,18 = 20.96), as well as their interac-
tion (S � T) (p = 0.001; F2,18 = 10.12; Fig. 5a). After all temper-
ature treatments, the mean dark respiration rate of A. esculenta
was between 42% and 71% lower than of S. latissima. With
increasing temperature, the dark respiration rate of S. latissima
increased (decreasing oxygen concentrations) significantly
([11�C = 7�C] > [3�C]), while the dark respiration rate of
A. esculenta only showed an increasing trend.

Net photosynthetic rate
The net photosynthetic rate (μmol O2 L�1 cm�2 h�1) was

neither significantly affected by species (p = 0.069;
F1,18 = 3.741), temperature (p = 0.268; F2,18 = 1.417) nor their
interaction (p = 0.519; F2,18 = 0.681; Fig. 5b), being
3.1 � 0.48 μmol O2 L�1 cm�2 h�1 on average for both species
and temperatures. No significant temperature-induced
response was observed. Although the mean net photosyn-
thetic rate of A. esculenta was highest after the 7�C treatment,
the difference was not significant due to the high variability
in the replicates response.

Compensation irradiance
Species (p < 0.001; F1,17 = 106.158), temperature (p = 0.003;

F2,17 = 8.579), and their interaction (p = 0.010; F2,17 = 6.042)
had a significant effect on the compensation irradiance (μmol
photons m�2 s�1) (Fig. 5c). Independently of the temperature,
the mean compensation irradiance of A. esculenta was lower

compared to S. latissima, being 41% lower after the 3�C treat-
ment. The compensation irradiance of A. esculenta increased
significantly by 29% with increasing temperature, while the
compensation irradiance of S. latissima showed no temperature-
induced response, being 14.3 � 0.35 μmol photons m�2 s�1

after all temperature treatments.

Fv/Fm
Mean Fv/Fm values of all species and temperature treat-

ments were between 0.72 and 0.76. Fv/Fm was significantly
affected by species (p < 0.001; F1,18 = 15.219) and temperature
(p < 0.001; F2,18 = 13.029), while their interaction (p = 0.183;
F1,18 = 1.869) had no significant effect (Table 1). With increas-
ing temperature, Fv/Fm of A. esculenta and S. latissima
increased significantly.

Chlorophyll a
Species (p < 0.001; F1,18 = 250.027) and temperature

(p = 0.01; F2,18 = 6.088) had a significant effect on
Chl a concentration (μg cm�2) (p < 0.05), while their interac-
tion (p = 0.191; F2,18 = 1.8148) had no effect (Table 1). Inde-
pendently of the temperature, the Chl a concentration of
A. esculenta was � 78% higher than the Chl a concentration
of S. latissima. Chl a of both species was highest after the 11�C
treatment, being only significant for A. esculenta.

Accessory pigments to Chl a ratio
The ratio of accessory pigments to Chl a was neither signifi-

cantly affected by species (p = 0.581; F1,18 = 0.318), tempera-
ture (p = 0.235; F2,18 = 1.589), nor their interaction
(p = 0.741; F2,18 = 0.306; Table 1). No significant differences
between A. esculenta or S. latissima were detected after the tem-
perature treatments.

Carbon
The total carbon content (%) was significantly influenced by

species (p < 0.001; F1,18 = 96.766) and the interaction of species
and temperature (p = 0.015; F2,18 = 5.334), while the tempera-
ture alone had no significant effect (p = 0.350; F2,18 = 1.113;

Fig. 5. Respiration and photosynthesis. Photosynthetic responses of Alaria esculenta (purple) and Saccharina latissima (orange) after different temperature
treatments (3�C, 7�C, and 11�C). Treatment mean (dots) � SD and average replicate response (cross) (n = 3–4). Different capital letters indicate signifi-
cant (p < 0.05) differences between the temperature treatments and species. (a) Dark respiration rate (μmol O2 L�1 cm�2 h�1). (b) Net photosynthetic
rate (μmol O2 L

�1 cm�2 h�1). (c) Compensation irradiance (μmol photons m�2 s�1). Some error bars are within the diameter of the symbol.
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Table 1). The mean carbon content of A. esculenta was 12–29%
higher than of S. latissima. The carbon content of S. latissima
decreased significantly with increasing temperature, while the
carbon content of A. esculenta showed an increasing trend with
increasing temperature.

Nitrogen
The total nitrogen content (%) was not significantly

affected by the tested fixed effects (species: p = 0.223;
F1,18 = 1.591; temperature: p = 0.599; F2,18 = 0.527; interac-
tion: p = 0.289; F2,18 = 1.333; Table 1). No significant

Table 1. Kelp response parameters. Maximum quantum yield of photosystem II (Fv/Fm), chlorophyll a (μg cm�2), ratio of accessory
pigments to chlorophyll a, total carbon content (%), total nitrogen content (%) and carbon to nitrogen ratio of Alaria esculenta and
Saccharina latissima after different temperature treatments (Temp.). Different capital letters indicate significant (Sig.; p < 0.05) differ-
ences between the temperature treatments and species within one parameter.

Parameter Temp.

Alaria esculenta Saccharina latissima

Mean � SD Sig. Sig. Mean � SD

Fv/Fm 3�C 0.72 0.011 A B 0.741 0.015

7�C 0.749 0.011 BC BC 0.754 0.007

11�C 0.742 0.004 BC C 0.764 0.006

Chlorophyll a (μg cm�2) 3�C 7.81 1.45 AC B 1.66 1.1

7�C 7.56 1.25 A B 1.64 0.095

11�C 10.1 1.14 C B 2.36 0.295

Accessory pigments to chlorophyll a ratio 3�C 0.216 0.025 A A 0.222 0.012

7�C 0.213 0.008 A A 0.207 0.026

11�C 0.204 0.025 A A 0.193 0.023

Carbon content (%) 3�C 37.0 1.36 A B 32.4 2.17

7�C 37.9 2.09 A BC 29.6 1.64

11�C 38.8 2.66 A C 27.6 1.86

Nitrogen content (%) 3�C 1.27 0.112 A A 1.36 0.226

7�C 1.34 0.316 A A 1.18 0.104

11�C 1.55 0.324 A A 1.23 0.326

Carbon to nitrogen ratio 3�C 29.5 3.69 A A 24.2 3.09

7�C 29.4 6.81 A A 25.3 3.47

11�C 26.3 8.49 A A 23.5 5.95

Fv/Fm, chlorophyll a, ratio of accessory pigments to chlorophyll a, total carbon and nitrogen content, and carbon to nitrogen ratio were tested against
the single and interactive effects of species and temperature. Values are the treatment means (n = 4) � SD.

Fig. 6. Correlations. Linear dependency between two response parameters of Alaria esculenta (purple) and Saccharina latissima (orange) after different
temperature treatments (circle: 3�C, triangle: 7�C; box: 11�C; n = 3–4). Gray area: 95% confidence interval. r: Pearson correlation coefficient. Significant
correlations (p < 0.05) are marked in bolt. (a) Net photosynthetic rate (μmol O2 L�1 cm�2 h�1) vs. chlorophyll a content (μg cm�2). (b) Dark respiration
rate (μmol O2 L

�1 cm�2 h�1) vs. total carbon content (%).
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differences between A. esculenta and S. latissima were detected
after the temperature treatments.

Carbon to nitrogen ratio
The carbon to nitrogen ratio was not affected by the tested

fixed effects (species: p = 0.094; F1,18 = 3.127; temperature:
p = 0.669; F2,18 = 0.411; interaction: p = 0.906; F2,18 = 0.099;
Table 1). The mean carbon to nitrogen ratio was 26.37 � 2.57
for both species after all temperature treatments, showing no
significant changes.

Correlations
In both species, the photosynthetic rate did not correlate

significantly with the Chl a concentration (A. esculenta:
p = 0.887, t = �0.146, df = 10; S. latissima: p = 0.842,
t = 0.205, df = 10; Fig. 6a). The carbon content of S. latissima
decreased significantly with increasing respiration rate
(p = 0.027, t = 2.591, df = 10). In A. esculenta the correlation
was not significant (p = 0.207, t = �1.350, df = 10) (Fig. 6b).

Discussion
Kelps act as important foundation species in Arctic rocky

shore ecosystems (Filbee-Dexter et al. 2019). Currently, they
are experiencing major changes in their habitat’s environ-
ment. According to Constable et al. (2022), the SST in Arctic
regions is predicted to increase drastically by the end of the
century. At a warming rate of 0.7�C per decade, a mean sum-
mer SST of 11�C will be reached in � 100 years (Skogseth
et al. 2020), although extreme temperature events will reach
11�C earlier. While the Arctic endemic marine vegetation is
likely to be lost (Bringloe et al. 2020), a poleward expansion of
temperate kelp species is projected (Krause-Jensen et al. 2020;
Assis et al. 2022). However, with rising SSTs, terrestrial run-off
is also increasing (Constable et al. 2022), which was shown to
deteriorate the underwater light climate (Konik et al. 2021),
impeding net photosynthesis and, hence, result in a shift of
the kelp forest to shallower waters (Filbee-Dexter et al. 2019).
Our study aimed to address two critical aspects related to Arc-
tic kelp ecophysiology: the characterization of the underwater
light climate at different stages of glacial retreat and the
response of Arctic kelp species (A. esculenta, S. latissima) to dif-
ferent light and thermal conditions. We found a strong spatial
variation in the underwater light climate within Kongsfjorden,
with the light intensity being reduced and the spectral compo-
sition shifting toward longer wavelengths near glaciers. That
significantly affected the kelp compensation depth, leading to
a shoaling of the kelp forest near glaciers (Hypothesis 1). Our
results further showed that rising SSTs are affecting kelp light-
use characteristics, with A. esculenta being better adapted to
polar conditions than S. latissima. These differences in the
responses might result in a future shift in species composition
(Hypothesis 2).

Variation of the underwater light climate due to glacial
retreat

With ongoing climate change, glaciers were shown to
retreat (Hugonnet et al. 2021). Geyman et al. (2022) found
that the glacier mass loss is predicted to double until 2100,
compared to the 20th century. Concomitantly, species distri-
bution models estimate a current potential distribution of kelp
forests in the Arctic of 655,000 km2 (Assis et al. 2022), poten-
tially being influenced by glaciers and glacial run-off.

Comparing the underwater light climate of all three fjord
areas, we observed distinct differences. Near glaciers (depth
profile O, A), the reduction of PAR was much stronger, com-
pared to the clearer water at the outside of the fjord
(Fig. 3a,b). This can be explained by the high concentration of
suspended particles of the meltwater plumes, which addition-
ally absorb and scatter the available light (Stomp et al. 2007).
Hence, high meltwater run-off rates (and consequently sedi-
ment concentrations in the water) resultant from retreating
glaciers lead to less available light for photosynthesis (Payne
and Roesler 2019).

Additional to the PAR intensity, we analyzed the spectral
composition of the downwelling irradiance and compared its
overlap with the light absorption spectrum of Chl a and fuco-
xanthin (Fig. 4a). The main absorption peaks of Chl a are at
430 nm (blue light) and 662 nm (red light), leaving a major
green gap in which light absorption is low (Jeffrey et al. 1997).
Fucoxanthin and chlorophyll c, belonging to the major acces-
sory pigments of brown algae, close this green gap partly, as
their main absorption peaks are between 445 and 468 nm
(blue light) (Jeffrey et al. 1997). We found that all spectrum
peaks (wavelength with the highest light transmission
through the water column) were within the green gap of Chl a
(Fig. 4a). However, the spectrum peaks of coastal water were
close to the absorption spectrum of fucoxanthin, resulting in
a large overlap of the light spectrum with the pigment absorp-
tion spectrum. The spectrum peaks of the glacier-influenced
depth profiles were well outside the absorption range of fuco-
xanthin, leading to a very limited overlap of the spectra. The
photosynthetic efficiency is dependent on the overlap
between the prevailing light spectrum and the absorption
spectrum of the pigments (Wondraczek et al. 2013). Therefore,
high meltwater rates and sediment concentrations reduce the
quality of the downwelling irradiance for photosynthesis and
biomass accumulation of kelps. Loos et al. (2017) described
significant variations of the spectral composition, depending
on the distance to a river mouth, being correlated to the con-
centration of suspended particles in the water column. Fur-
thermore, a similar shift of the spectrum was described by
Stomp et al. (2007), who compared the spectral niches in the
water column and their availability for photosynthetic organ-
isms of clear ocean, costal water, and a peat lake.

Comparing the underwater light climate of all three areas,
the variation of the PAR intensities translated into a signifi-
cant difference in the kelp’s compensation depth, showing
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that an increased run-off results in a shift of the lower depth
limit to shallower waters. We found the lowest light intensi-
ties and strongest change of the spectral composition near the
land-terminating glacier. However, it has to be considered that
the distance of depth profile O (closest to land-terminating
glacier) to the Bayelva river mouth is much smaller than the
distance of depth profile A (closest to sea-terminating glacier)
to the sea-terminating glacier front (Fig. 1). In addition, the
sediment plume of sea-terminating glaciers was much more
pronounced, influencing a larger area of the fjord (Fig. 1). Sed-
iment plumes of land-terminating glacier were influenced by
wind direction and currents to a higher degree (pers. obs.).

Therefore, we conclude that the darkening of the water col-
umn as well as the change of the spectral composition of the
light in the Arctic may lead to a reduction of the available
habitat for kelp forests near retreating glaciers. We also found
that the strong negative influence of melting sea-terminating
glaciers on the underwater light climate may reduce as they
become land-terminating.

Kelp responses to rising SST
Metabolic processes depend on enzymatic reactions

(Davison et al. 1991) and are characterized by the integration
of different intrinsic enzymatic properties. Therefore, meta-
bolic pathways have a temperature optimum at which they
are at their maximal capacity (Daniel et al. 2008). Currently,
many kelps species are experiencing temperatures below their
optimum in the Arctic (Krause-Jensen et al. 2020). Above or
below the temperature optimum, the physiological stress
increases (Pörtner et al. 2005), leading to smaller kelp individ-
uals in the Arctic compared to mid-latitude range populations
(Borum et al. 2002). As proxy for algal cellular and physiologi-
cal stress level (Murchie and Lawson 2013), we assessed Fv/Fm
after all temperature treatments. Despite significant changes of
Fv/Fm between species and temperature treatments, all recorded
values were > 0.7 (Table 1), which is considered healthy for
kelps (Dring et al. 1996). Therefore, no damaging effect on pho-
tosystem II occurred during our experiment and the electron
transfer was not impaired (Li et al. 2017). Hence, we conclude
that the temperature increase during the experiment did not
have negative effects on the performance of the kelps.

Nevertheless, we found significant species-specific differ-
ences in the temperature responses, depicting a different effect
of increasing SSTs on their balance of carbon uptake and loss.
The dark respiration rates of A. esculenta were lower compared
to S. latissima after all temperature treatments. While it was
significantly lower after the 7�C and 11�C treatment, we
detected no significant difference after the 3�C treatment,
when the respiration rate of S. latissima was comparably low
to A. esculenta. We interpret the low respiration rate of
S. latissima at 3�C as a limitation of enzymatic capacities,
reducing potential respiration rates (Atkin and Tjoelker 2003).
The high dark respiration rates of S. latissima at 7�C and 11�C
indicate a higher mitochondrial adenosine triphosphate

formation capacity (Pörtner et al. 2005) and therefore more
cellular energy. However, we also observed a significant corre-
lation between the increasing dark respiration rates and
decreasing carbon content in S. latissima (Fig. 6b). As the car-
bon to nitrogen ratio was determined after the photosynthesis
vs. irradiance curves were measured, we conclude that the low
carbon content depicts the carbon loss during dark respiration
(Saltveit 2019). Neither the dark respiration rate nor the total
carbon content of A. esculenta did change significantly with
higher temperatures (Fig. 5a; Table 1). The carbon content dis-
plays kelp storage compounds, such as Mannitol and Lami-
narin (Scheschonk et al. 2019). Mannitol was shown to be
crucial in cellular osmotic regulation, cell turgor control and
freezing protection (Iwamoto and Shiraiwa 2005; Elliott
et al. 2017) and is converted into the long-term carbon-storage
product laminarin (Graiff et al. 2016; Scheschonk et al. 2019).
We hypothesize that the high carbon content of A. esculenta,
enables it to respond to freezing temperatures and salinity
fluctuations, which we also observed in Kongsfjorden. Further-
more, the low dark respiration rates of A. esculenta prevents
carbon loss during dark periods, enabling it to maintain a
higher degree of growth and performance (Davison
et al. 1991).This confirmed our expectation that A. esculenta is
better adapted to low temperatures than S. latissima (optimal
growth temperatures after Munda and Lüning 1977 and Bol-
ton and Lüning 1982). Thereby, it is noteworthy to mention
that the optimum temperatures, described for temperate
populations, hold also true for Arctic populations. Evidence of
a high overall resilience toward low temperatures of
A. esculenta was reported by Bringloe et al. (2022), showing
that A. esculenta populations were resilient to past glaciation
events and adapted to Arctic conditions.

Based on the low respiration rates of A. esculenta during the
entire experiment (low carbon loss), we expected that
A. esculenta would also have higher photosynthetic rates
(i.e., higher carbon gain) compared to S. latissima (higher per-
formance). However, we detected neither a significant differ-
ence between species nor temperature treatments (Fig. 5b). As
the net photosynthetic rates were measured at low light con-
ditions (24 μmol photons m�2 s�1), we conclude that the pho-
tosynthetic rates of both kelp species were restricted by the
available light intensity. This implies that the photosynthetic
capacity to gain carbon was not limited by the low SSTs but
by the prevailing light climate. Hence, in low light conditions,
the predicted increasing enzyme activities due to rising tem-
peratures are not causing a higher photosynthetic rate in
A. esculenta and S. latissima.

Considering this, it is striking that the concentration of
Chl a per area in A. esculenta was 78% higher compared to
S. latissima, as higher Chl a concentration indicates higher
potential photosynthetic rates. A similar difference in the
Chl a concentration between both species was reported by
Gordillo et al. (2006). We do not think that the observed
interspecific difference in the Chl a concentration is due to a
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low-temperature limitation of Chl a synthesis as described by
Davison et al. (1991), as we detected neither a temperature-
induced change in the absolute Chl a concentration nor in
the ratio of accessory pigments to Chl a (Table 1). The high
Chl a concentrations of A. esculenta in combination with the
comparably low photosynthetic rates (Fig. 6a) rather indicate
a higher amount of inactive photosynthetic reaction centres
compared to S. latissima. Falkowski and Raven (2007) described
a significant reduction of active photosynthetic reaction centres
due to low nutrient environments. In summer, water masses in
Arctic fjords are characterized by a strong stratification due to
temperature and salinity gradients and the absence of vertical
mixing (Cottier et al. 2010), resulting in a nutrient depletion
(Gordillo et al. 2006). As no extra nutrients were added to the
temperature treatments during the experiment, we found the
discs to be nitrogen limited, with a carbon to nitrogen ratio
between 23 and 30 (Atkinson and Smith 1983). We interpret
the distinct difference in Chl a concentration between the spe-
cies (78% higher in A. esculenta) as Arctic adaptation of
A. esculenta, enabling a fast increase of photosynthetic rates
with increasing nutrient concentrations.

Additional to temperature-induced alterations in kelp car-
bon uptake and loss, we found that rising temperatures have
the potential to increase the light requirement to balance both
processes (compensation irradiance). Relating the measured
compensation irradiance of A. esculenta and S. latissima to the
underwater light climate modeled for the three areas in
Kongsfjorden (Fig. 3a,b), we found that the overall compensa-
tion depth of both species is between � 2 and 9 m. This corre-
sponds to SCUBA-based field-surveys by Bartsch et al. (2016)
and L. Düsedau pers. comm. Therefore, we consider our results
of the compensation irradiance to be accurate. While we did
not detect a significant change of the dark respiration rate or
the photosynthetic rate of A. esculenta with increasing treat-
ment temperature, the compensation irradiance increased sig-
nificantly. However, the compensation irradiance cannot be
derived directly from the dark respiration and photosynthetic
rate, as respiration rates of plants in light were shown to vary
between 25% and 100% from the dark respiration rates
(Krömer 1995). Therefore, we conclude that the ratio of respi-
ration during photosynthesis in light of A. esculenta changes
with rising SSTs, leading to a higher compensation irradiance.
At 3�C and 7�C, we found that the mean compensation irradi-
ance of A. esculenta was 30–40% lower compared to S.
latissima. These results suggest that A. esculenta is capable of
net photosynthesis in low PAR environments and is therefore
better adapted to low underwater light climate and tempera-
tures in Arctic fjords. At low temperatures, its potential habitat
is bigger compared to S. latissima. However, we also found that
the compensation irradiance of A. esculenta is highly tempera-
ture sensitive. After exceeding the temperature optimum of 8–
9�C in the 11�C treatment, the compensation irradiance of
A. esculenta was significantly higher compared to the 3�C
treatment. While our results did not indicate a significant

increase of the compensation irradiance for S. latissima
(Fig. 5c), Davison et al. (1991) found a significantly higher
compensation irradiance with increasing temperature, com-
paring young S. latissima sporophytes being exposed to tem-
peratures from 5�C to 25�C. This shows that rising SSTs have
the potential to affect the light requirement necessary to bal-
ance respiration by photosynthesis of both kelp species.

Thereby, the significant variations of the light-use charac-
teristics, biochemical and physiological parameters between
both kelp species in response to increasing temperature, might
lead to a changed balance of interspecific competition in
future Arctic kelp forests.

Ecological implications
Bartsch et al. (2016) and L. Düsedau pers. comm. analyzed

the long-term development of kelp depth distribution in
Kongsfjorden, comparing the kelp forest structure from 1996–
1998 to 2012–2014 and 2021. They found an overall shift of
the kelp forest to shallower water depths. Furthermore, Filbee-
Dexter et al. (2022) found a positive correlation between low
light condition in the Canadian Arctic with reduced kelp bio-
mass. Both studies support our results of a decreased compen-
sation depth with increasing influence of the glacial
meltwater plume and rising temperature. Thereby, our results
indicate that sea-terminating glaciers have a greater influence
on the underwater light climate than land-terminating gla-
ciers. Hence, the negative effect of retreating glaciers on the
underwater light climate might be reduced when the glacier
terminates on land (note that the kelp compensation depth
was still significantly lower compared to coastal waters). Only
regarding the effect of the underwater light climate, the
potential kelp habitat might increase again after glaciers
become land-terminating. Payne and Roesler (2019) modeled
phytoplankton productivity in relation to glacier type,
accounting for differences in the underwater light climate and
rising SSTs. Their findings result in a three-stage concept:
(1) Productivity increase due to less sea-ice (high PAR intensi-
ties); (2) productivity reduction due to higher glacier melt and
sediment release (low PAR intensities); (3) productivity
increase after land-termination of the glacier, due to less run-
off (high PAR intensities). Although the availability of other
resources (e.g., availability of substrate or nutrients) after gla-
cial retreat would have to be assessed (Filbee-Dexter
et al. 2022), our results indicate that this concept also holds
true for kelps. Thereby, not just summer irradiances but the
cumulative annual irradiance has to be considered, when
addressing the future depth distribution and biomass accumu-
lation of photosynthetic organisms (Gattuso et al. 2006).
Pedersen et al. (2020) showed that the main biomass accumu-
lation of high-latitude Laminaria hyperborea is produced in
spring, before the meltwater season. However, high summer
irradiances are necessary to build up storage compounds for
the polar night to maintain a positive annual carbon balance
(Gattuso et al. 2006). Scheschonk et al. (2019) showed that
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S. latissima used 96% of its storage compounds during the
polar night. This implies that a reduced potential to assemble
laminarin might result in a negative annual carbon balance
(i.e., starvation).

Furthermore, we observed interspecific differences between
the species response to high temperatures. A changed balance in
competition for resources, such as light, is an important structur-
ing factor of kelp ecosystems (Traiger and Konar 2017). This
might translate into a future overlap of the realized ecological
niche of A. esculenta with other species’ habitats (e.g.,
S. latissima). The habitat model of Goldsmit et al. (2021) con-
firms this hypothesis, showing a higher habitat availability for
S. latissima than A. esculenta in the future Canadian Arctic. As
kelps are foundation species, a regime shift has cascading effects
on ecosystems: important food sources, and settling- and
recruitment ground for local benthic organisms might be
reduced; non-indigenous and invasive species might be intro-
duced in the ecosystem and the export production of kelp to
deeper water might change. This could affect the overall pro-
ductivity, light availability for the subcanopy community, bio-
genic habitat structure and biodiversity (Traiger and
Konar 2017). Thereby, the degree of photosynthetic acclima-
tion and thermal plasticity depends significantly on the ther-
mal conditions during development and growth (Atkin and
Tjoelker 2003; Liesner et al. 2020; Gauci et al. 2022). Hence,
changes in the long-term acclimation processes will further
affect kelp metabolism in future and has to be kept in mind
when assessing the future kelp expansion and species composi-
tion in the Arctic.

While the loss of kelp forests as response to rising tempera-
tures was observed at their warm-distribution edge (Krumhansl
et al. 2016; Filbee-Dexter et al. 2019, 2020), major kelp forest
expansions were modeled for the future Arctic (Krause-Jensen
and Duarte 2014; Krause-Jensen et al. 2020; Assis et al. 2022).
However, in this study, we showed that the sum of abiotic
changes and their effects on kelps physiological and biochemi-
cal processes might lead to a future mismatch between
resources and that local drivers can contradict kelp expansion
and change the species composition in the future Arctic.
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Data supporting the findings of this study are openly avail-
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