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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Future climate change in Arctic fjord 
systems manifests as multiple 
perturbations 

• Arctic kelp communities were exposed 
to warming, freshening, and reduced 
light 

• Net community production by mixed 
kelp communities was most affected by 
light 

• Model predictions suggest mixed kelp 
communities are net autotrophic during 
summer 

• Summer net productivity by Arctic kelp 
appears tolerant to future multi- 
stressors  
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A B S T R A C T   

Arctic fjords are considered to be one of the ecosystems changing most rapidly in response to climate change. In 
the Svalbard archipelago, fjords are experiencing a shift in environmental conditions due to the Atlantification of 
Arctic waters and the retreat of sea-terminating glaciers. These environmental changes are predicted to facilitate 
expansion of large, brown macroalgae, into new ice-free regions. The potential resilience of macroalgal benthic 
communities in these fjord systems will depend on their response to combined pressures from freshening due to 
glacial melt, exposure to warmer waters, and increased turbidity from meltwater runoff which reduces light 
penetration. Current predictions, however, have a limited ability to elucidate the future impacts of multiple- 
drivers on macroalgal communities with respect to ecosystem function and biogeochemical cycling in Arctic 
fjords. To assess the impact of these combined future environmental changes on benthic productivity and 
resilience, we conducted a two-month mesocosm experiment exposing mixed kelp communities to three future 
conditions comprising increased temperature (+ 3.3 and + 5.3◦C), seawater freshening by ∼ 3.0 and ∼ 5.0 units 
(i.e., salinity of 30 and 28, respectively), and decreased photosynthetically active radiation (PAR, - 25 and - 40 
%). Exposure to these combined treatments resulted in non-significant differences in short-term productivity, and 
a tolerance of the photosynthetic capacity across the treatment conditions. We present the first robust estimates 
of mixed kelp community production in Kongsfjorden and place a median compensation irradiance of ~12.5 
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mmol photons m− 2 h− 1 as the threshold for positive net community productivity. These results are discussed in 
the context of ecosystem productivity and biological tolerance of kelp communities in future Arctic fjord systems.   

1. Introduction 

The accelerated rate of Arctic warming is often expressed as a way to 
convey the urgency of a rapidly changing climate. While atmospheric 
warming of the Arctic is occurring at a rate 4× faster than the rest of the 
world, such proclamations overlook the intricacies and nuances of 
climate change drivers in disparate Arctic biomes, particularly in fjord 
systems (Carvalho and Wang, 2020; Rantanen et al., 2022; Schlegel 
et al., 2023). In the pan-Arctic, the mean sea surface temperature (SST) 
increase over the past two decades has been nearly identical to that of 
the rest of the globe (Chen et al., 2019; Fox-Kemper et al., 2021). This 
similarity, however, is due to the heterogeneity of the pan-Arctic, which 
encompasses large swaths of polar waters bordering Russia and Canada 
that display a meager decadal warming trend of <0.2 ◦C decade− 1 

(Carvalho and Wang, 2020). This contrasts with warming trends in the 
European Arctic, as the complexity of Arctic hydrology is realized in the 
Norwegian and East Greenland Seas, which show a mean SST warming 
rate between 0.15 and 0.5 ◦C decade− 1 in late winter and summer, 
respectively (Meredith et al., 2019). Within this region lies the west 
coast of the Svalbard archipelago, which has experienced a steadily 
warming SST for the past two decades due to a more frequent influx of 
warm Atlantic water throughout the year (Tverberg et al., 2019; Skog-
seth et al., 2020). This “Atlantification” has led to rapid loss of glacial 
mass and the retreat of sea terminating glaciers in NW Svalbard 
(Asbjørnsen et al., 2020; Morris et al., 2020). The conglomeration of 
increasing SST and glacial retreat—along with associated freshwater 
influx—are expected to modify fjord hydrography potentially enhancing 
retention of freshwater and inducing an earlier phytoplankton bloom 
season (Husum et al., 2019; Torsvik et al., 2019). Although, the char-
acteristics of these changes to stratification and primary production 
within the fjord will depend on the type of meltwater plume (land or sea 
derived) coming from glaciers (Meire et al., 2023). These modifications 
to the physicochemical environment have been described as a potential 
darkening of Svalbard fjords due to the increased heat retention, ice- 
loss, and runoff from proglacial streams that attenuate the penetration 
of photosynthetically active radiation (PAR) (Torsvik et al., 2019; Konik 
et al., 2021; van de Poll et al., 2021). The forthcoming interaction of 
these changes are difficult to quantify with respect to how these shifts 
may affect the function and resilience of biological communities—spe-
cifically benthic communities. 

Large brown seaweeds, colloquially referred to as kelp, are a domi-
nant group of macroalgae that exist on hard bottoms throughout the 
shallow depths of the nearshore Arctic (e.g., fjords). Kelp are dominated 
by the order Laminariales and are abundant throughout the Arctic re-
gion, including within fjord systems such as Kongsfjorden, Svalbard 
(Hop et al., 2012; Alongi, 2018; Wernberg et al., 2019; Goldsmit et al., 
2021). They create biogenic habitats that provide a functional 
ecosystem role with respect to shelter, food source, and carbon cycling 
in the Arctic (Włodarska-Kowalczuk et al., 2009; Filbee-Dexter et al., 
2019; Fredriksen et al., 2019). Many macroalgae in the Arctic are 
thought to have a boreal origin surviving in refugia zones during pre-
vious glacial periods resulting in a contemporary, diverse mixed com-
munity forest system (Bringloe et al., 2020). Thus, the species of kelp 
within the Arctic region are also abundant in sub-Arctic regions, and 
display varying degrees of inter-species tolerance to warming, decreased 
irradiance, and freshening (Filbee-Dexter et al., 2019; Lebrun et al., 
2022 and references therein). Recent modeling studies even suggest an 
overall net gain of macroalgae biomass throughout the Arctic due to 
warmer temperatures (especially in winter) and reduced sea ice cover 
and scouring from glacial calving (Krause-Jensen et al., 2020; Assis 
et al., 2022). 

Many of the ecological functions provided by Arctic kelp commu-
nities can be understood through the lens of biogeochemical cycling, 
which involves the metabolic processes of the system related to nutrient 
uptake and retention within the habitat, as well as carbon cycling 
(Abdullah et al., 2017; Filbee-Dexter et al., 2018). With the projected 
future increase in kelp biomass and coverage, it is important to consider 
the role kelp communities may have in biogeochemical cycling in the 
Arctic, particularly regarding benthic primary production. Recent esti-
mates suggest benthic primary production currently accounts for ~25 % 
of ecosystem production for outer fjord regions (Attard et al., 2016). 
This estimate may increase with the predicted expansion of kelp, shifting 
the balance of benthic-pelagic coupling and benthic primary production 
to changes in ecosystem function. From a future pan-Arctic perspective, 
the environmental drivers that will modify the physicochemical envi-
ronment portray a positive prospect for Arctic kelp, but this potentially 
overlooks smaller scale changes at the community level. 

One of the most impactful drivers of climate change in the Arctic 
fjord of Kongsfjorden relates to changes in the underwater light climate, 
which is hypothesized as the cause for the observed shoaling of kelp 
depth distribution in the region (Bartsch et al., 2016). Changes in the 
underwater light climate due to the spatial extent and turbidity of 
sediment plumes at different stages of glacial retreat and water mass 
mixing show that land terminating glaciers in Kongsfjorden are 
responsible for the most deteriorated underwater light conditions 
compared to coast water and sea-terminating glaciers, which correlates 
to a vertical depth limit for kelp (Niedzwiedz and Bischof, 2023). Given 
that the underwater light climate is one of the main drivers for kelp 
depth distribution and production (Fragkopoulou et al., 2022; Niedz-
wiedz and Bischof, 2023), quantifying the consortium of climatic drivers 
including light climate becomes essential for understanding the role of 
benthic primary production in fjord systems now and in the future. 
While many studies have observed an independent response of indi-
vidual kelp physiological function to warming, freshening, and irradi-
ance in the Arctic (Filbee-Dexter et al., 2019; Lebrun et al., 2022; 
Niedzwiedz and Bischof, 2023), a mixed kelp community response re-
mains equivocal. 

To assess the metabolic response and production of mixed kelp 
communities inhabiting an Arctic fjord to future climate drivers, we 
employed a novel multi-stressor experimental system manipulating 
temperature and salinity in real-time combined with modifications to 
incoming irradiance over a two-month manipulative experiment in 
Kongsfjorden, Svalbard. Weekly ex-situ community level incubations 
were performed to test (1) how combinations of warming, freshening, 
and decreased irradiance (mimicking increased turbidity) may affect 
kelp community productivity, and (2) how the independent effects of 
warming impact community metabolism. The aim of the presented study 
depicts the tolerance of Arctic kelp communities to future climate 
drivers and estimates their current metabolic capacity as it relates to net 
community productivity (NCP). 

2. Materials and methods 

2.1. Kongsfjorden system 

Kongsfjorden is a glacial fjord situated on the west coast of Svalbard 
(78◦59′ N, 11–12◦ E) which is subject to warm and salty, North Atlantic 
water intrusion to the West Spitsbergen Current. Temperatures in the 
fjord have been warming at rate of 0.11 ◦C y− 1 during the warm months 
(Sept. – Nov.) over the past 2 decades (Hop et al., 2019). During the 
summer melt season, brown water plumes form at the surface, which are 
generated by sub-glacial discharge at the terminus of several tidewater 
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glaciers causing buoyant plumes to rise to the surface (Hegseth et al., 
2019). 

The temperature and salinity conditions in Kongsfjorden measured at 
the COSYNA Underwater Observatory (depth of 10 m) recorded monthly 
median values from 2015 to 2021 in winter and summer of - 0.1 ◦C and 
6.1 ◦C, with salinity from 35 to 33.3 in spring and autumn, respectively 
(Gattuso et al., 2023). Further measurements of temperature, salinity, 
and PAR can be found on the COSYNA data portal site (https://dashboa 
rd.awi.de/?dashboard=3865) hosted by AWIPEV (Alfred Wegener 
Institute and Institute Paul Émile Victor). The nearshore shallow waters 
(< 12 m) of Kongsfjorden are oversaturated seasonally with respect to 
aragonite, where pH ranges between 8.0 and 8.2; however, acidification 
is expected to increase as a result of progressive glacial melt and a 
decrease in biological carbon uptake resulting from diminished nutrient 
input due to intruding warmer water masses (Fransson et al., 2016; 
Gattuso et al., 2023). These fjord conditions have been robustly repre-
sented in the experimental design described below. 

2.2. Experimental logistics and design 

The ex-situ perturbation experiment on mixed kelp communities was 
conducted on an outside platform in Ny-Ålesund, Svalbard, ~ 12 m from 
the shoreline. Kelps and associated fauna were collected in Kongsfjor-
den, Svalbard, at either Hansneset (78◦59.101′ N, 11◦57.793′ E), or the 
Old Pier (78◦55′49.20′N, 11◦55′10.59′E) at an average depth of 4.5 m by 
the AWI (Alfred Wegener Institute, Germany) dive team in late June 
2021. Organisms were placed in holding tanks with ambient flow- 
through seawater for no >12 d prior to the start of the experiment. 
The three most abundant kelp species in Kongsfjorden were targeted for 
collection: Alaria esculenta, Saccharina latissima, and Laminaria digitata, 
along with an assortment of benthic fauna comprising sea urchins 
(Strongylocentrotus pallidus, Strongylocentrotus droebachiensis), snails 
(Margarites spp.), and brittle stars (Ophiopholis aculeata). A total of 142 
kelp sporophytes ranging in size from 50 to 250 cm were collected in 
order to replicate the densities and diversity found at 7–10 m depth in a 
1 m2 plot equating to a total fresh weight (fw) of ~4 kg of kelp (Table 1; 
Hop et al., 2012). Targeted fauna biomass for a 1 m2 plot were aligned to 
estimates from Paar et al. (2019), but only comprised the species listed 
above at a fw of ~400 g for sea urchins and < 150 g for snails and brittle 
stars at the start of the experiment. 

A fractional factorial design was employed to expose benthic kelp 
communities in triplicate to three different treatment conditions within 
12 opaque fiberglass mesocosms, each with a volume of 1 m3 (~ 1.2 m in 
height and a mean diameter of 1.1 m). The treatments were designed to 
represent expected future conditions in the fjord under the projected 
climate change scenarios SSP2–4.5 and SSP5–8.5. These were discern-
ible as three driving factors (1) increased temperature, (2) increased 

freshening from glacial retreat, and (3) attenuated light from increased 
fluvial material deposited by sub- and proglacial streams (Fig. 1). The 
first treatment (MSM) recognized moderate future change (SSP2–4.5) as 
an offset from ambient conditions at a 10 m depth, where temperature 
was warmed to +3.3 ◦C, salinity decreased between 2.5 and 3.0 units, 
and irradiance was attenuated by a 25 % mean value. The second 
treatment (MSH) manipulated the same factors to a higher degree offset 
(SSP5–8.5) from ambient conditions where temperature was warmed to 
+5.3 ◦C, salinity decreased between 5.0 and 5.5. units, and irradiance 
was attenuated by a 40 % mean value. The third treatment scenario (HT) 
was a warming only condition of +5.3 ◦C above ambient (SSP5–8.5). 

The experimental system was regulated by a novel temperature and 
salinity perturbation system which has been thoroughly described in 
Miller et al. (2024). Briefly though, the applied temperature anomalies 
of +3.3 and 5.3 ◦C were programmed as offset values from a dynamic 
control that followed measured in-situ fjord conditions (salinity, tem-
perature, and PAR) at a 10 m depth recorded by the AWIPEV FerryBox 
part of the COSYNA underwater observatory. Water was pumped from a 
10 m depth offshore to the Kings Bay marine laboratory where it was 
split into 3 sub-header tanks which either, warmed, chilled or left 
seawater unmodified before exiting a pipping manifold which autono-
mously regulated the mixing of warmed, chilled, or ambient seawater. 
Each treatment condition, including the control, was regulated using a 
series of automated regulator valves that mixed incoming flows of 
ambient, warmed ambient, and chilled ambient seawater with fresh-
water—when applicable—in specific volumetric proportions to achieve 
setpoint conditions. This was done by continuously (several measure-
ments per minute) measuring the temperature and salinity in each 
mesocosm and transmitting the recorded data to a local network and 
custom designed computer application that monitored and controlled 
the flow and mixing of each source water inlet. Incoming irradiance was 
measured in each mesocosm by a PAR logger (Odysseyⓒ) fixed to a 
centered PVC stand raising the logger to the top of the mesocosm at a 
vertical orientation. The control condition simulated a depth of 10 m 
using light and spectrum filters (Leeⓒ Filters) adhered to acrylic covers 
fixed to a fiber glass ring that was set on top of each mesocosm. For the 
MSM and MSH treatments, additional light filters were placed on top of 
the spectral filters to achieve the mean 25 and 40 % attenuation targets. 

2.3. Sampling and procedure 

Each mesocosm was equipped with an in-situ optical oxygen (O2) 
sensor (Aqualabo, PODOC), temperature-conductivity probe (Aqualabo, 
PC4E), PAR logger, and a 12 W wave pump (Sunsunⓒ JVP-132). A total 
of 12–14 kelp sporophytes were evenly distributed according to weight 
and length differences across each mesocosm and attached by an intact 
holdfast to small stones using weaved twine to simulate natural sub-
strate attachment. Before distributing individual kelp into each meso-
cosm, initial length, fresh weight (fw), and a hole punch 2 cm above the 
base of the meristem juncture with the stipe was made in order to 
monitor growth during the experiment. The results of this growth data 
can be found in Lebrun et al. (2023). Upon cataloging each metric and 
hole punch, the kelps were randomly distributed (considering collection 
site) into each mesocosm. This marked the start of the experiment on 
2021-07-03 which began with a 7 d ‘acclimation’ period where all 
mesocosms received a continuous flow of ambient seawater. 

Kelp community metabolism and productivity were determined by 
measuring oxygen evolution in each mesocosm after filling them to the 
rim, causing seawater to spill out the sides of the top cover. This left no 
headspace in the mesocosms, thus avoiding any potential air-water gas 
exchange. Once completely filled, 3 h incubations were performed by 
cutting the inflow and stopping the outflow. The internal wave pump 
ensured homogeneity and mixing of the water inside each mesocosm. A 
total of 12 closed incubations were performed over the 54 d experiment. 
The first five incubations were conducted during the ambient ‘accli-
mation’ period (every 1–2 d) while the following seven incubations 

Table 1 
Sporophyte distribution per mesocosm with total fresh weight per species at T0 
and TF. Numbers 1–3 refer to each replicate.   

Saccarina 
Latissima 

Alaria 
esculenta 

Laminaria 
digitata   

Mesocosm Sum fresh 
weight (g) 

Sum fresh 
weight (g) 

Sum fresh 
weight (g) 

T0 Sum 
total (g) 

Tf Sum 
total (g) 

Cntrl. 1  1518  980  1536  4034  4046 
Cntrl. 2  1442  994  1664  4100  4088 
Cntrl. 3  1488  954  1656  4098  4022 
MSM 1  1628  1150  1564  4342  4006 
MSM 2  1516  964  1458  3938  3624 
MSM 3  1520  1110  1522  4152  3768 
MSH 1  1530  1014  1588  4132  3976 
MSH 2  1514  972  1516  4002  3424 
MSH 3  1528  1090  1580  4198  3662 
HT 1  1602  1058  1484  4144  4136 
HT 2  1486  1166  1526  4178  3678 
HT 3  1442  996  1552  3990  3710  

C.A. Miller et al.                                                                                                                                                                                                                                

https://dashboard.awi.de/?dashboard=3865
https://dashboard.awi.de/?dashboard=3865


Science of the Total Environment 930 (2024) 172571

4

(6–12) occurred weekly, while at target conditions. On the final day of 
the ‘acclimation’ period, one 4 h dark incubation was performed by 
placing three layers of black plastic sheets over the top of each meso-
cosm. On 2021-07-10, temperature was adjusted daily by programming 
a new setpoint in the software interface of the perturbation system to 
create a linear increase to the final target conditions achieved on 2021- 
07-16. This was an increase of 0.55 ◦C d− 1 for the MSM treatment and 
0.88 ◦C d− 1 for MSH and HT treatments. Incubations occurred at 
different 3 h periods during the entire experimental period to compen-
sate for uneven cloud cover over the experimental platform. The oxygen 
sensor in each mesocosm recorded minutely changes in O2 concentra-
tion that were used to estimate net production of the simulated com-
munity. Incubations were terminated by restoring open-flow and 
turning the automated perturbation system back on to continue the 
regulation of each experimental condition in the mesocosms. Regular 
maintenance was performed by cleaning the walls of each mesocosm 
and its sensors (i.e., oxygen sensor, PAR logger, and temperature- 
conductivity probe) of epiphytes. Sensors were cleaned every 2 to 3 d, 
and again directly before performing an incubation. 

Tissue sampling and dry weight (dw) determination for all 142 
sporophytes was conducted the day after the final incubation (2021-08- 
26) and was completed on 2021-08-29. The breakdown of the experi-
ment occurred over 3 d due to the number of sporophytes that needed to 
be processed. Each day during breakdown, 1 replicate for each treat-
ment was terminated ensuring any added variance introduced over the 
3 days needed to process all kelp samples was captured within a treat-
ment. Measurements were made for total length (Lebrun et al., 2023) 
and fw, with and without the stipe. Each kelp was then dried for at least 
72 h at 60 ◦C. A fw to dw conversation factor was calculated for each 
species by pooling all sporophytes of a single species to construct the 
correlation (Table S1). The total biomass of each mesocosm was calcu-
lated at the end of the experiment in order to quantify potential gain or 
loss, and a linear interpolation was applied between the T0 and TF 
biomass measurements. The interpolated values were used to estimate 
biomass at any given time point in each mesocosm as real measurements 
were not available. 

Metabolic carbon cycling by kelp communities was assessed by col-
lecting discrete bottle samples of pHT (total scale) and total alkalinity 
(AT) before and after an incubation in order to constrain the carbonate 
system and calculate changes in total inorganic carbon (CT). The samples 
were stored in 300 ml BOD (biological oxygen demand) and 250 ml 
HDPE (high-density polyethylene) bottles for pHT and AT, respectively. 
pHT was measured in a 30 ml cylindrical cell using a Cary 60 (Agilent 
Technologies) spectrophotometer and purified m-cresol purple as an 
indicator dye (Dickson et al., 2007). Triplicate or duplicate analytical 

replicates were measured for each collected sample within 3 h of 
bottling. AT was measured using an open-cell titration method (Dickson 
et al., 2007) on a Metrohm888 Titrando with triplicate or duplicate runs 
(50 ml) performed on the same sample bottle as analytical replication. 
Several samples of certified reference material (purchased from Andrew 
Dickson, Scripps Institute of Oceanography, USA) were processed 
haphazardly throughout the experimental period to ensure proper ac-
curacy by the titrator (within ±4 μmol kg− 1). The carbonate system 
parameters were derived using CO2SYS (Matlab v3.1.1; Sharp et al., 
2021) with the carbonic acid dissociation constants of Sulpis et al. 
(2020), bisulfate constant from Dickson (1990), fluoride from Perez and 
Fraga (1987), and the boron/chlorinity ratio of Uppström (1974). 

2.4. Statistical approach and modeling 

Erroneous values of PAR were filtered by percentile (< 0.01 % at 
either end). The measured outliers occurred due to the removal of the 
mesocosm covers during cleaning, or from fronds passing over the PAR 
logger. Short instances of erroneous values were removed as described 
above and linearly interpolated. Longer periods of erroneous values 
were either removed completely or estimated by taking the mean value 
of the other two replicate mesocosms when appropriate (e.g., an 
observed minimal difference that ranged from 0.07 to 15.3 μmol pho-
tons m− 2 s− 1 across replicates during a 24 h period prior to when the 
estimated value was used). 

Determination of NCP was quantified by calculating P–I (photo-
synthesis-irradiance) curves or slopes from O2 evolution in each meso-
cosm. Three, hourly, NCP rates were derived for each mesocosm per 
incubation in order to account for any changes in PAR over the 3 h 
duration. A hyperbolic tangent function was used to describe the P–I 
curves. A linear function was used when PAR levels were below satu-
rating irradiance, and when rates fell along the tangent line of the curve. 
The compensation irradiance point (Ic) and initial slope (α) were 
determined from either the hyperbolic tangent or linear model. Random 
factors such as ‘Time of Day’ and ‘Day of Year’ were considered as 
confounding variables that could affect NCP and, thus, integrated into 
the analysis. 

Rates of NCP were compared for every treatment condition using a 
stepwise linear model with covariates, PAR, ‘Time of day’, and ‘Day of 
the year’ to determine the response of mixed kelp net community pro-
ductivity. The integrated sum of all calculated rates (i.e., sum of all 
hourly rates for each treatment) was determined across treatments using 
a Wilcoxon rank sum with an applied Bonferroni-Holm multiple com-
parisons correction. This analysis was repeated using the projected 
linear model estimates of hourly NCP with select PAR values identified 

Fig. 1. Diagram of experimental design with treatment descriptions as multi-stressor medium (MSM), multi-stressor high (MSH), high temperature (HT), and a 
control (CNTRL.). All manipulated conditions followed the real-time measured ambient conditions in the fjord and nature light cycle. 
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as a ‘typical light day’. The ‘typical light day’ PAR values were selected 
haphazardly from the measured PAR in the control treatment for an 
entire day when hourly PAR < 45 mmol photons m− 2 h− 1. One day was 
selected for each week from 18 July to 19 August. The ‘typical light day’ 
(5 days in total) represented the majority of observed hourly PAR 
measurements recorded during this time period of the experiment. 

The estimated NCP was derived from a single rate model determined 
by pooling the measured rates of hourly NCP across all treatments. This 
was done using a modified hyperbolic tangent model that incorporated 
‘Time of day’ as an additional variable. ‘Time of day’ was applied as a 
linear negative correlation scaler as: 

NCP = Pmaxtanh
(

αI
Pmax

)

+ Rd × ToD, (1)  

where Pmax is the maximum NCP (μmol O2 g dw− 1 h− 1), I is the PAR 
(mmol photons m− 2 h− 1), α is the initial slope of the curve (μmol O2 g 
dw− 1 h− 1(mmol photons m− 2 h− 1)− 1), Rd is the dark respiration rate 
(μmol O2 g dw− 1 h− 1), and ToD is the ‘Time of day’ (decimal hour in a 
day). The pooling of all measured rates of hourly NCP was justified due 
to the lack of significant differences observed across treatments 
compared to the control. 

The NCP estimate is representative of kelp community productivity 
in Kongsfjorden at the simulated 10 m depth and was used to predict 
daily net community production. Calculating the daily net community 
production was realized by using the unmanipulated PAR values from 
one of the control mesocosms (the 3rd control replicate) and applying 
these values to the model function as the representative in-situ PAR at a 
10 m depth. Given that each mesocosm represented the biomass in a m− 2 

plot, the mean biomass per day across all mesocosms was applied to 
convert biomass to a m− 2 area of production (mmol O2 m− 2 d− 1). 

The derived carbonate chemistry parameters were considered valid 
only when discrete pHT and AT bottle samples were filtered to remove 
outliers within analytical replicates. A routine outlier removal process 
was applied using the ‘isoutlier’ function in Matlab (V. 2022a) with a 
selected ‘median’ method and threshold factor of 2. For instances when 
there was lack of agreement (i.e., each measured AT value had differ-
ences >10 μmol kg− 1 from one another) amongst analytic replicates, the 
entire sample was removed. This was not needed for the measured pHT 
samples. When applicable, CT was calculated from the average AT and 
pHT values by treatment for incubations 6–12. 

3. Results 

3.1. Experimental system function 

Over the 54 d experiment, the regulation of temperature and salinity 
in each mesocosm was well maintained (Figs. S1, S2). Deviations >0.5 
salinity or 0.5 ◦C between the measured values in each mesocosm and 
the setpoint value during incubations were absent except for salinity, 
which deviated ~1.2 from the setpoint on 26-08-2021 for replicates 2 
and 3 of the MSM treatment (Fig. S2). Overall, the variability in the 
experimental conditions was minimal or negligible during incubation 
periods. 

Measurements of the daily integrated PAR displayed robust separa-
tion of the manipulated irradiance throughout the experimental period 
(Fig. S3). The mean proportional decrease between the daily integrated 
PAR for the MSM treatment and control condition was 0.289, 0.217, and 
0.204 across replicates. For the MSH treatment, the daily integrated PAR 
displayed a mean proportional decrease from the control of 0.364, 
0.365, and 0.349 for each replicate. 

The Tf values of kelp biomass (fw) decreased in all mesocosms with 
the exception of 1 replicate in the control condition (Table 1). In total, 7 
kelp where found completely senesced (frond gone, with only mid-rib 
remaining) or dead. This was a total of 4 kelps across the MSM repli-
cates, 2 kelps across the MSH treatments, and 1 kelp in the HT treatment. 

Across the control replicates, 2 kelp fronds where found detached from 
the stipe. Dead urchins, brittle stars, and snails were found in all mes-
ocosms, reducing the total biomass of fauna in each tank from ~10 % fw 
at the start of the experiment to an estimated 5–7 % based on empty 
urchin tests, which was quantifiable to a loss of 35–40 % total biomass 
from T0 urchin biomass. 

3.2. Response of NCP to treatment conditions 

Hourly rates of NCP across all treatments and incubations displayed 
non-significant differences from the control as a function of irradiance 
(Fig. 2). Incoming PAR was greatest at the beginning of the experiment 
in early July when all mesocosms were supplied with the same, unma-
nipulated, ambient seawater (i.e., treatment seawater conditions were 
not at target conditions until incubation 6) during incubations 1–5 (up to 
144 mmol photons m− 2 h− 1; Fig. 2a). NCP rates ranged between 30 and 
45 μmol O2 g dw− 1 h− 1 when PAR was ≥80 mmol photons m− 2 h− 1, 
which occurred during incubations 1–5. Incubations 6–12 displayed a 
linear response between measured rates of NCP and irradiance—PAR 
never exceeded 40 mmol photons m− 2 h− 1 during these incubations 
(Fig. 2b). The observed PAR during incubations 6–12, when the treat-
ment mesocosms were at target conditions, was lowest in the MSH 
treatment, which yielded a maximum flux of 22 mmol photons m− 2 h− 1, 
and highest in the control and HT treatments, which recorded values of 
37 mmol photons m− 2 h− 1. This greater PAR flux resulted in slightly 
higher measured rates of NCP for the control and HT treatments. 

Incubation 7 was excluded from this analysis as the recorded O2, 
temperature, salinity, and the associated metadata from the system were 
not logged due to a communication error with the server from 2021-07- 
21 08:01 to 2021-07-26 12:37 UTC. This happened despite successful 
regulation of the experimental conditions and the continued display of 
real-time measured data in each of the mesocosms on the interface, 
during this period. Incubation 8 was also removed from the analysis as 
erroneous O2 measurements were recorded due to a circuit failure 
causing the 12 W wave pumps inside each mesocosm to shut off for 
~36–48 h. This prevented the water in each mesocosm from being 
thoroughly mixed leading to the erroneous measurements. 

The linear modeled P–I response for incubations 6–12 displayed 
non-statistically significant differences between the 3 different treat-
ments and the control for all parameters (Fig. 3). Due to the fractional 
factorial design of the experiment, only comparisons against the control 
were directly assessed as inter-treatment comparisons were confounded 
by differing multi-perturbing predictor variables. The mean photosyn-
thetic efficiency derived from the predicted parameter (α) from each 
treatment’s linear model was estimated to be 0.882 ± 0.209 (SD) (μmol 
O2 g dw− 1 h− 1 (mmol photons m− 2 h− 1)− 1) with an Ic of 13.61 ± 1.66 
(SD) mmol photons m− 2 h− 1 (Fig. 3). This Ic equates to a continuous 
instantaneous flux of 3.78 μmol m− 2 s− 1. All predicted model parameters 
(slope and intercept) were significant for each treatment condition 
(ANOVA of linear model, p-value <0.0001). The overall predicted rate 
by the models shared considerable overlap of the RMSE bounds 
(Fig. 3b). The similarity between treatments suggest a robust estimation 
of NCP rates as a linear response to irradiance when the flux was <40 
mmol photons m− 2 h− 1. 

The integrated sum (i.e., the sum of all measured hourly rates over 
the entire experiment) of the net community production displayed non- 
significant differences between the treatments and the control (Fig. 4a). 
All treatments had a mean value that ranged between 0.4 and 0.55 mmol 
O2 g dw− 1. The calculated integrated sum for incubations 6–12 (i.e., 
when at treatment conditions), showed a significant difference between 
the control and the MSH treatment (rank-sum, p-value = 0.0487) 
(Fig. 4b). The total net community production based on the integrated 
sum was 121 μmol O2 g dw− 1 for the control and − 66.6 μmol O2 g dw− 1 

for the MSH treatment. The comparison of the integrated sum of net 
community production for the model predicted rates for 5 ‘typical light 
days’ displayed no differences between treatments and the control. 
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Fig. 2. Rates of net community productivity for all incubations: (a) incubations 1–12, and (b) incubations 6–12. Incubations 1–5 occurred while all mesocosms were 
at ambient conditions (panel a, grey markers). Incubations 6–12 (colored markers panel a and b) were conducted when all treatment conditions were at target 
temperature, salinity, and irradiance. Different symbols represent different incubations where blue is replicate 1, yellow is replicate 2, and red is replicate 3. Date and 
times (UTC) for each incubation are as follows. Incubation 1: 2021-07-04 04:18–07:20; Incubation 2: 2021-07-05 17:30–20:30; Incubation 3: 2021-07-06 
10:18–13:18; Incubation 4: 2021-07-08 04:02–07:02; Incubation 5: 2021-07-09 08:49–11:49; Incubation 6: 2021-07-16 04:30–07:30; Incubation 9: 2021-08-06 
17:40–20:42; Incubation 10: 2021-08-13 17:09–20:10; Incubation 11: 2021-08-20 04:16–07:20; Incubation 12: 2021-08-26 09:41–12:38. 

Fig. 3. (a) Slope of model for each individual treatment (error is RSMSE) and (b) the whole model of net community productivity rate by treatment with RMSE. Bar 
charts are the associated model parameters: (c) photosynthetic efficiency and (d) compensation irradiance (error is 95 % CI). 
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(Fig. S4). 

3.3. Carbonate chemistry variability of treatment conditions 

The change in pHT (and [H+]) as a response to the NCP rate displayed 
a robust fit (all R2 > 0.9) with 2nd (MSH treatment) and 3rd (Cntrl., 
MSM, HT) order polynomials (Fig. S5). Discrete bottle estimates for pHT 
were valid for incubations 2–12 (excluding incubation 8). Several 

anomalous values were measured in both the T0 and Tf discrete AT 
bottles resulting in a lack of confidence in deriving the change of inde-
pendent carbonate chemistry parameters over the duration of an incu-
bation. Thus, determination of changes in AT and CT during an 
incubation are not reported. Valid AT samples (see Section 2.3) were 
sufficient enough to determine an AT:CT ratio that ranged from 1.09 to 
1.19 across all treatment conditions using a subset of the robust T0 
values—thus the baseline AT:CT state for each treatment. 

The degree of change in pHT as a function of net kelp community 
productivity over an incubation period was modeled with 2nd and 3rd 
polynomials from the starting mean pHT condition at T0 for each 
treatment condition (Fig. 5). The difference between the measured 
starting point of pHT for each condition was dependent on the AT:CT 
ratio and described by the thermodynamic response of the carbonate 
system to temperature and salinity. The lowest AT:CT was found in the 
MSH treatment; thus, this condition experienced the greatest change in 
pHT as a response to the rate of NCP (Fig. 5). 

3.4. Effect of covariates on NCP 

The explanatory variables PAR, ‘Time of day,’ and ‘Day of year’ 
appeared to have significant effects on NCP rates for incubations 6–12 
(Table S2). The covariate ‘Time of day’ had a significant negative effect 
(F1,165 = 14.2; p-value = 0.0002) on NCP rates, however, there was a 
significant interaction effect with irradiance (Fig. S5). The ‘Day of year’ 
covariate was also statistically significant (F1,165 = 14.2; p-value =
0.0122) (Table S2). The significant positive effect of the ‘Day of year’ on 
rates of NCP was likely due to higher irradiance during incubations 
conducted toward the beginning of the experiment (Fig. S6). This was 
not the case for the ‘Time of day’ effect, however, as the decrease in NCP 
rate was shown to be steady as the day increased (Fig. S6). Evidence is 
visible when looking at mid-day (~ 12:00 h local time) NCP rates and 

Fig. 4. (a) Integrated sum of all hourly NCP rates for all incubations (i.e., in-
cubations 1–12). (b) Integrated sum of all hourly NCP rates for incubations 
6–12 (time period when all treatments were at target conditions). Error bars are 
the 95 % CI. 

Fig. 5. Modeled response of change in pHT and [H+] by treatment as a function of NCP rate. Dashed colored lines show mean pHT across replicates (and within a 
treatment) at T0 for incubations 6–12. Dashed grey lines show the mean [H+] across replicates (and within a treatment) at T0 for incubations 6–12. Bounded error is 
95 % CI. Filled colored circles represent the starting AT:CT ratio. 
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the moderate irradiance levels compared to those earlier in the day. The 
PAR covariate had the largest effect on NCP rate (F1,165 = 106.3; p-value 
<0.0001). No difference in NCP rates were observed between treatment 
conditions (Table S2), corroborating the overlap of the estimated rates 
observed in the individual model predictions. 

3.5. Pooled model and community production 

The estimated net kelp community productivity had a Pmax 
(maximum NCP rate) coefficient of 32 μmol O2 g dw− 1 h− 1 at a satu-
rating irradiance of 150 mmol photons m− 2 h− 1. The modified hyper-
bolic tangent model (Eq. (1)) provided a robust fit with an RMSE of 5.73 
μmol O2 g dw− 1 h− 1 (Fig. 6). The normative hyperbolic tangent model 
(photosynthesis-irradiance only) suggested a higher photosynthetic ef-
ficiency and resulted in a less robust fit with an RMSE of 6.39 μmol O2 g 
dw− 1 h− 1. The modified hyperbolic tangent model predicted a respira-
tion rate coefficient of − 13.1 μmol O2 g dw− 1 h− 1 which was ~40 % 
higher than that of the non-modified hyperbolic tangent model (- 9.4 
μmol O2 g dw-1 h-1). This aligned well with the measured respiration 
rates which ranged from − 21 to − 11 O2 g dw− 1 h− 1 over a 3 h period 
(Fig. S7). 

The estimated net community production for a proportion of the 
summer season (57 d period) in Kongsfjorden—which utilized the 
irradiance measured in a control mesocosm—ranged from − 25 to 128 
mmol O2 m− 2 d− 1 (Fig. 7). Maximum net community production 
occurred during the first week of July, while several net negative rates 
were observed the last week of August. The overall trend was linear and 
showed a decrease in production over the modeled period representative 
of the decreasing irradiance over this time. Overall, the modeled period 
displayed that mixed kelp communities experience net positive pro-
duction 91 % of the time with irradiance values measured at a simulated 
10 m depth. 

4. Discussion 

4.1. Tolerance of mixed kelp communities 

This study has shown that mixed kelp communities in an Arctic fjord 
exposed to varying degrees of multi-stressors appear tolerant to future 
environmental conditions. Utilizing a novel experimental system to 
manipulate seawater temperature and salinity while reducing light 
availability (Miller et al., 2024), this study documents a retained 

capacity for productivity by mixed kelp sporophyte assemblages under a 
large range of conditions, and the most extreme mean temperatures 
predicted for the Arctic by the year 2100. The nearly two-month long 
experiment showed that NCP rates and their photosynthetic efficiency 
were similar across all experimental conditions during the 54 d expo-
sure. Importantly, we show that the ‘Time of day’ is an additional co-
variate affecting production and should be considered when assessing 
the photosynthetic capacity of Arctic kelp, despite the fact that polar 
days potentially provide continual saturating irradiance. To our 
knowledge, this is the first account to quantify the NCP response of 
mixed kelp communities in the Arctic to a range of multiple driver 
scenarios, all of which are plausible to occur in future high latitude fjord 
systems. 

The response of Arctic kelp sporophytes to individual stressors has 
been well documented, with indications that increased temperatures 
may be favorable during reproduction and growth, whereas turbidity 
appears to have the strongest negative effect (Filbee-Dexter et al., 2019; 
Lebrun et al., 2022). While there was no clear indication of a tempera-
ture effect (at up to +5.3 ◦C from ambient) on the production capacity of 
mixed communities in this study, the effect of the MSH treatment 
showed evidence of a potential decrease in the overall accumulated 
production when looking at the integrated sum of hourly NCP over the 
entire experimental period. Even though the modeled NCP rates dis-
played non-significant differences of the treatments, which was further 
corroborated by a non-significant treatment effect, it appears that the 
extremes of the MSH treatment were likely at the threshold of physio-
logical tolerance for the mixed kelp communities. The slight significant 
difference in the integrated sum of hourly NCP between the control and 
the MSH treatment can likely be explained by PAR values ranging be-
tween 11 and 14 mmol photons m− 2 h− 1 (i.e., ± 12 % the estimated Ic) 
for 11 % of the observations in the MSH treatment. With the additional 
limiting effect of ‘Time of day’ on NCP, this could have resulted in the 
accumulation of more negative than positive rates around these PAR 
levels. While the results here appear contrary to the clear evidence that 
shows that increased turbidity (i.e., attenuated light) and freshening 
reduce the photosynthetic capacity of kelp, it is important to consider 
the duration and magnitude of these stressors. Indeed, extremely low 
salinities (〈10) have been shown to cause a decreased photosynthetic 
capacity for the same species tested in this study (Karsten, 2007), and 
increased turbidity reduces the annual productive capacity of kelp in the 
Arctic (Bonsell and Dunton, 2018), but the short-term tolerance of kelp 
to the stressors evaluated in this study demonstrate the importance of 
duration and recovery time. Future aims should, thus, track the long- 
term effects of the exposure presented in this study by assessing the 
resilience of kelp during the dark winter season and its growth potential 
at first light in the following season following such summertime 
perturbations. 

The results of this study suggest that short-term exposure to multi- 
stressors does not appear to have an additive, negative, or synergistic 
effect on kelp communities. This can be seen as a positive outlook for 
Arctic kelp communities confronting the consortium of future environ-
mental changes. The long-term effects of this exposure, however, remain 
uncertain, and the impact of the most extreme drivers tested here (MSH 
treatment) should be further investigated such as increased exposure 
period or variability in perturbation magnitudes. Based on this study, it 
is unfeasible to forecast if the potential decrease in accumulated net 
positive rates observed in our treatment conditions (MSM and MSH) 
translates to a reduced storage of energy (e.g., laminarin) reserves in the 
form of carbohydrates and lipids, which are needed to carry the or-
ganism through the dark winter season (Borum et al., 2002). Gordillo 
et al. (2022) showed that two of the three species examined in this study 
(A. esculenta and S. latissima) were unable to recover their O2 evolution 
potential over a 7-d photoperiod at the cessation of the winter period, 
when temperature was artificially increased by +8 ◦C. This is not to say 
that these kelp species are not resilient with respect to surviving dark 
winter periods, as studies have shown that the photosynthetic 

Fig. 6. Modified hyperbolic tangent function (Eq. (1)) of predicted NCP rate 
with a median ‘Time of day’. Modeled bounds are 95 % CI and individual points 
are measured rates of hourly NCP. 
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competency is sustained during the winter darkness (Gordillo et al., 
2022; Scheschonk et al., 2019). What is of relevance, is the magnitude of 
warm water exposure, at least during the winter period, which appears 
to negatively affect kelp communities in the Arctic. With respect to this, 
longer term research is needed, potentially tracking the accumulation 
and storage of these biomolecules through the dark winter season, 
including the O2 evolution capacity upon the return of light. This is 
particularly relevant considering that the magnitude of warming will 
vary seasonally, meaning that future warming scenarios predict higher 
temperatures at the end of summer compared to months at the end of 
winter (Meredith et al., 2019). Evidence may suggest, however, that the 
retention of these bioenergy stores remain adequate as additional ana-
lyses associated with this study found non-significant differences in C:N 
across the experimental conditions at the end of the study period (Leb-
run et al., 2023). 

4.2. Estimated kelp production 

This study provides some of the first robust estimates of mixed kelp 
NCP in an Arctic fjord, an area of study that is significantly lacking 
despite recent estimates quantifying coarse, global scale net primary 
production by macroalgae (Duarte et al., 2022; Pessarrodona et al., 
2022). The findings here align well with individual studies on two of the 
three species sampled (S. latissima and A. esculenta), which displayed 
non-significant differences in net photosynthetic rates across a temper-
ature range of 3 to 11 ◦C when individually incubated (Niedzwiedz and 
Bischof, 2023). There are limitations to our estimates, however, due to 
the logistics of properly replicating in-situ communities with an ex-situ 
mesocosm experiment. This may include an underrepresentation of the 
metabolic signatures of the infaunal community and micro-
phytobenthos, which have been shown to contribute significantly to 
benthic metabolic fluxes (Sevilgen et al., 2014). Despite these limita-
tions, the present study provides a substantial baseline estimate for the 
capacity and contribution of macroalgae production now, and into the 
future. 

The constructed NCP rate model presented here suggests that the 
mixed kelp communities experience an Ic between 12 and 12.5 mmol 
photons m− 2 h− 1 at the median ‘Time of day’ (a continuous instanta-
neous flux of 3.33–3.41 μmol photons m− 2 s− 1). The effect of ‘Time of 
day’ can shift this Ic value by 8 mmol photons m− 2 h− 1, according to the 
model estimates (Fig. 8). It may be more realistic, however, to think of 
‘Time of day’ as cumulative hours above the compensation point. This 
estimate is crucial when placed in the context of rapidly changing 

underwater light conditions in nearshore Arctic systems. This estimate is 
similar to those found for the same species in another study (Niedzwiedz 
and Bischof, 2023). While this provides corroborated evidence for the 
production capacity of benthic kelp communities in Kongsfjorden, it is 
difficult to determine the regional limits of potential kelp expansion 
within the fjord and, thus, the total contribution to ecosystem produc-
tivity. The prediction of regional depth limitation is necessary to 
determine how the expansion or contraction of these kelp assemblages 
may impact benthic primary production within the fjord and, thus, a 
model for other fjord systems. While daily oxygen budgets have been 
determined for soft-bottomed microphytobenthic communities in 
Kongsfjorden (Sevilgen et al., 2014), these estimates suggest a hetero-
trophic net community production, while in this study, we estimate that 
net community production by mixed kelp communities is autotrophic 
>90 % of the 57 d modeled. Our estimates show similar values 
(assuming a photosynthetic quotient of 1:1) to estimated net community 
production for kelp off the coast of New Zealand in early spring and fall 
at a 14 m depth (Rodgers and Shears, 2016). Based on this, kelp com-
munity productivity in Kongsfjorden and throughout the Arctic may 
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Fig. 7. Estimated net community production of mixed kelp communities using measured PAR values simulating spectra and irradiance at 10 m depth. Estimates 
derived from hyperbolic tangent model (Eq. (1)) with 95 % CI. 

Fig. 8. Modeled compensation irradiance point at an early, median, and late 
‘Time of day’ (ToD) effect. In decimal hours this 0.168 (Early ToD), 0.493 
(Median ToD), 0.819 (Late ToD). 
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contribute substantially to ecosystem metabolism and function. The 
response of this vigorous production by kelp communities in the fjord 
demonstrates a gap in knowledge of how this metabolic signal affects the 
movement of nutrients and biogeochemical cycling within the fjord, 
thus impacting system function. 

One potential factor thought to potentially support macrophyte 
expansion in the Arctic are long photoperiods (Sanz-Martín et al., 2019). 
The daily production determined from this study found that despite the 
potential for nearly day-long saturating irradiance (~ 1.5 mol photons 
m− 2 d− 1 derived from the model in this study), the mixed kelp assem-
blages maintained a natural biorhythm, or at least a decrease in pro-
duction as the day evolved. Many Arctic kelp come from a boreal origin, 
which could possibly explain this observation (Bringloe et al., 2020; 
Wulff et al., 2009). The negative correlation found with NCP and ‘Time 
of day’ suggests that there may not be a continual need to produce 
carbohydrates throughout the day and into the next. While the exact 
mechanism driving a reduction in photosynthesis later in a 24 h day is 
unknown, this effect should be investigated further given the implica-
tion this could have on kelp, their assemblage composition, and their 
expansion into the Arctic. 

5. Conclusion 

The ability of mixed kelp communities in Kongsfjorden to tolerate 
future climate extremes while remaining productive has been presented 
in this study. While the long-term effects of such stress cannot be 
determined, we show a marked capacity by mixed sporophyte kelp 
communities to manage high degrees of multi-stressors. Turbidity ef-
fects (i.e., attenuated light) appeared to be the dominant stressor in this 
study which presented as a reduced integrated sum of cumulative hourly 
NCP for the most extreme treatment condition. This effect is yet to be 
seen as potentially detrimental, however, and needs further investiga-
tion. While this study captured 54 d of the summer season, early pro-
duction and physiological function of kelp communities in the spring 
season remain unknown. Determining the total period of kelp produc-
tion will help to understand how energy stores are accumulated and 
support the yearly production of kelp assemblages, as well as their 
contribution to ecosystem production. 

Despite the resilience of kelp to multi-stressors presented here, pre-
vious studies have clearly shown that the sporophyte life-stage responds 
differently to a stress, such as temperature when compared to the 
germination process and the gametophyte stage (Filbee-Dexter et al., 
2019; Wiencke and Clayton, 2002). In this study we tested only adult 
sporophytes, and this distinction should be noted when discussing the 
resilience of Arctic kelp communities to future climate stressors. While 
we examined the effect of reduced irradiance caused by turbidity, we did 
not account for turbidity effect of increased benthic sedimentation 
which has been shown to inhibit recruitment (Zacher et al., 2016). There 
is evidence, however, to suggest that the magnitude of warming in the 
Arctic could enhance germination rates, and physiological studies have 
shown that kelp gametophytes are tolerant to long periods of darkness 
which could increase with enhanced Arctic turbidity (Bartsch et al., 
2008; Sjøtun and Schoschina, 2002). 

Whether or not Arctic kelp communities will expand as predicted by 
some studies (Assis et al., 2022; Krause-Jensen et al., 2020), it is 
determined here that the projected extreme changes are at least toler-
ated within the experimental limit of stress from the standpoint of 
photosynthetic production. Expansion of such mixed kelp communities 
in the Arctic suggests a resilience rather than a tolerance under future 
Arctic conditions. With respect to this, more studies are needed to 
corroborate these Pan-Arctic model projections. A better understanding 
of how species distribution and competition for space needs to be 
considered as these ecological interactions can impact where, and how, 
Arctic kelp expansion may occur (Goldsmit et al., 2021; Moreno, 2015). 
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