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There is an increasing focus on ecosystem services provided by macroalgae worldwide,
many which depend on its structural and morphological characteristics. Here we
investigated how characteristics of canopy kelp plants of Laminaria hyperborea varies
along the Norwegian part of the NE Atlantic. Ten characteristics related to size, allometry,
density, biomass and epiphytes were analyzed along wide gradients of depth, wave
exposure and latitude. The analyses were performed on a compiled dataset of 630
scuba samples from different research and monitoring projects along the Norwegian
coast (58-71◦N). The largest kelps, highest biomass, and highest biomass of epiphytic
algae was found in Mid-Norway (63-65◦N). While most size-related kelp characteristics
were reduced with water depth, they were enlarged with wave exposure. The developed
statistical models can be used to calculate site-specific values (and their variation) of the
different characteristics at any location based on latitude, depth and wave exposure.
These can further be used to map kelp derived ecosystem services. We predicted
region-specific estimates of total plant weight, kelp density and kelp biomass. Moreover,
the models were applied to estimate living biomass (56 million tonnes fresh weight),
carbon standing stock (2.6 million tonnes carbon or 9.5 million tonnes CO2), and carbon
sequestration potential (0.46 million tonnes per year) for the Norwegian kelp forests, that
were estimated to cover about 5 355 km2. The site- and region-specific estimates are
relevant to kelp forest management and for blue carbon accountings.

Keywords: macroalgae, kelp, Laminaria hyperborea, morphological traits, ecological function, ecosystem
services, carbon sequestration, biomass

INTRODUCTION

An increasing focus on ecosystem services provided by kelps and other macroalgae along temperate
coasts worldwide (e.g., Smale et al., 2013; Rebours et al., 2014) has resulted in a growing literature
on the status and trends of kelp forest distributions and conditions (Araújo et al., 2016; Krumhansl
et al., 2016; Wernberg et al., 2019). The rapid deterioration of ecosystems and biodiversity globally
(IPBES, 2019) reinforces the need to quantify the distribution and key characteristics of these highly
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diverse coastal habitats and to obtain foundational baseline data
in order to monitor and mitigate any negative human impact
on kelp-associated ecosystem services. The potential important
role of macroalgae in global carbon sequestration and climate
change mitigation needs to be quantified (Hill et al., 2015; Krause-
Jensen and Duarte, 2016) and for this quantitative estimates
of kelp distribution and biomass coverage is a prerequisite for
incorporating their role in international policies such as blue
carbon strategies (Duarte et al., 2013; Krause-Jensen et al.,
2018; Hoegh-Guldberg et al., 2019). So far, kelp have not been
integrated in neither national nor global Blue Carbon inventories
due to the limited knowledge and invalid postulations that kelp
forests do not sequestrate carbon because they grow on hard
substrates (Smale et al., 2018).

In the North-East Atlantic, Laminaria hyperborea (Gunn.)
Foslie stands out as the most widely distributed species (Bartsch
et al., 2008; Araújo et al., 2016). This species extends from
Portugal in the south to Russia in the north (Kain, 1971a;
Schoschina, 1997), and the Norwegian coast represents a
substantial part of the latitudinal and environmental gradients
under which it forms rich and extensive forests. The most
updated estimate of total coverage of these kelp forests in Norway
is 8 000 km2 roughly calculated by Gundersen et al. (2011)
and has been acknowledged for its high biomass, important
primary production (Abdullah and Fredriksen, 2004; Pedersen
et al., 2012), secondary production, and supporting a large
biodiversity (Christie et al., 2003, 2009; Norderhaug et al.,
2003; Norderhaug and Christie, 2011; Teagle et al., 2017).
Also, kelp forests are recognized for their role in food webs
and to support commercial fish stocks (Norderhaug et al.,
2005). Kelp forests supply organic matter to surrounding
areas, including deep-sea ecosystems, through the export of
detached or dislodged biomass (Fredriksen, 2003; Krumhansl
and Scheibling, 2012; Filbee-Dexter et al., 2018; Ortega et al.,
2019). Through this export of biomass to adjacent soft
bottom systems kelp forests contribute to carbon sequestration,
which occurs from burial and long-term storage of kelp
organic matter in the sediments (Smith, 1981; Hill et al.,
2015; Krause-Jensen and Duarte, 2016; Filbee-Dexter and
Wernberg, 2020). Being commercially harvested and further
processed for alginate, L. hyperborea kelp forests are also the
source for raw material of a considerable commercial value
(Vea and Ask, 2011).

Laminaria hyperborea kelp forests are dominated by large kelp
plants, often older than 4–5 years (Rinde and Sjøtun, 2005),
that form dense and stable canopies which constitutes the most
important part of the kelp forest in terms of biomass and
biodiversity (Christie et al., 1998; Smale and Moore, 2017). The
species grows upright in shallow (0–30 m depth), wave exposed
areas - firmly attached to hard substrata (Kain, 1971b; Rinde
and Sjøtun, 2005; Bekkby et al., 2009). The thallus consists of
three distinct parts - the holdfast (hapteron), the stipe, and the
lamina (blade). The holdfast and the stipe persist throughout the
lifespan of the algae, which is up to 21 years, but more commonly
6–10 years (Rinde and Sjøtun, 2005; Bekkby et al., 2014b; Smale
et al., 2016; Wernberg et al., 2019). The kelp usually reaches adult
size before 4 years (Sjøtun et al., 1995; Christie et al., 1998). The
lamina, however, is shed and renewed annually, and is therefore

available as organic material to the secondary producers within
the kelp forest (Norderhaug et al., 2003) or exported to adjacent
ecosystems (Norderhaug and Christie, 2011; Filbee-Dexter et al.,
2018; Pessarrodona et al., 2018). The lamina/stipe weight ratio is a
measure of the relative allocation of growth into the lamina versus
the stipe and hence determines the fraction of the kelp production
that is yearly shed. The ratio also indicates how for example
storm surges impact dislodgement of kelp thalli. It has long been
known that kelp populations support considerable biodiversity
(e.g., Moore, 1971, 1973; Edwards, 1980; Christie et al., 2003;
Blight and Thompson, 2008; Teagle et al., 2018). Most of the
kelp associated species live within the holdfast or amongst the
numerous and diverse epiphytic algae found on the stipe, and
fauna density increases with habitat size (Christie et al., 2003).

Many of the ecosystem services provided by kelp forests
depend on structural and morphological characteristics, and
L. hyperborea has been studied for these aspects for several
decades. Such studies have shown that kelp size, morphology
and forest density vary with depth (Kain, 1971a; Bekkby et al.,
2009), as well as physical forces such as wave exposure (Kain,
1971a; Sjøtun et al., 1998; Pedersen et al., 2012; Smale et al.,
2016; Coppin et al., 2020), ocean current speed (Kain, 1971b;
Bekkby et al., 2014b, 2019) and latitude. The latter representing
several environmental gradients such as temperature, irradiance
and photoperiod (Rinde and Sjøtun, 2005; Smale et al., 2020).
Depth, as a proxy for light availability at the sea floor, is often
found to be one of the most important predictors explaining
the variation in size and density of kelp (Kain, 1971a; Vigander,
2007; Bekkby et al., 2009). High wave and ocean current exposure
stimulates L. hyperborea to grow larger as a response to improved
conditions for growth, but also due to a need to grow stronger
in order to survive in such harsh environment (Bekkby et al.,
2014b). Also, the age of the individual kelp affects overall size
and morphology, as well as the amount and composition of
the epiphytic algae and their associated fauna (Christie et al.,
1998, 2003, 2007; Norderhaug et al., 2012). Overall, biodiversity
is generally found to increase with area (Connor and McCoy,
1979), which is also found in L. hyperborea forests. Old and
large holdfasts and stipes thereby support a greater diversity of
associated flora (e.g., red and brown epiphytic algae) and fauna
(e.g., crustaceans, gastropods, and bivalves) communities than
juvenile and small-sized kelp plants (Christie et al., 1998, 2003).

Despite the comprehensive portfolio of kelp studies, a broad
quantitative analysis that explores multiple kelp characteristics,
as well as the biomass of stipe-associated epiphytic algae along
wide environmental and latitudinal gradients of canopy-forming
Laminaria hyperborea, has until now not been published for
the North-East Atlantic. The aim of this study was to explore
and quantify how structural and morphological characteristics,
including standing biomass and canopy density, vary with depth
and wave exposure along the entire latitudinal gradient of the
Norwegian North-East Atlantic. The Norwegian coastline covers
a broad spatial and environmental gradient between 58 and
71◦N, divided into the six coastal ecoregions (management
units) Skagerrak, North Sea (South and North), Norwegian
Sea (South and North) and Barents Sea. L. hyperborea creates
extensive forests in all of these ecoregions, and together with
Saccharina latissima is the most common kelp species in Norway
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(Araújo et al., 2016). To make our results useful for managers and
policy makers in the context of blue carbon strategies, we provide
quantitative estimates on selected kelp characteristics related to
carbon storage, export and sequestration at the level of ecoregions
(Norwegian Classification Guidance, 2018). Calculated estimates
of standing biomass and carbon content are provided at the
national level, so as to facilitate their applied use by managers
and policy makers.

MATERIALS AND METHODS

Data Compilation and Field Sampling
A comprehensive field sampling was performed in 2012 to gather
data on Norwegian L. hyperborea forest characteristics along
gradients of latitude, wave exposure and depth. Due to logistical
reasons when aiming to cover huge areas along Norway’s
100 000 km coastline, as well as challenges of conducting safe
diving in the most wave exposed areas, the 2012-study lack data
from the most remote and wave exposed areas. These data were

therefore supplemented with existing data collated from a range
of studies, published in scientific articles and technical reports,
where also sampling methods were thoroughly described (Rinde
et al., 1992; Rinde and Christie, 1992; Skadsheim et al., 1993;
Christie et al., 1994, 1995; Skadsheim and Rinde, 1995; Bekkby
et al., 2014b) from 1991 to 2008. The final dataset consisted of
630 observations from 74 field stations (Figure 1). This provided
data of L. hyperborea canopy density and individuals measured
for age, length (stipe and lamina), weight (holdfast, stipe and
lamina) and stipe-associated epiphytic algal biomass (all drip-
dried fresh weights). The data from 2012, accounting for 51% of
the total dataset, were sampled with a systematic design to cover
gradients in depth, wave exposure and latitude. Five out of the six
Norwegian ecoregions were covered (Figure 1). Another 44% of
the dataset came from Bekkby et al. (2014b), which also followed
a systematic sampling scheme along a wave exposure and ocean
current gradient, although restricted to one depth (5 m) and
one ecoregion only (Table A, Supplementary Material). All
data were collected using scuba diving at pre-selected stations,
based on maps and models of bathymetry and wave exposure

FIGURE 1 | Location of the 74 stations (red dots) visited in this study and the six Norwegian coastal ecoregions. For more information on sample sizes, see Table 1.
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covering the suitable habitat of L. hyperborea in the NE Atlantic.
For kelp canopy density measurements, the number of canopy
plants (easily recognized from the medium and lower understory
layers by their length) per m2 was recorded for usually 10 (but
see below) replicate 50 × 50 cm frames, randomly dropped
along transects at 5, 10, and 15-20 m depths (15 m was chosen
when kelp was not found at 20 m) recorded from the dive
computer (see Table 1 for number of replicates within each
ecoregion and depth interval). Measurements of relative depth
were adjusted according to the time- and site-specific deviation
from low tide, which in Norway is a maximum of 2.5 m in the
north (Barents Sea) and less than 0.5 m in the south (Skagerrak).
One representative canopy plant was randomly collected within
each of three of the frames at each depth interval. The plants
were brought to the surface for measurements of length (lamina
and stipe), drip-dry fresh weight (lamina, stipe, holdfast, and
stipe-associated epiphytic algae), and age (growth rings at stipe
base, following the procedures of Kain, 1963). The compiled
data from 1991 to 2008 had been sampled with five or more
replicates at each station (Rinde et al., 1992; Skadsheim et al.,
1993; Christie et al., 1994, 1995; Skadsheim and Rinde, 1995;
Bekkby et al., 2009). The total dataset covered a spatial gradient
from 58.2 to 70.7◦N and from 5.4 to 30.1◦E (Figure 1). Some
of the northernmost parts of the coastline were heavily grazed
by green sea urchins, Strongylocentrotus droebachiensis (Rinde
et al., 2014), thus no sampling could be performed there. Also,
the most exposed coastlines were too rough for secure diving and
therefore not sampled.

Kelp is mechanically harvested for alginate extraction in
Norway (Vea and Ask, 2011). To avoid this anthropogenic impact
on kelp density, kelp population characteristics and abundance of
epiphytic algae, field sampling was restricted to non-trawled areas
based on maps of harvesting cycles. Also, sampling was restricted
to canopy plants and thus was the highly variable amount of
understory plants not included in the study (Rinde and Sjøtun,
2005; Sjøtun et al., 2006). Sampling was restricted at depths down
to 20 m, thus excluding the deepest part of the kelp forests which
reaches around 25 m in the most wave exposed areas (Rinde et al.,
2006; Bekkby et al., 2013) and where kelps occur only as scattered
tiny individuals (Bekkby et al., 2019).

Statistical Analyses
Not all kelp characteristics were measured at every location, as
samples were collected during multiple projects and monitoring
programs. Statistical models were constructed to quantify
how L. hyperborea kelp canopy structural and morphological
characteristics varies with depth and wave exposure along
the latitudinal gradient. The relationships were analyzed by
generalized additive mixed effects models (GAMMs, Wood,
2011) using the mgcv library in R (version 3.5.2, R Core
Team, 2018). This method was chosen to allow for non-linear
(curvilinear or asymptotical) trends in the response (Zuur
et al., 2009). Ten characteristics considered to be important for
L. hyperborea’s ecological function were analyzed in separate
models. These were lamina length (cm), stipe length (cm),
lamina weight (g), stipe weight (g), lamina/stipe weight ratio,
holdfast weight (g), total plant weight (g, calculated as the

sum of lamina, stipe and holdfast weights), canopy density
(calculated as the number of canopy kelp plants per m2),
standing biomass (calculated as canopy density multiplied
with total plant weight, kg/m2), and stipe-associated epiphytic
algae weight (g) (see Bekkby et al., 2014b for more detailed
description of measuring methods). The four variables used
as explanatory variables in the analyses were age, depth,
wave exposure and latitude. Plant age was included as a co-
variable in all analyses to account for the variation in the
responses being age-related. Depth and geographic position
(latitude and longitude) were recorded in the field. Wave
exposure values (given as km2/sec or “simplified wave model”
(swm) from Isæus, 2004) were extracted from a model with
a 25 m spatial resolution in ArcGIS 10.4 (ESRI, 2011).
The wave exposure model is based on fetch, wind speed
and wind frequency and is well-established and applied in
several studies in Norway (e.g., Norderhaug et al., 2012;
Pedersen et al., 2012; Bekkby et al., 2014b, 2019), Sweden
(e.g., Eriksson et al., 2004), Finland (Isæus and Rygg, 2005),
Denmark and the Baltic Sea (Wijkmark and Isæus, 2010). As
Norway is situated in a diagonal direction between the latitude
and longitude axes, a dataset covering the coast of Norway
will necessarily have highly correlated X and Y coordinates.
Therefore, we chose to include only latitude in the analysis as
it is the most interesting of the two, representing important
environmental gradients, including temperature. We checked
for correlations between the explanatory variables using the
concurvity function in the R library mgcv. Concurvity is the
non-parametric analog to multicollinearity between explanatory
factors (Ramsay et al., 2003).

Smoothing factors (k) in the Mixed GAMs were limited
to maximum four to avoid overfitted curves. Station ID was
included as a random factor to account for non-independence
between observations taken at the same station. For count
(positive integers) responses (canopy density), a Poisson
distribution was assumed with a log link function. The remaining
analyses assumed a normal (Gaussian) distribution and identity
link function. All response variables, except lamina and stipe
length, canopy density and standing biomass, were ln(x + 1)-
transformed due to the lack of normal residual distribution or
diverging homoscedasticity.

Thirty-two candidate models, made from all possible
combinations of the four predictors age, depth, wave exposure,
and latitude, were tested for each response. Preliminary analyses
and earlier findings (Bekkby et al., 2014a, 2019) indicated that
there was no need for interactions. As a result, and because of
a low number of observations for some of the combinations
of the environmental predictors (Table A, Supplementary
Material), interactions were left out from the candidate models.
This allowed the analyses to be simple and to provide more
understandable regional predictions. The Akaike Information
Criterion corrected for small samples (AICc; Burnham et al.,
2011) was used to select the best among the candidate models.
To preserve the principle of parsimony, the simplest (i.e., less
complex) model was selected for each response among the subset
with 1AICc < 4, as these received equally good support from
the data (Burnham et al., 2011).
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TABLE 1 | Descriptive statistics (mean ± standard deviation, number of observations, and minimum and maximum values) of field measured length and weight of the
kelp canopy plant parts, the estimated lamina/stipe weight ratio, density, standing biomass and age.

Skagerrak North Sea S Norw Sea S Norw Sea N Barents Sea

58.2-58.3◦N 58.6-58.9◦N 62.8-65.7◦N 68.2-69.3◦N 69.9-70.7◦N

8.5-8.7◦S 5.4-5.6◦S 6.4-12.1◦S 13.5-16.9◦S 29.4-30.1◦S

Kelp character Depth (m) Mean ± sd (n)

Lamina length (cm) 3-5 85 ± 16 (18) 77 ± 13 (9) 72 ± 18 (293) 88 ± 18 (18) 69 ± 12 (11)

10 78 ± 18 (18) 64 ± 17 (9) 85 ± 11 (12) 90 ± 12 (18) 67 ± 11 (6)

15-20 53 ± 17 (15) 42 ± 12 (6) 49 ± 21 (12) 61 ± 17 (18) 50 ± 8 (6)

Lamina weight (g) 3-5 271 ± 106 (18) 349 ± 108 (9) 687 ± 310 (287) 521 ± 186 (18) 423 ± 144 (11)

10 220 ± 95 (18) 195 ± 158 (9) 376 ± 151 (12) 482 ± 218 (18) 331 ± 85 (6)

15-20 86 ± 46 (15) 34 ± 17 (6) 72 ± 41 (12) 189 ± 139 (18) 127 ± 55 (6)

Stipes length (cm) 3-5 34 ± 8 (18) 76 ± 28 (12) 121 ± 39 (316) 74 ± 15 (24) 58 ± 25 (11)

10 39 ± 10 (18) 42 ± 37 (9) 88 ± 39 (12) 71 ± 21 (18) 58 ± 8 (6)

15-20 20 ± 6 (15) 9 ± 4 (6) 35 ± 10 (12) 51 ± 22 (18) 35 ± 14 (6)

Stipes weight (g) 3-5 47 ± 27 (18) 211 ± 103 (9) 1177 ± 704 (293) 267 ± 98 (18) 218 ± 157 (11)

10 74 ± 40 (18) 169 ± 231 (9) 498 ± 375 (12) 217 ± 120 (18) 202 ± 48 (6)

15-20 20 ± 11 (15) 5 ± 5 (6) 58 ± 33 (12) 133 ± 147 (18) 69 ± 48 (6)

Lamina/stipe weight ratio 3-5 6.5 ± 2.3 (18) 1.9 ± 1.1 (9) 0.8 ± 0.6 (293) 2.1 ± 1 (18) 3.3 ± 2.3 (11)

10 3.5 ± 1.9 (18) 5.1 ± 3.8 (9) 1 ± 0.5 (12) 2.4 ± 0.9 (18) 1.7 ± 0.4 (6)

15-20 5.3 ± 3 (15) 11.5 ± 6.4 (6) 1.9 ± 2 (12) 2.4 ± 1.6 (18) 2.9 ± 2.2 (6)

Holdfast weight (g) 3-5 28 ± 18 (18) 102 ± 44 (9) 281 ± 133 (293) 173 ± 91 (18) 310 ± 304 (11)

10 31 ± 14 (18) 67 ± 74 (9) 167 ± 115 (12) 124 ± 85 (18) 122 ± 36 (6)

15-20 15 ± 11 (15) 5 ± 4 (6) 13 ± 8 (12) 59 ± 73 (18) 79 ± 77 (6)

Total weight (g) 3-5 346 ± 138 (18) 662 ± 192 (9) 2140 ± 991 (287) 962 ± 314 (18) 951 ± 504 (11)

10 324 ± 130 (18) 431 ± 456 (9) 1041 ± 541 (12) 823 ± 387 (18) 655 ± 136 (6)

15-20 121 ± 64 (15) 44 ± 24 (6) 143 ± 68 (12) 382 ± 343 (18) 275 ± 175 (6)

Epiphyte weight (g) 3-5 4.5 ± 8 (18) 86 ± 77 (9) 439 ± 458 (102) 29 ± 31 (18) 6.8 ± 10.4 (11)

10 15 ± 14 (18) 58 ± 86 (9) 67 ± 73 (12) 26 ± 34 (18) 2.5 ± 0.5 (6)

15-20 5.7 ± 15.6 (15) 0.2 ± 0.4 (6) 2.3 ± 2.8 (12) 17 ± 16.9 (18) 8.8 ± 9.6 (6)

Density (ind/m2) 3-5 14 ± 8 (30) 13 ± 5 (18) 11 ± 4 (47) 12 ± 5 (36) 11 ± 6 (10)

10 15 ± 6 (30) 9 ± 7 (15) 12 ± 4 (20) 8 ± 7 (30) 9 ± 3 (10)

15-20 4 ± 4 (25) 3 ± 4 (15) 7 ± 4 (20) 6 ± 4 (30) 8 ± 2 (10)

Standing biomass (kg/m2) 3-5 4.9 ± 3.2 (18) 7.4 ± 3.6 (9) 27.2 ± 15.8 (15) 12.9 ± 7.2 (18) 15.6 ± 6.1 (6)

10 5.5 ± 3.4 (18) 5.3 ± 6.4 (9) 12 ± 6.2 (12) 8.1 ± 7.4 (18) 5.2 ± 1.7 (6)

15-20 0.4 ± 0.5 (15) 0.2 ± 0.1 (6) 1.3 ± 0.9 (12) 3.6 ± 5.6 (18) 2.3 ± 1.3 (6)

Age (year) 3-5 5.1 (18) 5.4 (12) 7.9 (315) 9.0 (24) 6.6 (11)

10 6.1 (18) 3.8 (9) 7.1 (12) 9.5 (18) 6.7 (6)

15-20 5.0 (15) 2.3 (6) 4.6 (12) 7.8 (18) 6.0 (6)

Kelp character Depth (m) Range (minimum-maximum)

Lamina length (cm) 3-5 54-126 53-95 25-131 51-132 48-82

10 48-110 39-88 68-105 65-116 53-86

15-20 27-80 22-56 0-87 31-87 38-55

Lamina weight (g) 3-5 133-464 130-504 94-2370 212-835 190-710

10 90-393 36-485 135-610 112-855 225-443

15-20 37-185 14-56 0-154 37-477 69-213

Stipes length (cm) 3-5 24-51 42-136 39-206 42-114 15-90

10 24-58 11-99 42-157 37-135 50-69

15-20 12-32 4-15 17-45 23-100 18-50

Stipes weight (g) 3-5 17-106 89-399 141-3765 105-425 27-427

10 27-156 5-553 117-1218 35-518 152-263

15-20 4-40 1-11 7-119 14-544 11-120

Lamina/stipe weight ratio 3-5 3-10.8 0.9-4.3 0-4.8 0.9-5.2 1-7

10 1.4-8.4 0.7-10.8 0.3-1.8 1.4-4.8 1-2

15-20 2.3-12.8 4-21 0-6.9 0.9-6 1.4-6.4

(Continued)
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TABLE 1 | Continued

Skagerrak North Sea S Norw Sea S Norw Sea N Barents Sea

58.2-58.3◦N 58.6-58.9◦N 62.8-65.7◦N 68.2-69.3◦N 69.9-70.7◦N

8.5-8.7◦S 5.4-5.6◦S 6.4-12.1◦S 13.5-16.9◦S 29.4-30.1◦S

Kelp character Depth (m) Range (minimum-maximum)

Holdfast weight (g) 3-5 7-70 32-192 40-813 49-373 24-940

10 11-59 7-200 12-354 29-366 69-170

15-20 3-45 1-11 1-23 4-258 7-196

Total weight (g) 3-5 166-604 293-988 421-5588 409-1521 295-1622

10 155-573 48-1238 304-1953 176-1594 483-862

15-20 49-270 16-68 47-246 55-1155 88-529

Epiphyte weight (g) 3-5 0-28 8-225 0-2571 0-110 0-34

10 1-45 0-189 6-232 0-110 2-3

15-20 0-62 0-1 0-10 0-63 1-22

Density (ind/m2) 3-5 0-28 0-20 0-20 3-20 0-20

10 4-28 0-20 8-24 0-24 4-16

15-20 0-12 0-12 0-16 0-16 4-12

Standing biomass (kg/m2) 3-5 0-11 0-11.9 0-55 2.4-25.9 8.3-22.3

10 1.9-16 0-18.7 3.6-21.1 0-25.5 2.8-7

15-20 0-1.1 0-0.3 0.2-3 0-18.5 0.7-4.2

Age (year) 3-5 3-7 3-7 4-13 6-13 4-10

10 4-9 2-7 4-11 5-14 5-9

15-20 3-7 1-3 3-6 4-13 5-7

Numbers are specified for the depth intervals 3-5, 10 and 15-20, and for each of the five Norwegian ecoregions (Figure 1). For length and weight measures, an
observation refers to individual plants, whereas forest density is measured within a frame of 50 cm × 50 cm. Standing biomass is the product of mean plant weight and
forest density. Due to the varying origin of the data, not all responses were measured at every location, and no location measured all kelp characteristics (this is why the
sum of observations for each response does not reach the total sample size of 630).

For management purposes, we provide predicted estimates
for total plant weight, canopy density and standing biomass
on the level of ecoregions, which is the focal unit within
the Norwegian implementation of the EU Water Framework
Directive (Norwegian Classification Guidance, 2018). The six
coastal ecoregions are Skagerrak, North Sea South, North Sea
North, Norwegian Sea South, Norwegian Sea North and the
Barents Sea (Figure 1), representing important gradients of
temperature, tidal range, light regime and salinity. The compiled
dataset covers all six regions except North Sea North. The
kelp characteristics were predicted for each ecoregion at depth
intervals of 5, 10, and 20 m, keeping age constant at 7.8 years (i.e.,
the average kelp canopy age in Mid-Norway) and wave exposure
at 0.6 km2/sec (i.e., wave exposed, Isæus, 2004), respectively.
Based on the selected kelp characteristics models, we estimated
standing biomass and carbon sequestration potential at a national
level (see below).

Estimating Carbon Sequestration
Potential
Total plant weight (g), canopy density (ind/m2) and biomass
(kg/m2) were estimated at the level of ecoregions and for the three
depths 5, 10, and 20 m. The predicted values were based on the
selected models, specified per ecoregion by their middle latitude
and averaged for wave exposure and age. To provide estimates
of standing biomass and carbon storage potential for Norway,
the selected model for biomass per m2 were combined with

an estimate of the depth-specific area of suitable kelp substrate
(bedrock) along the coast of Norway, for each depth interval of
1 m down to 20 m below the lowest astronomical tide (LAT).
Other variables were then held constant at their average values
in the calculations. The estimates of the suitable area per depth
interval was based on a digital depth model with 25 m horizontal
resolution, provided by the Norwegian Hydrographic Service.
To exclude the proportion of the area that is unsuitable due to
inappropriate substrate, i.e., soft bottoms, a rough estimate of
56% coastal cliff (Young and Carilli, 2018) was used, assuming
this is applicable in areas down to 20 m depth outside the
Norwegian shoreline. To estimate total standing biomass for
Norway, we also included wave sheltered areas dominated by
Saccharina latissima. S. latissima forms extensive kelp forests in
wave sheltered and shallow areas along the Norwegian coast, with
an average biomass of 10-15 kg per m2 (Gundersen et al., 2011).
Since we lack a biomass model for S. latissima, we developed a
rough estimate using the same relationship between kelp biomass
and depth as was found for L. hyperborea in this study. Carbon
calculations were based on the following estimates: a 15% dry
to fresh weight ratio (average of blade and lamina, Pedersen
et al., 2020), 31% carbon content of dry weight (average of blade
and stipe, Pedersen et al., 2020), and a carbon sequestration
proportion of 25% (range 23-61) of the total export of kelp
organic carbon including both particulate and dissolved matter
(Krause-Jensen and Duarte, 2016; Table 4). Finally, 50 and 20%
were used as estimates of non-grazed suitable kelp habitat in
the Norwegian Sea North and Barents Sea, respectively. These
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are rough estimates based on the most recent and updated data
in [Christie et al. (2019); Appendix A]. To reveal the impact
of any uncertainty in these estimates on the total amount of
biomass and the CO2 sequestered, we tested their sensitivities of
increasing/reducing them according to their standard errors or
ranges (Table 4, Table C in Supplementary Material).

RESULTS

The longest stipe recorded was more than 2 m long, the heaviest
kelp plant weighed more than 5 kg (drip-dry fresh weight) and we
recorded a maximum weight of stipe-associated epiphytic algae
of more than 2 kg. Data on field-measured length and weight
of the kelp canopy plants, densities, the calculated lamina/stipe
weight ratio and derived biomass per square units specified
for each depth interval and ecoregion are shown in Table 1.
This table shows the high variability among measurements of
all characteristics across the three environmental gradients, and
age, which are hidden in the general trends generated by the
models (see later).

For all characteristics analyzed, except canopy density,
the full models (i.e., the one including all predictors) were
among the best models, based on AIC values (Table 2).
For the size related characteristics stipe length, stipe weight,
holdfast weight and total weight, the full model was the
only candidate with 1AICc less than four (see Table 2 for
details). Wave exposure was included in the selected models
of all responses except those related to lamina size (i.e.,

TABLE 3 | Concurvity matrix (type “estimate” in the mgcv library) of the predictor
variables, averaged for each model.

Wave Age Latitude

Depth 0.06 0.10 0.11

Wave 0.07 0.13

Age 0.15

Concurvity is the non-parametric analog to multicollinearity between explanatory
factors and can be interpreted in the same way as a correlation coefficient
(Ramsay et al., 2003).

lamina length and weight) or epiphyte weight. Geographical
variation related to latitude was in the selected models of
all the individually based kelp characteristics, but not the
population related responses density and biomass. Age was
an important covariable in all models except that of canopy
density (Table 2).

In general, a large proportion of the total variation was
explained by the variables of the selected models (Table 2).
R2

adj ranged between 0.74 (lamina/stipe weight ratio) and
0.93 (total weight) for most models, except that of lamina
length and canopy density, with R2

adj = 0.27 and 0.30,
respectively (Table 2).

The concurvity analysis revealed that the predictors were
satisfactorily uncorrelated, with concurvity values (based on
averages for each model of the type “estimate”) ranging between
0.06 and 0.15 (Table 3).

TABLE 2 | Overview of the best candidate models (1AICc < 4) among those tested for kelp canopy characteristics, their performance according to AICc and R2, and
associated F- and p-values for the predictors.

Age Depth Wave Latitude

Response Model # F p F p F p F p df 1AICc R2 n

Lamina length 8 12.5 *** 35.9 *** 6.5 ** 9 0.0 28% 465

16 11.6 *** 36.5 *** 2.9 · 7.3 *** 11 1.3 29% 465

4 10.9 ** 30.3 *** 7 2.4 27% 465

Lamina weight 8 39.0 *** 152.9 *** 8.0 *** 9 0.0 81% 459

16 38.3 *** 161.3 *** 4.3 * 4.0 * 11 0.4 81% 459

12 48.9 *** 209.6 *** 8.6 ** 9 1.1 81% 459

Stipe length 16 30.1 *** 141.9 *** 51.9 *** 7.3 *** 11 0.0 84% 497

Stipe weight 16 96.1 *** 134.9 *** 33.8 *** 32.2 *** 11 0.0 92% 466

Lamina/stipe ratio 14 55.4 *** 31.5 *** 44.3 *** 9 0.0 90% 459

16 44.0 *** 3.8 · 33.1 *** 45.1 *** 11 0.3 90% 459

Holdfast weight 16 74.7 *** 140.5 *** 24.0 *** 15.9 *** 11 0.0 88% 466

Total weight 16 82.3 *** 254.4 *** 34.8 *** 13.9 *** 11 0.0 93% 460

Epiphyte weight 16 41.7 *** 15.9 *** 8.5 ** 21.1 *** 11 0.0 75% 275

8 43.8 *** 13.4 *** 33.0 *** 9 3.5 74% 275

Canopy density 11 84.4 *** 7.9 ** 6 0.0 30% 217

12 1.2 70.2 *** 7.5 ** 8 0.5 30% 217

15 95.5 *** 7.2 ** 0.8 8 3.4 30% 217

Standing biomass 12 19.7 *** 190.0 *** 21.3 *** 9 0.0 76% 186

16 15.3 *** 188.7 *** 15.5 *** 2.3 11 2.9 76% 186

The selected models (i.e., the most parsimonious among those with 1AICc < 4) are highlighted in light grey. Statistically significant codes are given as *** = p < 0.001,
** = p < 0.01, * = p < 0.05, · = p < 0.1, “blank” = p > 0.1.
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Variation in Kelp Characteristics With
Depth
All kelp characteristics, except the lamina/stipe weight ratio,
decreased significantly (p < 0.001) with increasing depth
(Figure 2 and Table 2). The estimated average total weight of a
kelp plant at 5 m was around 1.7 kg (± 0.10 se) and decreased
to less than 400 g (± 31 se) at 20 m, i.e., a reduction of 81%
(Figure 2). A similar decrease was estimated for the weight of
the lamina (78%), stipe (81%), and holdfast (86%). Consequently,
no significant change was found for the lamina/stipe weight ratio
(p = 0.078), as they both decreased similarly. Lamina and stipe
length were reduced from 76 (± 1.5 se) to 54 (± 3.3 se) cm (29%)
and from 115 (± 3.6 se) to 72 (± 5.2 se) cm (38%), respectively,
over the same depth range. Canopy density was reduced with
52% from an estimated 15 (± 1.1 se) individual plants per m2

at 5 m depth, to 7 (± 0.8 se) at 20 m. Standing biomass follows
the decline of its components (canopy density and total plant
weight) and declined markedly from 14 (± 1.6 se) to 2 (± 0.4
se) kg (86%). Finally, the weight of the stipe-associated epiphytes
was also substantially reduced by 55%, from 314 (± 55 se) to 143
(± 40 se) g (Figure 2).

Variation in Kelp Characteristics With
Wave Exposure
In general, all kelp parts (lamina, stipe and holdfast) grow
longer and heavier with increasing wave exposure (Figure 3 and
Table 2). The relationships were significant (p < 0.05), except for
lamina length (p = 0.931), and was not included in the selected
model of lamina weight (p = 0.038) or epiphyte weight (although
significant, p = 0.004). The predicted total weight of a kelp plant

FIGURE 2 | The partial response plots for kelp canopy characteristics as a function of depth based on the selected GAMM models of all responses (Table 2). The
predicted curves (± 2 se) are standardized for a locality at the West coast of Norway (Møre, 62.83◦N, 6.55◦E), for wave exposure = 0.6 km2/sec (i.e., wave exposed,
Isæus, 2004) and canopy kelp age = 7.8 years (i.e., the average kelp canopy age in the dataset).
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FIGURE 3 | The partial response plots for kelp canopy characteristics for different wave exposures (km2/sec) based on the selected GAMM models of all responses
(Table 2). The predicted curves (± 2 se) are standardized for a locality at the West coast of Norway (Møre, 62.83◦N, 6.55◦E), depth = 10 m and canopy kelp
age = 7.8 years (i.e., the average kelp canopy age in the dataset).

in sheltered areas (swm = 0.1 km2/sec) was around 0.9 kg (± 0.09
se) and increased to 2.3 kg (± 0.27 se) in very exposed areas
(swm = 1.8 km2/sec), i.e., an increase of 156% (Figure 3). This was
in particular due to the increase in stipe weight which increased
by 327%, but also the weight of the holdfast (160%) contributed
to this increase. The lamina/stipe weight ratio shifted from a
relatively more lamina skewed (1:0.8) ratio in sheltered areas,
toward a more stipe skewed (1:3.4) ratio at higher exposures.
This was solely due to an increase in stipe weight, since the
estimated lamina weight were constant at 0.43 kg (± 0.03 se).
Stipe length almost doubled over the same exposure range from
80 (± 5.4 se) to 150 (± 6.8 se) cm (87%). Kelp canopies

became 53% denser from sheltered (swm = 0.1 km2/sec) to
exposed (swm = 0.8 km2/sec), with estimated densities from
7.8 (± 0.65 se) to 11.9 (± 1.09 se) individual canopy plants
per m2, respectively. However, toward the most wave exposed
areas; canopy density decreased to 10 (± 2.7 se) plants per m2.
Due to the lack of data for several of the ecoregions in the
most wave exposed areas (Table A, Supplementary Material),
the decline in canopy density from exposed (0.5 - 1 km2/sec.)
to very exposed (1 – 2 km2/sec.) was uncertain, as reflected
by the wide confidence interval (Figure 3). The same was true
for standing biomass, that according to the model increased by
a factor of 8 (700%) from low to high exposure. The biomass

Frontiers in Marine Science | www.frontiersin.org 9 April 2021 | Volume 8 | Article 578629

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-578629 April 15, 2021 Time: 19:8 # 10

Gundersen et al. Kelp Structure Along Environmental Gradients

followed the increase of its components (canopy density and total
plant weight), mostly influenced by a steep increase in density in
the sheltered part of the exposure range, and an increased plant
weight in the exposed end.

Geographical Variation in Kelp
Characteristics
For seven of the ten responses, a candidate model including
latitude (all p < 0.001) were selected as the best one (Table 2).
For lamina length, latitude was also highly significant (p < 0.001),

however not included in the most parsimonious model. Standing
biomass and canopy density were the only responses that did not
change significantly along the south-north gradient.

For most of the kelp characteristics related to size (weight
and length) there was an optimum in Mid-Norway (ecoregion
Norwegian Sea South) (Figure 4). Lamina weight, stipe length,
stipe weight, and epiphyte weight had their maximum values
between 62.5 and 63.5◦N. The lamina/stipe weight ratio reveals
heavier stipes than blades in Mid-Norway than further south
and north, further confirming Mid-Norway to house the most
robust kelp plants along the Norwegian coast with the largest and

FIGURE 4 | The partial response plots for kelp canopy characteristics for different latitudes (degrees) based on the selected GAMM models of all responses
(Table 2). The predicted curves (± 2 se) are standardized at depth = 10 m, wave exposure = 0.6 km2/sec (i.e., wave exposed, Isæus, 2004), and canopy kelp
age = 7.8 years (i.e., the average kelp canopy age in the dataset).
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heaviest canopy holdfasts and stipes. Total weight and holdfast
weight were also high at these latitudes. There are also a few large
observations north of 70◦N, which results in an increasing trend
for these characters further north. However, large confidence
intervals indicate that this increase was uncertain.

Variation in Kelp Characteristics With
Age
All size-related responses, except the lamina/stipes weight ratio,
were positively correlated with age, reflecting increased length
and weight as the kelps get older (Figure 5). The canopy layer
consists of kelp plants of different ages. When average canopy age
reached approximately 10 years, there was no further increase

in size afterward. This was the case for the total weight, lamina
weight, holdfast weight, stipe length, stipe weight, biomass and
epiphyte weight. Lamina length, however, reached maximum
when average canopy age was 14 – the oldest age measured in
the study. The lamina/stipe weight ratio decreased with canopy
age, showing a strong skewness toward lamina weight over stipe
weight in young plants (Figure 5).

Implications for Carbon Storage, Export,
and Sequestration
Based on the model output (Figures 2-4), we estimated the
total plant weight per square meter at the level of ecoregions,
differentiated at three depth levels (Figure 6). This was also done

FIGURE 5 | The partial response plots for kelp canopy characteristics for different ages (years) based on the selected GAMM models of all responses (Table 2). The
predicted curves (± 2 se) are standardized for a locality at the West coast of Norway (Møre (62.83◦N, 6.55◦E), at depth = 10 m and wave exposure = 0.6 km2/sec
(i.e., wave exposed, Isæus, 2004).
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FIGURE 6 | Predicted (± 2 se) total plant weight (g) for Norwegian kelp forest overall, based on the selected GAMM model. The predicted values are specified for
each of the six ecoregions Skagerrak, North Sea South, North Sea North, Norwegian Sea South, Norwegian Sea North, and Barents Sea, by choosing
representative latitudes approximately at the mid of each ecoregion. The model is standardized at wave exposure = 0.6 km2/sec (i.e., wave exposed, Isæus, 2004)
and canopy kelp age = 7.8 years (the average kelp canopy age in the dataset), for comparison purposes, which may bias the results somewhat, since average wave
exposure are higher for instance in the Norwegian Sea than Skagerrak, and canopy kelp plants are typically younger in Skagerrak and North Sea than further north.

for canopy density and standing biomass, however due to a lack
of significant effect of latitude in these models (Table 2), their
estimates remained at 14.5 (± 0.56 se), 13.1 (± 0.53 se) and 7.7
(± 0.38 se) individuals per m2 at 5, 10, and 20 m depth, and at
13.7 (± 0.79 se), 7.6 (± 0.45 se) and 1.9 (± 0.20 se) kg/m2 at the
same depths, across all ecoregions.

The total area suitable to all Norwegian kelp forests, between
0 and 20 m depth was calculated to be 6 947 km2. This is
equivalent to the area estimated to be composed of rock/hard
bottom, assuming a cliff (hard bottom) proportion of 56% of
the total area (12 405 km2). The suitable kelp area, multiplied
by the modelled depth-specific standing biomass per square
meter, yielded a Norwegian kelp standing stock of 70 million
tonnes, corresponding to 3.3 million tonnes of carbon (or 12
million tonnes CO2 equivalents). Because of sea urchin grazing
in northern Norway, this number was adjusted for the presence
of barren grounds in the Norwegian Sea North and Barents Sea
by 50 and 80%, respectively (Appendix A in Christie et al., 2019),
resulting in an estimated total kelp distribution of 5 355 (5082 –
5627) km2, and a biomass of 56 (53 – 58) million tonnes fresh
weigh corresponding to 2.6 (2.5 – 2.7) million tonnes carbon and
9.5 (9.1 – 9.9) million tonnes CO2 equivalents. Further details and
a summary of these estimates are provided in Table 4.

The sensitivity analyses made for central parameters included
in the calculation of biomass and carbon sequestration showed
that the two most influential parameters are the modelled
standing biomass per depth (lower confidence interval defining
lower range of CO2 sequestration potential of 1.7) and
sequestration potential of exported carbon (upper range given by
Krause-Jensen and Duarte, 2016, defining the upper potential of
4.1) (Table C, Supplementary Material).

DISCUSSION

By sampling data on the variation in 10 characteristics of
L. hyperborea relevant for ecological function and analyzing this

against depth, wave exposure and latitude in the North-East
Atlantic, the results of this study can be applied to estimate
all these characteristics and their associated ecosystem services
at any site of interest along the core distribution area of the
species, i.e., the Norwegian coastline. Despite the large variation
between sites in all the measured characteristics (Table 1), the
analyses revealed some clear trends along key environmental
gradients. The estimates and general patterns of variation that
was observed can be used to assess the role of kelp in a
broader ecological perspective than previous studies (e.g., Rinde
and Sjøtun, 2005; Bekkby et al., 2009, Bekkby et al., 2014b,
2019; Pedersen et al., 2012; Smale et al., 2016). The established
relationships and estimates can be used to upscale numbers
of relevance for managers and policy makers at national and
global levels, including those relevant for carbon storage and
sequestration assessments.

Kelp Characteristics Along Depth and
Wave Gradients
All the measured size-related kelp canopy plant characteristics,
as well as kelp canopy density, are reduced with water depth.
This was in accordance with previous studies, as the amount
of light that reaches the seafloor, and thus available for kelp
photosynthesis, is reduced with depth (Kain, 1971a; Vigander,
2007; Bekkby et al., 2009; van Son et al., 2020). Also, the
abundance of epiphytes on the stipe decreased with depth,
which is most likely directly caused by light limitation for
photosynthetic species. Less epiphytes with depth may be
indirectly caused by lack of habitat, i.e., decreased kelp size
(Christie et al., 1998), as the kelp size decreased with depth.

Kain (1971a) showed that L. hyperborea forests tended to
be absent, or poorly developed in areas of low wave exposure
but that they become more common and well developed as
wave exposure increases. This is supported by Bekkby et al.
(2019) for the southern and western coast of Norway. However,
although wave exposure can stimulate the density and biomass
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TABLE 4 | Average kelp weight, density and biomass for the Norwegian L. hyperborea kelp forest, kelp area distribution estimates (including both L. hyperborea and
S. latissima), and estimated biomass, carbon content and rates of potential carbon export and sequestration (both species but based on L. hyperborea characteristics).

Metric Estimate References

Total plant weight 1 324 g (se = 93) This study

Density 15 ind/m2 (se = 1.2) This study

Standing biomass 10 kg/m2 (se = 1.2) This study

Total coastal area down to 20m depth 12 405 km2 This study

Cliff percent for the Norwegian coast 56% Young and Carilli (2018)

Total potential area for Norwegian kelp forest (L. hyp. and S. lat.) not adjusted for sea urchins* 6 947 km2 This study

Total potential area for Norwegian kelp forest (L. hyp. and S. lat.) adjusted for sea urchins* 5 355 (5 082-5 627) km2 This study, Christie et al. (2019)

Potential Norwegian standing kelp biomass, not adjusted for sea urchins* 70 million tonnes This study

Potential Norwegian standing kelp biomass, adjusted for sea urchins* 56 (53-58) million tonnes fresh weigh This study

DW:FW ratio of L. hyp. 15 (14-16)% Pedersen et al. (2020)

Carbon content of L. hyp. 31 (30-33)% Pedersen et al. (2020)

Estimated Norwegian kelp carbon standing stock 2.6 (2.5-2.7) million tonnes This study

Norwegian kelp carbon standing stock in CO2 equivalents 9.5 (9.1-9.9) million tonnes This study

Kelp tissue shedding (% of total biomass) 13% Pedersen et al. (2020)

Kelp tissue erosion (% of total biomass) 16% Pedersen et al. (2020)

Kelp dislodgement (% of total biomass) 15% Pedersen et al. (2020)

Kelp DOC export (% of total biomass) 26% Krumhansl and Scheibling (2012)

C export from Norwegian kelp forests per year 1.81 (1.73-1.89) million tonnes This study

Sequestration potential of exported carbon per year (POC + DOC) 25.5 (23.2-61.6)% Krause-Jensen and Duarte (2016)

Norwegian kelp C sequestration potential per year 0.46 (0.36-1.12) million tonnes This study

Norwegian kelp sequestration in CO2 equivalents per year 1.7 (1.3-4.1) million tonnes This study

*Adjustment for sea urchins means assuming a 50 and 80% loss of kelp in the Northern Sea North and Barents Sea, respectively, due to destructive sea urchin grazing
(Christie et al., 2019). Weights are given as fresh weights (FW). See Table C in Supplementary Material for details on some of the ranges and their implications on total
biomass and carbon sequestration potential.

of canopy species, there is an increasing risk of physical damage
or dislodgement at the highest level of exposure, for instance
during episodic storm events, as shown for Ecklonia radiata
(Kennelly, 1987). This is consistent with the bell-shaped effect
of wave exposure on canopy density found in the present study.
However, we lacked data from highly wave exposed areas in
several of the ecoregions, due to logistical challenges associated
with sampling such sites, as indicated by the wider confidence
interval of the response in this part of the gradient (Figure 3).
We should therefore be careful with concluding on the shape of
the curve in this part of the wave exposure regime. However, in
the present study, less than 2% of the area suitable for kelp forest
growth had a higher exposure than the highest wave exposure
level sampled (1.8 km2/sec), thus the lack of data from such areas
will not have biased the overall conclusions. Other Norwegian
studies found up to a doubling in biomass in moderately wave
exposed compared to more sheltered areas, with a levelling off
toward more exposed sites (Andersen, 2007; Pedersen et al., 2012;
Norderhaug et al., 2012; van Son et al., 2020). A similar, but
somewhat weaker pattern was found for L. hyperborea biomass
in north-western France by Gorman et al. (2013) and for canopy
density in the United Kingdom (Smale et al., 2016).

There were strong positive relationships between wave
exposure and several of the size related characters of kelp, such
as stipe length and stipe weight, holdfast weight and total weight.
These results confirmed the findings of e.g., Bekkby et al. (2014b);
Wernberg and Vanderklift (2010); Miller et al. (2011) from
Norway, Australia and New Zealand, respectively. High wave

exposure increases light availability to different parts of the fronds
by moving the kelp back and forth (Hurd et al., 2014). Further, it
promotes the nutrient uptake by reducing the boundary diffusion
layer (Hurd et al., 1996) on the blade, thereby creating improved
conditions for photosynthesis and growth. Water movements
foster strength-related responses (Bekkby et al., 2014b), including
thicker stipes and more robust, i.e., larger, holdfasts. Through
increased kelp size, wave exposure will also indirectly affect the
abundance and diversity of associated flora and fauna (Christie
et al., 1998, 2003; Teagle et al., 2017, 2018), and thus increase
the kelp forests function as a habitat building structure. Due to
the lack of data from the most wave exposed areas in several
ecoregions, the further increase in e.g., stipe, holdfast and total
weight, in the most exposed parts, has a higher uncertainty than
for lower exposures.

Geographical Variations in Kelp
Characteristics
This geographically wide study, offering a comprehensive dataset
of measured characteristics across 12 degrees latitude, provided
the opportunity to study variations along this latitudinal gradient.
In general, latitude represents environmental gradients such
as temperature, irradiance and photoperiod, with colder water,
steeper solar angles, and more daylight during summer, toward
the poles. We found the kelp stipes to be relatively small (both
in length and weight) in Skagerrak and the North Sea, increasing
to a maximum in the Norwegian Sea (with a peak around 64◦N),
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and reducing in size toward the Barents Sea in the north (Figure 1
and Table 1). This geographical pattern confirmed earlier studies,
that identified the coast of Mid-Norway to have the largest
L. hyperborea kelp plants (e.g., Rinde and Sjøtun, 2005). This is
most likely caused by optimal sea water temperatures and light
conditions (both irradiance and photoperiod) in the Norwegian
Sea, which enhances kelp photosynthesis and growth (Rinde and
Sjøtun, 2005). Old recordings on kelp size from the Scottish west
coast at 56◦N, 5◦W, where temperatures are somewhat lower
than in Norway at similar latitudes, reports on average sizes of
kelp plants at the level of mid-Norway (Jupp and Drew, 1974).
Whether this is still the case today, considering sea temperature
rises and other anthropogenic impacts, is not known.

Despite the geographical patterns in kelp size, and despite
some very high measurements of biomass in mid-Norway, there
were no significant relationship between standing biomass and
latitude. We cannot rule out that the number of observations was
insufficient, or the variation was too large in Mid-Norway to yield
significant effects of latitude on biomass. On the other hand, if
there is a real lack of geographical trends in biomass, this may
have implications for kelp harvesting strategies, as kelp forests
of otherwise equal depth, wave exposure and age composition
will have roughly the same amount of raw material available for
kelp harvesting, irrespective of where along the coast you harvest.
A study from the Scottish west coast (56◦N, 5◦W; Jupp and
Drew, 1974) support this lack of a latitudinal trend in biomass
further south in the distribution area of L. hyperborea. Here, the
average biomass of kelp at 9 m matches exactly the one estimated
at 10 m in this study (7.7 and 7.6 kg/m2, respectively). On
the French west coast (48◦N, 3◦W), however, average standing
biomass was considerably lower than further north, at least at
shallower depths (Gorman et al., 2013). Also, Pessarrodona et al.
(2018) documented large differences in kelp L. hyperborea stocks
along a latitudinal temperature gradient from northern (∼57◦N,
∼4◦W) to southern (∼51◦N,∼5◦W) Great Britain.

The absence of geographical trends in canopy density may also
be due to low sample size for this variable, but is probably also
related to the fact that larger kelp plants in Mid-Norway take
up more space and causes a thinning effect, similar to that in
terrestrial forests. A similar lack of differences in canopy density
for different latitudes in Great Britain was found by Pessarrodona
et al. (2018). Since the biomass variable was composed of canopy
density (and total weight), this may also partly explain the lack of
significant geographical trends in biomass.

Our study provides baseline knowledge of the present status
of kelp characteristics along the most influential environmental
gradients in NE Atlantic. However, global climate change,
including ocean warming, more storm events and ice-melting,
are predicted to have a high influence on kelp characteristics
and distribution in the future (e.g., Smale et al., 2013, 2019;
Krause-Jensen and Duarte, 2014). High summer temperatures
and marine heatwaves have already been shown to cause
distributional shifts of canopy forming seaweeds, including
L. hyperborea, along the Atlantic coast of Southern Europe
(Casado-Amezúa et al., 2019) and in the North Atlantic (Filbee-
Dexter et al., 2020). With increasing temperatures and more
frequent and longer lasting heat waves, we can expect that kelp

plants may become smaller in some regions, and some kelp
forests may become less dense or even disappear in the near
future (Filbee-Dexter and Wernberg, 2018). This study shows
that there still seems to be optimal conditions for kelp growth in
Mid-Norway at around 63◦N (as described by Rinde and Sjøtun,
2005), presumably due to favorable temperatures. However, this
optimum will possibly shift northwards with ocean warming and
the present study provide a baseline for future studies of climate
impact on kelp forest distribution.

Canopy Age – An Important Source of
Variation
In this study, age represents the average age of the plants
sampled from the canopy layer of the kelp forest. The age
of the plants in a kelp forest might be related to a range
of different environmental or historic events. For instance, a
young forest might recently have been subject to a storm,
harvesting, or is about to recover from destructive sea urchin
grazing. Many of these factors may be outside our control, but
collectively accounted for by adding age as a co-variable in the
analyses, taking this important source of variation into account.
Statistically, the inclusion of age in the analyses increased the
‘goodness of fit’ of the models considerably (i.e., the proportion
of variation explained increased substantially). All size-related
characters, including biomass, indicated that canopy kelp plants
older than approximately 10 years are about the same size. This
pattern is also shown in other studies (Jupp and Drew, 1974;
Pedersen et al., 2012). The change in the ratio between lamina and
stipe weights with age is related to the fact that kelp plants allocate
relatively more in photosynthetic structures early in life, and that
the stipe grows larger for every year, since it lasts throughout
the lifespan (Pedersen et al., 2012). A large lamina to stipe ratio
may also be a result of suboptimal light conditions often found
at greater depths or in turbid water, not necessarily related to age
(Table 1). The biomass of kelp per square meter are also larger
when canopy plants are older than 10 years, mainly attributed to
the total weight of the plants, since canopy density seems not to
be related to the age of the canopy plants.

Errors, Biases, and Uncertainties
The data analyzed in this study consisted of one core dataset
from 2012 (51% of the data), one data set from 2008 (44% of
the data) and several smaller datasets, sampled from 1991 to
1994. Consequently, the spatial patterns can be confounded with
some temporal ones. Thus, in case of any large-scale changes in
kelp characters over time, for instance due to climate changes,
they would be confounded with, and perhaps wrongly attributed
to, the spatial variation discussed earlier. However, as only a
small part of the dataset (<5%) was from the 1990s, the effect
of this temporal bias was assumed to be small (Table B in
Supplementary Material).

Several studies have shown that factors such as ocean currents
affect kelp characteristics (e.g., Miller et al., 2011) and that
ocean currents can interact with wave exposure (Eckman et al.,
2003; Bekkby et al., 2014b, 2019). Data on current speed was
however not available at the spatial scale and resolution necessary

Frontiers in Marine Science | www.frontiersin.org 14 April 2021 | Volume 8 | Article 578629

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-578629 April 15, 2021 Time: 19:8 # 15

Gundersen et al. Kelp Structure Along Environmental Gradients

for this study. Also, temperature is an important predictor
of kelp quality and abundance (Assis et al., 2016), but this
variable was not available at a resolution suitable to capture local
environmental variability.

In general, the statistical models explained a high percentage
(>74%) of the total variation of most of the measured
characteristics, indicating a very good ability to capture the
variation in kelp characteristics by the selected explanatory
variables. Two exceptions were lamina length and canopy
density, where more than 70% of the variation remained
unexplained. Lamina length seems more difficult to predict by
the available predictors than the other characteristics, probably
because it is shed annually and is more affected by occasional
events such as epiphytism, grazing and storm events, which
erodes the blade.

Another probable bias was the fact that large areas of
previously healthy kelp forests in wave sheltered areas of
northern Norway are still barren after decades of destructive
grazing by green sea urchins (Strongylocentrotus droebachiensis)
(Norderhaug and Christie, 2009). This implies a difficulty in
finding representative kelp forests in some areas of northern
Norway. However, there has been a gradual and patchy
reestablishment of the kelp forest since the early 1990s (Rinde
et al., 2014; Christie et al., 2019) which made it possible to
sample canopy kelp plants also from this region. Nevertheless,
the predictions made for northern Norway represent only parts
of the region where the kelp forest has recovered, and not areas
that are still barren due to ongoing sea urchin grazing.

In the prediction of ecoregion specific total plant weight
(Figure 6), canopy density and standing biomass, model
parameters are held constant for variables other than depth and
latitude, i.e., wave exposure and average canopy age. This was
done for comparison purposes, but may also to some degree
bias the results, since average wave exposure are higher for
instance in the Norwegian Sea than Skagerrak, and canopy
kelp plants are typically younger in Skagerrak and North Sea
than further north (Figure 6). A useful continuation of this
study would be to make a full spatial prediction based on
the present models, to estimate plant weight, canopy density
and biomass for the actual depths and wave exposures along
the whole coast.

Implications for Management, Including
Carbon Sequestration
Managing kelp forests in a sustainable manner is crucial to
maintain their biodiversity and associated ecosystem services
(Wernberg et al., 2019). The present study reveals some
general trends for descriptors related to ecosystem services
provided by Laminaria hyperborea kelp forests in the North-
East Atlantic. The three-dimensional structure of the kelp
forest provides habitat and food for a vast number of
organisms (Steneck et al., 2002; Christie et al., 2003, 2009;
Teagle et al., 2017) and the abundance and biodiversity
increases with both size and age of the plants, as well as
through the growth of holdfasts and epiphytes (Christie et al.,
1998, 2007, 2009). Such complex and species-rich ecosystems

tend to have high resilience to disturbances and biological
control against potential natural and human perturbations
(Dayton, 1985; Steneck et al., 2002). Kelps are important
primary producers (Dayton, 1985; Steneck et al., 2002; Smale
et al., 2013) and kelp characteristics such as lamina size
affect the photosynthetic production, and thereby their role
for carbon storage, export production and long-term burial.
Thus, the potential for kelp forest to remove and sequester
atmospheric CO2 (Hill et al., 2015; Krause-Jensen and Duarte,
2016). Large, dense and continuous kelp forests may also
have a role in coastal defense through dampening of waves
(Løvås and Tørum, 2001).

The statistical models provided here can be used to determine
the spatial distribution of various kelp derived ecosystem services,
which can further be used to evaluate different management
strategies by considering their impact on different focal services.
This will make it possible for instance to look at trade-offs
between setting aside areas for kelp harvesting versus areas
to conserve biodiversity and cultural values, with the use of
scientifically based methodology. Assessing the linkage between
latitude and temperature, our models can also be used to
identify, quantify and visualize climate-related changes in kelp
characteristics and future losses or gains in ecosystem services.

To provide regional explicit numbers, we predicted total plant
weights, as well as canopy density and biomass per square
meter at ecoregion level. In summary, the average standing
biomass of Norwegian L. hyperborea forest was between 12
and 15 kg/m2 at 5 m depth, between 6 and 9 kg/m2 at
10 m, and < 3 kg/m2 at 20 m. The ecoregions match the
management units used within the Norwegian implementation
of the EU Water Framework Directive (Norwegian Classification
Guidance, 2018). Such estimates are useful for instance when
considering the restoration potential in a degraded area, or when
assessing the impact of construction work in the coastal zone.

The predictive biomass model facilitates a first attempt to
estimate the carbon storage in living standing stock of Norwegian
kelp forest, by multiplying the predicted standing biomass with
the total spatial cover of kelp. The total coverage of kelps in
Norway was estimated to 5 355 (5 082 − 5 627) km2. This
corresponds to a total standing stock of 56 (53 − 58) million
tonnes of fresh kelp, and a carbon storage of 2.6 (2.5 − 2.7)
million tonnes, equivalent to 9.5 (9.1 − 9.9) million tonnes of
CO2 (Table 4).

Likewise, the carbon storage estimate, the present study
gives an estimate of the carbon sequestration potential from
Norwegian kelp forests. Living kelp is continuously exporting
biomass to adjacent environments as particulate organic material
(POM) through tissue erosion, shedding, and whole plant
dislodgement. A part of this biomass is exported from the kelp
forest and long-term buried in seafloor sediments and hereby
contribute to the removal of carbon from the ocean-atmospheric
pool for centuries. In addition, kelp export a significant amount
of dissolved organic matter (DOM) during growth. Through
these two processes do kelp forests potentially contribute to
sequestration of “blue carbon”. The average yearly rate of spring
cast (shedding), erosion, and dislodgement has been estimated
for Norwegian kelp forests to 13, 16, and 15%, respectively,
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summing up to a total POC export of 44% of the standing biomass
(Pedersen et al., 2020). Assuming a DOC production equivalent
to 26% (16 to 35%) of the biomass produced per year (measured
as percent of primary production, Krumhansl and Scheibling,
2012), the yearly carbon export from Norwegian kelp forests
sums to 1.8 million tonnes (70% of 2.6 mill tonnes), based on the
kelp distribution predictions of this study.

The exported organic matter is either labile and consumed
by secondary producers or refractive and thus has the
potential to be sequestrated. Assuming a potential sequestration
proportion of 25% (23-62%) of the total carbon export from
kelp forests (Krause-Jensen and Duarte, 2016), the yearly
carbon sequestration from Norwegian kelp forests equals 0.46
million tonnes (0.36-1.12 mill tonnes C per year), which
translates into 1.7 million tonnes CO2 (1.3-4.1, Table 4).
This potential includes sequestration of both particulate and
dissolved organic carbon (POC and DOC) and is based on
assumptions proposed by Krause-Jensen and Duarte (2016)
that DOC exported below 1000 m water depth is removed
from the system as it will be disconnected from the upper
ocean and atmospheric carbon pools long enough to be
considered as sequestrated. The estimate falls within an early
estimate of 0.9-2.3 million tonnes CO2, which was based
on crude rule-based GIS-models and accumulation rates of
carbon in terrestrial systems (Gundersen et al., 2011). These
estimates exclude an unknown contribution from understory
plants and kelp forests below 20 m depth, which may add
to the coarse estimate of yearly export of carbon from
Norwegian kelp forests.

The detailed assessment of the standing stock of kelp biomass
in this study improves the possibilities to understand coastal
carbon budgets, and dynamics of carbon and energy transfer
from kelp forests. As several studies have related fauna species
distribution to size of holdfast and stipe epiphytes (Christie et al.,
2009; Teagle et al., 2018) and further related this to secondary
production (Norderhaug and Christie, 2011) the proportion
of primary production consumed inside the kelp forest may
be estimated. Concerning the complex energy transfer in kelp
forests (Norderhaug et al., 2003) and metabolic costs from
one trophic level to another, the consumption by secondary
producers may take between almost nothing and up to as much
as 80% of the primary production (Christie and Norderhaug,
2017), imposing a key uncertainty to the carbon export and
sequestration potential.
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