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ABSTRACT

Kelp forests, primarily Laminaria digitata, provide a broad range of ecosystem services of high
social, economic, and ecological value and are considered one of the most productive
ecosystems on the planet. Several studies have shown that kelp ecosystems are regressing
in response to multiple stressors, especially climate change, which could lead to local
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extinctions. This may induce a decrease in the ecosystem services provided. Many studies

use ecological niche models (ENM) to project potential future species distributions under
climate change scenarios; however, no study has projected the future supply of ecosystem
services resulting from shifts in species ranges and changes in biomass. In this study, using
French coasts as a case study, we developed a new and reproducible methodological frame-
work that combines ENM and ecosystem services indicators to assess impacts of climate
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change on ecosystem services supplied by kelp. To this end, we first identified ecosystem
services currently provided by kelp and then used ENM to project future kelp distribution
from 2041 to 2050 under climate scenarios RCP2.6 and RCP8.5. Finally, by estimating the
biomass of kelp, we assessed the current and future ecosystem services provided by kelp.

1. Introduction

Impacts of climate change on terrestrial and marine
biodiversity have been documented extensively in the
literature over the past two decades (Lenoir et al
2020; Trisos et al. 2020). A large amount of evidence
indicates that changes in climate over the next several
decades will shift future species ranges towards the
poles (e.g. Morley et al. 2018) and, for marine species,
deeper depths (e.g. Duffy and Chown 2017), cause
local extinctions (e.g. McLean et al. 2021), habitat
fragmentation (e.g. Jonsson et al. 2018), species inva-
sions, and impacts on life history traits (e.g. Byrne
et al. 2020), abundances (e.g. Stuart-Smith 2021), and
trophic networks (e.g. Vinagre et al. 2019).
Biodiversity loss associated to an impaired integ-
rity of ecosystems as a consequence of climate change
may have negative effects on the delivery of ecosys-
tem services. Ecosystem services (ES) is a concept
popularised by the Millennium  Ecosystem
Assessment (MEA 2005) and evolved to the concept
of Nature’s Contributions to People (NCP) that
includes a wide range of descriptions of human
dependence on nature (Pascual et al. 2017).
Ecosystem services and Nature’s Contributions to

People refer to all the contributions that nature
makes to human welfare but led to some confusion
about the characteristics between ES and NCP that
have been addressed in the literature (Kadykalo et al.
2019). The Intergovernmental Science-Policy
Platform on Biodiversity and Ecosystem Services
(IPBES) argues that healthier ecosystems provide,
quantitatively and qualitatively, more ES than
unhealthy ecosystems and that climate change is the
first driver of ecosystem services loss (Portner et al.
2021).

The Ecosystem services concept was developed to
support ecosystem and biodiversity conservation by
providing decision-makers and stakeholders with
comprehensive arguments for managing biodiversity.
Understanding the services provided by an ecosystem
should encourage management measures targeting
the sustainability of socio-ecological systems. The
IPBES recently warned again on the urgent need to
understand and assess services, or Nature’s
Contributions to People (NCP), and their underlying
mechanisms to be able to reach Aichi Biodiversity
targets (Portner et al. 2021).

In the marine realm, sensitive ecosystems like
coastal marine vegetation that support a vast diversity
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of marine life and important ecosystem services, such
as fisheries and carbon sequestration are at a high to
very high risk of climate negative impacts (Edgar
et al. 2000; Li et al. 2018; Sanderman et al. 2018).
One of the most important coastal marine vegetation
ecosystems are kelp forests, large brown seaweed of
the Laminariales order. Kelp forests, dominating
rocky reefs throughout the world’s temperate seas
(Filbee-Dexter and Wernberg 2018), provide
a broad range of ES of high social, economic, and
ecological value (Vasquez et al. 2014; Bennett et al.
2016). Indeed, they support a high biodiversity
(O’Brien and Scheibling 2016), are considered as
one of the most productive ecosystems on the planet
(Wernberg et al. 2019) and function as “foundation
species” (Teagle et al. 2017), mitigate local environ-
mental conditions (such as nutrient dynamics
(Schmitz et al. 2010)), water flow (Arkema et al.
2013) and physical disturbance (Wernberg et al.
2013), and are a major source of organic carbon
due to the shedding of old fronds, which supports
a continuous flow of export material at large scales
(Krause-Jensen and Duarte 2016). Kelp forests pro-
vide a wide range of essential ES (Wernberg et al.
2019): ES of direct-use benefits for human well-being
(e.g. kelp harvesting for alginate extraction, providing
habitats for commercial and recreational fish species,
tourism; these are ES that contribute most to the high
economic value of kelp (Blamey and Bolton 2018))
and of indirect-use benefits from the underpinning
ecological processes (e.g. climate regulation, carbon
sequestration, coastline protection, nutrient cycling;
Krause-Jensen et al. 2018) or from their non-use
value (e.g. scientific or cultural importance, Smale
et al. 2013).

Due to the decrease in coastal ecosystem health in
recent decades, the scientific literature reports wide-
spread losses in kelp populations (Voerman et al.
2013; Araujo et al. 2016; Assis et al. 2018) as
a consequence of multiple stressors, such as global
warming (Krumhansl et al. 2016; Smale 2020),
increase in storm frequency (Smale and Vance
2016), increase in herbivore pressure (Steneck et al.
2013), and excessive harvesting (Lorentsen et al.
2010). Loss of kelp forests at a large spatial scale
will have major implications for biodiversity and
human well-being (Voerman et al. 2013). This rapid
loss raises global awareness, and to conserve kelp
populations, several authors call for prioritising and
rapidly acquiring knowledge of the processes that
underlie the supply of kelp ES (Smale et al. 2013)
and kelp’s response to climate change (Smale 2020).
However, in the European Union, kelp forests are not
specifically targeted in the Habitats Directive as
a marine habitat in themselves (Teagle et al. 2017).
Instead, they are considered components of “reef”
habitats (Beck and Airoldi 2007), for which
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conservation measures are not a priority. Besides,
projecting potential future loss of ES provided by
kelps as a response to anthropogenic pressure, could
be an efficient way to better manage this ecosystem
by providing decision-makers and stakeholders with
an order of magnitude of the loss of benefits for
human populations.

In marine ecology, projecting future species distribu-
tions as a response to climate change using Ecological
Niche Models (ENM) has become a routine (e.g. Feng
etal. 2019; Melo-Merino et al. 2020). ENM use a variety
of statistical methods to combine species occurrence
data and spatial environmental data to predict the suit-
ability of sites for a specific species. Future shifts in
species distribution can thus be predicted under differ-
ent climate-change scenarios (Thuiller et al. 2009).
However, projecting potential loss or gain of ES asso-
ciated to a changing spatial distribution or biomass are
still rare. Combining biophysical indicators of ES and
ENM could help to assess potential future supply of ES
by kelp forests. Existing studies have projected future
ranges of kelp forests as a response to climate change
(Bekkby et al. 2009; Raybaud et al. 2013; Gregr et al.
2019) but they used old modelling frameworks relying
on some misuses and proxies that are widely practiced
and rarely addressed together in the ENM literature (see
Ben Rais Lasram et al. 2020 for details). In this study, we
propose to use a new ENM framework (Ben Rais
Lasram et al. 2020) that addresses these limits in order
to project future kelp spatial distribution.

ENM outputs have a spatial dimension since they
consist on distribution maps (binary occurrences or
probability of presence), however, ES indicators do
not necessarily have a spatial dimension. Thus, only
ES indicators related to spatial dimension can be
projected using ENM. Moreover, many ES indicators
are related to kelp biomass (for e.g. the quantity of
alginate extracted, nutrient cycling) but ENM doesn’t
project any biomass. Thus, there is a need to assess
future kelp biomass according to their range shift and
loss projected by ENM.

Besides, since the emergence of the concept of
ES, much research has put the focus on the mone-
tary value dimension (e.g. Costanza et al. 1997;
Barbier et al. 2009; TEEB 2010), but recent litera-
ture revealed the limits of pure economic assess-
ments and argued that ES and NCP should clearly
not be restricted to monetary value (Goémez-
Baggethun et al. 2014). This led to the concept of
plural values of nature and the development of
methods related to integrated valuation of ES
(Dendoncker et al. 2018; Rincon-Ruiz et al. 2019).
Integrated valuation of ES has become a frontier in
ecosystem services science and IPBES has adopted
the plural value of nature as perspective (Portner
et al. 2021). The integrated valuation of ES requires
the development of accurate and reliable ES
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indicators which is not an easy task given the
absence of a formalized methodology and the con-
text specificity of each ecosystem.

For kelps for example, economic valuation of ES is
widely practiced (e.g. US$1,000,000 per km of coastline
per year in Bennett et al. 2016) and ES have been clearly
stated in various studies often related to direct-use
benefits (e.g. alginate extraction) and indirect-use ben-
efits (e.g. carbon sequestration) but indicators are not
systematically proposed. This absence of quantification
of ES in general and their spatial dimension related or
not to biomass in particular, prevent the combination
of ENM and ES indicators in order to project potential
future supply in a context of climate change.

Taking northern France as a case study (the most
important extraction zone in Europe along with
Norway with approximately 50000 t of kelps collected
each year, Davoult et al. (2011)), the aim of this paper is
to propose a methodological framework combining
ENM and ES indicators in order to project potential
future ES supply as a response to climate change. To
that aim, we first made an exhaustive inventory of ES
provided by kelps based on a literature review and iden-
tified those that could be related to a spatial dimension
through their occurrences or biomass. We then, when
possible, developed our own quantitative and spatialized
indicators for ES reported in the literature but not quan-
tified nor spatialized. After that, we used ENM to project
future kelp distribution using two Representative
Concentration Pathway (RCP) scenarios (i.e. RCP2.6
and RCP8.5) and developed a proxy in order to assess
future biomass since several ES indicators are related to
kelp biomass (for e.g. the quantity of alginate extracted,
nutrient cycling). Finally, we fed quantitative and spatia-
lized ES indicators with future kelps occurrences or
biomass in order to assess their future supply loss or gain.

To our knowledge, only a few studies have used
ENM to predict or project ES provided by biodiver-
sity (for e.g. Civantos et al. (2012) linked future
spatial distribution of terrestrial vertebrates obtained
from ENM to the invertebrate and rodent pests-
control service they provide, and Liquete et al.
(2016) linked ENM to the lifecycle maintenance ser-
vice of two fish species in the Mediterranean Sea) and
none of them included kelp forest ecosystems.

Our methodological framework could help to
implement appropriate conservation measures by
given insights into the future trends of ES supply.

2. Materials and methods

Our methodological framework is summarized in the
workflow diagram (Figure 1) and consists of four
main steps that are detailed later in this section.
First of all, we performed a review of the litera-
ture on kelps in order to set an exhaustive inven-
tory of the related ES. A part of the inventoried ES

is quantitative and can be assessed by indicators
directly available in the literature as equations.
Some of them have a spatial dimension because
including explicitly the kelp distribution or because
they include kelp biomass that can be related to
spatial distribution. Another part of the inventoried
ES hasn’t been quantified yet in the literature and
we had to develop our own indicators (quantified
using equations we have implemented) related to
a spatial dimension. These indicators can be quali-
fied as “projectable” because they can be quantified
according to the projected future distribution or
biomass resulting from ENM.

Second, we used the new ENM framework pro-
posed by Ben Rais Lasram et al. (2020) in order to
project future kelp distribution under two climate
scenarios RCP2.6 and RCP8.5. ENM outputs consist
on binary occurrences or probabilities of presence
but some ES indicators include biomass. We thus
need to translate probabilities of presence into bio-
mass. To do that, we assigned a biomass to each
class of probability of presence by overlapping the
map of probability of presence of kelp obtained
from ENM to two biomass maps found in the
literature and reporting L. digitata biomass in two
local sites considered as references in France
(Morlaix and Moléne archipelago). We highlight
here that the relationship between species probabil-
ities of occurrences and biomass and between bio-
mass and the provided ES might not be linear.

Finally, we fed the “projectable” ES indicators with
current and future kelps occurrences or biomass in
order to assess the future trend of the supply.

2.1. Description of the kelp species and study
area

2.1.1. Species presentation

The common term “kelp” is used in the broadest
sense to indicate most large brown seaweed (Fraser
2012) which dominates rocky reefs throughout the
world’s temperate seas (Steneck et al. 2002). We con-
sidered the order Laminariales, which many authors
(Bertocci et al. 2015) consider to be the “true” (e.g.
Steneck et al. 2002) and “technical” (e.g. Dayton
1985) definition of “kelp”. We focused specifically
on Laminaria digitata, which belongs to the domi-
nant kelp genus in the North Atlantic (Smale et al.
2013). L. digitata is one of the most abundant, stu-
died, and commercially important European kelp
species (Bartsch et al. 2008).

Global distribution of kelp is eco-physiologically
restricted by multiple biophysical factors (Hawkins
and Hartnoll 1985): at high latitudes, kelp presence
is determined mainly by light availability, while at
low latitudes, it depends on nutrients, the presence of
other macrophytes, and temperature (Steneck et al.
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Figure 1. Methodological framework and processing steps. Four main steps were performed: inventorying ecosystem services
(ES) indicators (see section 2.2), running Ecological Niche Models (ENM) (see section 2.3); estimating biomass, and quantifying ES
(see section 2.4). Rounded rectangles correspond to actions performed like preparing data or running models (only BIOMOD
model is depicted by a hexagon). Pointed rectangles symbolize data and maps (used or produced).

2002). Temperature is one of the main drivers of the
spatial distribution of kelp (Steneck et al. 2002). For
L. digitata, the thermal optimum ranges from 10 to
15°C reproduction is impaired beyond 18°C (Arzel
1998), and death can occur due to cell damage at 22°C
(Bolton and Liining 1982). Salinity also has an influence
(Karsten 2007), although L. digitata can be exposed to
substantial changes in salinity during tides (Liining 1990).

Kelp beds are found from the shoreline down to
depths of 30-40 m (Dayton 1985), mainly in the
shallow upper sub-littoral fringe in sheltered or mod-
erately exposed sites and exclusively on subtidal rocky
shores. Because kelp have difficulty attaching to steep
seabeds, the probability of dense kelp beds decreases
as the slope and curvature of the habitat increase
(Bekkby et al. 2019).

2.1.2. Study area

The distribution of L. digitata along European coasts
ranges from the southern coast of Brittany, France
(Quiberon Bay), to the northern coast of Norway
(45.0°N to 71.5°N; 11.5°W to 27.0°E) (Davoult et al.
2011) (Figure 2). In France, kelp are found mainly in
Brittany, especially at the Molene archipelago, where
extraction of Laminariales represents 60-70% of
national production (Vanhoutte-Brunier et al. 2016)
and on which an economic sector depends. Most stu-
dies and quantitative estimates of kelp biomass were
performed at two sites in Brittany - Morlaix and the
Moléne archipelago - which we considered as refer-
ences (Gorman et al. 2013; Bajjouk et al. 2015) (section
2.4). Our study area includes the French side of the
English Channel and the Brittany peninsula (Figure 2).
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Figure 2. Study area location.

2.2. Kelp ES assessment

2.2.1. Literature review and classification of ES
provided by kelp

An ES indicator is a parameter used to reflect the
quality or quantity of an ES supply in order to moni-
tor or communicate it (Hackbart et al. 2017). Its
design and calculation will depend on the objectives,
subject and scale of the study (Van Oudenhoven et al.
2018). A single indicator may not be sufficient to
assess the different aspects of an ES. For instance,
both carbon stocks and fluxes contribute to climate
regulation which, as a consequence, could require
using several indicators. To build a list of ES provided
by kelps, we first performed a literature review with
the keywords “kelp ecosystem services” in scientific
literature databases (ISI web of Science, Google
Scholar). Among the 18,600 search results, 139 pub-
lications were selected because they qualify or quan-
tify an ES. The concept and typology of ES have
evolved over time, along with an extensive debate
about their adequacy (Haines-Young 2009). The
Common International Classification of Ecosystem
Services (CICES) has developed a general classifica-
tion of ES, applicable to all ecosystems worldwide, to
improve the comparison of results and methods
among ES studies. Each kelp ES identified was classi-
fied according to the CICES latest version of ES
classification (V5.1) (see Table 1). Finally, for each
ES, we looked for whether a corresponding indicator
already existed in the literature. If so, we included it
directly in our study. Otherwise, we developed a new
indicator (detailed below).

English Channel

Brittany

e i
Atlantic Ocean "\j L’\L

0 100 200 km [ N
—— - /
/ 4

2.2.2. Quantification and mapping of ES indicators
We then classified the indicators into three classes
of ES:

(i) Non-quantitative: the ES can be identified, but
no quantitative operational indicator can be
developed due to no or few available data, or
to a lack of knowledge of ecological processes

(ii) Quantitative: the ES can be quantified using

several indicators

(iii) Spatial: the ES indicator is related to biomass

and/or spatial dimension, and can be pro-
jected using ENM

We identified 20 ES provided by kelp (6 non-
quantitative and 14 quantitative, among which 6
have spatial dimension) (Table 1).

Hereafter, we present the ES having a spatial
dimension and retained to be projected by ENM as
well as the related indicators. Indicators are calcu-
lated over a year.

2.2.2.1. Provisioning services

2.2.2.1.1. SI: kelp harvested for nutrition, cosmetics
and pharmaceuticals. Because of the absence of data
on the different uses (e.g. cosmetics and pharmaceu-
ticals) of kelp, we considered the kelp biomass
extracted (in tons of fresh weight) as an indicator of
all the potential uses of kelp. This proxy is similar to
what is practiced in fisheries (amount of biomass
fished) or agriculture (amounts of crops extracted).
To estimate this ES, we considered the current extrac-
tion quota of 20% of total kelp biomass, as recom-
mended by Bajjouk et al. (2015). This quota was
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Table 1. Summary of the ecosystem services (ES) provided by kelp and examples of associated quantitative (Q) and non-
quantitative (NQ) indicators. The ES are classified based on CICES v5.1. Bold text identifies the ES estimated and projected in this
study. * indicates that the indicator is documented in the literature.

CICES
Section Division Group Class of ES Code Indicandum Indicator and references State
Provisioning Biomass Wild plants Wild plants used 1.1.5 Kelp harvested for S1: Quantity of kelp biomass Q
for nutrition, nutrition, extracted (in tons per year)
material or cosmetics and (Equation (1))
energy pharmaceuticals

Wild plants used 1.1.5.1 Alginate extracted S2: Quantity of alginic acid (in Q
for nutrition, for nutrition, tons per year) (Equation
material or cosmetics and (2.1))*
energy pharmaceuticals

Wild animals Wild animals 1.1.6.1 Increase in fisheries Increase in the local abundance Q
used for of commercially valuable
nutrition, species (Vasquez et al. 2014)
material or
energy
Regulation Transformation of ~ Mediation of Filtration/ 2.1.1.1  Nutrient cycling  S3y: Quantity of nitrogen Q
& biochemical or wastes or sequestration/ sequestered in kelp
Maintenance physical inputs to  toxic storage/ biomass (in tons per year)
(biotic) ecosystems substances accumulation (Equation (3.1))*
by organisms S3p: Quantity of phosphorus
sequestered in kelp
biomass (in tons per year)
(Equation (3.2))*

Regulation of the 2.2.6.1 Climate regulation S4: Quantity of carbon Q
chemical sequestered in kelp
composition biomass (in tons per year)
of atmosphere (Equation (4))*
and oceans

Regulation of Regulation of Control of 2.2.1.1  Reduction of Loss of sediment movement Q
biochemical or baseline flows erosion rates coastal erosion income (Arroyo et al. 2004)
physical inputs to Buffering and 2.2.1.2  Wave damping and Currents can be reduced by Q
ecosystems attenuation of water velocity three time when kelp is

mass profile present (Jackson and Winant
movement 1983)

Hydrological 2.2.1.3 Coastal protection S6,: biophysical provision of Q
cycle and coastal protection provided
water flow naturally by kelp (total
regulation length of the coastline, in km)

S6,: biophysical provision
of protection coasts of
urbanized provided
naturally by kelp (total
length of the coastline, in km)
Lifecycle Gamete dispersal 2.2.2.1  Dispersal via kelp Kelp-exported detritus is used as NQ
maintenance, Seed dispersal 2222 rafts long-distance dispersal by
habitat and some species (Krumhansl and
gene pool Scheibling 2012)
protection Maintaining 2.2.2.3 Provide space, food Increase in abundance of adult Q
nursery and protection fish associated with kelp
populations for biota (Bertocci et al. 2015)
and habitats
Pest and disease Pest & invasive ~ 2.2.3.1  Protection of Reduction in kelp was NQ
control species endemic species associated with an increase in
control invasive species (Filbee-
Dexter and Wernberg 2018)
Disease control  2.2.3.2 Balance and Kelp maintain a balanced health NQ
complexity of the  condition of the system
trophic chain (Campbell et al. 2014)
Water Regulation of the 2.2.5.2 Regulation of salt S5: Quantity of O,released via Q
conditions chemical water kelp photosynthesis

condition of
salt water by
living
processes

conditions

Acidification
regulation

(in tons per year) (Equation
(5)*

Kelp can increase aragonite
saturation by 0.1 over 24 km?
(Mongin et al. 2016)

NQ

(Continued)
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Table 1. (Continued).

CICES
Division Group Class of ES Code Indicandum Indicator and references State
Direct and in-situ Physical and Active or 3.1.1.1  Ecotourism Number of diving clubs & diving Q
interactions experiential immersive days per site near kelp
(depend on interactions interactions, (Blamey and Bolton 2018)
presence in the activities
environmental Passive or 3.1.1.2  Artistic inspiration ~ Number of artworks that NQ
setting) observational represent kelp
interactions,
activities
Intellectual and  Scientific 3.1.2.1  Research subject Public investment in research Q
representative  investigation, funding (Bennett et al. 2016)
interactions creation of
traditional
ecological
knowledge
Education and 3.1.2.2  Public awareness Number of “kelp” news hits, Q
training Number of books on kelp sold
(Duarte et al. 2008)
Culture, heritage 3.1.2.3  Cultural legacy of  Historical harvesting of kelp for NQ
“goémoniers” agricultural land amendment
(kelp harvesters) and production of soda and
iodine (Garineaud 2017)
Indirect and remote Spiritual, Symbolic 3.2.1.1  Local identity Number of registered heritage  Q
interactions symbolic meaning species near kelp beds

interactions

(Vanhoutte-Brunier et al.
2016)

established in the Molene archipelago in Brittany, the
country’s main area of kelp extraction. The indicator
(in tons) was calculated at the national scale to quan-
tify the potential supply of the ES, independent of the
customs and uses specific to Brittany (Garineaud
2017). We assumed that kelp is extracted at sites
that have at least a minimum threshold of abundance
due to extraction limits (i.e. time, money and

profitability).

Kelp biomass extracted (in tons per year)

= kelp biomass x extraction quota (1)
2.2.2.1.2. 82: alginate extracted for nutrition, cos-
metics and pharmaceuticals. Kelp are harvested
mainly for the high concentration of alginic acid in
their tissues. This polysaccharide is precipitated to
obtain alginate powder, which is used in agri-food,
medical and cosmetic sectors as thickeners or as
homogenising and gelling agents. We considered
that the quantity of alginic acid (in tons) that can
be extracted from kelp is an indicator of the alginate
extracted for nutrition, cosmetics and pharmaceuti-
cals service

The literature indicates that the alginic acid con-
centration ranges from 24% to 30% of kelp dry
weight (DW) (Perez et al. 1992). The concentration
varies among parts of the algae (i.e. stipe, blade and
holdfast) by season and location (Goujon 2004).
Therefore, we used a mean concentration of 27% of
kelp DW to estimate the quantity of alginate that can
be potentially extracted according to the quota
(Equation (2.1)).

As kelp is harvested as fresh weight (FW), we
transformed FW into DW. Based on the literature,
we used a mean of 13% of DW in FW (Gevaert et al.
2008; Laffoley and Grimsditch 2009; Chung et al.
2013) (Equation (2.2)).

Quantity of alginic acid (in tons per year)

27
=DW x — (2.1)
100
where
13
DW = FW x — 2.2)

100

and FW =kelp biomass extracted according to
Equation (1)

2.2.2.2. Regulation and maintenance services

2.2.2.2.1. 83 and S3P: nutrient cycling. Impacts of
domestic and industrial wastewater discharge and
diffuse pollution from agriculture are a particular
concern for the health of marine biota (Fabricius
et al. 2005). The quality of coastal water, monitored
by multiple networks, depends on how wastewater is
treated. The remaining untreated discharge is natu-
rally buffered in the marine environment, within the
limits of its ability, by specific organisms such as kelp,
which can remove some contaminants (Camia et al.
2017). Filtration and sequestration of nitrogen (N)
and phosphorus (P) can play an important role in
mitigating eutrophication in coastal areas (Holdt and
Edwards 2014). We estimated this ES by using an
indicator that takes into account the quantities of
N and P (in tons), which are critical nutrients in



ecosystems (De Groot et al. 2002), potentially seques-
tered in kelp tissues.

To estimate these quantities, we assumed median
values of 2.82% of DW for N concentration (Gevaert
et al. 2008) and 0.32% of DW for P concentration of
the entire kelp (Huang et al. 2005). We then used the
conversion from FW to DW (Equation (2.2)) to esti-
mate the total quantity of N and P absorbed by kelp:

Nitrogen sequestred (in tonsper year)

13 .
= kelp bi —(Eq.2.2) X — 3.1
elp biomass x 100( q.2.2) x 100 (3.1)
Phosphorus sequestred (in tons per year)
= kelp biomass x 12 (Eq.2.2) x 9.32 (3.2)
—rep 100 Y q00

2.2.2.2.2. 8§4: climate regulation. Kelp beds are con-
sidered one of the most productive ecosystems on
Earth, with a high turnover of biomass (Laffoley and
Grimsditch 2009). They do not contribute to long-term
carbon storage or mitigate against climate change, how-
ever, because they cannot store carbon below ground,
and their turnover is extremely rapid, with most of their
productivity being remineralised (Blamey and Bolton
2018), consumed, or decomposed (Krumhansl and
Scheibling 2012). Nonetheless, kelp may play an indir-
ect but significant role in carbon sequestration through
photosynthesis by acting as carbon donors to recipient
“blue carbon” habitats (e.g. seagrass meadows, deep sea
and sediments), some of whose carbon may be stored in
marine ecosystems over timescales relevant for seques-
tration (Fourqurean et al. 2012; Legge et al. 2020).
Despite these uncertainties, carbon storage in kelp-
dominated ecosystems is likely to be a function mainly
of the standing biomass of kelp and associated unders-
tory algae; thus, we also considered short-term carbon
sequestration. Thus, the ES indicator calculated is the
amount of carbon sequestered by kelp (in tons).

It is difficult to compare the wide range of esti-
mates of kelp net primary production and standing
crop as the methods used vary greatly among species
and studies (Laffoley and Grimsditch 2009). We used
3kg C.m 2y for the quantity of carbon retained
(i.e. the difference between carbon fixed and exuded)
in dominant kelp ecosystems (Abdullah and
Fredriksen 2004):

Carbon sequestred (in tons per year)
= kelp distribution area

X 3 (Carbonﬁxed per unitarea) 4)

The kelp distribution area is obtained from the
outputs of the ENM detailed in section 2.3.3.3.3.
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2.2.2.2.3. 85: regulation of salt water conditions. Due
to high photosynthetic activity, kelp and macroalgae
ecosystems release a massive quantity of dissolved
oxygen (O,) into the system. Water oxygenation is
an essential function in marine ecosystems (Chen
et al. 2012). Several items of the CICES classification
can be related to this ecological process: breathing by
animals, promoting the local presence of larval and
juvenile fish (Smale et al. 2013), reinforcing lifecycle
maintenance (Tempera et al. 2016), and providing
a nursery service. The water oxygenation service
also plays an indirect role in enhancing local fisheries
(Campagne et al. 2015) and biodiversity of heritage
interest for recreational activities and wildlife watch-
ing (Beaumont et al. 2008) such as snorkelling.
Moreover, O, must be released to avoid eutrophica-
tion (Rabalais et al. 2009) by mediating waste, toxins,
and other nuisances (Tempera et al. 2016). Water
oxygenation also acts as an environmental buffer by
modifying the chemical composition of the atmo-
sphere and the ocean (Vasquez et al. 2014).

We classified “water oxygenation” as an indicator
of “regulation of the chemical condition of salt water
by living processes” ES (Filbee-Dexter and Wernberg
2018), which encompasses all the associated impacts,
and whose indicator corresponds to the quantity of
O2 (in tons) released by the kelp. As O, (in tons) is
released through photosynthesis at the same time that
carbon is fixed, we considered the rate of associated
O, = carbon fixed x % (Vassallo et al. 2013) and
multiplied it by the quantity of carbon fixed by kelp:

36
O, released (in tons per year) = Carbonfizeq X O (5)

2.2.2.2.4. 861 and S62: coastal protection. Kelp beds
are known for their role in attenuating waves (Lovas
and Terum 2001; Blamey and Bolton 2018) and are
assumed to protect the coastal shoreline from ero-
sion and storms by changing the flow, sediment,
and energy that pass through the system.
However, the degree of ecosystem protection is
non-linear (increasing as plant density increases),
multifactorial and context-dependent (Pinsky et al.
2013). We estimated this ES from the presence of
kelp at medium and high abundance classes (section
2.4) near the coastline. We used a geographical
information system to measure the length of coast-
line along which a kelp seabed was located at
a maximum distance of 1.5 km, using the “transect”
function of QGIS software (QGIS Development
Team 2021). For this first indicator, we considered
the total length of coastline (in km) located within
1.5 km of kelp areas.

As the benefit of an ES depends on how local
actors perceive it, two complementary approaches
were used to assess this ES. The first indicator (S6;)
quantifies the biophysical provision of coastal
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protection provided naturally by kelp, regardless of
the actual demand for it (Sousa et al. 2016).
The second indicator (S6,), which was limited to
urbanised coastlines (e.g. houses, towns and roads),
is highly relevant for local residents and actors who
perceive the spatial extent of this ES (i.e. protecting
the coastline and buildings against erosion). For
this second indicator, we considered only the length
of urbanised coastline (in km) located within 1.5 km
of kelp areas. The nature of the coastline (artificial
or natural) was uploaded from the French
GéoLittoral (http://www.geolittoral.developpement-
durable.gouv.fr/telechargement-en-ligne-donnees-
geolittoral-a802.html). We assumed that the number
of urban areas would not increase on the French
coast of the North Atlantic due to the French
“Coastline law” (articles L321 of the French
Environmental Code).

2.3. Ecological niche models

We predicted future potential kelp species distri-
bution in the context of climate change to explore
its impacts on the delivery of ES under RCP2.6
(i.e. rapid mitigation of anthropogenic climate
change and optimistic) and RCP8.5 (i.e. business-
as-usual, high carbon emission scenario and pes-
simistic) scenarios of the Intergovernmental Panel
on Climate Change for 2041-2050 (IPCC et al.
2018). To this end, we used a modelling frame-
work dedicated to marine species distributions at
the local scale (Ben Rais Lasram et al. 2020). The
modelling procedure has two main steps: (i)
a bioclimatic envelope model (BEM) applied at
the global scale and calibrated with coarse-
resolution climatic grids and (ii) a habitat model
applied at the local scale and calibrated with fine-
grained habitat variables.

2.3.1. Species data

We collected L. digitata data at two spatial extents:
global scale (to run BEMs as an initial filter; section
2.3.3.3.3) and local scale (to run habitat models as
a second filter; section 2.3.3.3.3). L. digitata occur-
rences at the global scale were uploaded from the
Ocean Biogeographic Information System (https://
obis.org/) and Global Biodiversity Information
Facility (https://www.gbif.org/). For the local scale,
occurrences obtained from Raybaud et al. (2013)
were added to the global data.

Data was not processed at this stage since the
ENM framework we used (Ben Rais Lasram et al.
2020) includes a procedure for homogenizing occur-
rences to reduce the influence of sampling bias and
correcting erroneous records.

2.3.2. Environmental data

2.3.2.1. Global environmental data for the BEM. To
calibrate the BEM, we used decadal means of tem-
perature and salinity downloaded from the World
Ocean Database (WOD) 2013 V2, from 1955 to
2012 (1955-1964, 1965-1974, 1975-1984, 1985-
1994, 1995-2004 and 2005-2012), with a spatial reso-
lution of 0.25°. The data were then interpolated to
a five arcmin resolution (1/12°) wusing bilinear
interpolation.

Most studies using ENM to predict species ranges
consider two periods, usually the middle and end of
the 21st century. We used the two scenarios RCP2.6
and RCP8.5, but for only one period (2041-2050),
due to large uncertainties in changes in the socio-
economic system that could occur (e.g. societal cus-
toms, uses of kelp ES).

Climate projections for the RCP2.6 and RCP8.5
scenarios for 2041-2050 were downloaded from
three global circulation models from the Coupled
Model Intercomparison Project Phase 5. We consid-
ered the 2005-2012 decade as the current baseline
period and calculated projected anomalies between it
and 2041-2050. These anomalies were then added to
the observed mean temperatures and salinities for the
same period of the WOD 2013 data.

2.3.2.2. Local environmental data for habitat mod-
els. We used five local habitat structure variables:
depth, seafloor type, slope and slope orientations
(eastwardness and northwardness). Data are available
at EMODnet-bathymetry and EMODnet-seabed
habitats  (http://www.emodnet-seabedhabitats.eu/)
and have a 250 m spatial resolution. The seafloor
type was aggregated into eight EUNIS categories:
rock, coarse sediment, sand, sandy mud, muddy
sand, fine sand, mud, and fine mud. We did not
consider turbidity, as no reliable future prediction of
it was available. As light is a function of both depth
and water turbidity, we used depth as a proxy for
light, which decreases as depth increases (Van Son
et al. 2020).

2.3.3. Modelling procedure

After processing data to reduce sampling effort bias
and to generate pseudo-absences (see Hattab et al.
2014; Ben Rais Lasram et al. 2020; Marchand et al.
2020 for a complete overview of the underlying
assumptions), we ran BEMs at the global scale using
global temperature and salinity variables as a first
climatic filter. To this end, eight algorithms were
run individually with the “BIOMOD2” package
(Thuiller et al. 2009) of R software (Team 2020):
a generalized linear model, generalised additive
model, multiple adaptive regression spline, boosted
regression tree, random forest, classification tree
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analysis, flexible discriminant analysis, and artificial
neural network. Each model was evaluated with
a 3-fold cross-validation procedure by using
a random sample of 75% of the initial data for cali-
bration and the remaining 25% for validation. We
used the true skill statistic (TSS) and continuous
Boyce index (CBI) to assess the models’ predictive
performance. Only algorithms that had CBI >0.5 for
all three permutations (i.e. were resilient to occur-
rence permutations) were retained. A threshold that
maximises the TSS score of the eight algorithms was
used to generate current and predicted binary outputs
(presence/absence) (Thuiller et al. 2009).

We then applied the second habitat filter using the
procedure as for the first filter, but with habitat vari-
ables. A species was considered present when both
filters predicted its presence. Finally, we used the
projected temperatures and salinity for 2041-2050
according to the RCP2.6 and RCP8.5 scenarios to
predict the potential future habitat for L. digitata
according to each of the eight algorithms. To reduce
uncertainties, rather than retaining the algorithm
with the best TSS, we used the weighted average
consensus method to generate final projections
(Thuiller et al. 2009).

2.4. Relating ENM outputs to ES indicators

2.4.1. Biomass estimation
All the ES indicators used in this study have a spatial
dimension related to the spatial distribution of kelps,
that is, maps of probabilities of occurrence given by
ENM outputs (probabilities that can be translated
into binary occurrences by applying a threshold).
Some of these ES indicators also required kelp bio-
mass. To date, there is no data on the spatial distri-
bution of kelp biomass available at the national level.
Moreover, ENM project only distribution areas with-
out considering biomass. Therefore, we estimated
kelp biomass from maps of the probabilities of occur-
rence obtained by ENM. We assumed that higher
probabilities of occurrence would imply environmen-
tal conditions strongly favourable for the species
which could result in higher amounts of biomass
produced. We also assumed that this relationship
might not be linear and monotonous so we decided
to build semi-quantitative indicator of biomass, that
is, probabilities of occurrence were grouped into
classes, to which we then assigned biomass values.

We classified pixels (of the maps of the probabil-
ities of occurrence obtained by ENM) into four abun-
dance classes based on their position in the
distribution of the probability of occurrence (greater
than zero probability), as follows:

(i) Absent: pixels whose probability of occurrence

lay below the first quartile (ie. 1-42%), the
related biomass is null.

ECOSYSTEMS AND PEOPLE (&) 367

(ii) Low: pixels whose probability of occurrence

lay between the first and second quartiles

(i.e. 42-59%), the related biomass is B,

(iii) Medium: pixels whose probability of occur-

rence lay between the second and third quar-

tiles (i.e. 59-83%), the related biomass is

Bmedium

(iv) High: pixels whose probability of occurrence

lay above the third quartile (i.e. 83-92%), the
related biomass is B

We then assumed that the total biomass in an area

(Btot) could be assessed as:

Biot = rx (PhighXBhigh + Piedium
><Bmedium + PlowXBlow) (6)

where By is the total biomass in an area, P is the
number of pixels of the given abundance class, and
r is the spatial resolution (here 0.09 km?).

We assigned a biomass to each class of probability
of occurrence by overlapping the map of probability
of occurrence of L. digitata obtained from ENM to
two maps obtained from (Gorman et al. 2013) and
(Bajjouk et al. 2015). (Gorman et al. 2013) and
(Bajjouk et al. 2015) are two main references in the
ecology of kelps and provide biomass in two sites that
are, respectively, Morlaix and Moléne archipelago.
Gorman et al. (2013) estimated 56,634 t of
L. digitata in an area of 130 km? at Morlaix, while
(Bajjouk et al. 2015) estimated 98,401 t of L. digitata
in an area of 214 km” at the Moléne archipelago. At
the Morlaix reference site, only medium and low
abundance classes were present, with 321 and 5 pix-
els, respectively. The kelp biomass in the area of
Morlaix could be assessed as:

BMorlaix =rX (321Bmedium +5X Blow)
— 56,634 7)

We proceeded similarly with the biomass map of
Gorman et al. (2013) at the Moléne archipelago
where the three abundance classes (high, medium
and low) were present in 183, 456 and 798 pixels,
respectively. The kelp biomass in the area of Moléne
could be assessed as:

BMolene = 1 X (183 X Bhigh + 456 X Buedium
+798 X Bjow) = 98,401t (8)

By overlapping the map of probability of occur-
rence of L. digitata obtained from ENM (for the
current period) and the biomass map of Bajjouk
et al. (2015) and Gorman et al. (2013), we affected
an average biomass to the classes Bpigh, Bmedium and
Bjow- Then, we averaged the values obtained for each
biomass class and manually calibrated them in order
to reach the correct values of s 7 and 8. The values
retained are 2.0, 1.5 and 0.5 kg.m-> respectively for
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the high, medium, and low abundance classes. Then,
we replaced these values in Equations (7) and (8) to
check the correctness of our estimation. Our predic-
tions have overestimated of 11.7% of the Morlaix
results (Equation (7)), and underestimated of 23.1%
of the Molene archipelago (Equation (8)). Applying
Equation (6) gives a total biomass in the whole study
area of 2,159,235 tons for the current period.

Finally, in order to validate this assessed biomass, we
compared it to a biomass value found in Garineaud
(2017). Indeed, Garineaud (2017) estimated that ca.
45,000 t of L. digitata are extracted each year in France
(https://www.geolittoral.developpement-durable.gouv.
fr/). As this quantity corresponds to 20% of the available
total biomass (20% is the extraction quota according to
Bajjouk et al. (2015)), we assumed that kelp biomass
would equal five times the biomass extracted, that is,
225,000,000 t. Our assessed biomass overestimated the
published values (Gorman et al. 2013; Bajjouk et al. 2015;
Garineaud 2017) by 7%.

Once each biomass class is quantified for the cur-
rent period, we used them to assess the future poten-
tial biomass by affecting each biomass class to the
projected probabilities of occurrence under RCP2.6
and RCP8.5 scenarios for 2041-2050 and resulting
from ENM. Finally, we estimated the average change
in kelp biomass (expressed as a percentage) by sub-
tracting the projected values under each RCP sce-
nario from the current values (Table 2).

2.4.2. ES quantification

Using ENM outputs, that is, species distribution (current
and projected by 2041-2050 according to the RCP2.6 and
RCPS8.5 scenarios) and the related biomass, we calculated
the ES current and future supply according to the eight
equations of the indicators (sections 2.2.2.1.2.2.1 and
2.2.2.2) that we found in the literature or we developed
in this work and that have a spatial dimension (Tables 1
and 2). To do that, we first replaced the “kelp biomass” or
the “kelp distribution area” variables in each equation by
the current biomass or the current distribution area in
order to quantify the current supply of each ES. After
that, we did similarly with the projected biomass or the
projected distribution area, obtained from EMN, under
both scenarios in order to quantify the future supply of
each ES.

By subtracting the projected and current values, we
assessed the potential loss or gain of ES supply (under
RCP2.6 and RCP8.5 scenarios) as a response to climate
change.

3. Results
3.1. Current and future variation of kelp biomass

Current total L. digitata biomass was estimated at
2,159,235 t along the French coast (Table 2).

Abundance was high from Concarneau to Barfleur,
where 83% of the current estimated biomass was
concentrated. This aggregation of kelp increased for
2041-2050 to 87% and 93% of the total predicted
biomass from Barfleur to Concarneau for RCP2.6
and RCP8.5, respectively. Predictions for 2041-2050
revealed a global northward shift of L. digitata along
the French coast. We predicted local extinction on
the southern limit of its distribution (i.e. nearly com-
plete disappearance south of Concarneau) and lower
abundance along the northern limit (Figure 3).
Overall, L. digitata had a similar range for the current
period and both scenarios for 2041-2050. In contrast,
biomass decreased greatly: by 62% under RCP2.6 and
66% under RCP8.5. The medium abundance class
dominated under RCP2.6, while the low abundance
class dominated under RCP8.5.

3.2. Inventory of ecosystem services provided by
kelp and indicators

From the literature review, we identified 20 ES pro-
vided by kelp along the French coast (Table 1), of
which six ES could be projected by ENM (Table 2).

In the provisioning section, among the three
classes of ES identified, two indicandum “Kelp har-
vested for nutrition, cosmetics and pharmaceuticals”
and “Alginate extracted for nutrition, cosmetics and
pharmaceuticals” have been estimated by, respec-
tively, the indicators “Quantity of kelp biomass
extracted” and “Quantity of alginic acid” and
projected.

In the regulation and maintenance section, among
the eleven classes of ES identified, four indicandum
“Nutrient cycling” (estimated by two indicators
“Quantity of nitrogen sequestered in kelp biomass”
and “Quantity of phosphorus sequestered in kelp
biomass”), “Climate regulation” (estimated by one
indicator “Quantity of carbon sequestered in kelp
biomass”), “Coastal protection” (estimated by two
indicators “Biophysical provision of coastal protec-
tion provided naturally by kelp” and “Biophysical
provision of protection coasts of urbanized provided
naturally by kelp”), and “Regulation of salt water
conditions” (estimated by one indicator “Quantity
of O2 released via kelp photosynthesis”) have been
projected.

All the ES indicators estimated in this study
express flows of ES ecological supply (i.e. amount
per unit time), at the exception of the indicators
related to “Coastal protection” that express an ES
capacity (i.e. the potential of the coastal ecosystems
to buffer extreme events and protect the coastline).

Finally, among the six classes of ES of the cultural
section, none could be quantified and linked to
a spatial dimension.
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Table 2. Potential ES indicator values for the current period and projections for 2041-2050 under the RCP2.6 and RCP8.5

scenarios.
Predictions for 2041-2050
Current RCP2.6 RCP8.5
Ecosystem service indicator Code Unit Value Value Loss or gain Value Loss or gain
Total biomass of kelp t fresh weight 2,159,235 829,890 -61.56% 729,540 —66.21%
Kelp biomass extraction S1 t 377,793 112,491 —70.22% 34,011 -90.99%
Alginate extraction S2 t 13,260 3,948 -70.22% 1,193 -90.99%
Nutrient cycling S3n t nitrogen 6,414 2,465 —61.56% 2,167 —66.21%
S3p t phosphorus 903.85 347.39 —61.56% 305.38 —66.21%
Carbon sequestration S4 t 48,590 2,728 —43.85% 3,667 —24.53%
Water oxygenation S5 t 14,577 8,185 —43.85% 11,001 —24.53%
Coastal protection (total vs. urbanised) S6, km 930.65 259.85 —72.08% 36.83 —96.04%
S6, km 76.64 10.17 —86.73% 0.77 —98.99%
3.3. Current and projected potential values of several biophysical and ecosystem modelling
kelp ES approaches to assess a set of ES in the

Kelp ES are projected to decrease by 2041-2050, and
more so under the RCP8.5 scenario, except for the
carbon sequestration (S4) and water oxygenation (S5)
indicators, both of which had the lowest projected
decrease (24.53% and 43.85% under RCP8.5 and
RCP2.6, respectively) (Table 2). The largest decrease
in ES was protection of the urbanised coastline by
kelp (S6,) (98% and 86% under RCP8.5 and RCP2.6,
respectively). The potential quantities of kelp
extracted (S1) and alginic acid extracted (S2) both
decreased by 70% under RCP2.6 and 91% under
RCP8.5. The potential quantities of N (S3y) and
P (S3p) recycled both decreased by 61% under
RCP2.6 and 66% under RCP8.5. Several indicators
were related to abundance and biomass, and thus to
the spatial distribution of kelp. Thus, the locations
where kelp were most affected were those with the
greatest decrease in ES (except for indicator S6; and
S6,).

4. Discussion

Assessing species range shifts on global, regional or
local scales as a response to climate change using
ENM has been largely practiced the last two decades
and IPBES together with IPCC warned on the urgent
need to assess the impacts of climate change on ES.
By combining ENM and Ecosystem Services indica-
tors, our work offers an original methodological fra-
mework to deal with this issue.

To our knowledge, studies using ENM to predict
or project ES provided by biodiversity are still rare.
For example, Civantos et al. (2012) used ENM to
project future spatial distribution of terrestrial verte-
brates that control invertebrate and rodent pests in
agricultural ecosystems. The substantial reduction of
these “pest-control providers” spatial distributions as
a response to climate change is expected to reduce the
pest-control service they provide. In this paper,
authors considered several species but only one ES.
In the marine realm, Liquete et al. (2016) linked

Mediterranean Sea. Among these models, authors
linked ENM to the lifecycle maintenance service of
two fish species, the European hake Merluccius mer-
luccius and the Atlantic bluefin tuna Thunnus thyn-
nus, by identifying their spawning and nursery
habitats but without any future projection.

Kelps, that have been revealed as increasingly
threatened by climate change while providing numer-
ous ecosystem services to humans, appear as
a relevant example to apply our approach that con-
sider several ES and projections under two climate
scenarios for the middle of the century.

As it is difficult to assess all ES provided by kelp,
our work doesn’t aim to estimate the whole bundle of
ES but to demonstrate the relevance of the proposed
methodological framework. We focused on six ES,
among the 20 reviewed in the literature. These ES
contribute directly to human well-being (i.e. provi-
sioning and regulating services) and are projectable
by ENM.

4.1. projected kelp distribution

In response to climate change, many taxa are
expected to shift their ranges towards higher latitudes
to remain in environments around their optimum
temperature (Lenoir et al. 2020). Our results revealed
that kelp would follow this trend in part, shifting
their southern limit northward due to local extinc-
tions by 2041-2050 for both RCP scenarios 2.6 and
8.5. Overall, our results agree with the trends
observed by Raybaud et al. (2013) and Wilson et al.
(2019), even though our results are related more to
a decrease in biomass than to changes in spatial
distribution. The expected absence of a northward
shift of kelp populations due to increasing tempera-
tures may be caused by the low availability of subtidal
rocky shores along the northern coast of France.
Brittany would progressively become the last refuge
for kelp in France (Figure 3). This northern limit
might decrease gene flow and adaptation to climate
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Figure 3. (a) Current and predicted distribution of Laminaria digitata grouped into abundance classes for 2041-2050 under (b)
RCP2.6 and (c) RCP8.5 scenarios. Pixel resolution is magnified ten times. See Annexe 10 for maps in true resolution.

change, and possibly result in the disappearance of
these populations and their ES, which could have
strong impacts on human well-being and the overall
functioning of coastal ecosystems.

Moreover, local loss of kelp biomass could occur
more rapidly than projected by our models because
we made the assumptions that kelp may disperse
rapidly enough to keep pace with climate change.
But kelp have a complex life cycle and, to date, little
is known about their dispersal ability. Some authors
postulate that kelp disperse rarely more than a few
kilometres (Kinlan et al. 2005) while others suggest
they may disperse over a longer distance (i.e. hun-
dreds of km) under particular current conditions
(Gutow and Thiel 2005).

4.2. impacts of climate change on kelp ES supply

Current evidence indicates that increasing pressure
on ecosystems is likely to decrease the supply of ES
(Schroter 2005; Metzger et al. 2006). For example,

a decrease in the density and height of kelp canopies
may hinder kelp’s contribution to reducing erosion
on sandy coastlines (Jackson and Winant 1983). Our
results showed that the decrease in kelp services is
greater than the decrease in kelp biomass. As kelp
form habitats, a shift in their distribution will disturb
the coastal ecosystem’s biotic and abiotic components
at multiple spatial extents. All species directly or
indirectly related to kelp are likely to be impacted
due to cascading effects (Lorentsen et al. 2010),
including ES that have not been estimated here. As
expected, the decrease is greater for the RCP8.5 pes-
simistic scenario, despite a similar projected kelp
range between the current period and 2041-2050,
but with decreasing biomass.

The weakening of kelp species and the resulting
loss of biotic competitiveness could change the com-
munity composition to alternative and transitional
ecosystem states (Filbee-Dexter and Wernberg
2018). This change could shift the dominant species
on the bed of the ecosystem from L. digitata to
another kelp species, such as Unidaria pinnatifida



(considered (Véto-Leclerc 2019)) or
Sacchoriza polyschides (the main competitor of
L. digitata; (Engelen et al. 2011)), or to turf-
dominated reefs (Gibson and Atkinson 2003).
However, these transitional states will change the
type of ecological functioning, which will support
biophysical services that differ substantially in char-
acteristics and quantity (Filbee-Dexter and Wernberg
2018). Even though L. digitata would no longer pro-
vide the ES, replacing them with other ecosystems
could limit the loss of the ES provided.

In particular, we predicted a substantial decrease
in kelp and alginate extraction services in 2041-2050,
which agrees with the decrease in extractions that has
been observed in Brittany for several decades
(Davoult et al. 2011). The supply of these two ES
requires only harvesting activity, which is possible
only with a minimum density of kelp, in order to
ensure the economic viability of this activity. In
France, the current L. digitata extraction service is
located exclusively in Brittany, which has the highest
abundance of kelp. Thus, a 70-90% reduction in
potentially extractable biomass would challenge the
extraction service and the industry that has been built
around it (as well as the resulting cultural services,
such as heritage, identity, and scientific research).
Our estimate of kelp and alginate extraction services
at the scale of France was thus a potential estimate
based on the current quota and practices. Thus,
Brittany’s current supply of ES corresponds to 13%
of the potential supply (S1 & S2) calculated at the
national scale for the current period. This can be
explained in part because no industry currently
exploit kelp outside Britanny, despite its presence
along other French coasts.

Despite a projected decrease in potential extraction
of kelp of 70.22% and 90.99% under RCP2.6 and
RCP8.5 scenarios, respectively, we projected that the
supply of the extraction service will be 22% and 35%
of the potential supply in Brittany and on a national
scale, respectively. Thus, the potential to provide the
extraction service will decrease less in the currently
regulated areas than elsewhere. We can expect
a disappearance of the kelp industry that will have
major socio-cultural consequences in coastal regions.
This requires increasing awareness of the importance
of this ecosystem, as well as appropriate conservation
measures.

invasive;

4.3. Potential shortcomings of the study

The shortcomings of ENM are often discussed in the
literature (Yalcin and Leroux 2017), which holds true
for the biomass that we estimated. Translating
a probability of occurrence into abundance or bio-
mass is a major issue in ENM when the current
georeferenced biomass is not available. Methods to
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estimate macroalgal standing crops in wild assem-
blages include in situ and remote sensing analyses.
More recently, allometric equations have been devel-
oped to estimate kelp biomass (Stagnol et al. 2016;
Van Son et al. 2020). At the local scale, previous
studies have estimated standing kelp biomass at the
Moléne archipelago (Piriou et al. 1987; Arzel 1998;
Bajjouk et al. 2015). However, differences in the
methods used resulted in large differences in esti-
mated stocks and distributions (Gevaert et al. 2008;
Bajjouk et al. 2015). The method of translating
quartiles of occurrence probability into biomass
classes, calibrated using estimates from previous
studies is obviously perfectible but it allows at
least to assess the biomass where data is not
available.

Although global georeferenced data have become
more available recently for species occurrence data
and environmental variables, sampling bias due to
diverse and/or non-standardised monitoring surveys
could increase the risk of oversampling (e.g. in acces-
sible areas or areas with a long history of monitor-
ing). Many regions lack reliable information on the
structure and spatial extent of kelp beds, in part
because shallow rocky reef habitats are logistically
difficult to sample at large spatial scales (Teagle
et al. 2017). Consequently, occurrence data often
represent a biased sample of species populations,
which can influence ENM calibration (Guillera-
Arroita et al. 2015). We addressed these issues by
combining referenced large-scale occurrences with
independent local estimates of kelp biomass and by
using a modelling framework that eliminates the
influence of sampling bias (Ben Rais Lasram et al.
2020) while controlling the occurrences manually.

Ranges of many species may contract faster than
models have predicted, as ENM are likely to be too
conservative. For example, ENM do not consider
changes in the distribution of favourable habitats
caused by forcing factors such as increased sea level,
water-column stratification, and sand displacement.
Moreover, climate change can intensify the influence
of other forcing factors, such as heatwaves
(Wernberg et al. 2019), storms, invasive species, and
water acidification (Valero et al. 2011; Harvey et al.
2013). Furthermore, an increase in temperature
decreases O, and CO, solubility and influences
photosynthesis (Raven et al. 2017). This could influ-
ence kelp’s growth, ability to reproduce and, more
generally, physiology (Laffoley and Grimsditch 2009).
Some studies argue that along with an increase in
CO, concentrations, ocean warming may benefit kelp
species. Kelp could adapt to increased atmospheric
CO, by increasing growth rates (Harvey et al. 2013)
and to increased temperature by increasing thermal
optima for key physiological processes (Koch et al.
2013).
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Multiple concurrent stressors (e.g. climate, anthro-
pogenic and non-climate related) act synergistically
rather than in isolation, so that the total impact is far
greater than the sum of individual stressors (Harvey
et al. 2013). Our models are thus likely to under-
estimate the impact of climate change on future
dynamics of kelp, and kelp could lose distribution
more rapidly than expected. As this study shows,
the predicted decrease in kelp will also impact the
associated food web, the structure and functioning of
the dominant kelp ecosystem, and the ES provided
that depend on it.

In this study, we considered a limited set of ES
because of the limitations related to the quantification
and mapping of ES. Moreover, considering the lack of
available empirical or modelled data, and the diffi-
culty to assess ES demand, our ES assessment was
limited to the potential supply. Besides, we made
strong assumptions that a decrease in biomass
would lead to a decrease in ES supply although the
relationship is not linear (Koch et al. 2009).

Finally, we didn’t consider social aspects related to
ES supplied by kelps though they are important to
address policy and societal issues.

4.4. Management implications

This study provides an assessment of the loss of ES
provided by kelp as a consequence of climate change.
Climate change along with kelp harvesting are con-
sidered as the most critical stressor of kelp beds
(Aragjo et al. 2016).

Indeed, kelp harvesting may fragment populations,
and associated assemblages may not have time to
recover (Christie et al. 1998). Kelp harvesting has
been regulated for a long time (Frangoudes 2011),
and despite tightly regulated practices, direct removal
of kelp has considerable implications for population
structure and ecosystem functioning, and the prac-
tices of extraction could accelerate the local extinc-
tion of kelp (Christie et al. 1998; Krumhansl and
Scheibling 2012). Thus, climate change and harvest-
ing act in synergy and could bring kelp beds to high
biomass reduction or local extinction.

Unless we can counter the climate warming, that
despite reductions in greenhouse gas emissions will
reach at least 1.5° in the next decades (IPCC et al.
2018), there is an urgent need to sustainably manage
kelp harvesting in order to mitigate the effects of
climate change. Indeed, dense kelp beds where the
harvesting pressure is limited could be more resilient
to climate change.

To that aim, it would be necessary to update the
current practiced quota harvesting (that is of 20% of
total kelp biomass in France, Bajjouk et al. (2015))
and to allocate harvesting effort in a way that

explicitly incorporate the influence of climate change
based on future distribution areas and biomass.

This requires more knowledge on the life history
traits and physiology of the specie and its plasticity
and adaptation to climate change as well as on its
dispersal capacities. This could help to explore
whether kelp would disperse rapidly enough to keep
pace with climate and to identify future hotspot areas
where harvesting effort could be allocated. This could
avoid bringing the specie to local extinction in areas
where biomass is expected to decrease or populations
to be isolated.

Another option that could reduce the harvesting
pressure on kelp could be aquaculture. Kelp aqua-
culture is a promising solution to maintain the
provisioning services (Peteiro 2018), but it remains
in its infancy in Europe and will have to overcome
several constraints to become a reliable alternative
to the biomass supplied by wild harvesting (Gentry
et al. 2020). In addition, kelp aquaculture could
reduce the extraction pressure on wild populations
and provide certain ES to fulfil several strategies for
adapting to climate change (Chung et al. 2017),
such as nutrient absorption (Gentry et al. 2020).
On the other hand, kelp cultivation could negatively
impact local ES, however, as they could change local
patterns of water flow and cause organic enrich-
ment of sediments (Krumhansl and Scheibling
2012). Impact assessments are required to explore
the sustainability of such an activity.

Finally, by integrating explicitly kelp forests as
a vulnerable habitat in the European Habitats
Directive (instead of considering them as simply
components of “reef” habitats (Beck and Airoldi
2007; Teagle et al. 2017)), they could benefit from
conservation measures as a priority. Conservation
measures include harvesting control and also design
of marine protected areas that take into account
current and future kelp distribution areas.

Overall, using ENM to project future ES supply
will help to manage kelps by opting for alternative
uses combined with conservation measures.

5. Conclusion and perspective

While conservative ecosystem-based management is
required to harvest marine resources sustainably,
baseline knowledge of the structure and functioning
of kelp ecosystems at the regional scale is currently
lacking (Smale et al. 2013). This creates an urgent
need to develop rapid and effective methodological
frameworks that can guide and monitor manage-
ment strategies under the European Union’s
Marine Strategy Framework Directive by taking
into account the effects of climate change. In this
context, our approach combines Ecological Niche
Models and ecosystem services indicators to assess



the potential loss of ES supplied by kelps that
humans would undergo as a response to climate
change. This loss assessment could help to convince
decision makers to better manage kelp beds in order
to mitigate the effects of climate change.
Perspectives for future studies include additional
simulations based on general social-economic
trends (e.g. “sustainable well-being” vs. “fossil-
fuelled development”) that will result in changing
the path of the use and supply of marine ES (Cabral
et al. 2015). Aiming for sustainable use of ES chal-
lenges the ability to relate biodiversity to ecosystem
functions and services in integrated mechanistic
models. Trait-based models, based on quantitative
relationships between trait-based metrics and ES
provided by an ecosystem, are a promising tool for
adjusting our methodological framework (Lavorel
et al. 2017). Using the ecological features of kelp,
such as plant density, the length of the thallus (Van
Son et al. 2020) and how kelp interact with other
species (Thuiller 2004) and/or respond to pressures,
could provide insights into how the species provides
ES and thus reduce uncertainty in ES projections.
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