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Abstract

Global climate change is affecting carbon cycling by driving changes in primary pro-
ductivity and rates of carbon fixation, release and storage within Earth’s vegetated
systems. There is, however, limited understanding of how carbon flow between
donor and recipient habitats will respond to climatic changes. Macroalgal-dominated
habitats, such as kelp forests, are gaining recognition as important carbon donors
within coastal carbon cycles, yet rates of carbon assimilation and transfer through
these habitats are poorly resolved. Here, we investigated the likely impacts of ocean
warming on coastal carbon cycling by quantifying rates of carbon assimilation and
transfer in Laminaria hyperborea kelp forests—one of the most extensive coastal
vegetated habitat types in the NE Atlantic—along a latitudinal temperature gradient.
Kelp forests within warm climatic regimes assimilated, on average, more than three
times less carbon and donated less than half the amount of particulate carbon com-
pared to those from cold regimes. These patterns were not related to variability in
other environmental parameters. Across their wider geographical distribution, plants
exhibited reduced sizes toward their warm-water equatorward range edge, further
suggesting that carbon flow is reduced under warmer climates. Overall, we esti-
mated that Laminaria hyperborea forests stored ~11.49 Tg C in living biomass and
released particulate carbon at a rate of ~5.71 Tg C year L. This estimated flow of
carbon was markedly higher than reported values for most other marine and terres-
trial vegetated habitat types in Europe. Together, our observations suggest that con-
tinued warming will diminish the amount of carbon that is assimilated and
transported through temperate kelp forests in NE Atlantic, with potential conse-
guences for the coastal carbon cycle. Our findings underline the need to consider
climate-driven changes in the capacity of ecosystems to fix and donate carbon when

assessing the impacts of climate change on carbon cycling.

KEYWORDS
coastal management, Laminaria hyperborea, macroalgae, ocean warming, primary productivity,
subtidal rocky habitats, temperate reef, trophic subsidies

tJoint lead authors

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2018 The Authors Global Change Biology Published by John Wiley & Sons Ltd

4386 | wileyonlinelibrary.com/journal/gcb

Glob Change Biol. 2018;24:4386-4398.


http://orcid.org/0000-0002-6057-9937
http://orcid.org/0000-0002-6057-9937
http://orcid.org/0000-0002-6057-9937
https://orcid.org/0000-0002-9889-2216
https://orcid.org/0000-0002-9889-2216
https://orcid.org/0000-0002-9889-2216
https://orcid.org/0000-0003-1949-0081
https://orcid.org/0000-0003-1949-0081
https://orcid.org/0000-0003-1949-0081
http://orcid.org/0000-0003-4157-541X
http://orcid.org/0000-0003-4157-541X
http://orcid.org/0000-0003-4157-541X
http://creativecommons.org/licenses/by/4.0/
http://www.wileyonlinelibrary.com/journal/GCB

PESSARRODONA ET AL

1 | INTRODUCTION

Anthropogenic climate change is disrupting the global carbon cycle,
which can further amplify warming through climate-carbon cycle
feedbacks (Friedlingstein, 2015; Raddatz et al, 2007). Climate
change can affect the carbon cycling through the biosphere by alter-
ing the stocks of carbon held within ecosystems, as well as influenc-
ing the efficiency by which it is transferred between different
compartments. Although efforts have been made to incorporate cli-
mate-carbon cycle feedbacks into climate projections (Friedlingstein,
2015), they have primarily considered climate-driven changes in the
carbon storage capacity of ecosystems in isolation. For instance,
increased tree productivity might increase above-ground carbon
storage in tropical forests (a negative climate carbon feedback; Lewis
et al., 2009), while warming might accelerate the release of carbon
stored in permafrost soils (a positive carbon feedback; Schuur et al.,
2015). Meanwhile, the influence of climate on rates of transfer
between compartments of the carbon cycle has been largely over-
looked, something that may lead to erroneous predictions of the
future carbon sequestration capacity of ecosystems (Sayer, Heard,
Grant, Marthews, & Tanner, 2011).

Coastal marine environments exhibit high rates of carbon fixa-
tion, export and burial, and in doing so constitute a key component
of the global carbon cycle (Bauer et al., 2013). Coastal vegetated
habitats (e.g. mangrove forests, seagrass meadows, kelp forests etc.)
are some of the most productive ecosystems on Earth and are gain-
ing recognition as important contributors to the oceanic carbon bud-
get (Duarte, Middelburg, & Caraco, 2005; MclLeod et al., 2011,
Nellemann et al., 2009). A significant fraction of carbon fixed by
coastal vegetation flows through detrital pathways, as grazers typi-
cally consume a small fraction of total primary productivity (Mann,
1988). Accumulations of detrital material within these ecosystems
can form deep organic-rich soils that represent globally important
carbon repositories (Donato et al., 2011; Fourqurean et al., 2012). In
addition, the transport of detrital material between habitats repre-
sents an important vector of carbon transfer in the coastal marine
environment (Hyndes et al., 2014; Smale, Moore, Queiros, Higgs, &
Burrows, 2018). Indeed, due to the highly dynamic and open nature
of the marine environment, carbon may be buried within deposi-
tional habitats great distances from the source, thereby contributing
to the total amount of carbon that is buried (Duarte & Krause-Jen-
sen, 2017).

Macroalgae-dominated habitats, such as kelp forests, are among
the most extensive and productive coastal vegetated habitat types
globally (Duarte, Losada, Hendriks, Mazarrasa, & Marba, 2013), but
have been considered to play a secondary role in coastal carbon
cycling and storage. This is because (a) macroalgal-derived matter is
assumed to decompose too quickly to allow for long-range export
and burial (Howard et al., 2017); (b) most macroalgae grow on rocks
where in situ burial of organic carbon into sediments is precluded
(Hill et al., 2015) and; (c) reliable estimates of the amount of carbon

fixed and released by macroalgae, as well as their spatial extent, are
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lacking for most species and regions (Reed & Brzezinski, 2009). A
growing body of evidence however, suggests that macroalgae-
derived carbon may be transported to habitats hundreds of kilome-
ters away from source and to depths below thousands of meters
(Hobday, 2000). This transfer of carbon constitutes a key trophic
subsidy for habitats with low autochthonous productivity, such as
offshore sedimentary habitats (Krumhansl & Scheibling, 2012). In
addition, macroalgae carbon exports can contribute to carbon stor-
age if they accumulate within habitats with long-term carbon burial
capacity, such as seagrass meadows or offshore depositional sedi-
ments (Hill et al., 2015). Furthermore, recent investigations have
shown that macroalgal tissues contain refractory carbon compounds
(Trevathan-Tackett et al., 2015), which may represent important
organic carbon reservoirs in the ocean (Wada et al., 2008). In light of
these recent advances, macroalgal-dominated habitats are emerging
as important donors of carbon within the coastal carbon cycle
(Chung, Beardall, Mehta, Sahoo, & Stojkovic, 2011; Hill et al., 2015;
Krause-Jensen & Duarte, 2016). Although climate and other anthro-
pogenic stressors have been shown to alter the carbon stocks con-
tained within marine habitats (Duarte et al., 2013; Fourqurean et al.,
2012; Yando et al., 2016), how the flow of carbon between com-
partments of the coastal carbon cycle will respond to persistent cli-
matic changes remains poorly resolved. Here, we used kelp forests
dominated by Laminaria hyperborea—which constitute one of the
most extensive coastal vegetated habitat types in the NE Atlantic
Ocean—as model systems to examine the likely effects of continued
ocean warming on carbon stores and fluxes in vegetated coastal
ecosystems. Specifically, we quantified (a) the amount of carbon
assimilated and stored in living biomass, and (b) the amount of car-
bon that is donated as particulate detritus through kelp forests per-

sisting under two contrasting thermal regimes.

2 | MATERIALS AND METHODS

2.1 | Study sites

We quantified the amount of organic carbon held within, and
donated by, Laminaria hyperborea kelp forests at multiple subtidal
rocky reef sites situated along a gradient of ~9° of latitude in the NE
Atlantic. We sampled two sites within four locations (Figure 1a),
which were comparable in terms of key environmental variables (e.g.
wave fetch, salinity, nutrients, etc.), but differed with regards to
thermal regime (Supporting Information Tables S1, S2 and S3; see
also Smale et al., 2016). Sea temperatures within the “cold” locations
(hereafter location C1 and C2) were, on average, ~2°C lower com-
pared with the “warm” (W1 and W2) locations (Figure 1b, Support-
ing Information Table S3); this regional variability in seawater
temperature was most evident in summer, when the maximum
temperature variability between the coldest and warmest location
was 4°C (Figure 1b, Supporting Information Table S3). The surveyed
forests extended from the low intertidal to ~10 m depth and were

located on wave-exposed rocky reefs that were similar in terms of
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geomorphology and topography. Forests were characterized by
dense stands of L. hyperborea, which was the dominant kelp species

(see Smale & Moore, 2017 for details on kelp forest structure).

2.2 | Carbon assimilation and storage

To characterize the carbon held within kelp forests (i.e. their carbon
standing stock), SCUBA divers carried out surveys at ~3-5 m depth
(below Chart Datum) in spring (April/May) and summer (August)
yearly between 2014 and 2016 at each study site. During each sam-
pling event, the density of L. hyperborea was quantified by haphaz-
ardly placing eight replicate 1 m? quadrats on hard bedrock and
recording the density of mature canopy-forming plants (plants
defined sensu Bolton, 2016). In 2015 and 2016, the carbon standing
stock was estimated by multiplying the density of mature L. hyper-
borea plants by their average carbon biomass. At each site, 15
mature plants (i.e. typical canopy-formers) were randomly sampled
by cutting them beneath the holdfast and returning them to the lab-
oratory to measure fresh weight (FW). By sampling kelp plants in dif-
ferent seasons and years, we captured natural variability in kelp
standing stock. Sampled plants were spatially dispersed across the
site and collected from within the kelp forest (rather than at the
canopy edge). To obtain the carbon biomass of each plant, fresh
weight (FW) was first converted to dry weight (DW) and then to car-
bon biomass using an additional conversion factor. To calculate aver-
age site-specific FW:DW ratios, the fresh weight of the 15 complete
plants was recorded in 2015, and individual sections of stipe
(~10 cm length) and lamina (5 cm strips of both basal and distal
material) were removed and dried at ~60°C for at least 48 hr to

determine FW:DW ratios for each section. The stipe and basal and
distal parts of the lamina were dried separately as the relationship
can vary between different parts of the plant (Smale et al., 2016).
The FW:DW ratios varied between sites and between parts of the
plant (Supporting Information Table S4).

Dry weights were subsequently converted to carbon content
using a conversion factor of 0.3125 £ 0.005 (mean =+ standard
error; Supporting Information Table S5). This factor was a yearly
average obtained from routinely sampling two independent kelp
populations within the W2 location (50°21'45"N, 4°08'32"W;
50°21'28"N, 4°07'42"W). Sampling was conducted approximately
every 2 months to account for seasonal variability in carbon content.
During each sampling event, three individual mature L. hyperborea
plants from each population were collected; kelp tissue from each
collected plant was then obtained by sectioning a strip of each kelp
lamina along its length (~4 cm width). The samples were freeze-dried
and ground to a fine powder, before quantifying carbon content with
a standard elemental analyser (CHN Analyser, EA1110, CE Instru-
ments Ltd, Wigan). The same carbon conversion factor was used to
convert all the dry weights from this study (see below).

2.3 | Carbon donation via particulate detritus

To examine rates of carbon donation to potential receiver habitats,
we quantified the release of organic matter as particulate detritus. In
L. hyperborea, detritus is produced through two main mechanisms:
the dislodgment of whole kelp plants from underlying substrata and
the loss of lamina tissue. To determine how much detritus is pro-

duced via loss of entire kelp plants, we quantified dislodgement rates
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of mature canopy-formers. At each study site, three circular plots
(~2 m diameter) were established; each plot was ~3 m apart and sit-
uated subtidally (again at 3-5 m depth) within the main canopy,
rather than on the edge of kelp forest habitat. Within each plot, 15
adult kelps with distinct holdfasts (no fused holdfasts) were tagged
by fastening a cable tie sheathed in fluorescent latex surgical tubing
around the base of the stipe. Plots were marked with a labeled metal
weight and GPS fixed from the surface to aid relocation and to iden-
tify specific plots and tagged plants. Dislodgment was quantified
over a year; plots were first established in autumn (September 2014)
and were revisited the following spring (April 2015; after the winter
storms), some 7 months later. Densities of canopy-forming plants
were recorded during each visit using the method previously
described. The number of remaining tagged plants was recorded and
plots were re-established (using 15 different plants) and then revis-
ited the following autumn, 5 months later (September 2015; total
duration of the study 1 year). Tag loss using this method has been
observed to be negligible (de Bettignies, Wernberg, Lavery, Vanderk-
lift, & Mohring, 2013) (authors’ pers. obs.). To calculate the detrital
production resulting from dislodgment of whole plants at each of
the sampling periods, we used the following formula as per de Bet-
tignies et al. (2013):

LxDxw
T

Where T is the number of tagged kelps (i.e. 15), L is the number of
lost kelps at each plot, D is the mean L. hyperborea density at each
site and w is the mean dry weight per plant at each site obtained
from our yearly surveys. The results from each plot from the two
sampling periods were combined to obtain an annual estimate and
then converted to carbon using the conversion factors mentioned
above.

In Laminaria hyperborea, loss of lamina tissue occurs through two
discrete processes: “May cast” and “chronic erosion” (Llning, 1969;
Kain, 1971; Supporting Information Figure S1). May cast is the popu-
lar name given to the major detrital pulse arising from the shedding
of the previous-season’s lamina growth, which remains attached to
newly growing lamina until it is lost entirely as a “growth collar”
between March and May (similar to how deciduous trees shed their
leaves in autumn). Chronic erosion refers to continuous, gradual ero-
sion of the distal lamina tips that occurs throughout the rest of the
year. To estimate the detrital input resulting from the May cast, we
randomly selected previous-season’s growth collars attached to
canopy-forming L. hyperborea plants and carefully removed and
weighed them. At each site, 12-22 growth collars were collected in
spring (April-May) 2015 during the shedding period. Fresh weight
values were later converted to dry weight and carbon biomass as
described above. These values were then standardized per area
(g8 C m™2) by multiplying them by the average canopy-forming plant
density at each site obtained from our surveys (2014-2016).

Chronic erosion relates to gradual lamina loss throughout the
year and, as it requires more frequent monitoring (i.e. at least

monthly surveys), it is far more difficult to quantify across large
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spatial gradients. Logistical constraints prevented us from conducting
monthly sampling at our eight sites simultaneously. To address this
issue, we quantified lamina loss rates (through both May cast and
chronic erosion) and the relative contribution of each mechanism at
two independent, regularly sampled populations; this information
was then used to model the annual chronic erosion rates along the
latitudinal gradient, based on May cast measurements obtained at
the principal study sites. The two independent study populations
were located within W2 (50°21’45"N, 4°08'32"W; 50°21'28"N,
4°07'42"W), where Laminaria hyperborea dominates the local kelp
assemblage. The studied populations extend from the low intertidal
into the shallow subtidal zone. We calculated lamina tissue loss
monthly from March 2016 to February 2017 using a modified hole-
punch method after Krumhansl and Scheibling (2011). This technique
involves punching a series of holes at set distances from the stipe/
lamina transition zone, where the primary meristem occurs, to cap-
ture growth and loss rates of lamina tissue, and then using biomass-
per-unit-of-length relationships to estimate biomass loss. At each
study site, 10 mature canopy-forming plants were tagged and
uniquely labeled every month during spring low tides. A total of
three holes were punched in every individual: two at 10 cm and
15 cm above the stipe/lamina transition zone on the central digit,
and another one at 15 cm above the aforementioned zone on an
outer digit. The two holes punched on the central digit captured the
maximal growth in length, which occurs between 2.5 and 15 cm
from the central transition zone depending on the month (Kain,
1976), while the hole on the outer digit attempted to capture vari-
ability in growth between different digits. The initial length (L;) of
each punched digit was also measured. After a month, tagged kelps
were collected by cutting the stipe immediately above the holdfast
and returned to the laboratory for analysis.

Final digit lengths (Lf) and final hole positions (H;), were then
recorded for each plant. The mean lamina loss (M; cm) for each plant
was obtained by averaging the tissue loss from the central and outer
digits (denoted by a subscripted 1 and 2, respectively). Digit loss was
obtained by subtracting the final length (L) from each digit from the
sum of the initial length (L;) and their respective growth (G, cm) as

follows:

[(Lyi +G1) — L] + [(L2i + G2) — L]

M= 5

The growth of each digit was in turn calculated as
Gy = (Hf1 — 10) + (Hf2 — 15) and G, = (Hfg — 15)

where H; denotes the final position of the holes punched at the cen-
tral (holes 1 and 2) and outer (hole 3) digits. To convert the loss of
distal tissue (cm) to biomass (g), three 5 cm segments from the most
distal part of each retrieved lamina were cut, and then weighed
(FW). We determined the relationship between fresh and dry weight
by drying the outermost segment at 60°C for 48 hr. All FW:DW
relationships were highly significant and had an R? > 0.89 (Support-
ing Information Table S6). We then estimated the dry weight of the

rest of the 5cm segments for each plant using the stated
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relationship. Finally, the measured and estimated dry biomass per
unit length was averaged between all three segments to give the dry
biomass per unit length (g/cm) of the distal part of the lamina
(Baista)- The daily erosion rate (E, g d~* plant™?) of lamina tissue from

each plant was calculated as:
E=Mx Bdistal/t

Where M is the mean lamina loss and t denotes the days between
the initial and final measurements. The monthly erosion rates were
then determined by multiplying the mean daily erosion rates by the
total days within a given month. Finally, the relative contribution of
the May cast to the total annual production was estimated by divid-
ing the mean detrital production recorded in March and April by the
total annual loss of lamina tissue.

Applying our observations of lamina loss from the independent
year-long study, we estimated chronic erosion at each of the sam-
pling sites along the gradient using Monte Carlo simulations. For
each sampling site, 1,000 values of May cast production (g DW m~2)
were generated by sampling randomly from a normal distribution
with the obtained mean and standard deviation. Each May cast pro-
duction value was then randomly assigned to a percentage contribu-
tion to the total detritus production (1,000 randomly generated
percentages, p), which ranged from 56% to 70%, as per our observa-
tions from the two independent populations. These values agree
with the observations of Liining (1969), who observed that May cast
usually surpasses 50% of the total lamina loss. Chronic lamina

erosion (g DW m~2) at each site was then calculated as follows:

Erosion = a ; P) x MC

where p is the randomly generated percentage contribution and MC
denotes the randomly generated May cast production obtained from
randomly sampling the normal distribution. We then retrieved the
mean, standard deviation and standard error from the 1,000 erosion
estimates.

Annual estimates of carbon transfer via each mechanism of detri-
tus production (i.e. dislodgement, May cast and chronic erosion;
g C m~2 year™ 1) were summed for each site to obtain an estimate
of total annual carbon flux. We used simple linear regression to
examine the relationships between mean sea temperature and site-
level values of carbon standing stock and carbon transfer via particu-

late detritus production.

2.4 | Carbon storage and donation across the
geographical extent of Laminaria hyperborea forests

To assess whether the patterns observed across our study were rep-
resentative of the wider geographical extent of Laminaria hyperborea
forests, we compiled kelp biometrics data from study locations
across a gradient of 28° of latitude. We used the largest average
stipe length recorded for a given age class as a proxy for the maxi-
mum biomass (and carbon) accumulation attainable within a given

location, as carbon assimilation and storage rates have not yet been

measured across the geographical range of L. hyperborea. While stipe
length is not a direct measure of biomass or carbon assimilation, it is
a robust proxy for biomass accumulation for this species, given that:
(a) there is a positive relationship between stipe length and plant
biomass production (Kain, 1963), (b) stipes are perennial and long-
lived, reaching a maximum length at ~6 years of age (Kain, 1963); (c)
mature stipes exhibit minimal seasonal or annual variability in length
or biomass (Sjgtun & Fredriksen, 1995); and (d) while stipe length is
influenced by a range of factors such as wave exposure and compe-
tition for light at local scales (Smale et al., 2016), maximum attain-
able length is strongly influenced by environmental conditions at
regional scales, of which light and temperature are critically impor-
tant (Rinde & Sjotun, 2005). As we compared populations only on
open coastlines and at similar depths across a broad latitudinal gradi-
ent (Supporting Information Table S7), temperature was likely to be
a principal driver of variability in maximum attainable stipe length. A
similar approach has been used for trees in terrestrial systems
(Marks, Muller-Landau, & Tilman, 2016). Stipe length values were
mostly obtained from peer-reviewed journal publications and pub-
lished reports, with the exception of unpublished data from Spain
(Franco, Tuya and Wernberg unpublished data). Where populations
were explicitly stated to be primarily controlled by non-climatic fac-
tors (e.g. sea urchin grazing, light availability), data were excluded
from the synthesis. If two or more kelp populations were sampled
within a given locality, the highest value was chosen. For references
and study details see Supporting Information Table S7.

To provide a first-order estimate of the overall contribution of
L. hyperborea forests to coastal carbon cycling, we upscaled the aver-
age rates of carbon stock and transfer of kelps from across our study
to the approximate global extent of this species, which is endemic to
the NE Atlantic region. To the best of our knowledge, there were no
other published rates of total particulate carbon release (i.e. all
mechanisms of detritus production) for this species that could also
be incorporated. Data on the spatial extent of L. hyperborea forests
were obtained from published papers, government reports and
unpublished surveys conducted at a regional-to-national scale across
Europe (Supporting Information Table S8).

Finally, to contextualize the values of carbon standing stock
and carbon donation obtained in this study, we compared L. hyper-
borea forests to other dominant vegetation types in Europe.
Coastal vegetation included seagrass (Posidonia oceanica) and tidal
marshes (Elytrigia atherica syn. Elymus athericus), while terrestrial
vegetation included Norway spruce (Picea abies), Scots pine (Pinus
sylvestris), beech (Fagus sylvatica) and temperate and Mediterranean
oak (Quercus robur and Q. ilex). The total carbon standing stock of
these systems included the carbon stored in living biomass (above
and below ground, i.e. including root systems) and stored in the
soils. The particulate detrital carbon flow included all types of lit-
terfall and detritus (e.g. leaves, branches and twigs, reproductive
structures). Studies, reviews and meta-analysis containing data
from several sites along latitudinal gradients (as in this study) were
preferred. When such studies were not available, those containing
the maximum number of different sites were selected. For
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references and study descriptions see Supporting Information
Tables S9 and S10.

3 | RESULTS

3.1 | Carbon assimilation and storage

The structure of kelp forests was spatially variable along the latitudi-
nal gradient. The density of canopy-forming plants varied consider-
ably between study sites, although there were no clear differences
in plant density between climatic regimes (Supporting Information
Figures S2, S3). However, average plant biomass did vary with lati-
tude, as plants tended to be higher in biomass at sites within cold
locations (Supporting Information Figures S2, S3). Across the study,
the average standing stock of carbon (a product of both plant den-
sity and size) ranged from 137.4 + 13.3 g C m~2 (mean + standard
error, SE) at a warm site (within W1) to 1198.7 + 728 g C m2 at
a cold site (within C2). We recorded a significant negative relation-
ship between carbon standing stock and mean temperature, with
sites in the warmer locations generally supporting markedly lower
carbon values (Figure 2a). On average, populations in the warm cli-
matic regime stored 68% less carbon than in the cold regime (Fig-
ure 3a).

3.2 | Carbon donation via particulate detritus

Dislodgment of entire plants was the principal mechanism of carbon
donation by kelp forests, contributing around half of the total detri-
tal production (Figure 3a). Loss rates of kelp plants through dislodg-
ment ranged between 8.8% and 26.6% during the winter period

Mean temperature (°C)

Mean temperature (°C)

(September-April) and 4.4%-22.2% during the summer period (April-
September). However, because of the high biomass of kelp holdfasts
and stipes, which were also exported via the dislodgement of whole
plants, these relatively modest rates of plant loss translated to rela-
tively high rates of carbon transfer. The magnitude of carbon flux via
dislodgement was highly variable between sites and locations (Sup-
porting Information Figure S3). We did not detect a significant rela-
tionship between mean temperature and carbon transfer via
dislodgment (Figure 2b), although the highest values were recorded
at a cold site (within C1) and the lowest values at a warm site
(within W1). The May cast was the second most important mecha-
nism of carbon donation, accounting for 30%-33% of the total detri-
tal production (Figure 3a). In May, when the measurements were
obtained, the old growth collar constituted ~40%-60% of the total
lamina weight across the study sites. The amount of particulate car-
bon released during the May cast event declined significantly at
higher temperatures (Figure 2c; Supporting Information Table S11),
despite marked site-level variability, particularly across the colder
northern locations (Supporting Information Figure S3). Our simulated
values of detritus generated through chronic erosion of laminae tis-
sue again showed marked variability between sites, although the
three mean highest values were all recorded within the cold regime
(Supporting Information Table S12). The three mechanisms of detri-
tus production were combined to quantify the total annual flux of
carbon via kelp detritus production. Although between-site variability
was high, the greatest estimated values of carbon transfer were
recorded at a site within the C1 location and the lowest a site within
the W1 location, with a sixfold difference in total detritus production
(Supporting Information Figure S3). Overall, the annual amount of
carbon donated via particulate detritus was negatively related to
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FIGURE 3 Carbon stock and transfer through Laminaria hyperborea forests within our study area and the wider-scale population structure
of L. hyperborea in Europe. (a) Standing stock of carbon and annual transfer of carbon as particulate organic matter under cold and warm
temperature regimes (means & SE). Kelp icons representing carbon standing stock are scaled to represent mean values for cold (blue) and
warm (orange) locations. Kelp icons within the boxes illustrate the different mechanisms of detrital production: dislodgment of whole plants;
May cast resulting from the springtime shedding of the previous-season’s growth collar; and chronic erosion, resulting from the gradual loss of
distal lamina tissue. The area of the box comprising each mechanism is scaled to represent study-wide averages for cold (blue) and warm
(orange) locations. (b) Mean maximum stipe length for L. hyperborea populations distributed across the species’ approximate geographical range
(purple line) in the NE Atlantic, collated from various sources (see Supporting Information Table S7 for references and study details). The
orange (warm) and blue (cold) arrows indicate sites sampled in the present study; font size increases with stipe length [Colour figure can be

viewed at wileyonlinelibrary.com]

temperature (Figure 2d), with the forests in the warmer locations
releasing 54% less particulate carbon than those in colder waters, on

average (Figure 3a).

3.3 | Carbon storage and donation across the
geographical extent of Laminaria hyperborea forests

Across our study region, site-averaged maximum stipe length was
strongly related to total detritus production (Supporting Information
Figure S4), providing support for the use of stipe length as a proxy
for detritus production over larger spatial scales. Our synthesis of
existing morphological data for L. hyperborea populations across its
wider range indicated that maximum attainable stipe length is
reduced in the warmer lower-latitude portion of this species’ geo-
graphical distribution (Figure 3b). In general, the lowest values were
recorded for populations situated south of 52°N and the highest val-
ues were recorded in the cooler waters around Scotland and Norway
(Figure 3b). The maximum attainable stipe length recorded towards
the range-centre, in southern Norway, was 3.5 times greater than
the maximum length recorded at the warm, trailing range edge of

L. hyperborea, on the Iberian Peninsula. The majority of examined
studies (83%) had measured multiple individuals within a given size
class (Supporting Information Table S7). In most instances, maximum
stipe lengths were attained in the older cohorts (>6 years old; Sup-
porting Information Table S7).

A compilation of national-level assessments indicated that L. hy-
perborea forests extend over an area of at least 18,000 km? in the
NE Atlantic region (Supporting Information Table S8). Together with
our study-wide average values (which include both “warm” and
“cold” water populations) of carbon standing stock and transfer of
carbon via detritus (i.e. 638.2 g C m™2 and 317.2 g C m2 year I,
respectively), these yield a first-order estimate of about 11.49 Tg C
being held in L. hyperborea forests’ living biomass and a particulate

carbon release rate of about 5.71 Tg C year .

4 | DISCUSSION

The role of macroalgae in the coastal carbon cycle has recently
attracted considerable attention (Chung et al., 2011; Duarte et al,,
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2013; Hill et al., 2015; Howard et al, 2017; Krause-Jensen &
Duarte, 2016; Reed & Brzezinski, 2009). So far, reliable estimates of
macroalgal carbon fluxes in the coastal ocean have been hampered
by a scarcity of accurate data of the extent of macroalgal forests
and the spatial variability of the amount of carbon they assimilate
and release (Reed & Brzezinski, 2009). Using surveys along a
large-scale latitudinal gradient, we have shown that the standing
stock of carbon contained within L. hyperborea kelp forests is minor
when compared with other dominant vegetation types across Europe
(Figure 4a). However, the high productivity rates of macroalgae—
and kelps in particular—underpin a considerable flux of particulate
detrital carbon, which surpasses that of many other vegetated habi-
tats (Figure 4b). It is important to note that our study did not take
into account the exudation of dissolved organic carbon, which may
represent up to a quarter of the total carbon assimilated and
released by L. hyperborea (Abdullah & Fredriksen, 2004). Given that
L. hyperborea forests represent the dominant vegetation type along
much of the NE Atlantic coastline, we suggest that changes in the
carbon stored and donated by this ecosystem are likely to have
important implications for coastal carbon cycling.

Our findings indicate that previous assessments have greatly
underestimated the global standing stock of carbon held within kelp
forests. For example, based on the best-available information at the
time, Reed and Brzezinski (2009) estimated that the global kelp
standing crop was ~7.50 Tg C, which is lower than the ~11.49 Tg C
reported here for the range of L. hyperborea alone. Given that kelp
genera are widely distributed around the world (Teagle, Hawkins,
Moore, & Smale, 2017), the total global standing stock could feasibly
be an order of magnitude greater than these values. More impor-
tantly, by quantifying total detritus production from all mechanisms,
we have shown that kelp forests release a considerable amount of
particulate organic carbon via detritus (about 5.71 Tg C year™ %),
exceeding per unit area estimates for tree and seagrass species in
Europe (Figure 4, right panel). This flow of carbon is likely to be a
significant resource subsidy, enhancing the secondary production at
receiver habitats (Filbee-Dexter, Wernberg, Ramirez-Llodra, Norder-
haug, & Pedersen, 2018; Krumhansl & Scheibling, 2012). The
transfer of detritus can also alter local species composition and
abundance within recipient communities. For example, L. hyperborea
detritus deposited in fjords has been shown to attract a range of
fauna from deep-sea habitats (Ramirez-Llodra et al., 2016). The flow
of particulate detritus reported here could also be an important
source of allochthonous carbon contained within marine carbon
sinks such as seagrass meadows or offshore sedimentary habitats
(Hill et al., 2015). Even if a minor proportion (e.g. 10%; lower than
the average 15% estimated by Krause-Jensen & Duarte, 2016) of
the annual carbon flux estimated here (i.e. ~0.57 Tg C year™1) were
to reach carbon sink habitats, then L. hyperborea forests would make
a sizeable contribution to biogenic carbon sequestration, comparable
to the 0.72 Tg C + 0.12 year™! accumulated within European salt-
marshes for example (Ouyang & Lee, 2014).

Although the proportion of kelp detritus that reaches carbon
sinks is currently unknown, detrital mats comprising L. hyperborea-
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derived material have been reported at depths in excess of 100s of
meters (Freiwald, 1998). In a recent study investigating detritus
transport from kelp forests to deep fjords using video cameras, Fil-
bee-Dexter et al. (2018) recorded the presence of kelp laminae
between 400 and 450 m, and estimated its biomass at 22.1 g of
fresh weight per m™2 of seafloor. In an analysis of benthic sediment
cores collected at depths of 70-262 m along the Norwegian coast,
Abdullah, Fredriksen, and Christie (2017) suggested that most of
the organic matter deposited in the sediments originated from
distant L. hyperborea forests, as its carbohydrate and phenolic con-
tent closely resembled that of the organic fraction. Given their local
estimates of organic matter deposition (~0.46 kg C m™2 year™?)
and L. hyperborea production (3 kg C m™2 year™?), they concluded
that a substantial proportion of annual kelp production may deposit
in the sediments. Still, it is important to note that a dearth of
information regarding realized kelp transport pathways, residence
times and burial rates of kelp-derived matter hinders our under-
standing of the relative contribution of kelp donation to carbon
sinks.

Across the latitudinal gradient examined here, populations in the
warm locations stored an average of 68% less carbon and released
53% less particulate carbon than those from colder northernmost
populations. The markedly lower carbon standing stock and rates of
particulate carbon release observed under the warm climate regime
was principally the result of the smaller size of L. hyperborea plants
in those areas (Supporting Information Figure S3). Although multiple
environmental variables such as nutrient availability, irradiance and
wave exposure influence the size, morphology and productivity of
kelp plants (Pedersen, Nejrup, Fredriksen, Christie, & Norderhaug,
2012; Smale et al., 2016), they did not co-vary with temperature or
differ between the climate regimes (Supporting Information
Table S2). Biological factors such as grazing pressure are also known
to affect kelp standing biomass (Estes & Palmisano, 1974). However,
the principal kelp-grazers in our study area (an omnivorous sea
urchin and several species of gastropod mollusc) are not considered
to exert strong top-down control on kelp populations, as they are
small and do not form dense grazing aggregations (Hargrave, Foggo,
Pessarrodona, & Smale, 2017; Smale et al., 2013). Reduced plant
productivity (and therefore lower potential for carbon assimilation
and potential storage and release) is frequently observed in tempera-
ture-stressed populations, such as those living at the warm edge of
their distribution (Hatcher, Kirkman, & Wood, 1987), or those experi-
encing frequent heat and drought stress (Allen, Breshears, &
McDowell, 2015). Our findings agree with previous historical (John,
1968; Whittock, 1969) and more recent (Smale et al., 2016) latitudi-
nal surveys across the study region, which also found reduced kelp
sizes and productivity in southern Great Britain compared to north-
ern sites. We found a similar pattern across the geographical range
of L. hyperborea when examining maximum stipe size, a reliable
proxy for plant productivity and detritus production (Kain, 1971).
Although the quantity of morphological data from marginal popula-
tions at the trailing range edge is limited, Pereira, Engelen, Pearson,
Valero, and Serrao (2017) recently showed that L. hyperborea
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FIGURE 4 Per area carbon standing stock and carbon flux via detritus for dominant habitat-forming primary producers in Europe. The
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individuals in Portuguese tidal pools rarely surpass 70 cm in total
length, while unpublished data from subtidal populations in northern
Spain indicate that mean maximum stipe length does not exceed
60 cm at the warm rear-edge (Franco et al., unpublished; Supporting
Information Table S7). In contrast, mature plants from Norway, Ice-
land or northern Great Britain often surpassed 120 cm in stipe
length, with the greatest stipe lengths documented at the central
portion of the species range (Supporting Information Table S7). This
strongly suggests that biomass accumulation, primary productivity
and carbon transfer associated with L. hyperborea forests is reduced
under warmer conditions.

Together with the available evidence from the literature, our
findings indicate that continued ocean warming is likely to diminish
the donor capacity of kelp forests in the NE Atlantic Ocean. Sea
temperatures in this region have increased significantly in recent
decades (Belkin, 2009), with a further 1.5-5°C of warming predicted
for this century (Philippart et al., 2011). L. hyperborea has already
undergone a range contraction of ~250 km at its warm, trailing range
edge over the past 40 years (Assis, Lucas, Barbara, & Serrao, 2016),
and further losses are expected as the water continues to warm
(Assis et al., 2016; Miiller, Laepple, Bartsch, & Wiencke, 2009). The
loss of L. hyperborea forests at the warmer portions of its range is
no exception, as several other Atlantic kelp species have exhibited
climate-related declines in abundance and spatial extent in recent
years (Fernandez, 2016; Filbee-Dexter, Feehan, & Scheibling, 2016;
Raybaud et al.,, 2013). Such losses of marginal kelp populations at
trailing range edges have likely led to reductions in the magnitude of

carbon assimilation and donation through kelp forests in the North
Atlantic region.

Warming can extend the growing season and lead to increases
in overall vegetation productivity at boreal latitudes (Sturm et al.,
2001), which could in principle compensate for reductions in tem-
perate regions. For instance, reductions in sea ice cover in the Arc-
tic are expected to promote growth and facilitate the poleward
range expansions of kelp and seagrasses, with consequent increases
in benthic primary production and alterations to inshore carbon
cycling (Krause-Jensen & Duarte, 2014). However, reductions in
sea ice extent may in fact negatively affect primary productivity
and carbon assimilation as they allow for wind-driven resuspension
of sediments (Bonsell & Dunton, 2018). In addition, benthic produc-
tivity in the Arctic will still nonetheless be greatly restricted by
long periods of darkness (Dunton, 1985). Finally, many cold-tempe-
rate macroalgae species are expected to make only moderate gains
in the Arctic (Mdller et al., 2009), which may not compensate for
the projected losses at the trailing range edge. For instance, despite
expected range expansion into the Arctic, L. hyperborea is still pre-
dicted to lose between 8.41% and 39.44% of its global suitable
habitat by the end of the century, depending on the emissions sce-
nario (Assis et al., 2016). Although the extent to which the pole-
ward migration of warm-water species will offset for the trailing-
edge decline of cold-affinity species remains unclear, the majority
of highly productive kelp species in the NE Atlantic have cold
2009; Raybaud et al., 2013).
Projected increases in CO, levels could, theoretically, have a

northerly distributions (Miiller et al.,
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positive effect on future kelp productivity and carbon assimilation
(Brodie et al., 2014), which may compensate for temperature-medi-
tated declines. In many kelp species however, photosynthesis is
already carbon saturated under present conditions, and elevated
CO,, levels do not lead to increased primary production and growth
rates (Iniguez et al., 2016). In reality, elevated CO, levels may facil-
itate kelp competitors such as mat (turf)-forming algae (Connell,
Kroeker, Fabricius, Kline, & Russell, 2013), which can displace kelp
populations under stressful conditions, such as extreme ocean
warming or reduced water quality (Filbee-Dexter & Wernberg,
2018).

The observed decline of kelp forests in the Atlantic reflects pat-
terns in other temperate regions of the global ocean. Recent warm-
ing has been linked with loss of kelp forests and other large canopy-
forming macroalgae in several systems (e.g. Filbee-Dexter et al.,
2016; Johnson et al,, 2011; Vergés et al., 2014; Wernberg et al.,
2016), leading to declines in detrital production (Krumhansl| et al.,
2014) and, intuitively, carbon fluxes. In a recent meta-analysis of
kelp forest change over the past half-century, Krumhansl et al.
(2016) reported significant declines in kelp abundances in 38% of
the global ecoregions analyzed, while 28% of regions registered
increases. Nevertheless, some of the regions where populations were
found to be stable, or even increasing, have experienced massive
declines and even extirpations of kelp populations in recent years
(e.g. the South European Atlantic shelf; Fernandez, 2011; Raybaud
et al,, 2013; Assis et al., 2016, 2017). Continued declines in kelp for-
est extent, together with declines in productivity and shifts in spe-
cies composition, could presumably diminish carbon assimilation and
transfer through vegetated temperate marine ecosystems globally,
with potential consequences for carbon cycling in the coastal ocean.
Evidence to-date suggests that kelp losses may only be partly com-
pensated by moderate range expansion into polar regions, with pro-
ductivity still being severely restricted by sea ice dynamics (Bonsell
& Dunton, 2018).

Until now, most efforts have been focused on understanding
how climate change might affect the carbon sequestration and
storage capacity within ecosystems. It is becoming evident, how-
ever, that climate-driven alterations in the fluxes between different
compartments can also alter processes within the carbon cycle. For
instance, climate change is predicted to increase riverine carbon
exports (Larsen, Andersen, & Hessen, 2011), a significant compo-
nent of the global carbon cycle which connects terrestrial and
oceanic carbon reservoirs. Our work suggests that such alterations
may also be important in the coastal ocean, where populations,
habitats and trophic resources are highly interconnected because of
the open and dynamic nature of the marine environment. More-
over, our results indicate that the magnitude of carbon transfer via
detritus in coastal vegetated habitats is greater than previously
reported, highlighting the need to incorporate this process into
coastal biogeochemical models. Considering climate-driven changes
in the carbon donor capacity of ecosystems will improve our
understanding of how carbon cycle pathways will change in a

future warmer ocean.

. , 4395
_Global Change Biology WILEY

ACKNOWLEDGEMENTS

D.S. is supported by an Independent Research Fellowship awarded
by the Natural Environment Research Council of the UK (NE/
K008439/1). Fieldwork was supported by the NERC National Facility
for Scientific Diving (NFSD) through a grant awarded to D.S. (NFSD/
14/01). P.M. was supported by a Marie Curie Career Integration Grant
(PCIG10-GA-2011-303685). IBERS receives strategic funding from
BBSRC. We thank all participants of “Team Kelp (UK)” field expedi-
tions (2014-2017) and Tom Vance, Chris Johnson, Jo Porter, Peter
Rendle, Harry Teagle, Graham Epstein, Mike Burrows, Sula Divers, In

Deep and NFSD dive teams for technical and logistical support.

ORCID

Albert Pessarrodona http://orcid.org/0000-0002-6057-9937

Pippa J. Moore https://orcid.org/0000-0002-9889-2216
Martin D. J. Sayer https://orcid.org/0000-0003-1949-0081
Dan A. Smale http://orcid.org/0000-0003-4157-541X

REFERENCES

Abdullah, M. I., & Fredriksen, S. (2004). Production, respiration and exu-
dation of dissolved organic matter by the kelp Laminaria hyperborea
along the west coast of Norway. Journal of the Marine Biological Asso-
ciation of the UK, 84, 887-894. https://doi.org/10.1017/5002531540
401015Xh

Abdullah, M. I., Fredriksen, S., & Christie, H. (2017). The impact of the
kelp Laminaria hyperborea forest on the organic matter content in
sediment of the west coast of Norway. Marine Biology Research, 13,
151-160. https://doi.org/10.1080/17451000.2016.1240369

Allen, C. D., Breshears, D. D., & McDowell, N. G. (2015). On underesti-
mation of global vulnerability to tree mortality and forest die-off
from hotter drought in the Anthropocene. Ecosphere, 6, 1-55.
https://doi.org/10.1890/es15-00203.1

Assis, J., Berecibar, E., Claro, B., Alberto, F., Reed, D., Raimondi, P., &
Serrao, E. A. (2017). Major shifts at the range edge of marine forests:
The combined effects of climate changes and limited dispersal. Scien-
tific Reports, 7, 44348. https://doi.org/10.1038/srep44348

Assis, J., Lucas, A. V., Barbara, I., & Serrao, E. A. (2016). Future climate
change is predicted to shift long-term persistence zones in the cold-
temperate kelp Laminaria hyperborea. Marine Environmental Research,
113, 174-182. https://doi.org/10.1016/j.marenvres.2015.11.005

Bauer, J. E., Cai, W. J,, Raymond, P. A., Bianchi, T. S., Hopkinson, C. S., &
Regnier, P. A. G. (2013). The changing carbon cycle of the coastal
ocean. Nature, 504, 61-70. https://doi.org/10.1038/nature12857

Belkin, I. M. (2009). Rapid warming of large marine ecosystems. Progress
in Oceanography, 81, 207-213. https://doi.org/10.1016/j.pocean.
2009.04.011

Bolton, J. J. (2016). What is aquatic botany? —And why algae are plants:
The importance of non-taxonomic terms for groups of organisms. Aqua-
tic Botany, 132, 1-4. https://doi.org/10.1016/j.aquabot.2016.02.006

Bonsell, C., & Dunton, K. H. (2018). Long-term patterns of benthic irradi-
ance and kelp production in the central Beaufort sea reveal implica-
tions of warming for Arctic inner shelves. Progress in Oceanography,
162, 160-170. https://doi.org/10.1016/j.pocean.2018.02.016

Brodie, J., Williamson, C. J., Smale, D. A., Kamenos, N. A., Mieszkowska,
N., Santos, R., ... Hall-Spencer, J. M. (2014). The future of the north-
east Atlantic benthic flora in a high CO2 world. Ecology and Evolution,
4,2787-2798. https://doi.org/10.1002/ece3.1105


http://orcid.org/0000-0002-6057-9937
http://orcid.org/0000-0002-6057-9937
http://orcid.org/0000-0002-6057-9937
https://orcid.org/0000-0002-9889-2216
https://orcid.org/0000-0002-9889-2216
https://orcid.org/0000-0002-9889-2216
https://orcid.org/0000-0003-1949-0081
https://orcid.org/0000-0003-1949-0081
https://orcid.org/0000-0003-1949-0081
http://orcid.org/0000-0003-4157-541X
http://orcid.org/0000-0003-4157-541X
http://orcid.org/0000-0003-4157-541X
https://doi.org/10.1017/S002531540401015Xh
https://doi.org/10.1017/S002531540401015Xh
https://doi.org/10.1080/17451000.2016.1240369
https://doi.org/10.1890/es15-00203.1
https://doi.org/10.1038/srep44348
https://doi.org/10.1016/j.marenvres.2015.11.005
https://doi.org/10.1038/nature12857
https://doi.org/10.1016/j.pocean.2009.04.011
https://doi.org/10.1016/j.pocean.2009.04.011
https://doi.org/10.1016/j.aquabot.2016.02.006
https://doi.org/10.1016/j.pocean.2018.02.016
https://doi.org/10.1002/ece3.1105

PESSARRODONA ET AL.

mWI LEY Elobal Change Biolog

Chung, I. K, Beardall, J., Mehta, S., Sahoo, D., & Stojkovic, S. (2011).
Using marine macroalgae for carbon sequestration: A critical apprai-
sal. Journal of Applied Phycology, 23, 877-886. https://doi.org/10.
1007/510811-010-9604-9

Connell, S. D., Kroeker, K. J., Fabricius, K. E., Kline, D. I., & Russell, B. D.
(2013). The other ocean acidification problem: CO2 as a resource
among competitors for ecosystem dominance. Philosophical Transac-
tions of the Royal Society B: Biological Sciences, 368, 20120442.
https://doi.org/10.1098/rstb.2012.0442

de Bettignies, T., Wernberg, T., Lavery, P. S., Vanderklift, M. A., & Mohr-
ing, M. B. (2013). Contrasting mechanisms of dislodgement and ero-
sion contribute to production of kelp detritus. Limnology and
Oceanography, 58, 1680-1688. https://doi.org/10.4319/10.2013.58.5.
1680

Donato, D. C., Kauffman, J. B., Murdiyarso, D., Kurnianto, S., Stidham,
M., & Kanninen, M. (2011). Mangroves among the most carbon-rich
forests in the tropics. Nature Geoscience, 4, 293-297. https://doi.org/
10.1038/nge01123

Duarte, C. M., & Krause-Jensen, D. (2017). Export from seagrass mead-
ows contributes to marine carbon sequestration. Frontiers in Marine
Science, 4, 13. https://doi.org/10.3389/fmars.2017.00013

Duarte, C. M., Losada, I. J., Hendriks, I. E., Mazarrasa, ., & Marba, N.
(2013). The role of coastal plant communities for climate change miti-
gation and adaptation. Nature Climate Change, 3, 961-968. https://d
0i.org/10.1038/nclimate1970

Duarte, C. M., Middelburg, J. J., & Caraco, N. (2005). Major role of mar-
ine vegetation on the oceanic carbon cycle. Biogeosciences, 2, 1-8.
https://doi.org/10.5194/bg-2-1-2005

Dunton, K. H. (1985). Growth of dark-exposed Laminaria saccharina (L.
Lamour. and Laminaria solidungula J. Ag (Laminariales: Phaeophyta) in
the Alaskan Beaufort Sea. Journal of Experimental Marine Biology and
Ecology, 94, 181-189. https://doi.org/10.1016/0022-0981(85)90057-7

Estes, J. A, & Palmisano, J. F. (1974). Sea otters: Their role in structuring
nearshore communities. Science, 185, 1058-1060. https://doi.org/10.
1126/science.185.4156.1058

Fernandez, C. (2011). The retreat of large brown seaweeds on the north
coast of Spain: The case of Saccorhiza polyschides. European Journal of
Phycology, 46, 352-360. https://doi.org/10.1080/09670262.2011.
617840

Fernandez, C. (2016). Current status and multidecadal biogeographical
changes in rocky intertidal algal assemblages: The northern Spanish
coast. Estuarine, Coastal and Shelf Science, 171, 35-40. https://doi.
org/10.1016/j.ecss.2016.01.026

Filbee-Dexter, K., Feehan, C., & Scheibling, R. E. (2016). Large-scale
degradation of a kelp ecosystem in an ocean warming hotspot. Mar-
ine Ecology Progress Series, 543, 141-152. https://doi.org/10.3354/
meps11554

Filbee-Dexter, K., & Wernberg, T. (2018). Rise of turfs: A new battlefront
for globally declining kelp forests. BioScience, 68, 64-76. https://doi.
org/10.1093/biosci/bix147

Filbee-Dexter, K., Wernberg, T., Ramirez-Llodra, E., Norderhaug, K. M., &
Pedersen, M. F. (2018). Movement of pulsed resource subsidies from
shallow kelp forests to deep fjords. Oecologia, 187, 291-304.
https://doi.org/10.1007/s00442-018-4121-7

Fourqurean, J. W., Duarte, C. M., Kennedy, H., Marba, N., Holmer, M.,
Mateo, M. A, ... Serrano, O. (2012). Seagrass ecosystems as a glob-
ally significant carbon stock. Nature Geoscience, 5, 505-509. https://d
0i.org/10.1038/ngeo01477

Freiwald, A. (1998). Modern nearshore cold-temperate calcareous sedi-
ments in the Troms district, Northern Norway. Journal of Sedimentary
Research, 68, 763-776. https://doi.org/10.2110/jsr.68.763

Friedlingstein, P. (2015). Carbon cycle feedbacks and future climate
change. Philosophical Transactions. Series A, Mathematical, Physical,
and Engineering Sciences, 373, 20140421. https://doi.org/10.1098/
rsta.2014.0421

Hargrave, M. S., Foggo, A., Pessarrodona, A., & Smale, D. A. (2017). The
effects of warming on the ecophysiology of two co-existing kelp spe-
cies with contrasting distributions. Oecologia, 183, 531-543.
https://doi.org/10.1007/s00442-016-3776-1

Hatcher, B. G., Kirkman, H., & Wood, W. F. (1987). Growth of the kelp
Ecklonia radiata near the northern limit of its range in Western Aus-
tralia. Marine Biology, 95, 63-73. https://doi.org/10.1007/
BF00447486

Hill, R., Bellgrove, A., Macreadie, P. I., Petrou, K., Beardall, J., Steven, A,,
& Ralph, P. J. (2015). Can macroalgae contribute to blue carbon? An
Australian perspective. Limnology and Oceanography, 60, 1689-1706.
https://doi.org/10.1002/In0.10128

Hobday, A. J. (2000). Abundance and dispersal of drifting kelp
Macrocystis pyrifera rafts in the Southern California Bight. Marine
Ecology Progress Series, 195, 101-116. https://doi.org/10.3354/me
ps195101

Howard, J., Sutton-Grier, A., Herr, D., Kleypas, J., Landis, E., Mcleod, E.,
... Simpson, S. (2017). Clarifying the role of coastal and marine sys-
tems in climate mitigation. Frontiers in Ecology and the Environment,
15, 42-50. https://doi.org/10.1002/fee. 1451

Hyndes, G. A., Nagelkerken, I., Mcleod, R. J., Connolly, R. M., Lavery, S.,
& Vanderklift, M. A. (2014). Mechanisms and ecological role of car-
bon transfer within coastal seascapes. Biological Reviews, 89, 232—
254, https://doi.org/10.1111/brv.12055

Iniguez, C., Carmona, R., Lorenzo, M. R., Niell, F. X., Wiencke, C., &
Gordillo, F. J. L. (2016). Increased temperature, rather than ele-
vated CO2, modulates the carbon assimilation of the Arctic kelps
Saccharina latissima and Laminaria solidungula. Marine Biology, 163,
1-18.

John, D. M. (1968). Studies on littoral and sublittoral ecosystems. Univer-
sity of Durham, 168 pp.

Johnson, C. R,, Banks, S. C, Barrett, N. S., Cazassus, F., Dunstan, P. K,
Edgar, G. J,, ... Hill, K. L. (2011). Climate change cascades: Shifts in
oceanography, species’ ranges and subtidal marine community
dynamics in eastern Tasmania. Journal of Experimental Marine Biology
and Ecology, 400, 17-32. https://doi.org/10.1016/j.jembe.2011.02.
032

Kain, J. M. (1963). Aspects of the biology of Laminaria hyperborea Il. Age,
weight and length. Journal of the Marine Biological Association of the
UK, 43, 129-151. https://doi.org/10.1017/50025315400005312

Kain, J. M. (1971). Synopsis of Biological Data on Laminaria hyperborea.
Rome, Italy: FAO.

Kain, J. M. (1976). The biology of Laminaria hyperborea IX. Growth pat-
tern of fronds. Journal of the Marine Biological Association of the
United Kingdom, 56, 603-628. https://doi.org/10.1017/5002531540
0020683

Krause-Jensen, D., & Duarte, C. M. (2014). Expansion of vegetated
coastal ecosystems in the future Arctic. Frontiers in Marine Science, 1,
77. https://doi.org/10.3389/fmars.2014.00077

Krause-Jensen, D., & Duarte, C. M. (2016). Substantial role of macroalgae
in marine carbon sequestration. Nature Geoscience, 9, 737-742.
https://doi.org/10.1038/ngeo2790

Krumhansl, K. A., Lauzon-Guay, J. S., Scheibling, R. E., Uay, B. L. A., Rum-
hansl, K. I. R. A. A. K,, & Ean, J. E. (2014). Modeling effects of climate
change and phase shifts on detrital production of a kelp bed. Ecology,
95, 763-774. https://doi.org/10.1890/13-0228.1

Krumhansl, K. A., Okamoto, D. K., Rassweiler, A., Novak, M., Bolton, J. J.,
Cavanaugh, K. C., ... Byrnes, J. E. (2016). Global patterns of kelp for-
est change over the past half-century. Proceedings of the National
Academy of Sciences, 113, 13785-13790. https://doi.org/10.1073/
pnas.1606102113

Krumhansl, K. A., & Scheibling, R. E. (2011). Detrital production in Nova
Scotian kelp beds: Patterns and processes. Marine Ecology Progress
Series, 421, 67-82. https://doi.org/10.3354/meps08905


https://doi.org/10.1007/s10811-010-9604-9
https://doi.org/10.1007/s10811-010-9604-9
https://doi.org/10.1098/rstb.2012.0442
https://doi.org/10.4319/lo.2013.58.5.1680
https://doi.org/10.4319/lo.2013.58.5.1680
https://doi.org/10.1038/ngeo1123
https://doi.org/10.1038/ngeo1123
https://doi.org/10.3389/fmars.2017.00013
https://doi.org/10.1038/nclimate1970
https://doi.org/10.1038/nclimate1970
https://doi.org/10.5194/bg-2-1-2005
https://doi.org/10.1016/0022-0981(85)90057-7
https://doi.org/10.1126/science.185.4156.1058
https://doi.org/10.1126/science.185.4156.1058
https://doi.org/10.1080/09670262.2011.617840
https://doi.org/10.1080/09670262.2011.617840
https://doi.org/10.1016/j.ecss.2016.01.026
https://doi.org/10.1016/j.ecss.2016.01.026
https://doi.org/10.3354/meps11554
https://doi.org/10.3354/meps11554
https://doi.org/10.1093/biosci/bix147
https://doi.org/10.1093/biosci/bix147
https://doi.org/10.1007/s00442-018-4121-7
https://doi.org/10.1038/ngeo1477
https://doi.org/10.1038/ngeo1477
https://doi.org/10.2110/jsr.68.763
https://doi.org/10.1098/rsta.2014.0421
https://doi.org/10.1098/rsta.2014.0421
https://doi.org/10.1007/s00442-016-3776-1
https://doi.org/10.1007/BF00447486
https://doi.org/10.1007/BF00447486
https://doi.org/10.1002/lno.10128
https://doi.org/10.3354/meps195101
https://doi.org/10.3354/meps195101
https://doi.org/10.1002/fee.1451
https://doi.org/10.1111/brv.12055
https://doi.org/10.1016/j.jembe.2011.02.032
https://doi.org/10.1016/j.jembe.2011.02.032
https://doi.org/10.1017/S0025315400005312
https://doi.org/10.1017/S0025315400020683
https://doi.org/10.1017/S0025315400020683
https://doi.org/10.3389/fmars.2014.00077
https://doi.org/10.1038/ngeo2790
https://doi.org/10.1890/13-0228.1
https://doi.org/10.1073/pnas.1606102113
https://doi.org/10.1073/pnas.1606102113
https://doi.org/10.3354/meps08905

PESSARRODONA ET AL

Krumhansl, K. A., & Scheibling, R. E. (2012). Production and fate of kelp
detritus. Marine Ecology Progress Series, 467, 281-302. https://doi.
org/10.3354/meps09940

Larsen, S., Andersen, T., & Hessen, D. O. (2011). Climate change pre-
dicted to cause severe increase of organic carbon in lakes. Global
Change Biology, 17, 1186-1192. https://doi.org/10.1111/j.1365-
2486.2010.02257.x

Lewis, S. L., Lopez-Gonzalez, G., Sonke, B., Affum-Baffoe, K., Baker, T. R,,
Ojo, L. O,, ... Wdll, H. (2009). Increasing carbon storage in intact
African tropical forests. Nature, 457, 1003-1006. https://doi.org/10.
1038/nature07771

Lining, K. (1969). Growth of amputated and dark-exposed individuals of
the brown alga Laminaria hyperborea. Marine Biology, 2, 218-223.
https://doi.org/10.1007/BF00351143

Mann, K. H. (1988). Production and use of detritus in various freshwater,
estuarine, and coastal marine ecosystems. Limnology and Oceanogra-
phy, 33, 910-930.

Marks, C. O., Muller-Landau, H. C., & Tilman, D. (2016). Tree diversity,
tree height and environmental harshness in eastern and western
North America. Ecology Letters, 19, 743-751. https://doi.org/10.
1111/ele.12608

McLeod, E., Chmura, G. L., Bouillon, S., Salm, R., Bjork, M., Duarte, C. M.,
... Silliman, B. R. (2011). A blueprint for blue carbon: Toward an
improved understanding of the role of vegetated coastal habitats in
sequestering CO2. Frontiers in Ecology and the Environment, 9, 552—
560. https://doi.org/10.1890/110004

Mudiller, R., Laepple, T., Bartsch, 1., & Wiencke, C. (2009). Impact of ocea-
nic warming on the distribution of seaweeds in polar and cold-tempe-
rate waters. Botanica Marina, 52, 617-638. https://doi.org/10.1515/
bot.2009.080

Nellemann, C., Corcoran, E., Duarte, C. M., Valdés, L., De Young, C., Fon-
seca, L., & Grimsditch, G. (2009). Blue Carbon - The Role of Healthy
Oceans in Binding Carbon (pp. 80). Nairobi, Kenya: UNEP/Earthprint.

Ouyang, X., & Lee, S. Y. (2014). Updated estimates of carbon accumula-
tion rates in coastal marsh sediments. Biogeosciences, 11, 5057-5071.
https://doi.org/10.5194/bg-11-5057-2014

Pedersen, M. F., Nejrup, L. B., Fredriksen, S., Christie, H. C., & Norder-
haug, K. M. (2012). Effects of wave exposure on population structure,
demography, biomass and productivity of the kelp Laminaria hyper-
borea. Marine Ecology Progress Series, 451, 45-60. https://doi.org/10.
3354/meps09594

Pereira, T. R., Engelen, A. H., Pearson, G. A., Valero, M., & Serrao, E. A.
(2017). Population dynamics of temperate kelp forests near their
low-latitude limit. Aquatic Botany, 139, 8-18. https://doi.org/10.
1016/j.aquabot.2017.02.006

Philippart, C. J. M., Anadén, R., Danovaro, R., Dippner, J. W., Drinkwater,
K. F., Hawkins, S. J.,, ... Reid, P. C. (2011). Impacts of climate change
on European marine ecosystems: Observations, expectations and
indicators. Journal of Experimental Marine Biology and Ecology, 400,
52-69. https://doi.org/10.1016/j.jembe.2011.02.023

Raddatz, T. J., Reick, C. H., Knorr, W., Kattge, J., Roeckner, E., Schnur, R.,
... Jungclaus, J. (2007). Will the tropical land biosphere dominate the
climate — carbon cycle feedback during the twenty-first century ? Cli-
mate Dynamics, 29, 565-574. https://doi.org/10.1007/s00382-007-
0247-8

Ramirez-Llodra, E., Rinde, E., Gundersen, H., Christie, H., Fredriksen, S.,
Gitmark, J. K., ... Norderhaug, K. M. (2016). A snap shot of the
short-term response of crustaceans to macrophyte detritus in the
deep Oslofjord. Scientific Reports, 6, 313. https://doi.org/10.1038/sre
p23800

Raybaud, V., Beaugrand, G., Goberville, E., Delebecq, G., Destombe, C.,
Valero, M., ... Gevaert, F. (2013). Decline in kelp in West Europe
and climate. PLoS ONE, 8, e66044. https://doi.org/10.1371/journal.
pone.0066044

. , 4397
_Global Change Biology WILEY

Reed, D. C., & Brzezinski, M. A. (2009). Kelp forests. In D. Laffoley, & G.
Grimsditch (Eds.), The Management of Natural Coastal Carbon Sinks
(pp. 31-37). Gland, Switzerland: IUCN.

Rinde, E., & Sjgtun, K. (2005). Demographic variation in the kelp Lami-
naria hyperborea along a latitudinal gradient. Marine Biology, 146,
1051-1062. https://doi.org/10.1007/s00227-004-1513-5

Sayer, E. J,, Heard, M. S, Grant, H. K., Marthews, T. R., & Tanner, E. V. J.
(2011). Soil carbon release enhanced by increased tropical forest lit-
terfall. Nature Climate Change, 1, 304-307. https://doi.org/10.1038/
nclimate1190

Schuur, E. A. G., McGuire, A. D., Grosse, G., Schadel, C., Harden, J. W.,
Hayes, D. J.,, ... Natali, S. M. (2015). Climate change and the per-
mafrost carbon feedback. Nature, 520, 171-179. https://doi.org/10.
1038/nature14338

Sjetun, K., & Fredriksen, S. (1995). Growth allocation in Laminaria hyper-
borea. Marine Ecology Progress Series, 126, 213-222. https://doi.org/
10.3354/meps126213

Smale, D. A., Burrows, M. T., Evans, A. J,, King, N., Sayer, M. D. J., Yunnie,
A. L. E., & Moore, P. J. (2016). Linking environmental variables with
regionalscale variability in ecological structure and standing stock of
carbon within UK kelp forests. Marine Ecology Progress Series, 542, 79—
95. https://doi.org/10.3354/meps11544

Smale, D. A., Burrows, M. T., Moore, P. J., O’'Connor, N., & Hawkins, S. J.
(2013). Threats and knowledge gaps for ecosystem services provided
by kelp forests: A northeast Atlantic perspective. Ecology and Evolu-
tion, 3, 4016-4038. https://doi.org/10.1002/ece3.774

Smale, D. A., & Moore, P. J. (2017). Variability in kelp forest structure
along a latitudinal gradient in ocean temperature. Journal of Experi-
mental Marine Biology and Ecology, 486, 255-264. https://doi.org/10.
1016/j.jembe.2016.10.023

Smale, D. A., Moore, P. J., Queiros, A. M., Higgs, N. D., & Burrows, M. T.
(2018). Appreciating interconnectivity between habitats is key to blue
carbon management. Frontiers in Ecology and the Environment, 16, 71—
73. https://doi.org/10.1002/fee.1765

Sturm, M., Racine, C., Tape, K., Cronin, T. W., Caldwell, R. L., & Marshall,
J. (2001). Increasing shrub abundances in the Arctic. Nature, 411,
2001-2002.

Teagle, H., Hawkins, S. J., Moore, P. J., & Smale, D. A. (2017). The role of
kelp species as biogenic habitat formers in coastal marine ecosys-
tems. Journal of Experimental Marine Biology and Ecology, 492, 81-98.
https://doi.org/10.1016/j.jembe.2017.01.017

Trevathan-Tackett, S. M., Kelleway, J., Macreadie, P. |., Beardall, J., Ralph,
P., & Bellgrove, A. (2015). Comparison of marine macrophytes for
their contributions to blue carbon sequestration. Ecology, 96, 3043—
3057. https://doi.org/10.1890/15-0149.1

Vergés, A, Steinberg, P. D., Hay, M. E., Poore, A. G., Campbell, A. H.,
Ballesteros, E., ... Figueira, W. (2014). The tropicalization of temper-
ate marine ecosystems: Climate-mediated changes in herbivory and
community phase shifts. Proceedings of the Royal Society B, 281,
20140846. https://doi.org/10.1098/rspb.2014.0846

Wada, S., Aoki, M. N., Mikami, A., Komatsu, T., Tsuchiya, Y., Sato, T., Shi-
nagawa, H., & Hama, T. (2008). Bioavailability of macroalgal dissolved
organic matter in seawater. Marine Ecology Progress Series, 370, 33—
44, https://doi.org/10.3354/meps07645

Wernberg, T., Bennett, S., Babcock, R. C., de Bettignies, T., Cure, K,
Depczynski, M., ... Wilson, S. (2016). Climate driven regime shift of a
temperate marine ecosystem. Science, 353, 169-172. https://doi.org/
10.1126/science.aad8745

Whittock, A. (1969). The kelp forest ecosytem at Petticoe Wick Bay lat
55°55'N. long 2°09'W: an ecological study. University of Durham, 139
pp.

Yando, E. S., Osland, M. J., Willis, J. M, Day, R. H., Krauss, K. W., Hester,
M. W., & McCulley, R. (2016). Salt marsh-mangrove ecotones: Using
structural gradients to investigate the effects of woody plant


https://doi.org/10.3354/meps09940
https://doi.org/10.3354/meps09940
https://doi.org/10.1111/j.1365-2486.2010.02257.x
https://doi.org/10.1111/j.1365-2486.2010.02257.x
https://doi.org/10.1038/nature07771
https://doi.org/10.1038/nature07771
https://doi.org/10.1007/BF00351143
https://doi.org/10.1111/ele.12608
https://doi.org/10.1111/ele.12608
https://doi.org/10.1890/110004
https://doi.org/10.1515/bot.2009.080
https://doi.org/10.1515/bot.2009.080
https://doi.org/10.5194/bg-11-5057-2014
https://doi.org/10.3354/meps09594
https://doi.org/10.3354/meps09594
https://doi.org/10.1016/j.aquabot.2017.02.006
https://doi.org/10.1016/j.aquabot.2017.02.006
https://doi.org/10.1016/j.jembe.2011.02.023
https://doi.org/10.1007/s00382-007-0247-8
https://doi.org/10.1007/s00382-007-0247-8
https://doi.org/10.1038/srep23800
https://doi.org/10.1038/srep23800
https://doi.org/10.1371/journal.pone.0066044
https://doi.org/10.1371/journal.pone.0066044
https://doi.org/10.1007/s00227-004-1513-5
https://doi.org/10.1038/nclimate1190
https://doi.org/10.1038/nclimate1190
https://doi.org/10.1038/nature14338
https://doi.org/10.1038/nature14338
https://doi.org/10.3354/meps126213
https://doi.org/10.3354/meps126213
https://doi.org/10.3354/meps11544
https://doi.org/10.1002/ece3.774
https://doi.org/10.1016/j.jembe.2016.10.023
https://doi.org/10.1016/j.jembe.2016.10.023
https://doi.org/10.1002/fee.1765
https://doi.org/10.1016/j.jembe.2017.01.017
https://doi.org/10.1890/15-0149.1
https://doi.org/10.1098/rspb.2014.0846
https://doi.org/10.3354/meps07645
https://doi.org/10.1126/science.aad8745
https://doi.org/10.1126/science.aad8745

ﬂl—WI LEY :Global Change Biolog

PESSARRODONA ET AL.

encroachment on plant-soil interactions and ecosystem carbon pools.
Journal of Ecology, 104, 1020-1031. https://doi.org/10.1111/1365-
2745.12571

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Pessarrodona A, Moore PJ, Sayer
MDJ, Smale DA. Carbon assimilation and transfer through
kelp forests in the NE Atlantic is diminished under a warmer
ocean climate. Glob Change Biol. 2018;24:4386-4398.
https://doi.org/10.1111/gcb.14303



https://doi.org/10.1111/1365-2745.12571
https://doi.org/10.1111/1365-2745.12571
https://doi.org/10.1111/gcb.14303

	Carbon assimilation and transfer through kelp forests in the NE Atlantic is diminished under a warmer ocean climate
	Carbon assimilation and transfer through kelp forests in the NE Atlantic is diminished under a warmer ocean climate

