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ABSTRACT

Carbon storage is one of the most important ecosystem services provided by kelp beds.
Laminarialean kelps are widely harvested along the Warm Temperate South-eastern Pacific
coast, a marine province shared by Chile and Peru. Carbon storage assessments of kelps in
Peru are lacking. From a blue economy and sustainable management perspectives, informa-
tion on the carbon storage of kelps is important. We conduct the first carbon storage assess-
ment of Lessonia trabeculata in Peru and contribute to the development of biomass
estimation models in order to monitor kelps using the least destructive methodologies. We
chose three commonly harvested sites in San Juan de Marcona to haphazardly extract
Lessonia trabeculata sporophytes using transects. Sporophyte height (m), wet biomass (kg),
maximum (D) and minimum (d) holdfast disk widths (cm) were measured in the field. In the
laboratory, C content was measured to calculate the best-fitting coefficients for future esti-
mations by using allometric equations. Individual biomass was best estimated from sporo-
phyte height through a rational model, while holdfast area (ellipse in cm?) was a good
proxy of biomass with a sinusoidal model. The southernmost, least accessible, and most
exposed site (Elefante) had significantly higher values of stored carbon. We estimated a car-
bon standing stock (from sporophytes only) of 2044 t C in these kelp beds. Nevertheless,
additional and more detailed measurements will likely produce more accurate estimates
both in time and space. We provide allometric equations for future carbon assessments. Our
results highlight the importance carbon assessment for kelp management and blue carbon
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estimates and the need to develop science-based marine planning strategies.

Introduction

Under the scope of the Sustainable Development
Goal (SDG) 13 to mitigate climate change, devel-
oping carbon neutral economies have raised the
attention on carbon storage processes within eco-
systems. In this regard, natural carbon sinks are
vital as they absorb large amounts of carbon,
being referred to as negative emitters of carbon
dioxide (CO,) [1]. The destination of this carbon
will vary according to the organism in question
and its carbon incorporation process, which can be
a) immobilization (i.e. time-limited annual net
accumulation of carbon in structures) or b) seques-
tration (i.e. when carbon has avoided decompos-
ition by being buried for many years) [2].
Vegetated coastal habitats act as massive natural
carbon sinks (blue carbon), absorbing a significant
share of anthropogenic CO, from the atmosphere
in the substrate they settle on and in the living bio-
mass (standing stock) [3,4]. Macroalgal communities
contribute to human well-being by providing

ecosystem services, which are yet underestimated
[5], but are responsible for the sequestration of
173 Tg C yr~ ' globally (with a range of 61-268 Tg
C yr ') [6]. This is partly due to their capacity to
store vast quantities of carbon in living biomass [5],
making it different to other coastal vegetated com-
munities. On the other hand, because they prevail
growing in hard substrata where sediment accre-
tion does not occur [7], they have limited capacity
for long-term carbon capture (immobilized) within
the kelp forest habitat per se, accelerating the dona-
tion or transmission to other levels in the food
chain [5]. This has promoted disagreement as to
whether macroalgae should be considered within
the blue carbon concept [8]. However, the direct
assimilation, the temporal storage in living biomass,
and the indirect C input through export and depos-
ition of macroalgal detritus (detrital carbon flux)
into allochthonous habitats where it can be
further captured effectively [9,10] are strong reasons
to incorporate macroalgae into blue carbon
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accounting, particularly under the climate change
mitigation approach [7].

Despite being a research priority, carbon storage
estimations in macroalgal communities have not
been carried out in Peru [11]. Located in the
Humboldtian Ecoregion within the Warm Temperate
Southeastern Pacific Marine Province (WTSP, sensu
Spalding et al. [12]), the southern Peruvian coast is
characterized by strong winds, exposed areas and
cliffy fringes which is home to the highest density of
kelp beds in the country [13]. In San Juan de
Marcona (15°S), kelp harvesting activity targets two
canopy-forming laminarialean species: Lessonia tra-
beculata and Macrocystis pyrifera. These kelps are
extracted as raw material for the cosmetic, food,
and pharmaceutical industries [14]. This activity rep-
resents the second most important income for
the Marcona fisher community and represents a
fundamental part of their livelihoods (COPMAR,
Comunidad Pesquera de Marcona) [14]. Both species
are passively harvested by traditional beach-cast rec-
ollection, which is modulated, inter alia, by wave
intensity and tidal force. However, L. trabeculata
landings are reported from managed active harvests
which are conducted by surface-supplied divers
using a modified ax barreta (sensu Vega et al. [15])
to detach the holdfast from the rocky substrate. This
tool is essential in kelp beds found in high-energy
conditions, because of more robust holdfasts which
increase wave resistance and attachment efficiency
[16]. While L. trabeculata is subject to extraction
pressures, local research initiatives focused on this
species has been continuing to developed.

Estimations of carbon storage in macroalgal
communities pose methodological challenges. One
main challenge is that methods are highly destruc-
tive [17,18]. This is problematic considering the
potential cumulative impacts on kelp communities
that 1) are already subject to natural stressors act-
ing at local and regional scales (e.g. El Nino
Southern Oscillation) [18,19], 2) tend to have inher-
ent spatiotemporal variability [18, 20], and 3)
recover slowly after an extraction event [21]. Thus,
nondestructive methodologies are highly desirable,
such as the use of allometric equations relating
biometric variables (e.g. sporophyte height, frond,
and holdfast size) with kelp biomass. Accurate car-
bon estimation is central to understanding and
monitoring kelp’s net contribution in providing
ecosystem services [18]. Additionally, nondestruc-
tive sampling methods do not require laboratory
work, thus simplifying data processing and reduc-
ing monitoring costs [18].

We estimated the carbon storage, as standing
stock, of the laminarialean kelp Lessonia trabecu-
lata in three sites of San Juan de Marcona at a
given point in time. Furthermore, we derived a set
of species-specific allometric equations with the
goal of developing nondestructive methodologies
for estimating carbon in kelp communities. Finally,
we aim to strengthen the knowledge on carbon
flux of macroalgal communities in Peru and pro-
vide recommendations for further studies.

Aim

1. Quantify the amount of carbon stored in
Lessonia trabeculata kelp beds in San Juan de
Marcona, Peru.

2. Provide allometric equations for estimating
carbon storage in Lessonia trabeculata kelp
forests in Peru.

Methods
At sampling sites

Three sampling sites were evaluated in areas com-
prising of polygons representing both passive
beach-cast recollection and active extraction (har-
vest) of L. trabeculata. Sites were based on areas
designated by the Programa Piloto Demostrativo
(PPD, Demonstrative Pilot Program) administrated
by COPMAR. The selected sites were a) Playa
Hermosa, b) Basural, and c) Elefante (Figure 1). At
each site, 20 — 27 plots were sampled. Considering
a depth range between 10 to 20m, three 10m
transects were deployed randomly through a
determined isobath to ensure a constant sampling
depth. Replicate transects within a sampling site
were >20m in spacing. Three random numbers (0
< > 10) were generated for each transect. By
using a negatively buoyant gas hose to form a cir-
cumference as a sampling unit, all sporophytes
found within were carefully collected. The area of
the sampling unit (e=1m, A=0.785 m?) was
established to avoid overlap of consecutive ran-
dom points within transects (i.e. marked at Tm
intervals). Depending on holdfast complexity and
robustness, these were rather manually detached
from the bottom (feasible in sheltered areas such
as Playa Hermosa), or cut off with the modified ax
procuring to extract the whole disk [22]. Once all
sporophytes were detached from each transect-
point, these were tethered to a rope and pulled up
to the surface. These could be either single
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Figure 1. Location of the transects (?) in each sampling site within San Juan de Marcona (A), Southern Peruvian coast (B,
C). PH: Playa Hermosa, B: Basural and E: Elefante. Shaded light-grey belts indicate the distribution area of L. trabeculata
from the study area (A, 474 ha) and the wider Marcona and Lomas southern regions (B, 1 288 ha). The estimated standing
stock of 2 044 t C were calculated from the distribution area on (A) only.

individuals or sporophytes with coalescent hold-  disk widths were measured in order to estimate
fasts [23]. At the surface, wet biomass from sam-  the holdfast area following the geometry of an
pling units were weighed (kg m—2). Subsequently, ellipse (A=(D/2). (d/2). m). To verify if the sampling
the maximum height (m) of the sporophytes were  effort was adequate, a performance curve was cal-
recorded and the maximum (D) and minimum (d)  culated using wet biomass per plot (10m x 2m)
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Table 1. Summarized results computed from the laboratory analysis considering dry biomass (%DW 12.99 +0.65) and
carbon content (%C 28.84 +4.59) as percentages of wet biomass measured on-site. C storage and the equivalent CO,
captured estimates for the study area (Punta San Juan de Marcona) are presented below.

Wet biomass C storage per unit CO, per unit
Sampling site (kg m?) area (t C ha™) area (t CO, ha')*
Playa Hermosa (PH) 8.75+1.79 3.51 12.84
Basural (B) 833+1.14 332 1214
Elefante (E) 15.24+9.08 6.11 2235
. Mean + SD 431+1.56 15.78+5.7
Extension of study area (see Figure 1A) Estimated C storage Estimated CO, transformation*™
474ha 2044t C 7 479 t CO,
* Molecular weight (g mol™): C=12, CO, = 44; Conversion factor = 3.66.
for each sampling point [24]. In order to estimate 40
the carbon content as a function of dry biomass, a
four portions of the sporophytes were separately a6l s b
collected to measure dry biomass percentage and —_
for a carbon analysis using the Walkley & Black a
technique [25]), 30 _
Comparison between sampling sites o 29
S
To compare biomass between areas, wet biomass et
was used as a proxy of the variability in the areas. x 20
Wet biomass was not normally distributed (p < 0.05;
Shapiro-Wilk test for Basural and Playa Hermosa 15
sites). Thus, a non-parametric Kruskal-Wallis test fol-
lowed by a Mann-Whitney test were used to test 10
for wet biomass differences between sites.
. 5
Carbon storage estimation
Once the average biomass per unit area (B, kg 0 : L
m~2) was obtained from each site, it was multi- PH B E

plied by the mean percentage of dry biomass val-
ues (%DW) and by the carbon content percentage
(%C) in order to calculate carbon amount per unit
area (C), with the following equation:

C = B. %DW. %C

The averaged standing stock from the three
sites was used to extrapolate carbon storage to
the distribution area of L. trabeculata in San Juan
de Marcona (Table 1, Figure 1A).

Selecting the best-fitting allometric equation

In order to construct equations to predict the kelp
biomass based on sporophyte height and holdfast
area (biometrics), linear regressions were used fol-
lowing a model selection process in the Curve
Expert Pro software [26]. To this end, data of these
three variables for the three sampling sites passed
through a regression process considering all linear
and non-linear models (except for linear polyno-
mial models). The Akaike Information Criteria (AIC)
and the coefficient of determination (R?) were

Figure 2. Boxplot chart of the wet biomass (kg/m?) found
in Playa Hermosa (PH), Basural (B) and Elefante (E). PH
and B were grouped together (a) and higher median wet
biomass was found in E (b) (p < 0.05, Mann-Whitney test).

used for model selection. The former is a measure
of the relative quality between models and R? is a
measure of model fit. Therefore, best-fitting mod-
els were attributed when the lowest AIC and the
highest R? were observed [27].

Results

Wet biomass performance curves stabilized around
plot 15 and 20, indicating that the number of sam-
ples taken per site (20—27) was adequate. The
average wet biomass found in Playa Hermosa (PH)
and Basural (B) were similar: 8.75+1.79kg m 2 and
833+1.14kg m 2 respectively. But biomass was
higher in Elefante (E) (15.24 +9.08kg m~%; Kruskal-
Wallis and Mann-Whitney U tests p < 0.05; Figure 2).

The overall average was %DW= 12.99+0.65,
%C=28.84+4.59, resulting in a carbon standing
stock estimate of PH= 351 t C ha ', B=332t C



ha ' and E=6.11 t C ha~' which is equivalent into
a transformed amount of CO, of PH= 12.84 t CO,
ha~', B=12.14t CO, ha ' and E=2235tCO, ha ',
respectively. The carbon storage estimation for the
study area (474 ha, Figure. 1A) was 2 044 tC (Table 1).

Regarding the allometric equations, we focused
on two statistical models, both estimating biomass
but using two different parameters as proxies (i.e.
height and holdfast elliptic area).

The best-fitting model to predict the wet bio-
mass from height was the rational model:

Model 1:y = (@ + bx)/(14+ ox + dx?)

where: x=sporophyte height; y=wet biomass;
a=170;, b=1.88;, ¢=6.04; d=1.22 (AlC=-
115.78; R=0.78).

The best statistical model of biomass from hold-
fast area ((D/2). (d/2). m) was sinusoidal:

Model 2:y = a + bcos (cx + d)

where x = holdfast area; y =wet biomass; a=-5.37;
b=2869; c=542x10"* and d= —1.39 (AIC =
195.19; R2=0.74).

Discussion

Carbon stocks are commonly expressed in biomass
of C per unit area, where Tkg Cm 2 =10t Cha '
[9,10]. We compared our results with reported data
on marine and terrestrial species. Our results on car-
bon standing stocks (431+1.56 t C ha~') were
higher than those reported for the aquatic plants
Limnobium laevigatum, Nymphoides rugdeana and
Sarcocornia neei in wetland communities [28-30]
but lower than Polylepis forests [31], Pinus sylvestris
Scots pines [32] and for Nymphoides indica; [33-36].
Our estimates were similar to those reported for the
Northeast Atlantic kelp Laminaria hyperborea in
warmer regions (3.09 t C ha '), but lower compared
to the same species in colder regions (9.72 t C
ha~'; 10° latitude of difference) [9]. These differen-
ces provide insight into the importance of environ-
mental variables influencing carbon storage of kelp
beds. Carbon estimates across the latitudinal range
of L. trabeculata would be useful to explore differ-
ences between the Humboldtian, Central Chile, and
Araucanian ecoregions.

The northernmost distribution of Lessonia trabe-
culata in the southeastern Pacific is 14° S and it
spans southward along the Peruvian littoral all the
way to the Chilean border at 18°S (Figure 1 B and
C). Hard substrate occurrence, bathymetry, and
slope are three of the strongest physical predictors
of the distribution of laminarialean kelps [37].
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Considering these variables, the distribution area
within Peruvian waters has been estimated to ca.
10,301 ha [13]. Kelp wet biomass and the resulting
carbon assimilation are highly variable both inter-
and intra-specifically ([9] and this study) and it
may vary even within a regional scale. Therefore,
we avoided extrapolating potential storage to the
total distribution area in the Marcona region
(Figure 1B), as more measurements are needed to
account for potential variability. However, com-
pared to the local study area, the twentyfold
potential extension of the kelp beds within
Peruvian waters is an important justification for
additional research. Our carbon estimates corres-
pond to the standing stock that exists in the kelp
beds at a given time, but not to the carbon flux,
which would be obtained with photosynthetic and
growth rates data not yet available for the species
making up Peruvian kelp ecosystems. Therefore,
more research is needed to articulate the role that
these ecosystems play in the carbon cycle of
coastal-marine system and how it varies over time.

Allometric equations are used to convert field
inventory data to biomass estimates [17, 38,39], to
evaluate the relative amount of biomass [17,18,
40] and to adjust harvesting pressure according to
biomass estimates at a given time [18]. In the case
of algae, these equations have been developed
mainly for red and brown algae [18, 41,42]. For
example, Scrosati and DeWreede [43] have suc-
cessfully applied nondestructive methods to esti-
mate biomass of the red algae Mazzella
cornucopiae based on the fronds and not on the
individuals. Additionally, Stagnol et al. [18] devel-
oped this type of equation for eight intertidal
algae species finding that power equations (i.e.
variable base raised to a fixed power) were the
most explanatory for biomass prediction. It is chal-
lenging to construct allometric equations for bio-
mass estimations in brown algae (as L. trabeculata)
because these constitute a polyphyletic group, dis-
playing different life cycles and morphologically
diverse thalli, making estimates difficult to stand-
ardize [18]. However, research suggests that allo-
metric equations used for estimating biomass in
terrestrial woody plants can be applied for kelps
considering some characteristics (i.e. photosyn-
thetic surface area and dry biomass) [44].

Taking into consideration the spatiotemporal
scale at which this research was conducted, our
allometric equations had R? values higher than
0.74 (R’moder 1=0.78, and R’oqel 2=0.74). These
results are comparable to the models developed
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by [18] for brown algae (0.77 < > 0.92) and by [44]
for subtidal and intertidal kelp species (0.67
<> 0.76).

Growth of L. trabeculata is explained by mor-
phological characteristics such as holdfast size and
total length [37] and the degree of confidence esti-
mated for both models are within previously esti-
mated ranges for other kelp species. We
recommend the validation of our models across
greater spatiotemporal scales since they were used
to estimate biomass and carbon storage for a sin-
gle species in a single location: Lessonia trabecu-
lata in San Juan de Marcona. If validated, our
results could be useful for subsequent monitoring
in neighboring areas using nondestructive meth-
ods, and thereby reducing the impact of monitor-
ing efforts within Marine Protected Areas (e.g.
Punta San Juan; see Figure 1A, B) as areas like
these may represent potential locations of signifi-
cant carbon sink [8].

Interest in the role of kelp beds for carbon assimi-
lation and storage processes is increasing [45].
However, debate continues on their direct contribu-
tion to blue carbon accounting as standing stocks,
and their potential inclusion into climate mitigation
policies and national GHGs inventories [8].
Nevertheless, there is increasing evidence that kelp
beds contribute indirectly via detrital flux to be
deposited and further immobilised in allochthonous
blue carbon habitats or deeper soft-bottom environ-
ments [6,7, 46]. Kelp beds also provide important
ecosystem services, such as habitat, nurseries, and
natural coastal buffers and defenses [20, 47].
Artisanal divers in San Juan de Marcona use L. trabe-
culata beds as habitats to harvest invertebrates
including Loxechinus albus (red sea urchin) and
molluscs Octopus mimus (Gould octopus), as well as
multiple species of rocky reef fish: Cheilodactylus
variegatus (Peruvian morwong ‘pintadilla’), Paralabrax
humeralis (Peruvian rock seabass ‘cabrilla’) and
Anisotremus scapularis (Peruvian grunt ‘chita’) (see
Table S1, Supplementary Materials to see an
expanded list of bioresources).

Our results highlight the carbon storage potential
of L. trabeculata in southern Peru and suggest
additional research is important to characterize the
carbon dynamics of kelp ecosystems in the
Humboldtian Ecoregion. More research is needed,
both regionally and nationally, to inform holistic
management of these ecosystems, along with the
consideration of kelp playing a role in mitigation and
adaptation strategies to confront climate change.
Finally, we recommend more collaboration between

marine policy stakeholders, local fishers, NGOs, and
academia to promote marine planning efforts that
include carbon-source habitats into account [48] in
order to manage Peruvian kelp ecosystems.
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