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Abstract: Mariculture algae may present a crucial part of ocean-based solutionsrfatectihange, with the ability to
sequester carbon and revemutrients. However, the expansion of mariculture algae faces multipglenges. Here, we
measure the changes in algae derived carbon sinks and nitrogen (Mpaptdgyus (P) removal between 2010 and 2020
in Shandong Province, China. We further identify the key dyifactors, namely area, algal species proportion, and yield,
that influence the changes. The results show that algae derived cark®rarsd nutrient removal growth rates in
Shandong Province have slowed significantly since 2014, mainly careddimitations, laver-oriented species change
and unstable yields. Artificial upwelling (AU) has the potential to enhanceidleand subsequently offset the loss of
carbon sinks and nutrient removal caused by negative driving faGoesario analysis indicates that a complete
deployment of AU by 2030 will offset up to a 44.52% decreasecimidwiculture algae area, or a 72.57% increase in the
laver share of the algal species combination compared to 2020. Similar camclursigeached regarding the role of AU
in N and P removal. This study also identifies ancillary challenges such asdogy efficiency and high costs faced by
apphing AU.
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Highlights

X Artificial upwelling showspotential for algae carbon simakdnutrient removal.
X  Algae carbon sink and nutrient removal are limited by area and algal species.
x Artificial upwelling offsets adverse factoby boostng yield.

x  Artificial upwelling has limitationsn offsetting loss.

1. Introduction

Mariculture algae is an important component of marine ecosysamthsnaydeliver both economic and environmental
benefits. As the fourth species of blue carbon (IPCC, 2019), marealigae has been recognized as having capacity to
act as a carbon sink (Bolton and Stoll, 2013; Ahmed et al., 2017; Tsai281ai;, NASEM, 2021). Harvesting of algae
can also remove nitrogen (N) and phosphorus (P) from coastal \(&lezsa-Azcarate et al., 2003; Fei, 2004; He et al.,
2008; Xiao et al., 2017; Sinha et al., 2022), and has been proposedftective ecological restoration tool to control
eutrophication (Yang et al., 2015; Buschmann et al., 2017; Jiang et24l), EQrther research is required on how to fully
exploit the function of mariculture algae in addressing climate change and mdhitiepo

China leads the world in the production of mariculture algae (FAQ)288d has implemented a number of initiatives
to promote the development of algae derived carbon sinks (Jiao et al.Y208et al., 2021). Many scholars have found
an increase inhe carbon sinkof algae between 2010 and 2015 (Shao et al., 2019; Yang et al., Z628g studies
recognize the major contribution of increased algae production torcanbks compared to the more limited effects of
algal species (Ren, 2021). Similar conclusions may be drawn for nitamgiephosphorus removal by algae (Xiao et al.,
2017).However, algae derived carbon sink development has slowed in se€taha's coastal provinces, despite the
growth of carbon sinks between 2010 and 2015 (Gu and?9RR; Wu and Li, 2022; Yang et al., 2022). This decrease
in production growth has led to a significant slowdown in thevgref carbon sinks, which also affects the function of
algaein nutrientremoval (Wu et al., 2017). Indeed, recent ocean warming, coastal pollutiopetition for space, and
ecological policies to control eutrophication have limited the expansion of maricultaee @igduction (Filbee-Dexter
and Wernberg, 2018; Jouffray et al., 2020; Hu et al., 2021; Wang 2028).

Previous studies have addressed that the changes in production predgmaiifiecttlalgae derived carbon sinks and
nutrient removal. However, two key factors that influence changa®dauction, i.e. yield (production per area) and area,
have been rarely studied. First, increasing the yield could offset the negatioes effi algae production. One of the
promising technics to enhance algae yield and subsequently increasdeaigad carbon sinks is artificial upwelling
(AU), which has been shown to increase mariculture algal yield in sozddl-gials (Fan et al., 2019; Lin et al., 2019;

Fan et al., 2020). AU is a system of mechanical equipment deployeel matticulture area, which breaks the nutrient
2
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limitations of aquaculture by continuously upwelling the lower temperdtigieer nutrient loaded seawater to the surface
(Aure et al., 2007; Lovelock and Rapley, 2007; McClimans et al., 26dBnann et al., 2019; Ortiz et al., 2022). AU in
nutrient-rich waters can enhance the biological carbon pump in oligotregdiareas to sequester anthropogenic carbon
dioxide (CQ) and increase carbon sequestration (Oschlies et al.,2010; Pan et al., 20&5:L@&tena et al., 2022), and
has been recognized by the United Nations Intergovernmental Panel on Cliraate CIPCC) as a global ocean carbon
sink solution (IPCC, 2019). However, the potential of fdlffset the limitations on algae derived carbon sinks and
nutrient removal remains unknown. Second, the reduction in mariculeadimits production growth, which inevitably
affects the amount of algae derived carbon sinks and nutrient removal. étdwevstudies have yet been carried out to
examine area as a driving factor changes of carbon sinks and nutrient removal. Therefore, Weifulecompose
mariculture production that predominantly affects algae derived caifisand nutrient removal into two components
i.e., yield and area. From this we hope to explore how algal yield mayHaamced through AU under limited expansion
of mariculture area.

In this paper, we analyse the driving forces that constrain carbonrswkhgand investigate the potential of AU in
offsetting these factors using Shandong Province, China (Fas 4)case study. Shandong Province, which is bordered
by the Bohai Sea and the Yellow Sea, has a long coastline accounting ébtlgaotal coastline of Igna (Jiao et al.,
2021). As China's most important mariculture location (Zhao,&tG22), Shandong Province accounts for 27.28% (2020
base) of the country's mariculture algae production (SFSY, 2021). Maoreoultiple AU field experiments conducted
in Shandong Province analysed the specific enhancement effédtl @pplication, which provided the necessary
technical parameters for predicting the potential of AU (Fan et al., 2019; Lin 2019,

Our studyis distinct from previous studies by (a) decomposing produditactor that leads to a decline in the annual
growth rates of carbon sinks and nutrient removal in recent yergjield and area; (b) estimating the potential of AU
to enhance the yield and subsequently offset the loss of carborasitiksutrient removal caused by negative drivers;
and (c) exploring thepper limits of AU potentialOur research thus identifies previously unaddressed limiting factors in
carbon sink growth and nutrient removal, which can be used &lagpemore targeted policies aimed at reversing the
resulting negative impacts. Meanwhile, this study informs a new témim@athway for increasing carbon sinks and
mitigating seawater eutrophication, i.e. applying AU, which can brotmespectrum of policy and management tools
to address climate change and marine pollution. Our findings also suggesitiancing mariculture algae derived carbon
sinks and nutrient removal is a complex and systematic work that requiresecatisidof multiple influencing factors

and their positive and negative effects.
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)$" Fig. 1. General information of the study area. (a) The location ai@®reg Province in Chingb) AU field trial location in Shandong

)%" Province (3622 N, 12060 E); and(c) mariculture algae area and structure in Shandong Province bef@&8and2020.

)&" 2. Methodology and data
)™ 2.1.Measurement of carbon sink and nutrient removal of mariculture algae

)(" Algae take up C®and dissolved inorganic carbon through photosynthesis as glgw and convert ihto organic

))"  carbon (Smith, 1981; Gao and McKinley, 1994). A portion of dhganic carbon is removed from seawater after
)*"  harvesting, forming the carbon sink of the algal bddyaddition, algae also release some particulate organic carbon
*+"  (POC) and dissolved organic carbon (DOC) into seawater (Tyler and McGla2B66;, Tang et al., 2011; Watanabe et
*1" al, 2020; Weigel and Pfiste2021).A portion of POC and DOC will deposit in the deep ocean and sealdedmitrobial

*##"  action to form stable sediments (Jiao et al., 2010). This fractisedifents that can be stored for long periods is a carbon
*$"  sink (Krause-Jensen and Duarte, 2016; Pan et al., 2019; Gao et al., 2021)

*%" We calculated the carbon sink of mariculture algéédssuming a total ofEspecies) by adding three components

*&"  (Yang et al., 2022) i.e., the carbon sfkhe algalbody (%), the carbon sink formed by releasing PO £ ¥, and the

*"  carbon sink formed by releasing DO@Y §
N
*" 69l A:9E %SCE 9SG (1)

V@s

*)"  When measuring the carbon sink of mariculture aljae
4



Pl

"
ns"
%"
n&"

e
"

[1%"

I#+"
g™
17"
I#$"
I#%"
I#&"
7"
("
I#)"

%L &9H §' )

% °C°L %H>— H NSC (3)
%' SCL %H>— H NS¢ (4)

The carbon sink of the mariculture algpmldy ( %) can be estimated from algal production (dry weigi&)9() and the
carbon(C) content of algae $¢). Uand U represent the proportion of POC and DOC released during algahgiow
algal photosynthetic productivity (Yan et al., 2011y S ®and N'S €are the proportion of POC and DOC released by
algae that are eventually convertatb carbon sinks.

N and P removal by algagasdetermined by algal production (dry weight) and the N and P conteaitjaé¢ The
specific calculation formula is as follows:

Oyl &9yH (5)
2L &9%H (6)

Here, Ogand 2;represent N and P removaS§ and SE are the N and P content of the algae.
2.2.Driving force analysis usinghe Logarithmic Mean Divisia Index approach

We used the Logarithmic Mean Divisia Index (LMDI) method to decompbaeges in carbon sinks and nutrient
removal by mariculture algae. Proposed by Ang et al. (2004), thel Ilvthod employs a logarithmic transformation,
which is an applicable method to quantify the drivers of a given variattflew any residual terms after decompaosition.
Compared to other decomposition methods, the results obtained fronh dd&tDmposition are intuitive and easy to
interpret (Nzudie et al., 2021), making it a valuable tool in various fieldsidimg carbon emissions (Ma et al., 2003),
energy intensity (Wang et al., 2005), and water footprint (Zhao e2CGil7). We identified four driving factors i.e.,
intensity, yield, structure, and area, as shown in Eq. 7:

2 e &9, #E a
/| L A— H—H—H#LA+H ;cH GH # )
ecd9% #e  # ELs

Here, / represents the carbon sink or nutrient removal of mariculture algaeripibErepresents algal specieSand

J represents the total number of algal species (for this study ¥, & 9yrepresents the production of algal specigs

#yis the mariculture area used for growth of algal spedie# refers to the total mariculture area of algag.;, 5

and # represent intensity, yield, structure, and area, respectively. Intensitg antount of carbon sink or nutrient
removal per unit of algal specieB production. Yield describes the amount of production per unit of algeiespEs

area. Structure is the ratio of algal speci@sarea to the total area of all algae, representing the effect of algal species
changes. Area reflects how the total area of mariculture algdenospact the carbon sink or nutrient removal of hlga
species E

The total changes in the carbon sink or nutrient removal of maricaltgae can thus be formulated as:
5
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I$+"  where ¢ Hintensity effect) ¢ ; (yield effect) ¢ 5(structure effegt and ¢, #(area effect) are changing driving factors
I$"  of ¢/

I$#" The value of +, depends on the C, N, and P content of@lgdich varies in different mariculture areas and seasons.
I$$"  However, we do not consider the changes in these parameters in ourememsuBuch setting is primarily because our
1$%" focus was on studying the carbon sink of the abgaly at the time of harvest. Changes in C, N and P content of algal

I$&"  bodyduring the harvest season are relatively small (He et al. 2008; Xiao et glZp@hg et al. 2020). In the subsequent

s analysis, {remains unchanged and the contribution from the intensity effeetq the increase in algae derived carbon
I$("  sinks and nutrient removal amounts to O.
1$)" According to the LMDI approach, the equations to decompose theehsmoariculture algae derived carbon sinks

I$*"  or nutrient removal are as follows:

N . .

1%+" /AL A>.:faf; HZ-%’E;? 9)
Uu@s
N . .

%" ¢/loL A>.:a R; HZ%,'? (10)
ves

I X s a usJb

1%#" ¢ L A>. 14 f; HZ+%;? (11)
ves 6
) .. o8

193$" /o L A>. A R; HZ =92 (12)
ves o

19%9%" Where Pand r represent the latter and former year during the change, respectivédythe log-average function,

196&" which satisfies:

19" i/ &4 B L%{)é/ﬁM 5 (13)
%" ./ &/ L& KLIE (14)

19)"  2.3. Scenario setting

106*" To estimate the potentifdr AU to offset the limiting effects on algae derived carbon sinks atrienuremovalby
1&+" 2030, we sea No-AU scenario based on the development characteristics of previous maricitugeawth, as well as
1&!"  four scenarios that consider the application of Atle LMDI analysis was intended to reveal the driving factors that
1&#"  slow down the carbon sink and nutrient removal growth bet&e&Aand2020.Thus, we were interested in establishing
1&3$"  whether applying AU can effectively mitigate these negative factors. IAtthapplication scenarios, we intezdito
1&%" calculate the minimum percentage of areas where AU application can compensatuéing carbon sinks (nutrient
1&&" removal). We assumed that the yield of mariculture algae can increase grafaé when @plying AU. Our study

1&"  aimedto determine the minimum AU application proportions required to achieve pacabte scale of carbon sink
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(nutrient removal) as in the N&b scenario by 2030 in the four AU application scenarios, nantglyscenario S1),1¢
(scenario S2),1; (scenario S3), and g (scenario S4). Betwee®21and 2030, AU would be applied annually & s r
of the mariculture area. The yield of mariculture algae in Shandong Peovir2030 would be;g464S E & ® Bhe
details of the scenarios were as follows:

No-AU scenario (N1).In theNo-AU scenario, the average annual change rates of the algal area h2d&éand
2030 remaird consistent with the average change rates of the area b&t@t@and 2020. The algal structure and yield
remain unchanged at 2020 levels.

Area constant scenario (S1WWe assumed the mariculture acfalgae remaiedat 2020 levels. The structure of dlga
species would be the samefasthe NoAU scenarioBy 2030,the algal yield would be;g,645 E 4® &

Area reduction scenario (S2)There has been a noticeable decline in the mariculturére®ndong Province since
2017. Hence, this scenario assumed that future changes in the megiandta would maintain this trend. Specifically
the mariculture area continued to decrease bet@@2hand2030 at an average change rate to that observed between
2017 and 2020. while the algal structure would remain unchanged dag28@0 levelsBy 2030,the algal yield would
be j6464S E @&® &;

Laver increase scenario (S3)The contribution of algae to carbon sinks and mitigation of seawatsyphication
varies with algal species (Zheng et al., 201®k ificrease in the area proportion of laver will have a negative impact on
the growth of carbon sinks (nutrient removal). We therefeseiaé that the area proportion of laver would continue to
increase by 2030, atmean growth rate to that observed betw2@h0and202Q while the mariculture area was the same
as in the NoAU scenario. By 2030, algal yield would therefore hg,g4S E 2® &

Area reduction and laver increase scenario (S4).he area given over to mariculture algal growth would be consistent
with scenario S2, and the algal structure would be consistent withrgzes. We would also calculate the minimum
application ratio & of AU in order to achieve a comparable scale of carbon sink (nuteemdval) as irthe No-AU

scenario.
2.4. Uncertainty and sensitivity test

In this study, we utilized a Monte Carlo simulation to estimate the undetain carbon sink and nutrient removal of
mariculture algae. The overall uncertainty is calculated under the 95% confidareal around the arithmetic mean.
The distribution characteristics of specific model parameters are shown lm AhbAdditionally, we perforrad a
sensitivity test for the carbon sink and nutrient removal of maricudtigge to analyse the impact of different input

parameters on the model outputs.

2.5. Data collection
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We obtaired data on the production and area of mariculture algae froftSihendong Fishery Statistical YearbBok
(SFSY, 2011202)). The specific biological parameters are shown in Table 1. The main magcaltal species in
Shandong Province were kelp, laver, and wakame, which together otedrigpproximately 90% of total production.
Therefore, in the following study, the mariculture algae in Shandangriee were divided into four categories i.e., kelp,

laver, wakame, and others.

Table 1

Biological parameters of mariculture algae (%).

Carbon content of algae Nitrogen contentf algae Phosphorus contepf algae
Species
S (s9 (sh
Kelp 24.99 3.71 0.52
Laver 29.09 6.30 1.00
Wakame 30.48 5.01 0.76
Other algae 28.19 5.01 0.76

Notes: The C contentratio of kelp, laver, and wakame refer to Zhang et @2@. The C content of other algae speuiesetaken as the me
values of kelp, laver, and wakan¥he NandP content okelp refer toXiao et al. (2017)TheN andP content of laver refer tde et al. (2008

Other algaspeciesN and P contestweretaken as the mean values of kelp and laver.

Other parameters are shown in Table 2. We extract the parameters relatedricsicdriiormation from field studies
and experimental data available in the literature. Consistent with the stohnbst al. (2011), we adopt the values of
Uand Uas 0.19 and 0.05, respectively (Khailov and Burlakova, 1969; Penhaf@aguadie, 1981; Yoshikawa et al.,
2001). While previous studies have considered the carbon sink fdoynedeasing POC and DOC (Yan et al., 2011;
Yang et al., 2022), field investigations have revealed that not all POC and DOS$iteidpm the seafloor contribute to
carbon sink formation (Nelson et al., 2002; Jiao et al., 2010; Baetge2fi2d)), Nilsson et al. (2018) demonstrated that
only 4% of the POC in the Baltic Sea was deposited on the seaflamaérbon sinks. Chen et al. (2020) found that
only 1.6% of the DOC released by algae remained unaltered by microorganidrsimbly persisted in seawater. Hence,

we assign the values of 0.04 and 0.016 to the paramédet§and N'S Crespectively.
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Table 2

The mechanism parameters of carbon sink of mariculture algae.

Mechanism parameters Values References
V] 0.19 Yoshikawa et al. (2001); Yan et al. (2011)
U] 0.05 Penhale and Capone (1981); Yan et al. (201
N Se 0.04 Nilsson et al. (2018); Nelson et al. (2002)
N'S6 0.016 Jiao et al. (2010); Chen et al. (2020)

The value of the average promotion rate on yield of Aunas basedn previous field experiments. Fan et al. (2019)
compaed 60 strains of algae from the distribution area ofAkkesystem and an area remote from Afi¢ system. They
found that AU increased the average weight per algae by approximatel$ilQSet al. (2019foundthat the average
weight of algae in the experimental group grown around the AUvaas®3.1g, while the average weight of algae in the
control group grown in the natural environment was 10.1g. Bastte@bove findings, we took dof 1.1to ensure the

reliability of the prediction results.
3. Results
3.1.Carbon sink and nutrient removal of mariculture algae betwe2®l0and 2020

Between2010and2020,the average annual carbon sink of mariculture algae in Shandong Pravemdé2.20 kt,
representin@3.14% of the carbon emissions of marine fisheries in 2014 (Yue et al.,.ZDi&carbon sink ithe algal
bodyaccountdfor 98.91% of the total mariculture algae derived carbon siviki¢e the carbon sink formed via releasing
POC and DOC contribationly 1.09% The proportion of carbon sinks formed by POC and DOC measutieid study
was lower than in other studies due to the lowdr® Cand N'S Cvalues utilised (Yan et al., 2011; Yang et al., 2022).

The carbon sink of mariculture algae in Shandong Province shamiedreasing trend betwe2@10and2020(Table
3), with an overall rate of 28.76%. The changesarbon sinks may be divided into two distinct periods: from 2010 to
2014 the average annual growth rate of mariculture algae derived carbowasnk.98%. While the average annual
growth rate between 2014 and 2020 was only 0.34%.

The N and P removal trends are similar to those observed for canksenSpecifically, betweeh010and 2014, there
ZDV D VLJQL ¢ FDNQand B ezmaial,DnitiHa L@ of 26.78% and 27.49%, respectively. trasgrihe nutrient
removalby mariculture algae was relatively stable between 2014 and 2020, witldlestincrease of only 4.12% and

4.85%, respectively.



Table 3

The carbon sink and nutrient removal of mariculture grown alg&aamdong Province (kt).

Year 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Carbon sinks of algae body 134.75 129.58 145.69 151.04 169.98 170.75 173.67 170.12 172.81 172.76 173.51

Carbon sinks through POC ~ 1.35 1.30 1.46 151 1.70 171 1.74 1.70 1.73 1.73 1.74

Carbon sinks through DOC  0.14 0.14 0.15 0.16 0.18 0.18 0.18 0.18 0.18 0.18 0.18

Carbon sinks 136.24 131.01 147.30 152.71 171.86 172.64 17559 172.00 174.72 174.67 175.42
Nitrogen Removal 20.50 19.76 22.28 23.09 2599 26.12 26.79 26.31 26.94 27.18 27.06
Phosphorus Removal 291 2.81 3.18 3.29 3.71 3.73 3.84 3.77 3.88 3.93 3.89

##%" 3.2.Driving force analysis for carbon sink and nutrient removal of mariculture algae
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We explored the driving factors (yield, structure, and area) leading tgesia carbon sink and nutrient removal of
mariculture algae during the study period (Fig.The analysis was divided into three periods: 22004, 20142017,
and 2017-2020. This division was based on the differences obsertlesl gnowth rates of carbon sinks and nutrient

removal around 2014, as well as the clear downward trend in mariculturgsacefor algal growth sinc017.

Between2010and 2014 all three factors, i.e., yield, structure, and area, contriloudese in carbon sinks, resulting

in a 26.14% increase in the carbon sink of algae relative to 201Qifldeeffect stood out as the primary cause for
increased carbon sinks (contributing 14.26% of the increase). BeR@ddrand 2017, carbon sinks only increased by
0.08% based on the 2014 level, andeffect of area became the major contributor to ina@aarbon sinks (53.84 kt,
31.33%). In contrast, yield and structure showed inhibitory effects, reguita 21.43% and 9.82% reduction in carbon
sinks, respectively. Betwee?017 and 2020, the yield effect (40.87 kt, 23.76%) contedydositively to carbon sink
growth, which was mostly offset by the negative effects of 8@#43 kt, 21.82%), resulting in only a slight increase in
algae derived carbon sinks (1.99%). Meanwhile, the structure effect hadrigdet on carbon sinks (0.10 kt, 0.06%).

The driving factors for N and P removal from mariculture algae an8bng Province were similéw thosefound for

carbon sinks (Fig. S1).

1C



#$*u
#%_I_u
#%!"

HOoH"
#%3"
H%%"
H%8&"
Ho%"™
H%("
#%)"
HYo*"
H&H"
#&I"
HEH"
#&$"
H&Y%"
H&&"
H&™
#&("
#&)"
HEH"
4

200 S
(]
+—171.86 17200 < a 17542
~ S — D ~ x
g 150 E § “ -~
2 i S
P 136.24 ) = 2 i .
- = N N
= 100 - Y8 3
= —
= ' o3
S
S
o
<
© 50
0— 2010 COETOEE AR 2014  cosscesensossessensady 2017 s st o 2020
26.14% 0.08% 1.99%
s Carbon Sinks Yield Effect L Structure Effect Area Effect

Fig. 2. Contribution of different driving factors to carbon sink changes em8bng Province (2010-2020) (kt). The intensity effect
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We found driving force effects coincided with changes to the marine environmenpainy adjustments. Prior to
2014, production, area, and yield of mariculture algae in Shandonmé&e grew rapidly, encouraged by policies such
as increasd investment in marine fishery fixed assets, subisid of fisheries diesel, and supporting fisheries resources
protection (Liang et al., 2018; Han and JiaB§19). At the end of 2016, China released the 13th Five-Year Plan of
National Fishery Development, which emphasized the implementation of coastal ecolagfieefigpr and promoted
structural reform on the supply side of fisheries (Cao et al., ZB1 &t al., 2021). As a resuthany policies began to
restrict the expansion of mariculture areas. For exartieBlue Bay Remediation Project (BBRP) was one of the major
marine projects in China's 13th Five-Year Plan for ecological enviraair@otection, with Rizhao, Yantai, Weihai, and
Qingdao in Shandong Province being selected as participating cities in earl\fB@project restricted or banned certain
aquaculture activities in near-shore waters and targeted algal raffedoup (Liu et al., 2019; Wang et al., 2020).
addition, several ecological policies, such as"te¢urning ponds to natural wetlafighave been implemented in some
coastal aquaculture regions, leading to a significant decline in the maricultaecaad® (Wang et al., 2023).

The yield effect showed a fluctuant trend between 2010 and 2820might be because artificial inputs and immature
mariculture techniques dominated algae farming, which makes algal yield suscéptéxtreme natural disasters,
environmental conditions, water quality, and diseases (Zhang and ¢iaf), 2

The negative structural effect was primarily attributed to the increasedafHaxesr in the mariculture area, as the
carbon sink and nutrient removal per unit area of laver were lesd #halnat of kelp and wakame. The share of laver
increased from 1.34% to 11.80% dur@14202Q The growing market demand for laver, a nutritious and heédibyy

(Brown et al., 2014), is causing the area of laver to expand. Meanwkiley seawater temperatures due to global
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#'1"  warming hae led to disease outbreaks in Jiangsu Province, China's primarydenducing argavhich led to many
#'#"  mariculture companies turning to promote the cultivation and demonstratios laf/er in Shandong Province (Lu et al.,

#$"  2022)

#%" 3.3. Scenario analysief the potential ofAU for algae derived carbon sink and eutrophication mitigation

#&" We conduatd a scenario analysis to evalugite extent to whichAU can offset the effects of two negative factors i.e.,
#" area reduction and a more laver-oriented mariculture algal syBign3 shows the required application ratio of AU and
#("  the algal yield, structure, and area in 2030 to achieve the same simkdevel as the N&U scenario under different
#)"  scenarios.
(a) (b)
2020 2020 ||
No-AU No-AU ||
S1 S1 |
S2 S2 |
S3 S3 ||
sS4 S4 ||
| . T T T 1 T 1
0 20 40 60 80 0% 25% 50% 75% 100%
Yield (kt/ha) Structure
(©) (d)
2020 [ | 2020
No-AU | No-AU
S1 [ | S1 [
S2 | | S2 [
S3 | S3 [
sS4 . S4 (I
T T T T T . T T u T T
0 5,000 10,000 15,000 20,000 25,000 0%  25%  50%  75%  100%  125%
Area (ha) AU Application Rate
Kelp [ Wakame Laver Other Algae [ AU Application Rate
H#*"

#(+" Fig. 3. Yield, structure, area, and AU application rates in 2020, andAnedenarios in 2030heNo-AU Scenario (NoAU) represents
#(!"  the case in which the mariculture algal area will grow at an averagetgrate betwee2010and 2020, with structure and yield
#(#" remaining unchanged from 2020 levels. Scenarios 1-4 (S1-S4) mpcesstant area scenarios, area reduction scenarios, increased

#($" laver scenario, and area reduction and laver increase scenariogjvelspec

#(%" In the NoAU scenario, the algal area will continue to increase at an average annual rgitewibtweer2010and

#(&" 2020, with the structure remaining consistent with the 2020 levetnwio AU technologis applied, the carbon sink of
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#("  mariculture algae in Shandong Province will reach 204.41ly 030, with corresponding N and P removal of 31.53 kt
#(("  and 4.54 kt, respectively.

#O" Applying AU may compensate for the loss of carbon sink due to diminishing ohawie area and laver-oriented
#(*"  structural change. In scenario S1, where the mariculture area and stoiciigae remain unchanged at 2020 levels,
#)+"  applying AU to 15.02% of the maricultureeawas sufficient to achieve the same carbon sink level as in th&No-
#)!I"  scenario by 2030. However, when the mariculture area decreases at ¢heateaas observed betwe2il 7 and 2020
#)#"  (scenario S2), AU would need to be applied to 91.81% of the larezenario S3, we assumed that the mariculture algal
#)$" area would maintain the same growtHashe NoAU scenario, while the proportion of laver would grow to 34.53% by
#)%" 2030.In this case, applying an AU to 11.14% of the mariculture algal arell Wewnecessary.

#)&" It is worth noting there is also a limit to the potential of AU to increadmossinks. AU will not fully compensate for
#)" the negative effects of continuous mariculture area deatid¢he increase in the proportion of laver area (scenario S4).
#)("  Wefoundthat when AU was implemented across the entire maricultureogu2@3Q it would compensate at mdst a
#))"  carbon sink reductioaf 44.52%in mariculture algal area compared to 2020, assuming algal structure edoistant.
#)*"  Similarly, supposing the mariculture aneasmaintairedat 2020 levels with 100% application of AU, the loss of carbon
#*+"  sinks would not be compensated for when the share of laver exte287%.

#*I" Applying AU can also compensate for the reduction in N and P removal duitigation in algal area and an increase
#*#"  inthe amount of laver (see Table A2). In the area reduction scesegita(io S2), 96.23% and 95.46% of the area would
#*$"  require AU application to secure identical N and P removal, respectagdty, the NoAU scenario by 2030. However,
#*%" the potential of AU would reach its limit when the area declmeghorethan44.52% of the 2020 level. In the increased
#*&"  laver scenario (scenario S3), where the laver area share increasesB,34U application rates would be 3.82% and
#*'" 0.08% for N and P removal, respectively. If the share of laver e#d@8d89% and 81.58%, achieving the same N and

#*(" P removal, respectively, as in the Wb+ scenario then applying AU alone would no longer be feasible.
#*)" 4. Discussion
#*" 41 1PSURYLQJ NH\ IDFWRUV WKDW LQAXHQFH FDUERQ VLQNV DQG QXWULHC

$++" China has acknowledged the importance of ocean carbon samkisufarly algae derived carbon sinks, in mitigating
$+!"  climate change (Yang et al., 202The country has laid out a policy system to support the development ofaazban
$+#" sinks around the goal of carbon peak and carbon neutrality. Despitagbrtance of algae for increasing carbon sinks
$+3" and achieving carbon neutrality, the incremental carbon sinks of ahyaebleen limited in recent years (Gu and Yin,
$+%" 2022; Wu and Li, 2022; Yang et al., 202R) this study, we identified the main limiting factors of algae derived carbo
$+&" sinks and their contributions by proposing driving factors siscyield, structure, and area. Unlike the results of previous

$+"  studies (Shao et al., 2019; Ren, 2021; Yang e2@22),we demonstrated the importance of taking area into account as
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a driving force. The results shedthat area was the most critical factor driving the growth of algae deriviedincsinks
until 2017 However, betwee2017 and2020,decreasing area had a significant intubjteffect on carbon sink®ur
study also revealthe negative impacts of laver expansion and unstable yields on cankenThe biased mariculture
algae structure of laver hindstthe growth of carbon sinks, and yields that fluctuate significamdy tme are less
conducive to the stable enhancement of carbon sinkgoMviel similar conclusions regarding influencing factors Nor
and P removalTl he findings have contributed to adjusting mariculture industry policiesdig improved area, structure,
and yield to support the growth of mariculture algae derived carbomsahkutrient removal.

To guarantee a steady increase in algae derived carbon sinks and nutreal, rem® propose the application of AU
in mariculture areas. AU provides a new impetus to the growth o algaved carbon sinks and nutrient removal by
increasing yield against the negative impacts of area constraint amgjeshin structure changes. Our research
investigated the potentiér AU to offset these negative effects. The resstiewed that enhancing carbon sink and
nutrient removal through AU is feasible. Howeuie promotion of AU also faces challenges, including its low energy
efficiency and high installation costs (Fan et al., 2013; Viudez et al., 20d6g et al., 2018). These challenges need to
be considered in successful implementation of AU technadmghachievement of better results in Shandong Province
and other coastal areas. Using clean energy to achieve self-powered AU isrcragiication of AU (Pan et al., 2018),
and can effectively reduce energy consumption and greenhousaiga®es. Specifically, offshore wind, solar and tidal
energy can be harnessed for in-situ power generation, while waveean current energy can be utilized to drive
upwelling and further optimize energy efficiency. Meanwhile, AU rhayefit from special subsidies, tax breaks, and
technology research support for blue carbon. Government and riratketents can be used to provide technical and
financial support for AU application and promotion.

The vyield effect was unstable between 2010 and 2020, partially due tothi@eance of immature mariculture
techniques that make algal yield susceptible to natural disasters, environmentargrahd disease (Zhang and Han,
2017).Whether AU can solve or mitigate yield fluctuation problem remamh®iown To achievanincreased and steady
yield, AU could combine with other farming techniques, for exampleuge of remote sensing technology and marine
monitoring technology to plan cultivation sites according to required emuéntal conditions for the growth of different
algal species (Ai et al., 2023); (b) developing integrated multi-tcaguaculture (IMTA) and using interactions between
aquatic plants and animals at different trophic levels to improve mariculture rdfiqi€utajar et al., 2022; Hargrave et
al., 2022) and (c) genetic improvements, such as developing adaptable and désesisert algal cultivars (Hu et al.,
2021)

Notably, there is an upper limit to the benefits achieved through AldréMariculture area declines, or the proportion
of laver increases, applying AU may not achieve the desired carbon sinkuament removal levels. Currently,

mariculturegrown algae in Chinds mainly associated with nearshore waters, and some mariculture akeabden
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reducedbr removed due to global climate change, seawater pollution, and policy regqotee(Liu et al., 2019; Wang et
al., 2020). To solve this dilemma, focusing on pollution control amdogizal restoration in the original nearshore
mariculture areas will help improve existing farming areas. In additionhafés mariculturemay be developed by
cultivating new species suitable for deep-water mariculture and developingoiéties to expand mariculture space.
We've also noticed farmers tend to prioritize economic value of algae over eméraal function when selecting species
for cultivation (Zheng et al., 2019)aver is more economically valuable and preferred by farmers, while ketlpaiame
havea higher carbon sink and nutrient removal rates per unit of faaneal (Ou et al., 2017). By establishing marine
carbon sink trading platforms, farmers can be encouraged and daideolwv more species with high carbon sinks to
convert algae with high carbon sink functions from resources to assetse#udt, market players who protect and restore

the ecological environment can receive reasonable returns.

4 2. Limitations

As with all studies of this nature there are some limitations to our: @rkve have simplified the complexities
market demand on mariculture algal production. Total algae productionnotaiycrease even with productivity-
enhancing techniques because the total demand may remain relatively ¢qb¥tatt works better for areas where
surface seawater is nutrient-poor (Fan et al., 2020). The percentagesaor acreage from AW(may vary depending
on nutrient salt levels in different waters; (c) AU can increase carib&ncenversion efficiency by enhancing the
downward fluxes of POC (Baumann et al., 2021). We have msidered this effect in our projections of AU potential
dueto a lack of robust and relevant parameters. The effect of AUpotaptially increase the carbon sink formed by both
POC and DOC, providing an even more significant environmental benefit.

A point that needs to be emphasised is that as a geo-environmental projgoigapU may potentially have adverse
effects on the marine environment, particularly when implemented extensividgp-sea areas (Ryan et al., 2009; Keller
et al., 2014; Kwiatkowski et al., 2015; Pan et al., 2016). Howevewyriscenario analysis, AU will be deployed in areas
designated for mariculture algae. Algae typically thrive in shallow coastal segind applying AU in these mariculture
algae areas away from the deep sea will not greatly impact treranent (Maruyama et al., 2004). Meanwhile, AU's
efficiency is also characterized by certain technical parameters, such as poaed E@an et al., 2018). Using non-clean
energy-powered AU may partly offset its environmental benefits. rately, recent field experiments have demonstrated
the feasibility of solar-powered AU (Fan et al., 2020). The eneffigiezfcy of AU will continue to improve with the
development of energy management technolagy et al., 2019).

Our measurements of the carbon sink of mariculture algae weredrasacherical models and parameters. In contrast
to previous studies (Yan et al., 2011; Ren, 2021; Yang et al., 2082peasurement of carbon sink in algae considers

not only the carbon sink of the algal body but also POC and DOC, walhistss us to capture the full extent of carbon
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$(+" sequestration by the algae. In addition, the fact that only a small porfR@®@fand DOC contribute to the formation of
$(!"  carbon sink is also considered (Nelson et al., 2002; Nilsson et al., @B&8;et al., 2020). We further analysed the
$(#" sensitivity of our results to the parametelsS® N'SC (J and Uto test the robustness of our results. The detailed
$($" results of the sensitivity test are shown in Table A3. The reswdisesl that the carbon sink of mariculture algae will
$(%" increase by 0.018% to 0.129% in 2020 if the mechanism parametersnare@sed by 10%N\Ve also estimated the
$(&" uncertainties of model parameters using Monte Carlo simulation meffloelsincertainty ranges of the carbon sink of
$(™ mariculture algae betwe@010and 2020 are presented in Fig. A.2. The uncertainty of carbon sipkgésed as relative
$((" standard deviation (RSD) that equals the standard deviation divided by therangga) from 7.64% to 9.63%, indicating
$()" that the results were reliabldowever, heN and P removal uncertainties were relatively high, ranging fron 24 t8
$(*"  26.56% and 27.90% to 35.13%, respectively, whighs due to the lack of precision and relatively largegandard

$)+"  deviation in the results of existing studies regarding the measuremenaldflagd P content.
$)!" 5. Conclusions

)#" This study focused on exploring the potential of AU to enhance a&gaed carbon sink and mitigate eutrophication

$)$" in the face of continued mariculture area degradation and undesired sirottange. The limitegrowth of the

$)%" mariculture algae area in Shandong Province, China, and the moreviatemisivation of laver in the limited area has

$)&" resulted in minimal improvements in carbon sinks and nutrienbvaievels since 2014. Our findings indicated that

)™ applying AU could effectively compensate for the loss of carbonamaknutrient removal caused by the decrease of

$)("  mariculture area or the increase of the laver share. Meanwhile, we obtevéte potential for AU to achieve these

$))"  benefits has upper limitét is worth mentioning that scenario analysis cannot calculate futtwercainksand nutrient

$)*"  removal accuratelyEXW UDWKHU UHAHFWYV D SURPLVLQJ W Hefive@ LaFidOsikd & ZD\ | F
$*+"  nutrient removal in the face of shrinking mariculture areas andpsintiel species selection. Further research could

$*1"  investigate the implication of other potential variables, such as the interfsity efianges over time and AU energy

$*#"  efficiency on the carbon sink and nutrient removal potential.
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Highlights
x Artificial upwelling showspotential for algae carbon simkdnutrient removal.
X Algae carbon sink and nutrient removal are limited by area and algal species.

x Artificial upwelling offsets adverse factoby boosing yield.

x Artificial upwelling has limitationsn offsetting loss.
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Unveiling the potential for artificial upwelling in algae derived carbon sink and

nutrient mitigation

Chunlei Sher?, Xinya Hao?, Dong Ar? ¢, Martin R. Tillotson 9, Lin Yang® ", Xu Zhao® "
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bSchool of Energy and Environment, City University of Hong KonggHmng 999077, Hong Kong Special Administrative Region

of China
" School of Bohai, Hebei Agricultural Universiaoding 071000, China
4 School of Civil Engineering, University of Leeds, Leeds LS2 9JT, UK

¢ Institute of Blue and Green Development, Shandong University, We#2026China

Abstract: Mariculture algae may present a crucial part of ocean-based solutionsrfatectihange, with the ability to
sequester carbon and revemutrients. However, the expansion of mariculture algae faces multipglenges. Here, we
measure the changes in algae derived carbon sinks and nitrogen (Mpaptdgyus (P) removal between 2010 and 2020
in Shandong Province, China. We further identify the key dyifactors, namely area, algal species proportion, and yield,
that influence the changes. The results show that algae derived cark®rarsd nutrient removal growth rates in
Shandong Province have slowed significantly since 2014, mainly careddimitations, laver-oriented species change
and unstable yields. Artificial upwelling (AU) has the potential to enhanceidleand subsequently offset the loss of
carbon sinks and nutrient removal caused by negative driving faGoesario analysis indicates that a complete
deployment of AU by 2030 will offset up to a 44.52% decreasecimidwiculture algae area, or a 72.57% increase in the
laver share of the algal species combination compared to 2020. Similar camclursigeached regarding the role of AU
in N and P removal. This study also identifies ancillary challenges such asdogy efficiency and high costs faced by
apphing AU.
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E-mail addressesyanglin2128@126.corfL. Yang), xuzhao@sdu.edu.cn (X. Zhao)
1

QG FRQWLQXRXVO\ /,1( RQGFB$KHUH WR YLHZ OL
R



HH'
#y'

#%"
#&"
4
#("

#)"

#"
$+"
$I"
$#"
$3$"
$%"
$&"
g
$("
$)"
&
%or+"
%!"
Yott"
%$"
%%"
%&"
o6
%("
%)"
%"
&+"
&!"
&#'"

Keywords: Artificial upwelling; Carbon sink; Mariculture algae; Nutrient removal; Scenario analysis

Highlights

X Artificial upwelling showspotential for algae carbon simakdnutrient removal.
X  Algae carbon sink and nutrient removal are limited by area and algal species.
x Artificial upwelling offsets adverse factoby boostng yield.

x  Artificial upwelling has limitationsn offsetting loss.

1. Introduction

Mariculture algae is an important component of marine ecosysamthsnaydeliver both economic and environmental
benefits. As the fourth species of blue carbon (IPCC, 2019), marealigae has been recognized as having capacity to
act as a carbon sink (Bolton and Stoll, 2013; Ahmed et al., 2017; Tsai281ai;, NASEM, 2021). Harvesting of algae
can also remove nitrogen (N) and phosphorus (P) from coastal \(&lezsa-Azcarate et al., 2003; Fei, 2004; He et al.,
2008; Xiao et al., 2017; Sinha et al., 2022), and has been proposedftective ecological restoration tool to control
eutrophication (Yang et al., 2015; Buschmann et al., 2017; Jiang et24l), EQrther research is required on how to fully
exploit the function of mariculture algae in addressing climate change and mdhitiepo

China leads the world in the production of mariculture algae (FAQ)288d has implemented a number of initiatives
to promote the development of algae derived carbon sinks (Jiao et al. Y208t al., 2021). Many scholars have found
an increase inhe carbon sinkof algae between 2010 and 2015 (Shao et al., 2019; Yang et al., Z@28g studies
recognize the major contribution of increased algae production torcanbks compared to the more limited effects of
algal species (Ren, 2021). Similar conclusions may be drawn for nitamgiephosphorus removal by algae (Xiao et al.,
2017).However, algae derived carbon sink development has slowed in se€taha's coastal provinces, despite the
growth of carbon sinks between 2010 and 2015 (Gu and?9RR; Wu and Li, 2022; Yang et al., 2022). This decrease
in production growth has led to a significant slowdown in thevgref carbon sinks, which also affects the function of
algaein nutrientremoval (Wu et al., 2017). Indeed, recent ocean warming, coastal pollutiopetition for space, and
ecological policies to control eutrophication have limited the expansion of maricultaee @igduction (Filbee-Dexter
and Wernberg, 2018; Jouffray et al., 2020; Hu et al., 2021; Wang 2028).

Previous studies have addressed that the changes in production predgmaiifiecttlalgae derived carbon sinks and
nutrient removal. However, two key factors that influence changa®dauction, i.e. yield (production per area) and area,
have been rarely studied. First, increasing the yield could offset the negatioes effi algae production. One of the
promising technics to enhance algae yield and subsequently increasdeaigad carbon sinks is artificial upwelling
(AU), which has been shown to increase mariculture algal yield in sozd#i-gials (Fan et al., 2019; Lin et al., 2019;

Fan et al., 2020). AU is a system of mechanical equipment deployeel matticulture area, which breaks the nutrient
2
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limitations of aquaculture by continuously upwelling the lower temperdtigieer nutrient loaded seawater to the surface
(Aure et al., 2007; Lovelock and Rapley, 2007; McClimans et al., 26dBnann et al., 2019; Ortiz et al., 2022). AU in
nutrient-rich waters can enhance the biological carbon pump in oligotregdiareas to sequester anthropogenic carbon
dioxide (CQ) and increase carbon sequestration (Oschlies et al.,2010; Pan et al., 20&5:L@&tena et al., 2022), and
has been recognized by the United Nations Intergovernmental Panel on Cliraate CIPCC) as a global ocean carbon
sink solution (IPCC, 2019). However, the potential of fdlffset the limitations on algae derived carbon sinks and
nutrient removal remains unknown. Second, the reduction in mariculeadimits production growth, which inevitably
affects the amount of algae derived carbon sinks and nutrient removal. étdwevstudies have yet been carried out to
examine area as a driving factor changes of carbon sinks and nutrient removal. Therefore, Weifulecompose
mariculture production that predominantly affects algae derived caifisand nutrient removal into two components
i.e., yield and area. From this we hope to explore how algal yield mayHaamced through AU under limited expansion
of mariculture area.

In this paper, we analyse the driving forces that constrain carbonrswkhgand investigate the potential of AU in
offsetting these factors using Shandong Province, China (Fas 4)case study. Shandong Province, which is bordered
by the Bohai Sea and the Yellow Sea, has a long coastline accounting ébtlgaotal coastline of Igna (Jiao et al.,
2021). As China's most important mariculture location (Zhao,&tG22), Shandong Province accounts for 27.28% (2020
base) of the country's mariculture algae production (SFSY, 2021). Maoreoultiple AU field experiments conducted
in Shandong Province analysed the specific enhancement effédtl @pplication, which provided the necessary
technical parameters for predicting the potential of AU (Fan et al., 2019; Lin 2019,

Our studyis distinct from previous studies by (a) decomposing produditactor that leads to a decline in the annual
growth rates of carbon sinks and nutrient removal in recent yergjield and area; (b) estimating the potential of AU
to enhance the yield and subsequently offset the loss of carborasitiksutrient removal caused by negative drivers;
and (c) exploring thepper limits of AU potential. Our research thus identifies previously ueaddd limiting factors in
carbon sink growth and nutrient removal, which can be used w&lagpemore targeted policies aimed at reversing the
resulting negative impacts. Meanwhile, this study informs a new témim@athway for increasing carbon sinks and
mitigating seawater eutrophication, i.e. applying AU, which can brotmespectrum of policy and management tools
to address climate change and marine pollution. Our findings also suggesttiancing mariculture algae derived carbon
sinks and nutrient removal is a complex and systematic work that requiresecatisidof multiple influencing factors

and their positive and negative effects.
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Fig. 1. General information of the study area. (a) The location afi@®rag Province in Chindb) AU field trial location in Shandong

Province (3622 N, 12060 E); and(c) mariculture algae area and structure in Shandong Province bef@&8and2020.

2. Methodology and data
2.1.Measurement of carbon sink and nutrient removal of mariculture algae

Algae take up C®and dissolved inorganic carbon through photosynthesis as glgw and convert ihto organic
carbon (Smith, 1981; Gao and McKinley, 1994). A portion of ahganic carbon is removed from seawater after
harvesting, forming the carbon sink of the algal bddyaddition, algae also release some particulate organic carbon
(POC) and dissolved organic carbon (DOC) into seawater (Tyler and McGl&2866;, Tang et al., 2011; Watanabe et
al., 2020; Weigel and Pfiste2021).A portion of POC and DOC will deposit in the deep ocean and seatledmitrobial
action to form stable sediments (Jiao et al., 2010). This fractieeddhents that can be stored for long periods is a carbon
sink (Krause-Jensen and Duarte, 2016; Pan et al., 2019; Gao et al., 2021)

We calculated the carbon sink of mariculture algé&dssuming a total ofEspecies) by adding three components
(Yang et al., 2022) i.e., the carbon sofkhe algalbody (%), the carbon sink formed by releasing PO% ¢ §, and the

carbon sink formed by releasing DO@}(® §:

N
69 A:%E %SCE %S (1)
u@s

When measuring the carbon sink of mariculture afgae
4



Pl

"
ns"
%"
n&"

("
"

[1%"

I#+"
g™
17"
I#$"
I#%"
I#&"
7"
("
I#)"

%L &9H §' )

% °C°L %H>— H NSC (3)
%' SCL %H>— H NS¢ (4)

The carbon sink of the mariculture algpmldy ( %) can be estimated from algal production (dry weigi&)9() and the
carbon(C) content of algae $¢). Uand U represent the proportion of POC and DOC released during algahgiow
algal photosynthetic productivity (Yan et al., 2011y S ®and N'S €are the proportion of POC and DOC released by
algae that are eventually convertatb carbon sinks.

N and P removal by algagasdetermined by algal production (dry weight) and the N and P conteaitjaé¢ The
specific calculation formula is as follows:

Oyl &9yH (5)
2L &9%H (6)

Here, Ogand 2;represent N and P removaS§ and SE are the N and P content of the algae.
2.2.Driving force analysis usinghe Logarithmic Mean Divisia Index approach

We used the Logarithmic Mean Divisia Index (LMDI) method to decompbaages in carbon sinks and nutrient
removal by mariculture algae. Proposed by Ang et al. (2004), thel Ilvthod employs a logarithmic transformation,
which is an applicable method to quantify the drivers of a given vamatileut any residual terms after decomposition.
Compared to other decomposition methods, the results obtained fronh ddtDmposition are intuitive and easy to
interpret (Nzudie et al., 2021), making it a valuable tool in various fieldsdimg carbon emissions (Ma et al., 2003),
energy intensity (Wang et al., 2005), and water footprint (Zhao e2CGil7). We identified four driving factors i.e.,
intensity, yield, structure, and area, as shown in Eq. 7:

2 e &9, #E a
/| L A— H—H—H#LA+H ;cH GH # )
ecd9% #e  # ELs

Here, / represents the carbon sink or nutrient removal of mariculture algaeripibErepresents algal specieSand

J represents the total number of algal species (for this study ¥, & 9yrepresents the production of algal specigs

#yis the mariculture area used for growth of algal spedie# refers to the total mariculture area of algag.;, 5

and # represent intensity, yield, structure, and area, respectively. Intensitg atount of carbon sink or nutrient
removal per unit of algal specieB production. Yield describes the amount of production per unit of algeiespEs

area. Structure is the ratio of algal speci@sarea to the total area of all algae, representing the effect of algal species
changes. Area reflects how the total area of mariculture algdenospact the carbon sink or nutrient removal of hlga
species E

The total changes in the carbon sink or nutrient removal of maricaltiyae can thus be formulated as:
5



[ el LISFIAL ¢+ E ¢ E¢BE¢# (8)
I$+"  where ¢ Hintensity effect) ¢ ; (yield effect) ¢ 5(structure effegt and ¢, #(area effect) are changing driving factors
I$"  of ¢/

I$#" The value of +, depends on the C, N, and P content of@lgdich varies in different mariculture areas and seasons.
I$$"  However, we do not consider the changes in these parameters in ourememsuBuch setting is primarily because our
1$%" focus was on studying the carbon sink of the abgaly at the time of harvest. Changes in C, N and P content of algal

I$&"  bodyduring the harvest season are relatively small (He et al. 2008; Xiao et glZp@hg et al. 2020). In the subsequent

s analysis, {remains unchanged and the contribution from the intensity effeetq the increase in algae derived carbon
I$("  sinks and nutrient removal amounts to O.
1$)" According to the LMDI approach, the equations to decompose theehsmoariculture algae derived carbon sinks

I$*"  or nutrient removal are as follows:

N . .

1%+" /AL A>.:faf; HZ-%’E;? 9)
Uu@s
N . .

%" ¢/loL A>.:a R; HZ%,'? (10)
ves

I X s a usJb

1%#" ¢ L A>. 14 f; HZ+%;? (11)
ves 6
) .. o8

193$" /o L A>. A R; HZ =92 (12)
ves o

19%9%" Where Pand r represent the latter and former year during the change, respectivédythe log-average function,

196&" which satisfies:

19" i/ &4 B L%{)é/ﬁM 5 (13)
%" ./ &/ L& KLIE (14)

19)"  2.3. Scenario setting

106*" To estimate the potentifdr AU to offset the limiting effects on algae derived carbon sinks atrienuremovalby
1&+" 2030, we sea No-AU scenario based on the development characteristics of previous maricitugeawth, as well as
1&!"  four scenarios that consider the application of Atle LMDI analysis was intended to reveal the driving factors that
1&#"  slow down the carbon sink and nutrient removal growth bet&e&Aand2020.Thus, we were interested in establishing
1&3$"  whether applying AU can effectively mitigate these negative factors. IAtthapplication scenarios, we intezdito
1&%" calculate the minimum percentage of areas where AU application can compensatuéing carbon sinks (nutrient
1&&" removal). We assumed that the yield of mariculture algae can increase grafaé when @plying AU. Our study

1&"  aimedto determine the minimum AU application proportions required to achieve pacabte scale of carbon sink
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(nutrient removal) as in the N&b scenario by 2030 in the four AU application scenarios, nantglyscenario S1),1¢
(scenario S2),1; (scenario S3), and g (scenario S4). Betwee®21and 2030, AU would be applied annually & s r
of the mariculture area. The yield of mariculture algae in Shandong Peovir2030 would be;g464S E & ® Bhe
details of the scenarios were as follows:

No-AU scenario (N1).In theNo-AU scenario, the average annual change rates of the algal area h2d&éand
2030 remaird consistent with the average change rates of the area b&t@t@and 2020. The algal structure and yield
remain unchanged at 2020 levels.

Area constant scenario (S1WWe assumed the mariculture acfalgae remaiedat 2020 levels. The structure of dlga
species would be the samefasthe NoAU scenarioBy 2030,the algal yield would be;g,645 E 4® &

Area reduction scenario (S2)There has been a noticeable decline in the mariculturére®ndong Province since
2017. Hence, this scenario assumed that future changes in the megiandta would maintain this trend. Specifically
the mariculture area continued to decrease bet@@2hand2030 at an average change rate to that observed between
2017 and 2020. while the algal structure would remain unchanged dag28@0 levelsBy 2030,the algal yield would
be j6464S E @&® &;

Laver increase scenario (S3)The contribution of algae to carbon sinks and mitigation of seawatsyphication
varies with algal species (Zheng et al., 201®k ificrease in the area proportion of laver will have a negative impact on
the growth of carbon sinks (nutrient removal). We therefeseiaé that the area proportion of laver would continue to
increase by 2030, atmean growth rate to that observed betw2@h0and202Q while the mariculture area was the same
as in the NoAU scenario. By 2030, algal yield would therefore hg,g4S E 2® &

Area reduction and laver increase scenario (S4).he area given over to mariculture algal growth would be consistent
with scenario S2, and the algal structure would be consistent withrgzes. We would also calculate the minimum
application ratio & of AU in order to achieve a comparable scale of carbon sink (nuteemdval) as irthe No-AU

scenario.
2.4. Uncertainty and sensitivity test

In this study, we utilized a Monte Carlo simulation to estimate the undetain carbon sink and nutrient removal of
mariculture algae. The overall uncertainty is calculated under the 95% confidareal around the arithmetic mean.
The distribution characteristics of specific model parameters are shown lm AhbAdditionally, we perforrad a
sensitivity test for the carbon sink and nutrient removal of maricudtigge to analyse the impact of different input

parameters on the model outputs.

2.5. Data collection
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We obtaired data on the production and area of mariculture algae froftSthendong Fishery Statistical Yearb8ok
(SFSY, 2011202)). The specific biological parameters are shown in Table 1. The main magcaltal species in
Shandong Province were kelp, laver, and wakame, which together otedrigpproximately 90% of total production.
Therefore, in the following study, the mariculture algae in Shandangriee were divided into four categories i.e., kelp,

laver, wakame, and others.

Table 1

Biological parameters of mariculture algae (%).

Carbon content of algae Nitrogen contentf algae Phosphorus contepf algae
Species
S (s9 (sh
Kelp 24.99 3.71 0.52
Laver 29.09 6.30 1.00
Wakame 30.48 5.01 0.76
Other algae 28.19 5.01 0.76

Notes: The C contentratio of kelp, laver, and wakame refer to Zhang et @2@. The C content of other algae speuiesetaken as the me
values of kelp, laver, and wakan¥he NandP content okelp refer toXiao et al. (2017)TheN andP content of laver refer tde et al. (2008

Other algaspeciesN and P contestweretaken as the mean values of kelp and laver.

Other parameters are shown in Table 2. We extract the parameters relatedricsicdriiormation from field studies
and experimental data available in the literature. Consistent with the stohnbst al. (2011), we adopt the values of
Uand Uas 0.19 and 0.05, respectively (Khailov and Burlakova, 1969; Penhaf@aguadie, 1981; Yoshikawa et al.,
2001). While previous studies have considered the carbon sink fdoynedeasing POC and DOC (Yan et al., 2011;
Yang et al., 2022), field investigations have revealed that not all POC and DOS$iteidpm the seafloor contribute to
carbon sink formation (Nelson et al., 2002; Jiao et al., 2010; Baetge2fi2d)), Nilsson et al. (2018) demonstrated that
only 4% of the POC in the Baltic Sea was deposited on the seaflamaérbon sinks. Chen et al. (2020) found that
only 1.6% of the DOC released by algae remained unaltered by microorganidrsimbly persisted in seawater. Hence,

we assign the values of 0.04 and 0.016 to the paramédet§and N'S Crespectively.
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Table 2

The mechanism parameters of carbon sink of mariculture algae.

Mechanism parameters Values References
V] 0.19 Yoshikawa et al. (2001); Yan et al. (2011)
U] 0.05 Penhale and Capone (1981); Yan et al. (201
NS¢ 0.04 Nilsson et al. (2018); Nelson et al. (2002)
NS 0.016 Jiao et al. (2010); Chen et al. (2020)

The value of the average promotion rate on yield of Aunas basedn previous field experiments. Fan et al. (2019)
compaed 60 strains of algae from the distribution area ofAkkesystem and an area remote from Afi¢ system. They
found that AU increased the average weight per algae by approximatel$ilQSet al. (2019foundthat the average
weight of algae in the experimental group grown around the AUvaas®3.1g, while the average weight of algae in the
control group grown in the natural environment was 10.1g. Bastte@bove findings, we took dof 1.1to ensure the

reliability of the prediction results.
3. Results
3.1.Carbon sink and nutrient removal of mariculture algae betwe2®l0and 2020

Between2010and2020,the average annual carbon sink of mariculture algae in Shandong Pravemdé2.20 kt,
representin@3.14% of the carbon emissions of marine fisheries in 2014 (Yue et al.,.ZDi&carbon sink ithe algal
bodyaccountdfor 98.91% of the total mariculture algae derived carbon siviki¢e the carbon sink formed via releasing
POC and DOC contribationly 1.09% The proportion of carbon sinks formed by POC and DOC measutieid study
was lower than in other studies due to the lowdr® Cand N'S Cvalues utilised (Yan et al., 2011; Yang et al., 2022).

The carbon sink of mariculture algae in Shandong Province shamiedreasing trend betwe2@10and2020(Table
3), with an overall rate of 28.76%. The changesarbon sinks may be divided into two distinct periods: from 2010 to
2014 the average annual growth rate of mariculture algae derived carbowasnk.98%. While the average annual
growth rate between 2014 and 2020 was only 0.34%.

The N and P removal trends are similar to those observed for canksenSpecifically, betweeh010and 2014, there
ZDV D VLJQL ¢ FDNQand B ezmaial,DnitiHa L@ of 26.78% and 27.49%, respectively. trasgrihe nutrient
removalby mariculture algae was relatively stable between 2014 and 2020, witldlestincrease of only 4.12% and

4.85%, respectively.



Table 3

The carbon sink and nutrient removal of mariculture grown alg&aamdong Province (kt).

Year 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Carbon sinks of algae body 134.75 129.58 145.69 151.04 169.98 170.75 173.67 170.12 172.81 172.76 173.51

Carbon sinks through POC ~ 1.35 1.30 1.46 151 1.70 171 1.74 1.70 1.73 1.73 1.74

Carbon sinks through DOC  0.14 0.14 0.15 0.16 0.18 0.18 0.18 0.18 0.18 0.18 0.18

Carbon sinks 136.24 131.01 14730 152.71 171.86 172.64 17559 172.00 174.72 174.67 175.42
Nitrogen Removal 20.50 19.76 22.28 23.09 2599 26.12 26.79 26.31 26.94 27.18 27.06
Phosphorus Removal 291 2.81 3.18 3.29 3.71 3.73 3.84 3.77 3.88 3.93 3.89

##%" 3.2.Driving force analysis for carbon sink and nutrient removal of mariculture algae
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We explored the driving factors (yield, structure, and area) leading tgesia carbon sink and nutrient removal of
mariculture algae during the study period (Fig.The analysis was divided into three periods: 22004, 20142017,
and 2017-2020. This division was based on the differences obsertlesl gnowth rates of carbon sinks and nutrient

removal around 2014, as well as the clear downward trend in mariculturgsacefor algal growth sinc017.

Between2010and 2014 all three factors, i.e., yield, structure, and area, contriloudese in carbon sinks, resulting

in a 26.14% increase in the carbon sink of algae relative to 201Qifldeeffect stood out as the primary cause for
increased carbon sinks (contributing 14.26% of the increase). BeR@ddrand 2017, carbon sinks only increased by
0.08% based on the 2014 level, andeffect of area became the major contributor to ina@aarbon sinks (53.84 kt,
31.33%). In contrast, yield and structure showed inhibitory effects, reguita 21.43% and 9.82% reduction in carbon
sinks, respectively. Betwee?017 and 2020, the yield effect (40.87 kt, 23.76%) contedydositively to carbon sink
growth, which was mostly offset by the negative effects of 8@#43 kt, 21.82%), resulting in only a slight increase in
algae derived carbon sinks (1.99%). Meanwhile, the structure effect hadrigdet on carbon sinks (0.10 kt, 0.06%).

The driving factors for N and P removal from mariculture algae an8bng Province were similéw thosefound for

carbon sinks (Fig. S1).
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Fig. 2. Contribution of different driving factors to carbon sink changes em8bng Province (2010-2020) (kt). The intensity effect

(¢ s set to Gandnot shown in the figure.

We found driving force effects coincided with changes to the marine environmenpainy adjustments. Prior to
2014, production, area, and yield of mariculture algae in Shandonmé&e grew rapidly, encouraged by policies such
as increasd investment in marine fishery fixed assets, subisid of fisheries diesel, and supporting fisheries resources
protection (Liang et al., 2018; Han and JiaB§19). At the end of 2016, China released the 13th Five-Year Plan of
National Fishery Development, which emphasized the implementation of coastal ecolagfieefigpr and promoted
structural reform on the supply side of fisheries (Cao et al., ZB1 &t al., 2021). As a resuthany policies began to
restrict the expansion of mariculture areas. For exartieBlue Bay Remediation Project (BBRP) was one of the major
marine projects in China's 13th Five-Year Plan for ecological enviraair@otection, with Rizhao, Yantai, Weihai, and
Qingdao in Shandong Province being selected as participating cities in earl\fB@project restricted or banned certain
aquaculture activities in near-shore waters and targeted algal raffedoup (Liu et al., 2019; Wang et al., 2020).
addition, several ecological policies, such as"te¢urning ponds to natural wetlafighave been implemented in some
coastal aquaculture regions, leading to a significant decline in the maricultaecaad® (Wang et al., 2023).

The yield effect showed a fluctuant trend between 2010 and 2820might be because artificial inputs and immature
mariculture techniques dominated algae farming, which makes algal yield suscéptéxtreme natural disasters,
environmental conditions, water quality, and diseases (Zhang and ¢iaf), 2

The negative structural effect was primarily attributed to the increasedafHaxesr in the mariculture area, as the
carbon sink and nutrient removal per unit area of laver were lesd #halnat of kelp and wakame. The share of laver
increased from 1.34% to 11.80% dur@14202Q The growing market demand for laver, a nutritious and heédibyy

(Brown et al., 2014), is causing the area of laver to expand. Meanwibilegy seawater temperatures due to global
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warming hae led to disease outbreaks in Jiangsu Province, China's primarydeaducing areavhich led to many
mariculture companies turning to promote the cultivation and demonstratiomlafer in Shandong Province (Lu et al.,

2022)

3.3. Scenario analysisf the potential ofAU for algae derived carbon sink and eutrophication mitigation

We conduatd a scenario analysis to evalu#tie extent to whichAU can offset the effects of two negative factors i.e.,
area reduction and a more laver-oriented mariculture algal sySign3 shows the required application ratio of AU and
the algal yield, structure, and area in 2030 to achieve the same camkdevel as the N&U scenario under different

scenarios.

Fig. 3. Yield, structure, area, and AU application rates in 2020, andAnedenarios in 2030heNo-AU Scenario (NoAU) represents
the case in which the mariculture algal area will grow at an averagehgrate betwee2010and 2020, with structure and yield
remaining unchanged from 2020 levels. Scenarios 1-4 (S1-S4) mpcesstant area scenarios, area reduction scenarios, increased

laver scenario, and area reduction and laver increase scenariogjvelspec

In the NoAU scenario, the algal area will continue to increase at an average annual rgitewibtweer2010and

2020, with the structure remaining consistent with the 2020 levaérvkio AU technologis applied, the carbon sink of

12



#("  mariculture algae in Shandong Province will reach 204.41ly 030, with corresponding N and P removal of 31.53 kt
#(("  and 4.54 kt, respectively.

#O" Applying AU may compensate for the loss of carbon sink due to diminishing ohawie area and laver-oriented
#(*"  structural change. In scenario S1, where the mariculture area and stoiciigae remain unchanged at 2020 levels,
#)+"  applying AU to 15.02% of the maricultureeawas sufficient to achieve the same carbon sink level as in th&No-
#)!I"  scenario by 2030. However, when the mariculture area decreases at ¢heateaas observed betwe2il 7 and 2020
#)#"  (scenario S2), AU would need to be applied to 91.81% of the larezenario S3, we assumed that the mariculture algal
#)$" area would maintain the same growtHashe NoAU scenario, while the proportion of laver would grow to 34.53% by
#)%" 2030.In this case, applying an AU to 11.14% of the mariculture algal arell Wewnecessary.

#)&" It is worth noting there is also a limit to the potential of AU to increadmossinks. AU will not fully compensate for
#)" the negative effects of continuous mariculture area deatid¢he increase in the proportion of laver area (scenario S4).
#)("  Wefoundthat when AU was implemented across the entire maricultureogu2@3Q it would compensate at mdst a
#))"  carbon sink reductioaf 44.52%in mariculture algal area compared to 2020, assuming algal structure edoistant.
#)*"  Similarly, supposing the mariculture aneasmaintairedat 2020 levels with 100% application of AU, the loss of carbon
#*+"  sinks would not be compensated for when the share of laver exte287%.

#*I" Applying AU can also compensate for the reduction in N and P removal duitigation in algal area and an increase
#*#"  inthe amount of laver (see Table A2). In the area reduction scesegita(io S2), 96.23% and 95.46% of the area would
#*$"  require AU application to secure identical N and P removal, respectagdty, the NoAU scenario by 2030. However,
#*%" the potential of AU would reach its limit when the area declmeghorethan44.52% of the 2020 level. In the increased
#*&"  laver scenario (scenario S3), where the laver area share increasesB,34U application rates would be 3.82% and
#*'" 0.08% for N and P removal, respectively. If the share of laver e#d@8d89% and 81.58%, achieving the same N and

#*(" P removal, respectively, as in the Wb+ scenario then applying AU alone would no longer be feasible.
#*)" 4. Discussion
#*" 41 1PSURYLQJ NH\ IDFWRUV WKDW LQAXHQFH FDUERQ VLQNV DQG QXWULHC

$++" China has acknowledged the importance of ocean carbon samkisufarly algae derived carbon sinks, in mitigating
$+!"  climate change (Yang et al., 202The country has laid out a policy system to support the development ofaazban
$+#" sinks around the goal of carbon peak and carbon neutrality. Despitagbrtance of algae for increasing carbon sinks
$+3" and achieving carbon neutrality, the incremental carbon sinks of ahyaebleen limited in recent years (Gu and Yin,
$+%" 2022; Wu and Li, 2022; Yang et al., 202R) this study, we identified the main limiting factors of algae derived carbo
$+&" sinks and their contributions by proposing driving factors siscyield, structure, and area. Unlike the results of previous

$+"  studies (Shao et al., 2019; Ren, 2021; Yang e2@22),we demonstrated the importance of taking area into account as

13



$+("
$+)"
$+*"
$I+"
$n”
"
$I$"
$!1%"
$l&"
$I
$I("
$n"
$r*
$H+"
$#!"
$H#"
$#$"
$#%"
$H&"
$#"
$#("
$#)"
$#x
$$+"
$$!"
$$#"
$$3"
$$%'
$$&"
$$"
$$("
$$)"

a driving force. The results shedthat area was the most critical factor driving the growth of algae deriviedincsinks
until 2017 However, betwee2017 and2020,decreasing area had a significant intubjteffect on carbon sink®ur
study also revealthe negative impacts of laver expansion and unstable yields on cankenThe biased mariculture
algae structure of laver hindstthe growth of carbon sinks, and yields that fluctuate significamdy tme are less
conducive to the stable enhancement of carbon sinkgoMviel similar conclusions regarding influencing factors Nor
and P removalTl he findings have contributed to adjusting mariculture industry policiesdig improved area, structure,
and yield to support the growth of mariculture algae derived carbomsahkutrient removal.

To guarantee a steady increase in algae derived carbon sinks and nutreal, rem® propose the application of AU
in mariculture areas. AU provides a new impetus to the growth o algaved carbon sinks and nutrient removal by
increasing yield against the negative impacts of area constraint amgjeshin structure changes. Our research
investigated the potentiér AU to offset these negative effects. The resstiewed that enhancing carbon sink and
nutrient removal through AU is feasible. Howeuie promotion of AU also faces challenges, including its low energy
efficiency and high installation costs (Fan et al., 2013; Viudez et al., 20d6g et al., 2018). These challenges need to
be considered in successful implementation of AU technadmghachievement of better results in Shandong Province
and other coastal areas. Using clean energy to achieve self-powered AU isrcragiication of AU (Pan et al., 2018),
and can effectively reduce energy consumption and greenhousaiga®es. Specifically, offshore wind, solar and tidal
energy can be harnessed for in-situ power generation, while waveean current energy can be utilized to drive
upwelling and further optimize energy efficiency. Meanwhile, AU rhayefit from special subsidies, tax breaks, and
technology research support for blue carbon. Government and riratketents can be used to provide technical and
financial support for AU application and promotion.

The vyield effect was unstable between 2010 and 2020, partially due tothi@eance of immature mariculture
techniques that make algal yield susceptible to natural disasters, environmentargrahd disease (Zhang and Han,
2017).Whether AU can solve or mitigate yield fluctuation problem remamh®iown To achievanincreased and steady
yield, AU could combine with other farming techniques, for exampleuge of remote sensing technology and marine
monitoring technology to plan cultivation sites according to required emuéntal conditions for the growth of different
algal species (Ai et al., 2023); (b) developing integrated multi-tcaguaculture (IMTA) and using interactions between
aquatic plants and animals at different trophic levels to improve mariculture rgfiqi€utajar et al., 2022; Hargrave et
al., 2022) and (c) genetic improvements, such as developing adaptable and désesisert algal cultivars (Hu et al.,
2021)

Notably, there is an upper limit to the benefits achieved through AldréMariculture area declines, or the proportion
of laver increases, applying AU may not achieve the desired carbon sinkuament removal levels. Currently,

mariculturegrown algae in Chinds mainly associated with nearshore waters, and some mariculture axeabden
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reducedbr removed due to global climate change, seawater pollution, and policyeragats (Liu et al., 2019; Wang et
al., 2020). To solve this dilemma, focusing on pollution control amdogizal restoration in the original nearshore
mariculture areas will help improve existing farming areas. In additioshaf mariculturenay be developed by
cultivating new species suitable for deep-water mariculture and developingoiéties to expand mariculture space.
We've also noticed farmers tend to prioritize economic value of algae over eméral function when selecting species
for cultivation (Zheng et al., 2019aver is more economically valuable and preferred by farmers, while kelpaiame
havea higher carbon sink and nutrient removal rates per unit of farnezd(@u et al., 2017). By establishing marine
carbon sink trading platforms, farmers can be encouraged and daideolwv more species with high carbon sinks to
convert algae with high carbon sink functions from resources to assetse#udt, market players who protect and restore

the ecological environment can receive reasonable returns.

4 2. Limitations

As with all studies of this nature there are some limitations to our: @rkve have simplified the complexities
market demand on mariculture algal production. Total algae productionnotaiycrease even with productivity-
enhancing techniques because the total demand may remain relatively ¢qb¥tatt works better for areas where
surface seawater is nutrient-poor (Fan et al., 2020). The percentagesaor acreage from AW§(may vary depending
on nutrient salt levels in different waters; (c) AU can increase carb&ncenversion efficiency by enhancing the
downward fluxes of POC (Baumann et al., 2021). We have msidered this effect in our projections of AU potential
dueto a lack of robust and relevant parameters. The effect of AUpotaptially increase the carbon sink formed by both
POC and DOC, providing an even more significant environmental benefit.

A point that needs to be emphasised is that as a geo-environmental prpjgoigapU may potentially have adverse
effects on the marine environment, particularly when implemented extensividgp-sea areas (Ryan et al., 2009; Keller
et al., 2014; Kwiatkowski et al., 2015; Pan et al., 2016). Howeveyriscenario analysis, AU will be deployed in areas
designated for mariculture algae. Algae typically thrive in shallow coastal segind applying AU in these mariculture
algae areas away from the deep sea will not greatly impact themment (Maruyama et al., 2004). Meanwhile, AU's
efficiency is also characterized by certain technical parameters, such as poaed @an et al., 2018). Using non-clean
energy-powered AU may partly offset its environmental benefits. rately, recent field experiments have demonstrated
the feasibility of solar-powered AU (Fan et al., 2020). The eneffigiezfcy of AU will continue to improve with the
development of energy management technolagy et al., 2019).

Our measurements of the carbon sink of mariculture algae weredrasacherical models and parameters. In contrast
to previous studies (Yan et al., 2011; Ren, 2021; Yang et al., 20@2peasurement of carbon sink in algae considers

not only the carbon sink of the algal body but &€C and DOC, which allows us to capture the full extent of carbon
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$(+" sequestration by the algae. In addition, the fact that only a small porfR@®@fand DOC contribute to the formation of
$(!"  carbon sink is also considered (Nelson et al., 2002; Nilsson et al., @b&8;et al., 2020). We further analysed the
$(#"  sensitivity of our results to the parametelsS® N'SC (J and Uto test the robustness of our results. The detailed
$($" results of the sensitivity test are shown in Table A3. The reswdisesl that the carbon sink of mariculture algae will
$(%" increase by 0.018% to 0.129% in 2020 if the mechanism parametersnare@sed by 10%N\Ve also estimated the
$(&" uncertainties of model parameters using Monte Carlo simulation meffloelsincertainty ranges of the carbon sink of
$(™ mariculture algae betwe@010and 2020 are presented in Fig. A.2. The uncertainty of carbon sipkgésed as relative
$((" standard deviation (RSD) that equals the standard deviation divided by therangga) from 7.64% to 9.63%, indicating
$()" that the results were reliabldowever, heN and P removal uncertainties were relatively high, ranging fron 24 t8
$(*"  26.56% and 27.90% to 35.13%, respectively, whighs due to the lack of precision and relatively largegandard

$)+"  deviation in the results of existing studies regarding the measuremenaldflagd P content.
$)!" 5. Conclusions

)#" This study focused on exploring the potential of AU to enhance a&gaed carbon sink and mitigate eutrophication

$)$" in the face of continued mariculture area degradation and undesired sirottange. The limitegrowth of the

$)%" mariculture algae area in Shandong Province, China, and the moreviatemisivation of laver in the limited area has

$)&" resulted in minimal improvements in carbon sinks and nutrienbvaievels since 2014. Our findings indicated that

)™ applying AU could effectively compensate for the loss of carbonamaknutrient removal caused by the decrease of

$)("  mariculture area or the increase of the laver share. Meanwhile, we obtevéte potential for AU to achieve these

$))"  benefits has upper limitét is worth mentioning that scenario analysis cannot calculate futtwercainksand nutrient

$)*"  removal accuratelyEXW UDWKHU UHAHFWYV D SURPLVLQJ W Hefive@ LaFidOsikd & ZD\ | F
$*+"  nutrient removal in the face of shrinking mariculture areas andpsintiel species selection. Further research could

$*1"  investigate the implication of other potential variables, such as the interfsity efianges over time and AU energy

$*#"  efficiency on the carbon sink and nutrient removal potential.
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Table 1

Biological parameters of mariculture algae (%).

Carbon content of algae Nitrogen contentf algae Phosphorus content of algae
Species
i (s9 (sH
Kelp 24.99 3.71 0.52
Laver 29.09 6.30 1.00
Wakame 30.48 5.01 0.76
Other algae 28.19 5.01 0.76

Notes: The C contentatio of kelp, laver, and wakame refer to Zhang et &2@. The C content of other algae species were takehe mee
values of kelp, laver, and wakame. ThetP content of kelp refer t&iao et al. (2017)The NandP content of laver refer tde et al. (2008

Other algal species' N and P contents were taken asdhe values of kelp and laver.

Table 2

The mechanism parameters of carbon sink of mariculture algae.

Mechanism parameters Values References
V] 0.19 Yoshikawa et al. (2001); Yan et al. (2011)
U] 0.05 Penhale and Capone (1981); Yan et al. (201
N Se 0.04 Nilsson et al. (2018); Nelson et al. (2002)

NiS¢ 0.016 Jiao et al. (2010); Chen et al. (2020)




Table 3

The carbon sink and nutrient removal of mariculture grown alg&aamdong Province (kt).

Year 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Carbon sinks through POC ~ 1.35 1.30 1.46 151 1.70 171 1.74 1.70 1.73 1.73 1.74

Carbon sinks 136.24 131.01 147.30 152.71 171.86 172.64 17559 172.00 174.72 174.67 175.42

Phosphorus Removal 291 2.81 3.18 3.29 3.71 3.73 3.84 3.77 3.88 3.93 3.89
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