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A B S T R A C T

Fish mariculture and sewage discharge have triggered severe eutrophication in China’s coastal waters. Seaweed 
and shellfish culture are nature-based solutions while their effectiveness in mitigating nitrogen (N) and phos
phorus (P) pollution from fish mariculture and sewage remains unclear. To fill this knowledge gap, this study 
comprehensively analyzed 20-year (2003− 2023) data on N/P release by maricultured fish and removal by 
seaweed and shellfish in China. The findings showed that seaweed and shellfish mariculture could remove 89.57 
gigagrams (Gg) yr− 1 N with 11.41 Gg yr− 1 P and 104.41 Gg yr− 1 N with 8.09 Gg yr− 1 P in 2023, respectively. The 
combined removal of seaweed and shellfish could fully offset the N emissions from fish mariculture, but not P 
emissions; it could completely offset sewage discharge for both N and P due to continuously decreasing 
discharge. Seaweeds demonstrated considerably higher N and P removal capacity than shellfish. Gracilariopsis 
lemaneiformis and Saccharina japonica showed the highest N (99.61 ± 52.73 g m− 2 yr− 1) and P (12.54 ± 3.88 g 
m− 2 yr− 1) removal capacity among seaweeds, respectively. The highest N (21.51 ± 0.08 g m− 2 yr− 1) and P (1.57 
± 0.22 g m− 2 yr− 1) removal capacities among shellfish were found in mussel and oyster, respectively. To 
remediate N and P released by fish per unit area, it requires 2.25- and 2.55-fold areas of seaweed, or 15.65- and 
48.44-fold areas of shellfish, respectively. The findings in this study provide solid contributions to understanding 
the nutrient removal capacity of seaweed and shellfish and their application in mitigating eutrophication.

1. Introduction

Coastal ecosystems worldwide are grappling with the intensifying 
threat of eutrophication, a phenomenon driven by excessive nutrient 
inputs primarily from anthropogenic activities. Land-based sources, 
including river input, sewage discharge and agricultural runoff, 
contribute to the overwhelming majority of nitrogen (N) and phos
phorus (P) entering marine environments (Simcock et al., 2016). For 
instance, the Mississippi River watershed annually delivers millions of 
tons of N and P to the Gulf of Mexico, fueling the formation of a hypoxic 
“dead zone” (Pontius and McIntosh, 2024). Similarly, the Baltic Sea has 
long suffered from severe eutrophication due to nutrient runoff from 
surrounding countries, and N and P loads have surpassed 4 × 105 and 2 
× 104 ton year− 1 during the last 100 years, leading to oxygen depletion 

and habitat degradation (Reusch et al., 2018). In China, the problem is 
equally pressing. The Bohai Sea has also been experiencing severe 
eutrophication and red tides due to riverine inputs and nonpoint sources 
(Qu et al., 2025). China’s coastal waters faces recurring green tides 
caused by Ulva algae blooms, which are linked to nutrient runoff from 
coastal cities (Feng et al., 2024).

Concurrently, the rapid expansion of intensive fish mariculture has 
emerged as a significant secondary source of nutrient pollution 
(Bouwman et al., 2013). Fish farms release substantial quantities of 
dissolved N and P through uneaten feed, fecal matter, and metabolic 
waste. Studies estimate that NP release caused by fish mariculture 
increased with year (2003− 2020) in Guangdong Province, and reached 
41.77 ± 0.40 Gg N, 8.47 ± 0.19 Gg P in 2020. The averaged P fluxes 
(2016–2020) due to fish mariculture is 69 % of the Pearl River that is the 
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biggest river in Guangdong Province (Xiong et al., 2023). This nutrient 
overload disrupts the natural balance of coastal ecosystems, triggering 
algal blooms, oxygen depletion, and biodiversity loss (Aniebone et al., 
2024; Gao et al., 2025).

Efforts to combat eutrophication have historically relied on a suite of 
strategies, each with distinct advantages and drawbacks. Physical 
methods, such as sediment dredging and artificial mixing, aim to 
redistribute nutrients but often prove costly and environmentally 
disruptive (Akinnawo, 2023). Chemical interventions, including the 
application of aluminum sulfate to reduce phosphorus bioavailability, 
can provide short-term relief but may introduce secondary pollutants 
and harm non-target species (Akinnawo, 2023). Biological approaches, 
such as the restoration of seagrass beds and wetlands, offer ecosystem- 
friendly solutions but require extensive time and space to achieve 
measurable results (Barbier et al., 2011). Engineered systems like con
structed wetlands and wastewater treatment plants have shown promise 
in reducing nutrient loads, yet their effectiveness is constrained by high 
operational costs and limited scalability in open marine environments 
(Vymazal, 2020). Additionally, these methods often focus on point- 
source pollution while overlooking the diffuse inputs from aquaculture 
and agriculture. As a result, there is an urgent need for sustainable, 
nature-based solutions that can address both land-based and aquacul
tural nutrient sources.

Against this backdrop, seaweed and shellfish mariculture have 
gained traction as innovative, low-cost strategies to mitigate eutrophi
cation. Seaweeds, such as Ulva and Gracilaria, are highly efficient at 
absorbing dissolved inorganic nutrients (DIN) like nitrate and phosphate 
through their entire thallus surface (Gao et al., 2022; Marinho-Soriano 
et al., 2009). Their specific growth rates could be as high as 70 %, 
enabling them to sequester large quantities of N and P, effectively 
removing these nutrients from the water column (Gao et al., 2018). 
Bivalve shellfish, including oysters and mussels, can also contribute to 
nutrient removal because they filter phytoplankton and suspended 
organic matter in seawater, thereby reducing algal biomass and asso
ciated nutrients. Studies in eastern Canada found that mussel farms can 
remove 1.6–2.0 tons of N per hectare annually, while oyster farms 
achieve lower rates due to differences in shell composition (Clements 
and Comeau, 2019). Cultivated hard clam and eastern oyster in Green
wich Bay, Connecticut, could remove 14,006 kg nitrogen year− 1. This 
nitrogen removal represents 9 % of the total annual Greenwich-specific 
nitrogen load, 16 % of the combined nonpoint sources, 38 % of the 
fertilizer sources, 51 % of the septic sources and 98 % of the atmospheric 
deposition to the watershed (Dvarskas et al., 2020).

Beyond nutrient mitigation, these cultures provide ancillary benefits. 
Seaweeds enhance water clarity, create habitats for fish and in
vertebrates, and act as carbon sinks (Gao et al., 2021). Shellfish reefs 
improve shoreline stability and support fisheries, fostering economic 
resilience in coastal communities (Zhao and Wu, 2024). More impor
tantly, seaweed and shellfish can supply dietary fiber and protein for 
human beings.

Despite their potential, critical uncertainties persist regarding the 
scalability and effectiveness of seaweed and shellfish mariculture in 
real-world scenarios. First, the contribution of these cultures to off
setting nutrient loads from fish farms and sewage remains poorly 
quantified. While laboratory studies highlight their capacity to absorb 
nutrients, field-scale assessments of their impact on eutrophic hotspots 
are limited. Second, nutrient removal capacities of seaweed and shellfish 
are species-specific and limited understanding hinder their application 
in eutrophication treatment. In this study, we quantified N and P 
removal by seaweed and shellfish mariculture during 2003–2023, 
assessed their contribution to mitigating eutrophication caused by fish 
mariculture and sewage discharge, and explored N and P removal ca
pacity of seaweed and shellfish species. This study can offer solid 
contribution to employing seaweed and shellfish for eutrophication 
treatment in coastal waters.

2. Materials and methods

2.1. Production of mariculture

The data on production and cultivation area of seaweed, shellfish 
and fish are from the China Fishery Statistical Yearbook for the years of 
2003–2023. Annual productivity was calculated by dividing production 
by cultivation area. Seaweed, shellfish and fish are farmed in coastal 
seawaters along the coastline of China from Liaoning Province in the 
North of China to Hainan Province in the South of China (Figs. S1&S2). 
The census method is used to estimate the production and cultivation 
area of seaweed, shellfish and fish in China, in which data are collected 
from each local farmer and then compiled (Gao et al., 2021). Although 
there may be some errors during the data collection and compilation, 
census is considered to be a reliable statistical method because all the 
items are taken into account (Baffour et al., 2013).

2.2. N and P content in seaweed and shellfish

The data of N and P content in seaweeds are according to Xiong et al. 
(2023) that combined the results of literature and their own 
measurements.

The data of N and P content in shellfish were obtained from this 
study. Nine shellfish species (Magallana angulata, Haliotis discus hannai♀ 
× H. fulgens♂, Babylonia lutosa, Scapharca subcrenata, Mytilus coruscus, 
Atrina pectinata, Azumapecten farreri, Ruditapes philippinarum, and Sino
novacula constricta) that are commonly cultured in China were collected 
from coastal farms of China during April–May 2025. Please see 
Tables S1-S2 for details. Three to six samples of each species were 
randomly selected for the following measurements. Soft tissues and 
shells of shellfish were dried at 60 ◦C in an oven (DHG-9146 A, Jing 
Hong, China) till constant weight (~48 h). Dried soft tissues and shells 
were ground by a mortar, and the powder was then passed through a 
sieve with a mesh aperture of 0.15 mm. The nitrogen content in the 
filtered shell powder was measured by an Elementar Vario EL Cube 
(Elementar, Germany). Phosphorus content was determined according 
to the method in Solórzano and Sharp (1980).

2.3. Estimate N and P removal by seaweed and shellfish

N and P removal by farmed seaweeds was calculated by the following 
formula: 

R1N/P = P1×C1N/P (1) 

Where R1N/P is the removed amount of N/P by farmed seaweeds, P1 is 
the production of seaweeds, and C1N/P represents the content of N/P.

N and P removal by shellfish was calculated by the following for
mula: 

R2N/P = P2×C2N/P +P3×C3N/P (2) 

Where R2N/P is the removed amount of N/P by farmed shellfish, P2 is the 
production of shellfish soft tissue, C2N/P represents the content of N/P in 
soft tissue, P3 is the production of shellfish shell, C2N/P represents the 
content of N/P in shell. Weight ratios of soft tissue to shell for different 
shellfish species are based on Song et al. (2023). When seaweeds and 
shellfish are harvested, the N and P in them are removed from seawater.

Assessment of N and P removal capacity by seaweeds and shellfish.
N and P removal capacity by seaweeds and shellfish was calculated 

by the following formula: 

CN/P =
RN/P

A
(3) 

Where CN/P is N/P removal capacity, RN/P is the removed amount of N/P 
and A is the culture area.
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2.4. N and P release by fish mariculture

Released N and P by fish mariculture were calculated by the 
following formulas: 

R3N/P = F×CN/P ×(1 − R) (4) 

F = P4×Fc (5) 

The eqs. (4) and (5) are based on Lazzari and Baldisserotto (2008)
and Gao et al. (2021), where R3N/P is released N or P, F = feed amount, 
CN/P = content of C, N or P in feeds, R = retention rate of feed N or P in 
fish, P4 = fish production, and Fc = feed coefficient, the feed con
sumption per unit weight increase of fish. The proportions of used 
artificial and wild feeds (fresh trash fish) change with time (Table S3). 
The contents of C, N and P in artificial feeds are 39.64 %, 7.40 % and 
1.62 %, respectively， and for wild feeds they are 13.67 %, 2.71 % and 
0.53 %, respectively (Xiong et al., 2023), after integrating published 
data and our own data. The feed coefficient is 1.52 and 6.49 for artificial 
and wild feeds, respectively (Gao et al., 2021). The retention rate of feed 
C, N and P in fish is set at 30 % based on previous studies (Herath and 
Satoh, 2015; Lazzari and Baldisserotto, 2008; Xu et al., 2007).

2.5. N and P release by sewage discharge

The data of released N and P by sewage discharge were obtained 
from the China Marine Ecological Environment Status Report which is 
issued by the Ministry of Ecology and Environment of the People’s Re
public of China.

3. Results

The maricultured seaweed production has increased by 146 % over 
the past 20 years, demonstrating a two-stage growth pattern (Fig. 1a). 
The first stage (2003− 2011) was characterized by stability, with annual 
dry weight (DW) production ranging from 1.13 to 1.31 × 106 t. The 
second stage (2011− 2023) saw a continuous upward trend, with pro
duction escalating from 1.31 to 2.78 × 106 t DW yr− 1, despite a minor 
dip in 2022. Saccharina japonica dominated the production in all years, 

accounting for 57–72 % of the total production. The proportion of 
G. lemaneiformis increased from 4 % in 2003 to 20 % in 2023, contrib
uting the second largest production now.

The mariculture area of seaweeds increased by 84 % during the past 
20 years, and the increase extent is much smaller than production 
(Fig. 1b). This trend also followed a two-stage pattern: (1) 2003–2009, 
during which the area fluctuated between 76.42 and 107.30 × 103 ha, 
showing initial increase followed by decline; (2) 2010–2023, with a 
gradual rise from 116.75 to 145.06 × 103 ha. In contrast to production, 
Pyropia dominated the culture area from 2008 to 2023 (44–57 %), while 
Saccharina japonica accounted for 31–50 % over the past two decades. 
The mean productivity of seaweeds increased by 34 % during the past 
20 years, with a range of 1.05–1.92 kg DW m− 2 yr− 1 (Fig. 1c). During 
2003–2008, Undaria pinnatifida had the highest productivity (2.45–3.16 
kg DW m− 2 yr− 1). During 2009–2016, Saccharina japonica led the pro
ductivity list while Gracilariopsis lemaneiformis caught up with Saccha
rina japonica during 2017–2023, reflecting shifts in cultivation 
strategies.

Shellfish production has increased by 73 % during the past 20 years 
(Fig. 2a). From 2003 to 2006, annual fresh weight (FW) production rose 
from 8.99 to 10.09 × 106 t, followed by a decline to 9.32 × 106 t in 2007. 
Since then, production has demonstrated a sustained upward trend 
through 2023. Oysters and clams remained the top two contributors, 
accounting for 34–43 % and 28–34 % of total production, respectively. 
The shellfish culture area expanded from 845.07 to 1357.53 × 103 ha 
over 20 years, marked by significant fluctuations (Fig. 2b). It first 
peaked at 965.02 × 103 ha in 2006, then dropped to 728.01 × 103 ha in 
2007. A rapid increase followed, reaching 1404.10 × 103 ha in 2013, 
before declining to 1176.56 × 103 ha in 2015. Since then, the area has 
remained stable (1085.77–1233.09 × 103 ha). During 2003–2009, the 
culture area of clam was the biggest, contributing of 40–43 % the total 
area. Afterwards, it was replaced by scallop till 2020. The third largest 
area was oyster with a range of 90.44–276.82 × 103 ha. The mean 
shellfish productivity increased from 1.06 kg FW m− 2 yr− 1 in 2003 to 
1.28 kg FW m− 2 yr− 1 in 2023 (Fig. 2c). Oysters consistently showed the 
highest productivity, ranging from 2.41 to 3.60 kg FW m− 2 yr− 1, fol
lowed by mussels with productivity fluctuating between 1.45 and 2.61 
kg FW m− 2 yr− 1.

Fig. 1. Seaweed production (a), area (b) and productivity (c) in China during 2003–2023, with the contribution of different species.
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The fish production increased by 252 % during 2003–2023 (Fig. 3a). 
Unlike seaweed and shellfish that had fluctuations, fish production 
shows a continuous increase, although there are minor stagnations, like 
2006–2008 and 2020–2022. Dicentrarchus labrax (sea bass) dominated 

production from 2003 to 2013, accounting for 20–24 % of the total, 
before being succeeded by Larimichthys crocea (19–25 %) through 2023. 
Fish culture area fluctuated significantly between 60.73 and 87.31 ×
103 ha over the period (Fig. 3b). Meanwhile, mean productivity surged 

Fig. 2. Shellfish production (a), area (b) and productivity (c) in China during 2003–2023, with the contribution of different species.

Fig. 3. Fish production (a), area and productivity (b) in China during 2003–2023, with the contribution of different species to total production.
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by 295 %, escalating from 0.68 kg fresh weight (FW) m− 2 yr− 1 in 2003 to 
2.70 kg FW m− 2 yr− 1 in 2023 (Fig. 3c).

N removal by farmed macroalgae increased by 151 % over the past 
20 years, rising from 35.67 to 89.57 Gg yr− 1 (Fig. 4a). The trend 
exhibited an initial increase followed by a decline during 2003–2007, 
before accelerating continuously through 2023. Saccharina japonica 
remained the dominant contributor, accounting for 49–64 % of total N 
removal annually. Undaria pinnatifida was the second-largest contrib
utor from 2003 to 2010 (11–23 %), after which Gracilaria lemaneiformis 
assumed this role (13–27 %) through 2023. N removal by farmed 
shellfish increased by 75 % over the same period, from 62.81 to 109.81 
Gg yr− 1 (Fig. 4b). A similar pattern of initial increase and subsequent 
decline was observed during 2003–2007, followed by sustained growth 
from 2008 onward—interrupted by a short plateau in 2017–2019. 
Oysters and clams were the primary contributors, constituting 28–35 % 
and 24–28 % of total N removal, respectively.

From 2003 to 2023, phosphorus (P) removal by seaweed culture 
increased by 141 %, rising from 4.74 to 11.41 Gg yr− 1 (Fig. 5a). The 
trend featured a gradual increase during 2003–2013, followed by an 
accelerated growth phase. Saccharina japonica dominated P removal, 
contributing 64–78 % of the total, while Pyropia served as the second- 
largest contributor from 2007 to 2021. P removal by shellfish culture 
increased by 75 % over the same period, from 4.82 to 8.45 Gg yr− 1 

(Fig. 5b). A pattern of initial increase followed by decline was observed 
during 2003–2007, with continuous growth thereafter through 2023. 
Oysters (35–44 %) and clams (26–31 %) were the primary contributors 
to total P removal.

Unlike seaweeds and shellfish, fish mariculture releases nitrogen (N) 
and phosphorus (P) due to exogenous feed dependency. From 2003 to 
2023, N release from fish farming increased by 182 %, rising from 39.45 
to 111.19 Gg yr− 1 (Fig. 6a). The trend included growth during 
2003–2006, a plateau in 2006–2010, continuous increase thereafter, 
and a second plateau in 2019–2022. Dicentrarchus labrax (sea bass) was 
the primary contributor (21–24 %) from 2003 to 2013, succeeded by 
Larimichthys crocea (19–25 %) through 2023. P release from fish mari
culture mirrored N trends, increasing by 166 % from 9.89 to 26.34 Gg 
yr− 1 over the same period (Fig. 6b). Integrating N removal by seaweeds 
and shellfish with fish N release revealed a net N removal of 
59.03–88.19 Gg yr− 1 from 2003 to 2023 (Fig. 6c). This balance stabi
lized during 2003–2006, dropped to 49.40 Gg in 2007, then rose from 
49.76 to 79.59 Gg yr− 1 in 2008–2014, followed by a plateau in 
2015–2023. Conversely, net P balance showed continuous release, 
increasing from 0.33 Gg yr− 1 in 2003 to 6.47 Gg yr− 1 in 2023 (Fig. 6d), 
indicating a cumulative P input to marine ecosystems from mariculture 
activities.

In addition to fish mariculture, nutrient release from sewage 

discharge was also analyzed since it is an important pollution source for 
coastal waters. N discharge increased from 46.55 to 50.56 Gg yr− 1 

during 2006–2007 and then rapidly decreased to 15.40 Gg yr− 1 in 2015 
(Fig. 7a). It surged to 64.47 Gg yr− 1 in 2016 and then showed a slow 
decrease trend to 53.37 Gg yr− 1 in 2023. P discharge by sewage was 
11.98 Gg yr− 1 in 2006 and then dropped to 4.81 Gg yr− 1 in 2007 
(Fig. 7b). Afterwards, it showed a slow decreasing trend to 0.97 Gg yr− 1 

in 2023. The results of sewage treatment with seaweed and shellfish 
were presented as well. It turns out a net N removal, suggesting that 
seaweed and shellfish culture could completely absorb N release by 
sewage discharge (Fig. 7c). Net N removal showed two increasing stages: 
44.98–139.57 Gg yr− 1 in 2007–2015 and 96.25–146.01 Gg yr− 1 in 
2016–2023. In contrast, net P removal was negative in 2007 suggesting 
a net P release (Fig. 7d). However, it became positive in 2007 and 
showed a continuous increasing trend to 18.89 Gg yr− 1 in 2023.

Furthermore, mariculture (including seaweed, shellfish and fish) and 
sewage were integrated to assess whether seaweed and shellfish mari
culture can neutralize the combination of fish mariculture and sewage 
discharge. Net N removal was positive all the time except for 2007 
(Fig. 8a). It increased from 13.12 Gg yr− 1 in 2006 to 64.79 Gg yr− 1 in 
2014. Afterwards, it dived to 15.39 Gg yr− 1 in 2016 and then increased 
to 40.12 Gg yr− 1 in 2021. Different from N, net P removal was negative 
for all years (Fig. 8b), suggesting that seaweed and shellfish mariculture 
did not completely offset the sum of P release by fish mariculture and 
sewage discharge. Net P release was 14.34 Gg yr− 1 in 2006 and then 
decreased to 8.01 Gg yr− 1 in 2007. Afterwards, it had a small fluctuation 
of 4.89–8.29 Gg yr− 1 between 2008 and 2023.

Gracilariopsis lemaneiformis showed the highest N removal capacity 
of 99.61 ± 52.73 g m− 2 yr− 1, followed by Undaria pinnatifida (99.59 ±
15.83 g m− 2 yr− 1) and Saccharina japonica (78.92 ± 24.40 g m− 2 yr− 1) 
(Fig. 9a). Eucheuma has the lowest N removal capacity of 8.00 ± 1.18 g 
m− 2 yr− 1. Different from N, Saccharina japonica has the highest P 
removal capacity of 12.54 ± 3.88 g m− 2 yr− 1, followed by Gracilariopsis 
lemaneiformis (7.71 ± 4.08 g m− 2 yr− 1) and Undaria pinnatifida (6.75 ±
1.07 g m− 2 yr− 1) (Fig. 9c). The lowest P removal capacity was also found 
in Eucheuma (0.87 ± 0.13 g m− 2 yr− 1). Compared to seaweed, the N and 
P removal capacities of shellfish are usually lower. The highest N 
removal capacity (21.51 ± 0.08 g m− 2 yr− 1) was found in mussel, fol
lowed by oyster (17.95 ± 2.49 g m− 2 yr− 1), abalone (17.70 ± 12.77 g 
m− 2 yr− 1), and razor clam (15.78 ± 5.05 g m− 2 yr− 1) (Fig. 9b). Blood 
clam had the lowest N removal capacity (3.10 ± 1.85 g m− 2 yr− 1). 
Different from N, the highest P removal capacity was found in oyster 
(1.74 ± 0.24 g m− 2 yr− 1), followed by mussel (1.11 ± 0.00 g m− 2 yr− 1), 
razor clam (0.99 ± 0.32 g m− 2 yr− 1), and abalone (0.81 ± 0.58 g m− 2 

yr− 1) (Fig. 9d). The lowest P removal capacity was also found in 0.14 ±
0.09 g m− 2 yr− 1.

4. Discussion

4.1. Temporal dynamics of nutrient removal and release by mariculture

Nitrogen and phosphorus removal by seaweeds increased by 151 % 
and 141 % over the past 20 years, primarily driven by a 146 % expansion 
in seaweed production. This growth is attributed to rising market de
mand for seaweeds as functional foods, fueled by increasing recognition 
of their health benefits (Kumar et al., 2023). Saccharina japonica and 
Gracilaria lemaneiformis showed particularly pronounced increases, 
owing to their dual use as human food and abalone feed, with the latter 
also serving as a key agar source (Cao et al., 2024). In contrast, N (74 %) 
and P (75 %) removal by shellfish exhibited more moderate increases, 
aligning with a 73 % rise in shellfish production. This disparity stems 
from multiple factors: seaweeds serve diverse purposes (food, feed, in
dustrial raw materials), whereas shellfish are predominantly consumed 
as food. Additionally, seaweeds demonstrate greater resilience to envi
ronmental fluctuations, facilitating culture area expansion. Policy sup
port further reinforces this trend: seaweed culture is actively promoted 

Fig. 4. Nitrogen removal by maricultured seaweeds (a) and shellfish (b) in 
China during 2003–2023, with the contribution of different species.
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Fig. 5. Phosphorus removal by maricultured seaweeds (a) and shellfish (b) in China during 2003–2023, with the contribution of different species.

Fig. 6. Nutrient release by fish and net nutrient removal by mariculture during 2003–2023. Mariculture includes seaweed, shellfish and fish. (a) Nitrogen, (b) 
Phosphorus, (c) Net nitrogen, (d) Net phosphorus.
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for its ecological services (e.g., nutrient removal and carbon sequestra
tion) (Gao et al., 2021), while shellfish culture’s role in carbon seques
tration remains controversial and its eutrophication mitigation efficacy 
is less defined (He et al., 2025; Song et al., 2023). The significant de
clines in shellfish area observed in 2007 and 2015 are primarily 
attributable to key policy interventions. In 2006, the Chinese govern
ment initiated stricter regulations on nearshore aquaculture, targeting 
over-intensive farming practices and pollution in ecologically sensitive 
areas. This led to the clearance of many farming zones and a direct 
reduction in shellfish cultivation area. Subsequently, the introduction of 

the “Water Ten Measures” in 2015 further reinforced these efforts by 
explicitly calling for the control and downsizing of nearshore maricul
ture operations. These measures significantly impacted raft-style 
hanging culture systems commonly used for species such as oysters, 
scallops, and mussels, thereby contributing to the observed declines.

Fish culture showed a 252 % production increase over the same 
period, outpacing seaweeds and shellfish. This surge is driven by: (1) 
global demand for fish as a low-fat protein source, in contrast to the 
primarily Asian consumption of seaweeds and shellfish (Boyd et al., 
2022); (2) technological advancements, including facility-based aqua
culture and deep-sea cage systems that expanded farming from inshore 
to open oceans (Dong et al., 2024); and (3) breeding breakthroughs, 
such as heat-tolerant large yellow croaker and disease-resistant floun
der, which enhanced growth and stress resistance (Wu et al., 2021; 
Yanez et al., 2023). Notably, N (182 %) and P (166 %) release from fish 
culture increased less than production, attributed to the shift from wild 
feeds (e.g., fresh trash fish) to artificial feeds with lower feed coefficients 
(0.68–2.64 vs. 3.18–10.21) (Gao et al., 2021; Li et al., 2024).

4.2. Nutrient offsetting by mariculture against fish and sewage pollution

Despite fish production exceeding that of seaweeds and shellfish, the 
latter completely neutralized fish-derived N release, underscoring their 
robust N removal capacity. However, they could not fully offset fish- 
derived P release, leading to increasing net P release—attributable to 
divergent N:P ratios among cultures. For example, mean N:P ratios 
(2019–2023) were 17 for seaweeds, 29 for shellfish, and 9 for fish 
(Table 1). These ratios deviate substantially from the classical Redfield 
ratio (16:1), which describes the typical balance of N and P in marine 
ecosystems. The higher N:P ratios of seaweeds and shellfish reflect a 
relatively lower affinity for P uptake compared to N, whereas the lower 
N:P ratio of fish implies a disproportionately high release of P relative to 
N. This stoichiometric imbalance limits the ability of extractive species 

Fig. 7. Nutrient discharge by sewage and net nutrient removal following sewage treated by seaweed and shellfish mariculture during 2006–2023. (a) Nitrogen, (b) 
Phosphorus, (c) Net nitrogen, (d) Net phosphorus.

Fig. 8. Net nitrogen (a) and phosphorus (b) loading after integrating mari
culture and sewage during 2006–2023. Mariculture includes seaweed, shellfish 
and fish.
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to sequester all excess P released by fish, underscoring the importance of 
ecological stoichiometry in designing sustainable aquaculture systems 
with balanced nutrient cycling.

Seaweeds and shellfish fully offset both N and P release from sewage, 
with net P removal increasing over time. This stems from reduced 
sewage P discharge (e.g., via P-free detergent use and P-rich wastewater 
treatment) and elevated N discharge (Chen et al., 2022; Yu et al., 2019), 
leading to high sewage N:P ratios (Table 1). When combining fish and 
sewage pollution, mariculture still achieved net N removal but could not 
fully mitigate P release, highlighting the need to select species with 
higher P removal capacity.

4.3. Comparative nutrient removal capacity between seaweeds and 
shellfish

Over the past five years, seaweeds and shellfish removed similar N 
amounts, but seaweeds removed 50 % more P—likely due to shellfish 
having higher N:P ratios (Table 1). Seaweeds exhibited substantially 
higher maximum N (363 %) and P (699 %) removal capacities than 
shellfish, driven by superior growth rates and productivity (Gao et al., 
2020a). As autotrophs, seaweeds photosynthesize throughout their 
thalli, enabling faster growth than shellfish, whose energy is allocated to 
shell production (e.g., mussels allocate 67 % of assimilated energy to 

shells) and anti-predator defenses (Sanders et al., 2018).
Gracilaria lemaneiformis showed the highest N removal capacity, not 

due to N content but its prolonged culture period (up to 10+ months/ 
year in Ningde, Fujian), facilitated by thermotolerant strain improve
ments (Cao et al., 2024). Saccharina japonica exhibited the highest P 
removal capacity, attributed to its elevated P content (Gao et al., 2021). 
Among shellfish, mussels and oysters had the highest N and P removal 
capacities, respectively, due to a combination of high productivity, soft 
tissue/shell N/P content, and fast growth with high culture density 
(Peng et al., 2021; Zhong et al., 2022). It is important to note that the 
calculations of nutrient removal capacity presented in this study were 
derived from national average data. Given the inherent variations in 
environmental conditions, operational parameters, and regional char
acteristics across different areas, significant regional differences in 
actual nutrient removal performance are likely to exist. Therefore, when 
applying these findings to specific regional contexts or formulating 
region-specific strategies, additional targeted studies that account for 
local factors (e.g., temperature, water quality, and system design) are 
strongly recommended to obtain more accurate and contextually rele
vant results.

Fig. 9. Nitrogen and phosphorus removal capacity by seaweeds (a, c) and shellfish (b, d) based on the data of 2003–2023.

Table 1 
Comparison of nutrient fluxes of different sources in China. To represent the current status, the fluxes are the averaged values ± SD of 2019–2023. DIN and DIP 
represents dissolved inorganic nitrogen and dissolved inorganic phosphorus, respectively.

Source DIN flux 
(Gg yr− 1)

DIP flux 
(Gg yr− 1)

DIN/DIP 
(mol/mol)

DIN density (g 
m− 2 yr− 1)

DIP density (g 
m− 2 yr− 1)

DIN density ratio of release 
to removala

DIP density ratio of release 
to removala

Fish mariculture 102.41 ± 6.85 24.37 ± 1.23 9.30 ± 0.78 134.31 ± 7.84 31.97 ± 1.34 / /
Sewage 49.42 ± 1.63 1.10 ± 0.16 102.21 ± 19.37 / / / /
Seaweed 

mariculture
82.55 ± 8.46 10.55 ± 0.91 17.32 ± 0.28 59.78 ± 3.60 12.56 ± 0.29 2.25 2.55

Shellfish 
mariculture

103.37 ± 8.58 7.89 ± 0.76 29.04 ± 0.37 8.99 ± 0.27 0.68 ± 0.03 14.93 47.01

a represents the ratio of fish release to seaweed or shellfish removal; / represents data unavailable.
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4.4. Implications for eutrophication mitigation

Fish mariculture is commonly conducted within 20 km offshore. 
With the development of far-offshore aquaculture, it has been extended 
to distances of up to 50 km from the coast (Mo et al., 2025). This 
expansion has shifted is pollution sources from nearshore to offshore 
regions, which may support the occurrences of algal blooms in mari
culture zones and posing risks to both aquaculture itself and marine 
ecosystems (Kang et al., 2021). Notably, seaweed and shellfish mari
culture can effectively absorb the released N and P from fish maricul
ture, thereby mitigating the incidence of harmful algal blooms (HABs). 
Consequently, optimizing the spatial configuration of multi-trophic 
mariculture is critical to minimizing eutrophication impacts associated 
with finfish aquaculture.

It is worth noting that although seaweed and shellfish culture can 
neutralize N release by fish culture and sewage. There is a long distance 
for them to neutralize N and P loads by rivers. For instance, the N input 
from rivers into China’s marginal seas in 2010 was estimated to be 11.62 
Tg (Wang et al., 2020), around 60-fold higher than what seaweed and 
shellfish mariculture can remove. The use of nutrient-rich synthetic 
fertilizers together with the planting of N-fixing crops and their runoff 
into waterways, elevates N:P in rivers (Dai et al., 2023; Peñuelas and 
Sardans, 2022). Therefore, in addition to expanding seaweed and 
shellfish culture, reducing anthropogenic discharge and promoting 
sewage treatment are essential to mitigate coastal eutrophication.

4.5. Potential impacts of climate change on nutrient removal capacity by 
seaweeds and shellfish

The capacities of maricultured seaweeds and shellfish to remove 
nitrogen (N) and phosphorus (P) are inherently sensitive to environ
mental conditions, which are increasingly altered by climate change. 
Warming seawater temperatures usually enhance N and P removal ca
pacities of seaweeds and shellfish within tolerable limits via accelerating 
their nutrient uptake rates and growth (Gao et al., 2020b). Yet once 
thermal thresholds are crossed, elevated temperatures could reduce N/P 
removal capacity, particularly for cold-water species. For instance, ni
trate uptake rates of the kelp Saccharina latissima were severely impaired 
at higher temperatures (e.g., 24.5 ◦C), even releasing nitrate under 
thermal stress (Ding et al., 2025). Ocean acidification (OA), driven by 
elevated CO2, could commonly stimulate N and P removal capacities of 
seaweeds. For instance, increased pCO2 (1000 μatm) enhanced the ni
trate uptake rate of Sargassum muticum by 68 % compared to the ambient 
pCO2 level (400 μatm) (Xu et al., 2017). However, OA can directly 
impair key physiological processes in bivalves that underpin their 
nutrient removal capacity. It has shown that reduced pH disrupts in
testinal homeostasis in the noble scallop (Chlamys nobilis), promoting 
pathogenic bacteria (e.g., Mycoplasma) and inducing oxidative stress 
and inflammation. This compromises digestive efficiency and nutrient 
assimilation (Liu et al., 2026).

Extreme climate events (e.g., heatwaves, storms, and hypoxia) pose 
additional risks. Heatwaves may accelerate algal respiration over 
photosynthesis, reducing net nutrient uptake, while storms can damage 
seaweed and shellfish mariculture and their nutrient removal function 
(Jiang et al., 2022; Veenhof et al., 2024). Hypoxic events, exacerbated 
by warming and eutrophication, may suppress shellfish survival and 
nutrient sequestration function (Gobler et al., 2014). These factors 
collectively threaten the stability of mariculture-based nutrient 
management.

To address these uncertainties, we recommend integrating a climate- 
sensitivity analysis into future studies. This could involve: (1) Modeling 
scenarios combining IPCC climate projections with nutrient uptake ki
netics (e.g., temperature-dependent functions for algae and acidification 
effects on shellfish); (2) Assessing adaptive strategies such as selecting 
thermally resilient species or optimizing cultivation timing to align with 
optimal climatic windows; (3) Quantifying compound impacts through 

multi-stressor experiments, particularly for interactions between 
warming, acidification, and extreme events. Such analysis would 
enhance predictive accuracy and inform climate-resilient mariculture 
practices.

5. Conclusions

To address the rising eutrophication in coastal waters, this study 
assesses the contribution of seaweed and shellfish mariculture in China 
to N and P release removal during the past 20 years. The findings reveal 
that such mariculture can completely neutralize nitrogen release from 
fish mariculture but not phosphorus release, with net phosphorus 
release increasing over time due to the higher nitrogen-to‑phosphorus 
ratios in seaweed and shellfish compared to fish and the rising fish 
production. In contrast, seaweed and shellfish mariculture fully offsets 
both nitrogen and phosphorus release from sewage discharge, with net 
nitrogen and phosphorus removal increasing as mariculture expands 
and sewage discharge decreases. When combining fish mariculture and 
sewage pollution, mariculture still achieves net nitrogen removal but 
cannot fully mitigate phosphorus release. Comparative analysis shows 
that seaweeds have significantly higher nitrogen and phosphorus 
removal capacities than shellfish, with G. lemaneiformis and Saccharina 
japonica demonstrating the highest nitrogen and phosphorus removal 
capacities among seaweeds, respectively, and mussels and oysters 
excelling in nitrogen and phosphorus removal among shellfish. These 
findings highlight the potential of seaweed and shellfish culture in 
mitigating coastal eutrophication, provide insights for selecting optimal 
species to enhance nutrient removal efficiency, and are helpful for 
addressing escalating eutrophication challenges in coastal waters.
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Peñuelas, J., Sardans, J., 2022. The global nitrogen-phosphorus imbalance. Science 375, 
266–267.

Pontius, J., McIntosh, A., 2024. Gulf of Mexico dead zone. In: Environmental Problem 
Solving in an Age of Climate Change: Volume One: Basic Tools and Techniques. 
Springer International Publishing, Cham, pp. 45–56.

Qu, L., Feng, P., Cong, P., Tao, G., Liu, H., Duan, W., 2025. Spatial-temporal distribution 
of nitrogen and phosphorus nutrients and potential eutrophication assessment in 
Bohai Bay. China. Ocean Coast. Manage. 267, 107741.

Reusch, T.B.H., Dierking, J., Andersson, H.C., Bonsdorff, E., Carstensen, J., Casini, M., 
Czajkowski, M., Hasler, B., Hinsby, K., Hyytiäinen, K., Johannesson, K., Jomaa, S., 
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