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Rapid mariculture expansion has raised concerns about coastal eutrophication. This study assesses nutrient
cycling in Sansha Bay, China, a eutrophic semi-enclosed bay with intensive mariculture. A two-endmember
mixing model showed significant additions of dissolved inorganic nitrogen (DIN; 6.9 + 4.1 pmol L) and
phosphorus (DIP; 0.45 + 0.29 pmol L™1) in May 2020, mainly from mariculture. Estimated N and P inputs from
fish farming were 7789 + 361 tons and 1497 + 91 tons in spring, respectively, with N mainly in dissolved form

and P in particulate form. And, trash fish feed caused higher nutrient release than formulated feed. Of the feed
input, 52.8 + 4.7 % of DIN and 33.0 + 3.7 % of DIP were released into environment, exceeding riverine input
and offshore exchanges. Co-culturing kelp and oysters removed 1079 + 11 tons of N and 156 + 8 tons of P.
Therefore, adjusting feed types and planning co-cultivation strategies could alleviate eutrophication resulting

from mariculture expansion.

1. Introduction

The global demand for aquatic products over the past decades has
fueled the rapid development of coastal aquaculture, making it the
fastest growing sector of food production worldwide (Subasinghe et al.,
2009; Chen and Qiu, 2014). Global aquaculture production has
increased by approximately 600 %, from 1.73 x 107 tons in 1990 to
1.20 x 108 tons in 2019 (FAO, 2021). Mariculture accounts for ~48 % of
total aquaculture production with a growth rate of 2.36 x 10° tons yr 2,
which outcompetes that of freshwater culture (1.92 x 10° tons yr’l)
over the past decade (FAO, 2021). Notably, China emerged as the largest
global aquaculture producer since 1989, contributing to ~57 % of total
world production in 2019, i.e., a tenfold increase over the past two
decades (FAO, 2021). This growth trend is expected to continue glob-
ally, most notably in developing countries (Diana et al., 2013).

Mariculture development has indeed provided great economic and
social benefits; however, cage farming has been reported to contribute
additional pressures to the already impacted coastal marine environ-
ment, notably manifested by eutrophication, harmful algal blooms
(HABs), and hypoxia (e.g., Anderson et al., 2002; Cao et al., 2015;
Breitburg et al., 2018; Dai et al., 2023). Indeed, many studies have re-
ported instances of eutrophication in waters used for mariculture (e.g.,
Schneider et al., 2005; Skriptsova and Miroshnikova, 2011; Wang et al.,
2012; Bouwman et al., 2013). One commonly cited factor contributing
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to this problem is the high feed conversion rate (Reony, the amount of
feed required to produce 1 kg of wet weight fish product), i.e., the low
utilization efficiency of fish feed (Nederlof et al., 2021). For example,
the Norwegian salmon farming industry has taken important steps to
reduce the R.ony value. However, approximately 58-62 % of N and
79-81 % of P from the total feed input in Norwegian farming industry
were still released into the environment when the R oy ranged between
1.06 and 1.17 (Wang and Olsen, 2023). These unutilized nutrients are
either released into the water column in dissolved form or deposited on
the seafloor in particulate form, eventually altering the aquatic and
sedimentary environment, especially in closed and semi-enclosed bays
where water exchange is limited. Moreover, mariculture can lead to
diverse environmental impacts. For example, He et al. (2022) reported
that suspended aquaculture weakens the onshore current near the
aquaculture boundary and upwelling within the offshore aquaculture
area, resulting in a reduction of ~60 % in the nutrient supply. Therefore,
the effects of mariculture on coastal nutrient dynamics remain incon-
clusive and quantitatively uncertain. It is necessary to evaluate the
amount of released nutrients and the flow and fate of nutrients in
different forms within fish farming system.

A new development to increase sustainability in the mariculture
sector is the adoption of an integrated multi-trophic aquaculture (IMTA)
approach (e.g., Chopin et al., 2012; Jiang et al., 2012; Wu et al., 2015;
Granada et al., 2016; Wei et al., 2017; Campanati et al., 2021).
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Macroalgal cultivation is often included in the IMTA system as an
ecologically friendly option to alleviate environmental impacts. It plays
a crucial role in nutrient recycling and transformation, primarily due to
its pronounced capacity for nutrient absorption and storage in tissues (e.
g., Yang et al., 2006; Marinho-Soriano et al., 2009). Bivalves provide
another effective trophic pathway for the removal of suspended particles
from the water in the IMTA system, leading to the conversion of nutrient
wastes into biomass (Martinez-Porchas and Martinez-Cordova, 2012;
Carboni et al., 2016). Although these studies assessed the purification
effects of macroalgae and bivalves on the mariculture environment, they
ignored how mariculture activities affect the nutrient balance of the
entire marine ecosystem. In practice, it is necessary not only to evaluate
the impacts of the IMTA system on nutrient cycling based on feed types,
the cultivation species and the feeding strategy, but also to consider the
nutrient budget of the entire study area by integrating river input and
exchange with offshore coastal waters.

We focus here on Sansha Bay, possibly the highest-density IMTA
system worldwide. This system features the world's largest cage culture
of large yellow croaker (L. crocea) (Song et al., 2023). We examine the
variation in nutrient characteristics during the spring season, a critical
period when environmental parameters such as nutrients and temper-
ature variations can easily lead to HABs, especially in mariculture areas
(e.g., Huo et al., 2018; Xie et al., 2020). We show the nutrient sources,
distributions, and releases in this complex and highly impacted system
to provide a scientific basis for assessing the role of mariculture as a
driver of changes in the coastal environment and to support decision-
making towards a more sustainable model. By establishing a mass bal-
ance of N and P, we assess the release of nutrients from the fish farming
system using different feeds. We also analyze the external nutrient
input/removal in this ecosystem, affected by intensive mariculture (fish,
kelp and oyster farming), riverine input, and exchange with offshore
coastal waters.

2. Materials and methods
2.1. Study area

Sansha Bay, located on the northeast coast of Fujian Province, China,
is a semi-enclosed bay comprised of several secondary bays, such as
Baima Harbor, Yantian Harbor, Dongwuyang, Guanjingyang, and San-
du'ao (Fig. 1) (Lin et al., 2017). The surface area of the bay is ~675 km?
(Linetal., 2016; Han et al., 2021), with a tortuous 553 km coastline (Yan
and Cao, 1997). It has only one outlet, ca. 2.9 km wide, to the southern
East China Sea (ECS) (Wang et al., 2018), and the water depth within the
bay ranges from a few meters to 90 m. Sansha Bay is surrounded by
mountains with outcroppings of medium acidic volcanic rocks (Yan and
Cao, 1997). It receives several mountain rivers, among which the Jiaoxi
Stream provides the largest runoff. In spring 2020 (May), the freshwater
discharge of the Jiaoxi Stream was 71.3 m® s™! (data from Nengwang
Chen, Xiamen University). This region experiences prevailing seasonal
monsoons, influenced by the winter northeast wind and the summer
southwest wind. As a result, the bay waters are a dynamic mixture of the
China Coastal Current (CCC), the Taiwan Warm Current (TWC), and the
South China Sea Warm Current (SCSWC), with seasonal variations in
their proportions (e.g., Yang et al., 2008; Qi et al., 2016; Huang et al.,
2019; Zhang et al., 2022). Due to its unique geographical features,
Sansha Bay has historically served as a naturally sheltered bay (Lin et al.,
2017), that fostered the vigorous development of the mariculture in-
dustry (Wu et al., 2015; Wei et al., 2017; Xie et al., 2020). However, this
development has also influenced the rate and time of water exchange in
Sansha Bay. The water exchange is primarily driven by tides, leading to
current directions and velocities that are consistent with the tidal pat-
terns (Wu et al., 2015; Lin et al., 2019). The bay is characterized by
strong semidiurnal tides, with an average tidal range exceeding 5 m (Lin,
2014) and an average flow rate of 0.5-0.6 m s~ (Wu et al., 2015). Cage
culture weakens the overall flow within the bay, but appears to
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strengthen the water flow among individual cage (Lin et al., 2019).
Moreover, studies indicated that the seawater half-exchange time (the
time required for half of the bay's seawater to be replaced by offshore
coastal waters due to tidal and residual currents) in the main channel is
<10 days, while it exceeds 30 days at the head of the bay (Wu et al.,
2015; Lin et al., 2017; Lin et al., 2019). However, these hydrodynamic
conditions, which are influenced by factors such as river discharge and
tides, exhibit seasonal variability, particularly regarding nutrient
transport (Lin et al., 2017; Lin et al., 2019). Consequently, this study
focuses on assessing the nutrient budget during the spring sampling
period, based on the assumption of steady-state conditions (Gordon
et al., 1996).

2.2. Maricultural practices and historical changes

Mariculture activities utilize ~69 %' of Sansha Bay's surface area.
The main cultured species include the L. crocea, oyster (C. gigas), kelp
(L. japonica), gracilaria (G. lemaneiformis), and others. L. crocea is
cultured in cages throughout the year, with fish larvae of 2.5-3.0 cm in
length introduced into the cages twice a year (April to May and October
to December) at a density of about 10,000 per cage (Ji et al., 2021; Liu
et al., 2022). As the fish grow, they are regularly sorted into different
cages, with densities approaching 600 fish m™2 for fish weighing
100-200 g and 160 fish m~2 for those weighing 500 g (Liu et al., 2022).
Generally, L. crocea can reach commercial size within 8-13 months and
can be harvested each season depending on market demand. Here, we
assume that the production is equal across all four seasons, with the
spring production being 4.46 x 10* tons (http://tjj.ningde.gov.
cn/xxgk/tjxx/tjnj/). Trash fish feed constitutes the primary bait for
breeding L. crocea, accounting for ca. 80 % of the feed source (Song
et al., 2023). Moreover, the macroalgae are cultivated using suspended
lifting ropes in the water, alternating cultivation between kelp and
gracilaria from December to May and June to October each year without
supplemental feeding (Ji et al., 2021). Kelp is typically harvested in
May, with a production of 1.888 x 10° tons during spring (http://tjj.
ningde.gov.cn/xxgk/tjxx/tjnj/). Similarly, oysters are cultured year-
round in water using raft aquaculture method. Generally, semi-
finished seedlings weighing 50-100 g are introduced in October and
harvested before the typhoon season (usually in May) the following
year, with a production of 1.368 x 10° tons in spring (http://tjj.ningde.
gov.cn/xxgk/tjixx/tjnj/).

Based on Landsat and Sentinel-2 remote sensing data from 1999 to
2020, the support vector machine method (detailed in text S1) was
employed to classify cage and macroalgal culture distributions. The
results showed mariculture gradually expanded from nearshore to
offshore waters. Cage culture began sporadically around several islands
in deep waters as early as 1999 and then expanded linearly and widely in
the nearshore and surrounding areas, while macroalgal culture was
scattered throughout the region in 2020 (Fig. 2a). Fig. 2b illustrated the
production changes of L. crocea, kelp and oyster in this region. The total
production of L crocea steadily increased from 56 tons in 1990 to 1.785
x 10° tons in 2020. Kelp production showed a similar trend, remaining
relatively stable between 1994 and 2006 before gradually increasing.
Due to changes in the statistical methodology for oysters, which has
included the shell weight since 1997, there was a sudden numerical
increase in oyster production. Subsequently, the production showed a
declining trend, eventually transitioning into a phase of fluctuating
stability starting in 2013 (Fig. 2b). A synthesis of literature data
(Table S1) revealed that the concentrations of dissolved inorganic

! The percentage is calculated from the mariculture and bay areas in Sansha
Bay. The mariculture area was derived from the Ningde Statistical Yearbook
(http://tjj.ningde.gov.cn/xxgk/tjxx/tjnj/202111,/t20211104_1544289.htm),
while the bay area, including both intertidal and water areas, was obtained
from Han et al. (2021).
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Fig. 1. (a) Map of the study area and schematic of local currents. Blue, brown, and dark brown lines represent the China Coastal Current (CCC), the Taiwan Warm
Current (TWC), and the South China Sea Warm Current (SCSWC), respectively. (b) Dark green and pink circles indicate the sampling stations in Sansha Bay and
offshore coastal waters during May 2020, with mariculture zones shown as red stars. The black dashed line represents the main channel from Jiaoxi Stream to
offshore coastal waters. Bathymetric data are derived from the latest General Bathymetric Chart of the Oceans (GEBCO) grid data. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of this article.)

nitrogen (DIN) and dissolved inorganic phosphorus (DIP) have increased
by more than two and three times, respectively, since the 1980s
(Fig. 2c). These changes may be attributed to the release of nutrient
waste resulting from the mariculture expansion and production growth.

2.3. Sampling and analysis methods

In Sansha Bay, we conducted comprehensive field surveys, sampling,
and experiments to analyze nutrients and related parameters. Addi-
tionally, we collected biological samples from mariculture zones to
measure N and P contents and other relevant parameters.

2.3.1. Sampling and analysis of nutrients and related parameters

The research cruise was conducted onboard the R/V Funing 11 during
May 18-28, 2020. Water temperature and chlorophyll a (Chl-a) con-
centrations were measured continuously using a multi-parameter in-
strument (YSI Model 5065, YSI Co., USA). Discrete water samples for
salinity (S) determination were collected using Niskin bottles and
analyzed in the laboratory with a portable salinometer (Model Multi
340i, WTW Co., Germany). Simultaneously, water samples for the
analysis of nitrate (NO3), nitrite (NOz), ammonium (NHZ), phosphate
(DIP), silicate (Si(OH)4), and calcium (Ca®") concentrations were taken
and filtered through a 0.45 pm pore size cellulose acetate membrane
filter into 125 mL high density polyethylene bottles (Dai et al., 2006; Dai
et al., 2008). Nutrient samples, except those for Si(OH)4, were frozen
onboard and then measured at a land-based laboratory in Xiamen Uni-
versity. Samples for Si(OH)4 analysis were preserved with 100 pL of
chloroform and refrigerated at 4 °C until analysis. Note that the
following discussion related to DIN refers to the sum of NO3, NO3, and

NHj. Samples for total alkalinity (TA) analysis were stored in 250 mL
PYREX® borosilicate glass bottles and preserved with 250 pL of satu-
rated HgCl, solution (Guo and Wong, 2015).

Nutrient concentrations were measured using an Auto Analyzer 3
(AA3) instrument (Bran + Luebbe, Germany) (Armstrong et al., 1967;
Zhang et al., 1999; Dai et al., 2008) with detection limits of 0.04 pmol
L~! for NOz, 0.1 pmol L™! for NOz + NO3, 0.08 pmol L™ for DIP and
0.16 pmol L7! for Si(OH)4 (Han et al., 2021). The analytical precisions
(derived from repeated measurements of a particular aged deep
seawater) were 0.5 % for NO3 + NO3 (35.38 & 0.16 pmol L’l, n=19),
0.4 % for DIP (2.66 + 0.01 pmol L’l, n = 19), and 0.2 % for Si(OH)4
(128.20 + 0.32 pmol L~%, n = 19). NH{ concentrations were determined
using an integrated syringe-pump-based environmental-water analyzer
(iSEA) based on the improved indigo phenol blue spectrophotometric
method, with a detection limit of 0.15 pmol L1 (Liet al., 2019). TA was
measured using potentiometric titration with 0.1 mol L™} hydrochloric
acid, and certified reference material for carbon dioxide from Andrew G.
Dickson (the Scripps Institution of Oceanography, University of Cali-
fornia, San Diego, USA) was adopted to standardize measurements (Cai
etal., 2004). Both precision and accuracy were + 2 pmol kg~ !. Dissolved
oxygen (DO) concentrations from discrete water samples were measured
onboard using the spectrophotometric Winkler method (Labasque et al.,
2004). Ca*" concentrations were measured in the onshore laboratory
using the EGTA titration with a Metrohm 809 TITRANDO potentiom-
eter, which has a precision of better than +5 pmol kg ! (Cao and Dai,
2011).

2.3.2. Sampling and analysis of biological samples
Biological samples (L. crocea, kelp, and oyster) at the mature harvest
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Fig. 2. (a) Classification of cage (red) and macroalgal (green) culture in Sansha Bay from 1999 to 2020. (b) Annual production trends of L. crocea, kelp, and oyster
from 1990 to 2020 (http://tjj.ningde.gov.cn/xxgk/tjxx/tjnj/). (c) Dissolved inorganic nitrogen (DIN) and phosphorus (DIP) concentrations in Sansha Bay from 1984
to 2020. Light blue and orange dashed lines represent the linear regression lines over time for DIN and DIP, respectively; linear regression equations are also shown.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

stage were also collected and rinsed with ultrapure water for 3-4 times
during the cruise. The formulated feed and trash fish feed were obtained
from aquaculturists. All samples were weighed before undergoing 48 h
freeze-drying process. Subsequently, the samples were reweighed to
determine the percentage of dry matter. They were then ground into
powder using an agate mortar for analysis. The N content was deter-
mined by wrapping 2-3 mg of sample powder in tin foil and analyzing it
with an elemental analyzer (Model Vario EL cube, Elementary Co.,
Germany). Acetanilide and cysteine were employed as standard and
quality control materials, ensuring measurement deviations stayed
below 5 % (He et al., 2010). The P content was analyzed using an AA3
analyzer after ashing the samples. Approximately 2-3 mg of sample
powder was mixed with 0.1 mol L™ magnesium chloride solution and
dried at 95 °C. It was then incinerated in a muffle furnace at 450 °C for 4
h. After adding 0.2 mol L™} hydrochloric acid and heating in a water
bath at 80 °C for 30 min, the sample was filtered and diluted for AA3
analysis.

2.4. Endmember mixing model

TA is assumed to be quasi-conservative in the absence of organic
matter production/degradation and the exclusion of biogenic calcium
carbonate production/dissolution processes (Zhai et al., 2014; Zhao
et al., 2020). A two-endmember mixing model was used to construct the
conservative mixing schemes between different water masses based on
the TA-S diagram (Fig. S1a). Before applying this model, we considered
the potential impact of submarine groundwater discharge (SGD) on TA.
The endmember value of TA in SGD was approximately 1291 + 1140
umol kg~! (red triangle in Fig. S1a) based on data from Sansha Bay
during the winter of 2013 and the summer of 2014. However, our
measured data do not exhibit significant deviations towards the SGD
endmember. Therefore, the actual impact of SGD in this system is
relatively minor, making the use of the two-endmember mixing model
reasonable. Given that freshwater discharge into the bay mainly occurs

via the Jiaoxi Stream, we selected station YO, located upstream in the
surveyed section of the Jiaoxi, with a salinity of 0.3 and high nutrient
concentrations, as the optimal candidate for the freshwater endmember,
represented by the symbol “FW”. The seawater endmember is defined as
East China Sea offshore water, represented by the subscript “SW”. The
average value of station S25, characterized by high salinity and low
nutrient concentrations, was selected as the seawater endmember. A
summary of the endmember values used in this study is listed in Table 1.
In this context, the mixing model equations were established based on
mass balance for S and the water fractions of freshwater and seawater.
Subsequently, the conservative nutrient concentrations of the samples
were calculated using a combination of endmember nutrient values and
water fractions. The difference between the field-measured value and
the predicted conservative value was denoted as A (ANutrient, i.e.,
ADIN, ADIP, and ASi(OH),), reflecting the amount of nutrient produc-
tion (positive) or removal (negative) associated with non-mixing pro-
cesses (detailed in text S2). Moreover, we used Ca®" as a conservative
tracer (Wang et al., 2016; Su et al., 2017) to validate our endmember
mixing model. The predicted Ca®* values (Calz,;) are in good agreement
with field-measured data (CaZfas) (Fig. S1b), which strongly supports
our model predictions.

Table 1
Summary of endmember values adopted in the two-endmember mixing model.
Water Salinity DIN DIP Si(OH)4 Ca%* TA
masses (pmol (pmol (pmol (mmol (pmol
Lh L Lh kg™ kg™h)
Freshwater 0.3 81.34 0.976 153.52 0.27 378
(FW)
Seawater 31.7 £ 13.92 0.736 14.75 9.27 + 2197
(sw) 0.06 + 0.60 + + 0.14 0.01 +3
0.022
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2.5. Nutrient budget calculations

To assess the release, removal, and contribution of nutrients in the
mariculture system within the entire Sansha Bay, we developed two
nutrient budget models: one for the fish farming system (including
nutrient removal by kelp and oyster) and another for the entire Sansha
Bay system. The uncertainties in the budget calculations are propagated
from the standard deviations of measurements of the multiple parame-
ters in the equations (see text S5 for detailed uncertainty analysis).

2.5.1. Budgets of N and P in the mariculture system

2.5.1.1. Nutrient budgets in the fish farming system. N and P budgets of
the fish farming system were established based on mass balance (Olsen
and Olsen, 2008; Wang et al., 2012; Qi et al., 2019). The nutrient source
of this system includes nutrient influx from feed input (Fjppu). The
nutrient fate from this system includes nutrient intake by fish (Fiptake)
and the remaining particulate organic nutrient not used by fish (Fus, €.
g., PON-Feed, POP-Feed). The nutrient budget for this system can thus
be formulated as follows:

dC/dt = Finput - Floss - Fintake (1)

where C is the nutrient amount. Under the assumption of a steady state
(dC/dt = 0), Eq. (1) can be rewritten as:

Finput = Floss + Fintake (2)

Within the system, Fiytake is partially used for the fish biomass (Fpiomass)
growth, partially excreted into the environment as dissolved inorganic
nutrient (Fexcrete, Such as ammonia in gills or phosphate in urine), and
the remaining undigested nutrients are released as particluate organic
nutrient (e.g., PON-Feces, POP-Feces) through fish feces (Ffeces), which
can be represented by:

Finta.ke = Fbiomass + Fexcrete + Ffeces (3)

where Freces and Flogs constitute the sources of particulate organic nu-
trients in the fish farming system. A small portion of these particles will
be dissolved and become dissolved organic forms (DON and DOP). Ac-
cording to studies by Chen et al. (2003) and Sugiura et al. (2006),
approximately 15 % of particulate N and P are leached out after soaking
in water for several minutes or hours, with no further significant
leaching thereafter. Additionally, the calculations for terms in these
equations are based on parameters such as fish production (Pgg), feed
conversion rate (Reony), feed loss rate (Rjoss), assimilation efficiency
(Rassim), N and P contents (Cyp), and dry matter ratio (Rqry). Detailed
calculation processes and parameter values are provided in text S3 and
Table S2.

2.5.1.2. Nutrient removal by kelp and oyster in the mariculture system.
Under the assumption of negligible nutrient release during kelp and
oyster cultivation, their harvest can effectively remove N and P from the
environment. For kelp, the amount removed (Fremovaikelp) can be
calculated as:

Fremoval,kelp = Pkelp X Rdry.kelp X cNP,kelp (4)

where Py, is kelp production; Ryyy,kelp is the percentage of dry matter in
kelp; and Cnp kelp is the N and P content in kelp.

For oysters, the amount removed (Fremovaloyster) includes both the
shell and soft tissue harvesting, which can be calculated as:

Fremoval,oyster = Poyster X Rdry,shell X CNP,shell + Poyster X Rdry.tissue X CNP,tissue

)

where Poyster is Oyster production; Rary,shen and Rary,tissue are the dry
weight percentages of oyster shell and soft tissue; Cnp shell and Cnp tissue
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are the N and P contents of oyster shell and soft tissue, respectively. The
data involved in the calculations are summarized in Table S2.

2.5.2. Budgets of DIN and DIP in Sansha Bay system

To assess the impact of DIN and DIP released from the fish farming
system on the entire Sansha Bay system, we treated Sansha Bay as a
single box. Nutrient fluxes from river input and exchange with offshore
coastal waters were calculated based on the Land-Ocean Interactions in
the Coastal Zone (LOICZ) model (Gordon et al., 1996; Han et al., 2021).
The exchange flow discharge (Vex) between the bay and offshore coastal
waters was estimated based on water and salt mass balance. Subse-
quently, DIN and DIP fluxes (Fpy and Fpp) were calculated using water
discharge and corresponding nutrient concentrations in the model.
Detailed calculation information is provided in text S4.

3. Results and discussions

3.1. Nutrient and physicochemical parameters distributions in Sansha
Bay

During spring in Sansha Bay, the temperature exhibited spatial
variability. It reached a maximum of 22.5 °C in Baima Harbor, located
upstream of the bay, while a lower temperature (~21.9 °C) was
observed near the Dongchong Channel at the mouth of Sansha Bay
(Fig. 3a). The salinity increased gradually from the inner bay to the
mouth, ranging from 0.3 in the Jiaoxi Stream to 31.7 in the Dongchong
Channel (Fig. 3b). Therefore, Sansha Bay is characterized by lower
temperature and higher salinity at its mouth compared to the upstream
area due to the influence of river runoff from the northwest of the bay
and coastal ECS waters.

Nutrient concentrations generally decreased from the inner to outer
portion of the bay. The highest NO3 + NO3 (76.1 pmol L Hand Si(OH)4
(153.5 pmol L~1) concentrations were found in the Jiaoxi Stream, and
they decreased linearly with increasing salinity (Fig. 3e and f). The
highest DIP and NH} concentrations were not observed in the Jiaoxi
Stream, but rather in waters near Sandu Island (stations S1, S2, S6, and
$26) and Guanjingyang (station S14) (Fig. 3g and h), which may result
from the release of fish feed (Fig. 3i). The DO distribution showed higher
concentrations in the inner bay and lower concentrations near the bay
mouth (Fig. 3d). The higher DO concentrations (6.25-6.75 mg L’l) near
Sandu Island correspond to areas with higher Chl-a levels, which may be
attributed to increased photosynthesis in the region. However, overall
Chl-a concentrations were low (<1 pg L™1) and uniform throughout the
study area (Fig. 3c), indicating relatively low phytoplankton produc-
tivity. The primary reason for this characteristic is nutrient competition
(Huang et al., 2017), allelopathy (Cheng and Cheng, 2015), and shading
effect (Fong and Zedler, 1993) caused by macroalgal cultivation, which
inhibit the growth of phytoplankton (Xie et al., 2021).

The water was well-mixed throughout the water column, with only
weak stratification in the upstream area, as shown in Fig. 4. Overall,
nutrient concentrations at different depths followed a similar pattern to
their distribution in the surface layer, showing zonal variation from the
inner to the outer portion of the bay. The NO3 + NO3 concentrations
decreased from 62.4-76.1 pmol L™! at the upstream to 9.3-11.9 pmol
L' at the Dongchong Channel. Si(OH)4 concentrations exhibited a
similar spatial distribution, gradually decreasing seaward. Lower con-
centrations were also observed near the Dongchong Channel, ranging
from 0.71 to 0.92 pmol L™! for DIP, and 3.99 to 5.46 pmol L™ for NHJ,
while the values were higher in Baima Harbor (Station SX01). Addi-
tionally, higher DIP and NHJ concentrations observed at station S14
were associated with a minimal DO concentration (~5.6 mg L’l), which
may result from organic matter remineralization. The Chl-a also
exhibited relatively low levels at different depths (Fig. 4c) due to the
influence of macroalgal cultivation.
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3.2. Nutrient changes due to biogeochemical processes and nutrient
stoichiometric ratios

The DIN concentration gradually decreased with increasing salinity
and exhibited obvious addition within the bay, attaining 6.9 + 4.1 pmol
L1 (34.5 % + 16.3 %) throughout the bay area (Fig. 5a). However, the
behavior of DIP differed in that the variation in DIP concentrations was
more complex, with a S value of 25 serving as the boundary. DIP con-
centration gradually increased at S < 25, while they decreased when S
exceeded 25. In Sansha Bay, we observed a DIP addition of 0.45 + 0.29
pmol L1 (58.8 % =+ 37.0 %), with a maximum addition of 1.19 pmol L1
in the mariculture zone. This pattern was likely induced by a buffering
mechanism of DIP (Froelich, 1988), and/or variation in feed inputs in
different zones (Fig. 5b). However, the DIP buffering mechanism
generally operates in low-salinity (S < 15) estuarine regions (Froelich,
1988). Our observations covered only a few stations with S below 15,
indicating that the overall impact of the buffering mechanism was
minimal compared to that of mariculture. Additionally, we observed
conservative behavior in Si(OH)4. Although diatoms were dominant in
this bay during spring, their abundance was relatively low, corre-
sponding to low Chl-a concentrations (Fig. 3c). As a result, individual
stations deviated slightly from the conservative mixing line at salinity

below 25 (Fig. 5¢).

Overall, distinct DIN:DIP ratios associated with different water
masses resulted in variable effects on nutrient stoichiometry. The sig-
nificant inflow of DIN from the Jiaoxi Stream caused the brackish water
to exhibit a high DIN:DIP ratio (Fig. 6a). Beyond that, the relationship
between DIN and DIP in the water column was quite homogeneous, with
the ratio slightly higher than the Redfield ratio (Redfield et al., 1963),
which is consistent with previous observations in other mariculture
waters in China (Bouwman et al., 2013; Qi et al., 2019). The Si(OH)4:
DIN ratio, however, exhibited different characteristics: it was signifi-
cantly higher than the diatom absorption ratio of 1:1 in the brackish
water (Brzezinski, 1985; Martin-Jézéquel et al., 2003). This is likely
attributable to the weathering of volcanic rock, which is dominant in
Ningde and results in relatively high silicate concentrations. In regions
excluding the brackish water, the overall Si(OH)4:DIN ratio approxi-
mated the line of 1:1 (Fig. 6b).

Results from the endmember mixing model showed significant DIN
and DIP additions (positive values) at most stations. Specifically, we
calculated ADIN and ADIP to be 6.9 + 4.1 ymol L™ and 0.45 + 0.29
pmol L™, respectively, with a ratio of approximately 15.33. This ratio
was comparable to that observed in specific mariculture zone (the red
star stations in Fig. 1). Therefore, the ADIN:ADIP ratio was primarily
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influenced by mariculture activities and may also be related to organic
matter remineralization. Previous study indicated that processes such as
the preferential remineralization of phosphorus in the water column can
partially reduce the N:P ratio in the water (Bu et al., 2024). Moreover,
there was no obvious pattern for the ASi(OH)4:ADIN ratio because Si
(OH)y is basically conservative in Sansha Bay.

3.3. Nutrient budget in the mariculture system

3.3.1. Nutrient release from the fish farming system

In spring 2020, the production of L. crocea in Sansha Bay was 4.46 x
10* tons (dry matter: ~31.88 %). Among this, 80 % of the production
(3.57 x 10* tons) was fed by trash fish feed, while the remaining 20 % of
the production (8.92 x 10° tons) was fed by formulated feed. Based on
the feed conversion rate, the feed input in spring included about 2.41 x
10° tons (dry matter: ~27.68 %) of fresh trash fish feed and 1.36 x 10*
tons (dry matter: 100 %) of formulated feed. To evaluate the N and P
amounts of feed input, we also measured the N and P contents in the
trash fish and formulated feeds, which were 10.03 & 0.06 %, 7.82 +
0.07 % for N, and 1.91 + 0.09 %, 1.59 + 0.05 % for P, respectively
(Table S2). Therefore, the feed inputs were 6725 + 361 tons of N and

1281 + 91 tons of P in the trash fish feed system, and 1064 + 11 tons of
N and 216 + 7 tons of P in the formulated feed system (Fig. 7).

In the trash fish feed system, based on the determined N and P
contents in fish (12.17 4 0.56 % for N, 1.17 4 0.002 % for P), about
1384 + 64 tons of N and 133 + 0.23 tons of P were incorporated into
fish tissues, corresponding to only 20.6 & 1.5 % of N and 10.4 + 0.7 % of
P from feed input, respectively. The remaining nutrients were released
and lost to seawater or sediment (Fig. 7a and b). Specifically, in the N
budget model, N excretion in DIN form totaled 3589 + 316 tons, rep-
resenting 53.4 + 5.5 % of the feed input. In PON form, which includes
feed loss and fecal matter, N release amounted to 1489 + 408 tons,
accounting for 22.1 + 6.2 %. Additionally, about 263 + 72 tons of the
PON waste was subsequently dissolved into DON (Fig. 7a). In the P
budget model, however, ca. 615 + 88 tons (48.0 & 7.7 %) and 424 + 46
tons (33.1 & 4.3 %) of P were lost as POP and DIP, respectively (Fig. 7b).
Similarly, in the formulated feed system, approximately 32.5 + 1.5 % of
N and 15.4 £ 0.5 % of P in feed were absorbed and utilized for incor-
poration in fish biomass (Fig. 7c and d), a proportion higher than that
calculated in the trash fish feed system. In the N budget model, about
half of N (49.1 + 2.2 %) was lost as DIN (Fig. 7c). While, 44.2 + 3.8 % of
P was deposited as particulates in the P budget model (Fig. 7d).
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Additionally, the released DIN:DIP ratios showed inconsistencies. Molar
DIN:DIP ratios were ~18.74 and ~16.28 in the trash fish feed and
formulated feed systems, respectively, which might explain the variable
ADIN:ADIP ratios in the waters.

In summary, in both feeding systems co-fed with trash fish and
formulated feeds, the total feed input of N and P was 7789 + 361 tons
and 1497 + 91 tons during spring, respectively. Among these, only 1730
4 66 tons (22.2 + 1.3 %) of N and 166 + 0.23 tons (11.1 4 0.7 %) of P
were assimilated by cultured fish, with the remaining nutrients being
released into the environment in different forms (data listed in
Table S3). Of these released nutrients, approximately 4111 + 317 tons
(52.8 = 4.7 %) of DIN and 495 =+ 46 tons (33.0 & 3.7 %) of DIP released
into the water, as well as 1655 & 409 tons (21.2 + 5.3 %) of PON and
711 + 88 tons (47.5 + 6.6 %) of POP settling to the bottom (Fig. 8).
These results indicate that the retention rate of N in fish biomass was
higher compared to P, and the proportion of N excreted by fish was

lower than that of P. Additionally, the majority of N waste generated by
the fish farming system was excreted as DIN, whereas the majority of P
waste settled as POP.

3.3.2. Model sensitivity analysis

The accuracy of input data is crucial for model predictions. The feed
loss rates and assimilation efficiencies of different feeds are relatively
uncertain. Therefore, we conducted a sensitivity analysis of the model,
using the N budget in the trash fish feed system as an example. Our
budget model showed that N and P released from the system fed by trash
fish feed was much greater than that from the system fed by formulated
feed due to the higher feed loss rate in trash fish feed. Specifically,
Fig. S2a demonstrated a progressive rise in the release of DIN and loss of
PON-Feed with an increasing percentage of trash fish feed, while DON
and PON-Feces were less variable. Therefore, formulated feed with
varying particle sizes may be used for different fish sizes compared to the
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trash fish feed, which can reduce feed loss during farming. In addition, N
and P retention rates of trash fish feed were lower than those of
formulated feed. According to Verdegem et al. (1999), the higher feed
protein content, typically found in trash fish feed, leads to a greater
proportion of N waste being excreted. Moreover, the lower nutritional

value and digestibility of trash fish feed may also explain its lower N
retention rate (Hasan et al., 2016; Qi et al., 2019). The impacts of
different feed losses and assimilation efficiencies were shown in Fig. S2b
and c. In the above calculations for the trash fish feed system, a 13 %
feed loss value and 85 % N assimilation efficiency were used. The
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percentage of DIN excretion decreased as feed loss increased, and the
percentage of PON-Feed increased in a comparable manner (Fig. S2b). In
contrast, a rise in the percentage of DIN and a decline in the percentage
of PON-Fecal were found with an increase in assimilation efficiency
(Fig. S2c). The results indicated that changes in assimilation efficiency,
for example, from 80 % to 90 %, caused model uncertainties of <10 %.
Therefore, minor changes in feed loss and assimilation efficiency are
unlikely to result in significant deviations in model predictions.

3.3.3. Nutrient removal by macroalgae and oyster harvesting

As previously mentioned, based on the feed input and fish harvest-
ing, the N and P released by fish farming were 6059 + 367 tons and
1331 + 91 tons, respectively. To better evaluate and further understand
the nutrient removal in the mariculture system, the contents in the kelp,
oyster soft tissue, and oyster shell were determined: 2.25 + 0.01 %, 8.07
+ 0.10 %, 0.16 £ 0.01 % for N, and 0.35 + 0.027 %, 0.56 + 0.002 %,
0.044 + 0.000 % for P, respectively (Table S2). The results showed that
kelp harvesting in Sansha Bay resulted in the removal of 708 + 3 tons of
N and 110 + 8 tons of P, respectively. In the case of oyster harvesting, it
removed 371 + 11 tons of N and 46 + 0.1 tons of P (Fig. 8). Therefore,
the co-culture strategy removed a total of 1079 + 11 tons of N and 156
+ 8 tons of P. As a result, the total releases of N and P from the mari-
culture system in spring were 4980 + 367 tons and 1175 + 92 tons,
respectively. Results showed that the amount of N and P released from
feed was much higher than that removed by the combined harvest of
fish, macroalgae and oyster.

3.4. Nutrient budget in Sansha Bay during spring

To further clarify the nutrient contribution of the fish farming system
to the whole water in Sansha Bay, we estimated the DIN and DIP fluxes
contributed by river discharge and exchange with offshore coastal wa-
ters, as detailed in text S4. The river discharge (71.3 m® s_l, data from
Nengwang Chen, Xiamen University) and measured nutrient concen-
trations in May were used for estimating fluxes of river input and ex-
change with offshore coastal waters. Results showed that the residual
flow and the exchange flow discharge between the bay and offshore
coastal waters were —71.3 m> s~! (negative values indicating outflow)
and 720.1 + 676.8 m° s’l, respectively (Table 2), which was also
comparable with previous data (~479.5 m® s~!, unpublished data from

Table 2

Summary of salinity (S), dissolved inorganic nitrogen (DIN) and phosphorus
(DIP) concentrations (pmol LY, water discharge (V, m?® s, and calculated
nutrient fluxes (Fpyy and Fppp, tons) in the mass balance model.

Salinity Sriv Ssys £ Osys Soce & Goce Sres % Ures
0.3 29.1 £2.7 32.1+0.8 30.6 £1.4
DIN (pmol LY DINyiy DINgys £ DINgce £ DIN;es = Upinres
ODINsys ODINoce
81.3 27.5+9.0 9.7 £28 18.6 £ 4.7
DIP (umolL™')  DIP, DIPgys + 0pipsys ~ DIPoce + Opipoce  DIPres = Upipres
0.98 1.29 +0.27 0.36 = 0.10 0.83 +£0.14
vm’s™h Viiv Vex £ Uex Vies
71.3 720.1 + 676.8 -71.3
Fpin (tons) Foinriv FpiNex £ UFDINex Fpinres £
UEDINres
631 —1392 + 1501 —144 + 36
Fpp (tons) Forpriv Fpipex £ Uppipex Fpipres £ Uppipres
17 —161 + 160 -14+£2

Note: S,;, represents the salinity of station YO0 in the Jiaoxi Stream; Sy represents
the average salinity in the bay, excluding stations YO, Y5, Y10 in the stream and
$23, S24, S25 at the bay mouth; S,.. represents the salinity of four stations
(LJ21, LJ22, ND41, and ND42) in offshore coastal waters; S..s represents the
salinity of the residual flow; V,iy, Vies and Ve, represent the river discharge,
residual flow discharge from the bay to offshore coastal waters and exchange
flow discharge between the bay and offshore coastal waters, respectively; o
represents the standard deviation, and u represents the uncertainty associated
with each variable. Negative values indicate nutrient output.
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Zhaozhang Chen, Xiamen University). Assuming that the data measured
in May reflected spring characteristics, the DIN and DIP fluxes from the
river over the spring season (90 days) were 631 and 17 tons, respec-
tively, while nutrient fluxes from the bay to offshore coastal waters were
1536 + 1502 tons for DIN and 176 + 160 tons for DIP (Fig. 8). As a
result, without considering the contributions from other sources such as
atmospheric deposition, SGD, and sediment processes, the amount of
dissolved inorganic nutrients (DIN: 4111 + 317 tons; DIP: 495 + 46
tons) released by the fish farming system was much higher than that
from river input, making them the primary source of nutrients in Sansha
Bay. And DIN and DIP transported from Sansha Bay through the
Dongchong Channel to coastal ocean account for approximately 32.4 %
and 34.4 % of the river inputs and feed release inputs, respectively.

Based on historical literature on atmospheric deposition of nutrients,
the total atmospheric deposition flux of DIN at Shengsi Island in the East
China Sea was 0.96 g N m~2 yr™! (Zhang et al., 2007). In Lianjiang
during summer (July), the total atmospheric deposition fluxes of DIN
and DIP were 5920 mol d ! and 10.1 mol d}, respectively, based on a
study area of 53 km? (Peng et al., 2021). The wet deposition flux of DIN
in the coastal area near Fuzhou was 14.23 kg N ha! yr’1 (Luo et al.,
2014). Due to the lack of direct monitoring data in Sansha Bay, this
study used the average data from these regions as a substitute (DIN: 0.98
+0.35 g Nm 2 yr %; DIP: 2.16 mg P m 2 yr 1) to estimate the total
atmospheric deposition inputs of DIN and DIP, which are 163 =+ 58 tons
and 0.36 tons in spring (90 days), respectively. These values are
significantly lower than the river input and feed release from maricul-
ture system during spring.

In addition, SGD acts as an important pathway for terrestrially
derived materials into the coastal ocean, and its impact on nutrient
fluxes cannot be ignored (Kim et al., 2011; Wang et al., 2018). Wang
et al. (2018) observed substantial seasonal variations in nutrient fluxes
through SGD in Sansha Bay. Specifically, the SGD-associated nutrient
flux was (1.65-1.76) x 10° mol d~! in winter and (1.62-2.28) x 107
mol d~! in summer for DIN, and (0.05-2.32) x 10* mol d™! in winter
and (0-2.17) x 10° mol d~! in summer for DIP. Therefore, the estimated
nutrient fluxes from SGD ranged from 2142 tons in winter to 24,570 tons
in summer for DIN, and from 33 tons in winter to 301 tons in summer for
DIP based on the average values of two seasons. Compared to nutrient
releases from spring mariculture, the winter DIN flux from SGD was
lower, while the summer DIN flux was notably higher. In contrast, both
winter and summer DIP fluxes were lower than those from spring
mariculture. This indicates that SGD-associated nutrients have a po-
tential impact on the system, which should not be ignored. However, it is
worth noting that the DIN:DIP ratio in SGD exceeded 70 (Wang et al.,
2018), and our measured data during spring do not reveal a significant
increase in the ratio, indicating that SGD has not yet directly affected the
nutrient composition of this bay. Additionally, the river discharge
observed in this study during spring was an order of magnitude lower
than that observed in summer, and comparable to that in winter (Wang
et al., 2018), suggesting that seasonal variations in river discharge may
also contribute to the differences in nutrient fluxes in SGD. Therefore,
although SGD-associated nutrient fluxes are substantial, the direct
release of nutrients from the mariculture system has a more pronounced
effect on eutrophication and the ecosystem of the bay.

4. Conclusions and perspectives

The spatial variability of nutrients in Sansha Bay was mainly
controlled by the mixing of water masses between the riverine water and
seawater, as well as the effects of the mariculture system. Based on the
endmember mixing model, we estimated that the additions of DIN and
DIP during spring were approximately 6.9 + 4.1 pmol L' and 0.45 +
0.29 pmol L}, respectively. When using a mixture of formulated feed
and trash fish feed at a 2:8 ratio, it was observed that approximately 52.8
+ 4.7 % of DIN and 33.0 £ 3.7 % of DIP from the feeds were released
into the surrounding waters, significantly surpassing the river input and
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exchange with offshore coastal waters. The economic preference for
lower-cost trash fish feed, despite its higher environmental costs (a 77.4
% increase in trash fish feed required to produce one ton of fish
compared to the formulated feed due to higher feed conversion rates),
underscores the urgent need for sustainable feed strategies. Enhancing
feed conversion rates, optimizing feed compositions, and strategically
reducing production costs are critical steps towards mitigating envi-
ronmental impacts while maintaining economic viability in the fish
farming system.

However, integrated approaches such as the cultivation of macro-
algae and bivalves offer promising solutions for nutrient removal. These
species can effectively assimilate nutrients from mariculture waste,
thereby mitigating environmental impacts. Nevertheless, the optimal
deployment of such biofiltration methods requires further investigation
and planning. In summary, addressing the dual challenges of economic
feasibility and environmental sustainability in the mariculture system
requires comprehensive monitoring and corresponding management
practices. One initiative is the Ningde municipal government's effort to
remove mariculture activities from the inner bay to the outer bay.
However, it remains uncertain whether these measures will exacerbate
HABs outbreaks outside the bay and reach a tipping point. Therefore, by
focusing on long-term studies of nutrient dynamics, water quality re-
sponses, and ecological indicators, we can reduce the risks associated
with nutrient pollution and ecosystem degradation, thereby guiding
effective policies and practices in Sansha Bay and similar coastal
environments.
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