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China’s marine aquaculture sector is essential to aquatic food supply and coastal 
employment, yet its environmental performance varies markedly among fed finfish and 
crustacean systems, filter-feeding bivalves, macroalgal farms, and integrated 
multi-trophic aquaculture (IMTA). This critical structured narrative review synthesizes 
evidence on nutrient discharge, organic deposition, benthic alteration, hydrodynamic 
modification, disease and chemical risks, nutrient bioextraction, ecological carrying 
capacity, and adaptive monitoring in coastal marine systems. Unlike a systematic review, 
the approach uses an explicit search framework and structured synthesis questions to 
compare mechanisms and boundary conditions, but it does not claim exhaustive 
retrieval, formal risk-of-bias scoring, or pooled effect estimation. Evidence indicates that 
fed systems are principal sources of nitrogen, phosphorus, and particulate organic waste, 
whereas shellfish and seaweed can remove nutrients through harvest but may also 
generate context-dependent effects through biodeposition, food depletion, shading, flow 
modification, and density-dependent competition. Bay-scale observations reinforce this 
scale dependence: winter monitoring in Sansha Bay reported mean nitrate and phosphate 
concentrations of 31.3 ± 10.5 and 2.26 ± 0.84 μM, respectively, with most observations 
meeting a eutrophic classification, while long-term shellfish-seaweed culture in Sanggou 
Bay has shown comparatively limited benthic deterioration under some conditions but 
stronger seasonal stress during warmer months. IMTA can improve nutrient recovery and 
diversify production, although performance depends on trophic matching, spatial 
configuration, hydrodynamics, harvest timing, biosecurity, and market viability. The 
review concludes that sustainable transition requires bay-scale nutrient budgets, water 
and sediment indicators linked to predefined management triggers, feed and stocking 
controls, harvest-based accounting for extractive species, site-specific carrying-capacity 
assessment, and performance-based licensing. China’s future mariculture policy should 
therefore distinguish farming systems based on their environmental functions and 
regulate cumulative effects at the spatial scale at which they occur. 

1. INTRODUCTION 

Aquaculture has become a central component of the global 
aquatic-food system. In 2022, farmed aquatic animals ex
ceeded capture fisheries in direct human-food production, 
while aquatic plants continued to contribute a substantial 
additional volume.1 This transition has strengthened food 
supply and created livelihood opportunities, but it has also 

shifted a growing share of environmental pressure from 
capture fisheries to managed production systems. The cen
tral sustainability question is consequently not whether 
aquaculture should expand, but which species, technolo
gies, locations, and governance arrangements can increase 
production without exceeding ecological limits. 

China is the world’s largest aquaculture producer and 
contains one of the most diverse mariculture portfolios. 
Coastal production includes net-pen finfish, shrimp and 
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crab ponds, oysters, scallops, mussels, clams, kelp, laver, 
Gracilaria, sea cucumber, and multi-species systems. This 
diversity prevents a single environmental judgment from 
being applied to the whole sector. Fed animals import nu
trients through formulated feed or forage fish and export a 
fraction through harvest; the remainder may enter the wa
ter column or sediment. Filter-feeding bivalves remove sus
pended particles but transfer some material to the seabed 
as feces and pseudofeces. Macroalgae assimilate dissolved 
nutrients and carbon during growth, yet their wider effects 
depend on harvest, decomposition, farm density, and 
changes to light and water movement. IMTA attempts to 
couple these contrasting functions within a shared produc
tion area.2‑4 

Earlier debates frequently treated aquaculture as either a 
substitute for depleted wild fisheries or a new source of en
vironmental degradation.3 The accumulated evidence now 
supports a more conditional interpretation. Environmen
tal performance is shaped by trophic mode, feed depen
dence, stocking intensity, farm geometry, water residence 
time, seasonal temperature, oxygen availability, sediment 
assimilation, disease management, and regulatory enforce
ment. For example, nutrient-retentive systems such as San
sha Bay can experience elevated nutrient concentrations 
even where extractive species are present, whereas more 
strongly flushed or differently configured farming areas 
may show a smaller local footprint. Conversely, extractive 
systems can deliver nutrient-removal and habitat-related 
services only when stocking density, food supply, hydrody
namic renewal, sediment assimilative capacity, and harvest 
are compatible with ecological carrying capacity.5‑12 

The Chinese case is especially important because na
tional nutrient balances and local environmental obser
vations can appear contradictory. Sector-wide accounting 
may indicate substantial nutrient removal through the har
vest of shellfish and seaweed, while bay-scale studies still 
identify eutrophication, altered nitrogen-to-phosphorus 
ratios, and sediment stress near intensive farms.9,10 This is 
not necessarily a conflict in the evidence. National balances 
aggregate dissimilar provinces, species, and hydrodynamic 
settings, whereas ecological effects arise at specific spatial 
and temporal scales. A credible review must therefore dis
tinguish gross nutrient input, harvest removal, net balance, 
local concentration, residence time, deposition, and eco
logical response. 

This article has three objectives. First, it critically syn
thesizes environmental pathways associated with major 
coastal marine aquaculture systems in China. Second, it 
evaluates the benefits, boundary conditions, and limita
tions of bivalve culture, macroalgal cultivation, and IMTA 
as mitigation strategies. Third, it translates the evidence 
into operational indicators for monitoring, ecological car
rying capacity, and adaptive governance. The primary scope 
is coastal marine aquaculture; freshwater aquaculture, 
land-based recirculating aquaculture systems, and dedi
cated offshore/deep-water production are outside the core 
review and are mentioned only when they clarify how envi
ronmental pressure may be displaced or redistributed. The 
intended contribution is a system-specific framework that 

links farming type, environmental mechanisms, monitor
ing evidence, and management responses. 

2. MATERIALS AND METHODS 

2.1. REVIEW DESIGN AND ANALYTICAL SCOPE 

A critical structured narrative review was selected because 
the purpose was to compare mechanisms, boundary condi
tions, and management implications across heterogeneous 
aquaculture systems rather than to calculate a pooled effect 
size. Here, ‘critical structured narrative review’ denotes a 
narrative synthesis guided by an explicit search framework, 
predefined analytical questions, and transparent evidence-
prioritization criteria. It differs from a systematic review 
in that it does not claim exhaustive retrieval, protocol reg
istration, duplicate independent screening, formal risk-of-
bias scoring, or PRISMA-compliant study selection. This 
distinction is important because marine-aquaculture stud
ies use diverse units, spatial scales, species, exposure peri
ods, and ecological endpoints that are not readily reducible 
to one summary effect. 

The evidence base was updated for the present revision 
through July 2026 using targeted searches for peer-re
viewed studies and authoritative technical sources. The 
core literature emphasized publications from January 2000 
to July 2026, while earlier foundational standards or con
ceptual sources were retained when necessary. Search con
cepts combined geography (China, Chinese coast, Bohai 
Sea, Yellow Sea, East China Sea, South China Sea, Sanggou 
Bay, Sansha Bay), production systems (mariculture, cage 
culture, shrimp, shellfish, bivalve, seaweed, macroalgae, 
IMTA), environmental pathways (nitrogen, phosphorus, or
ganic enrichment, eutrophication, sediment, benthos, hy
drodynamics, disease, chemicals), and governance tools 
(monitoring, carrying capacity, zoning, licensing, nutrient 
accounting). Because a retrospective, database-by-database 
search log was not available for the original narrative re
view, the revised manuscript does not claim a fully re
producible systematic search history. Instead, priority was 
given to studies that (i) quantified a material or biological 
pathway, (ii) reported farm- or bay-scale environmental ob
servations, (iii) clarified boundary conditions or cumula
tive effects, (iv) provided evidence from representative Chi
nese mariculture bays, or (v) translated ecological evidence 
into operational monitoring or management. Targeted up
date verification for this revision included direct publisher 
sources for the representative bay studies and official Min
istry of Ecology and Environment sources for current Chi
nese environmental standards. Studies focused exclusively 
on freshwater, land-based RAS, or offshore/deep-water sys
tems were excluded from the core synthesis. 

Studies were interpreted through five questions: (1) 
What material or biological pathway connects the farm to 
the surrounding ecosystem? (2) At what scale is the effect 
measured? (3) Which contextual variables amplify or atten
uate the effect? (4) Does the study assess gross input, har
vest removal, local concentration, ecological response, or 
cumulative impact? and (5) What management action fol
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Table 1. Environmental functions, risks, and minimum indicators for major marine aquaculture systems            

System 
Dominant 
inputs/
processes 

Potential 
benefits 

Principal risks 
Context 
modifiers 

Minimum indicators 

Fed finfish 
and 
crustaceans 

Feed, excretion, 
feces, uneaten 
feed, 
therapeutants 

High-value 
protein; 
controlled 
production 

Dissolved N and P, 
organic deposition, 
oxygen demand, 
disease and 
chemical release 

Feed 
conversion, 
density, current 
speed, depth, 
temperature 

Feed input, FCR, 
DIN, DIP, 
chlorophyll-a, DO, 
sediment organic 
matter and redox 

Suspended 
bivalves 

Filtration, 
particle 
capture, feces 
and 
pseudofeces, 
shell formation 

Harvest 
removal, water 
clarification, 
habitat 
complexity 

Biodeposition, food 
depletion, benthic 
enrichment, flow 
alteration 

Clearance rate, 
density, 
residence time, 
sediment 
capacity 

Seston, chlorophyll-
a, biodeposition, 
benthic fauna, 
sediment oxygen 
and sulfide 

Macroalgae 

Dissolved 
nutrient 
uptake, 
photosynthesis, 
harvest 

N and P 
bioextraction, 
biomass 
products, local 
pH and oxygen 
effects 

Shading, nutrient 
competition, flow 
modification, 
detrital return 

Season, harvest 
timing, species, 
density, 
nutrient 
limitation 

Biomass yield, tissue 
N/P, harvested 
nutrient mass, light, 
current, dissolved 
nutrients 

IMTA 

Coupling fed 
and extractive 
trophic 
compartments 

Partial nutrient 
recovery, 
product 
diversification, 
risk spreading 

Spatial mismatch, 
weak trophic 
coupling, disease 
and market 
complexity 

Species ratios, 
distance, 
hydrodynamics, 
synchronized 
harvest 

Mass balance, 
recovery efficiency, 
product safety, 
profitability, 
cumulative footprint 

lows from the evidence? This framework was used to avoid 
treating nutrient removal, improved water clarity, or carbon 
uptake as automatically equivalent to net ecosystem bene
fit. 

2.2. EVIDENCE ORGANIZATION 

The evidence was grouped into fed systems, suspended bi
valves, macroalgae, IMTA, disease and chemical pathways, 
and monitoring/carrying-capacity governance. Table 1 
summarizes the defining inputs, potential services, prin
cipal risks, and minimum indicators for each system. The 
synthesis deliberately separates farm-scale performance 
from bay-scale cumulative effects. A technically efficient 
farm can still contribute to ecological deterioration when 
many farms operate in a restricted water body, and a na
tionally favorable nutrient balance can coexist with local 
hotspots. 

The review also distinguishes production carrying capac
ity from ecological and social carrying capacity. Production 
carrying capacity concerns the biomass that can be main
tained without unacceptable loss of farm performance. Eco
logical carrying capacity concerns the magnitude of pro
duction compatible with agreed limits on ecosystem 
structure and function. Social carrying capacity concerns 
conflict, public acceptance, navigation, landscape, and dis
tributional effects.13 These categories should not be 
merged because a farm may remain profitable after ecolog
ical thresholds have been crossed, or may remain ecologi
cally acceptable while generating severe spatial conflict. 

3. CRITICAL EVIDENCE SYNTHESIS 

3.1. SCALE EXPANSION, STRUCTURAL CHANGE, AND 
ENVIRONMENTAL ACCOUNTING 

China’s mariculture development has moved from produc
tion expansion toward an explicit policy emphasis on green 
and high-quality development. Nevertheless, environmen
tal accounting remains complicated by differences among 
species and production modes. Zhang et al.5 estimated that 
Chinese aquaculture released substantial nitrogen and 
phosphorus and documented low nutrient-use efficiency in 
several systems. Luo et al.6 reconstructed the long-term ni
trogen budget and showed that increasing inputs were ac
companied by emissions, sediment accumulation, and ex
port to coastal waters. These studies establish that harvest 
tonnage alone is an inadequate sustainability metric. 

A later mariculture-specific assessment separated fed 
and extractive components and reported that harvest of 
shellfish and algae could outweigh estimated nutrient re
lease in several coastal regions, although net release per
sisted in some southern provinces.9 This result should not 
be read as proof that intensive mariculture is environmen
tally benign. A net mass balance does not identify the tim
ing, location, chemical form, residence time, or ecological 
effect of nutrients. Removal at harvest may occur months 
after dissolved nutrients or organic particles have affected a 
semi-enclosed bay. Moreover, shellfish harvest removes as
similated nutrients while biodeposition may still intensify 
sediment oxygen demand beneath farms. 

The appropriate interpretation is therefore hierarchical. 
Farm-level nutrient-use efficiency describes the conversion 
of inputs into harvest. Bay-level budgets describe cumula
tive loads and removals. Water-quality indicators describe 
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concentration and stoichiometry. Biological indicators de
scribe ecological response. Sustainable governance requires 
all four levels, because improvement in one metric does not 
guarantee improvement in the others. 

3.2. FED SYSTEMS: NUTRIENT RELEASE, ORGANIC 
DEPOSITION, AND BENTHIC RESPONSE 

Fed marine systems are the clearest pathway by which ex
ogenous nutrients enter coastal waters. Nitrogen and phos
phorus not retained in cultured biomass are released as 
dissolved excretion, feces, uneaten feed, mortalities, and 
pond discharge. The fraction reaching the seabed depends 
on feed properties, animal behavior, cage design, current 
velocity, depth, and resuspension. Organic enrichment can 
increase microbial respiration, reduce sediment redox po
tential, generate sulfide, and alter benthic community com
position.5‑8,14 

The effect is rarely linear across space. Strong currents 
may reduce deposition immediately beneath cages but en
large the area receiving diluted particles. Conversely, weak 
flushing can concentrate dissolved nutrients and increase 
oxygen demand. Moving cages offshore may therefore re
distribute rather than eliminate environmental pressure. 
Offshore development also introduces energy, contain
ment, animal-welfare, and emergency-response require
ments. Environmental assessment should evaluate total 
footprint and cumulative loading rather than rely on dis
tance from shore as a proxy for sustainability. 

Feed management remains the most direct control. Pre
cision feeding, high-digestibility diets, stable pellets, ob
servation-based ration adjustment, and strain-specific nu
tritional formulations can reduce waste at source. However, 
feed-conversion ratio alone is insufficient. A farm with an 
efficient FCR may still generate excessive cumulative load 
when stocking density and total feed input are high. Regu
lators should therefore pair efficiency targets with absolute 
input or waste-load limits at the permitted site. 

3.3. WATER-COLUMN CHANGE, EUTROPHICATION, AND 
NUTRIENT STOICHIOMETRY 

Eutrophication is governed not only by total nutrient quan
tity but also by nutrient ratios, residence time, tempera
ture, light, and community composition. A representative 
case is Sansha Bay, where winter 2021 monitoring at 25 sta
tions reported nitrate concentrations of 8.4–44.9 μM (mean 
31.3 ± 10.5 μM) and phosphate concentrations of 0.46–3.61 
μM (mean 2.26 ± 0.84 μM). Approximately 81% of observa
tions exceeded the study’s eutrophication thresholds, while 
the mean nitrate-to-phosphate ratio was 14.3 ± 2.2, below 
the canonical Redfield ratio.10 These measurements 
demonstrate why a simple statement that a bay is ‘semi-en
closed’ is insufficient: the management-relevant evidence 
lies in measured nutrient concentrations, stoichiometry, 
hydrodynamic exchange, biological uptake, and sedimen
tary processing. Monitoring programs that report only total 
nitrogen or total phosphorus can, therefore, miss ecologi
cally important shifts. 

The practical monitoring unit should be the water body 
that integrates multiple farms. Farm compliance sampling 
is necessary, but cannot reveal cumulative effects when 
dozens of operators share the same bay. Bay-scale stations 
should include reference locations, seasonal coverage, and 
event-triggered sampling during heat waves, low-oxygen 
episodes, disease outbreaks, and bloom conditions. Core 
variables should include temperature, salinity, dissolved 
oxygen, ammonium, nitrate plus nitrite, phosphate, chloro
phyll-a, turbidity, and, where feasible, phytoplankton com
position and flow. 

Thresholds must be linked to action. Monitoring without 
pre-defined management responses becomes descriptive 
rather than adaptive. A tiered system can require intensi
fied sampling when early-warning thresholds are exceeded, 
temporary feed reduction or density adjustment under sus
tained deterioration, and production-cap review when eco
logical status fails to recover. This logic is consistent with 
the shift toward locally specified aquaculture-pollution 
control standards under China’s HJ 1217-2023 framework, 
which emphasizes translating environmental objectives 
into implementable control requirements.15 

3.4. SUSPENDED BIVALVES: ECOSYSTEM SERVICES 
WITH DENSITY-DEPENDENT TRADE-OFFS 

Bivalve aquaculture is often presented as a low-input or 
restorative form of seafood production. Filter-feeding oys
ters, mussels, scallops, and clams can remove phytoplank
ton and suspended particles, improve water clarity under 
some conditions, and export nitrogen and phosphorus 
when biomass is harvested. Reviews identify additional po
tential services, including habitat provision and shoreline 
or sediment-related functions.16‑19 These benefits are real 
but context dependent. 

Filtration redistributes material rather than simply mak
ing it disappear. Feces and pseudofeces increase vertical 
particle flux and may enrich sediments beneath dense 
farms. If biodeposition exceeds sediment assimilation and 
oxygen supply, benthic conditions deteriorate. High filtra
tion pressure may also reduce food availability for cultured 
and wild suspension feeders. Accordingly, positive ecosys
tem-service outcomes are most plausible where phyto
plankton or seston supply is sufficient, water renewal pre
vents chronic food depletion, farm density remains below 
ecological carrying capacity, sediments can assimilate 
biodeposits without persistent hypoxia or sulfide accumu
lation, and harvested biomass actually exports assimilated 
nutrients from the management area. The sign and magni
tude of the net effect therefore depend on clearance rate, 
stocking density, residence time, primary production, sedi
ment type, temperature, and harvest regime. 

Sanggou Bay provides a contrasting empirical example. 
A MOM-system assessment of 66 sediment samples from 10 
stations found benthic fauna in all samples, sediment redox 
potential remaining above +50 mV, and overall benthic con
ditions classified as low-impact condition 1 or 2, although 
impacts were greater in summer and autumn than in winter 
and spring.20 More recent monthly monitoring also docu
mented seasonal oxygen stress, with the lowest reported 
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dissolved-oxygen concentration reaching 5.56 mg L−1 in 
September and lower oxygen generally occurring from June 
to September.21 These observations do not imply that in
tensive suspended culture is universally benign; rather, 
they show that environmental performance is conditional 
on season, temperature, hydrodynamics, culture compo
sition, and loading. Nutrient-credit or ecosystem-service 
payment schemes should therefore require measured har
vest removal together with evidence that local water-col
umn and sediment thresholds remain within acceptable 
ranges. 

3.5. MACROALGAL CULTURE: NUTRIENT 
BIOEXTRACTION AND LIMITS OF ENVIRONMENTAL 
CLAIMS 

Large-scale seaweed aquaculture is a prominent compo
nent of Chinese mariculture. Xiao et al.11 estimated sub
stantial annual removal of nitrogen and phosphorus from 
coastal waters through seaweed harvest. This function 
makes macroalgae attractive as a component of nutrient-
management strategies and as an extractive compartment 
in IMTA. Artificial upwelling and other engineering inter
ventions have also been explored to increase nutrient de
livery and biomass production.12 

Bioextraction must nevertheless be demonstrated as a 
mass balance. Nutrient uptake during growth becomes re
moval from the local water body only when biomass is 
harvested before substantial detachment or decomposition, 
and when the harvested material is managed so that nutri
ents are not rapidly returned to the same receiving envi
ronment. The strongest nutrient-service claims, therefore, 
require adequate dissolved-nutrient supply, hydrodynamic 
exchange, farm densities that do not cause excessive shad
ing or flow obstruction, harvest timing matched to peak 
nutrient content, and accounting for storm loss, crop de
tachment, and post-harvest waste. Dense farms may alter 
current speed, light penetration, plankton dynamics, and 
habitat structure; at very large scale, nutrient competition 
can constrain both farm yield and surrounding primary pro
duction. 

Carbon claims require even greater caution. Photosyn
thetic uptake transfers dissolved inorganic carbon into sea
weed biomass, but this is not equivalent to durable carbon 
dioxide removal (CDR). After harvest, carbon may be 
rapidly returned to the atmosphere through respiration, 
consumption, decomposition, short-lived products, or fuel 
use; only the fraction stored for an appropriate permanence 
period or transferred to a durable sink can contribute to 
net removal. A defensible lifecycle assessment must there
fore define the accounting boundary and include cultiva
tion materials, vessels, energy, drying, transport, process
ing, product lifetime, end-of-life fate, remineralization, and 
any counterfactual displacement of more carbon-intensive 
products. Recent global analyses show strong spatial varia
tion and substantial economic and biophysical limits to gi
gaton-scale seaweed carbon removal.13,19,22 Seaweed cul
tivation can still provide valuable products and nutrient 
services, but CDR or carbon-credit claims should use trans

parent lifecycle boundaries, conservative permanence as
sumptions, and explicit treatment of uncertainty. 

3.6. IMTA: MECHANISM, PERFORMANCE CONDITIONS, 
AND IMPLEMENTATION BARRIERS 

IMTA couples fed species with organisms that use partic
ulate or dissolved waste streams. The conceptual objective 
is to convert a portion of otherwise lost nutrients into har
vestable biomass while diversifying revenue. Foundational 
work emphasizes ecological engineering rather than simple 
co-location: species must be connected by actual waste 
pathways, and spatial design must match particle settling 
and dissolved-nutrient transport.23‑25 

Sanggou Bay is an internationally important example 
because multiple trophic groups are cultivated at a com
mercial scale. Studies have described system structure and 
quantified nutrient sources and exports.26,27 The evidence 
supports the potential for integrated systems to improve 
material use, but also shows that performance is embedded 
in bay hydrodynamics and seasonal production cycles. A bi
valve or seaweed crop placed too far from a feed source, 
harvested at the wrong time, or limited by another nutrient 
may recover only a small share of the waste. 

Implementation barriers are ecological, economic, and 
institutional. Additional species create food-safety, disease, 
labor, processing, and market requirements. Benefits may 
be unevenly distributed when one operator bears the cost 
of extractive production while another generates the waste. 
Licensing systems commonly regulate species or leases sep
arately, which can obstruct integrated design. IMTA policy 
should therefore support coordinated permits, shared mon
itoring, nutrient-recovery accounting, and markets for all 
components rather than merely encouraging mixed-species 
farming in principle.21 

3.7. DISEASE, PHARMACEUTICALS, ESCAPES, AND 
BIOLOGICAL INTERACTIONS 

Environmental performance extends beyond nutrients. 
High density and repeated stocking can increase pathogen 
transmission and amplify losses during thermal or oxygen 
stress. Therapeutants, disinfectants, and pesticides may 
enter surrounding waters when use is poorly controlled. Es
capees can interact with wild populations through competi
tion, predation, disease transmission, or genetic introgres
sion. Non-native species add further risk when biosecurity 
and containment are weak.14 

Disease management should prioritize prevention: cer
tified seed, quarantine, vaccination where available, fal
lowing, density control, mortality surveillance, and rapid 
diagnostics. Chemical use should be recorded in standard
ized digital logs and linked to withdrawal periods and en
vironmental monitoring. Public reporting need not disclose 
commercially sensitive details, but regulators require suffi
cient information to identify cumulative use and resistance 
risk. 

Climate change strengthens the case for integrated sur
veillance. Higher temperatures can alter metabolism, oxy
gen demand, pathogen dynamics, and host microbiomes, 
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Table 2. Evidence matrix for major environmental pathways and management responses.          

Pathway Evidence pattern 
Common 
overinterpretation 

Operational response 
Indicative 
references 

Nutrient 
loading 

Fed systems release dissolved 
and particulate N and P; 
cumulative load varies by system 
and bay 

A favorable national 
balance proves local 
ecological safety 

Track absolute feed input, farm 
retention, bay budgets, 
concentrations and biological 
response 

5, 6, 9, 10 

Benthic 
enrichment 

Deposition depends on feed, 
feces, biodeposits, depth and 
current 

Strong dispersion 
eliminates impact 

Map footprint; monitor redox, 
sulfide, organic matter and 
benthos; use fallowing or 
relocation 

7, 18, 23, 
24 

Bivalve 
services 

Harvest can remove nutrients 
and filtration may improve 
clarity 

All bivalve farming 
is restorative 

Verify harvest removal and 
manage density, food depletion 
and biodeposition 

19, 20, 22, 
25, 26 

Seaweed 
services 

Harvested biomass removes 
dissolved nutrients 

Photosynthetic 
uptake equals 
permanent carbon 
sequestration 

Use harvest-based nutrient 
accounting and conservative 
life-cycle carbon claims 

11, 12, 
28–30 

IMTA 
Trophic coupling can recover 
part of waste and diversify 
production 

Co-location 
automatically 
produces 
integration 

Design species ratios and 
distances from hydrodynamic 
and mass-balance evidence 

13–17, 31 

Monitoring 
and 
capacity 

Cumulative effects occur at bay 
scale and change seasonally 

One-time 
environmental 
assessment is 
sufficient 

Use adaptive thresholds, 
repeated monitoring, model 
validation and permit revision 

21, 26, 32, 
33, 34, 35, 
36 

while extreme rainfall changes salinity and contaminant 
transport. Farm plans should include climate-sensitive 
thresholds and contingency procedures rather than rely ex
clusively on historical averages. 

3.8. ECOLOGICAL CARRYING CAPACITY AND ADAPTIVE 
MONITORING 

Carrying capacity provides the bridge between site suit
ability and cumulative management. For bivalves, hierar
chical frameworks distinguish physical, production, ecolog
ical, and social capacity.13 The same logic applies more 
broadly. Physical suitability asks whether infrastructure 
and species can persist. Production capacity asks how much 
biomass can be grown efficiently. Ecological capacity asks 
how much production can occur without unacceptable 
ecosystem change. Social capacity asks how much devel
opment can occur without unacceptable conflict or loss of 
public values. Conceptual pathways linking marine aqua
culture systems to environmental performance and adap
tive controls are illustrated in Figure 1. 

In practice, carrying capacity should be treated as an 
adaptive estimate rather than a permanent number. Nutri
ent inputs, hydrodynamics, temperature, farm layout, wild 
populations, and background land-based pollution all 
change. Models should be calibrated with field observations 
and revised when monitoring shows systematic bias. The 
result should inform total allowable feed, biomass, lease 
area, or harvest by management unit. 

A minimum program combines farm records with water 
and sediment indicators. Farm records include species, 
stocked biomass, mortality, feed, therapeutants, and har
vest. Water indicators include oxygen, nutrients, chloro

Figure 1. Conceptual pathways linking marine     
aquaculture systems to environmental performance      
and adaptive controls.    

phyll-a, temperature, salinity, and turbidity. Sediment in
dicators include organic matter, redox, sulfide, and benthic 
community condition where deposition is expected. Re
mote sensing and automated sensors can improve coverage, 
but calibration, maintenance, quality assurance, and re
sponse protocols determine whether digital monitoring is 
useful. Table 2 summarizes the evidence matrix for major 
environmental pathways and management responses. 
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3.9. SPATIAL GOVERNANCE, CUMULATIVE EFFECTS, 
AND DISTRIBUTIONAL TRADE-OFFS 

Co-management can contribute local ecological knowledge, 
rapid reporting, and social legitimacy, but it should com
plement rather than replace public regulation. Farmers and 
fishers often observe changes in currents, water color, mor
talities, blooms, and species distribution before formal 
monitoring detects them. Structured reporting channels 
can integrate these observations with sensor and laboratory 
data. Final decisions on allowable production and environ
mental thresholds should nevertheless be transparent, sci
entifically justified, and subject to independent oversight, 
particularly where powerful operators may influence local 
institutions. 

Distributional equity also affects environmental compli
ance. Small family farms may lack capital for continuous 
oxygen sensors, sediment surveys, certified seed, re
designed gear, or independent environmental auditing, 
whereas larger firms can spread these fixed costs across 
greater production volumes and may have easier access to 
credit and premium markets. A uniform capital-intensive 
standard can therefore induce small operators to exit or 
transfer leases to larger firms even when total bay-scale 
biomass and nutrient loading do not decline; consolidation 
alone is not an ecological outcome. Transition policy 
should combine enforceable minimum standards with 
shared bay-scale monitoring platforms, cooperative sam
pling and treatment services, extension support, and time-
limited finance for verified improvements. Financial assis
tance should be conditional on transparent reporting and 
measurable reductions in environmental pressure so that 
public support does not subsidize continued overstocking 
or merely shift production to larger operators. 

Cumulative assessment is especially important where 
many individually compliant farms operate close together. 
Permit-by-permit review may underestimate total feed 
load, filtration pressure, shading, biodeposition, or physical 
obstruction. A bay-scale management unit should map all 
leases and major non-aquaculture nutrient sources, iden
tify sensitive habitats and circulation pathways, and evalu
ate alternative farm configurations before authorizing fur
ther expansion. Strategic zoning can separate incompatible 
uses, preserve flushing corridors, and concentrate moni
toring where modeled exposure is greatest. However, zon
ing must remain revisable because production technolo
gies, markets, and climate conditions change. 

Marine aquaculture occupies shared coastal space. Rafts, 
longlines, cages, access routes, service vessels, processing 
infrastructure, conservation areas, capture-fishing 
grounds, tourism, and shipping may overlap within the 
same bay. An environmental assessment that focuses only 
on farm emissions can therefore miss important sustain
ability effects. Farm structures can modify navigation and 
landscape values, restrict access to traditional fishing areas, 
or create habitat that attracts wildlife and alters local fish
ing patterns. These outcomes are not uniformly negative 
or positive; they depend on spatial design, tenure arrange
ments, enforcement, and how costs and benefits are distrib
uted among users. 

4. DISCUSSION 

4.1. FROM SECTOR LABELS TO ENVIRONMENTAL 
FUNCTIONS 

The principal conclusion of this review is that environmen
tal regulation should not classify mariculture as a single ac
tivity. Fed systems, bivalves, macroalgae, and IMTA have 
different material pathways and therefore require different 
indicators. A uniform permit based solely on area or species 
cannot account for feed-derived waste, harvest-based nu
trient removal, biodeposition, or trophic coupling. Func
tional classification provides a stronger basis for licensing 
and reporting. 

For fed systems, the core management variables are total 
feed, nutrient retention, density, mortality, chemical use, 
and depositional footprint. For bivalves, management must 
balance harvest removal and filtration benefits against food 
depletion and biodeposition. For macroalgae, the critical 
variables are harvested biomass, tissue nutrient content, 
farm density, light and flow modification, and product fate. 
For IMTA, managers require a whole-system mass balance 
and evidence that extractive components are connected to 
the waste plume. 

4.2. RECONCILING NATIONAL BALANCES WITH LOCAL 
ECOLOGICAL RISK 

The apparent contrast between national net-removal esti
mates and local eutrophication is resolved by scale. Nutri
ent budgets are not interchangeable with ecological status. 
A harvested tonne of nitrogen may offset annual inputs in 
accounting terms, yet still fail to prevent a seasonal oxygen 
event in a poorly flushed bay. Management should there
fore report gross input, harvest export, net balance, lo
cal concentrations, sediment condition, and biological re
sponse as separate metrics. 

This distinction also clarifies the role of shellfish and 
seaweed. Their ecosystem services should be recognized, 
but crediting schemes must avoid double-counting and 
leakage. Here, double counting means assigning the same 
nutrient-removal or carbon benefit more than once across 
a farm, bay-level program, product claim, or offset scheme; 
leakage means displacing an environmental burden outside 
the accounting boundary rather than actually preventing 
it. A nutrient credit should therefore correspond to mea
sured nutrient mass in harvested biomass, be reconciled 
with farm-related biodeposition and other local effects, and 
be verified within a defined management area. Carbon 
claims require an even more conservative standard because 
net benefit depends on lifecycle emissions, permanence, 
and the counterfactual fate of products. 

4.3. BOUNDARY CONDITIONS, ACCOUNTING 
INTEGRITY, AND GOVERNANCE SAFEGUARDS 

Environmental safeguards should be embedded within the 
economic and governance mechanisms that shape farm be
havior. Governance integration can require common bay-
level standards; livelihood programs can finance verified 
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transitions to lower waste loads; digital infrastructure can 
provide traceable farm records and early warning; and co-
management can improve local observation and compli
ance while retaining scientific thresholds and public reg
ulatory accountability. The key principle is that enabling 
investments should be conditional on measurable environ
mental performance rather than treated as evidence of sus
tainability in themselves. 

Performance-based incentives are preferable to technol
ogy labels. A farm should not receive a sustainability bene
fit merely because it is digital, relocated, or multi-trophic. 
Eligibility should depend on measurable outcomes such as 
lower nutrient loss per unit harvest, compliance with sedi
ment thresholds, verified nutrient removal, reduced chem
ical use, and transparent reporting. This approach reduces 
the risk that nominal innovation is subsidized without a 
corresponding improvement in bay-scale ecological condi
tion. 

4.4. OPERATIONAL POLICY ROADMAP 

A staged roadmap is appropriate. In the short term, au
thorities can standardize farm records, minimum water and 
sediment indicators, and feed or biomass reporting. In the 
medium term, bay-level nutrient budgets and carrying-ca
pacity models can be linked to licenses, production caps, 
fallowing, and farm-layout revision. In the longer term, 
adaptive permits can be updated from monitoring evidence, 
while verified ecosystem services from shellfish and sea
weed can be incorporated into nutrient-management or in
centive schemes. The trigger values in Table 3 are screening 
examples rather than universal ecological limits: they 
should be calibrated to the designated water-quality class, 
species sensitivity, seasonal baseline, hydrodynamics, and 
local reference stations. For example, China’s current GB 
3097-1997 Class II seawater objectives specify dissolved 
oxygen above 5 mg L−1, inorganic nitrogen at or below 
0.30 mg N L−1, and active phosphate at or below 0.030 mg 
P L−1; HJ 1300-2023 provides the current national frame
work for integrated assessment of seawater and marine-
sediment quality.28,29 The roadmap should be implemented 
first in intensively farmed bays with recurrent nutrient en
richment, oxygen stress, bloom events, disease episodes, or 
sediment deterioration. 

4.5. LIMITATIONS AND RESEARCH PRIORITIES 

This review has several limitations. It is a critical structured 
narrative review rather than a systematic review with a reg
istered protocol, complete search log, duplicate indepen
dent screening, and formal risk-of-bias assessment. The lit
erature is heterogeneous, encompassing different species, 
locations, sampling designs, and measurement scales. Al
though the search framework, time window, evidence-pri
oritization criteria, and scope boundaries are now stated 
explicitly, the synthesis remains interpretive and may not 
capture every relevant Chinese-language or local monitor
ing report. Quantitative values should therefore be inter
preted in their original spatial and seasonal contexts rather 
than transferred directly among bays. 

Future research should develop a transparent China 
mariculture evidence database that links farm inputs, cul
tured biomass, hydrodynamics, water quality, sediment 
conditions, biodiversity, disease, and socioeconomic per
formance. Repeated bay-scale studies are needed to distin
guish farm effects from land-based pollution and climate 
variability. Comparative evaluations should test whether 
performance-based permits, nutrient credits, or coordi
nated IMTA licensing produce measurable improvement 
rather than only procedural compliance. 

5. CONCLUSIONS 

Marine aquaculture in China cannot be classified as uni
formly harmful or uniformly beneficial. Environmental per
formance depends on trophic function, external inputs, 
density, farm layout, hydrodynamics, season, harvest, and 
governance. Fed systems require strict control of total feed 
and waste loads. Bivalve and seaweed systems can provide 
nutrient-removal and other ecosystem services, but these 
benefits are conditional on harvest and carrying capacity. 
IMTA can improve recovery and diversify production, but 
only when trophic coupling and commercial operation are 
demonstrated. The most important management shift is 
from production- or area-based permission to evidence-
based adaptive licensing. Minimum farm records, bay-scale 
nutrient budgets, water and sediment thresholds, and eco
logical carrying-capacity assessment should determine al
lowable feed, biomass, and farm layout. Monitoring must be 
linked to pre-defined responses rather than treated as a re
porting exercise. 

Sustainable transition also requires attention to distrib
utional effects. Uniform compliance requirements can un
intentionally accelerate consolidation if small operators 
face fixed monitoring and technology costs that larger firms 
can more easily absorb. Shared monitoring infrastructure, 
cooperative services, and performance-linked transition fi
nance can reduce this risk while preserving enforceable 
ecological standards. The central policy test is therefore not 
whether a technology is labelled ‘green’, but whether cu
mulative environmental performance improves at the scale 
of the receiving bay. 
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Table 3. Operational roadmap for environmentally accountable marine aquaculture in China          

Time 
frame 

Action 
Required 
evidence 

Trigger or threshold 
Management 
response 

Expected 
contribution 

Immediate 

Standardize 
farm 
environmental 
records 

Stocking, feed, 
mortality, 
chemicals, 
harvest 

Missing/inconsistent 
records or total feed/
stocking exceeding permit 
conditions 

Correct records; 
inspect source; 
require corrective 
plan; suspend 
further stocking if 
material non-
compliance 
persists 

Creates 
auditable 
input and 
output data 

Immediate 

Establish 
minimum 
monitoring 
panels 

DO, DIN, active 
phosphate, 
chlorophyll-a, 
temperature, 
salinity; 
sediment redox, 
organic matter 
and sulfide 
where 
deposition is 
expected 

Illustrative screening 
triggers: DO <5 mg L−1, 
DIN >0.30 mg N L−1, or 
active phosphate >0.030 
mg P L−1 where Class II 
seawater objectives apply; 
sediment redox <+50 mV 
or a sustained sulfide 
increase relative to 
reference stations.28,29 

Repeat/expand 
sampling within 
days; identify farm 
and non-farm 
sources; reduce 
feeding or biomass 
when 
deterioration is 
persistent; initiate 
sediment or 
benthic 
assessment 

Converts 
monitoring 
into early 
action 

1–3 years 

Develop bay 
nutrient 
budgets and 
carrying-
capacity 
estimates 

Hydrodynamics, 
farm loads, 
harvest 
removal, land-
based inputs 

Observed repeated Class II 
exceedance, recurrent low-
oxygen events, or modeled 
cumulative load above the 
locally calibrated ecological 
carrying-capacity envelope 

Cap or reduce 
total feed/
biomass; revise 
lease area and 
spacing; restore 
flushing corridors; 
require fallowing 
or relocation 
where recovery 
fails 

Aligns 
production 
with local 
ecological 
limits 

1–3 years 

Expand 
verified 
extractive and 
IMTA systems 

Mass balance, 
trophic linkage, 
harvest nutrient 
content, market 
feasibility 

Measured harvest nutrient 
removal and demonstrable 
trophic coupling without 
deterioration in DO, 
sediment redox/sulfide, 
food availability, or 
reference-site condition 

Coordinated 
permits and 
targeted 
incentives 

Improves 
material 
recovery 
and income 
diversity 

3–5 years 

Introduce 
adaptive 
performance-
based 
licensing 

Multi-year 
environmental 
and compliance 
record 

Two or more monitoring 
cycles showing persistent 
non-compliance, or multi-
year verified improvement 
against site-specific 
baselines 

Tighten, suspend, 
maintain or 
expand permit 
conditions 

Links 
operating 
rights to 
measurable 
outcomes 

3–5 years 

Pilot 
ecosystem-
service 
compensation 

Verified 
harvested N/P 
mass, defined 
accounting 
boundary, local 
ecological 
safeguards, and 
independent 
audit 

Benefit is additional, 
independently verified, not 
double counted, and not 
offset by leakage or local 
threshold exceedance 

Nutrient credits or 
payment contracts 

Aligns 
private 
incentives 
with public 
water 
quality 
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