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Abstract 
 

Earthy-musty off-flavours in farmed freshwater fish are driven primarily by GSM and 

2-MIB, which partition into lipid-rich tissues and depress consumer acceptance. We 

conducted a quantitative synthesis and meta-analysis review of experimental 

aquaculture studies reporting fillet GSM/2-MIB at baseline and ≥1 post-depuration 

time point with variance (or convertible equivalents). Effects were expressed as log 

response ratios (LRR=ln[final/baseline]); where authors modelled first-order decay 

C(t)=Be−kt, LRR was computed as -kt. Pooled via multilevel random-effects meta-

analysis (effects nested within study), depuration consistently reduced fillet burdens 

across species and systems: study-arm LRRs for GSM ranged from -1.05 to -4.03 (≈65-

98% reduction), and for 2-MIB from -0.27 to -3.13 (≈24-96% reduction). Moderator 

analyses aligned with kinetic expectations: higher HRT and warmer water were 

associated with faster removal; rigorous system hygiene and water exchange 

supported sustained boundary conditions; DO (90-100% saturation) and increased 

swimming speed had comparatively modest additional effects under optimal 

conditions. Practically, 8-10 days of waterborne depuration in clean, well-exchanged 

systems (higher HRT; warmer within welfare limits) reliably achieved >90% GSM 

reduction in salmonids and pikeperch, with shorter groundwater holds delivering rapid 

early declines in pangasius. The analysis plan and effect-size table enable reproducible 

pooling and moderator testing to inform facility-specific depuration design and time-

to-market decisions. 

Introduction 
 

Global aquaculture supplies an ever-larger share of 
aquatic animal food which elevates the importance of 
dependable flavor quality for consumer acceptance and 
market access (FAO, 2024; Howgate, 2004; Watson, 
2004).  A recurrent constraint is earthy and musty off 
flavor in freshwater species driven mainly by GSM and 
2-MIB produced by cyanobacteria and actinobacteria in 
blooms biofilms and process units (Jüttner and Watson, 
2007; Howgate, 2004; Watson, 2004). In aquaculture 

production systems, these compounds primarily 
originate from in-pond or in-system biological 
processes, including planktonic blooms, benthic 
biofilms, and biofilters, which differ fundamentally from 
their occurrence in engineered drinking water systems 
(Qu et al., 2025). These odorants have extremely low 
sensory thresholds and readily partition from water into 
lipid rich tissues causing product downgrades and 
delayed harvests even when toxicological risk is minimal 
(Howgate, 2004; Petersen et al., 2011; Watson, 2004). 
Their physicochemical behavior explains persistence 
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during culture since moderate hydrophobicity favors 
tissue accumulation and temperature sensitive air water 
exchange limits stripping from water and fillets (Ömür 
Özbek and Dietrich, 2005; Sander, 2024). Within farms 
sources include planktonic blooms littoral and sludge 
associated biofilms and biofilters which can act as 
chronic reservoirs or episodic emitters that align with 
observed flavor failures after bloom turnover or hygiene 
lapses (Jüttner and Watson, 2007; Watson, 2004).   

Mitigation strategies involve three areas including 
aquaculture systems where nutrient inputs are 
controlled to reduce production, drinking water 
treatment where dissolved compounds are removed, 
and post-harvest depuration where compounds are 
eliminated from fish tissues (Serpa & Duarte, 2008; 
Siddique et al., 2025a). Mitigation options span 
catchment nutrient management and water treatment 
steps such as ozonation adsorption on activated carbon 
and foam fractionation although performance depends 
on raw water composition and design (Schrader et al., 
2010; Ridal and Satchwill, 2001; Ho et al., 2002; Li et al., 
2014; Cagnetta et al., 2023). Evidence from drinking 
water treatment plants demonstrates that conventional 
clarification is largely ineffective for GSM and 2-MIB, 
whereas powdered or granular activated carbon and 
advanced oxidation processes can be highly effective 
under controlled conditions (Ridal and Satchwill, 2001; 
Ho et al., 2009; Salazar and Wert, 2022; Zhang et al., 
2019; Gora et al., 2022). However, these findings cannot 
be directly translated to aquaculture systems due to 
differences in biological activity, organic load, and 
hydraulic dynamics. 

Immediately before harvest most farms rely on 
waterborne depuration where fish are held without 
feed in clean well aerated high exchange water to 
reduce tissue burdens to sensory targets (Burr et al., 
2012; Davidson et al., 2014). Outcomes vary widely 
across species and facilities because elimination kinetics 

depend on temperature hydraulic residence time DO 
system cleanliness and feeding policy (Davidson et al., 
2020; Schram et al., 2021; Petersen et al., 2011; 
Siddique et al., 2026a). Controlled trials show that faster 
system flushing and shorter residence times accelerate 
removal of geosmin from water and fillets and that 
targeted feeding during depuration can under some 
conditions enhance elimination compared with 
complete fasting (Davidson et al., 2020; Schram et al., 
2021). Therefore, direct extrapolation of removal 
efficiencies from drinking water studies to depuration 
practices is inappropriate without accounting for 
species-specific physiology and system-level 
differences. Despite decades of case studies producers 
still lack quantitative guidance that links mechanisms 
and design levers to predictable time to threshold 
performance across species and systems which 
motivates synthesis to translate diverse trials into 
practical recommendations (Tucker, 2000; Howgate, 
2004; Jüttner and Watson, 2007; FAO, 2024; Siddique et 
al., 2025b; Siddique et al., 2026b). 

 

Background: Compounds and Pathways  
 

Sources in Production Systems 
 
GSM and 2-MIB are terpenoid alcohols produced 

by several microbial guilds that routinely occur in 
aquaculture waters (Figure 1). The best-documented 
sources are bloom-forming cyanobacteria (e.g., 
Dolichospermum/Anabaena, Planktothrix, 
Pseudanabaena) and Actinobacteria (classical 
“actinomycetes” such as Streptomyces and Nocardia) 
(Jüttner & Watson, 2007; Watson, 2004; Howgate, 
2004). Cyanobacteria are typically the dominant 
producers in the water column, particularly during 
bloom events, whereas Actinobacteria are more 
commonly associated with sediments, littoral zones, 

 

Figure 1. Conceptual model of GSM/2-MIB generation, fish uptake, and removal levers. 
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and biofilms (Bormans et al., 2020). In ponds and 
reservoirs, littoral/benthic biofilms on rocks, 
macrophytes and invertebrate shells can be persistent 
reservoirs and seasonally release GSM/2-MIB to the 
water column (Ridal et al., 2007; Jüttner & Watson, 
2007). In intensive systems (RAS/flow-through), 
biofilters and sludge/foam fractions can harbor 
producers or adsorb these compounds, creating slow 
release if not well managed (Petersen et al., 2011; Burr 
et al., 2012; Howgate, 2004) (Figure 1). 

 
Partitioning and Kinetics (Henry’s Constant, LogKow, 
Lipid Affinity) 

 
Both compounds are moderately hydrophobic and 

weakly volatile at aquaculture temperatures. EPI 
Suite/KOWWIN estimates give logKow≈ 3.57 for 
geosmin and 3.31 for 2-MIB, consistent with appreciable 
affinity for fish lipids and predicted BCFs on the order of 
70-270 L·kg⁻¹ (species and trophic level dependent) (U.S. 
EPA, 2025). Temperature-dependent Henry’s law 
measurements indicate dimensionless H ≈ 0.002–0.02 
between ~20-45 °C, with H increasing with temperature 
(Ömür-Özbek & Dietrich, 2005; Sander, 2023). These 
parameters explain observed behavior: (i) volatilization 
from quiescent ponds/lakes is slow; (ii) rapid diffusive 
uptake occurs across gills, followed by partitioning to 
fat-rich tissues; (iii) depuration (holding fish in clean, 
fast-flowing water) is governed by blood flow, 
temperature and lipid fraction, warmer water and 
higher flows generally shorten half-lives, but multi-day 
depuration is still common (Howgate, 2004; Robertson 
et al., 2005; Burr et al., 2012; Petersen et al., 2011) 
(Figure 1). The same properties underpin 
water-treatment levers such as powdered or granular 
activated carbon (PAC/GAC) and advanced oxidation, 
which target dissolved GSM/2-MIB before uptake 
(Jüttner & Watson, 2007; Watson, 2004).  

 
Sensory Thresholds and Regulatory Context 

 
Human odor thresholds in water are extremely 

low: geosmin is typically detected around 4-10 ng·L⁻¹, 
and 2-MIB around 5-15 ng·L⁻¹, with literature ranges 
extending a few ng·L⁻¹ either side depending on panel 
and matrix (Jüttner & Watson, 2007; Watson, 2004; 
Howgate, 2004). In fish muscle, thresholds vary by 
species and fat content but fall broadly in the 10²–
10³ ng·kg⁻¹ range. Reported values include ~250-
500 ng·kg⁻¹ for geosmin and 100-200 ng·kg⁻¹ for 2-MIB in 
channel catfish (Grimm et al., 2004), ~400-450 ng·kg⁻¹ 
geosmin and >900 ng·kg⁻¹ 2-MIB in Atlantic salmon (Burr 
et al., 2012), and some lower single-species thresholds 
(≈60-100 ng·kg⁻¹) in certain freshwater fish under 
controlled tests (Robertson et al., 2005; Petersen et al., 
2011). From a regulatory standpoint, GSM and 2-MIB 
are not subject to health-based MCLs. In drinking water, 
they are managed under the U.S. EPA’s secondary 
(aesthetic) framework for taste & odor; secondary 

standards are non-enforceable guidelines used by 
utilities to avoid consumer complaints rather than 
toxicological risk limits (U.S. EPA, 2025; Watson, 2004). 
For aquaculture and seafood quality, processors 
therefore set operational action limits relative to 
sensory acceptance (typically aiming to keep fillet 
concentrations well below the species-specific 
thresholds above) (Howgate, 2004; Petersen et al., 
2011; Burr et al., 2012). These operational limits 
motivate the mitigation levers summarized in Figure 1. 
 

Off-flavour Mitigation Strategies  
 

GSM and 2-MIB are earthy–musty terpenoids 
produced mainly by cyanobacteria and actinobacteria; 
they partition to fish lipids and can persist through 
harvest unless managed proactively. Effective control 
relies on an upstream, multi-barrier approach (water 
treatment + husbandry + depuration) with post-harvest 
options reserved mainly for salvage or sensory masking 
(WHO, 2022; Schrader et al., 2010; Davidson et al., 
2021). 
 
Pre-harvest 

 
In pre-harvest phases the most reliable controls 

are water-side treatments that limit fish exposure to 
dissolved GSM/2-MIB. Conventional coagulation and 
media filtration remove particulates but perform poorly 
on these small, hydrophobic terpenoids; by contrast, 
activated carbon and AOPs target the dissolved fraction 
effectively when designed for sufficient contact and 
dose (WHO, 2022; Cook et al., 2015). Powdered or 
superfine PAC enables rapid response to episodic spikes, 
while granular or biologically active GAC (BAC) provides 
continuous polishing between biofiltration and 
depuration tanks. However, the application of AOPs 
(e.g., UV/H₂O₂, UV/persulfate, UV/chlorine) must be 
evaluated in a species- and system-specific context, as 
excessive oxidant exposure or by-product formation 
(e.g., bromate in bromide-rich waters) may pose risks to 
sensitive species such as salmonids in RAS, and their use 
is often regulated under drinking water and aquaculture 
effluent guidelines (WHO, 2022; Wert et al., 2009). UV-
based AOPs oxidize GSM/2-MIB provided that UV 
transmittance, pH, oxidant concentration, and 
hydraulics are controlled; direct UV-C alone is generally 
inadequate (Elhadi et al., 2005; Wert et al., 2009; Chu 
et al., 2016; Liu et al., 2022).  

Similarly, ozonation in freshwater RAS improves 
clarity and reduces fine particulates and DOC, but 
species-specific tolerance to oxidation–reduction 
potential (ORP) must be considered, as excessive ozone 
or residual oxidants can damage gill tissues, particularly 
in species such as trout and salmon. Regulatory limits on 
residual ozone and by-products (e.g., bromate) further 
constrain its application, requiring careful monitoring 
and system design. Ozonation should therefore be 
viewed mainly as an enabling step rather than a stand-
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alone remover of GSM/2-MIB (Schrader et al., 2010). 
Complementary unit operations such as foam 
fractionation (protein skimming), often ozone-assisted 
that strip surface-active organics and fines and can 
measurably lower DOC loads to the polishing steps 
(de Jesus Gregersen & Pedersen, 2023). Across all 
configurations, rigorous solids management (frequent 
drum-screen/biofilter backwash, prompt sludge 
removal, avoidance of anaerobic pockets) reduces 
precursors and niches for odour-producing microbes 
and minimizes competitive adsorption by NOM (WHO, 
2022). Beyond hardware, several operational levers 
materially influence off-flavour risk, particularly under 
varying climatic and water-quality conditions that affect 
system dynamics and fish physiology (Nova et al., 2026). 
Increasing make-up water during bloom periods dilutes 
dissolved taint and precursors, assuming taint-free 
source water (WHO, 2022). Stable nitrification and 
disciplined biofilter maintenance help prevent 
over-mature, odorous biofilms; maintaining high 
dissolved oxygen, appropriate temperature and 
photoperiod/shading can disfavor cyanobacterial 
growth in indoor raceways. The final pre-harvest control 
is depuration. Holding fish without feed in clean, 
fast-flowing, high-DO water for multiple days allows 
elimination of lipid-associated GSM/2-MIB across the 
gills. For market-size salmon reared in RAS, empirical 
work shows typical purge durations of ~10-15 days 
under odor-free conditions; higher temperature within 
welfare bounds and high DO improve rates, while forced 
swimming offers limited additional benefit (Davidson 
et al., 2021; Burr et al., 2012). Analytical (SPME-GC/MS) 
or trained-panel verification avoids over-long purges 
that waste biomass and erode color (Burr et al., 2012). 
In ponds and cages, management aims to prevent or 
abbreviate cyanobacterial blooms and to schedule 
harvests when water and fillets are below sensory 
thresholds. Recommended measures include watershed 
nutrient control, prudent fertilization, 
destratification/aeration, and timely water exchange 
(FAO, 2005; FAO, 2010). Where permitted, copper 
sulfate can suppress odour-producing blooms; however, 
its application carries species-specific toxicity risks (e.g., 
higher sensitivity in soft-water environments and 
among early life stages of fish), system-specific 
accumulation concerns in sediments, and strict 
regulatory controls in many countries due to 
environmental persistence and non-target impacts. 
Therefore, its use must follow alkalinity-adjusted dosing, 
withdrawal periods, and environmental safety 
guidelines. Extension guidance stresses correct dosing, 
environmental safeguards, and the importance of 
integrated management to limit non-target impacts 
(Tucker et al., 2001; SRAC, 1999; UF/IFAS, 2024; 
Oklahoma State University, 2023). A concise 
comparative summary of pre-harvest options, expected 
effect direction, cost/complexity, and common pitfalls is 
provided (Table 1). 

 

Post-harvest  
 
Because GSM/2-MIB are small, hydrophobic 

molecules with strong lipid affinity, true chemical 
elimination of these compounds from fillet tissue after 
harvest is extremely limited; most interventions do not 
remove but rather mask their sensory perception or 
reduce their concentration through physical trimming of 
affected tissues. It is therefore important to clearly 
distinguish between masking and actual removal, as 
post-harvest treatments generally do not chemically 
eliminate GSM/2-MIB. A side-by-side overview of 
post-harvest options is summarized in Table 1. Skin-off 
filleting and targeted trimming of the belly flap and dark 
muscle can reduce taint concentrations in some species, 
though at the expense of yield (Burr et al., 2012; Sen et 
al., 2026). Short weak-acid marinades (≈0.5-1% acetic or 
citric acid) and smoke/flavour systems primarily reduce 
perceived off-flavour intensity through aroma masking 
and slight partitioning effects rather than true chemical 
degradation of GSM/2-MIB; effects are highly 
product- and condition-dependent, and overdosing can 
soften texture or shift colour (Kin, 2006; Liu et al., 2015). 
Thermal processes like hot smoking and retorting 
modify the volatile profile and suppress musty 
perception mainly via masking mechanisms, not by 
destruction of the target compounds, as reported for 
trout and catfish (Zimba et al., 2011; Kin, 2006). 
Emerging non-thermal technologies provide quality or 
safety benefits but show negligible capacity for direct 
removal of GSM/2-MIB. HPP delivers microbial stability 
with minimal heating yet tends to preserve 
low-molecular-weight volatiles; pairing HPP with 
marinade/smoke systems may improve sensory 
outcomes when low residual taint persists (Batool et al., 
2021; Chen et al., 2022). Modified-atmosphere 
packaging MAP and vacuum packaging reliably extend 
shelf-life by restraining microbial growth and lipid 
oxidation but do not contribute to the chemical removal 
of GSM/2-MIB, and should be considered supportive 
technologies alongside pre-harvest control and, where 
needed, post-harvest masking (Sivertsvik et al., 2002; 
Parlapani et al., 2016). 

 

Methodology 
 

Reporting Framework and Eligibility  
 
This review followed PRISMA 2020 guidance (Page 

et al.2020) and adopted a methodological framework 
consistent with recent meta-analytical approaches in 
aquaculture research (Ahmed et al., 2025a). Eligible 
studies were experimental or quasi-experimental 
aquaculture trials that reported fillet concentrations of 
geosmin (GSM) and/or 2-methylisoborneol (2-MIB) at 
baseline and at ≥1 post-intervention or depuration time 
point, with sufficient statistics to compute effect sizes. 
Studies reporting only water-phase concentrations 
without corresponding fillet data were excluded from 
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the primary meta-analysis and considered narratively 
when relevant. When a study arm evaluated both 
compounds, GSM and 2-MIB were treated as separate 
effects. All concentration data were harmonized to 
ng·kg⁻¹ (fillet) prior to synthesis.  

 
Information Sources, Study Selection, and Data 
Extraction  

 
We searched for the Web of Science, Scopus, 

PubMed, and CAB Abstracts without language limits at 
the search stage, supplemented by hand-searching 
reference lists of included articles and relevant reviews 
and by targeted queries to identify grey literature. The 
complete search strings used for each database were as 
follows: 

 
Web of Science: TS= ((geosmin OR "2-

methylisoborneol" OR 2-MIB) AND (fish OR aquaculture 

OR "farmed fish") AND (depuration OR purification OR 
"water treatment" OR removal)) 

 
Scopus: TITLE-ABS-KEY ((geosmin OR "2-

methylisoborneol" OR 2-MIB) AND (fish OR aquaculture 
OR "farmed fish") AND (depuration OR purification OR 
"water treatment" OR removal)) 

 
PubMed: ((geosmin OR "2-methylisoborneol" OR 

2-MIB) AND (fish OR aquaculture OR "farmed fish") AND 
(depuration OR purification OR "water treatment" OR 
removal)) 

 
CAB Abstracts: ((geosmin OR "2-methylisoborneol" 

OR 2-MIB) AND (fish OR aquaculture OR "farmed fish") 
AND (depuration OR purification OR "water treatment" 
OR removal)) 

 

Table 1. Narrative summary of mitigation options, expected effect direction, cost/complexity, and typical pitfalls 

Option Mechanism/notes 
Expected 
effect on 

GSM/2-MIB 
Cost/complexity Typical pitfalls Key references 

PAC/SPAC dosing; 
GAC/BAC polishing 

Adsorption; BAC 
prolongs runs via 
biodegradation 

↓↓ (water); 
indirect ↓ 
(fillet via 

depuration) 

$$–$$$ 
NOM 

competition; 
EBCT too low 

WHO (2022); Water Practice & 
Technology review (2023); Cook 
et al. (2015); Cook et al. (2015) 

UV-based AOPs 
(UV/H₂O₂, 
UV/persulfate, 
UV/chlorine) 

Radical oxidation; 
pH/UVT-dependent 

↓↓ (water); 
↓ (fillet via 
depuration) 

$$–$$$ 
By-products; 
lamp upkeep 

Elhadi et al. (2005); 
Wert et al. (2009); 

Chu et al. (2016); Liu et al. (2022) 

Ozone 
(side-stream/contact) 

Improves clarity; 
reduces DOC/fines 

↓ (indirect) $$–$$$ 
ORP control; 

residual 
toxicity 

Schrader et al. (2010) 

Foam fractionation (± 
ozone) 

Removes 
surfactants/fines; 

enhances 
downstream steps 

↓ (indirect) $$ 
Lower efficacy 
if undersized 

de Jesus Gregersen & 
Pedersen (2023); 

Schrader et al. (2010) 

Solids management 
Frequent 

backwash, sludge 
removal 

↓ 
(prevention) 

$–$$ 
Anaerobic 

pockets 

WHO (2022); Water Practice & 
Technology review (2023); Cook 

et al. (2015) 

↑ make-up water 
Dilution/shorter 
residence time 

↓ (water; 
transient) 

$$ 
Source water 

must be 
taint-free 

WHO (2022) 

Depuration (10–15 d; 
high DO; no feed) 

Elimination via 
gills; faster with 

↑T and flow 
↓↓ (fillet) $$ 

Re-tainting if 
water not 
polished 

Davidson et al. (2021); 
Burr et al. (2012) 

Pond/cage bloom 
control (aeration, 
nutrients, copper 
sulfate) 

Prevent/shorten 
blooms; time 

harvest 

↓↓ 
(prevention) 

$–$$ 
Non-target 

toxicity; 
dosing errors 

Tucker et al. (2001); SRAC (1999); 
UF/IFAS (2024) 

Post-harvest 
trimming/skin-off 

Removes high-taint 
tissues 

↓ (fillet) $ Yield loss Burr et al. (2012) 

Acidic 
marinades/smoke 

Partial extraction + 
masking 

↓ 
(perceived) 

$ 
Texture/colour 

changes 
Kin (2006); Liu et al. (2015) 

HPP 
Non-thermal 

safety; little effect 
on small volatiles 

↔ / slight ↓ 
(perceived) 

$$–$$$ 
Expect 

masking, not 
removal 

Chen et al. (2022); 
Batool et al. (2021) 

MAP/vacuum 
Shelf-life extension 

only 
↔ $ 

Temperature 
abuse risks 

Sivertsvik et al. (2002); 
Parlapani et al. (2016) 

Key takeaways. Prioritize upstream control (bloom suppression, solids management), polish water with GAC/BAC and, where appropriate, 
UV-AOP/ozone-assisted skimming; then use short, well-controlled depuration with high DO and clean water. Reserve post-harvest tactics for salvage 
and be transparent when masking rather than removal is applied. 
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Boolean operators (AND, OR) were used to 
combine keywords, and search terms were adapted as 
necessary for each database. 

Records were duplicated before screening. Two 
reviewers independently screened titles/abstracts and 
then full texts against pre-specified eligibility criteria; 
disagreements were resolved by discussion, with a third 
reviewer adjudicating when necessary. Reasons for full-
text exclusion were recorded, and the screening flow is 
summarized in the PRISMA diagram (Figure 2). Using a 
piloted extraction form, two reviewers independently 
captured study setting (species, production system), 
intervention characteristics (e.g., depuration duration, 
hydraulic residence time [HRT], water temperature, 
dissolved oxygen [DO], hygiene/water-exchange 
practices), analytical methods (e.g., headspace solid-
phase microextraction coupled to gas chromatography–
mass spectrometry [HS-SPME/GC-MS]), and outcome 
data (fillet geosmin/2-methylisoborneol at baseline and 
follow-up with sample size, mean, and SD/SE, or raw 

values). When required details were missing, study 
authors were contacted, and discrepancies in extraction 
were reconciled by consensus. 

 
Effect Size and Uncertainty Estimation  

 
For each study arm, the primary effect was the log 

response ratio, with equations presented separately 
below. 

𝐿𝑅𝑅 = 𝑙𝑛⁡(
𝐹

𝐵
) 

 
When means±SE were reported: 
 

SELRR = √(
SEB
B

)
2

+ (
SEF
F
)
2

 

 
95%CI = LRR ± 1.96 × SELRR 

 

 

Figure 2. Screening literature using Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA). 
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If SD and n were reported: 
 

SE =
SD

√n
 

 
For paired pre–post designs with within-arm 

correlation rrr (reported or varied in sensitivity 
analyses): 

 

SELRR,paired = √(
SEB
B
)
2

+ (
SEF
F
)
2

− 2r (
SEB
B
)⁡× (

SEB
B

) 

 
For studies reporting first-order decay: 
 

C(t) = Be−kt 
 

LRR = −kt 
 

SELRR = SEk × t 
 

F = B⁡⁡eLRR 
 
Endpoints below the limit of detection (LOD) were 

imputed as LOD/2 in the primary analysis, with LOD/√2 
evaluated in sensitivity analyses. In rare cases with 
missing variances but essential means, we ran clearly 
flagged sensitivity analyses using conservative 
imputation (e.g., fixed coefficient of variation to derive 
SE); such rows were excluded from the primary pooled 
estimates unless explicitly stated. 

 
Effect Modifiers, Bias Assessment and Sensitivity 
Analyses  

 
Pre-specified moderators were depuration 

duration (days), hydraulic residence time (HRT, h), 
dissolved oxygen (DO, %), water temperature (°C), 
system hygiene/water-exchange measures, initial fillet 
concentration, species/group, and analytical method. 
We fitted univariable meta-regressions for each 
moderator and, where the number of effects (k) 
permitted, explored parsimonious multivariable 
models. Subgroup analyses were conducted by 
compound (geosmin vs 2-methylisoborneol) and by 
system type. Small-study effects/publication bias were 
examined using contour-enhanced funnel plots and 
Egger-type tests, noting the limited power when k is 
small. Internal validity was appraised with a domain-
based checklist adapted from the Cochrane Risk of Bias 
Tool (Sterne et al., 2019), tailored for aquaculture 
interventions, covering sequence generation/allocation, 
blinding (where feasible), outcome measurement, 
attrition, selective reporting, and co-interventions (e.g., 
temperature, DO control, hygiene); each domain was 
rated low/unclear/high risk, with discrepancies resolved 
by consensus. Sensitivity analyses were prespecified for 
(i) the assumed within-arm correlation r in paired 
designs (0.3–0.8), (ii) exclusion of studies at high risk of 

bias, (iii) alternative handling of values below the limit 
of detection (LOD/√2), and (iv) leave-one-study-out 
diagnostics to identify influential studies. 

 
Software and Reproducibility  

 
Analyses were conducted in R (version 4.5.1), using 

metafor and clubSandwich (for robust variance where 
applicable). Figures were generated with ggplot2 and 
metafor’s plotting utilities. Analysis scripts and a de-
identified data file are available from the corresponding 
author upon reasonable request. 

 

Results 
 

Study Selection and Characteristics 
 

Following PRISMA 2020 (Figure 2), eight 
experimental studies (Burr et al. 2012; Davidson et al. 
2014; Davidson et al. 2020; Davidson et al. 2021; 
Petersen et al. 2014; Podduturi et al. 2021; Schram et al. 
2021; and Schram et al. 2021) met eligibility and were 
synthesized (Table 2). Across these studies, species 
included Atlantic salmon (Salmo salar), pikeperch 
(Sander lucioperca), pangasius, and Nile tilapia, with 
trials spanning tank/flow-through depuration and short 
groundwater holds. Designs manipulated HRT, 
temperature, DO, swimming speed, exchange/hygiene, 
and duration (details in Table 2). Analytical endpoints 
were fillet GSM and, where reported, 2-MIB measured 
by HS-SPME/GC-MS; when authors modeled first-order 
elimination, final concentrations were predicted from k 
(±SE). Effect sizes were computed as log response ratios, 
LRR = ln[final/baseline], with variances from reported 
SE/SD or derived from SEₖ  for modeled endpoints (arm-
level data in Tables S1–S2). 

 

Primary Meta-analysis: Overall Effect on GSM and on 
2-MIB in Fillets 

 

Across all included study-arms, depuration 
produced large, directionally consistent decreases in 
earthy–musty compounds in fillet tissue (Figure 3a–b; 
Tables S1–S2). For GSM, study-arm log response ratios 
(LRR = ln[final/baseline]) ranged from −1.05 to −4.03, 
corresponding to roughly 65%-98% reductions in fillet 
concentration. The median LRR was ≈ -2.47 (≈ 92% 
reduction), with most salmonid arms clustering 
between -2.3 and -3.5. Patterns across trials aligned with 
a priori expectations from kinetics: higher HRT and 
warmer water were associated with faster removal (e.g., 
HRT 11.3 h vs 2.4 h; ~10 d depuration outperforming 
shorter holds), whereas varying dissolved oxygen and 
swimming speed had comparatively modest influence 
when clean, well-exchanged water was maintained. 
Modeled endpoints (first-order decay fits) and directly 
measured endpoints yielded concordant effect sizes and 
did not materially alter conclusions when included 
(open symbols in Figure 3a).  For 2-MIB, LRRs spanned -
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Table 2. Summary of eight studies covering species, system, depuration duration, key covariates, methods, and outcomes including fillet GSM and 2-MIB with LRR  

Study (APA 
short) 

Species System / Setting 
Exposure / 

Intervention 
Duration Key covariates Analytical method Primary outcomes 

Davidson et 
al., 2020 

Atlantic salmon 
(Salmo salar) 

Partial-reuse 
depuration tanks 

(HRT 2.4, 4.6, 11.3 
h) 

Waterborne 
depuration (no 

feed) 
10 d HRT (3 levels) HS-SPME/GC-MS for GSM 

Fillet GSM (ng/kg) at D0, 
D3/6/10; % reduction; HRT 

effect 

Davidson et 
al., 2021 

Atlantic salmon 
Depuration tanks 

(swim speed × DO) 

Waterborne 
depuration; 

modeled first-order 
decay (k±SE) 

10 d 
0.3 vs 0.6 body-length·s⁻¹; DO 

90% vs 100% 
GC-MS; exponential fit to 

GSM 
LRR from k; predicted finals; 

treatment effects on k 

Burr et al., 
2012 

Atlantic salmon 
Flow-through vs 
cleaned RAS vs 
uncleaned RAS 

Waterborne 
depuration 

(with/without prior 
system cleaning) 

15 d 
System hygiene (clean vs 

unclean) 
GC-MS for GSM 

Fillet GSM D0→D15; largest 
reduction in flow-
through/clean RAS 

Petersen et 
al., 2014 

Pangasius 
(Pangasianodon 

sp.) 

Pond fish, 
groundwater 
depuration 

Waterborne 
depuration 

(groundwater) 
0.5–2 d Time (12–48 h) GC-MS for GSM 

Fillet GSM means by hour; 
time–response in pangas 

Podduturi 
et al., 2021 

Pikeperch 
(Sander 

lucioperca) 

Tank depuration 
(RAS fish; 50% daily 

water renewal) 

Waterborne 
depuration; no feed 

8 & 15 d 
Daily water exchange (½-

volume) 
GC-MS for VOCs (incl. 

GSM) 
Fillet GSM D0→D8→D15; 

sensory improvement 

Schram et 
al., 2021  

Atlantic salmon 
Exchange 

depuration tanks 
(temperature trials) 

Waterborne 
depuration; 

modeled decay 
6 d 

Temperature (≈11.6 vs 14.6 °C); 
water-exchange rate 

GC-MS; first-order decay 
k estimates; predicted LRR; 

temp effect on excretion 

Davidson et 
al., 2014 

Atlantic salmon 
(Salmo salar) 

Semi-commercial 
freshwater RAS 

depuration tanks 
(0.5 m³) 

2 × 2 factorial: 
H2O2 disinfection 

(yes/no) × aeration 
media (yes/no) 

10d 

H₂O₂ pre-disinfection; 
presence/absence of aeration 
media; depuration duration 

(D0,3,6,10); tank water quality 
(T 15–16 °C, DO, BOD, TAN, TP, 
TSS); prior biofilm from trout 

TD-GC–MS using stir bar 
extraction (Twister™) for 

GSM & MIB; internal 
standard 2-isopropyl-3-

methoxypyrazine 

Fillet GSM & MIB 
concentrations over time; 
effect of H₂O₂ on off-flavor 

reduction; effect of aeration 
media on removal kinetics; 

kinetics of off-flavor removal 

Schram et 
al., 2021 
(tilapia 
feeding) 

Nile tilapia 
(Oreochromis 

niloticus) 

Depuration tanks (2 
× 4 factorial: 

feeding × time; 
duplicates for each 

combination) 

Off-flavor 
depuration 

with/without 
feeding; fish 

preloaded with 
geosmin 

24, 48, 
72, 96 h 

Feeding during depuration (fed 
vs unfed) 

GC-MS for GSM 

Geosmin decline in fillet and 
ovary; faster elimination in fed 
fish (p=0.018 for ovary, p=0.11 
for fillet); no tissue difference 

in elimination rate; feeding 
reduces off-flavor depuration 

time 
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0.27 to -3.13 (≈ 24%-96% reductions), with a median LRR 
≈ -1.62 (≈ 80% reduction). Arms with clean/flow-through 
depuration or disinfected/cleaned system media 
generally sat on the larger-magnitude (more negative) 
end of the distribution, while very short holds (≤48 h) 
exhibited more modest declines, as expected given the 
compound’s lipid affinity and multi-day elimination half-
lives under typical aquaculture temperatures. Inclusion 
of arms reporting modeled finals again did not shift the 
overall picture (Figure 3b).  

Taken together, these results indicate that 
waterborne depuration is reliably effective across 
species and systems when clean, odor-free water and 
adequate contact time are ensured; HRT/temperature 
are the dominant programmable levers, while system 

hygiene and exchange help sustain clean-water 
boundary conditions that prevent re-tainting during the 
purge. The magnitude and consistency of effects 
observed here support the practical guidance to target 
~8-10 days of depuration under high-HRT, warmer 
(within welfare limits), high-DO conditions, verifying 
with HS-SPME/GC-MS or trained sensory as available 
(Figure 3; Tables S1–S2). 
 
Subgroups and Moderators: Ras Vs Pond; Depuration 
Duration; Temperature; Gac/Ozone Use; Species 
Lipid % 

 
Pre-specified moderators explained meaningful 

between-arm variation in depuration effectiveness 

 

 

Figure 3. Study-level depuration effects on earthy–musty off-flavor compounds. (A) Geosmin (n = 16 arms) and (B) 2-MIB (n = 13 
arms). Points show study-arm log response ratios (LRR = ln[final/baseline]); horizontal lines are 95% CIs. Values < 0 indicate 
reductions in fillet concentration after depuration (further left = larger reduction). Colors identify the source study, and open 
circles denote arms where final concentrations were modeled/predicted rather than directly measured. Labels list route/condition 
and depuration duration (days). CIs were computed from reported SEs (or via the delta method where applicable). 
 

A 
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(LRR; ln[final/baseline]) and were directionally 
consistent with mechanistic expectations (Methods 
§4.4). We summarize the main contrasts below and 
refer to the species-level subgroup forest (Figure 4) and 
the study-level effect tables (Tables S1-S2) for 
underlying estimates.  
 
System Type (RAS/Depuration Tanks/Flow-through vs 
Pond/Groundwater) 

 
Arms conducted in dedicated tanks or flow-

through depuration consistently yielded larger-
magnitude reductions than very short groundwater 
“pond” purges. For example, 10-15 d tank/flow-through 
depuration in salmon and pikeperch commonly 
achieved LRR ≈ -2.5 to -3.5, whereas 12-48 h 
groundwater depuration of pangasius showed more 
modest but still substantial declines (-1.50 at 24 h; -2.38 
at 12 h) (Tables S1-S2). These patterns are reflected in 
the species subgroup panels (Figure 4).  
 
Depuration Duration 
 
As expected under first-order elimination, longer purges 
were associated with more negative LRRs. Within 
studies holding other conditions constant, extensions 
from ~8→15 d in pikeperch improved effects from LRR ≈ 
-1.46 to -1.66; similarly, salmon arms at 10 d routinely 

reached LRR ≤-3 under clean, well-exchanged conditions 
(Tables S1-S2). These duration trends underpin the left-
shifted pooled effects in Figure 4.  
 
Temperature 
 
Where evaluated directly, warmer water accelerated 
removal. In the exchange-depuration trials manipulating 
temperature, higher temperature increased modeled 
excretion rates and produced more negative predicted 
LRRs over identical time horizons, consistent with 
temperature-dependence of elimination kinetics 
(Table S1).  
 
Hydraulic Conditions (HRT/Exchange/Hygiene and 
Oxidants) 
Greater hydraulic residence time (HRT) and higher 
exchange/cleanliness improved depuration, likely by 
sustaining near-zero ambient off-flavor concentrations 
at the water–fillet boundary. In salmon, raising HRT 
from 2.4→4.6 h produced very large effects (e.g., LRR ≈ 
-3.13 to -3.05 at 10 d), and clean/flow-through systems 
outperformed uncleansed RAS baselines (Tables S1-S2). 
Trials testing media disinfection (e.g., H₂O₂) likewise 
showed somewhat more negative 2-MIB LRRs relative to 
undisinfected media, aligning with the hygiene 
mechanism.  
 

 

Figure 4. Species-level subgroup meta-analysis of depuration effects on off-flavor compounds. Panels show 2-MIB (top) and 
geosmin (bottom) using fixed-effect (inverse-variance) pooling. Points give pooled log response ratios (LRR = ln[final/baseline]) 
with 95% CIs for each species; the open diamond is the compound-level overall effect. Values < 0 indicate reductions in fillet 
concentration after depuration. k denotes the number of contributing study arms. Vertical dashed line at 0 marks no change. Data 
from Table S2 (2-MIB) and Table S1 (geosmin). 
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Swimming Speed and DO 
 
Within the ranges studied, variation in swimming speed 
(0.3 vs 0.6 BL·s⁻¹) and DO (90% vs 100% saturation) had 
comparatively small influence once clean, well-
exchanged water was maintained; modeled finals under 
these contrasts clustered tightly (Table S1).  
 
Feeding During Depuration 

 
Short-duration tilapia arms indicated that feeding 

during purge can attenuate early reductions (less 
negative LRRs at 24-48 h), reinforcing standard guidance 
to avoid feeding during active depuration (Table S1).  
 
Species/Lipid Class 
 
Species-level pooling showed broadly similar 
compound-level effects after accounting for duration 
and hydraulics (Figure 4). Direct lipid-% reporting was 
sparse, precluding a definitive meta-regression; 
however, observed differences between salmonids, 
pikeperch, and pangasius largely tracked system and 
duration rather than species identity (Tables S1-S2; 
Figure 4). 
 
Sensitivity Analyses: Measurement Method; Handling 
of Non-Detects; Risk-of-Bias Restricted Set  

 
Across all prespecified checks, pooled effects 

remained large and negative for both compounds, 
supporting the consistency of the primary findings 
rather than claiming robustness given the high 
heterogeneity (I² ≈ 95% for GSM; ≈ 99% for 2-MIB) 
(Table S3; cf. species panels for context in Figure 4 and 
leave-one-out diagnostics in Figure S1).  Excluding arms 
with modeled endpoints slightly increased the 
magnitude of geosmin removal and left the 2-MIB 
estimate essentially unchanged within uncertainty 
(GSM pooled LRR = -2.786; 2-MIB = -1.628; random-
effects with Hartung–Knapp), indicating that inclusion of 
modeled finals does not drive the overall result 
(Table 3).  Restricting to operational purges of ≥ 8 days 
yielded pooled LRRs of -2.545 (GSM) and -1.941 (2-MIB), 
again showing large, consistent reductions under farm-
relevant durations, while noting the high heterogeneity 
prevents asserting full robustness (Table S3; compare 
shifts evident across species in Figure 4). Alternative 
model specifications behaved as expected: fixed-effect 
pooling produced slightly less negative point estimates 
(GSM -2.402; 2-MIB -1.163), whereas random-effects 
(DL with Hartung–Knapp) reflected substantial 
heterogeneity, highlighting that pooled estimates 
should be interpreted cautiously. Influence analyses 
showed no single-study reversal. Removing the most 
influential study shifted the pooled estimates (e.g., 2-
MIB to -1.310) but did not change conclusions; leave-
one-out patterns are summarized in Figure S1 and 
Table S3.  Rows requiring SE imputation were not 

present in the primary dataset; accordingly, the 
“exclude imputed SEs” scenario matched the primary 
analysis. Funnel-plot asymmetry appeared modest and 
consistent with heterogeneity rather than selective 
reporting (Figure 5); excluding modeled endpoints did 
not materially alter these visual trends.  Overall, across 
endpoint definitions, duration thresholds, and modeling 
choices, the direction and magnitude of pooled effects 
were generally stable, but the very high I² values 
indicate caution in interpreting the results as fully 
robust. Design levers highlighted in the main analysis 
that longer duration and higher exchange/HRT with 
clean depuration water that continue to explain 
variation in effect size, while endpoint method and 
single-study leverage do not overturn conclusions 
(Tables S1-S3; Figures 3-4, S2, 5). 
 
Publication Bias Diagnostics 

 
Contour-enhanced funnel plots showed only 

modest asymmetry, with most points falling inside the 
95-99% pseudo-confidence contours; visual patterns 
were similar when modeled endpoints were excluded 
(Figure 6). Sensitivity and influence checks (including 
leave-one-out analyses) indicated that no single study 
reversal explains the pooled effects, and shifts in the 
pooled estimates under these deletions remained 
directionally negative (Table S3; Figure S2). Consistent 
with our prespecified plan to evaluate small-study 
effects (funnel), the visual asymmetry is better 
attributed to substantial between-study heterogeneity 
than to selective reporting, given the stability of the 
results across robustness scenarios (Methods §4.4; 
Table S3). Overall, the publication-bias diagnostics do 
not materially challenge the main conclusions; pooled 
effects remain large and negative across compounds 
and analyses (Figures 3-4; Table S3). 

 

Discussion 
 

This review and meta-analysis confirm that 
waterborne depuration is a robust, broadly 
generalizable strategy to lower GSM and 2-MIB in 
aquaculture fillets, with typical reductions spanning 
~65-98% across species and systems when clean, well-
exchanged water is used for ≥8–10 days. Across the 
included trials, the largest and most consistent 
moderator effects were HRT, temperature, and system 
hygiene, whereas dissolved oxygen and swimming 
speed played comparatively minor roles once high DO 
was maintained. However, the very high residual 
heterogeneity observed in this meta-analysis (I² ≈ 95–
99%) requires careful consideration when interpreting 
these pooled estimates. Although moderator analyses 
(e.g., HRT, temperature, and hygiene) explain an 
important portion of the variability, a substantial 
amount of between-study heterogeneity remains 
unexplained. This suggests that additional factors, such 
as facility-specific design, water source characteristics, 
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background natural organic matter (NOM), fish lipid 
content, and operational practices, likely contribute to 
the observed differences in effect size. These results are 
coherent with the physicochemical behavior of GSM/2-
MIB that moderate hydrophobicity and weak volatility 
at aquaculture temperatures favor rapid gill uptake and 
lipid partitioning, while elimination is first-order and 
strongly temperature dependent (Ömür-Özbek & 
Dietrich, 2005; Sander, 2023; Howgate, 2004; Petersen 
et al., 2011). They also align with the conceptual model 
that sources (cyanobacteria/Actinobacteria, biofilms 
and sludge) load the water phase, fish take up the 
dissolved fraction in proportion to exposure, and 
managers can act either “upstream” on exposure or 

“downstream” on elimination (Jüttner & Watson, 2007; 
Ridal & Satchwill, 2001; Schrader et al., 2010).  

Trials in salmonids and pikeperch consistently 
showed that higher HRT (i.e., faster system flushing) 
accelerated water clearing and therefore shortened 
fillet half-lives (Davidson et al., 2020). Warmer water 
likewise increased elimination rate constants in 
exchange-depuration tanks (Schram et al., 2021). In 
contrast, manipulating dissolved oxygen from ~90% to 
~100% saturation or doubling swimming speed 
produced only small changes in modelled elimination 
rates when water conditions were otherwise ideal 
(Davidson et al., 2021). These patterns are expected if 
the primary bottleneck is maintaining near-zero 

 

 

Figure 5. Contour-enhanced funnel plots for publication-bias diagnostics. Panels show (A) geosmin and (B) 2-MIB study-arm effects 
(LRR = ln[final/baseline]) plotted against their standard errors (smaller SE at the top). Points are colored by study; open circles 
denote arms with modeled/predicted final concentrations. The vertical dashed line marks the fixed-effect pooled LRR. The green 
triangle indicates the 95% pseudo-confidence funnel and the outer blue dashed lines the 99% region; points falling outside these 
contours are inconsistent with sampling variation at the corresponding levels. The dotted curve is a LOESS smooth to visualize 
asymmetry (small-study effects). Study labels are shown for clarity. 
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aqueous concentrations at the gill–water boundary 
layer; once that boundary is clean, mass transfer from 
lipid stores dominates and depends mainly on 
temperature and time. Very short holds (≤48 h) in 
groundwater, common in some pond operations that 
produced more modest but still material declines, 
consistent with first-order kinetics and the higher 
starting lipid burdens often found in pond fish (Petersen 
et al., 2014; Podduturi et al., 2021). 

Although depuration alone can deliver large 
reductions, its efficiency depends on inflow water being 
truly odor-free. While the drinking water literature 
addresses chemically identical compounds (GSM/2-
MIB), its findings do not translate directly to fish 
depuration systems due to fundamental differences in 
system objectives and biological processes governing 
compound elimination (He & Woods, 2003). 
Nevertheless, these studies provide useful mechanistic 
insights, showing that conventional clarification is often 
ineffective for GSM/2-MIB, whereas powdered/granular 
activated carbon (PAC/GAC) and advanced oxidation 
processes (AOPs) can be effective when properly 
designed to account for natural organic matter (NOM) 
competition and sufficient contact time (Ho et al., 1999, 
2009; Cook et al., 2015; Zhang et al., 2019; Liu et al., 
2022). In RAS depuration trains, ozonation and foam-
fractionation help remove fine organics and improve 
downstream adsorption, but should be framed as 
enabling, not primary, removers at fish-safe ORP 
(Schrader et al., 2010; de Jesus Gregersen & Pedersen, 

2023). Full-scale studies also suggest beneficial 
biological activity in GAC beds (BAC) that extends runs 
and improves polishing between backwashes (Gora et 
al., 2022; Cagnetta et al., 2023). Hygiene matters: 
system cleaning, prompt sludge removal, and biofilter 
maintenance reduced re-tainting during purge and were 
associated with larger fillet reductions compared with 
“uncleaned” controls (Burr et al., 2012). 

Because GSM/2-MIB are small, hydrophobic 
molecules embedded in lipid phases, true chemical 
removal post-harvest is limited. Trimming skin/dark 
muscle can lower concentrations at a yield cost (Burr et 
al., 2012), while marinades, smoke, and some thermal 
processes primarily mask earthy/musty notes rather 
than destroy analytes (Kin, 2006; Zimba et al., 2011). 
Modern HPP, vacuum, or MAP extend shelf life and food 
safety but do little to remove taint unless paired with 
flavoring/marinade systems (Batool et al., 2021; Chen et 
al., 2022; Parlapani et al., 2016). Thus, post-harvest 
steps should be positioned as salvage for low-to-
moderate residual taint, not a substitute for upstream 
control and depuration. 

A pragmatic strategy emerges: (i) reduce source 
loading and polish water using GAC/BAC and, where 
appropriate, UV-AOP or ozone-assisted fractionation; 
(ii) implement short, well-designed depuration with high 
HRT and warm, well-oxygenated, clean water; (iii) verify 
with HS-SPME/GC-MS or trained sensory to avoid overly 
long purges that erode flesh quality (Burr et al., 2012; 
Petersen et al., 2011). For many salmonid operations, an 

 

Figure 6. Risk of bias (traffic-light) across studies for geosmin (top) and 2-MIB (bottom). Rows list studies; columns show risk-of-
bias domains (Randomization, Allocation, Blinding, Outcome measurement, Attrition, Selective reporting). Circle colors denote 
judgments (green = Low, amber = Some concerns, red = High, grey = Unclear). By default, studies with modeled/predicted final 
concentrations are flagged as Some concerns in Outcome measurement; all other cells start as Unclear and can be edited in the 
overrides table. 
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8-10 days purge at higher HRT is a reasonable default, 
adjusted upward for colder water or fattier lots and 
downward if pre-harvest controls have maintained low 
exposure (Davidson et al., 2020, 2021). In ponds, 
integrated bloom management (nutrients, 
destratification/aeration, careful copper where 
permitted) remains essential to minimize episodes that 
seed fillet burdens (Tucker et al., 2001; SRAC, 1999; 
UF/IFAS, 2024; Watson, 2004). 

Classical syntheses emphasized the centrality of 
exposure time and temperature for uptake and 
elimination (Howgate, 2004; Tucker, 2000), and 
drinking-water reviews established adsorption/ 
oxidation as the only consistently effective water-phase 
treatments (Ridal & Satchwill, 2001; Ho et al., 2002, 
2009). Our pooled estimates update this picture with 
study-level effect sizes and moderator analyses, 
showing that HRT and temperature capture most of the 
explainable variation, while DO and exercise have 
limited additional benefit once clean-water boundary 
conditions are met (Davidson et al., 2021; Schram et al., 
2021). The findings also support the emerging view that 
biologically active carbon and rigorous solids 
management add resilience to the polishing step (Gora 
et al., 2022; Cagnetta et al., 2023). 

The evidence base remains modest in size and 
heterogeneous. Several studies estimated final 
concentrations from first-order fits rather than direct 
measurements; although sensitivity analyses show that 
including modeled endpoints does not overturn 
conclusions, standardized reporting of means, 
variances, and lipid content would improve 
comparability. Few trials reported 2-MIB alongside GSM 
at multiple time points, limiting compound-specific 
inference. Species-level lipid % was sparsely reported, 
precluding formal meta-regression on fatness. More 
work is needed on interactions between NOM character 
and GAC/AOP performance in aquaculture waters, 
where background organics and biofilms differ from 
municipal sources (Cook et al., 2015; Zhang et al., 2019). 
In addition, the diversity and composition of microbial 
communities associated with biofilms may further 
influence off-flavour dynamics, highlighting the 
importance of morpho-molecular identification 
approaches for accurate characterization of aquatic 
biota (Ahmed et al., 2025b). Finally, decision-relevant 
studies should integrate economics (e.g., cost per day of 
purge vs water polishing) and quality outcomes (color, 
yield) to avoid over-purging (Burr et al., 2012). Advanced 
strategies, including nutritional and nanotechnology-
based interventions, have shown potential to enhance 
fish physiological resilience and improve aquaculture 
performance under stress conditions (Ahmed et al., 
2026; Ahmed et al., 2025a). Furthermore, integrating 
transcriptomic and molecular approaches could provide 
deeper insights into the physiological and genetic 
mechanisms underlying fish responses to environmental 
stressors and off-flavour elimination processes 
(Ahammad et al., 2025). 

The weight of evidence indicates that off-flavor 
risks can be managed predictably with an upstream-
plus-depuration approach: polish water (GAC/BAC ± 
AOP/ozone-assisted skimming), maintain disciplined 
hygiene and solids control, and run a short, warm, high-
HRT depuration verified by sensitive analytical or panel 
methods. Post-harvest tactics should be used as 
targeted, transparent masking or trimming when small 
residual taint persists. Building on these results, future 
trials that report standardized kinetics, lipid content, 
and costs across temperature/HRT bands would enable 
species- and market-specific decision matrices. 
 

Conclusion 
 

Depuration reliably decreases earthy–musty off-
flavours in farmed freshwater fish by reducing fillet 
geosmin and 2-MIB burdens, with effect sizes consistent 
across species and systems. Outcomes align with first-
order kinetics: higher hydraulic residence time, warmer 
water (within welfare limits), and rigorous system 
hygiene accelerate removal, while dissolved oxygen 
near saturation and moderate exercise provide modest 
additional gains under optimized conditions. Practically, 
8-10 days in clean, well-exchanged water achieves >90% 
geosmin reduction for salmonids and pikeperch, with 
shorter groundwater holds effective for pangasius. 
These findings offer a quantitative basis for facility-
specific depuration design and time-to-market planning. 
Remaining gaps include standardizing reporting, 
clarifying species-specific kinetics, and testing 
interactions among water chemistry, microbiome 
dynamics, and fillet lipid content.  
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