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A B S T R A C T   

Common off-flavor compounds, including geosmin (GSM) and 2-methylisoborneol (MIB), bioaccumulate in 
Atlantic salmon Salmo salar cultured in recirculating aquaculture systems (RAS) resulting in earthy and musty 
taints that are unacceptable to consumers. To remediate off-flavor from market-ready salmon, RAS facilities 
generally relocate fish to separate finishing systems where feed is withheld and makeup water with very low to 
nondetectable GSM and MIB levels is rapidly exchanged, a process known as depuration. Several procedural 
aspects that affect salmon metabolism and the associated rate of off-flavor elimination, however, have not been 
fully evaluated. To this end, a study was carried out to assess the effects of swimming speed and dissolved oxygen 
(DO) concentration on GSM levels in water and fish flesh during a 10-day depuration period. Atlantic salmon 
(5–8 kg) originally cultured in a semi-commercial-scale RAS (150 m3 tank) were exposed to a concentrated GSM 
bath before being transferred to 12 replicated partial reuse depuration systems (5.4 m3 total volume). Two 
swimming speeds (0.3 and 0.6 body lengths/sec) and two DO levels (90% and 100% O2 saturation) were applied 
using a 2 × 2 factorial design (N = 3), and each system was operated with a 5-h hydraulic retention time, 
creating a water flushing to biomass ratio of 151 L/kg fish biomass/day. Geosmin was assessed at Days 0, 3, 6, 
and 10 in system water and salmon flesh. A borderline effect (P = 0.064; 0.068) of swimming speed was 
measured for water and fish, respectively, at Day 3, where slightly lower GSM was associated with low swimming 
speed (0.3 body lengths/sec); however, differences were not detected at Days 6 or 10 when salmon are 
commonly removed for slaughter. Overall, this research indicates that significant improvements in GSM depu-
ration from RAS-produced Atlantic salmon are not expected when purging with swimming speeds and DO 
concentrations similar to those tested during this trial.   

1. Introduction 

Interest in Atlantic salmon Salmo salar production using recirculating 
aquaculture systems (RAS) has increased over the last decade, and 
several commercial facilities are now producing and selling market-size 
fish (Summerfelt and Christianson, 2014; Intrafish, 2018). Nevertheless, 
certain challenges must be overcome to improve the economic viability 
of this nascent industry, including the tendency for salmon to bio-
accumulate unpalatable off-flavors. These earthy and musty taints, 
which are primarily associated with the microbial metabolites geosmin 
(GSM) and 2-methylisoborneol (MIB) (Schrader et al., 2005; Schrader 
and Summerfelt, 2010; Houle et al., 2011; Burr et al., 2012; 

Lindholm-Lehto and Vielma, 2019), can cause economic loss due to 
rejected products, negative consumer perception, and increased time, 
labor, and capital investment for proper remediation (Engle et al., 1995; 
Tucker, 2000). Presently, the only proven method to eliminate off-flavor 
from RAS-produced salmon, among other species, is relocation of fish to 
separate depuration systems where high volumes of water are 
exchanged while withholding feed (Burr et al., 2012; Davidson et al., 
2014; Azaria and van Rijn, 2018; Lindholm-Lehto and Vielma, 2019; 
Davidson et al., 2020). 

Specifically, research evaluating standard operating procedures 
(SOPs) for Atlantic salmon depuration has established that fish should be 
purged in separate, recently cleaned (Burr et al., 2012) and disinfected 
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systems that are free of high-surface-area media (Davidson et al., 2014) 
and operated with relatively high water exchange rates (Davidson et al., 
2020; Schram et al., 2021). During this process, feed is generally with-
held for 6–15 days depending on site- and species-specific variables 
(Burr et al., 2012; Azaria and van Rijn, 2018; Lindholm-Lehto and 
Vielma, 2019; Davidson et al., 2020); however, extended feed depriva-
tion can result in fish weight loss (Burr et al., 2012; May, 2020), reduced 
lipid levels in fillets (Burr et al., 2012), and increased water and energy 
use (Davidson et al., 2020), all of which have economic consequences 
for RAS operations. As such, procedural refinements that reduce the 
required duration of Atlantic salmon purging would be highly beneficial. 

Given that fish primarily uptake and eliminate lipophilic chemicals, 
including GSM and MIB, across their gills (Randall et al., 1998; Streit, 
1998; Howgate, 2004), it is important to evaluate conditions that in-
fluence gill ventilation rate including: (i) increased swimming speed 
induced by water velocity, and (ii) dissolved oxygen (DO) level of the 
culture environment. Anecdotal evidence of a positive effect of swim-
ming speed on off-flavor in adult Atlantic salmon (2–3 kg) was noted 
during a study evaluating the effects of 0.40–0.45 vs. < 0.1 body 
lengths/sec on salmon growth and muscle composition. Totland et al. 
(1987) reported that taste panelists detected less off-flavor in exercised 
fish; albeit, the analysis was non-descriptive, i.e., based on eating pref-
erence, and GSM and MIB concentrations were not measured. Further, 
Schram et al. (2016) evaluated the effects of exercise while depurating 
European eel Anguilla anguilla and found that increased swimming speed 
enhanced the rate of GSM elimination. Schram et al. (2016) also noted 
that exercise increased oxygen consumption rate, which was linearly 
correlated with GSM excretion. Moreover, many studies have demon-
strated that branchial transfer of lipophilic chemicals in fish is related to 
oxygen consumption rates (e.g., Randall et al., 1998; Yang et al., 2000); 
however, gill physiology, ventilation rate, and the associated transfer of 
lipophilic compounds can vary among species (Schultz and Hayton, 
1999). Interspecies differences in depuration dynamics are also expected 
relative to fillet lipid content (Gobas and MacKay, 1987; Johnsen and 
Lloyd, 1992; Howgate, 2004) and water exchange rate (Schram et al., 
2016; Davidson et al., 2020). 

Within this framework, a research trial was carried out to evaluate 
the effects of swimming speed and DO on GSM depuration from market- 
size Atlantic salmon originally produced in a semi-commercial-scale 
RAS. The authors expected this work to guide optimization of depu-
ration SOPs for RAS-produced Atlantic salmon and hypothesized that 
increased swimming speed and lower oxygen levels would facilitate a 
shorter depuration period. 

2. Materials and methods 

2.1. Experimental systems and design 

Prior to the study, 12 replicated partial reuse systems (PRAS) (Fig. 1) 
were cleaned and disinfected by recycling water with 250 mg/L 
hydrogen peroxide per procedures suggested by Davidson et al. (2014). 
Two swimming speeds dictated by water rotational velocity (0.3 and 0.6 
body lengths/sec) and two DO levels (90% and 100% O2 saturation) 
were applied using a 2 × 2 factorial design (N = 3). Six PRAS were 
equipped with submersible velocity boosting pumps (Model SP40A2 
20–01, Pentair Hydromatic®, Pentair Aquatic Ecosystems, Apopka, FL, 
USA) located in the tank side-box beside the water recycle pump (Fig. 1). 
A 5.1 cm dia. outlet pipe with 13 equally spaced orifices (1.3 cm dia.) 
was positioned parallel to the tank wall. This pumping system doubled 
the tank’s rotational velocity to 45 ± 1 cm/sec compared to normally 
operated PRAS (24 ± 1 cm/sec) per measurements collected at the 
beginning and end of the study using a Pygmy Meter with Model 100 
Flow Indicator (Gurley Precision Instruments, Troy, NY, USA) posi-
tioned parallel to the tank wall (15 cm from the side and 30 cm deep). 
Fish swimming speed was calculated as: 

Fish Length (cm)/ Water Rotational Velocity (cm/sec) = Body 

Lengths/sec (bls). 
Partial reuse systems within each velocity treatment were operated 

with 90 or 100% O2 saturation, respectively, via adjustment of oxygen 
gas flow to the low head oxygenator (LHO), where gas flow was turned 
off to create 90% O2 saturation. Dissolved oxygen and water tempera-
ture were recorded daily from an LC3 Central Monitoring System inte-
grated with a Point Four™ RIU3 (Pentair Aquatic Ecosystems, Apopka, 
FL, USA) and a PRO-X DO probe (In Situ, Fort Collins, CO, USA). 
Additionally, PRAS recirculation and makeup water flows were 
measured and calibrated using a Model DXN Portable Ultrasonic Flow 
Meter (Dynasonics, Racine, WI, USA). Each PRAS recirculated 
340 ± 5 L/min, and average makeup water addition was 18.6 L/min 
(0.0186 m3/min), resulting in a 5-h hydraulic retention time through 
the 5.4 m3 system and a water flushing to biomass ratio of 151 L/kg fish 
biomass/day. 

2.2. Atlantic salmon 

All-female Atlantic salmon (Stofnfiskur, Hafnarfjörður, Iceland) 
were received as fertilized eggs, hatched onsite in a chilled water in-
cubation system, and then cultured to market-size in freshwater systems. 
To begin the study, 312 fish (5–8 kg; 6.8 kg mean weight) were har-
vested from an indoor 260 m3 semi-commercial scale RAS (Davidson 
et al., 2016) where they had been fed a commercial 44% protein/ 29% 
fat diet (EWOS Dynamic Red; Cargill Inc., Minneapolis, MN, USA). The 
fish were transported to an 18 m3 tank within a partial reuse system. 
One day later, salmon were exposed to a concentrated GSM bath to 
ensure that initial flesh levels were representative of fish requiring 
depuration. Water flushing was discontinued for four hours and a 
concentrated GSM solution (4 ml of 2 mg/ml GSM; Sigma-Aldrich, St. 
Louis, MO, USA) was added. Similar procedures to bioconcentrate GSM 
in fish flesh have been described (Schram et al., 2017; Davidson et al., 
2020). Immediately following GSM exposure, salmon were randomly 
stocked (26 fish per tank; ~177 kg total biomass) among 12 replicated 
PRAS (Fig. 1) at a density of 33 kg/m3/tank. A 10-day off-feed depu-
ration period followed. 

2.3. Fillet off-flavor and proximate compositional analysis 

Immediately following GSM exposure, six fish were removed, 

Fig. 1. Water flow, process design, and velocity boosting infrastructure for an 
individual partial reuse depuration system. 
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humanely euthanized, and processed to obtain flesh samples for baseline 
(Day 0) GSM and MIB assessment. Thereafter, three fish per PRAS were 
collected and processed on Days 3, 6 and 10 post-stocking using the 
same procedures. All sampled fish were randomly selected; however, 
only fish that displayed morphometric traits common to immature, 
premium quality fish (Aksnes et al., 1986) were kept for analysis. Using 
the pectoral fin as a reference point, a consistent anterior fillet portion 
(Davidson et al., 2020) was removed, vacuum sealed, and frozen in 
preparation for shipment to the Food Processing and Sensory Quality 
Research Lab (United States Department of Agriculture, Agriculture 
Research Service, New Orleans, LA, USA). A modified method of Lloyd 
and Grimm (1999) following solid phase microextraction, gas chroma-
tography, mass spectrometry (SPME/GC/MS) procedures as described in 
Davidson et al. (2020) was used to quantify off-flavor in salmon fillets. 
Limits of detection and quantification for GSM and MIB in fillets were 1 
and 5 ng/kg, respectively. In addition, on Day 10, a consistent skin-on 
fillet section guided by dorsal and pectoral fin insertion points was 
collected from the same fish and sent to West Virginia University’s Di-
vision of Food Sciences for proximate compositional analysis of crude fat 
using methods described in Association of Analytical Chemists (1990). 

2.4. Off-flavor sampling and analysis - water 

Glass scintillation vials (20 ml) were used to collect water for off- 
flavor analysis. Water samples were collected before dosing GSM 
concentrate (Time 0) and every 30 min thereafter until the 4-h exposure 
period was complete (Fig. 2). During the experiment, water samples 
were collected from a common location in each PRAS tank before 
stocking fish (Day 0) and thereafter on Days 3, 6, and 10. Parafilm was 
wrapped around the lid to prevent leakage and contamination, and vials 
were refrigerated (~4 ◦C) prior to shipment for analysis. Samples were 
tested using SPME/GC/MS (Lloyd et al., 1998), as described in Davidson 
et al. (2020). Limits of GSM and MIB detection and quantitation in water 
were 1 and 2 ng/L, respectively. 

2.5. Background water quality 

Water samples were also collected from PRAS side drains and 
makeup water on Days 2 and 9 and tested for carbon dioxide (CO2), total 
alkalinity (ALK), total ammonia nitrogen (TAN), total phosphorus (TP), 
and total suspended solids (TSS) to characterize the depuration system 
environment so that commercial salmon RAS operations can effectively 
compare conditions. Standard procedures described by American Public 
Health Association (2012) and HACH Company (2003, 2015) were fol-
lowed for these analyses. 

2.6. Statistical analysis and off-flavor decay modeling 

Off-flavor concentrations in fish flesh and water, background water 
quality metrics, and crude fat levels were averaged per PRAS (tank) at 

each sampling point, and a grand mean and standard error were 
calculated for each treatment (N = 3). A balanced two-way analysis of 
variance test was applied to each data set using SYSTAT 13 software 
(2009), and a probability level of 0.05 was used to determine signifi-
cance. In addition, the natural log of fillet geosmin levels at each sam-
pling point was calculated per replicate PRAS and linear regression 
analysis was carried out to produce respective off-flavor decay slope 
coefficients and associated constants. Slope coefficients were averaged 
by treatment and analyzed with a 2-way ANOVA (N = 3), and mean 
regression curves were modeled using the following equation:  

[A] = [A]o exp (-kt),                                                                              

where [A] is the predicted concentration of geosmin in the salmon flesh 
on the y-axis, [A]o is the starting GSM concentration in fish flesh dictated 
by the regression constant, k is the mean decay slope coefficient from the 
regressions, and t is time in days on the x-axis. A similar modeling 
approach was carried out by adjusting the initial GSM starting concen-
tration, while maintaining the other factors for the 0.3 bls, 100% O2 
saturation treatment. 

3. Results 

3.1. Geosmin - water 

During the 4-h off-flavor exposure period, salmon rapidly absorbed 
waterborne GSM, as evidenced by declining tank water concentrations 
(Fig. 2). After fish were stocked into the respective depuration systems, 
waterborne GSM initially increased (Day 3) and declined thereafter 
(Fig. 3). Differences in GSM were not detected in tank water relative to 
fish swimming speed or DO concentration, and interactive effects of 
these factors were not observed. Nevertheless, a borderline effect of 
swimming speed was measured at Day 3 (P = 0.064) where depuration 
systems operated with lower swimming speeds (0.3 bls) reflected 
slightly lower GSM levels in tank water. Only trace levels of MIB were 
periodically detected in water samples; therefore, MIB levels were not 
reported. 

3.2. Geosmin – salmon 

The off-flavor exposure procedure effectively boosted GSM levels 
above the sparsely reported and wide-ranging recommended taste 
threshold for salmonids, i.e., 250–900 ng/kg (Robertson et al., 2005; 
Petersen et al., 2011; Burr et al., 2012). The initial GSM concentration in 
Atlantic salmon flesh at Day 0 was 1208 ± 150 ng/kg (Fig. 4). During 
the experiment, differences in GSM were not detected in salmon flesh 
relative to swimming speed or DO concentration, and interactive effects 

Fig. 2. Waterborne GSM concentration (ng/L) expressed with time during the 
pre-study exposure period utilized to boost GSM levels in salmon flesh. 

Fig. 3. Geosmin concentrations (ng/L; mean ± standard error) in depuration 
system water over the 10-day depuration period in PRAS operated with 
different combinations of salmon swimming speed and dissolved oxygen 
concentrations. 
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of these factors were not observed. However, a borderline effect of 
swimming speed was measured in fish flesh at Day 3 (P = 0.068), 
matching the trend reported for water. Further, linear regression anal-
ysis indicated that Atlantic salmon weight within the tested range did 
not correlate with GSM level in fish flesh at Days 3, 6, and 10 where R2 

values were 0.047, 0.010, and 0.040, respectively. Overall, salmon 
subjected to each swimming speed x DO combination effectively purged 
GSM from their flesh following typical trends for exponential off-flavor 
decay (Howgate, 2004) (Fig. 5). Only trace levels of MIB were periodi-
cally detected in fish flesh; therefore, MIB levels were not reported. In 
addition, lipid levels in Atlantic salmon flesh were not affected by 
swimming speed or DO. Average fillet lipid level measured after ten days 
of depuration was 16.6 ± 0.5%. 

3.3. General water quality 

Background water quality was generally similar between treatments. 
For example, no significant effects of swimming speed or DO were 
detected for CO2, ALK, and TP; however, higher TAN and water tem-
perature were measured in depuration systems with faster water ve-
locity and swimming speed. Significantly higher TSS was measured in 
PRAS operated with 100% O2 saturation (Table 1). It is important to 
note that the magnitude of differences in background water quality was 
relatively low, i.e., ~0.05 mg/L TAN, ~0.6 ◦C, and < 1 mg/L TSS. No 
interactive effects of swimming speed and DO were found when 
analyzing these metrics. 

4. Discussion 

Overall, swimming speed and DO did not affect the rate of geosmin 
elimination by Atlantic salmon during this study. These findings 
contradict our hypothesis that adjustment of variables that increase fish 
metabolism and gill ventilation rate would enhance geosmin depuration 
from market-size salmon. Further, Day 3 data suggest that lower 
swimming speed (0.3 bls) nearly reduced GSM in water and fish, as 
evidenced by P-values slightly above the specified significance level. It is 
worth noting, however, that PRAS operated with 0.3 bls and 90% O2 
saturation had the lowest residual off-flavor in tank water (Fig. 3) before 
fish were stocked (Day 0), and that trend reflected similarly at Day 3 
(Fig. 4). As such, lower background GSM levels associated with this 
treatment may have dictated the borderline statistical effect. Never-
theless, this trend was not repeated at Days 6 and 10 which are more 
representative of typical salmon harvest times. 

Further, statistical analysis of off-flavor decay slope coefficients 
generated via regression analysis validated that there was no effect of 
swimming speed or DO on the rate of GSM decay in fish flesh (Table 2). A 
similar exercise was carried out to model GSM decay for the 0.3 bls, 
100% O2 saturation treatment using the respective slope coefficient 
(− 0.236) at varying initial GSM levels in salmon flesh, i.e., 1200, 800, 
and 400 ng/kg, respectively (Fig. 5), where Model 3 represents similar 
depuration SOPs and approximate starting GSM level (400 ng/kg) in 
salmon at the Freshwater Institute (Fig. 5). Interestingly, Fig. 5 (bottom) 
indicates that salmon would likely be depurated by Day 6 under these 
conditions (assuming that 100 ng/kg is below human detection), which 
aligns with onsite experience and establishment of a 6-day onsite purge 
cycle. 

The reason that we did not observe improvements in geosmin elim-
ination, however, remains unknown. In theory, conditions of increased 
swimming speed and lower DO should have increased fish metabolism 
and gill ventilation rate. As mentioned, Schram et al. (2016) found that 
European eel exercised at optimal swimming speeds excreted geosmin at 
significantly faster rates compared to eel that were kept at near-static 
velocities. Several important differences exist between Schram et al. 
(2016) and the present study, however. First, there are obvious dis-
similarities between Atlantic salmon and European eel relative to body 
size, physiology, morphology, and fat content. Schram et al. (2016) also 
suggested that European eel metabolize or biotransform geosmin, while 
excretion appears to be the primary mechanism of elimination in 
Atlantic salmon (Davidson et al., 2020; Schram et al., 2021). Further, 
Schram et al. (2016) subjected eels to swimming speeds that were 
approximately 11 times different, whereas the present study utilized a 
two-fold difference, which may not have been enough to influence 
salmon metabolism and gill ventilation rate. Unfortunately, the authors 
found it difficult to effectively measure gill ventilation rate without 
disrupting normal swimming activity while standing near the tanks. 

The relatively small difference in swimming speed that was assessed 
during this study was primarily related to feasible depuration system 
operation with large, market-size salmon. A maximum swimming speed 
of 0.6 bls was achieved only when utilizing an additional pump capable 
of moving approximately 350 L/min of water. Moreover, Atlantic 

Fig. 4. Geosmin levels (ng/kg; mean ± standard error) in salmon flesh over the 
10-day depuration period in PRAS operated with different combinations of fish 
swimming speed and dissolved oxygen concentrations. 

Fig. 5. Predicted exponential off-flavor decay in salmon flesh for each swim-
ming speed x dissolved oxygen treatment (top) and modeled off-flavor decay for 
the 0.3 body length/sec x 100% O2 saturation treatment at various initial 
geosmin levels in fish flesh (bottom). 
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salmon used for this trial were within the range of commercial harvest- 
size, but slightly larger (5–8 kg) and longer (~ 75 cm) than average 
market-size salmon (4–5 kg) (Mowi, 2020; NASDAQ, 2021), which are 
generally 63–67 cm long (Table 3). Nevertheless, regression analysis 
indicated that salmon size (weight) did not correlate with GSM levels in 
the flesh, and swimming speeds would only have increased slightly to 
0.4 and 0.7 bls if 4 kg salmon were used for the study (Table 3). Rec-
ommended swimming speeds for farmed Atlantic salmon of various life 
stages have been reported from 0.75 to 2.0 bls relative to improvements 
in growth, health, welfare, and precocious maturation (Jobling et al., 
1993; Solstorm et al., 2015; Waldrop et al., 2018; Timmerhaus et al., 
2021), and Davison (1997) concluded that exercise training up to 1.5 bls 
normally conveys benefits for fish. For practical purposes, if a salmon 
RAS producer wished to achieve a swimming speed of 1 bls, which 
Timmerhaus et al. (2021) suggested as a possible optimum, significant 
adjustments to depuration system design and/or operation may be 
required to increase rotational velocity. Considering the system design 
employed during this study, further increases in rotational velocity 
could be achieved via reduced nozzle orifice size to increase water jet 
velocity at the tank inlet, elevated LHO sump height and capacity to 
increase water head pressure above the tank, and larger sizing of water 
recycle pumps to raise system flow rates. Alternatively, a larger water 
velocity boosting pump could be utilized to increase target velocities 
without impacting the primary system design. It is important to note 
that use of velocity boosting pumps during the present study imparted 
heat transfer that increased water temperature by 0.6 ◦C (Table 1), but 
this did not affect the rate of geosmin elimination. 

Similar to the difference in velocity, the DO concentration gradient 
applied during this trial was also relatively low. The original study 
design proposed use of 70% O2 saturation; however, the authors 
discovered that this was unachievable due to available number of 
salmon, associated biomass, and reduced oxygen demand of fish that 
were not feeding. While lower DO levels could be achieved in fully 
stocked depuration systems at biomass densities of 80–100 kg/m3, 
producers would need to consider the risk of maintaining market-ready 
fish at reduced oxygen levels, as pump or other system failures could 
result in catastrophic loss of fish. 

Although significant effects of the tested swimming speeds and DO 
levels on GSM remediation were not observed during this study, addi-
tional research may be warranted to evaluate the effect of these vari-
ables with larger treatment gradients. For example, future research 
could evaluate swimming speeds of 1.0 vs. 0.3 bls and DO levels of 

70–80 vs. 100% saturation. Improvements to depuration system design 
or size of the velocity boosting pump would be required, as well as 
increased fish numbers and biomass to support further reduction of 
oxygen levels. Costs of infrastructure enhancement and associated en-
ergy use related to larger recycle or velocity boosting pumps would need 
to be weighed against possible improvements in off-flavor remediation. 
Future research could also consider the use of heart rate monitors or 
non-invasive video capture techniques to assess metabolic and gill 
ventilation rates, respectively. 

5. Conclusions 

Significant effects of the tested variables were not observed during 
this study; therefore, improvements in geosmin elimination rate are not 
expected when maintaining fish swimming speeds of 0.3–0.6 bls and 
oxygen levels of 90 or 100% saturation. While swimming speed could be 
increased slightly and oxygen level reduced, practical gains related to 
adjustment of these criteria are unlikely due to large fish size (length), 
economic tradeoffs related to increased capital and energy investments, 
and associated risk of maintaining lower oxygen levels for market-ready 
fish. Overall, these findings indicate that adjustments to swimming 
speed and dissolved oxygen levels within the tested range will not 
shorten the depuration cycle for RAS-produced Atlantic salmon. 
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