Advanced Protocols in Teleost
Processing: Mass Transfer Kinetics,
Thermodynamic Smoking Modalities,
and Defect Mitigation

The global commercial exploitation of teleost fish represents a cornerstone of the modern food
industry, demanding rigorous post-harvest interventions to arrest rapid biochemical spoilage
while maximizing organoleptic quality and economic yield'. Fish muscle is inherently highly
perishable, characterized by a rapid post-mortem deterioration cascade driven by autolytic
enzymatic activity, microbial proliferation, and the chemical oxidation of lipids’. To mitigate
these degradation pathways, the application of sodium chloride (NaCl) combined with thermal
dehydration and wood smoke application—collectively known as curing and smoking—has
evolved from a rudimentary preservation technique into a highly controlled, multiphase
biochemical engineering process®.

The successful execution of hot and cold smoking modalities relies on an intricate equilibrium
between osmotic mass transfer, protein solubilization, and thermodynamic control. Central to
this equilibrium is the brining protocol. The exact concentration of the saline solution dictates
the kinetics of salt diffusion into the sarcoplasm, the solubilization of structural myofibrillar
proteins, and the ultimate biosecurity of the final product®. However, improper calibration of
the brine concentration—specifically exceeding critical thresholds—initiates catastrophic
physical defects, most notably the efflorescence and crystallization of salt on the epidermal
layer during the drying phase®.

This exhaustive analysis delineates the physical chemistry, thermodynamics, and biosecurity
parameters governing the brining and smoking of teleost fish, with a specific focus on the
utilization of 70 to 80-degree Salometer brines to achieve uniform flesh penetration without
inducing superficial dermal crystallization. Furthermore, it addresses the precise temporal
protocols, alternative salting methodologies, and the indispensable formulation of Water Phase
Salt (WPS) to neutralize the threat of Clostridium botulinum.

Morphological Architecture and Lipid Distribution
Dynamics

Before examining the physicochemical mechanisms of brining, it is imperative to establish the
structural and compositional parameters of the teleost muscle matrix, as these directly dictate
the kinetics of mass transfer. The primary skeletal framework of a round fish consists of a
central spinal column from which ribs radiate ventrally to protect the visceral cavity, while
neural spines project dorsally'. The muscle tissue is organized into lateral blocks known as
myomeres, separated by collagenous connective tissue called myosepta'.

The diffusion of aqueous sodium chloride through this highly structured biological matrix is



heavily impeded by the spatial distribution of lipids. Commercially vital species such as Atlantic
salmon (Salmo salar) and Atlantic mackerel (Scomber scombrus) are classified as pelagic fatty
fish, possessing lipid contents that can exceed 20% to 30% during peak seasonal feeding
migrations?. The fat content in fish muscle is highly variable, ranging from mere tenths of a
gram in lean species to upwards of 25 grams per 100 grams of product in highly active pelagic
species®. In salmonids, these lipid deposits are highly concentrated in the ventral belly flap and
the dorsal loin regions’.

Because lipids are inherently hydrophobic, they act as physical barriers that obstruct the
diffusion pathways of aqueous salt solutions’. Consequently, highly localized variations in salt
concentration arise within a single fillet; lean sections absorb salt rapidly, while fatty adipose
tissues demonstrate significantly retarded uptake rates’. Thinner pieces and leaner sections
reach higher equilibrium salt levels significantly faster than thicker, lipid-dense cuts, which
suffer from diffusion limitations'®. This compositional heterogeneity demands a brining protocol
capable of overcoming the hydrophobic resistance of lipid-dense regions without
simultaneously oversaturating the leaner epaxial musculature.

Pre-Processing Biosecurity and Parasite Inactivation

Prior to the commencement of brining, the raw teleost material must be subjected to rigorous
pre-processing controls to ensure baseline biosecurity. The internal muscular tissue of a freshly
caught, healthy teleost is generally sterile; the natural microbial load is concentrated in the
mucosal slime layer of the epidermis, the respiratory surfaces of the gills, and the dense
microbiome of the gastrointestinal tract'. Processing interventions, including scaling and
evisceration, must be executed meticulously to prevent the translocation of these surface and
visceral pathogens directly into the sterile muscle tissue’. Evisceration is legally required for all
fish intended for smoking that exceed five inches in total length, ensuring the removal of the
viscera and gills, which naturally harbor Clostridium botulinum spores'".

For cold-smoked products, which do not undergo a thermal lethality step, the inactivation of
zoonotic parasites is an absolute necessity. Teleosts frequently host infective third-stage (L3)
larvae of the nematode Anisakis simplex'. To eliminate viable Anisakid larvae and prevent
human anisakiasis, stringent freezing protocols have been established by regulatory bodies'.
The core temperature of the fish must be rapidly lowered and maintained at -20°C for no less
than 24 hours, or at -35°C for at least 15 hours'. Laboratory freezing kinetics demonstrate that
rapid freezing minimizes the time required for the biological core to reach the critical thermal
minimum, thereby preventing the formation of macro-ice crystals that would otherwise rupture
the delicate myofibrillar sarcolemma and compromise the structural integrity of the fillet prior
to brining'.

Osmotic Mass Transfer and Fickian Diffusion Kinetics

The incorporation of salt into the fish muscle during wet brining is fundamentally a process of
osmotic dehydration and solute impregnation. When a fish fillet is submerged in a hypertonic
brine solution, two simultaneous, counter-current fluxes occur: the migration of sodium and
chloride ions from the brine into the tissue, and the osmotic exudation of intracellular water



from the tissue into the brine®. This mass transfer phenomenon is mathematically modeled
utilizing Fick's Second Law of Diffusion, which describes the non-steady-state diffusion of a
solute through a permeable medium. For a one-dimensional mass transfer into a slab geometry
(approximating a fish fillet), the partial differential equation is expressed as:
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where ¢ represents the concentration of NaCl in the tissue, ~ is the brining time, T is the

spatial distance from the fillet surface, and Def /' is the effective diffusion coefficient'®. The
effective diffusion coefficient is an aggregate metric that accounts for the inherent
complexities of the biological matrix, including cellular tortuosity, fiber orientation, shrinkage,
pH, and localized lipid barriers'.

Empirical investigations utilizing photon correlation spectroscopy and moisture analysis

demonstrate that the Deff for NaCl in teleost muscle typically ranges from 0.47 x 107
N 1.33 x 10°? N , . -

m$~2$/s to m$~2$/s, heavily dependent on the ambient brining temperature
and the initial brine concentration'®. Modern processing advancements have explored kinetic
enhancers to manipulate this coefficient. For instance, the application of ultrasound during the
brining process has been shown to enhance the salt effective diffusion coefficient by 402.8%
to 653.21%, creating microscopic cavitation bubbles that accelerate mass transfer through the
muscle fibers'®. Conversely, the addition of molecular mediators such as xylitol has been

observed to predictably reduce the Deff of NaCl, allowing for more controlled, slower curing
profiles'.

An increase in the NaCl concentration of the surrounding brine directly steepens the
concentration gradient, thereby amplifying the thermodynamic driving force and accelerating
the diffusion rate®. However, the relationship between brine concentration and mass transfer is
non-linear due to the specific biochemical response of the muscle proteins to varying ionic
strengths. At lower salt concentrations (approximately 5% to 6% NaCl by weight, equivalent to
a physiological ionic strength of 1.0 M), the electrostatic repulsion between protein filaments
increases, causing the myofibrillar lattice to swell and uptake water, thereby maximizing the
water holding capacity (WHC) of the muscle®.

Conversely, when the ambient brine concentration exceeds 9% to 10% NaCl, the high ionic
strength induces severe protein dehydration®. The proteins form stronger protein-protein
bonds, causing the muscle fibers to violently shrink and expel moisture®. Therefore, utilizing
excessively concentrated brines artificially inhibits deep diffusion, as the superficial muscle
fibers rapidly dehydrate, shrink, and form a densified physical barrier—a phenomenon
commonly referred to in the industry as case hardening.



Divergent Salting Methodologies: Dry, Wet, and
Injection Modalities

The specific methodology utilized to introduce sodium chloride into the teleost matrix
profoundly influences the final yield, texture, and degree of fillet gaping. Commercial
processors primarily select between dry salting, brine immersion (wet salting), and injection
salting, or a highly calibrated mixture of these techniques®.

Dry salting involves the direct application of crystalline NaCl to the surface of the fillet. This
establishes a highly aggressive osmotic gradient, rapidly extracting intracellular water to the
surface to dissolve the salt and form a spontaneous brine layer'?. Because salt penetration
relies on a counter-current flow against the exiting intramuscular water, diffusion into the tissue
is markedly slow?. Furthermore, dry salting causes severe myofibrillar fiber shrinkage and
extensive water loss, which predictably results in a much lower final product yield'. However,
dry salting generally produces a firmer texture and minimizes the incidence of fillet gaping®.
Brine immersion, or wet salting, submerges the fillet entirely in a prepared hypertonic saline
solution. In this environment, the muscle cells accumulate the brine and swell*°. The chloride
ions intercalate between the myofilaments and myosin molecules, freeing up spatial volume
that is subsequently occupied by water molecules®. This swelling phenomenon directly
explains the superior weight yield achieved by brine-salted fillets compared to dry-salted
fillets'’. Nevertheless, the increased hydration and protein solubilization associated with brine
salting can lead to a softer texture, paler flesh coloration, and a significantly higher incidence of
gaping (the physical separation of muscle flakes along the myosepta)®.

To optimize both throughput speed and yield, industrial processors frequently employ
automated brine injection systems. These systems utilize arrays of hypodermic needles to
directly deposit precise volumes of hypertonic brine deep into the epaxial and hypaxial
musculature, physically bypassing the epidermal diffusion barrier®. Injection salting massively
accelerates the curing timeline and delivers the highest overall product yields, sometimes
increasing retained weight by up to 5.3% depending on injection pressure and needle speed?'.
However, the mechanical trauma inflicted by the needles, combined with internal hydrostatic
pressure, severely exacerbates fillet gaping and structural degradation®'.

To capture the benefits of multiple techniques, advanced processors utilize mixed salting
methods, such as pre-brining followed by dry salting®. This hybrid approach involves a
preliminary injection or short immersion in saturated brine, immediately followed by the surface
application of dry salt?. Mixed salting rapidly speeds up the overall permeation of the muscle
matrix without inducing the extreme yield losses of pure dry salting or the catastrophic gaping
associated with pure injection, maintaining relatively uniform pH, color, and texture profiles
across the fillet”.

The Salometer Paradigm and Brine Formulation

To exert absolute control over the mass transfer kinetics and prevent the detrimental effects of
superficial tissue dehydration during wet brining, the seafood processing industry relies on



precise hydrometric measurements to formulate brines. The specific gravity of the saline
solution is quantified using a Salometer (or salinometer), a specialized hydrometer calibrated
specifically for sodium chloride solutions at a standard temperature of 60°F (15.5°C)?°.

The Salometer scale ranges from O degrees (representing pure, distilled water) to 100 degrees,
which represents a fully saturated brine solution?. At 60°F, a 100-degree Salometer brine
contains exactly 26.395% sodium chloride by weight, representing the absolute maximum
solubility limit of the salt; beyond this threshold, any additional salt will precipitate out of
solution?®. Alternative density metrics, such as the Baumé scale, are also utilized in chemical
formulations, where the specific gravity of liquids heavier than water is determined by the
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equation: Specific Gravity — 145/(145 Bla'e) %8 However, the Salometer remains
the paramount instrument for fishery applications due to its direct, linear correlation with NaCl
saturation percentages.

Salometer Baumé % NaCl by Specific Lbs of Salt per
Degrees Degrees (°Bé) Weight Gravity US Gallon of
(°SAL) Water

10 3.7 2.64% 1.018 0.22

30 11.0 7.91% 1.058 0.71

50 18.0 13.19% 1.096 1.26

70 25.0 18.47% 1139 1.88

80 28.5 21.11% 1.159 2.23

90 32.0 23.75% 1.182 2.59

100 35.0 26.39% 1.204 2.98

For the commercial production of smoked fish, global regulatory and industry
standards—including the rigorous methodologies developed by the Torry Research
Station—mandate the utilization of brines calibrated strictly between 70 and 80 degrees
Salometer (approximately 18.5% to 21.1% NaCl by weight)®. An 80-degree brine represents the
optimal mathematical compromise between processing speed and product integrity®. At this
concentration, the osmotic gradient is sufficiently steep to drive salt rapidly into the deepest
geometric center of the loin within a commercially viable timeframe®. Simultaneously, the
80-degree threshold is purposefully calculated to remain below the catastrophic saturation



limits that cause irreversible superficial dehydration and subsequent aesthetic defects.

If processors attempt to accelerate throughput by utilizing ultra-heavy brines exceeding 90
degrees Salometer (approaching the 26.4% absolute saturation limit), the hypertonic shock
instantly dehydrates the outermost epaxial myomeres®. While the overall brining time might be
marginally reduced, this aggressive strategy guarantees a severe, uneven spatial distribution of
salt, leaving the core under-cured while the epidermis becomes highly supersaturated with
NaCP’. This supersaturation is the direct, proximate cause of devastating aesthetic defects
during the subsequent atmospheric drying stages.

Precise Brining Protocols and Residence Times

The execution of a successful brining operation demands strict temporal management,
precisely calibrated against the geometric thickness, lipid content, and ultimate smoking
modality of the target species. The residence time in an 80-degree Salometer brine must be
perfectly timed; premature extraction results in dangerous under-curing, while excessive
immersion leads to organoleptic rejection due to hyper-salinity®.

The protocols differ significantly depending on whether the product is intended for hot or cold
smoking. Cold-smoked products generally require longer brine residence times to achieve the
deeper salt penetration necessary for preservation, as they will not benefit from a thermal
lethality step®. Hot-smoked products utilize the brine primarily for flavor enhancement and
surface firming, relying on the subsequent heat of the kiln for microbial destruction, thus
allowing for shorter immersion durations®.

Fish Cut / Thickness Cold Smoking (80° Brine) Hot Smoking (80° Brine)
Thin Fillets (e.g., Perch, 5 - 15 minutes 5-10 minutes

Trout)

1/2-inch Fillets 30 minutes 15 minutes

1-inch Fillets 1 hour 30 minutes

1.5-inch Fillets 2 hours 1 hour

Small Whole Fish 2 - 3 hours 1-3 hours

Large Whole Fatty Fish 4 - 5 hours 4 hours

(e.g., Herring)

During the entire duration of the brining protocol, the thermodynamic state of the solution
must be strictly controlled. The ambient temperature of the strong brine should never exceed



60°F (15.5°C)°. Elevated brine temperatures exponentially accelerate the enzymatic
degradation of the raw flesh and provide a permissive environment for the rapid logarithmic
proliferation of contaminating pathogens®. If the calculated brining residence time exceeds 4
hours, the entire solution must be physically relocated into a refrigerated environment (38°F /
3.3°C), or re-usable ice packs must be introduced to stabilize the temperature®. The direct
addition of raw ice to the brine is generally discouraged, as the phase change and melting will
dilute the solution, drastically lowering the Salometer reading and altering the calculated mass
transfer kinetics®.

Furthermore, when brining fatty pelagic species such as salmon, mackerel, or herring, the fish
must remain completely submerged beneath the surface of the brine, often requiring the
application of physical weight plates®. If the lipid-dense tissues are permitted to float and
breach the surface, exposing the flesh to ambient oxygen, the exposed regions rapidly develop
brownish, necrotic-looking lesions—a highly undesirable oxidative condition known colloquially
in the industry as "rusting," which severely compromises the aesthetic and chemical stability of
the final product®.

Thermodynamics of Deliquescence, Efflorescence,
and Epidermal Crystallization

One of the most critical quality control failures in smoked fish production is the manifestation
of white, chalky salt deposits across the epidermal layer of the finished product. This
phenomenon is not merely an aesthetic blemish; it indicates a fundamental failure in
thermodynamic and moisture control. The emergence of these crystals is governed by the
atmospheric phase transitions of sodium chloride—specifically, the Deliquescence Relative
Humidity (DRH) and the Efflorescence Relative Humidity (ERH)®.

Deliquescence is a first-order phase transition wherein a solid crystalline particle
spontaneously absorbs atmospheric water vapor to form an aqueous solution droplet®. For
pure macroscopic sodium chloride, the DRH is an intrinsic thermodynamic property
established at exactly 75.3% relative humidity (RH) at ambient temperatures®. If the ambient
humidity exceeds 75.3%, solid NaCl will liquefy into an aqueous phase. Conversely,
efflorescence represents the reverse kinetic pathway. When an aqueous solution of NaCl is
subjected to an environment where the relative humidity drops precipitously, water
continuously evaporates from the droplet®'.

However, the droplet does not immediately crystallize upon dropping below the 75.3% DRH
threshold. Instead, the solution enters a metastable, highly supersaturated state®.
Crystallization eventually occurs via homogeneous or heterogeneous nucleation only when the
ambient humidity falls to the Efflorescence Relative Humidity (ERH), which for bulk NaCl exists
dynamically between 43% and 47% RH®.

The physics of these phase transitions become vastly more complex when examining the
micro-topography of fish skin. Nanoporous biological structures profoundly alter the
thermodynamic behavior of salt solutions. Systematic measurements indicate that the DRH of
sodium chloride crystals confined within nanopores decreases significantly compared to bulk



crystals®. For example, the DRH drops from 75.3% down to 58% as the effective pore diameter
decreases to 8 nm, a shift primarily driven by the concave curvature of the liquid-vapor
interface and the Kelvin effect®”. Consequently, salt solutions trapped within the microscopic
dermal ridges and scale pockets of a fish exhibit highly unpredictable efflorescence behaviors
when subjected to evaporative stress.

When a teleost fillet is immersed in a brine exceeding 90 degrees Salometer, the
micro-topography of the epidermal mucosal layer traps a microscopic boundary layer of highly
concentrated, near-saturated brine®. As the fish is transferred from the brining vat to the
mechanical smoking kiln, it is subjected to the preliminary drying phase. Kiln drying relies on
high-velocity airflows and elevated temperatures to rapidly evaporate surface moisture®. As
this evaporation occurs, the relative humidity in the immediate microenvironment of the fish
skin plummets.

If the initial boundary layer of brine was excessively concentrated (>90° Salometer), the rapid
evaporation of the remaining solvent water forcibly drives the solution past its saturation point
and deep into the metastable supersaturated zone®. As the kiln air continues to strip away
moisture, the localized relative humidity at the skin boundary inevitably drops below the 43%
ERH threshold®. Upon breaching this thermodynamic limit, the dissolved sodium chloride
undergoes spontaneous, rapid nucleation®'. The salt violently transitions from its aqueous state
back into a solid crystalline lattice, precipitating directly onto the pigmented surface of the skin
as a highly visible, unattractive white efflorescence (creeping salt structures)®.

To entirely neutralize the threat of efflorescence, two strict procedural parameters must be
enforced. First, the primary brine strength must be absolutely restricted to the 70 to 80-degree
Salometer window?. This specific concentration ensures that the residual boundary layer liquid
contains sufficient solvent water to resist immediate supersaturation during the initial drying
phase. Second, following extraction from the 80-degree brine, the fillets must undergo a
mandatory, brief post-brining hydrostatic rinse in cold, potable water?. This crucial mechanical
intervention flushes away the stagnant, high-molarity boundary layer resting on the skin,
replacing it with a highly dilute fluid film. Consequently, when the fish is exposed to the
evaporative stresses of the kiln, the surface liquid reaches complete evaporation long before
the NaCl concentration can achieve the critical mass required for heterogeneous nucleation,
ensuring the final smoked skin remains perfectly glossy and free of solid efflorescence®.

Myofibrillar Solubilization and Pellicle Genesis

While preventing efflorescence on the epidermal side is critical for aesthetic presentation, the
primary objective of the preliminary drying phase is the intentional structural modification of
the exposed flesh. Exposing the raw, wet musculature directly to hot wood smoke invites the
deposition of bitter, uncombusted creosote tars and acidic soot particles, which aggressively
degrade the flavor profile®. To facilitate the elegant adsorption of desirable volatile phenols
(such as guaiacol and syringol) while protecting the structural integrity of the meat, the
processor must engineer the formation of a pellicle®.

The pellicle is a robust, glossy, semi-permeable biopolymer membrane that forms across the
cut surface of the fillet® . Its genesis is entirely dependent on the precise biochemical



interaction between the 70 to 80-degree Salometer brine and the underlying endogenous
muscle proteins®. Teleost muscle is predominantly composed of myofibrillar proteins
(MPs)—specifically myosin, actin, actomyosin, paramyosin, and troponin—which collectively
account for approximately 50% of the total protein matrix”. In their native physiological state,
MPs are functionally insoluble in water or low-ionic-strength media, requiring aggressive
osmotic intervention for extraction”.

When the 80-degree brine diffuses into the epaxial musculature, the high localized ionic
strength (significantly exceeding 0.3 M NaCl) acts as a powerful chaotropic agent®. The
chloride ions aggressively intercalate between the myosin heavy chains, disrupting the
electrostatic linkages and hydrogen bonds holding the thick and thin filaments together®. This
severe electrostatic repulsion causes the myofibrillar lattice to completely depolymerize and
solubilize into a viscous, sticky proteinaceous exudate?. This solubilized matrix of extracted
myosin and actin is drawn to the external surface of the fillet during the osmotic exchange of
the brining process.

Upon entering the preliminary drying phase of the kiln—typically conducted under
high-velocity airflow at temperatures between 30°C and 38°C—the rapid evaporation of
surface water initiates the complex cross-linking and polymerization of this extracted exudate®.
The sticky surface desiccates and solidifies into the highly resilient, tacky biopolymer
membrane known as the pellicle®.

This membrane serves two profound thermodynamic and functional purposes. First, it acts as a
molecular sponge; the tacky polymerized proteins possess a high affinity for capturing and
binding the vapor-phase aromatic compounds generated during wood pyrolysis, ensuring
deep flavor infusion®°. Second, during the extreme thermal stress of hot smoking (where
internal temperatures approach 80°C), the pellicle acts as a rigid, impermeable physical barrier
that strictly prevents the catastrophic exudation and loss of valuable intramuscular lipids and
moisture™®. If the preliminary solubilization provided by the 80-degree brine is skipped, or if the
drying phase is rushed (failing to allow the necessary 1 to 12 hours for proper pellicle
maturation), the membrane fails to form, resulting in a dry, friable, and severely texturally
degraded final product?.

Execution of Smoking Modalities: Hot and Cold
Protocols

Following the successful establishment of the pellicle, the teleost must be subjected to the
highly controlled thermal and atmospheric conditions of the smoking chamber. Commercial
processing is starkly divided into two distinct processing modalities—cold smoking and hot
smoking—each defined by rigid thermodynamic boundaries and entirely different biosecurity
philosophies'.

Cold Smoking Kinetics

Cold smoking is explicitly engineered to impart deep aromatic complexity and partial
dehydration without initiating any thermal coagulation or denaturation of the myofibrillar
proteins®. The objective is to preserve the native, translucent, sashimi-like texture of the raw



flesh. To achieve this, the ambient temperature within the smokehouse must be stringently
restricted. According to international processing standards and the Torry Advisory protocols,
the internal temperature of a cold-smoking kiln must never exceed the critical threshold of
32°C to 33°C (approximately 90°F) at any point during the cycle®®.

Because cold smoking fundamentally operates in a mesophilic temperature zone that is highly
permissive to the rapid proliferation of pathogenic bacteria, the process itself offers absolutely
zero thermal lethality''. A standard cold smoking cycle does not achieve a 6D (99.9999%)
logarithmic reduction of target organisms''. Consequently, the absolute safety of a
cold-smoked product rests entirely on the synergistic hurdle effect established during the
pre-processing phases. The processor must rely completely on the aggressive lowering of

water activity (a“’ ) achieved through osmotic dehydration, the bacteriostatic toxicity of the
deposited wood smoke phenols, and most critically, the precise chemical concentration of salt
within the aqueous phase of the tissue™.

Hot Smoking Execution: The Torry Kiln Standard

Conversely, hot smoking is a destructive thermal process explicitly designed to forcefully
denature the proteins, fully cook the flesh, and deliver significant microbial lethality”’. The
execution of a commercial hot smoke requires highly precise, sequential temperature ramping
to ensure the core of the fish achieves pasteurization temperatures without violently rupturing
the exterior musculature. The modern standard utilizes mechanical forced-convection systems,
such as the Torry Kiln, progressing through three distinct thermodynamic stages®.

1. Stage 1: Preliminary Desiccation (30°C). The kiln is initially set to 30°C with maximal
smoke output and high volumetric airflow (air inlet half to three-quarters open)?.
Sustained for 30 to 60 minutes, this low-temperature phase is strictly dedicated to
evaporating superficial moisture and completing the polymerization of the pellicle.
Attempting to apply high heat immediately to wet flesh results in the violent boiling of
surface water, which irreversibly shreds the delicate myomeres and ruins the physical
appearance®.

2. Stage 2: Coagulation and Aromatic Deposition (50°C). The thermostat is elevated to
50°C, and the fresh air intakes are heavily restricted (quarter open) to dramatically
elevate the relative humidity within the chamber®. Elevated humidity is crucial at this
stage to prevent excessive total weight loss (yield reduction)?. Held for 30 to 45 minutes,
this phase initiates the primary heat-induced denaturation of the myosin heavy chains,
causing the flesh to firm significantly while maximizing the deep tissue absorption of
phenolic smoke compounds?.

3. Stage 3: Thermal Lethality (80°C). The final stage demands an aggressive temperature
spike to 80°C?’. At this temperature, the remaining actin and sarcoplasmic proteins fully
coagulate, transforming the tissue from a translucent gel into an opaque, rigid matrix*’.
The ambient 80°C environment must be maintained until the deepest geometric core of
the thickest dorsal loin registers a temperature sufficient to guarantee the destruction of
vegetative pathogens®.



For highly specialized products, processors frequently deviate from the standard three-stage
ramp to achieve unique culinary outcomes. For example, in the production of dogfish flaps
(Schillerlocken), the kiln temperature is set directly to a harsh 20°C from the moment the fish
enters the chamber?’. Operating with the air inlet minimally open to retain extreme heat and
maximum smoke density, the flaps are subjected to an intense 60-minute thermal shock,
yielding a dark, heavily caramelized, and rapidly cooked exterior®. Similarly, buckling
(hot-smoked whole herring) undergoes the three-stage ramp but requires careful intra-kiln
rotation and partial cooling within the chamber using diverted ambient air to set the structure
before the fish is moved to a chillroom?.

Biosecurity, Water Phase Salt (WPS), and Clostridium
botulinum

While hot smoking delivers a thermal kill step for vegetative bacteria (such as Listeria
monocytogenes or Salmonella spp.), the absolute paramount toxicological threat in the
commercial seafood industry is the germination and subsequent neurotoxin production by the
spore-forming obligate anaerobe Clostridium botulinum’. The marine environment is heavily
contaminated with C. botulinum Type E, as well as non-proteolytic Types B and F*% Unlike their
terrestrial proteolytic counterparts, these specific aquatic strains are psychrotrophic; they
possess the terrifying biological capability to grow, metabolize, and synthesize lethal botulinum
neurotoxin at standard commercial refrigeration temperatures as low as 38°F (3.3°C)%2.

The threat of botulism is profoundly magnified by modern packaging technologies. To inhibit
the growth of aerobic spoilage organisms (such as Pseudomonas) and extend the physical
shelf life of the smoked product, manufacturers predominantly utilize Reduced Oxygen
Packaging (ROP) or Modified Atmosphere Packaging (MAP)'. By vacuum-sealing the smoked
fish and eradicating ambient oxygen, the processor inadvertently creates the perfect, optimal
anaerobic microenvironment required for C. botulinum spores to germinate®. Because cold
smoking does not destroy the highly heat-resistant spores, and even hot smoking parameters
often fail to achieve absolute sterilization, the industry must rely on strict biochemical
formulation to ensure safety’".

The primary metric enforced by global food safety authorities—specifically the United States
Food and Drug Administration (FDA)—to neutralize C. botulinum is the Water Phase Salt (WPS)
concentration®’. WPS is a mathematically derived parameter that quantifies the actual
concentration of sodium chloride residing strictly within the biologically available aqueous
portion of the tissue, completely disregarding the inert lipid and solid protein fractions>*. The
mathematical formula is defined as:

WPS(%) = ( /eNaCl ) x 100

%NaCl + %Moisture

This distinction is biochemically vital. Microorganisms do not inhabit lipids; they exist exclusively



within the aqueous sarcoplasm®. In highly fatty teleosts like salmon or mackerel, the massive
volume of intramuscular lipid physically displaces water®. Consequently, two fish fillets (one
lean cod and one fatty salmon) could both register a total overall salt content of 2.0% by total
weight. However, because the salmon possesses significantly less water due to its high fat
content, the salt dissolved within that limited remaining water is forced into a much higher
concentration. Thus, the salmon will register a significantly higher, more lethal WPS percentage
than the cod, exposing contaminating pathogens to much higher osmotic stress>*.

To legally and safely package smoked fish in anaerobic or reduced-oxygen environments, the
FDA and corresponding international health agencies mandate that the brining protocol must
achieve a minimum WPS of 3.5% in the deepest, thickest portion of the loin muscle®. If the
formulation achieves this absolute 3.5% threshold, the extreme osmotic pressure permanently
arrests the germination of C. botulinum Type E spores, even if the product is subjected to
moderate temperature abuse during the logistics chain®. Failure to hit this 3.5% WPS mark
requires the implementation of alternative, highly restrictive hurdles, such as freezing the
product permanently or utilizing highly regulated chemical preservatives like sodium nitrite® .
This 3.5% WPS threshold is also highly effective against other devastating pathogens. Empirical
challenge studies demonstrate that a WPS ranging between 2.39% and 4.36% successfully
arrests the proliferation of Listeria monocytogenes in cold-cured salmon products stored at
3°C for up to 30 days™®. Therefore, the 70 to 80-degree Salometer brining step is not merely a
culinary enhancement; it is a legally mandated, life-saving toxicological intervention.

Biochemical Degradation, Lipid Peroxidation, and
Spoilage Pathways

While the attainment of a 3.5% WPS is non-negotiable for biosecurity against anaerobic
pathogens, processors must recognize that the application of sodium chloride introduces a
severe biochemical paradox. The muscle tissue of teleost fish is exceptionally rich in highly
unsaturated, long-chain omega-3 polyunsaturated fatty acids (PUFAs), most notably
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)®. These fragile lipid molecules,
while vital for human nutrition, are extraordinarily susceptible to oxidative degradation during
processing’.

When NaCl is infused into the muscle matrix during brining, it acts as a highly aggressive
pro-oxidant®'. The presence of sodium chloride accelerates the catalytic oxidation of lipids,
generating free radicals that rapidly cleave the delicate double bonds of the PUFAs’. This
peroxidation cascade yields secondary oxidative byproducts, primarily malondialdehyde (MDA)
and volatile aliphatic aldehydes, which manifest organoleptically as severe rancidity and putrid,
cardboard-like off-flavors®. The progression of this lipid oxidation is objectively quantified
using the Thiobarbituric Acid Reactive Substances (TBARS) index“®. Fortunately, the deposition
of phenolic compounds derived from the pyrolysis of hardwood chips during the smoking
phase acts as a powerful counterbalance, providing significant antioxidant effects that partially
neutralize the pro-oxidant activity of the salt, thereby stabilizing the lipid fraction for extended
chill storage®°.



Furthermore, the brining and smoking processes are engaged in a perpetual race against the
organism's own endogenous autolytic programming’. Upon harvest and the cessation of
aerobic respiration, the rapid post-mortem accumulation of lactic acid drives the intracellular
pH downward'. This acidification ruptures cellular lysosomes, unleashing aggressive proteolytic
enzymes known as cathepsins (specifically Cathepsins D and L) alongside calcium-activated
calpains directly into the sarcoplasm’. These enzymes systematically dismantle the structural
actin and myosin networks, leading to extreme tissue softening, gaping, and the total collapse
of the fillet's structural integrity’.

Simultaneously, surviving psychrotrophic bacteria (such as Shewanella and Pseudomonas
species) exploit the free amino acids liberated by this proteolysis. These spoilage organisms
rapidly reduce Trimethylamine Oxide (TMAQO)—a natural marine osmolyte—into Trimethylamine
(TMA), the highly volatile compound universally responsible for the pungent, rotting odor of
stale seafood'. The accumulation of TMA, alongside ambient ammonia, is measured collectively
as Total Volatile Basic Nitrogen (TVB-N)'. TVB-N serves as the primary threshold indicator
utilized by global food safety authorities to quantify late-stage bacterial spoilage, with smoked
fish generally deemed unfit for human consumption when TVB-N values exceed 35 mg N/100
948.

More dangerously, specific enteric bacteria possessing histidine decarboxylase enzymes will
attack free histidine, converting it directly into histamine'. The consumption of histamine-laden
fish induces scombroid toxicosis, triggering severe, potentially life-threatening
anaphylactic-like cardiovascular events'. Because histamine synthesis is entirely enzyme-driven
and accelerates exponentially when ambient temperatures breach the 4.4°C threshold, strict
thermodynamic management must be maintained continually from the harvest vessel, through
the brining vats (which must never exceed 15.5°C), until the fish reaches the lethal
temperatures of the hot-smoking kiln or the cryogenic temperatures of the freezing hold'.

Conclusion

The commercial execution of hot and cold smoking for teleost fish demands an absolute,
uncompromising mastery of thermodynamic principles, mass transfer kinetics, and
biochemical engineering. The processing facility must navigate a precarious biological
tightrope. The primary mass transfer mechanism—wet brining—must be executed using
solutions calibrated strictly between 70 and 80 degrees Salometer. This precise specific gravity
optimizes the driving force of Fickian diffusion, ensuring that the deepest epaxial musculature
achieves the legally mandated 3.5% Water Phase Salt required to neutralize the lethal threat of
Clostridium botulinum Type E.

Crucially, restricting the brine concentration to a maximum of 80 degrees Salometer, combined
with a mandatory post-brine hydrostatic rinse, physically prevents the superficial boundary
layer from breaching the Efflorescence Relative Humidity (ERH) threshold during kiln
dehydration. This effectively neutralizes the threat of heterogeneous nucleation and the
disastrous formation of macroscopic salt crystals upon the epidermal tissue. Simultaneously,
this optimal ionic strength selectively solubilizes the necessary myofibrillar proteins, extracting
myosin and actin to the surface to polymerize into a robust, protective pellicle. By harmonizing



these mass transfer kinetics with the rigid, three-stage thermodynamic controls of the modern
smoking kiln, the processing industry can successfully arrest the autolytic and microbial
spoilage cascades, delivering a teleost product of unparalleled biosecurity, structural integrity,
and organoleptic excellence.
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