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Storage: background; moisture in foods; biochemical, functional and nutritive changes during storage

Introduction & Background
Storage of foods refers to keeping foods under controlled (or semi-controlled) conditions after harvest/processing, until consumption or further processing. The goal is to preserve quality (sensory, nutritive, functional) and safety (microbial, chemical) while minimizing losses.
Storage of foods is the set of physical, chemical and biological processes that control how a food changes after processing until it is consumed. Good storage preserves safety, quality (sensory and functional) and nutritional value; poor storage accelerates microbial growth, chemical degradation (e.g., oxidation, Maillard browning), physical changes (crystallization, glass transition) and loss of key nutrients.
Key storage environmental factors:
· Temperature
· Moisture / Relative humidity / Water activity (aw)
· Atmosphere (oxygen, CO₂, other gases)
· Light / Radiation
· Time
Among these, moisture / water activity (“moisture content in the food,” humidity of storage environment, or water vapor exchange) is extremely critical because it directly influences biochemical reactions, microbial growth, physical changes, and nutrient stability.

Definitions: Moisture, Water Activity, Relative Humidity, Equilibrium
· Moisture content: how much water (usually expressed as weight % of fresh or dry basis) is present in the food.
· Water activity (aw): a measure of how “available” water is for chemical reactions and microbial growth (scale from 0 to 1). High aw → more available water.
· Relative Humidity (RH): the amount of moisture in the air relative to maximum at that temperature. Storage RH influences equilibrium moisture content of stored products.
· Equilibrium Relative Humidity / Equilibrium Moisture Content: when the moisture content of a food equals what is dictated by the surrounding RH at that temperature – no net gain or loss of moisture. 

Effects of Moisture on Storage Stability
1. Microbial Growth & Spoilage
· When foods have water activity above the threshold for microbial growth, moulds, yeasts, and bacteria can proliferate. For many pathogens and spoilage organisms, aw ≥ ~0.90 is conducive (exact values depend on the organism). Lower aw slows or stops growth. 
· Moisture gain (from humid environment or condensation) often triggers spoilage.
2. Biochemical & Enzymatic Reactions
· Enzyme activity: residual enzymes (lipases, proteases, oxidases) can continue to act even after harvest/processing, especially when moisture and temperature permit. For example, amylase activity in stored grains decreases over time but the rate depends on moisture and temperature. 
· Respiration in living or less processed tissues (fruits, vegetables): moisture facilitates metabolic processes, leading to loss of carbohydrates, softening, off-flavours, etc. 
· Non-enzymatic reactions: e.g. browning (Maillard reaction, caramelization), which depends strongly on water activity (often maximal rates at intermediate aw, not too high, not too low). Also oxidation (lipid oxidation, pigment degradation). 
3. Physical Changes
· Moisture loss can lead to drying, shrinkage, toughening, texture changes. For example, fruits or vegetables wilting or losing firmness. Seeds/cereals may crack. 
· Moisture gain can cause swelling, stickiness, clumping, changes in flow, powder caking. Thin crusts can soften. Packaging may degrade. 
4. Nutritive / Chemical Composition Changes
Moisture and storage conditions can affect vitamins, proteins, carbohydrates, lipids, phytochemicals, etc.
· Vitamins: water-soluble vitamins (e.g. B-complex, vitamin C) are often sensitive to moisture + oxygen or heat. Moisture can accelerate their degradation. In one study, cowpea flour stored for 6 months: retention of thiamine and riboflavin was better with lower temperature and controlled water activity. 
· Proteins / Amino Acids: Protein digestibility can decline; amino acids like lysine may degrade (e.g. via Maillard reaction or oxidative deamination). In wheat stored at 25-45 °C, total available lysine decreased significantly over 6 months. 
· Carbohydrates / Sugars / Starch: Soluble sugars may increase (due to breakdown of starches) or decrease depending on conditions. Starch structure may change (amylose fraction, crystallinity). In wheat, water soluble amylose decreased, insoluble amylose increased during storage at higher temps. 
· Lipids: Oxidation, hydrolysis occur; moisture can accelerate hydrolytic rancidity (water breaking triglycerides) and facilitate lipid peroxidation (if oxygen present). Fatty acid unsaturation may be lost. 
· Phytochemicals / Bioactives: Flavonoids, polyphenols, isoflavones etc. May degrade, transform, or in some cases increase (due to breakdown of conjugated forms). In soy stored at different moisture and temperature, isoflavone profile shifted (glycosylated → aglycone) with moisture and temperature. 
5. Functional Properties
These are properties relevant for food processing or consumer acceptability: solubility, emulsification, foaming, gelation, texture, optical properties, colour, etc.
· Moisture influences protein solubility: higher moisture + temperature often reduce solubility. In soy protein concentrate, storage at 32 °C with higher moisture reduced protein solubility. 
· Emulsifying & Foaming Capacity: may change due to denaturation of proteins, or changes in structure. In the same soy example, emulsifying capacity increased in some moisture/temperature combinations. 
· Texture / Crispness: Moisture gain in crispy or dry products (snacks, cereals, crackers) leads to loss of crispness. Moisture loss in some moist foods can lead to dryness or hardening. Packaging and barrier properties are important. 
· Colour / Appearance: Pigments can degrade, browning can occur; colour fading or off-colours due to combined effects of moisture, light, temperature, oxidation. 

Dependence on Temperature, Moisture, Time
The impact depends on combinations of moisture content / aw, temperature, and storage time (also oxygen, packaging, etc.). Generally:
· Higher temperature accelerates chemical reactions (Q₁₀ rule: reaction rates roughly double with every ~10 °C increase, though depends on reaction).
· Higher moisture (or water activity) increases rate of hydrolytic reactions, microbial activity, but extremely high aw might slow some oxidation (because water can inhibit oxidation in some cases) or lead to different reaction pathways.
· Time: longer storage = cumulative damage. Some changes may be rapid initially (e.g. moisture equilibration, loss of labile vitamins), others gradual (protein oxidation, lipid peroxidation, texture change).

Specific Examples / Case Studies
1. Wheat grains stored at different temperatures
In a study over six months storage at 10, 25, 45 °C, results included:
· Moisture content decline (15-26%) at higher temps. 
· Loss of water-soluble amylose, increase in insoluble fractions. 
· Decrease in available lysine and in vitro protein digestibility. 
2. Soy protein concentrate
Effects of storage at different moisture (12% vs 15%) and temperatures (11, 18, 25, 32 °C) over 12 months: higher moisture + higher temp → lower extraction yield, lower solubility; shifts in isoflavone profile (more aglycones) and changes in emulsifying/foaming capacities. 
3. Snack products / Freeze-dried snacks
Moisture fluctuations during storage (4–40 °C, varying humidity) led to increases in water activity, changes in color, texture degradation, pigment (e.g. carotenoids) loss; however some formulations (adding biopolymers) or better packaging helped stabilize colour and polyphenol content. 
4. Soy milk by-product flour (SMB flour)
In flour made from soy milk by-products, different initial moisture contents (around 9-14%) and storage at different RH/temperature conditions showed changes in moisture content and water activity over 10 weeks. At high humidity + temperature and when uncovered, moisture and aw rose significantly, possibly reaching levels that would support microbial spoilage or lower functional quality. 
5. Cowpea flour & palm oil (Nigerian Foods)
Retention of vitamins (thiamine, riboflavin) in cowpea flour was better at lower temperatures; water activity influenced vitamin stability. 

Mechanisms of Degradation
Some of the biochemical / chemical / functional changes occur via:
· Hydrolysis: Water cleaves chemical bonds (e.g. in lipids → free fatty acids, in polysaccharides, etc.)
· Oxidation: In presence of oxygen, lipids oxidize; pigments, vitamins (e.g. vitamin C) degrade.
· Maillard (non-enzymatic browning): Reaction between reducing sugars and amino groups (proteins, amino acids), promoted by moderate moisture, high heat. Leads to browning, flavour changes, loss of lysine.
· Enzymatic reactions: e.g. polyphenol oxidase (browning), proteases, lipases. Even after harvest, many of these are still active unless inactivated.
· Physical‐chemical structure changes: protein denaturation, starch retrogradation/crystallization, amylose/amylopectin rearrangement. Also moisture migration leading to water front, phase separations.
· Loss / transformation of bioactive compounds: such as phytochemicals, flavonoids, isoflavones, etc.

Functional Impacts
Functional properties are especially relevant for processed foods, ingredients, and foods used in further preparation:
· Protein functionality: solubility, emulsification, foaming, gelation. Loss of solubility and denaturation reduce these functions.
· Texture: crispness, firmness, hardness, chewiness—changed by moisture (gain or loss), starch changes, protein structure changes.
· Flavor: formation of off-flavours (rancid, stale, cooked), loss of volatile aroma compounds. Moisture and oxidation accelerate off-flavour formation.
· Colour and Appearance: pigments degrade; browning. Also visible spoilage, mould.
· Shelf life / safety: above certain moisture / aw thresholds, microbial growth, toxin formation possible.
Nutritive Losses
· Vitamins: As noted, water-soluble vitamins degrade faster in moist conditions; light, oxygen, heat exacerbate. For example, vitamin C, thiamine, riboflavin may be lost.
· Amino acids: Lysine is especially susceptible in Maillard reactions; also general protein digestibility declines.
· Lipids: Loss of unsaturation; increase in peroxides; nutritional value of fats declines.
· Minerals: Usually more stable, but in some cases binding or loss via leaching or interactions possible.
· Phytochemicals / antioxidants: Some decrease, some transformations; antioxidant capacity often declines over time depending on moisture/temperature/light.
Practical Recommendations / Best Practices
To minimise negative changes and preserve nutritive / functional / biochemical quality, the following are important:
1. Control of moisture / humidity
· Drying to safe moisture content for long-term storage, especially for grains, legumes, dried foods. Use isotherms / equilibrium moisture content info. 
· Use packaging with good moisture barrier (e.g. foil, sealed plastics).
· Store in environment where RH is stable and not too high. Avoid condensation. 
2. Temperature control
· Lower temperatures slow reactions and microbial growth. Refrigeration, cold chain, cool storage for perishables.
· Avoid temperature fluctuations which can draw moisture, cause condensation, accelerate spoilage.
3. Atmosphere / Oxygen control
· Use of modified atmosphere packaging (MAP), vacuum packaging, oxygen scavengers for foods sensitive to oxidation.
· For some grains or dried products, reducing oxygen can help extend shelf life.
4. Light protection
· Light, especially UV, accelerates pigment degradation, oxidation. Use opaque or light-blocking packaging.
5. Initial quality / Pretreatment
· Ensuring food is free of excess moisture, properly cleaned, with minimal damage.
· Inactivation of enzymes (blanching, heat treatments) when possible and applicable.
6. Monitoring / Early detection
· Periodic checking of moisture content, water activity, signs of spoilage (mould, off-odours).
7. Optimising functional/nutritional trade-offs
· Recognise that some moisture is needed for certain functional properties; over-drying may reduce quality.
· Balance between moisture low enough to avoid microbial/enzymatic damage, but not so low that texture or rehydration becomes poor.
Examples of Recommended Moisture Values
From FAO and related sources, for long-term storage in hot/humid regions, safe moisture contents for grains are (these are approximate):
	Crop
	Moisture content for safe long-term storage*

	Paddy
	~14.0% 

	Rice
	~13.0% 

	Wheat
	~13.0% 

	Maize
	~13.0% 

	Sorghum
	~12.5% 

	Beans
	~15.0% 

	Groundnut
	~7.0% (for kernels after drying) 


* “Safe” in the sense of limiting mould, insect growth, other degradation under hot conditions.
Challenges / Special Cases
· Some foods are living tissues (fruits, vegetables); respiration, transpiration, moisture loss or gain, etc., add complexity.
· Some bioactive or flavour compounds might increase initially (due to breakdown of conjugated forms) before declining. Storage period matters.
· Trade-offs: Lower moisture → less spoilage but may affect texture or processing (e.g. rehydration).
· High rainfall/humidity environments (like parts of tropical Africa) make moisture control challenging; infrastructure, packaging, cost are constraints.
· Local foods may have specific sensitivities or traditional storage methods that affect outcomes differently.



Recent Advances & Research
· Work on bioaccessibility / bioavailability of phytochemicals under varying storage conditions in fruits/vegetables – how storage plus processing affects the fraction that humans can absorb. 
· Studies on the isoflavone profile changes in soy with storage moisture & temperature (above). 
· Research on smart packaging, modified atmosphere, barrier materials to reduce moisture ingress or loss.
· Studies quantifying how texture/color/bioactive compound retention vary with storage at different temperatures/humidities (like freeze-dried snacks, etc.). 

Summary
· Moisture / water activity is central to determining storage stability: both microbial spoilage and non-microbial biochemical changes depend heavily on it.
· Higher moisture + higher temperature = faster degradation of nutrients, functional properties, and quality.
· Functional changes (texture, solubility, appearance) often manifest before nutritive losses become severe, but both occur.
· Proper drying, packaging, environmental control (humidity, temperature, oxygen) are essential for preserving nutritive value.
· In many cases, losses are predictable and can be modelled or measured to decide optimum storage protocol.

