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Scientific Name, Origin and Current Areas of Production

Almonds belong to the genus Prunus, which includes all stone fruits, and 
belongs to the Rosaceae family. While other Prunus species, like peach 
or cherry, are grown for their fruits’ juicy flesh or mesocarp, almond 
is grown for its seeds and it is classified as a nut. The cultivated sweet 
almond is Prunus dulcis (Mill.) D.A. Webb, but the genus also includes 
many wild species. Although similar, Prunus amygdalus is a bitter almond. 
The cultivated almond tree grown today originated from wild species in 
the deserts and foothills of Central and South- west Asia. By selecting and 
cultivating the sweet kernel specimens, their use was widespread in the 
ancient world perhaps as early as 4000 BC. Almonds have been cultivated 
for over 4000 years and starting about 450 BC were cultivated around the 
Mediterranean coastline from Turkey to Tunisia. Almonds were first in-
troduced to California with the founding of the Spanish California mis-
sions in the late 1700s, but the large commercial industry was built with 
local seedling selections from varieties brought to California from the 
Languedoc area of southern France in the 1850s (Kester and Ross, 1996). 
The mild wet winters and hot dry summers of California’s Mediterranean 
climate provided an environment in which almond trees could thrive in 
the Central Valley. California is the only US state that produces almonds 
commercially, producing the signature paper- shell variety ‘Nonpareil’, 
along with other soft- shell California types and a few hard- shell selec-
tions (Fig. 1.1). The soft- shell varieties are the basis of the California 
industry. Production under irrigated conditions in California accounts 
for 80% of the world crop.
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Fruit Physiological Characteristics

The almond fruit is a drupe characterized by an outer fibrous layer or hull 
equivalent to the flesh of the stone fruits. The almond’s hairy epidermis, or 
exocarp, the hull, is made of the pericarp and the mesocarp, and the shell or 
endocarp all derived from the ovary wall. The shell contains the seed or ker-
nel, which is the primary commercial part of the fruit. Within the ovary, the 
ovules are enclosed by two layers called integuments, which eventually form 
the seedcoat, also called skin or pellicle. The ovule becomes the seed or ker-
nel containing the embryo resulting from fertilization that will grow into the 
edible part of the future nut. Harvesting is usually carried out once the hull 
on all nuts is beginning to dehisce and the shell is exposed. The leathery hull 
is a by- product used mainly as feed for dairy cattle. The usual fruit weight in 
almond cultivars ranges from 8 g to 20 g. The expanded base of the flower or 

Fig. 1.1. Almond Cultivars. Figure courtesy of Dr. Sebastian Saa, Almond Board of 
California, Modesto, California, USA.
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ovary will develop into the entire fruit. The shell ranges from very soft paper 
shells to very hard stony shells, and their morphology is variable between cul-
tivars. The preference for each shell type depends on the growing conditions 
and the prevalent industry in the region. As for the fruit, the kernel or seed 
weight varies between cultivars, from 0.5 g to 1.5 g. The general trend in the 
industry is the preference for large kernels to improve yield and facilitate and 
cheapen the process of cracking and blanching. Almond flowers have a single 
carpel with two ovules, as in other stone fruits. The secondary ovule often 
degenerates, and a single kernel is produced. If the two ovules reach full de-
velopment and are fertilized, double kernels are produced. The presence of 
double kernels is a cultivar trait. The edible kernel (primarily two cotyledons 
whose cells are filled with oil bodies and a small embryo) is surrounded by a 
shell and hull tissue. Almonds are relatively high in oil: 36–60% of kernel dry 
mass. Most of the fatty acids in almond oil are unsaturated, with the ratio of 
monounsaturated to polyunsaturated ranging from 2:1 to almost 5:1.

Ethylene production and sensitivity

Almonds produce very little ethylene and there are no documented re-
sponses to ethylene that might directly affect kernel quality (Kader, 1996).

Respiration rates

The low water content and/or water activity of properly stored kernels 
makes them relatively inert metabolically (King et al., 1983; King and 
Schade, 1986). Respiratory rates are very low.

Chilling sensitivity

Almonds are not sensitive to chilling during storage.

Quality Characteristics and Criteria

Currently over 85% of the California almond crop is sold as shelled prod-
ucts but developing export markets include substantial interest in in- shell 
product. Recently, there were over 300 million pounds of in- shell almonds 
shipped to India and China. In- shell almonds should have shells that are 
uniform, with a bright color, and be free of adhering hull material, debris, 
signs of insect damage or decay. The shell should be intact and free of 
damage caused by the hulling operation, insects, or fungi. Kernels should 
be fully formed rather than shriveled and larger sizes are preferred. The 
“skin” of the kernel (pellicle) should be unbroken (free of damage caused 
during shelling or by insects or pathogens) and of uniform light brown 
color. Double, split, or broken kernels are negative factors. A complete 
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description of US Federal quality standards can be found at https://
www. ams. usda. gov/ grades- standards/ almonds- shell- grades- and- standards 
(USDA Marketing Service, 2019). Almond flavor should display a combina-
tion of sweet and oily aroma and absence of stale or rancid flavors. Optimal 
kernel texture is from crisp to chewy. Kernels should have <5–6% mois-
ture, but kernels with <4.0% moisture tend to be brittle and hard. Almonds 
are one of the highest dietary sources of vitamin E, magnesium, and man-
ganese; as well as an important plant- based source of vital minerals like 
calcium and potassium. Among nuts, almonds are a good source of fiber, 
protein, copper, phosphorous, riboflavin, and niacin (USDA Agricultural 
Research Service, 2019; https:// fdc. nal. usda. gov/ fdc- app. html#/ food- de-
tails/ 170567/ nutrients). Almonds contain 40–60% fats by weight and less 
than 10% is water (Sathe et al., 2008). The two most abundant unsaturated 
fatty acids are oleic acid (18:1, 62–80%) and linoleic acid (18:2, 10–18%) 
in addition to a high concentration of “good” phenolics and tocopherols 
(~24 mg g-1).

Sensory attributes (texture, taste, and aroma) and chemical charac-
teristics (fats, antioxidants, and sugars) have been described for in- shell, 
raw, roasted, and blanched nuts for a large group of almond genotypes 
at harvest and storage (Franklin et al., 2017, 2018; Franklin and Mitchell, 
2019). The sensory profile including 16 attributes was measured by a 
trained panel as a sensory baseline to quantify sensory changes triggered 
by postharvest handling, drying, roasting, storage conditions, and other 
treatments. Most flavor attributes either increased or decreased with time; 
intensity of Clean Nutty aroma and Clean Nutty flavor associated with fresh 
almond (correlation value with respect to time (rT): −0.89 and −0.95, re-
spectively) and Clean Roasted aroma and flavor (rT: −0.71 and −0.80, re-
spectively) decreased with storage in both light roasted and dark roasted 
almonds (Franklin et al., 2018). Sensory attributes related to oxidative 
rancidity such as Cardboard/Painty/Solvent, Soapy, and total oxidized in-
creased in intensity over time (Franklin et al., 2018), thus, total oxidized 
aroma and total oxidized flavor (rT: 0.91 and 0.95, respectively), as well 
as the oxidation- specific flavor attributes Cardboard (rT 0.86), Painty/
Solvent (rT 0.96), and Soapy (rT 0.98). The mouthfeel attributes Pungent/
Irritation/Burning (rT 0.94) and Astringent (rT 0.36) also increased over 
time, to a lesser extent. At the same time, consumer liking (acceptance, he-
donic analysis) was determined using a large group of untrained consum-
ers, thus, changes in consumer acceptance was related to specific chemical 
and sensory measurements allowing the creation of some market life pre-
diction models (Cheely et al., 2018). A number of volatile predictors of con-
sumer liking were identified, including 2,5- dimethylpyrazine and 2- and 
3- methylbutanal, which were predictors of the desired “Clean Nutty” and 
“Clean Roasted” attributes. Additionally, a number of volatiles correlated 
with rancid flavor attributes were identified, which may be used to predict 
rancidity in roasted almonds (Franklin et al., 2018). Among them, hexanal, 

https://www.ams.usda.gov/grades-standards/almonds-shell-grades-and-standards
https://www.ams.usda.gov/grades-standards/almonds-shell-grades-and-standards
https://fdc.nal.usda.gov/fdc-app.html#/food-details/170567/nutrients
https://fdc.nal.usda.gov/fdc-app.html#/food-details/170567/nutrients
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the most important predictor of total oxidized aroma, and heptanal and oc-
tanal were better predictors of average consumer liking and may be more 
reliable indicators of consumer perception of rancidity in roasted almonds.

Horticultural Maturity Indices

A primary incentive for rapid harvest of soft- shelled cultivars in California is 
to avoid costly navel orangeworm (NOW, Amyelois transitella) damage to al-
mond kernels (Fig. 1.2). Beginning with a timely ‘Nonpareil’ harvest helps 
avoid early fall rains that delay harvest and decrease quality by increasing 
both worm damage and mold. The percentage of hull split correlates with 
nut removal by shaking, providing a field guide to acceptable maturity. The 
dry weight and drying rate of almond kernels during harvest have been 
characterized. When nuts on the tree reach 100% hull split, stick- tight 
hulls are minimized and nut removal by shaking is maximized. Keeping 
these parameters in mind, harvest operations are timed to optimize kernel 
quality. Almond maturation can be monitored externally by evaluating the 
extent of hull dehiscence. When the two halves of the hull are fully open to 
expose the shell, hulls readily separate and moisture content is low enough 
that nuts can be picked up from the orchard floor in a few days. Yield is 
maximized because the kernel’s dry weight is no longer increasing, and 
almond removal from the tree is close to 100%. Almond maturation on a 
given tree is not uniform; development tends to be most rapid on the south 
and south- western faces high in the tree canopy and slower in the lower 
interior. The California industry favors a timely (early) ‘Nonpareil’ harvest 
that helps avoid NOW egg- laying in split hulls. Thus, harvest is matched to 
the time when the last almond on the lower interior of a tree has begun to 

Fig. 1.2. Navel orangeworm (NOW) kernel damage. Photo courtesy of Dr. Carlos 
H. Crisosto.
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split. Nut removal is near maximum, as is kernel dry weight. Nuts harvested 
very early are greener, are not open to the shell in the lower interior tree 
canopy and will produce more sticktights (hulls shriveled around the in- 
shell nut). Since they are greener and have a higher water content these 
almonds must dry longer on the orchard floor for 1–2 weeks before being 
picked up and hulled (Connell et al., 1989, 1996).

Harvesting (Shaking and Picking) and Handling

Orchard floor preparation for harvesting

Almond harvest typically begins in early to mid- August and continues 
until late September for roughly 6–8 weeks depending on cultivars. 
Very few California almond orchards are cultivated. Those located in 
the Central Valley from Bakersfield to Chico are on flat land that fa-
cilitates irrigation and mechanical harvesting operations. Typically, pre- 
emergent strip weed control is used down the tree rows to control winter 
annual weeds. Orchard middles are mowed in the spring and sprays of 
approved translocated herbicides are used to control summer annual 
weeds followed by a final mowing. The orchard floor is smooth, firm, 
and free of weeds as harvest approaches (Fig. 1.3). All California almond 
orchards are irrigated: some with sprinklers, most with microsprinklers 
or drip irrigation, and a few are still flood irrigated. With sprinklers or 

Fig. 1.3. General view of an almond orchard prepared for shaking. Photo courtesy 
of Dr. Carlos H. Crisosto.
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flooding, a final irrigation before harvest is used to fully recharge the 
soil profile. This enables the orchard to go through a long, dry harvest 
period with minimum water stress (Connell et al., 1996; Reil et al., 1996). 
Usually, the last preharvest irrigation is timed around 1–2 weeks prior 
to the onset of mechanical shaking to remove in- hull almonds from the 
trees. The incidence of sticktights can increase when severe deficit ir-
rigation is applied in between hull split and harvest. Thus, to reduce 
severe tree stress utilizing regulated deficit irrigation, tree stress levels 
should be kept less than −0.15 MPa with microsprinkler or drip irriga-
tion. This is accomplished with additional irrigation close to the time 
of harvest of each cultivar so that sometimes irrigation takes place by 
cultivar row, or with additional supplemental irrigation often applied to 
the orchard between ‘Nonpareil’ harvest and harvest of the pollenizer.

Determining shaking date

Two separate processes signal the approach of almond nut maturity. The 
first is hull dehiscence, in which the hull splits along the suture line, gradu-
ally separates from the shell, and begins to dry. Harvesting usually starts 
once 100% hull dehiscence (Fig. 1.4) is reached; at this stage the shell is 
mostly visible, and hulls are open wide and drying in the upper tree canopy 
(Connell et al., 1989; Reil et al., 1996). In the lower interior canopy, hulls 
are green and the suture is split just enough to be able to see a small por-
tion of the shell. The second is the formation of an abscission layer at the 
nut—peduncle connection, at approximately the same time as hull dehis-
cence. There are still fiber attachments that must be disconnected at the 
time of harvesting.

Fig. 1.4. Almond canopy showing 100% of almonds at the hull- split stage. Photo 
courtesy of Dr. Carlos H. Crisosto.
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Shaking

After almond hulls split and the nuts begin to dry, they are shaken to 
the orchard floor with mechanical shakers (Fig. 1.5). If nut removal is 
good and there is no bark damage (Fig. 1.6), the shakers will continue 
to harvest the earliest maturing ‘Nonpareil’ cultivar. If results are not 
satisfactory, the shaker will stop, wait a few days, and try again. When 

Fig. 1.5. Almond shaker. Photo courtesy of Dr. Carlos H. Crisosto.

Fig. 1.6. View of shaker attached to the almond trunk. Photo courtesy of Dr. 
Carlos H. Crisosto.
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100% of the nuts in the canopy have split hulls, nuts have reached their 
full potential for both size and removal by mechanical shaking. This rela-
tionship serves as a field guide to acceptable maturity of the ‘Nonpareil’ 
cultivar (Connell et al., 1989, 1996). Once all nuts have reached the 
hull- split stage, sticktight hull incidence decreases to insignificant levels. 
Following fruit removal at harvest as nuts drop to the orchard floor, the 
peduncle remains attached to the spur. Complete dehiscence requires 
internal tree moisture because the sides of the hull must be turgid to 
separate properly. If the fruits are subject to moisture stress, hulls may 
not dehisce but instead tighten on the shell. On trees less than 15 years 
old, a single trunk shake is all that is usually required. Large, old trees 
may require shaking of two or three major limbs.

Drying on the ground

Once shaken off the tree, nuts continue to dry on the orchard floor 
until the hulls will snap when bent (Fig. 1.7). Water is present in plant 
tissues in three forms: (i) bound water, bound to other constituents by 
strong chemical forces; (ii) adsorbed water, held by molecular attrac-
tion to adsorbing substances; and (iii) absorbed water, held loosely in 
the extracellular spaces by the weak forces of capillary action. The ab-
sorbed and adsorbed water constitute the “free water,” most of which 
is removed by drying. Bound water is not removed except at very high 
temperatures that also decompose some organic matter. In general, it 

Fig. 1.7. Almonds drying on the ground. Photo courtesy of Dr. Carlos H. Crisosto.
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takes much longer for hulls and kernels to dry on the tree than on the 
ground. Thus, most of the final drying of almonds occurs naturally while 
they are on the orchard floor. It may take 5–14 days depending on hull 
moisture at the time of shaking. Then, the sweeping operation begins. 
The sweeper blows the nuts out of the tree row into the opposite mid-
dle and sweeps them toward the center of the middle it is working in. 
Sometimes a small amount of hand raking is needed around tree trunks 
to recover nuts missed by the sweeper. After two passes down the middle 
of each row in opposite directions, the mechanical sweeper forms a row 
of nuts that can be picked up.

Picking

Almonds are picked up from the orchard floor as soon as they are dry 
to avoid exposure to adverse weather conditions, especially rain, and to 
minimize fungal infection and insect damage. Exposure of almonds to wet 
and hot conditions results in concealed damage (CD), an internal disor-
der characterized by rust- brown to black discoloration of the kernels and, 
in extreme cases, an unpalatable “off- flavor”. The moisture content of al-
monds at harvest ranges between 5% and 15% of fresh weight. To improve 
stability and ensure the safety of the nuts, they should be dried as soon 
after harvest as possible to 5–8% moisture or a water activity of 0.50–0.65. A 
pickup machine drives (Fig. 1.8) over the rows of nuts (Fig. 1.9) formed by 

Fig. 1.8. Picking up the almonds after drying on the ground. Photo courtesy of Dr. 
Carlos H. Crisosto.
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the sweeping operation. Nuts are picked up and conveyed into an attached 
trailer, while fine soil and leaves are blown out. The latest equipment has 
augers in the trailer that level the load and a conveyer that is activated by 
pressure on the rear bumper. The trailer conveyer unloads the trailer into 
a bank- out wagon when it applies pressure to the bumper by approaching 
from the rear. The bank- out wagon (Fig. 1.10), a specialized, low- profile 
hydraulic dump truck equipped with augers to level the load, ferries nuts 
out of the orchard directly to an on- farm huller, to a stockpile (Fig. 1.11) 
for later hulling, or to a set of double trailers (Fig. 1.12) at the roadside for 
a trip to a remote huller. Meanwhile, the pickup machine moves forward 
continuously, picking up the row of nuts, creating a harvest operation that 

Fig. 1.9. Almond rows ready to be picked. Photo courtesy of Dr. Carlos H. 
Crisosto.
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Fig. 1.10. Bank- out wagon. Photo courtesy of Dr. Carlos H. Crisosto.

Fig. 1.11. Almond stockpiles. Photo courtesy of Dr. Carlos H. Crisosto.
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is nearly non- stop. This series of harvest operations is repeated separately 
for each cultivar grown in the orchard. In California, almond orchards 
contain at least two cultivars for cross- pollination and many orchards have 
three or four cultivars.

Extra drying

Most of the final drying of almonds occurs naturally while they are on the 
orchard floor. However, when rainy conditions prevail during harvesting, 
heated- air drying can be used to complete their dehydration. Wet almonds 
must be dried before hulling either in a batch dryer with a maximum tem-
perature of 48.9–54.4°C or in continuous- flow dryers with a maximum tem-
perature of 80.2°C. Many batch dryers are specially designed, five ton capacity 
wagons with a perforated floor that allows heated air to be distributed under-
neath the nuts. The continuous- flow dryers are either horizontal belt dryers 
or crossflow grain dryers. Dried almonds hull more easily than those with wet 
hulls, allowing hulling equipment to operate at maximum capacity. Recently, 
an off- ground harvesting practice approach is being validated in California. 
Proposed innovative low- dust drying methods for almond harvesting includ-
ing new shakers and/or an umbrella- type harvester which can be compatible 
for off- ground harvesting scenarios are being tested. A cost–benefit analysis 
using data from various sources is being used to evaluate the economic feasi-
bility of switching to off- ground harvesting.

Fig. 1.12. Loading the double trailer. Photo courtesy of Dr. Carlos H. Crisosto.
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Hulling–Stockpile–Drying

The bank- out wagon transports almonds out of the orchard directly to an 
on- farm huller, to a stockpile for later hulling, or to a set of double trail-
ers at the roadside for a trip to a remote huller. Because limited huller 
capacity leads to stockpiling of nuts, they will likely be covered and sub-
jected to fumigation to limit insect damage. Nuts must be dried to <10% 
moisture prior to stockpiling. The in- hull nuts will be temporarily stored 
in stockpiles where nuts are covered with plastic tarps and fumigated with 
aluminum phosphide to control worms and preserve quality (Thompson 
et al., 1996). This practice also protects some of the crop from early fall 
rain and allows the huller to work out of the stockpile if rain delays other 
harvest operations. Once removed from the orchard, a mechanical hull-
er, either owned by the producer or operated on a cooperative or custom  
basis, removes the hulls.

Physiological Disorders

Concealed damage (CD)

CD is defined as a dark brown discoloration of the kernel interior (nut-
meat) that appears only after moderate to high heat treatment during pro-
cessing of kernels with high moisture. Damaged kernels turn dark inside 
and a bitter taste can be perceived that can result in immediate consumer 
rejection. Only in very extreme cases, are kernel internal color and flavor 
altered prior to roasting. The economic damage is most apparent in cut 
kernels after they have been blanched, dried and roasted, so it makes it 
very difficult to predict and study (Kader, 1996; Rogel- Castillo et al., 2015, 
2016, 2017). CD in kernels may be triggered prior to processing during 
harvest and/or after harvest when kernels are in windrows or stockpiles 
and exposed to rain or warm and moist environments. However, almond 
kernels with CD have no visible defects on the interior or exterior surface 
of the kernel prior to roasting. Even after roasting on CD- damaged kernels, 
there are no visible signs of CD on the surface of whole roasted kernels. 
Visual inspection and manual sorting are difficult, time- consuming, subjec-
tive, labor- intensive and cannot be used to identify nuts with CD prior to 
heat treatments (Rogel- Castillo et al., 2015). Based on current knowledge, 
CD is related to moisture- induced hydrolysis of sugars, elevated levels of 
volatiles related to lipid peroxidation, and amino acid degradation that 
can serve as reactants in the Maillard browning reaction occurring dur-
ing processing (Severini et al., 2000; Rogel- Castillo et al., 2015; Lin et al., 
2016). Further support for this hypothesis is the fact that aldehydes, such 
as 4,5- epoxy-2- alkenals, that have been detected in almonds, react with ly-
sine amino groups to produce N- substituted hydroxyalkylpyrroles that po-
lymerize spontaneously to form melanoidin- like pigments. Thus, almond 
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kernels with CD have less near- infrared (NIR) absorbance in the region 
related to oil, protein, and carbohydrates as compounds have been hydro-
lyzed. The feasibility of using NIR spectroscopy partial least squares discri-
minant analysis (PLS- DA) models between 1125 nm and 2153 nm for the 
non- destructive and fast detection of CD in raw almonds was demonstrated 
(Rogel- Castillo et al., 2016). Among these models that identify almonds 
with CD with 90.8–91.8% accuracy, the PLS- DA model based on the second- 
derivative spectra and using four wavelength ranges (i.e. 1408–1462, 
1692–1740, 1902–1959, and 2064–2104 nm) related to the degradation of 
lipids, carbohydrates, and proteins gave the lowest percentage rate of false 
negatives and would be the best choice for further method development 
(Rogel- Castillo et al., 2016).

Recent well- controlled and detailed studies demonstrated postharvest 
moisture exposure resulting in a kernel moisture content ≥8% is a key fac-
tor in the development of CD in almonds and that increases in tempera-
ture will accelerate this process (Rogel- Castillo et al., 2015, 2017). Normally, 
these moisture content and temperature conditions that trigger CD occur 
when harvested nuts are stockpiled and fumigated to control NOW prior 
to hulling and shelling. Temperatures in covered stockpiles that are open 
to the sun can reach 60°C. If nuts have not been dried to <10% moisture 
in the orchard or have been wetted by late- season rains, the combination 
of elevated moisture and temperature lead to this problem. However, high 
temperature alone on kernels with low moisture does not cause the prob-
lem. Wetting of freshly harvested almonds followed by heating can cause 
the problem and forced- air drying of rain- wetted kernels can prevent it. 
Because research revealed that stockpile management can prevent aflatox-
ins and reduce CD, several handling recommendations were established. 
The first step to manage CD and Aspergillus growth is to ensure harvest 
moisture levels are met: the recommended harvest moisture levels for in- 
shell kernels are below 6%, in- hull almonds (total nut) are below 9% and 
hulls (alone) are below 12%. In general, almonds with the highest mois-
ture levels are on the north side of the lower interior canopy near the tree 
trunk, where almond moisture tends to be about 2% higher than other 
areas in the tree canopy. Also, within the windrow, moisture tends to ac-
cumulate in the bottom layer of almonds. Thus, a practical guideline is do 
not stockpile if either the hull moisture content exceeds 12% or the kernel 
moisture content exceeds 6%. If rain is in the forecast, do not shake as 
almonds dry faster on the tree than on the ground. If rain comes after you 
have already shaken and nuts are still wet, blow or move them out of the 
tree row, but do not windrow. If almonds have been windrowed, pick them 
up and condition them through a drop chute for further drying. In all 
cases remove leaves and debris to help nuts dry faster. Achieving optimum 
moisture levels before stockpiling is essential to limit mold growth and 
CD. If moisture levels are higher than recommended to stockpile, move 
almonds to a dry area or dry by machine. Select an area for the stockpile 
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that can be raised or sloped to encourage moisture to drain away from the 
stockpile to further limit mold growth. Stockpiles should be oriented with 
the long axis north–south and build with an even and flat top to minimize 
areas where condensation can build up on the underside of the tarp. When 
the long axis of stockpiles is oriented east–west, condensation and mold 
are usually worse on the north side of the pile. When tarps are used to 
cover stockpiles, tarps can increase humidity inside the stockpile triggering 
mold growth and CD. Use a white- on- black tarp that limits temperature 
fluctuations thus reducing condensation. A clear tarp should be used only 
on almonds that are well dried below the moisture threshold as it increas-
es temperature fluctuations and condensation. White tarps without black 
had intermediate performance compared with the other two tarp types. 
As water activity is the best predictor of mold activity and food safety but is 
difficult to measure, relative humidity (RH) measurements are used to cal-
culate water activity indirectly for whole almond, hulls and kernels. In this 
way by controlling the RH or water content in the stockpile, we can manage 
water activity that is critical for food safety.

To improve RH and water activity management in almond stockpiles, 
a relationship between RH and almond water activity was studied and a 
practical chart created (Almond Board of California, 2014). This table al-
lows water activity of a stockpile and tissue water content to be calculated 
based on the RH measurement. An RH of greater than 65% within the pile 
is the maximum for almond storage. In the chart, green- shaded areas in-
dicate moisture contents that are suitable for stockpiling. Yellow areas are 
borderline, and red areas indicate moisture contents that are too wet for 
stockpiling. For example, if the RH is too high in the stockpile, open the 
tarps in the daytime to allow moisture to escape, and close at night when 
RH tends to increase. Also look for condensation inside the stockpile due 
to large changes in temperature outside the stockpile. The use of this infor-
mation assures that stockpiles are managed to exclude contaminants such 
as aflatoxins, harmful bacteria and pests, and to prevent mold- inducing 
moisture, and will help maintain almond quality and safety.

Pathological Problems

Most infections by pathogens are initiated in the orchard and because clean- 
up following harvest is not absolute, potential problems are transferred to 
the postharvest environment. In- shell product is relatively protected unless 
the shell has been broken or penetrated by insects. The most serious patho-
gens are fungi, such as Aspergillus flavus and Aspergillus parasiticus, which 
can produce aflatoxins that are both toxic and carcinogenic. Damaged 
kernels must be discarded prior to storage; controlled, low temperature 
and relative humidity conditions must be maintained. A variety of fungi 
are found on almonds, primarily species of Aspergillus, but also Alternaria, 
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Rhizopus, Cladosporium, and Penicillium, and these can be minimized by 
pasteurization, maintaining low moisture and water activity (Phillips et al., 
1979). Because of the relationship between insect damage and pathogen 
presence, sorting to eliminate whole kernels with insect damage reduces 
the number of kernels with excess concentrations of aflatoxins, considered 
to be concentrations greater than 1 ng g-1.

Aflatoxin

Aflatoxins are chemicals produced by certain molds that are of health con-
cern because of their potential to cause cancer. Because of this health risk, 
maximum allowable levels of contamination in foods have been set in the 
market to protect consumers. Contamination can start in the orchard, as 
the fungus producing aflatoxins lives in the soil and can transfer to dam-
aged mummy nuts that remain on the tree after harvest (Schatzki, 1996). 
From there, spores can be moved from nut to nut by NOW and/or other 
insects. Upon arrival to export markets, almonds tested with aflatoxins ex-
ceeding the allowable levels will be rejected and must be reconditioned 
at a high cost. A voluntary sampling program to prevent problems upon 
arrival is being established. Several pasteurization methods were devel-
oped to provide a safe, pathogen- free product without altering the flavor 
and nutritional characteristics of almonds. These sanitation technologies 
include commercially available physical processes such as blanching, oil 
roasting, steaming and treatment with propylene oxide (PPO) gas (Perren 
and Escher, 2013). PPO is a compound approved by the US Food and Drug 
Administration to pasteurize food products such as nuts, cocoa powder, 
and spices. Currently, almond pasteurization is required by law in the USA, 
Canada, and Mexico. In addition to postharvest processes to prevent out-
breaks, a food quality and safety program is in place. It includes education 
programs for growers and handlers on Good Agricultural Practices (GAPs) 
in our orchards and Good Manufacturing Practices (GMPs) as a complete 
approach to provide consumers with the safest possible almonds.

Optimum Storage Conditions

Federal regulations define a safe moisture level for nuts as a water activity 
(aw) of <0.7 at 25°C to retard microbial growth. Because of the high content 
of unsaturated fatty acids found in almonds, like most nuts, they are suscep-
tible to oxidation and to important quality losses if stored improperly or for 
too long. In general, almonds maintain quality and safety throughout storage 
better than some other nuts, due to their low moisture and high antioxidant 
content, thus their postharvest shelf life is primarily defined by changes in sen-
sory attributes. The maintenance of appropriate texture (crispness and chew-
iness), absence of rancidity and odors related to oxidation levels provides an 
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acceptable consumer quality. Furthermore, because of their high lipid con-
tent, almonds, especially shelled, should not be stored with commodities that 
have strong odors (onion, garlic, etc.) as they will absorb their odors during 
storage, resulting in less acceptability to consumers. Almonds are marketed in 
a variety of forms such as in- shell, shelled kernels, and peeled seeds; whole or 
nut pieces; and raw and roasted nuts, that influence product stability due to 
oxidation or rancidity development (Shahidi and John, 2013). Light or dark 
almond roasting is also relevant to stability; this common thermal process is 
used to create specific flavor notes, darken color, and add a more desirable 
crispy texture. Typically, the moisture content and water activity (aw) are re-
duced while the exposure to heat during roasting tends to directly increase 
rates of lipid oxidation. The process also produces Maillard reaction products 
with antioxidant properties that slow subsequent lipid oxidation in stored al-
monds. Current industry practices include storing raw in- shell almonds in 
silos, bins (Fig. 1.13), or other unlined cardboard (Fig. 1.14) cartons (UC) or 
bulk containers. During commercial storage roasted or raw almond kernels 
are stored either in polypropylene bags (PPB) or high barrier bags (HBB) 
across different combinations of temperatures and environmental RH. In- 
shell almonds can be stored longer than shelled almonds at the same tem-
perature, indicating that the shell acts as a protective layer. Almonds can be 
packed using UC that provide no protection against transmission of water 
vapor or oxygen, or in plastic liners to protect from water losses. Thus, in 
some cases, almond processors are using PPB and/or HBB. Packaging of raw 

Fig. 1.13. Shelled almonds storage in bins. Photo courtesy of Dr. Carlos H. 
Crisosto.
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shelled almonds in PPB, rather than UC, demonstrated substantial improve-
ments in stability as measured by peroxidase values, moisture content, and 
water activity. Storing roasted almonds in HBB rather than PPB improved ker-
nel quality stability as measured by peroxidase values, moisture content, and 
water activity. Thus, the use of HBB is a superior packaging choice, followed 
by PPB, with UC being associated with the greatest rates of degradation. The 
choice of packaging will be dictated by economics and the marketing condi-
tions for which the almonds are handled. The low water content and high 
unsaturated fat contents of the kernel make it relatively stable metabolically 
and able to tolerate low temperatures, thus, the primary objective of any stor-
age condition is to maintain the low water activity using temperature and RH. 
Current ideal recommendations are to store almonds under cool, dry condi-
tions (<10°C) and <65% RH. The RH (safe levels) should be maintained to 
keep ~2.8–7.0% moisture in the kernels with a water activity (aw) of 0.2–0.8 at 
20°C. At higher water activities, protection against fungal and human patho-
gens is lost. At very low water activity levels, sensory attributes such as texture, 
flavor, and color can be affected (Guiné et al., 2015; Pleasance et al., 2018; Wu 
et al., 2019). In general, in- shell almonds can be stored for up to 20 months 
at 0°C, 16 months at 10°C, and 8 months at 20°C without a significant de-
crease in quality. Shelled almonds can be stored for about half the time of 
almonds in the shell (about 6 months). In all cases, avoid exposure to direct 
sunlight and protect from insects and pests, bad odors, and from oxygen, 

Fig. 1.14. Shelled almonds storage in cardboard boxes. Photo courtesy of Dr. 
Carlos H. Crisosto.
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either through nitrogen flushing, bags, plastic liners, and/or vacuum packag-
ing (Kader, 1996; Gama et al., 2018).

Special Storage Treatments (Controlled Atmosphere and 
Others)

Shelled almonds (kernels) and roasted products are less stable than in- 
shell almonds and flavor is maintained well and longer under a low- oxygen 
and elevated- carbon dioxide atmosphere (Guadagni et al., 1978; Kader, 
1996; Raisi et al., 2015). For example, flavor was maintained for 12 months 
at 18°C and 27.5°C in insect- controlling atmospheres of less than 1.0% 
oxygen and 9–9.5% carbon dioxide. Reduced oxygen in the storage atmos-
phere improves oil stability (Guadagni et al., 1978; Kader, 1996). The stabil-
ity difference between in- shell nuts and shelled kernels was eliminated in 
0.5% oxygen. Storage containers, sealed plastic bags, and vacuum packag-
ing are all good options that should be evaluated by the processor (Kader, 
1996; Lin et al., 2012; Martín et al., 2016; Parrish et al., 2019).

Quarantine Issues

The most serious almond postharvest insect problem is the NOW (A. transi-
tella). This moth of the Pyralidae family is native to the south- western USA 
and Mexico and is a commercial pest of walnuts, figs, pistachios, and al-
monds. The insect lays its eggs in newly split nuts just before harvest, and 
the resulting larvae can cause substantial losses. Fumigation with methyl 
bromide, which has a limited future, or phosphine is used to control the 
insect. In- home control of insects can be attained by freezing temperatures 
of −5 to −10°C for a few days. Irradiation can also be used (300 Gy). The 
most useful non- chemical insect control approach appears to be a <1% O2 
and 9–9.5% CO2 controlled atmosphere regime.

Almond Snack Products

Almonds are sold whole, as slices or flakes, slivers or halves, diced or 
chopped, meal or flour, almond milk, paste or butter, almond oil, and green 
almond. All of them except oil and green almond are available natural or 
blanched and are a popular snack or ingredient. These are used for con-
fectionery, energy bars, trail mix or granola bars, cereals, yogurts, bakery 
products and inputs for processing. Whole almonds (natural or blanched) 
are widely used in their natural form or roasted and/or flavored, and even 
covered with chocolate. Slices or flakes (natural or blanched) are typically 
used as a topping for salads, an ingredient for cereal, a coating for savory 
dishes, a garnishing for baked goods, and for desserts. Slivers or halves 
(natural or blanched) work well as roasted or flavored snacks, are ideal for 
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stir fries and grain dishes, as an ingredient for baked goods and cereal, to 
create texture for confectionery, and as a topping for prepared foods and 
salads. Diced or chopped (natural or blanched) forms were developed as 
toppings for dairy items and baked goods, and they work well for stuff-
ing, as coatings for ice cream bars, filling for bakery products and confec-
tionery, and as a crust for meats and seafood. Meal and flour (natural or 
blanched) are typically used as sauce thickeners, making almond butter 
or marzipan, as an ingredient and filling for confectionery, or as a flavor 
enhancer in baked goods and a coating for fried foods. Paste and butter 
(natural or blanched) provide an alternative to other spreads used as a 
filling for chocolate, cereal bars, confectionery and baked goods. Recently, 
almond milk sold in stores has become popular to be consumed directly in 
cereal or coffee, or blended into smoothies or lattes. Almond oil has been 
blended into vinaigrette salad dressing and has been used as non- food in 
cosmetics and moisturizers. Some consumers like eating green almonds 
by cutting the almond hull along the seam and extracting the immature, 
fresh, herbaceous- tasting kernel which is used as part of a mixed salad or 
eaten plain with a bit of sea salt.

Cull Utilization

Almond fruit consists of four tissues: (i) the kernel (embryo); (ii) a thin 
leathery seedcoat layer (pellicle); (iii) the middle shell (endocarp); and 
(iv) the outer green shell cover (exocarp, hull). Most of the nutritional im-
portance of almond fruit is based on its kernel while hulls are rich in fiber 
and phytochemicals. Presently, hulls are used as livestock feed while shells 
are burned as fuel or used as livestock bedding. In the past decade, dif-
ferent phenolic compounds were characterized and identified in almond 
shell and hull tissues as potential almond by- products. These almond by- 
products are abundant in polyphenols that are important micronutrients 
in the human diet, and evidence for their role in the prevention of de-
generative diseases such as cancer and cardiovascular diseases is emerging. 
The health effects of polyphenols depend on the amount consumed and 
on their bioavailability. Various phenolic compounds present in almond 
and its by- products, their antioxidant properties and potential use as natu-
ral dietary antioxidants, as well as their other beneficial compounds and 
applications are being reviewed. For example, ‘Nonpareil’ hulls contain 
5- O- caffeoylquinic acid (chlorogenic acid), 4- O- caffeoylquinic acid (cryp-
tochlorogenic acid), and 3- O- caffeoylquinic acid (neochlorogenic acid) 
in the ratio 79.5:14.8:5.7 and sterols. The chlorogenic acid concentration 
of almond hulls was 42.52 ± 4.50 mg 100 g-1 of fresh weight (moisture con-
tent = 11.39%) having higher antioxidant activity than α-tocopherol and 
potentially similar antioxidant activity to chlorogenic acid and morin  
(2-(2,4- dihydroxyphenyl)−3,5,7- trihydroxy-4H-1- benzopyran-4- one) 



22 C.H. Crisosto et al.

standards (at the same concentrations). The data indicate that almond 
hulls are a potential source of these dietary antioxidants. Presently, almond 
hulls are mainly used as a by- product for livestock feed. Several studies are 
being carried out to expand hull utilization, increase uses in dairy cow 
diets, expand to other livestock, and produce protein- rich feed additives 
for insect larvae and yeast growth. Almond by- products or biomass (shells, 
hulls, pruning, leaves, pellicles, and inedible kernel disposition) are being 
utilized but their potential values have not been fully reached. The almond 
by- products have been widely studied for bioenergy production using ther-
mochemical and biochemical conversion technologies (Aktas et al., 2015). 
With a large amount of almond shells produced annually and accumulated 
at huller and sheller facilities, California can have a steady supply for many 
units of thermochemical or biochemical conversion technologies across 
the Central Valley to operate year- round. In addition to this, the potential 
values of coproducts, such as biochar for soil amendment and bioliquids 
for biopesticidal applications or biochemicals, are being studied. Almond 
woody biomass as composite fillers and absorbents and torrefied shells as 
low- grade plastic enhancers are being explored for scale- up or commercial 
applications.

Research Needs

Research needs include:

•	 evaluation of new harvesting systems such as using an umbrella- type ap-
proach to avoid ground drying, reduce dust pollution, and assure con-
sumer food safety;

•	 placing additional research emphasis on commercial conversion tech-
nologies that transform almond residues into energy and other valuable 
products;

•	 continuing the search for phytochemicals and antioxidant activities of 
almond hulls; and

•	 further study of the potential value of by- products such as biochar for 
soil amendment and bioliquids for biopesticide applications or bio-
chemical uses.
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