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Highlights 

What are the main findings? 

• Freezing accelerated lipid oxidation and reduced canarium kernel quality. 
• Refrigerated storage at 4 °C preserved kernel quality and colour better than 25 °C 

storage. 

What are the implications of the main findings? 

• Avoid freezing high oil tropical tree nut kernels before storage. 
• Process fresh high oil kernels promptly and store at 4 °C to maximise kernel quality. 

Abstract 

Nut quality is of great economic concern because nuts are rich in oil, which can be rapidly 
oxidised if the nuts are not properly handled. Tree nuts are often maintained in-shell after 
harvest so that they can be processed later and marketed out of season. Poor handling 
procedures prior to kernel storage, and suboptimal temperatures during storage, may 
compromise quality and lead to colour development, particularly for tree nuts with high 
oil content that are susceptible to oxidative rancidity. However, there is limited infor-
mation on the effects of in-shell handling procedures or kernel storage temperatures on 
the quality and colour development of tree nuts during long-term storage. We determined 
how the freezing of kernels from the tropical tree, canarium (Canarium indicum), affected 
their subsequent kernel quality when stored at 25 °C for up to 9 months. Pre-frozen ker-
nels had significantly higher peroxide values than non-frozen kernels (3.90 and 0.35 meq 
O2/kg oil, respectively) after 3 months of storage. However, pre-frozen kernels had signif-
icantly lower peroxide values than non-frozen kernels after 9 months of storage, most 
likely due to degradation of peroxides to secondary compounds over time. We also eval-
uated how the prolonged maintenance of nuts-in-shell prior to processing affected kernel 
quality, oil composition and colour development during storage at 4 °C or 25 °C for up to 
15 months. Storage at 25 °C led to higher free fatty acid levels from 9 months onwards 
than storage at 4 °C, both for the kernels that had been maintained previously in-shell and 
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for the fresh kernels. Nonetheless, peroxide values and free fatty acid levels of the previ-
ously stored in-shell and of the fresh kernels were still below the acceptable quality limits 
for tree nuts. The concentrations of palmitic, stearic and linoleic acid in fresh kernels 
stored at 4 °C or 25 °C did not differ between the storage temperatures. However, the oleic 
acid concentration was higher in refrigerated kernels than unrefrigerated kernels. Kernels 
stored in-shell had lower reflectance at 25 °C than those stored at 4 °C at 12 months of 
storage. Our findings demonstrate that freezing of canarium kernels accelerates lipid oxi-
dation and quality loss, but that refrigeration suppresses lipid oxidation. Kernels stored 
at room temperature were still below the maximum acceptable limits for peroxide values 
and free fatty acid levels, although they would likely develop rancidity if stored for more 
than 15 months. We recommend that the kernels of tropical tree nuts with high oil content 
like canarium not be frozen, but should be freshly processed, kept at 4 °C if shelled, and 
stored immediately, to ensure high quality. 

Keywords: tree nuts; peroxide values; free fatty acids; rancidity 
 

1. Introduction 
The quality of tree nuts after storage is often influenced by procedures applied dur-

ing their postharvest handling [1–5]. Handling procedures such as freezing of kernels 
prior to storage, or in-shell storage of nuts prior to shelling and processing, are commonly 
applied by processors prior to long-term storage [6–11]. Kernels are typically either dried 
and packed, or dried, roasted and packed, for long-term storage under various tempera-
tures [8,12,13]. Nuts are rich in oil and, hence, are susceptible to oil oxidation, particularly 
under high storage temperatures [8]. Postharvest handling procedures that rupture cells 
in the kernels and expose the oil to oxygen may shorten their shelf life [14–16]. However, 
it is uncertain the extent to which postharvest handling procedures influence the subse-
quent shelf life of kernels. 

A broad range of chemical factors such as antioxidant capacity, water activity, mois-
ture concentration, hexanal concentration, peroxide value, free fatty acid levels and fatty 
acid composition are used as indicators of quality and shelf life of crops [17,18]. Peroxide 
value and free fatty acid levels are two of the key indicators of oxidation and are com-
monly used to develop models for shelf life and kernel quality prediction [7,8]. The ma-
jority of chemical changes are temperature dependent [7]. Storage temperatures influence 
the rate of deteriorative reactions in tree nut kernels [14,19,20], with kernels stored above 
20 °C often having higher peroxide values and free fatty acid levels than kernels stored at 
lower temperatures [21–24]. Macadamia, walnut and Brazil nuts produce kernels with oil 
concentrations ranging from 60 to 80% [25]. These high oil concentrations present chal-
lenges for maintaining quality postharvest and during long-term storage, often resulting 
in significant financial losses for nut industries [26–28]. Postharvest food losses remain a 
significant challenge for global nut supply chains with up to 11% loss occurring at the 
storage stage [29]. Therefore, identifying appropriate storage conditions is critical for 
maintaining nut quality. However, there is limited information on the effects of storage 
temperature on the quality of tree nuts, particularly during long-term storage. 

Fatty acid composition and colour development are also used commonly to measure 
the quality of nuts [30–33]. There are three categories of fatty acids that impact nut quality 
and shelf life: (i) saturated fatty acids such as stearic acid and palmitic acid (C18:0 and 
C16:0, respectively), (ii) monounsaturated fatty acids such as oleic acid (C18:1), and (iii) 
polyunsaturated fatty acids such as linoleic acid (C18:2 cis) [34]. High concentrations of 
unsaturated fatty acids increase the susceptibility of nuts to oxidation [31,35–37]. Colour 
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development may decrease marketability of nuts and is also a sign of kernel quality de-
cline [3,15]. Analysis of the fatty acid profile and colour development of nuts throughout 
storage can be useful for monitoring nut quality [38]. 

Canarium indicum, commonly referred to as canarium, is a rainforest timber tree from 
the Pacific that also produces edible nuts [12–14,18] and is used widely as a shade tree for 
cash crops such as cocoa and coffee [39]. The high oil content of canarium, and the tropical 
conditions under which it is grown, make the kernels susceptible to oxidative rancidity 
[14,20]. Canarium kernels are either pre-stored-in-shell for up to 6 months, or they are 
immediately shelled and stored at low temperature, before being dried and packed for 
retail outlets [12,14]. Canarium processors sometimes also pre-store the kernels in freezers 
before drying and packing [40]. A 2-week freezing period does not affect oil oxidation in 
canarium kernels immediately after defrosting, but the effects of kernel freezing on long-
term kernel quality and oil stability remain unknown [40]. Canarium kernels are packed 
and stored either in refrigerators or at room temperature before distribution to retail out-
lets, but the effects of these pre-storage treatments on kernel quality, oil stability and col-
our development also remain unknown. 

We aimed to test how pre-storage practices and storage temperatures affect the shelf 
life and oil stability of canarium kernels. Firstly, we examined how freezing of kernels 
prior to long-term storage at 25 °C affects their kernel quality. Secondly, we examined 
how the prolonged maintenance of kernels in-shell before shelling, compared with the use 
of kernels from freshly harvested nuts, affects kernel quality, oil stability and colour de-
velopment during long-term storage at either 4 °C or 25 °C. The results of this study are 
being used to optimise storage conditions and decrease losses for canarium and other nuts 
with high oil content. 

2. Materials and Methods 
2.1. Nut Collection and Preparation 

Ripe canarium fruits were sourced from a nut processing factory in Keravat (4°21′ S 
152°2′ E), East New Britain, Papua New Guinea (PNG) in December 2015. The fruits pos-
sess a soft pulp that covers a hard shell, which protects the kernel. The fruits were soaked 
in warm water for 5 min to soften the pulp, which was then manually removed by squeez-
ing to release the nut from the pulp. The kernels in-shell were then dried to a moisture 
content of ~2.5%. The nuts were shelled manually, the kernels were blanched in water at 
100 °C for 90 s, and the testa was removed manually as described previously [13]. Low-
density polyethylene (LDPE) packages were used in all experiments, and all packages 
were sealed by a heat sealer to ensure moisture was not reabsorbed. The packages were 
sealed without any controlled air input, following industry practice. The packages were 
10 cm × 10 cm and stored under dark conditions throughout the experiments. 

2.2. Experimental Design and Storage Conditions 

2.2.1. Experiment 1: Effects of Freezing Before Storage on Kernel Quality 

Canarium kernels that had been maintained in-shell for 12 weeks at ambient temper-
ature in Keravat were shelled and dried to a moisture content of 2.5%. One batch was 
packed after drying and stored at 25 °C for 12 weeks, while the other batch was frozen for 
12 weeks. The frozen batch was removed from the freezer, thawed at ambient tempera-
ture, and then redried to ensure the moisture concentration was reduced to 2.5% prior to 
packing and commencement of the experiment. The kernels were sealed in LDPE bags, 
each containing six kernels, and the bags were assigned randomly to one of two treat-
ments: (i) control, kept at 25 °C for 12 weeks; or (ii) pre-frozen, kept at −20 °C for 12 weeks 
(Figure 1). The kernels were then randomly stored at 25 °C for up to 9 months. Peroxide 
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values and free fatty acid levels were determined after 1 month, 3 months and 9 months 
of storage. Five replicate bags of kernels were used to measure peroxide values and free 
fatty acid levels at each time point. 

 

Figure 1. Schematic overview of the experimental treatments showing storage conditions examined 
during Experiment 1. Samples were initially stored in-shell for 12 weeks, then shelled and divided 
into two storage conditions (25 °C or −20 °C) for a further 12 weeks. All samples were subsequently 
stored at 25 °C for up to 9 months. 

2.2.2. Experiment 2: Effects of Storage Temperature on Kernel Quality 

Two types of kernels were used in this experiment: (i) kernels from nuts that had 
been pre-stored-in-shell for 12 weeks prior to the experiment, i.e., pre-stored-in-shell ker-
nels, and (ii) kernels from nuts that had been stored in-shell for 1 week at ambient tem-
perature before processing, i.e., fresh kernels. Both types of kernels were then stored at 
either 4 °C or 25 °C for 15 months (Figure 2). Peroxide values, free fatty acid levels and 
fatty acid composition were determined at the beginning of the experiment and after 3, 6, 
9, 12 or 15 months of storage. Five replicates of pre-stored-in-shell kernels and seven rep-
licates of fresh kernels, with each replicate comprising six kernels, were used for all meas-
urements at each time point. Each replicate was sealed in an individual polythene bag. 

 

Figure 2. Schematic overview of the experimental treatments showing storage conditions examined 
during Experiment 2. Samples were initially stored in-shell for either 12 weeks (left) or 1 week 
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(right), after which they were shelled and divided into two storage conditions (4 °C or 25 °C). All 
samples were subsequently stored for up to 12 or 15 months. 

Colour development of the samples was examined using hyperspectral imaging, as 
described previously [41]. The acquired images contained spectral data from 380 nm to 
1000 nm. Spectral bands at 450 nm, 550 nm and 650 nm were extracted, representing the 
red–green–blue (RGB) range. The images were collected after 9, 12 and 15 months of stor-
age. 

2.3. Oil Extraction 

All six kernels from each replicate sample were ground to constitute a bulk sample 
per replicate and pentane was added. The solution was centrifuged and the supernatant 
placed in a round-bottom flask. Pentane was evaporated from the collected supernatant 
under vacuum using a Rotavapor® model R-205 (Büchi, Labortechnik AG, Flawil, Swit-
zerland) [3]. The oil remained in the flask and was collected into glass vials for analysis 
[3]. The oil was analysed immediately after extraction. 

2.4. Determination of Peroxide Values, Free Fatty Acid Levels and Fatty Acid Composition 

Peroxide values and free fatty acid levels were determined using the OxiTester 
method [5]. An OxiTester Touch Analyser (Olive OxiTester, Sw version 1.22, CDR, 
Ginestra Fiorentina, Italy) for edible oils was used. The corresponding reagents were 
placed into single-usage prefilled cuvettes (peroxide value kit catalogue number F33 and 
free fatty acid kit catalogue number F300128; CDR FoodLab®, Ginestra Fiorentina, Flor-
ence, Italy). The oil was injected directly into the prefilled cuvettes and the OxiTester was 
calibrated against a blank sample. The colour intensity was measured at 505 nm for per-
oxide values and at 630 nm for free fatty acid levels [5]. Fatty acid concentrations were 
expressed as a percentage of the total fatty acids in each oil sample. Fatty acid composition 
was determined by preparing fatty acids methyl esters (FAMEs) and analysing them using 
GC-MS/FID (PerkinElmer Clarus 580 Gas Chromatograph and PerkinElmer Clarus SQ8S 
Mass Spectrometer; PerkinElmer, Shelton, CT, USA) [38]. 

2.5. Data Analysis 

Data for the pre-frozen and control kernels in Experiment 1 were compared within 
each time point, i.e., after 1, 3 and 9 months, using Mann–Whitney U tests (p < 0.05). Data 
for the pre-stored-in-shell and fresh kernels in Experiment 2 were analysed separately be-
cause the nuts were not necessarily from the same origin. Two-way analysis of variance 
(ANOVA) was performed to investigate the main effects of storage time and storage tem-
perature, and their interactions, on peroxide values and free fatty acid levels. The interac-
tions were significant (Supplementary Table S1) and, as a result, data from the two storage 
temperatures, 4 °C and 25 °C, were compared within each time point, i.e., after 0, 3, 6, 9, 
12 and 15 months, using Mann–Whitney U tests (p < 0.05) to understand storage temper-
ature effects on the shelf life of kernels. The effects of a main factor must be investigated 
within each level of the other factor if the interaction between factors is significant [42]. A 
two-way ANOVA was performed for colour development data of the pre-stored-in-shell 
and fresh kernels separately, with storage time and storage temperature being the factors. 
The interactions were significant (p < 0.10) and therefore Mann–Whitney U tests were used 
to investigate the effect of storage temperature at each storage time. 
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3. Results 
3.1. Effects of Freezing Before Storage at 25 °C on Peroxide Values and Free Fatty Acid Levels 

Pre-frozen and control canarium kernels had low peroxide values (0.39 and 0.30 meq 
O2/kg oil, respectively) after 1 month of storage (Figure 3A). However, peroxide values of 
the pre-frozen kernels rose sharply by 3 months of storage to above 3.5 meq O2/kg oil but 
were lower than those of control kernels at 9 months of storage (Figure 3A). Free fatty acid 
levels of pre-frozen kernels were lower than the levels in control kernels throughout the 
storage period (Figure 3B). 

 

Figure 3. (A) Peroxide values (meq O2/kg oil) and (B) levels of free fatty acids (% oleic acid equiva-
lent) of canarium kernels that were pre-frozen at −20 °C or kept at 25 °C for 12 weeks prior to storage 
at 25 °C for 9 months. Two means within a time point marked with an asterisk (*) are significantly 
different (Mann–Whitney U test, p < 0.05, n = 5). 

3.2. Effects of Storage at 4 °C or 25 °C on Peroxide Values and Free Fatty Acid Levels of Fresh 
and Pre-Stored-in-Shell Kernels 

Peroxide values of fresh canarium kernels were low at the start of the experiment 
(0.46 meq O2/kg oil) (Figure 4A). Peroxide values of either the fresh or the pre-stored-in-
shell kernels were similar between the two long-term storage temperatures of 4 °C or 25 
°C (Figure 4A,B), except that fresh kernels stored at 25 °C for 6 months had higher values 
(0.72 meq O2/kg oil) than kernels stored at 4 °C (0.33 meq O2/kg oil) (Figure 4A). Free fatty 
acid levels of the fresh kernels after 3, 9 and 12 months of storage at 25 °C, and of the pre-
stored-in-shell kernels after 9, 12 and 15 months of storage at 25 °C, were higher than the 
levels of kernels stored for the same durations at 4 °C (Figure 4C,D). 
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Figure 4. (A,B) Peroxide values (meq O2/kg oil) and (C,B) levels of free fatty acids (% oleic acid 
equivalent) of canarium kernels during storage at 4 °C or 25 °C ((A,C): fresh kernels; (B,D): pre-
stored-in-shell kernels). Boxes represent the 25th to 75th percentiles, with medians indicated by bold 
horizontal lines. Whiskers extend to the 10th and 90th percentiles, and outliers are shown as dots. Two 
medians within a time point marked with asterisks (*) are significantly different (Mann–Whitney U 
test, n = 7 for fresh kernels, n = 5 for pre-stored-in-shell kernels, * p < 0.05, ** p < 0.01, *** p < 0.001). 

3.3. Effects of Storage at 4 °C or 25 °C on Fatty Acid Composition of Fresh and  
Pre-Stored-in-Shell Kernels 

The concentrations of the major fatty acids, palmitic, stearic and linoleic acid, in fresh 
canarium kernels stored at 4 °C or 25 °C did not differ significantly during 12 months of 
storage, but the oleic acid concentration was higher in the refrigerated kernels than the 
unrefrigerated kernels at 9 months (Table 1). There were very few significant differences 
in the concentrations of the minor fatty acid components of fresh or pre-stored-in-shell 
kernels stored at 4 °C versus 25 °C throughout the storage period (Tables 1 and 2). 

Table 1. The relative abundances of fatty acids in fresh canarium kernels during 12 months of stor-
age at 4 °C or 25 °C. 

Fatty Acid Storage Time 
(Months) 

Percentage of Total Fatty Acids (%) During 
Storage 

  4 °C 25 °C 
C14:0 (Myristic acid) 0 0.04 ± 0.03 0.04 ± 0.03 

 3 0.10 ± 0.03 0.18 ± 0.05 
 6 0.08 ± 0.03 0.07 ± 0.02 
 9 0.00 ± 0.00 0.00 ± 0.00 
 12 0.00 ± 0.00 0.00 ± 0.00 

C16:0 (Palmitic acid) 0 27.90 ± 0.60 27.90 ± 0.60 
 3 26.02 ± 0.66 24.75 ± 0.78 
 6 27.36 ± 0.44 27.62 ± 0.44 
 9 33.06 ± 3.55 30.24 ± 0.45 
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 12 30.38 ± 0.68 29.9 ± 0.34 
C16:1 (Palmitoleic acid) 0 0.20 ± 0.02 0.20 ± 0.02 

 3 0.25 ± 0.04 0.22 ± 0.03 
 6 0.22 ± 0.04 0.23 ± 0.05 
 9 0.17 ± 0.02 0.15 ± 0.02 
 12 0.19 ± 0.02 a 0.52 ± 0.10 b 

C18:0 (Stearic acid) 0 18.57 ± 0.33 18.57 ± 0.33 
 3 17.50 ± 0.40 19.23 ± 0.26 
 6 17.25 ± 0.37 18.11 ± 0.28 
 9 18.28 ± 2.14 16.42 ± 0.24 
 12 17.15 ± 1.11 16.50 ± 0.20 

C18:1 c (Oleic acid) 0 44.90 ± 1.18 44.90 ± 1.18 
 3 49.15 ± 0.76 47.97 ± 0.71 
 6 47.29 ± 0.97 45.89 ± 0.58 
 9 47.40 ± 0.57 a 45.41 ± 0.64 b 
 12 44.60 ± 0.84 45.07 ± 0.58 

C18:1 t (Elaidic acid) 0 0.95 ± 0.22 0.95 ± 0.22 
 3 0.40 ± 0.14 a 1.00 ± 0.22 b 
 6 1.14 ± 0.23 1.19 ± 0.15 
 9 1.04 ± 0.24 0.92 ± 0.03 
 12 1.35 ± 0.08 1.35 ± 0.03 

C18:2 (Linoleic acid) 0 6.95 ± 0.40 6.95 ± 0.40 
 3 5.81 ± 0.15 5.87 ± 0.24 
 6 6.17 ± 0.39 6.44 ± 0.30 
 9 6.72 ± 0.90 6.70 ± 0.50 
 12 6.12 ± 0.46 6.32 ± 0.40 

C20:0 (Arachidic acid) 0 0.32 ± 0.02 0.32 ± 0.02 
 3 0.41 ± 0.04 0.52 ± 0.13 
 6 0.28 ± 0.06 0.28 ± 0.04 
 9 0.18 ± 0.01 0.15 ± 0.01 
 12 0.19 ± 0.01 0.26 ± 0.03 

C20:1 (Gandoleic acid) 0 0.15 ± 0.05 0.15 ± 0.05 
 3 0.27 ± 0.09 a 0.13 ± 0.04 b 
 6 0.11 ± 0.03 0.08 ± 0.02 
 9 0.00 ± 0.00 0.00 ± 0.00 
 12 0.01 ± 0.00 0.02 ± 0.00 

C22:0 (Behenic acid) 0 0.01 ±< 0.01 0.01 ± 0.002  
 3 0.10 ± 0.04 0.14 ± 0.05 
 6 0.10 ± 0.04 0.09 ± 0.05 
 9 0.00 ± 0.00 0.00 ± 0.00 
 12 0.00 ± 0.00 0.01 ±< 0.01 

Means (±SE) with bold font and different letters in the same row are significantly different (Mann–
Whitney U test, p < 0.05, n = 5). 

Table 2. The relative abundances of fatty acids in pre-stored-in-shell canarium kernels during 15 
months of storage at 4 °C or 25 °C. 

Fatty Acid Storage Time 
(Months) 

Percentage of Total Fatty Acids (%) During 
Storage 

  4 °C 25 °C 
C14:0 (Myristic acid) 0 0.06 ± 0.03 0.06 ± 0.03 

 3 0.07 ± 0.03 a 0.26 ± 0.10 b 
 6 0.12 ± 0.08 0.24 ± 0.06 
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 9 0.05 ± 0.05 0.03 ± 0.03 
 12 0.00 ± 0.00 0.00 ± 0.00 
 15 0.00 ± 0.00 0.00 ± 0.00 

C16:0 (Palmitic acid) 0 29.60 ± 0.29 29.60 ± 0.29 
 3 25.60 ± 0.56 26.77 ± 0.48 
 6 25.0 ± 0.20 24.70 ± 1.12 
 9 26.19 ± 4.06 29.38 ± 0.17 
 12 31.74 ± 0.31 31.52 ± 0.35 
 15 31.42 ± 0.29 31.01 ± 0.36 

C16:1 (Palmitoleic acid) 0 0.16 ± 0.03 0.16 ± 0.03 
 3 0.40 ± 0.07 0.40 ± 0.10 
 6 0.29 ± 0.03 a 0.52 ± 0.07 b 
 9 0.19 ± 0.02 a 0.65 ± 0.19 b 
 12 0.19 ± 0.01 a 0.26 ± 0.01 b 
 15 0.21 ± 0.02 0.19 ± 0.02 

C18:0 (Stearic acid) 0 15.38 ± 0.48 15.38 ± 0.48 
 3 15.65 ± 0.39 17.19 ± 0.51 
 6 17.21 ± 0.69 16.06 ± 0.55 
 9 12.20 ± 2.41 14.29 ± 0.25 
 12 15.64 ± 0.48 14.96 ± 0.20 
 15 14.65 ± 0.36 14.39 ± 0.32 

C18:1 c (Oleic acid) 0 47.67 ± 0.61 47.67 ± 0.61 
 3 49.35 ± 1.07 47.19 ± 0.57 
 6 50.11 ± 0.74 47.28 ± 2.22 
 9 51.49 ± 3.57 48.59 ± 0.29 
 12 44.21 ± 1.01 44.84 ± 0.38 
 15 45.92 ± 0.41 46.50 ± 0.34 

C18:1 t (Elaidic acid) 0 1.42 ± 0.18 1.42 ± 0.18 
 3 2.42 ± 0.56 1.35 ± 0.17 
 6 0.77 ± 0.19 1.16 ± 0.28 
 9 1.28 ± 0.21 1.23 ± 0.07 
 12 1.58 ± 0.07 1.66 ± 0.05 
 15 1.72 ± 0.08 1.56 ± 0.04 

C18:2 (Linoleic acid) 0 5.53 ± 0.22 5.53 ± 0.22 
 3 5.65 ± 0.48 6.06 ± 0.42 
 6 5.73 ± 0.13 5.48 ± 0.13 
 9 5.01 ± 0.84 5.61 ± 0.23 
 12 6.45 ± 0.44 6.53 ± 0.25 

C20:0 (Arachidic acid) 15 5.91 ± 0.32 6.20 ± 0.13 
 0 0.15 ± 0.02 0.15 ± 0.02 
 3 0.54 ± 0.15 0.34 ± 0.05 
 6 0.41 ± 0.03 0.36 ± 0.05 
 9 0.49 ± 0.38 0.18 ± 0.03 
 12 0.17 ± 0.01 0.18 ± 0.00 

C20:1 (Gandoleic acid) 15 0.15 ± 0.01 0.14 ± 0.01 
 0 0.03 ± 0.01 0.03 ± 0.01 
 3 0.13 ± 0.05 0.32 ± 0.16 
 6 0.24 ± 0.06 0.21 ± 0.06 
 9 0.01 ± 0.01 0.01 ± 0.01 
 12 0.01 ±< 0.01 0.05 ± 0.03 
 15 0.01 ±< 0.01 0.01 ±< 0.01 

C22:0 (Behenic acid) 0 0.01 ± 0.01 0.01 ± 0.01 
 3 0.29 ± 0.25 0.12 ± 0.04 
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 6 0.04 ± 0.01 a 0.12 ± 0.06 b 
 9 0.00 ± 0.00 0.00 ± 0.00 
 12 0.00 ± 0.00 0.00 ± 0.00 
 15 0.01 ±< 0.01 0.01 ±< 0.01 

Means (±SE) with bold font and different letters in the same row are significantly different (Mann-
Whitney U test, p < 0.05, n = 5). 

3.4. Colour Development 

No significant difference in colour development was found in fresh kernels between 
the two storage temperatures of 4 °C and 25 °C (Table 3). Pre-stored-in-shell kernels had 
consistently higher reflectance when stored at 4 °C than when stored at 25 °C at 12 months 
of storage (Table 3). 

Table 3. Mean reflectance values at 450 nm, 550 nm and 650 nm wavelengths for fresh canarium 
kernels after 9 or 12 months of storage and for pre-stored-in-shell canarium kernels after 9, 12 or 15 
months of storage stored at 4 °C or 25 °C. 

Treatment  
Wavelengths  

(nm) 
Storage Time 

(Months) Storage Temperature (°C) 

   4 °C 25 °C 
Fresh 450 9 3640 ± 40.0 3544 ± 92.0 

  12 3490 ± 44.3 3637 ± 72.1 
 550 9 6073 ± 57.2 5857 ± 90.3 
  12 5770 ± 55.1 5870 ± 79.2 
 650 9 7345 ± 68.6 7090 ± 97.1 
    12 6935 ± 66.4 7050 ± 89.8 

Pre-stored-in-shell 450 9 3776 ± 57.6 3714 ± 71.8 
  12 3876 ± 45.9 a 3497 ± 37.1 b 
  15 3732 ± 64.4 3591 ± 104.8 
 550 9 6245 ± 66.1 6095 ± 87.3 
  12 6320 ± 60.5 a 5801 ± 37.8 b 
  15 6144 ± 82.1 5911 ± 130.8 
 650 9 7568 ± 63.5 7410 ± 89.5 
    12 7621 ± 64.8 a 7046 ± 38.5 b 
  15 7366 ± 111.6 7190 ± 136.1 

Means (±SE) with bold font and different letters in the same row are significantly different (Mann–
Whitney U test, p < 0.05, p < 0.05, n = 7 for fresh kernels, n = 5 for pre-stored-in-shell kernels). 

4. Discussion 
Our results show that pre-frozen canarium kernels would need to be consumed 

within 3 months of storage at 25 °C, or else discarded. Pre-frozen kernels had elevated 
peroxide values by this stage, much higher than those of non-frozen kernels, and above 
the maximum peroxide value for kernel quality of 3.0 meq O2/kg oil that has been adopted 
by the canarium industry [20,40]. The high peroxide values observed in pre-frozen kernels 
were possibly due to lipid oxidation, because freezing causes cell membrane damage to 
plant tissues, resulting in the release of cellular contents [27]. The peroxide values of pre-
frozen kernels declined by 9 months of storage, presumably because peroxides are de-
graded over time to secondary products such as saturated aldehydes and monounsatu-
rated 2-alkenals [20,28,29]. Control kernels, which had not been frozen prior to storage at 
25 °C, mostly remained below the maximum peroxide value for kernel quality for the du-
ration of the 9-month storage period. 
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There was some indication of developing rancidity, evident as elevated free fatty acid 
levels, in both the pre-stored-in-shell and the fresh canarium kernels that were stored at 
25 °C. Free fatty acid formation is driven by accelerated oil hydrolysis [30]. All packaging 
types allow some degree of permeability, and permeability is temperature-dependent 
[43]. However, moisture concentrations are similar across three packaging types, LDPE, 
aluminium laminate (ALL), and polymeric laminate (PML), when the storage temperature 
ranges between 25 °C and 35 °C [43]. Moisture concentration does not change across 12 
months of storage in cashew nuts when packaging materials are used including poly-
thene, polythene-lined polypropylene, paper-lined polyethylene, polythene-lined carton 
and paper-lined carton, with polythene-lined polypropylene identified as the most suita-
ble packaging method for maintaining moisture of cashew kernels [44]. In our study, pol-
yethylene packaging was used and the packages were heat-sealed to minimise moisture 
absorption or loss during storage. Room-temperature storage appeared to accelerate the 
hydrolysis of oils, which might be an indication of moisture reabsorption. However, the 
free fatty acid levels were still below the acceptable limit of 0.60% (oleic acid) [8] after 12 
or 15 months of storage, suggesting that moisture reabsorption was not significant. The 
production of free fatty acids remained low, an indication of preserved kernel quality. 

Nonetheless, higher peroxide values or free fatty acid levels were often detected at 
25 °C, presumably due to higher rates of enzymatic reactions at this higher temperature 
[31,32,35,38]. Our results support previous findings of higher free fatty acid levels during 
higher-temperature storage of canarium and almond kernels [14,31]. Free fatty acid levels 
in the canarium kernels stored at 25 °C (0.24% oleic acid) were similar to those reported 
previously (0.29% oleic acid) in canarium kernels after 11 months of storage at ambient 
temperature [14]. Temperatures above 20 °C lead to increased free fatty acid levels due to 
increased activity of lipase and other enzymes [32,35]. Higher storage temperatures also 
result in accelerated lipid oxidation in other tree nuts such as walnuts and pistachios 
[33,35]. Metabolic and quality-deterioration reactions are retarded at lower storage tem-
peratures, and so keeping the kernels at low temperatures extends their shelf life [33,45]. 

Chemical rancidity markers and sensory analysis measures are often correlated [46]. 
For example, consumers often reject samples with peroxide values > 18 meq O2/kg oil [46]. 
The peroxide values in our study were substantially < 18 meq O2/kg oil. We did not record 
sensory data but we examined colour development in the stored kernels at 12 months of 
storage. The higher storage temperature of 25 °C reduced the reflectance of pre-stored-in-
shell kernels compared with those stored at 4 °C at 12 months of storage. Decreased reflec-
tance indicates that the kernel surface was absorbing more light and was darker than kernels 
with higher reflectance [47]. Colour changes are related to first-order decay, implying oxi-
dation, and these changes are not favoured by consumers at retail outlets [48,49]. Colour 
development beyond 12 months of storage requires monitoring to ensure that the colour of 
canarium kernels remains acceptable to consumers over a longer period of storage. 

Ambient storage temperature did not result in the breakdown of fatty acids in kernels 
in any of the treatments. Lack of changes in unsaturated fatty acids suggests that canarium 
oil is chemically stable when stored at 25 °C. Storage of almond at ambient temperature 
accelerates oil oxidation when compared with storage at 4 °C [35]. Almonds have a higher 
concentration of unsaturated fatty acids than canarium and are, therefore, more suscepti-
ble to oil oxidation at elevated temperature [35]. Generally, fatty acid breakdown occurs 
due to a combination of elevated temperatures and low antioxidant content, with unsatu-
rated fatty acids particularly susceptible to rapid breakdown [7,8,50]. Canarium kernels 
contain high levels of antioxidant and phenolic compounds, which might help to increase 
their oil stability under elevated temperatures [40,51]. Preservation of fatty acid concen-
trations including oleic acid and polyunsaturated fatty acids such as linoleic and α-lino-
lenic acids is particularly important for maintaining the shelf life and nutritional value of 
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kernels [8,36]. Fresh and pre-stored-in-shell canarium kernels can both be stored for up to 
15 months at 4 °C or 25 °C without major changes in their fatty acid composition, indicat-
ing that both these temperatures are acceptable for kernel storage. 

It should be noted that the origin of kernel samples differed between fresh and pre-
stored-in-shell kernels and so we could not compare data directly between the two ori-
gins. However, storage at the low temperature of 4 °C was more effective in preserving 
kernel quality by slowing enzymatic activity, as measured by free fatty acid levels. Perox-
ide values and free fatty acid levels were indicative of good product quality. However, 
increased peroxide values lead to development of off-flavour and, hence, sensory tests 
need to be considered in future studies. In addition to chemical composition, future stud-
ies need to be coupled with microbial tests despite evidence from a 12-month study show-
ing that microbial concentrations in cashew nuts remain at acceptable levels [44]. In the 
current study, colour changes and elevated peroxide values and free fatty acid levels ob-
served at 12 months of storage at 25 °C may also suggest that kernel quality had com-
menced deterioration. Thus, we recommend that products stored for more than 12 months 
undergo microbial testing before sale to ensure they are safe for consumption. 

5. Conclusions 
Freezing of canarium kernels prior to storage is not recommended as it accelerates 

lipid oxidation and quality loss. However, refrigeration extends kernel quality. Kernels 
stored at room temperature were still below the maximum acceptable limits for peroxide 
values and free fatty acid levels after 12–15 months, but they displayed increasing free 
fatty acid levels, indicative of developing rancidity. Pre-storage of kernels in-shell led to 
colour changes, particularly under the higher storage temperature of 25 °C, which might 
affect their marketability. We recommend that kernels of this tropical tree nut be refriger-
ated to extend their kernel quality beyond 12 months and maintain their nutritional qual-
ity. 
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