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Abstract  Colour characteristics of plant-based milk 
alternatives (PBMAs: almond, coconut, cashew, oat, soy) 
were monitored during long-term storage to select suitable 
descriptors for PBMAs differentiation. All colour descrip-
tors evaluated varied depending on the raw material used in 
the plant-based milk alternative production. Long-term stor-
age of plant-based beverages resulted in slightly noticeable 
(0.5–1.5) and noticeable (1.5–3.0) colour changes. Based on 
all colour descriptors, an absolute differentiation of PBMAs 
according to the type of raw material and storage time was 
achieved using canonical discriminant analysis. The results 
also indicate the possibility of using colour descriptors to 
detect the addition of honey to these products. Statistical 
analysis identified yellowness, browning index and lightness 
as the most discriminating parameters.

Keywords  Plant-based milk alternatives · Storage · 
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Abbreviations
a*	� Redness/greenness
ANOVA–Tukey HSD	� Analysis of variance Tukey’s 

honestly significant difference test
b*	� Yellowness/blueness
BI	� Browning index
CDA	� Canonical discriminant analysis

CIE L*a*b*	� Colour system defined by 
Commission Internationale de 
L’Éclairage

L*	� Lightness
PBMA	� Plant-based milk alternative
PC	� Principal component
PCA	� Principal component analysis
PCF	� Principal component factoring
TCD	� Total colour difference
YI	� Yellowness index
WI	� Whiteness index

Introduction

Plant-based milk alternatives (PBMAs) resemble cow’s 
milk in appearance and consistency. The main reasons for 
consuming these dairy alternatives are lactose intolerance, 
cow’s milk protein allergy, calorie concerns and the preva-
lence of hypercholesterolaemia.

They are generally water-soluble extracts of cereals (oats, 
rice, spelt), nuts (almond, cashew, hazelnut, coconut), seeds 
(sesame, sunflower, flax, hemp, poppy), pulses (chickpea, 
soybean, lupin) or pseudo-cereals (teff, quinoa, amaranth) 
(Alcorta et al. 2021; Sethi et al. 2016). They are produced 
by breaking down (size reduction) plant material extracted 
in water and further homogenising these fluids to imitate 
the properties of cow’s milk. However, the different types of 
materials used for their production require different techni-
cal processing methods. The addition of other components 
(fruit or flavour components), thermal/non-thermal treat-
ments and/or homogenisation can be used to produce the 
final product with desired properties (Sethi et al. 2016).

Several studies have focused on the evaluation of physico-
chemical parameters (e.g., fat content, ash content, viscosity, 
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pH, carbohydrate content, emulsion stability) or volatile pro-
file of PBMAs (Pointke et al. 2022; Reyes-Jurado et al. 2021; 
Sarangapany et al. 2022; Tangyu et al. 2019). However, little 
attention has been paid to the colour stability of these bever-
ages. Colour is an important driver of product appeal and 
product associations. Therefore, colour plays a significant 
role in dairy alternatives. This study aimed to evaluate the 
colour of different PBMAs (cashew, almond natural, almond 
sweet, coconut, oat, soy) and to select appropriate colour 
descriptors for their differentiation.

Material and methods

Samples

Samples of plant-based milk alternatives (PBMAs) were 
produced in collaboration with a beverage manufacturer. 
PBMAs were produced from coconut, cashew, almond, oat 
and soya without the addition of preservatives under asep-
tic conditions according to a proprietary process. Almond 
’milk’ was produced in two forms—natural and sweet-
ened with honey added. Samples were stored in the dark at 
6 ± 1 °C for 4 months (recommended shelf life).

Reflectance measurements and colour evaluation

The experiments with PBMAs were performed in attenuated 
reflectance mode using the Large Integrating Sphere Assem-
bly LISR 3100 connected with UV/Vis/NIR spectrometer 
Shimadzu UV3600 (Shimadzu, Japan) following the pro-
cedure described by Tobolková et al. (2021). Reflectance 
spectra were utilized to evaluate colour descriptors in the 
CIE L*a*b* colour system—parameters of L* (lightness-
darkness), a* (redness-greenness), b* (yellowness-blue-
ness), chroma and hue angle. The parameters L*, a* and 
b* were used to calculate the browning index—BI and the 
total colour difference—TCD. The yellowness index (YI) and 
whiteness (WI) were also determined as potential descriptors 
for PBMAs discrimination (Tobolková et al. 2021).

Statistical analysis

Differences between control and stored PBMAs were 
assessed by ANOVA-Tukey-HSD (honestly significant dif-
ference) multiple comparisons (P < 0.05). Experimental 
characteristics were processed using multivariate statistical 
methods: principal component analysis (PCA) and factor 
analysis (PCF) with varimax rotation were used to graphi-
cally represent differences between PBMAs (regardless of 
storage time), and canonical discriminant analysis (CDA) to 
quantify these differences. Ta
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Results and discussion

PBMAs are creamy fluids with similar properties to those of 
cow milk. In terms of consumer acceptance, whiteness and 
lightness can be considered the most important parameters 
characterising the quality of these beverages, since their 
alterations indicate quality changes in the food products due 
to processing. These parameters are mainly affected by the 
dispersion of the oil particles and their size, the type and 
concentration of chromophores or the processing methods 
(Reyes-Jurado et al. 2021).

Table  1 summarises the changes in selected colour 
descriptors of different PBMAs at the beginning (C) and 
at the end of the storage period (E, after 4 months). In 
general, the differences in colour between PMBAs were 
mainly related to the raw material used for their production 
(Reyes-Jurado et al. 2021). The highest L* and WI values 
were found for coconut ’milk’ and the lowest for cashew 
’milk’. These results are similar to those reported by Jeske 
et al. (2017). Yao et al. (2022) described lower values of 
L* and a*, and higher values of b* for oat and soy ‘milks’ 
compared to our results, however, authors expressed colour 
in Hunter L*a*b* colour system. The higher b* and YI of 

Fig. 1   Differentiation of plant-based milk alternatives (PBMAs) 
using a principal component analysis and b principal component 
factoring with varimax rotation (plot of factors). All experimental 
data were used as variables for principal components construction. 
Co_C/E—coconut PBMA control/expired, Ca_C/E—cashew PBMA 

control/expired, ALN_C/E—almond PBMA natural control/expired, 
ALS_C/E—almond PBMA sweet control/expired, Oa_C/E—oat 
PBMA control/expired, So_C/E—soy PBMA control/expired, L*—
lightness, a*—redness/greenness, b*—yellowness/blueness, BI—
browning index, TCD—total colour difference

Fig. 2   Canonical discri-
minant analysis of studied 
plant-based milk alternatives 
(PBMAs) according to the type 
of raw material used for their 
production. Co_C/E—coco-
nut PBMA control/expired, 
Ca_C/E—cashew PBMA 
control/expired, ALN_C/E—
almond PBMA natural control/
expired, ALS_C/E—almond 
PBMA sweet control/expired, 
Oa_C/E—oat PBMA control/
expired, So_C/E—soy PBMA 
control/expired
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soy and oat PBMAs may be due to pigments (carotenoids, 
anthocyanins) released from their seed coats during blending 
(Gebregziabher et al. 2022; Kazimierczak et al. 2020; Jeske 
et al. 2019). Differences between the natural and sweetened 
almond ’milk’ are also apparent—significantly higher values 
of yellow (b*), chroma, and BI were found in the sweet-
ened variant (Table 1). On the other hand, the unsweetened 
almond ‘milk’ was characterised by significantly higher L* 
and WI (P < 0.05).

Regarding the effect of storage, Table 1 shows increas-
ing values of L*, b*, YI and BI and decreasing values 
of a* and WI. The browning index, which indicates the 
intensity of the brown colour, increased significantly dur-
ing storage (P < 0.05), with the highest increase observed 
in sweetened almond ‘milk’, probably due to the forma-
tion of Maillard products. The TCD values were cal-
culated to assess the effect of storage on the colour of 
PBMAs. According to the scale proposed by Cserhalmi 
et al. (2006), colour changes can be considered as slightly 
noticeable (0.5–1.5), except for coconut and soy PBMAs. 
The higher TCD and BI values of sweetened almond milk 
may indicate a negative effect of honey addition on its 
colour stability during storage.

Although some differences in PBMA’s colour were appar-
ent, multivariate statistical methods were used to visualise 
and quantify these differences. Principal component analysis 
(PCA) transformed the original 9 experimental descriptors 
into new variables—principal components (PC). The first 3 
PCs cumulatively explain more than 90% of the whole data-
set variability. For the construction of the first PC, values of 
BI, b* and YI had the most significant weight, whereas in the 
second PC, the values of L* and a*, and in the third PC, WI 
and TCD played the dominant role. The plot of the eigen-
vectors (Fig. 1a) shows that there are 5 groups of vectors 
corresponding to individual samples. Although the groups 
are not clearly separated, the grouping tendency indicates 
that colour descriptors can be used to discriminate PBMAs. 
Similarly, PCF confirmed the key role of L*, b* and BI val-
ues for discrimination. The plot of factors (varimax rotation, 
Fig. 1b) also shows mutual positive/inverse correlations of 
individual colour descriptors, e.g. strong positive correla-
tions between BI, b*, YI and chroma and inverse correlations 
between WI and YI and/or L* and a*.

As can be seen from the CDA results, an absolute clas-
sification of PBMAs was achieved. Although the groups of 
individual samples in Fig. 2 are not clearly separated, the 
discrimination of PBMAs according to the type and storage 
time (C vs. E) resulted in 100% accuracy. As in the case of 
PCA and PCF, values of BI, b*, YI and L* revealed the high-
est discrimination power.

Conclusion

The experiment has demonstrated the potential use of col-
our descriptors to discriminate plant-based milk alternatives 
according to the raw material used in their production and 
storage time, as well. Contrary to expectations, the impor-
tance of whiteness for PBMAs discrimination was not con-
firmed. The parameters of b*, BI, YI and L* seem to be more 
important. Further research should focus on increasing the 
number of PBMAs to test the suitability of selected colour 
parameters for their discrimination, as well as to confirm 
the theory of a possible negative effect of sweetening on 
colour stability.
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