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Dear Editor, 
 
On behalf of all authors, I would like to ask you to consider for publication our 
manuscript entitled "A general procedure for predicting the remaining shelf-life of stone 
fruits for value chain virtualisation". 
 
Shelf-life simulation based on real operational data contributes to the optimisation of 
virtual supply networks. The work proposes the implementation of a procedure to adjust 
the parameters of a generic shelf-life model to each variety in order to obtain an 
accurate estimation of the remaining shelf-life. 750 fruits of 10 new varieties of peaches 
and nectarines known as "super-sweet" were evaluated throughout their postharvest 
period. A multidimensional variable based on instrumental measures is proposed to 
particularise the shelf-life model. It was found that there are varied responses and 
notable differences between varieties in the values of reference shelf life and Q10 model 
parameters. 
 
The subject of the paper is closely related to advances in value chain virtualisation to 
support decision tools in the stone fruit supply chain. 
 
This manuscript has not been published and is not under consideration for publication 
elsewhere. All authors have read the manuscript and have approved its submission. The 
authors declare no conflict of interest. 
 
We look forward to receiving your comments in due course. 
 
Yours sincerely, 
 
Eva Cristina Correa 
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ABSTRACT 9 

Decision-making along the supply chain requires accurate estimates of the remaining shelf life 10 

(RSHL) depending upon not only the initial storage conditions and duration but also aspects such 11 

as the variety or condition of the fruit at harvest. Offering ready-to-eat fruit on at the retail level, 12 

is a frequent marketing strategy in which management of shelf life is mandatory. The most 13 

widespread models, so-called generic shelf life models for estimating the RSHL gather the actual 14 

temperature series and the optimal storage temperature while assuming standard values for 15 

other parameters such Q10 or the reference shelf life. In this work, a general mathematical 16 

procedure, and corresponding algorithm are proposed to adjust the parameters of the generic 17 

RSHL model referring to several varieties of peaches and nectarines. Postharvest protocols are 18 

simulated to obtain ready-to-eat fruit for recently bred varieties. To this aim, temperature was 19 

recorded continuously throughout the postharvest protocol, while instrumental and sensory 20 

evaluations were taken at the end of each stage of the protocol. Outputs of a principal 21 

component analysis based on instrumental data allowed to i) identify the instrumental variables 22 

most relevant to sensory evaluation and corresponding evolution under shelf life conditions and 23 

ii) define a multidimensional estimator of shelf life. The particular values of this 24 

multidimensional estimator together with the temperature series are the basis to solve the 25 

equation that lead to specific values of Q10 and reference their shelf life for each variety in the 26 

study. The average reference shelf life of peaches is bounded to 24 d, 30 % shorter (10 d less) 27 

than the average shelf life of nectarines. The Q10 values are bounded between 1.5 and 2.8, 28 
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highlighting the varietal effects. Generally, Q10 values for peaches are indicative of a higher 29 

susceptibility to the breakage of the cold chain compared to nectarines. 30 

KEYWORDS: STONE FRUIT, READY-TO-EAT, Q10, SUPPLY CHAIN, SHELF LIFE MODEL 31 

1. Introduction 32 

The trends that currently have the greatest impact on the fruit and vegetable value chain are 33 

‘health’, ‘convenience’, ‘omnichannel’ and ‘sustainability’. From the point of view of ‘comfort’, 34 

some supermarkets try to differentiate themselves by offering their customers ready-to-eat 35 

fruit, that is, fruit that are on the shelf when they are ready to eat and therefore have optimal 36 

organoleptic quality (Tijskens et al., 2010). In this context, the optimization of the physical 37 

channel of the supply chain (supplier-distributor-retailer), based on the shelf life of fruit and 38 

vegetables, aims to minimize the loss of product and maximize the overall quality of the fruit 39 

and vegetables that arrive at stores (Hertog et al., 2014), an especially critical aspect of ready-40 

to-eat items. 41 

The complexity of the fresh food supply network demands advanced supervision systems such 42 

as those related to the virtualization of the supply chain, which enables comprehensive 43 

monitoring of a product's condition, operation and external environment assessment through 44 

sensors and external data sources. A fundamental issue in the virtualization of the supply 45 

network is the definition of the so-called virtual object (VO); each VO refers to a direct 46 

representation of a physical entity, i.e., fruit recipient (pallet or commercial box). The VO gathers 47 

and holds all the relevant information about the physical entity (according to the agents in 48 

charge), such as current and historical information on its quality (physical and chemical 49 

properties), origin, and ownership, among others. In this context, the optimization of a virtual 50 

supply network is based on improving operations by applying advanced analytics and algorithms 51 

for simulation and decision support based on operational data such as shelf life simulation. The 52 

simulation indicates the consequences of quality changes detected by the time the product 53 

reaches its destination (Verdouw et al., 2016). 54 



At this point, it seems relevant to define the concept of shelf life. According to Hertog (Hertog 55 

et al., 2014), it refers to the elapsed time in which the quality of the product remains acceptable 56 

when stored under specific and controlled environmental conditions. This time depends not only 57 

on the conditions and duration of storage but also on aspects such as the variety or state of the 58 

fruit at the time of harvest (Perez et al., 2004). Additionally, according to Hertog (Hertog et al., 59 

2014), generic shelf life models allow estimation of the shelf life of a fruit based on the 60 

environmental conditions of the supply chain. In this case, the impact of the storage conditions 61 

on the quality of the fruit and its acceptability by the end user is expressed in terms of the 62 

remaining shelf life. Many of these models are based exclusively on temperature, which is the 63 

main control variable in the logistics chain to maintain postharvest fruit quality since low 64 

temperatures reduce the speed of metabolic processes associated with maturation. In fact, in 65 

many of the works that focus on determining the shelf life of fruit and vegetables, experiments 66 

are carried out at specific temperatures, for example, the optimum storage temperature or the 67 

temperature recommended to induce fruit ripening (Crisosto et al., 2008). However, it is 68 

foreseen that the use of actual temperature history throughout the supply chain would allow 69 

more realistic estimates of quality maintenance at different points in the chain (Giannakourou 70 

and Taoukis, 2020). 71 

One of the most accepted models in the logistics chain, due to its easy integration in the time-72 

temperature recorders accompanying fresh products, is shown in the remaining shelf life (RSHL, 73 

h) equation (Equation 2). In this model, the RSHL is computed in hours as a function of the time 74 

(tm, h)-temperature (Tm, °C) history at each instant (m) and according to the parameters 75 

reference shelf life (SHLref, h), reference temperature (Tref, °C) or optimal storage temperature 76 

and the temperature-increase factor or temperature quotient Q10. 77 

In general, when this generic model is implemented in the logistics process of fruit and 78 

vegetables, standard values (i.e., single value common for many different varieties) are assumed 79 

for Q10, SHLref and Tref. This can lead to inaccurate estimates of the remaining shelf life and thus 80 



prediction errors in decision-making throughout the supply chain. In general, the optimum 81 

storage temperature is usually taken as the reference temperature that prolongs the shelf life, 82 

which in the case of peaches and nectarines is bounded at approximately 0 °C (Crisosto and 83 

Tonutti, 2015; Gine-Bordonaba et al., 2016). At the reference temperature, the maximum shelf 84 

life or SHLref generally ranges from 2 to 7 weeks for nectarine cultivars and from 2 to 5 weeks for 85 

peach cultivars (Crisosto et al., 2008). Such a range is so wide that it requires further adjustment 86 

to assess the conservation potential for each variety, which is not always known by the logistics 87 

operator, with a particular interest for recently bred varieties (Cano-Salazar et al., 2013a). On 88 

the other hand, the value of Q10, concerning the biological reactions of the fruit, is usually 89 

between 2-3 (Perez et al., 2004); normally, a standard value of 2 is used, that is, the rate of a 90 

biological reaction doubles for every 10 °C increase in temperature (Wu et al., 2019). 91 

To obtain ready-to-eat fruit, it is necessary to implement a specific postharvest protocol, which 92 

is normally characterized by a short cold storage period that avoids cold damage (del Pozo et al., 93 

2019), together with a pre-ripening period at a controlled temperature of 20 °C with adjustable 94 

duration, that enhances the organoleptic quality of the fruit which become juicier and more 95 

aromatic (Cano-Salazar et al., 2013b; Infante et al., 2009). This pre-ripening treatment ensures 96 

that the fruit arrive at the supermarket in the ready-to-buy condition (firmness between 26.7-97 

35.6 N), so that after a stay in the supermarket at shelf room temperature, they quickly reach 98 

the ready-to-eat condition (firmness between 8.9-13.3 N) (Crisosto and Tonutti, 2015). 99 

Although the duration of the different phases of the ready-to eat protocol is modulated taking 100 

into account only the Magness-Taylor firmness, the ripening process of peaches and nectarines 101 

is more complex, so diverse physical-chemical quality indices are required to estimate the 102 

quality of the fruit after harvest and therefore to predict the maximum expected shelf life (Perez-103 

Marin et al., 2011; Putnik et al., 2017). In addition to firmness, other sensory attributes, such as 104 

colour, juiciness, acidity and sweetness of the pulp, can be derived and quantified instrumentally 105 



by assessing the Magness-Taylor force (N), extractable juice (%), pH, soluble solids content (%) 106 

and HSI (hue, saturation, intensity) colour coordinates (Cano-Salazar et al., 2013c, Montero-107 

Prado et al., 2011). 108 

In many works, the parameterization of the model in RSHL equation is carried out taking into 109 

account the evolution of a single attribute throughout the fruit evolution process, such as the 110 

concentration of peroxides as an index of lipid oxidation in walnuts (Shafiei et al., 2020); the 111 

respiratory rate in cantaloupe (Gomes et al., 2012) and cherries packed in a modified 112 

atmosphere (Petracek et al., 2002); the total bacteria counts in lettuce (Riva et al., 2001); the 113 

pulp colour in avocado (Perez et al., 2004); or the soluble solids content in sapote mamey among 114 

others (Diaz-Perez et al., 2003). 115 

In this paper, it is proposed that model parameterization can be based on a holistic assessment 116 

of the evolution of the quality of peaches and nectarines throughout the logistics process using 117 

a multidimensional variable. In this way, the remaining shelf life estimation shifts from a generic 118 

to a specific approach, a concept not yet considered in previous works. The proposed procedure 119 

is applied to predominant varieties of peaches and nectarines that show high added value and 120 

therefore are frequently commercialized as ready-to-eat products. The specific objectives can 121 

be summarized as follows: (i) to identify the instrumental variables most related to sensory 122 

evaluation and the evolution of shelf life; (ii) to define the multidimensional estimator of fruit 123 

shelf life; and (iii) to compute the specific Q10 rates for each species and variety. 124 

2. Materials and Methods 125 

2.1. Plant materials and storage conditions 126 

Peaches and nectarines (Prunus persica L. Batsch) with white and yellow pulp (Table 1) were 127 

used for the tests. This plant material was grown in the northwestern region of Murcia (Spain) 128 

during the 2019 season and supplied directly after commercial harvesting of mature fruit 129 

(minimum size 56 mm, minimum soluble solids content 8-9 %, maximum Magness-Taylor 130 



firmness 65-70 N) by the producing company Frutas Esther, S.A. The test period ranged from 131 

week 21 (second half of May) to week 39 (second half of September). The varieties tested were 132 

new breed varieties (called ‘super sweet’) with a high content of soluble solids, which are being 133 

used by relevant Spanish companies to supply ready-to-eat fruit to the markets. 134 

Intact and sound fruit of commercial ‘extra’ class, grading in size (class A, diameter 67–73 mm) 135 

in Frutas Esther (Murcia), were sent by refrigerated transport to the Laboratorio de Propiedades 136 

Físicas y Técnicas Avanzadas en Agroalimentación of the Universidad Politécnica de Madrid (LPF-137 

TAGRALIA, Madrid, Spain), where they were tested and analysed. Each of the varieties was 138 

tested at the time of reception in the laboratory (one day after harvesting) and after the 139 

postharvest protocol implemented at LPF-TAGRALIA. 140 

The postharvest protocol consisted of a simulation of the standard logistics chain that takes 141 

place for peaches and nectarines produced in Murcia when transported to a distribution centre 142 

near London and subjected to a pre-ripening process to obtain ready-to-eat fruit at the 143 

destination. 144 

Such a protocol starts with an initial cooling along a 72 h period at 3 °C (90 % RH), followed 145 

by an intermediate pre-ripening stage (20 °C, 90% RH) that ends when the Magness-Taylor force 146 

(FMT) downshifts to 30 N, and continues with a short cooling period (24 h at 2 °C, 90 % RH). All 147 

this procedure shall be named from now onwards PR and it is followed by a ripening period (R) 148 

at room temperature (20 °C) as FMT decreases to 13 N. To determine the end point of the PR and 149 

R stages, the FMT of 10 fruit belonging to a control lot, subjected to the same storage conditions 150 

as the experimental lot, was measured each day. 151 

All tests were performed after reception in the laboratory (H) and the corresponding PR 152 

and R periods. In total, an experimental lot of 749 fruit was used, distributed in 30 batches 153 

(boxes) of 25 fruit that conformed to the variety (10 varieties: 5 peaches+5 nectarines) and the 154 

postharvest stages H, PR, and R. In all cases, an autonomous i-button logger Hygochron™ was 155 



located in each box of fruit, gathering the temperature and relative humidity during the 156 

postharvest protocol. Due to the available internal memory (4096 data points per channel), a 157 

high temporal resolution (∆tm) was used by taking one temperature data each 175 s - 260 s, 158 

depending on the duration of the postharvest protocol for each variety. 159 

For each of the temperature time series (20 in total), the area under de curve was calculated 160 

(discrete integral). Thus, it defines a variable called the temperature integral (TI, °C h) that 161 

characterizes the postharvest protocol for each variety until the PR or R stage is reached. 162 

Table 1. Characteristics of the plant material tested: season, product, type of pulp, variety, number of fruit (n) and 163 

harvest date. 164 

Season Product Pulp Variety n Harvest Date 

2019 

Peach Yellow Extreme 509 74 24 May 2019 

Peach White Extreme 318 75 10 June 2019 

Peach Yellow Rich Lady 75 1 July 2019 

Peach White Extreme 780 75 16 July 2019 

Peach White Extreme 493 75 10 September 2019 

Nectarine White Garaco 75 24 May 2019 

Nectarine Yellow Extreme Beauty 75 7 June 2019 

Nectarine Yellow Luciana 75 28 June 2019 

Nectarine Yellow Extreme 415 75 16 July 22019 

Nectarine Yellow Extreme 618 75 10 September 2019 

  Total 749  

 165 

2.2. Analysis of physicochemical parameters 166 

At each postharvest stage (H, PR and R), 25 fruit were analysed. Fruit were characterized for 167 

their weight (P, kg) as determined using a precision balance (ADP 720/L, Adam Equipment Co. 168 

Ltd., Kingston, Milton Keynes, United Kingdom); soluble solids content (SSC, %) as determined 169 



from a few drops of juice using a digital refractometer (Palette PR-101©, ATAGO CO., LTD., 170 

Tokyo, Japan); and instrumental firmness as determined using a motorized desktop 171 

penetrometer specific to fruit (FTA Model GS-15, Guss, Strand, South Africa), where the FTA has 172 

a basic automated control that allows to perform the standardized Magness–Taylor test; the 173 

maximum force (FMT) is recorded in N in the Magness-Taylor test. 174 

Compression with ball was also carried out on whole fruit. Using a ball 1.8 mm in diameter, a 175 

maximum deformation of 2 mm was applied at a 20 mm min-1 speed rate on the equator; the 176 

deformation was immediately removed at the same speed rate. The maximum force in N was 177 

recorded (Fb, N). The colorimetric coordinates L*, a* and b* (LD65, aD65 and bD65) of the 178 

surface of each fruit were determined on a single spot of the coloured side on the equatorial 179 

axis, using a portable spectrophotometer (CM-600d, Konica Minolta, Japan). 180 

To determine the juiciness and water content of the fruit, the following reference tests were 181 

carried out: 182 

Water content of the fruit (W, %): The percentage of water over fresh weight of the fruit 183 

was determined by Equation 1,  184 

W = (P0 − Pf) P0⁄ · 100                                                                                                           (1) 185 

by weighing an initial sample of fresh pulp (P0, g) of approximately 20 g, and drying it in 186 

an oven (Conterm Poupinel, JP SELECTA SA, Abrera, Barcelona, Spain) at 103 °C to 187 

constant weight (Pf, g). 188 

Instrumental juiciness (Ajuice, cm2): Quantification of the easily extractable juice from the 189 

pulp was carried out by a confined compression test on a cylindrical pulp sample 1.4 cm in 190 

height and 1.4 cm in diameter. The sample was confined to a disc of the same diameter and 191 

height as the pulp sample (Ortiz et al., 2000). Compression was performed using a specific 192 

implementation adapted for use in the FTA penetrometer. In this test, the juice was 193 

collected on standardized absorbent paper following the compression of fruit samples to a 194 



deformation depth of 5 mm. Instrumental juiciness was defined as the wet area (cm2) on 195 

the paper. The area was determined by scanning each paper, segmenting the image, and 196 

calculating the REGIONPROPS of the segmented object using the MATLAB® image analysis 197 

package. Three repetitions were performed per fruit. The maximum force reached in the 198 

confined compression test was also recorded (CCT, N). 199 

Sensory juiciness (Juiciness) and sensory firmness (Firmness): A sensory analysis was carried 200 

out by means of a tasting panel consisting of three expert tasters, previously trained to 201 

evaluate the descriptors ‘juiciness’ and ‘firmness’ in the fruit. A scale of 0–9 points was used, 202 

with the value of zero corresponding to the lowest presence of the descriptor in the sample 203 

and nine to the maximum presence. The average value of the scores of the three tasters was 204 

used to define the sensory juiciness and firmness of each fruit. 205 

2.3. Shelf life determination 206 

Two consecutive procedures were followed to estimate the shelf life of the batches: 1) using 207 

food quality parameters, where the basic model structure is given by an algebraic equation 208 

whose formulation is completely empirical; and 2) using the generic model described in RSHL 209 

equation (Equation 2). 210 

In the first procedure, principal component analysis (PCA) was implemented as multivariate data 211 

analysis. PCAs were performed in nectarines and peaches. The standardized (centred and 212 

divided by the standard deviation) instrumental variables W (%), Ajuice (cm2), FMT (N), Fb (N), CCT 213 

(N), SSC (%) and colour coordinates were included in the PCA. The first to third principal 214 

components through biplots and two-dimensional principal subspaces were evaluated, and 215 

factorial ANOVA was used to identify their relationships with the evolution of the fruit during 216 

the postharvest protocol. A new variable called remaining shelf life (RSHLPCA, (%)) was defined 217 

from the PCA results, considering the score achieved by each fruit with respect to the maximum 218 



range of variation of this score considering the set of individuals (375 fruit) used in each PCA. 219 

The median values per batch RSHLPCA
̃  (%) were considered for further analysis. 220 

For the second approach Equation 2 was applied,  221 

RSHL = SHLref − ∑ (Q10
(Tm−Tref) 10⁄

 ·  ∆tm)m                                                                                      (2) 222 

where RSHL expresses the remaining shelf life in hours, SHLref is the reference shelf life in hours, 223 

Tm is the sampling temperature in  ͦC at each instant m, Tref is the reference temperature (0  ͦC), 224 

Q10 is the temperature-increase factor with respect to 10  ͦC (dimensionless), and ∆tm is the 225 

sampling interval in hours. 226 

In RSHL equation, the response variable RSHLEq2 that is expressed in hours at this step in the 227 

algorithm, is dynamically dependent on actual temperature and is defined by the two 228 

parameters SHLref and rate Q10. To set the parameters of the model for each batch, for each 229 

variety, and the PR and R stages of the postharvest protocol, the procedure described in Figure 230 

1 is applied: 231 

For the iterative procedure, the initial Q10 values are taken among those found in the 232 

literature and kept within range (Perez et al., 2004); RSHL equation is solved (using the solve 233 

function of MATLAB®) for Q10 between 1.5 and 3 at 0.1 steps (16 different values). 234 

The resolution of RSHL equation for each Q10 allows obtaining two values of SHLref for each 235 

variety (one after the PR stage and another after the R stage). Taken into account that SHLref 236 

is unique for each variety, the optimal solution has to minimize the absolute time difference 237 

SHLref_PR - SHLref_R with 5 h tolerance. 238 

The iterative procedure leads to a single SHLref (h) for each variety, and two Q10 values 239 

corresponding to the PR and R stages; SHLref (h) represents 100% of shelf life. 240 



The parameters SHLref (h), Q10 at PR and Q10 at R (together with the temperature series) are 241 

the inputs to RSHL equation. The outputs obtained (as a result of solving RSHL equation) are 242 

the RSHLEq2 of the batch in hours for each post-harvest stage and variety.  243 

Considering SHLref (h) as 100% shelf life, the RSHLEq2 (previously calculated by RSHL equation) 244 

is transformed in terms of percentage. 245 

 246 

Figure 1. Scheme explaining the workflow followed in the study for peaches. i: 25 fruit, j: 3 stages (H: harvest, PR: pre-247 

ripening, R: ripening), K: 5 peach varieties. PC1: first principal component. RSHLPCA
̃ : median remaining shelf life 248 

estimated by principal component analysis. RSHL equation: RSHL = SHLref − ∑ (Q10
(Tm−Tref) 10⁄

 ·  ∆tm)m , where 249 

RSHL expresses the remaining shelf life in hours, SHLref is the reference shelf life in hours, Tm is the sampling 250 

temperature in  ͦC at each instant m, Tref is the reference temperature (0  ͦC), Q10 is the temperature-increase factor 251 

with respect to 10  ͦC (dimensionless), and ∆tm is the sampling interval in hours. The design of the experiment and 252 

model fitting procedure were identical for nectarines. 253 

All data analyses were performed using MATLAB_R2019b (The MathWorks, Natick, USA) and 254 

Statistica 13.3 (TIBCO Software Inc., California, USA) software. 255 
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3. Results 256 

3.1. Shelf life prediction based on physicochemical parameters 257 

As indicated in the methodology, a PCA was performed based on instrumental data. According 258 

to the PCA, the first three PCs accounted for 39.56 %, 24.54 % and 18.60 % of the total variation 259 

in the dataset of peaches and 39.30 %, 20.73 % and 19.61 % in nectarines, respectively. The two-260 

dimensional space of the first and third PCs (PC 1 and PC 3 in Figure 2) shows the best 261 

visualization of the instrumental values, representing over 60 % of the total variation for both 262 

peaches (left) and nectarines (right). 263 

The instrumental variables (active variables) are displayed as blue vectors in the PC1-PC3 plane. 264 

The group of the three mechanical variables FMT, Fb and CCT appears nearly horizontal and very 265 

close, which corresponds to a group of highly correlated variables with PC1 for both peaches 266 

and nectarines. The FMT presents a correlation of -0.94 with the first PC in peaches and of -0.95 267 

in nectarines. Diametrically opposite to the mechanical variables is the instrumental juiciness 268 

variable, which indicates a high negative correlation between them. Instrumental juiciness is 269 

also very close to the horizontal axis in both peaches and nectarines, with correlations of 0.81 270 

and 0.85, respectively. 271 

Additionally, the sensory variables ‘juiciness’ and ‘firmness’ were projected onto the two-272 

dimensional space of PC1 and PC3 (red vectors) as supplementary variables. The sensory 273 

variable ‘firmness’ is located in the region of the mechanical variables, and ‘juiciness’ is located 274 

in the region of instrumental juiciness. The correlations between ‘firmness’ and PC1 are -0.90 275 

and -0.84 for peaches and nectarines, respectively, and analogously, they are 0.77 and 0.78 for 276 

‘juiciness’. 277 



  

Figure 2. Two-dimensional space of first principal component (Factor 1) and third principal component (Factor 3) of 278 

principal component analysis for peaches (left) and nectarines (right). Active variables in blue; W (%): water 279 

content (%), Ajuice (cm2): area of juice (cm2), FMT (N): Magness-Taylor force (N), Fb (N): ball test Force (N), 280 

CCT (N): confined compression test force (N), SSC (%): soluble solids content (%) and colour coordinates L*, 281 

a*, and b*. Supplementary variables in red: Sensory Firmness and Juiciness. 282 

ANOVA was carried out to analyse the higher-order interactive effect of variety and postharvest 283 

stage on PC1. Significant differences were found in PC1 regarding mainly the postharvest stage 284 

(Fpeach=957.2; Fnectarine=1216.5) but also with respect to the variety (Fpeach=37.2; Fnectarine=106.9) 285 

and the interaction between both factors (Fpeach=13.9; Fnectarine=11.7), with a significance level of 286 

p <0.05. Therefore, Factor 1 represents a multidimensional variable based on destructive 287 

determinations that define the shelf life of peaches and nectarines, which coincides with the 288 

sensory evaluation of shelf life. 289 

In this study, it considers that the extreme values of scores in PC1 represent 0 % and 100 % of 290 

potential RSHL, since extreme stages of maturity are represented among the tested batches. 291 

Therefore, the range of the scores of PC1 and the score of each fruit in this PC1 allowed to assign 292 

an RSHL-PCA (%) to each fruit. The RSHLPCA
̃  (%) per batch is included in Table 2.Table 2. The 293 

RSHLPCA
̃  (%) in H ranged between 90.8 % and 70.7 % in peaches and 82.3 % and 57.3 % in 294 

nectarines, indicating remarkable differences in the maturity of the fruit at harvest dates. At the 295 
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end of the postharvest protocol, in the R stage, the RSHLPCA
̃  (%) presented values between 35.7 296 

% and 11.1 % in peaches and between 29.9 % and 10.4 % in nectarines. The standard deviation 297 

for each batch of fruit ranged between 4.6 % and 17.6% for peaches and 4.3 % and 11.9 % for 298 

nectarines, with average values of 9.2 % and 7.6 %, respectively, denoting higher variability in 299 

the batches of peaches than in the batches of nectarines. 300 

Table 2. Median values of RSHLPCA (remaining shelf life estimated by principal component analysis) and standard 301 

deviation (SD) per variety and postharvest protocol stage (H: harvest, PR: pre-ripening, R: ripening). 302 

Stage Peach RSHLPCA
̃  (%) SD (%) Nectarine RSHLPCA

̃  (%) SD (%) 

H Extreme 780 90.8 6.3 Extreme 618 82.3 8.0 

PR  42.3 7.9  40.5 7.8 

R   32.6 5.9   29.9 7.4 

H Extreme 493 80.2 17.6 Extreme 415 69.8 9.6 

PR  56.1 8.6  49.0 11.9 

R   35.7 6.9   22.8 5.1 

H Extreme 509 80.2 10.3 Garaco 64.6 7.9 

PR  51.0 16.8  20.8 6.7 

R   17.7 6.0   10.4 8.5 

H Extreme 318 73.0 9.1 Extreme 

Beauty 
57.6 8.0 

PR  36.2 10.2  17.8 9.4 

R   18.1 6.8   14.7 6.7 

H Rich Lady 70.7 8.8 Luciana 57.3 7.0 

PR  44.4 11.7  27.1 5.7 

R   11.1 4.6   11.7 4.3 

 303 

3.2. Shelf life prediction based on generic model 304 



Table 3 presents the TI values for each variety up to the postharvest stages of PR and R. The PR 305 

period for each variety was lengthened until the fruit had reached an FMT of 30 N, nearly the 306 

limit considered by Crisosto to be adequate for buying (Crisosto and Tonutti, 2015). It is 307 

noticeable that the average TI of PR for nectarines is nearly twice that of peaches. Therefore, 308 

nectarines, the varieties with higher TI values, are the least susceptible to the environmental 309 

conditions applied during the PR period. The TI up to the R stage differs from the TI up to PR in 310 

an additional phase of storage at room temperature, which is prolonged until each variety 311 

reaches an FMT of 13 N. In these TI values, fewer differences are observed between peaches and 312 

nectarines. The average ratios between the TI of R and the TI of PR for peaches and nectarines 313 

were 2.7 and 1.7, indicating that peaches needed relatively more time to evolve from FMT = 30 N 314 

to FMT= 13 N at room temperature. 315 

Table 3. Values of the temperature integral (TI) in the PR (pre-ripening) and R (ripening) stages for each variety of 316 

peaches and nectarines. SD (standard deviation). 317 

  Variety TIPR (  ͦC h) TIR (  ͦC h) TIR /TIPR 

Peach Extreme 780 1118.3 2598.4 2.3 

 Rich Lady 561 2433.8 4.3 

 Extreme 493 846.8 2149.4 2.5 

 Extreme 318 909.7 2133.2 2.3 

 Extreme 509 782.2 1633 2.1 

 Mean 843.6 2189.6 2.7 

  SD 202.2 367.9 0.9 

Nectarine Extreme 618 1537.8 1957.3 1.3 

 Garaco 1791.2 2169 1.2 

 Luciana 1384 2464.2 1.8 

 Extreme 415 1447.7 2737.8 1.9 

 Extreme Beauty 1415.4 3168.1 2.2 

 Mean 1515.2 2499.3 1.7 



  SD 164.6 476.5 0.4 

 318 

The parameterisation of RSHL equation, i.e., the determination of the SHLref and Q10 values for 319 

each variety and postharvest stage, is shown in Table 4. The average SHLref of peaches is 562.4 320 

h, 30 % lower (10 d less) than the average shelf life of nectarines, with similar standard 321 

deviations. The variety ‘Extreme 318’ shows the highest SHLref among the peaches (703.1 h, 29 322 

d), approximately 6 d more than the average value. For nectarines, the variety ‘Garaco’ shows 323 

the highest SHLref, with 924.4 h (38.5 d), approximately   4 d more than the average value. Cano-324 

Salazar et al. (2013b) found even higher differences between peaches and nectarines; after pre-325 

ripening of fruit at 20 °C for 36 hours, ‘Early Rich’ peaches reached the ready-to-eat stage 326 

(FMT<13.3 N) after 10 d at -0.5 °C plus 3 d of ripening at room temperature (20 °C). Meanwhile, 327 

‘Big Top’ nectarines under the same pre-ripening treatment remained at FMT>13.3 N even after 328 

40 d at -0.5 °C plus 3 d at 20 °C. 329 

The Q10 values obtained were between 1.5 and 2.8, and these values are in concordance with 330 

previous works. Lescourret et al. (1998) developed a simulation model of maintenance 331 

respiration costs in peach growth based on the Q10 concept using a value of 1.9 (at 20 °C). In 332 

sound fruit after harvest, the Q10 for oxygen uptake of sweet cherry in modified atmosphere 333 

packaging was determined to be 2.5 (0-20 °C) by Petracek et al. (2002). For all varieties, the Q10 334 

value corresponding to the PR stage of the postharvest protocol was higher than or equal to the 335 

Q10 value of the R stage. According to the literature, Q10 values are higher at lower storage 336 

temperatures. For a tropical fruit, Sapote mamey, (Diaz-Perez et al., 2003) calculated Q10 values 337 

of 5.78 (15 °C), 3.75 (20 °C), 2.09 (25 °C) and 2.36 (28 °C) to reach the ripe stage, which showed 338 

that Q10 values decreased with increasing storage temperature. In this work, it is in stage PR 339 

where the storage temperatures at 3  ͦC have a greater relative duration (average of 45 % of time 340 

at 3  ͦC) than in stage R (average of 30 % of time at 3  ͦC). This can explain the greater values of 341 

Q10 at the PR stage. In general, the differences between these Q10 values are more remarkable 342 



in peaches than in nectarines. In nectarines their Q10 remains almost constant throughout their 343 

postharvest protocol (average Q10 in PR=2 and in R=1.9), although a certain varietal effect 344 

appears. On the other hand, 'Rich Lady' peach presents the extreme case with values of 2.8 and 345 

1.5, respectively. The pronounced variation in Q10 during the postharvest protocol in peaches 346 

indicates two phenomena. First, peaches respond with higher decay rates when, being stored 347 

at low temperatures, the cold chain is interrupted. This means that they are more susceptible 348 

to breaks in the cold chain, a break that in this case is intentionally produced to induce the 349 

ripening process. In other words, peaches respond more quickly than nectarines to the pre-350 

ripening protocol. Second, once at room temperature, the lower rate of evolution keeps the 351 

peach at eating maturity for a relatively longer time. In 'Rich Lady' peaches, the ratio between 352 

TIs (last column in Table 3) also underlined this fact, with the highest value of 4.3. 353 

Table 4. Values of reference shelf life (SHLref) and Q10 (PR: Pre-ripening, R: Ripening) resulting from the iterative 354 

process for fitting the generic model of remaining shelf life (RSHL). Linear regression results (RSHLEq2 vs RSHLPCA in 355 

Figure 3) are shown in terms of standard error of estimation of RSHL by Equation 2 (RSHL equation). SD: standard 356 

deviation 357 

  Variety SHLref (h) Q10_PR Q10_R 
Q10 
(%)

Std.Err. of 
Estimate of 
RSHLEq2 (%) 

Err. of 
Estimate of 
RSHLEq2 (h) 

Peach Extreme 318 703.1 2.8 1.9 32.1 7.0 49.2 

 Extreme 780 664.8 2.1 1.7 19  46.5 

 Rich Lady 539.6 2.8 1.5 46.4  37.8 

 Extreme 493 467 2 1.5 25  32.7 

 Extreme 509 437.4 1.8 1.7 5.6   30.6 

 Mean 562.4 2.3 1.7 25.6   39.4 

  SD 117.8 0.5 0.2 15.2   8.2 

Nectarine Garaco 924.4 2.3 2.3 0 4.9 45.3 

 Extreme 415 911.9 1.9 1.9 0  44.7 

 Extreme 618 804.6 2.1 1.9 9.5  39.4 

 

Extreme 
Beauty 

727.6 2 1.5 25 
 35.7 

 Luciana 638.4 1.8 1.7 5.6   31.3 

 Mean 801.4 2 1.9 8   39.3 

  SD 121.9 0.2 0.3 10.3   6.0 

 358 



This parameterization procedure led to the particularisation of SHLref of each variety and the 359 

values of Q10 governing the evolution of the fruit in the PR stage and in the R stage. Figure 3 360 

shows thirty 𝑅𝑆𝐻𝐿𝑃𝐶𝐴
̃  (%) RSHLEq2 (%) pairs (three postharvest stages for five varieties of 361 

peaches and nectarines respectively) In both cases (Figure 3), the estimation of RSHLEq2 for 362 

peaches (left), and nectarines (right) show very relevant coefficients of determination (0.94 and 363 

0.97 respectively); the least squares estimation of the intercept and the slope being -7.1 % and 364 

1.06 for peaches, and -15.4 % and 1.21 for nectarines.  365 

According to the results (Figure 3) a negative intercept is obtained, which points out an 366 

underestimation of the RSHLEq2 at time 0. Furthermore, the slope of the equation, for peaches 367 

and nectarines is higher than 1 (bisector), although the slope value is greater for nectarines 368 

(1.21) than for peaches (1.06). In the case of nectarines, the higher slope causes the cut-off point 369 

of the linear model with the bisector occurs for an RSHL of 73%; this means that according to 370 

RSHL equation the RSHLEq2 is underestimated, underestimation which is all the greater for 371 

remaining shelf-life of nectarines below 73%. In the case of peaches, the RSHLEq2 is systematically 372 

underestimated, which can be considered as a safety margin in the estimation of the remaining 373 

shelf-life of the product. On the other hand, the standard error of estimates of the linear model 374 

(Table 4) is 7% for peaches, and 4.9% for nectarines, i.e. between 1.3 and 2.1 days at most. 375 



 376 

Figure 3. Scatterplots of remaining shelf life (RSHL) estimated by Equation 2 (RSHL equation) versus the instrumental 377 

RSHL determined by principal component analysis (PCA) for peaches (left) and nectarines (right). Categorized by 378 

postharvest protocol stage (H: Harvest, PR: Pre-ripening, R: Ripening). Linear fit and statistics are shown. 379 

4. Conclusions 380 

It has been remarked that the RSHL at harvest shows significant variability among fruit, which 381 

derives corresponding differences in the evolution of fruit along the value chain. This fact 382 

reinforces the need for specific characterization of fruit batches at the beginning of the value 383 

chain to simulate the ready-to-eat state of fruit and batches. 384 

The proposed procedure has made it possible to demonstrate and quantify the notable 385 

differences that exist between varieties in both the values of SHLref and Q10. As has been 386 

previously demonstrated in other species, the Q10 values of the varieties under study have 387 

turned out to be significantly different according to the storage temperature requirements, with 388 

the highest value of Q10 corresponding to peaches at the PR stage; this fact suggests that the 389 
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ready-to-buy status is primarily dependent on the thermal history. On the other hand, the lowest 390 

Q10 values (addressed at the R stage) indicate that the evolution of the physicochemical and 391 

organoleptic quality parameters is highly dependent on storage duration, more than on storage 392 

temperature itself, once the fruit reaches the supermarket.  393 

In this work, postharvest protocols were simulated to obtain ready-to-eat fruit for recently bred 394 

varieties. By combining data from temperature sensors per batch and instrumental fruit-to-fruit 395 

quality data at critical points in the chain, it is possible to parameterise the generic model for 396 

these varieties using a dedicated experiment. Procedure that can be easily generalized for other 397 

species. This quality evolution model expressed in terms of RSHL and Q10 can be used to project 398 

the remaining shelf life associated with each box of fruit being stored into the future, i.e., it 399 

allows the virtual projection of real objects contributing to the virtualisation of the supply chain.  400 

5. Acknowledgements 401 

This work was supported through project RTI2018-099139-B-C22 (KARPO LIFE), financed by 402 

FEDER/Ministerio de Ciencia e Innovación – Agencia Estatal de Investigación (Spain). The support 403 

of the staff and the company Frutas Esther S.A. (Spain) is gratefully acknowledged as supplier of 404 

the fruit samples. 405 

6. References 406 

Cano-Salazar, J., Lopez, L., Crisosto, C.H., Echeverria, G., 2013a. Cold storage of six nectarine 407 
cultivars: consequences for volatile compounds emissions, physicochemical parameters, and 408 
consumer acceptance. European Food Research and Technology 237, 571-589, 409 
https://doi.org/10.1007/s00217-013-2029-3  410 
Cano-Salazar, J., Lopez, M.L., Crisosto, C.H., Echeverria, G., 2013b. Volatile compound emissions 411 
and sensory attributes of 'Big Top' nectarine and 'Early Rich' peach fruit in response to a pre-412 
storage treatment before cold storage and subsequent shelf-life. Postharvest Biology and 413 
Technology 76, 152-162, https://doi.org/10.1016/j.postharvbio.2012.10.001  414 
Cano-Salazar, J., Lopez, M.L., Echeverria, G., 2013c. Relationships between the instrumental and 415 
sensory characteristics of four peach and nectarine cultivars stored under air and CA 416 
atmospheres. Postharvest Biology and Technology 75, 58-67, 417 
https://doi.org/10.1016/j.postharvbio.2012.08.003  418 
Crisosto, C., Tonutti, P., 2015. Innovations in Peach Postharvest Research and Storage 419 
Technology, In: Xiloyannis, C., Inglese, P., Montanaro, G. (Eds.), Viii International Peach 420 
Symposium, pp. 821-828. 421 

https://doi.org/10.1007/s00217-013-2029-3
https://doi.org/10.1016/j.postharvbio.2012.10.001
https://doi.org/10.1016/j.postharvbio.2012.08.003


Crisosto, C.H., Crisosto, G.M., Day, K.R., 2008. Market life update for peach, nectarine, and plum 422 
cultivars grown in California. Advances in Horticultural Science 22, 201-204. 423 
del Pozo, T., Miranda, S., Latorre, M., Olivares, F., Pavez, L., Gutierrez, R., Maldonado, J., 424 
Hinrichsen, P., Defilippi, B.G., Orellana, A., Gonzalez, M., 2019. Comparative Transcriptome 425 
Profiling in a Segregating Peach Population with Contrasting Juiciness Phenotypes. Journal of 426 
Agricultural and Food Chemistry 67, 1598-1607, https://doi.org/10.1021/acs.jafc.8b05177  427 
Diaz-Perez, J.C., Bautista, S., Villanueva, R., Lopez-Gomez, R., 2003. Modeling the ripening of 428 
sapote mamey Pouteria sapota (Jacq.) HE Moore and Stearn fruit at various temperatures. 429 
Postharvest Biology and Technology 28, 199-202, https://doi.org/10.1016/s0925-430 
5214(02)00123-0  431 
Giannakourou, M., Taoukis, P., 2020. Holistic Approach to the Uncertainty in Shelf Life Prediction 432 
of Frozen Foods at Dynamic Cold Chain Conditions. Foods 9, 433 
https://doi.org/10.3390/foods9060714  434 
Gine-Bordonaba, J., Cantin, C.M., Echeverria, G., Ubach, D., Larrigaudiere, C., 2016. The effect of 435 
chilling injury-inducing storage conditions on quality and consumer acceptance of different 436 
Prunus persica cultivars. Postharvest Biology and Technology 115, 38-47, 437 
https://doi.org/10.1016/j.postharvbio.2015.12.006   438 
Gomes, M.H., Beaudry, R.M., Almeida, D.P.F., 2012. Influence of Oxygen and Temperature on 439 
the Respiration Rate of Fresh-cut Cantaloupe and Implications for Modified Atmosphere 440 
Packaging. Hortscience 47, 1113-1116, https://doi.org/10.21273/hortsci.47.8.1113  441 
Hertog, M.L.A.T.M., Uysal, I., McCarthy, U., Verlinden, B.M., Nicolai, B.M., 2014. Shelf life 442 
modelling for first-expired-first-out warehouse management. Philosophical Transactions of the 443 
Royal Society a-Mathematical Physical and Engineering Sciences 372, 444 
https://doi.org/10.1098/rsta.2013.0306  445 
Infante, R., Meneses, C., Crisosto, C.H., 2009. Preconditioning treatment maintains taste 446 
characteristic perception of ripe 'September Sun' peach following cold storage. International 447 
Journal of Food Science and Technology 44, 1011-1016, https://doi.org/10.1111/j.1365-448 
2621.2008.01864.x  449 
Lescourret, F., Ben Mimoun, M., Genard, M., 1998. A simulation model of growth at the shoot-450 
bearing fruit level - I. Description and parameterization for peach. European Journal of 451 
Agronomy 9, 173-188, https://doi.org/10.1016/s1161-0301(98)00035-5  452 
Montero-Prado, P., Rodriguez-Lafuente, A., Nerin, C., 2011. Active label-based packaging to 453 
extend the shelf-life of "Calanda" peach fruit: Changes in fruit quality and enzymatic activity. 454 
Postharvest Biology and Technology 60, 211-219, 455 
https://doi.org/10.1016/j.postharvbio.2011.01.008  456 
Ortiz, C., Barreiro, P., Ruiz-Altisent, M., Riquelme, F., 2000. An identification procedure for 457 
woolly soft-flesh peaches by instrumental assessment. Journal of Agricultural Engineering 458 
Research 76, 355-362, https://doi.org/10.1006/jaer.2000.0545  459 
Perez-Marin, D., Sanchez, M.-T., Paz, P., Gonzalez-Dugo, V., Soriano, M.-A., 2011. Postharvest 460 
shelf-life discrimination of nectarines produced under different irrigation strategies using NIR-461 
spectroscopy. Lwt-Food Science and Technology 44, 1405-1414, 462 
https://doi.org/10.1016/j.lwt.2011.01.008  463 
Perez, K., Mercado, J., Soto-Valdez, H., 2004. Note. Effect of storage temperature on the shelf 464 
life of Hass avocado (Persea americana). Food Science and Technology International 10, 73-77, 465 
https://doi.org/10.1177/1082013204043763  466 
Petracek, P.D., Joles, D.W., Shirazi, A., Cameron, A.C., 2002. Modified atmosphere packaging of 467 
sweet cherry (Prunus avium L., ev. 'Sams') fruit: metabolic responses to oxygen, carbon dioxide, 468 
and temperature. Postharvest Biology and Technology 24, 259-270, 469 
https://doi.org/10.1016/s0925-5214(01)00192-2  470 
Putnik, P., Kovacevic, D.B., Herceg, K., Roohinejad, S., Greiner, R., Bekhit, A.E.-D.A., Levaj, B., 471 
2017. Modelling the shelf-life of minimally-processed fresh-cut apples packaged in a modified 472 

https://doi.org/10.1021/acs.jafc.8b05177
https://doi.org/10.1016/s0925-5214(02)00123-0
https://doi.org/10.1016/s0925-5214(02)00123-0
https://doi.org/10.3390/foods9060714
https://doi.org/10.1016/j.postharvbio.2015.12.006
https://doi.org/10.21273/hortsci.47.8.1113
https://doi.org/10.1098/rsta.2013.0306
https://doi.org/10.1111/j.1365-2621.2008.01864.x
https://doi.org/10.1111/j.1365-2621.2008.01864.x
https://doi.org/10.1016/s1161-0301(98)00035-5
https://doi.org/10.1016/j.postharvbio.2011.01.008
https://doi.org/10.1006/jaer.2000.0545
https://doi.org/10.1016/j.lwt.2011.01.008
https://doi.org/10.1177/1082013204043763
https://doi.org/10.1016/s0925-5214(01)00192-2


atmosphere using food quality parameters. Food Control 81, 55-64, 473 
https://doi.org/10.1016/j.foodcont.2017.05.026  474 
Riva, M., Franzetti, L., Galli, A., 2001. Effect of storage temperature on microbiological quality 475 
and shelf-life of ready to use salads. Annals of Microbiology 51, 39-51. 476 
Shafiei, G., Ghorbani, M., Hosseini, H., Mahoonak, A.S., Maghsoudlou, Y., Jafari, S.M., 2020. 477 
Estimation of oxidative indices in the raw and roasted hazelnuts by accelerated shelf-life testing. 478 
J. Food Sci. Technol.-Mysore 57, 2433-2442, https://doi.org/10.1007/s13197-020-04278-9  479 
Tijskens, L.M.M., Rizzolo, A., Vanoli, M., Zerbini, P.E., Jacob, S., Schouten, R.E., 2010. Ready to 480 
Eat Nectarines - Assuring Quality in the Chain, In: Hewett, E.W., Johnston, J.W., Gunson, F.A. 481 
(Eds.), International Symposium Postharvest Pacifica 2009 - Pathways to Quality: V International 482 
Symposium on Managing Quality in Chains + Australasian Postharvest Horticultural Conference, 483 
pp. 99-103. 484 
Verdouw, C.N., Wolfert, J., Beulens, A.J.M., Rialland, A., 2016. Virtualization of food supply 485 
chains with the internet of things. Journal of Food Engineering 176, 128-136, 486 
https://doi.org/10.1016/j.jfoodeng.2015.11.009 487 
Wu, W., Beretta, C., Cronje, P., Hellweg, S., Defraeye, T., 2019. Environmental trade-offs in fresh-488 
fruit cold chains by combining virtual cold chains with life cycle assessment. Applied Energy 254, 489 
https://doi.org/10.1016/j.apenergy.2019.113586  490 

https://doi.org/10.1016/j.foodcont.2017.05.026
https://doi.org/10.1007/s13197-020-04278-9
https://doi.org/10.1016/j.apenergy.2019.113586


Declaration of interests 
 

☒ The authors declare that they have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper. 
 

☐The authors declare the following financial interests/personal relationships which may be considered 
as potential competing interests:  
 

 

 

Madrid, 14th April 2021 

 

Belén, Diezma Iglesias  
Pilar, Barreiro Elorza  

Paola, Baltazar del Castillo  
Eva Cristina, Correa Hernando  

 
 

 

Conflict of Interest



Conception and design of study: B. Diezma, E.C. Correa, Acquisition of data: P. Baltazar, B. 
Diezma, E.C. Correa. Analysis and interpretation of data: B. Diezma, E.C. Correa, P. 
Barreiro, P. Baltazar. Drafting the manuscript: B. Diezma,E.C. Correa, P. Barreiro. Revising 
the manuscript critically for important intellectual content: B. Diezma, E.C. Correa, P. 
Barreiro. Approval of the version of the manuscript to be published:B. Diezma, E.C. Correa, 
P. Barreiro, P. Baltazar 

Author Statement


