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Abstract 

Models for predicting blueberry mass and firmness losses during distribution 
through supply chains were developed from storage studies. The models were then 
applied to each link in a typical supply chain for fresh produce.  The initial mass and 
firmness at harvest and the time and temperature in the field were the values used 
for calculating the loss percentages for the first link. Inputs to subsequent links were 
the outputs from the previous links. Models and calculations were made in a 
computerized spreadsheet (Microsoft Excel). A noteworthy result of the model is the 
visibility of rapid mass losses when simulating short times at high temperature at an 
open dock and in a car. Also, the rapid initial decrease in mass and firmness 
indicates the importance of reducing delays before cooling. Finding the horizontal 
distance between the two curves shows the benefit of low temperatures. Similar 
models are being developed for other crops. 
 
INTRODUCTION 

In commercial handling, shelf life of produce may vary greatly from conditions 
found as ideal in laboratory studies. Supply chains rarely have the facilities to store each 
commodity under ideal conditions and requires handlers to make compromises. Inventory 
management and marketing determines how a product will be handled more than the 
conditions that would be best for the product (Prussia and Shewfelt, 1993). 

Fresh produce receives temperature abuse at varying degrees and various time 
periods across the different links of the supply chain. The temperature abuse makes the 
shelf life of the produce different than what is predicted based on laboratory studies at the 
recommended storage temperature of that particular fruit or vegetable. Paull (1999) 
questions the value of laboratory studies that do not approximate commercial practices 
and have led to unattainable recommendations for shelf life. 

Blueberries like other fresh produce pass through various links of a refrigerated or 
non-refrigerated supply chain from the farmer's field to the consumer's plate. Managers 
making decisions on storage times and temperatures do not have the tools necessary for 
determining how conditions at their link of the supply chain will affect the quality of 
blueberries when purchased or consumed. Quality management of fresh fruits and 
vegetables has been limited by the lack of mathematical models to predict quality changes 
during expected storage life (Thai et. al. 1991). Paull (1999) states the research needed for 
shelf life predictions is to include the knowledge of temperatures at which products are 
exposed. Nunes and Emond (2002) have developed quality curves for ‘Patriot’ cultivar 
blueberries as a function of the storage temperature. We have reached a time when 
managers of links in supply chains could have a simple tool where they can input the 
temperature histories of the product to predict changes in quality. 

Several software packages are available commercially to simulate production and 
distribution chains of food products. However most of them simulate a small part of the 
supply chain. Models, which could predict the mass, firmness or other shelf-life quality 
parameters of blueberries over the whole chain, based upon its temperature-time history, 
could not be found in literature. The objective of the present study was to develop a 
computerized model, which can simulate the mass and firmness of several cultivars of 
blueberries based upon their temperature histories. The model should be user friendly and 
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run on widely available and affordable software for personal computers. 
 
MATERIAL AND METHODS 

The overall approach was to find reaction rates for changes in mass and firmness 
with one set of blueberries and then validate the resulting models with a second set. The 
resulting equations were then the basis of the simulation program for the whole supply 
chain. 
 
Modeling Mass and Firmness Changes for Selected Constant Temperatures 

Seven cultivars of blueberries were hand-harvested at typical commercial 
harvesting maturity level at the Horticulture Experimental Farms in Griffin, Georgia. The 
cultivars were Yadkin, Baldwin, Climax, Brightwell, Tifblue, Powderblue and Premier. 
Experiments began within one hour of harvest.  

The blueberries from a cultivar were randomly sorted into 4 treatments of 24 
blueberries. Each measurement was of mass and firmness. Initial firmness and mass were 
measured and the treatments were placed into 1°C, 12°C, 22°C, and 32°C storage. The 
treatment stored at 32°C was measured every 12 hours, the treatment stored at 22°C was 
measured every 24 hours, 12°C was measured every 48 hours, and 1°C every 72 hours. 
Measurements continued until over 30% of a treatment became inedible or until firmness 
began increasing due to high water loss and the formation of raisin-like blueberries. 

The blueberries were stored in walk-in coolers, which were set at the temperatures 
desired for this study. All storage temperatures were monitored by data loggers and found 
to be within a range of +1°C of set temperature. Relative humidity of the air surrounding 
the fruit was maintained at 95% for all temperatures. 

Firmness (g/mm, force per unit deformation from force-deformation curves) of 
each fruit was measured non-destructively with a compression testing instrument, 
FirmTech II (Bioworks, Inc.) (Perkins et al, 2002). The instrument is designed to rapidly 
provide firmness values for small fruits such as cherries, blueberries and grapes. The 
instrument was set at a maximum compressive force of 150g and a minimum force of 
50g. Load cell and table speed was set to 7mm/second and 0.28 rotations/minute 
respectively. Tests showed that the average coefficient of variation of the instrument was 
1.7% for seven rubber balls whose firmness was measured 33 times under identical 
conditions. 

The berries were weighed to determine mass with a Mettler-Toledo PR 503 
balance (Max mass 510g and resolution 0.001g). Mass measurements were taken before 
firmness measurements with the balance inside the 12°C walk-in cooler to minimize error 
from condensation. 

Linear regressions were applied to plots (not shown) of percentage mass and 
firmness verses time, for each storage temperature. These provided slopes for the percent 
rate of change for each temperature. The obtained slopes are given in Table 1 and Table 2. 
These slopes were then plotted against various respective temperatures (Figure 1 and 
Figure 2). Exponential regressions were applied to these plots and equations for modeling 
of mass and firmness loss were developed. A general linear equation (Thai et al., 1990) 
was adapted to model percent mass and firmness loss.  The equation for mass can be 
written as: 

 
Mass (t) = Initial Mass (t=0) – ρ t  (1) 
 
Where: t = time in hours  ρ = rate of change 

 
Validation of the model 

Blueberries of all the seven cultivars were hand harvested at the UGA experiment 
station in Griffin. After harvesting, the blueberries were immediately placed in 1°C 
storage for transport to the laboratory. Experiments began within one hour of harvest. 

The blueberries from Climax and Premier cultivar were randomly sorted into two 
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treatments of 24 blueberries. Initial mass and firmness was measured and the fruit were 
then stored at 1°C. The berries were measured after 24 hours and then placed in 22°C 
storage. After another 24 hours, the blueberries were measured and placed in 1°C. 
Likewise, after each 24-hour period, the blueberries were measured and alternated 
between 1°C and 22°C. The experiment was ended after 144 hours. Each measurement 
was of mass and firmness. Validation with alternating temperatures simulated histories 
that users might select for their supply chains. 

 The blueberries from the other five cultivars were randomly sorted into 13 
treatments of 24 blueberries each. Mass and firmness were measured on the same 24 
blueberries of a treatment each time. Initial mass and firmness were measured. One 
treatment was kept at 1°C. The other treatments were held at temperatures of 12°C, 22C°, 
and 32°C for time intervals of 12, 24, 36, and 48 hours. After each time interval elapsed, 
the blueberries were measured and placed in 1°C storage. After 72 hours from the 
beginning of the experiment, all treatments were measured and placed back into 1°C 
storage. After 144 hours from the beginning of the experiment, all the treatments were 
given their final measurements.  

Then mass and firmness plots were made for all the observed data verses the 
values predicted from the equations for the same time and temperature histories. 
Regression analysis was done to compare all the observed data with data predicted from 
the models. 
 
Development of simulation program 

The simulation program was developed in Microsoft Excel for Windows based 
personal computers. The calculations and the graphs were done in Excel. The 
programming and user-friendly interfaces for jumping from one sheet to another on 
clicking a selected icon were developed as ‘Macros’ using Visual Basic 6. The macros 
were integrated with Excel. 
 
RESULTS AND DISCUSSION 
 
Development of Models 

Linear regressions were applied to plots (not shown) of percentage mass and 
firmness verses time, plotted for each storage temperature. These provided slopes for the 
percent rate of change for each temperature. Table 1 shows these percent mass losses per 
hour in a tabulated form. Table 2 shows the rate of softening (percent/ hour) or percent 
firmness changes of blueberries at the same four temperatures. 

The rate of mass loss needed for the modeling equations for each cultivar were 
found by plotting the respective four rates of mass loss (percent/hour) from Table 1 verses 
their temperatures of 1, 12, 22 and 32°C respectively. Figure 1 shows the plotted curves 
for all the cultivars. Exponential equations were fitted to the curves and they gave 
satisfactory correlation coefficients (R2 = 0.9973 to 0.8961). Tetteh (2002) and Tetteh et 
al. (2002) had shown that the quality deterioration of blueberries could be modeled as an 
exponential function of storage temperature. Figure 2 shows similar curves for rate of 
firmness loss (%/hr) verses temperature. 

Figure 1 and figure 2 provided the regression equations for the model formulation. 
An equation to model mass as a function of both time and temperature can be obtained by 
replacing ρ in Equation (1) with the regression equation of general form a e bT from 
Figure 1, giving: 
 

Mass (t) = Initial Mass (t=0) – [a e b T] t (2) 
 

Units for mass are percent (percent of initial mass). Initial mass is 100%.  
 
A similar equation is modeled for percent firmness using the regression equations 

in Figure 2: 
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Firmness (t) = Initial Firmness (t=0) – [ c e d T] t (3) 
 

Units for firmness are percent (percent of initial mass). Initial firmness is 100%.  
T = storage temperature in oC 
a, b, c and d are constants.  

 
Validation of Model 

The modeled equations were validated using a different set of blueberry data. 
Figure 3 gives plots of predicted percent mass and firmness values of cultivar ‘Tifblue’ as 
compared with experimental data for the observed data points of the validation treatment. 
Perfect correlation of the data would have resulted in all the points on the diagonal lines 
with a slope of 1.0. The slopes (0.9991 for mass and 0.9222 for firmness), which were 
close to 1.0 and correlation coefficients (R2 = 0.9911 for mass and R2 = 0.8107 for 
firmness), which were high, indicate good predictions over the wide range of conditions 
tested. Similar results were obtained for the treatments of other cultivars. The mass data 
provided a better fit than the firmness data, possibly because variations in maturity at 
harvest affected firmness more than mass. It is also possible that additional research could 
result in a model that improves firmness predictions. 
 
Development of the model and its application:  

A computerized simulation model was developed from the equations developed. 
The models were programmed in Microsoft Excel and all the computations were done in 
it. Microsoft Excel was chosen as it is widely available and is affordable to most of the 
Windows based personal computer users. However Excel has not a user-friendly 
interface. To overcome this problem, macros from Visual Basic 6 were added to give the 
model a user-friendly interface. 

The screen shots of the model developed are given in Figure 4 to Figure 6. Figure 
4 gives the opening screen. A click on “Next” takes the user to the screen shown in Figure 
5. There are seven cultivars of blueberries on this screen and the user selects any one of 
them. As soon as the user clicks a cultivar, he is taken to the screen as shown in Figure 6. 
This screen has four parts. On the top left part, the user inputs the time and temperature 
history of each link of the typical refrigerated supply chain.  The bottom left part shows 
an automatically generated graph of the time-temperature history of the blueberries. The 
right portion of the screen has two automatically generated graphs, one for simulating 
percent mass and the other for simulating percent firmness. 

The initial mass and firmness at harvest and the time and temperature in the field 
were the values used for calculating the percentage change in quality parameters for the 
first link.  Inputs to subsequent links were the outputs from the previous links. 
Computations were made in a computerized spreadsheet for a “reference” refrigerated 
system and a “typical” chain.  The times and temperatures entered for “reference” system 
can be input to represent ideal temperature histories for a supply chain. The conditions for 
a “typical” system can be input to show results from conditions that can be expected in 
real-life. The temperature profile, percent firmness and percent mass for the two systems 
are simulated and plotted automatically upon data entry. High temperatures just after 
harvest, at dock and in the trunk of car among others result in steeper slopes of percent 
mass and percent firmness. The actual shelf life of the blueberries decreases and can be 
compared easily with the life that could be achievable at recommended storage 
temperature. Thus the model is able to simulate the effect of actual temperature and time 
history of each link of the chain on percent firmness and percent mass. Horizontal 
distance between the two curves at any stage quantifies the potential benefit of the ideal 
temperature over the actual history in terms of shelf life days. 

The changes in mass and firmness are due to change in chemical and physical 
properties inside the fruit, which are related with varying degrees to the surrounding 
environment. The mass is related to respiration rates and vapor pressure deficit. The 
firmness is dependent on changes in cell turgor, size and magnitude of the contact area 
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between adjacent cells, and composition and distribution of pectin amongst others. 
Equations for firmness changes can be based upon kinetics of pectin in the fruit (Tijskens 
et al, 1998). Likewise, equations could be developed for relating mass with respiration 
rates. Such equations could also be incorporated into the model, where they can work 
independently or in conjunction with the empirical equations presently being used for the 
simulation. 

The developed model is applicable to simulate the mass and firmness of the 
specific cultivars of blueberries which are hand-harvested and stored in similar conditions 
of 95% relative humidity. Other conditions such as machine harvesting, pretreatment and 
controlled/modified atmospheric storage would need different modeling equations for the 
simulation model. Further research is needed to model blueberries over a wide range of 
relative humidity levels and temperatures (vapor pressure deficits) and other conditions. 
Similar models for other cultivars and crops need to be developed. 
 
CONCLUSION 

The overall purpose of this study was satisfied by developing models that 
predicted losses in blueberry mass and firmness as a function of the time berries were 
exposed to the temperatures selected. Evaluations of the models showed good correlations 
between experimental data and predicted results over a range of temperatures and times. 
The model can simulate the quality of blueberries during their journey through the various 
links of the supply chain. A noteworthy result is the visibility of rapid mass and firmness 
losses for the short times at high temperature such as at a loading dock and in a car. Also, 
the rapid initial decrease in a "typical" chain indicates the importance of reducing delays 
before cooling. Finding the horizontal distance between the two curves shows the benefit 
of low temperatures. The model is user friendly and can show the residual shelf life of the 
produce. The models developed were suitable for evaluating practical postharvest 
situations such as the impact of different delay times before cooling. Likewise, producers 
can quantify the benefit of lowering temperatures during cooling delays. 
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Tables 
 
 
Table 1. Percent rate of mass loss for seven blueberry cultivars at four storage 

temperatures. 
 

Rate of  mass loss (% / hour) Cultivar 
1oC 12 oC 22 oC 32 oC 

Climax 0.0071 0.0206 0.0359 0.0884 
Premier 0.0057 0.0075 0.0360 0.0969 
Tifblue 0.0029 0.0063 0.0268 0.0532 
Brightwell 0.0020 0.0055 0.0199 0.0594 
Powder blue 0.0049 0.0153 0.0290 0.1196 
Yadkin 0.0110 0.0394 0.0541 0.0779 
Baldwin 0.0029 0.0045 0.0174 0.0520 

 
 
 
 
Table 2. Percent rate of firmness loss for seven blueberry cultivars at four storage 

temperatures. 
 

Rate of percent firmness loss (% /hour) Cultivar 
1 oC 12 oC 22 oC 32 oC 

Climax 0.0311 0.0431 0.0721 0.1196 
Premier 0.1317 0.1495 0.1683 0.2593 
Tifblue 0.0402 0.066 0.0901 0.1908 
Brightwell 0.043 0.0487 0.0517 0.0654 
Powder blue 0.0206 0.0316 0.112 0.3957 
Yadkin 0.042 0.075 0.1172 0.2519 
Baldwin 0.0523 0.066 0.123 0.2121 
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Figurese 

Fig. 1. Rate of blueberry mass loss (%/hr) as a function of temperature. 
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Fig 2. Rate of blueberry firmness loss (%/hr) as a function of temperature. 
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Fig. 3. Plot showing predicted versus observed values for validation treatment of Tifblue 

cultivar. 
 

 

Fig. 4. Screen shot of first page of the model. 
 
 

Fig. 5. Screen shot of second page of the model. 
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Fig. 6. Screen shot of the simulator. 
 


