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ABSTRACT 

A new technology based on chlorophyll fluorescence measurement that has been developed as 
HarvestWatchTM, for dynamic low-oxygen controlled atmosphere storage was tested on the Greenstar apple. The 
objective of this study was to develop appropriate models that can identify the dynamic behavior of apple fruits 
concerning chlorophyll fluorescence. In order to achieve this objective mathematical models were proposed to 
characterize the dynamic behavior of apples responding to the stress environments. Regression models were 
suggested to fit the experimental data to express the dependency of the change in chlorophyll fluorescence signal (Δ 
Fα) on stress level. ARX linear models were proposed to predict the chlorophyll fluorescence signal (Fα) when apples 
were in stress conditions. The results showed that HarvestWatchTM system can be developed to maintain maximum 
quality of apple fruits using dynamic low-oxygen controlled atmosphere storage.  
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Mô hình hóa phản ứng của táo được bảo quản  
trong khí quyển điều chỉnh có nồng độ oxy thấp 

TÓM TẮT 

Một kỹ thuật mới dựa trên phổ huỳnh quang diệp lục HarvestWatchTM đặt trong môi trường bảo quản khí quyển 
điều chỉnh có nồng độ oxy thấp được thử nghiệm trên giống táo Greenstar để phát hiện thời điểm nồng độ oxy giảm 
quá thấp gây bất lợi cho hoạt động sinh lý của quả. Mục tiêu của nghiên cứu này là phát triển mô hình để dự đoán 
phản ứng của táo bảo quản trong môi trường có nồng độ oxy rất thấp. Để đạt được mục tiêu này mô hình hồi quy 
tuyến tính được xây dựng dựa trên số liệu thực nghiệm để diễn tả sự phụ thuộc của giá trị chênh lệch của 
chlorophyll fluorescence (Δ Fα) đối với các nồng độ oxy bất lợi. Mô hình tuyến tính ARX được đề xuất để dự đoán 
giá trị chlorophyll fluorescence (Fα) ở các mức ức chế khác nhau. Kết quả nghiên cứu cho thấy hệ thống 
HarvestWatchTM có thể được phát triển để duy trì tối đa chất lượng quả táo khi bảo quản bằng công nghệ điều chỉnh 
khí quyển động. 

Từ khóa: Bảo quản trong khí quyển điều chỉnh, mô hình hóa, phổ huỳnh quang diệp lục, táo. 
 

1. INTRODUCTION 

In modern life, consumers prefer more and 
more fresh fruits and vegetables, which provide 
indispensable substances (sugar, acid, vitamin, 
fiber, etc.) to the body. Food preservation 
technologies play an important role, not only for 

public health but also for storage and 
distribution to markets. One of the most 
advanced technologies used currently to extend 
the shelf life of fresh agricultural and 
horticultural products is controlled atmosphere 
(CA) storage. This technique involves the 
establishment of an atmosphere with an 
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appropriate composition, containing more 
carbon dioxide and less oxygen than the 
ambient air. One great advantage of controlled 
atmosphere storage is that the storage period 
can be considerably extended. It can have a 
direct or indirect effect on post harvest 
pathogens and consequently decrease fruit 
susceptibility to physiological and fungal 
diseases. The inhibitory effects of controlled 
atmosphere on the senescence associated with 
biochemical and physiological changes have 
been well documented (Dewey, 1977). A further 
advantage of this storage type is due to the 
inhibition of dissimilation processes, fruits 
retain internal quality components to a great 
extent. As a result, the fruit is almost as fresh 
and tasty at the end of storage as at the 
beginning. However controlled atmosphere 
storage can initiate certain physiological 
disorders such as superficial scald due to too 
high oxygen concentration and core breakdown 
and irregular ripening as a result of exposure to 
O2 levels below threshold value. 

Chlorophyll fluorescence, which occurs in 
all healthy chlorophyllous plant tissue, may 
vary with natural changes in the physico-
chemical status of the chloroplast (Hader and 
Tevini, 1987). It can serve as an indicator or 
predictor to evaluate the post harvest quality of 
fruits and vegetables (DeEll et al., 1995; 
Beaudry et al., 1997). Recently, a new 
chlorophyll fluorescence sensor system called 
FIRM (Fluorescence Interactive Response 
Monitor) was developed by Satlantic to 
determine the low-oxygen threshold by 
measuring chlorophyll fluorescence at low 
variance. The complete monitoring system, 
which uses these FIRM devices, is known as 
HarvestWatchTM. HarvestWatchTM is a rapid, 
innovative and non destructive technology 
which allows the CA operator to monitor the 
quality of products during long-term storage 
without breaking the storage room atmosphere. 
Low oxygen tolerance of the fruit depends on 
the cultivar and seasons, and this ability can 
also change during storage, HarvestWatchTM 

method facilitates a dynamic approach to 
setting an acceptable lowest oxygen 
environment for fruit storage. 

There have been a number of research 
groups in the world using HarvestWatchTM to 
detect low O2 stress in a CA environment for 
storage of avocado (Burdon, et al., 2008), 
kiwifruit (Lallu and Burdon, 2007); pear 
(Zerbini and Grasso, 2010; Mattheis and 
Ruddell, 2011). The HarvestWatchTM was also 
applied for apple (Gasser et al., 2008; Wright et 
al., 2012). However, there has been no research 
focusing on modeling of the response of apples 
and other fruits stored at low oxygen stress. For 
this reason, in this study, we developed 
appropriate models that are able to identify the 
dynamic behavior of apple fruits through the 
change of chlorophyll fluorescence signals when 
apples were stored in the CA stress condition.  

2. MATERIALS AND METHODS  

2.1. Materials 
Apple fruits (Malus domestica Borkh. cv. 

Greenstar) were harvested manually in an 
orchard in Bekkevoort (Belgium) at the pre-
climacteric stage, seven days before the 
commercial harvest date in order to increase the 
susceptibility to superficial scald development. 
The commercial harvest windows were 
determined by the VCBT (Flanders Center of 
Postharvest Technology, Belgium) based on a 
combination of firmness (>73.6 N), starch (<7.5 
based on the European starch chart), sugar and 
acid measurements (Soluble solids content >13 
%). After harvesting, apples were sorted and 
only the healthy sound ones were used for the 
experiments. 

2.2. Experimental setup 
Gas mixtures were prepared starting from 

pure carbon dioxide, nitrogen and air from 
pressure cylinders using a gas mixing panel. 
Mass flow rates of the composing gases were set 
and controlled using mass flow controllers. One 
mass flow controller was used for each composing 
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Table 1. Oxygen down steps resulting in stress signals of apples 

Step number Starting oxygen condition (% O2) End point of stress condition (% O2) Apple batch 

1d 0.325 0.196 A 

2d 0.305 0.121 A 

3d 0.413 0.139 B 

4d 0.342 0.160 B 

5d 0.407 0.196 C 

6d 0.317 0.164 C 

 

gas. After the mass flow controllers, the three 
composing gas flows were mixed to yield a gas 
mixture (a channel) of constant composition and 
constant flow rate. 

The system identification experiment was 
carried out in order to study the behavior of 
apples responding to the stress condition. The 
set up consisted of three PVC containers 
(360x270x300mm) (three replicates) connected 
in series. Inside each containers, a FIRM 
sensing unit was installed together with 6 
apples coming from different apple batches i.e. 
A, B, C in a plastic basket (sensor 112 for 
container 1, sensor 113 for container 2, and 
sensor 124 for container 3) and Fα 
measurements were recorded every hour. A 
water lock tube of 150mm height assembled on 
the PVC container carried a sensor cable into 
the sensor, through which it was connected to a 
PC for data transfer. The serial system of three 
containers was preceded by a humidifier to 
avoid drying during flushing of the gas and 
followed by a water bottle to prevent back 
diffusion of air into the containers and also to 
help in detecting gas leakage during the 
experiment by visually checking the bubbling. 
The containers were flushed continuously with 
the applied humidified gas mixture. When 
apples were put in stress condition, the oxygen 
concentrations were decreased from the starting 
points (about 0.3 - 0.4%) to different stress 
levels. The stress period was kept for 8 hours 
and two stress levels were applied for each 
apple batch as indicated in Table 1. 
Temperature and CO2 level inside the 

containers were maintained at 1.2±0.2°C and 
3%, respectively.  

2.3. Measurement methods     

2.3.1. Determination of oxygen 
concentration inside the containers 

The evolution of oxygen concentration in 
the containers was calculated by using a mass 
balance equation. In each step of changing 
oxygen concentration, there were two conditions 
observed: unsteady state (in the beginning of 
changing oxygen level) and steady state. 
Oxygen concentrations were measured using 
micro gas chromatography (µGC) (Varian 
Chrompack). The measured values expressed as 
percentage of oxygen in the gas mixture were 
converted to molar concentration according to 
the ideal gas law.  

a) Calculation of oxygen concentration 
under unsteady state 

Mass balance of O2 for one container: 
 
 
Cin: Molar concentration of O2 in the inflow 

(mol/m3),  
Cout: Molar concentration of O2 in the 

outflow (mol/m3) 
C(t): Molar concentration of O2 in the 

container at time t (mol/m3) 
qin: Volumetric flow rate of the inlet stream 

(m3/s),  
qout: Volumetric flow rate of the outlet 

stream (m3/s) 

MrqCqC
dt

tCVd
Ooutoutinin 2

))((
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M: Mass of apple needs to be stored (kg),  
V: Free gas volume in the PVC container (m3). 
The free gas volume was calculated by 

subtracting the fruit volume and FIRM volume 
from the total container volume. The fruit 
volume was measured according to the water 
displacement method. 

Because rO2 of apple at 1°C is very small 
(7.4410-7 (mol/kg.s) it is negligible.  

If it is assumed that the air in the container 
is perfectly mixed, then the oxygen 
concentration inside the container at any time t 
will be equal to the concentration of O2 in the 
out flow. 

If it is assumed that the inlet pressure is 
equal to the outlet pressure, then     

Equation (1) becomes: 
 
 
                                                                                                      
 
From equation (2) the difference equation 

for three containers in series can be written as 
follows: 

For the first container: 
                                                               
 
 
 
For the second container: 
             

      
               

02 )0( CtC   

For the third container: 
 
 
 

These equations were used to calculate the 
oxygen concentration under dynamic condition 

in the system identification experiments. The 
time step (Δt) used was 30 s. 

b) Calculation of oxygen concentration 
under steady state 

Under steady state condition, accumulation 
of O2 = 0 

Mass balance of O2: 
 
 
Due to rO2 of apple at 1°C is too small, inlet 

oxygen concentration can be considered to be 
equal to the outlet oxygen concentration.  

2.3.2. Fluorescence interactive response 
measurement 

A commercially available HarvestWatchTM 
system (Satlantic Inc. Halifax, Nova Scotia, 
Canada), based on fluorescence technology, was 
used. Experimental object to be monitored was 
placed in a basket to keep a constant distance to 
a FIRM (Fluorescence Interactive Response 
Monitor) sensor. The sensor uses low power light 
sources to stimulate the photo-systems inside 
the object. A detector integrated in the device 
senses the response from the fruit and feeds the 
response back to an analytical software tool 
where the theoretical estimates of chlorophyll 
florescence at zero irradiance, termed Fα (Prange 
et al., 2003), are displayed on a graph that is 
updated each time the sensor assesses the fruit. 
The operator can check in real time for the 
changes indicating low O2 stress. 

2.4. Modeling approach 
The model procedures were applied using 

Statistical Analysis Systems, (SAS Institute, 
Inc., Cary, NC, USA) and Matlab software (The 
Mathworks Inc., Natick, Massachusetts).  

2.4.1. Model for delta F 
Changes of the Fα (delta Fα) when apples 

were in stress condition were determined by 
subtracting the Fα values recorded at certain 
time to the mean value taken at the initial stage 
in which apples were completely free from stress.  

))(())(( tCCq
dt

tCVd
in 

02  MrqCqC Ooutoutinin

ttintt CtCC
V
qC 1111 )( 

ttttt CtCC
V
qC 2212 )( 

ttttt CtCC
V
qC 3323 )( 

qqq outin 

03 )0( CtC 

0)0( CtC  (2) 

with 

01 )0( CtC 

with 

with 

with 

(3) 

(4) 

(5) 

(6) 



Trần Thị Định, Bert E Verlinden, Bart M Nicolai 

757 

A general model to describe the dependency 
of delta Fα on stress levels was estimated by 
fitting the model to the experimental data using 
a simple linear regression with the model 
structure as follows: 

iii XY    
In this equation the output variable Yi 

denotes the delta Fα (i = 1,…, N), α is the 
intercept which is the combination of apple 
batch and sensor; β is the regression coefficient 
or the slope; Xi denotes the stress level,  is 
error term which comes from a normal 
distribution N(0, Ə2). 

2.4.2. Model for F  
In order to investigate the relation between 

Fα and oxygen concentration in stress 
conditions, an ARX linear difference equation 
was used with the model structure as follows: 

 )(....)1()( 1 natyatyaty na  

)1(...)(1  nbnktubnktub nb  

This equation relates the current output 
y(t) (Fα) to a finite number of past outputs y(t-
k) and inputs u(t-k) (oxygen concentration). The 
structure is thus entirely defined by the three 

integers na, nb and nk; na is equal to the 
number of poles; nb is the number of zeros; 
while nk is the pure time delay in the system. 
The sampling interval is 1 hour. 

If q is the shift operator:  
q-1u(t) = u(t-1), equation (8) becomes:  

)()()()( nktuqBtyqA   
Among the measured data, 70% were used for 

fitting and 30% were used for validation purpose. 

3. RESULTS AND DISCUSSION 

3.1. Effect of oxygen concentration on the delta 
Fα when apples were put in stress conditions 

The effects of lowering oxygen 
concentrations on the delta Fα at different steps 
(Table 1) are shown in the Figures 1 to 3.  

From these Figures it is clearly seen that 
for each step of oxygen stress to which the apple 
was subjected to, two phases of oxygen 
concentration could be noticed: unsteady state, 
followed by steady state. During the early 
stages of declining oxygen concentration, there 
was no change in Fα unless the concentration 
was below a critical threshold (0.2%).  

 

Figure 1. Effect of decreasing oxygen concentration from A) 0.325% to 0.196% on Fα 
(step 1d, batch A) and B) from 0.305% to 0.121% on Fα (step 2d, batch A) 

(8) 

(9) 

(7) 
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Figure 2. Effect of decreasing oxygen concentration from A) 0.413% to 0.139% on Fα  
(step 3d, batch B) and B) from 0.342% to 0.160% on Fα (step 4d, batch B) 

 

Figure 3. Effect of decreasing oxygen concentration A) from 0.407% to 0.196% on Fα (step 
5d, batch C) and B) from 0.317% to 0.16% on Fα (step 6d, batch C) 

 
It is also observed that within the same 

apple batch and for the same sensor the change 
of Fα at saturation phase was reversely 
proportional to the stress level. For example, in 
batch A when the stress level was low (0.196% 
oxygen) the change in Fα as indicated by the 
sensor 124 at maximum was lower than that 
when the stress level was high (0.121% oxygen) 
(delta Fα 365.22 and 660 respectively). When 
comparison between the stress level of 0.139% 
oxygen and 0.160% oxygen was made on the 
sensor 112 for batch B, delta Fα was 
significantly higher (326) for the former than for 
the later which was only 270. The same results 
were observed in batches C. These phenomena 

might be explained by the fact that when 
oxygen is sufficient for minimal respiration rate 
needed for the fruit’s maintenance it does not 
develop diseases and hence photosynthesis can 
proceed normally. However, if oxygen 
concentration is too low, fermentation can occur 
that leads to accumulation of acetaldehyde, 
ethanol, ethyl acetate, and lactate. 
Accumulation of these compounds contribute to 
the damage of cell membranes, a proportion of 
Photosystem II (PSII) reaction centers fail to 
function, furthermore they will not open and 
thus chlorophyll from PSII is not able to accept 
an electron and consequently the fraction of 
excitation energy lost as fluorescence is high  
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Table 2. Results of the analysis of variance on the delta Fα 

Sources d.f. Sum of squares Mean squares F value Prob.> F 

Apple batch (B) 2 236604 78869 8.06 0.0010 

Sensor (S) 2 135840 67920 6.94 0.0051 

B*S 4 443032 73839 7.54 0.0003 

Stress level (% O2) 1 435808 435808 44.53 <.0001 

Table 3. Intercept values for each sensor and apple batch  
combination with their 95% confidence intervals 

Sensor name 
Apple batch 

A B C 

Sensor 112 1181 ± 452 1083 ± 453 1576 ± 416 

Sensor 113 1263 ± 452 1256 ± 453 1229 ± 416 

Sensor 124 1330 ± 243 977 ± 244 1076 ± 228 

 
(Bukhov et al., 2001). Another possible 

explanation is that when oxygen concentration 
decreases the distance between the light 
harvesting complex (LHC) and the reaction 
center (RC) of PSII in the thylakoid membranes 
increase. As a result, the probability of energy 
transfer decreases and the energy absorbed in 
the LHC has a higher probability of being 
fluoresced that leads to increase in fluorescence 
value F (Prange et al., 1997). 

However, the Fα changes as indicated by 
three sensors (112, 113 and 124) for apples from 
the same batch and the same stress condition 
gave very different results. For instance, for the 
step 3d, delta Fα of sensor 112 was highest 
(around 480 at saturation phase), followed by that 
of sensor 113 which was around 300 and that of 
sensor 124 as the lowest (below 200). Moreover, 
the magnitudes of delta F indicated by different 
sensors and apple batches were not equal as 
shown in Tables 2 and 3. This may be attributable 
to the differences in apple sizes which affected the 
distance from the apple to the sensor and changed 
the intensity of the signals. 

3.2. Modeling the dependency of Fα and 
delta Fα on stress levels 

In order to describe the dependency of delta 
Fα on stress levels for each sensor and apple 

batch combination, the regression model was 
fitted using Equation 7 and the results are 
shown in Tables 2, 3 and Figure 4A, 4B. 

Figure 4A shows that a good fit can be 
obtained. Further, it is assumed that the error 
terms have constant variance for all fitted 
values. Based on these results it is deduced that 
all assumptions for a linear model hold true.  

The analysis of variance (Table 2) indicated 
that delta Fα is clearly affected by the apple 
batch, sensor, and the interaction between those 
two as well as the stress level. The coefficient of 
determination, R2 = 88.7%, suggested that the 
model fitted well the experimental data, about 
89% of the total variability of the delta Fα was 
explained by the stress level.  

Because p-value of stress level was very 
small (<0.0001), and the slope  = -5315, it is 
concluded that there is a significant negative 
linear relation between mean delta Fα and 
stress level. The values of parameter estimates 
for α corresponding to each combination of 
sensor and apple batch are given in Table 3. 
Further, one can find the plots of fitted delta Fα 
versus stress levels for different combinations in 
Figure 4B. To illustrate the residual variability, 
the measured values of one sensor-batch 
combination were added as well.  
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Figure 4. A) Plot of measured values of delta Fα against fitted values and B) Plot of fitted 
(full lines) and measured (symbols) delta Fα versus stress levels 

Table 4. Estimates of the parameter values for the general stress model 

Model 

Model parameter  Best fits 

A(q)  B(q)  
Fitting Validation 

q-1 q-2 q-3   q-1 q-2 q-3   

2nd order -1.64 0.64    -582 556.2    71.78 74.26 

3rd order -1.65 0.82 -0.18   -707 367.3 253.8   82.27 87.59 

 
In order to investigate the relation between 

absolute value of Fα and oxygen concentration 
in stress conditions, an ARX model was fitted 
using Equation 9 and parameters were 
estimated. All the values of best fits in this 
table were obtained by model validation. 
Because when comparisons were made among 
three sensors, parameter estimates 
concentrated around the mean (data not 
shown). For these reasons, it was possible to 
combine all data obtained in stress conditions in 
order to get a single general model to predict 
the behavior of the apple when it undergoes 
stress stage. The parameter estimates of the 
general stress models with second and third 
orders are given in Table 4.  

The results in Table 4 show that both 
models are able to predict the overall trend of 
the validation data. The third order models 
predicted the experimental data very well. Only 
minor inaccuracies, under and over predictions, 
were noticed. Best fit values for validation of 
87.59% were obtained. On the other hand, the 

second order model was more simple but less 
accurate compared to the other models (Best fits 
74.26%). 

4. CONCLUSIONS 

In this study we investigated the effect of 
oxygen concentration on the delta Fα when 
apples were put in stress conditions. When the 
oxygen concentration was decreased below a 
threshold value, F responded in an inverse 
relationship to the oxygen concentration. The 
oxygen concentration increased above the 
critical value and F returned to pre-stress 
value, with a small hysteresis effect. 

 Regression models were developed to 
describe the dependency of delta Fα on stress 
levels. Finally, the dependency of Fα on oxygen 
concentration was well represented by means of 
an ARX linear model when apple were in stress 
conditions. These models can be used to predict 
the response of fruits in stress and no stress 
conditions, from which corrective actions will be 
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taken if needed to maintain maximum quality 
of fruits during storage period. 
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