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Abstract 

The quality and safety of food products is influenced by the presence of spoilage 
and pathogenic microorganisms. The presence and concentration of spoilage 
microorganisms is the main factor which determines the shelf life of a food 
product. The presence of pathogens could cause serious health problems. In 
order to simulate and predict the shelf life of Icelandic cod loins stored in 
styrofoam boxes in an actual supply chain from Iceland to France, a 
mathematical model for microbial growth is developed. Three specific spoilage 
organisms (SSO) are considered: Pseudomonas spp. (Ps), Photobacterium 
phosphoreum (Pp) and H2S-producing bacteria (H2S). The Baranyi and Roberts 
model is used for prediction of microbial growth in cod loins. The temperature 
dependence of the growth rate is taken into account through the square root 
model as a secondary model. Previous laboratory data are used for developing 
the primary and secondary models. The laboratory data from field trials, 
collected under dynamic temperature conditions, are used for calibration of the 
lag phase for each spoilage bacterium. Temperature recordings along with 
microbial and sensory analyses from the different cod groups are collected to test 
and validate the shelf life prediction (SLP) models. Finally, the model 
predictions are compared with shelf life data obtained by sensory evaluation of 
cooked products performed during the trials. 
Keywords: Icelandic cod, microbial growth models, shelf life prediction, field 
trials. 
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1 Introduction 

The shelf life is one of the most important parameters which determine the 
quality and in some cases safety of the food product. The shelf life is mainly 
influenced by the concentration of the main spoilage microorganisms [1]. The 
mathematical models for microbial growth are the necessary components for the 
efficient prediction and estimation of the shelf life in real supply chains [2–4].  
     Considerable efforts have been invested in development of the mathematical 
models for description of the microbial growth in food products [5, 6]. There are 
two basic types of mathematical models for microbial growth: deterministic and 
stochastic [7, 8]. In the case of deterministic models the outcome is one single 
growth curve or one single quantity for microbial concentration at any instant of 
time. 
     On the other hand the stochastic models include the probability component in 
the analysis and the outcome is the probability or probability density function 
(PDF) to have certain microbial concentration at any instant of time [8]. 
     In this study the Baranyi and Roberts model is used as primary model [5, 9, 
10]. The Baranyi and Roberts model for microbial growth is a deterministic 
model which includes the four independent parameters: initial and maximal 
concentration of the microorganisms, the lag phase and the growth rate. As the 
lag phase is dependent on the physiological state of the microbial cells in the 
initial moment, the model has to be calibrated for every separate trial or 
shipment. 
     The growth of the specific microbial population is affected by the 
environmental conditions and type of the food. The most important 
environmental factor effecting the microbial growth is temperature [11]. 
     As the temperature conditions along the real supply chain are variable, for 
accurate prediction of the shelf life it is essential to use the models which are 
able to take into account the temperature variations [6, 9, 12].  
     To obtain the parameters in the primary model the microbial growth data 
under constant environmental conditions are generated. This procedure is 
repeated for different temperatures. The laboratory data obtained in such way are 
fitted on the primary model and the independent parameters from primary model 
for different temperatures are obtained. To obtain the temperature dependence of 
the growth rate the data for static temperatures are fitted on the square root 
model.  
     Using mathematical models for microbial growth to predict shelf life is of 
practical interest as the temperature profile in the supply chain is not constant 
and unexpected temperature abuse could occur. 
     The required temperature profile for evaluation of the shelf life is obtained by 
combining the actual supply chain temperatures in real time up to current time 
instant and temperature profile derived from previous temperature monitoring in 
the supply chain from the current time instant to end of the supply chain [13]. In 
this way the control of the quality and safety of the food products could be 
considerably improved.    
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2 Mathematical model for microbial growth 

2.1 Primary model 

In this work the Baranyi and Roberts model is used as primary model for 
prediction of the microbial growth [5, 10]. This model is general and could be 
used for any type of food or microorganism. The model parameters are obtained 
using the laboratory results for microbial concentration under different static 
temperatures for specific type of food and microorganisms.  
     This type of primary growth models is the simplest one and it is an 
unstructured, non-segregated model. This means that spatial structure of the food 
or biomass is not considered i.e. medium in which the microorganism grows is 
homogeneous, the cell concentration is the only dependent variable and the 
environmental parameters are not included directly in the model. The simplest 
growth models of population theory are the first order ordinary differential 
equations where the growth rate does not depend on time explicitly (autonomous 
models) [10]. In all logistic models, the main assumption is that the 
concentration of the microbial population is limited by the maximum density of 
the population. It could be said that all characteristic bacterial curves have three 
characteristic parts: (i) lag time, (ii) growth phase, (iii) saturation phase when 
maximum population density is reached. The actual growth could be modelled 
using the Baranyi and Roberts model by using the next set of differential 
equations with appropriate initial conditions [5, 10]: 
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     where N [colony-forming units, cfu/ml or g] is cell density, N0-initial 
concentration, Nmax-maximal concentration, μ0 [1/h]-maximal specific growth 
rate, α(t) is adjustment function and q (t) is the physiological state of the cells. 
     The adjustment function is the smooth function of the time which has value 
zero immediately after inoculation and asymptotically reaching value 1 when 
adjustment process is finished and exponential growth phase is starting. In this 
way equation (2) is not autonomous and lag phase is formally separated from 
exponential growth and stationary phase which could be regarded as potential 
growth defined with the autonomous model. 
     The lag phase λ of the microbial population could be expressed by the 
following approximate equation [2, 14]: 
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     According to relation (3) the lag phase of the microbial population depends 
only on the initial physiological state of the cells q0 and it is independent of the 
temperature variation in the supply chain.  

2.2 Secondary model 

We will consider that only one model parameter, maximal specific growth rate 
μ0, is a function of the temperature. Initial and maximal population density, N0 
and Nmax respectively, were considered as constant during the simulation in 
dynamic conditions. The initial physiological state of the cells q0 should be 
considered as initial value which is dependent only on the initial state of the cell 
and initial environmental conditions, and it will be kept constant during the 
simulation in dynamic conditions [15]. 
     If the temperature is the only dynamic environmental variable while the other 
environmental variables could be considered as constant parameters, the 
maximal specific growth rate could be modelled by the square root model 
according to the following equation [11, 16]: 

  ,min0 TTb   (4) 

where Tmin is minimal temperature for growth and b is empirical model 
parameter. These models do not take into account the thermal deactivation [11, 
16]. The developed secondary model for Icelandic cod loins stored aerobically is 
valid in the temperature range from -1.3°C to 11.1°C. 

2.3 Experimental design 

Whole and gutted Atlantic cod (Gadus morhua L) was processed into loins three 
days post catch and packed with a cooling mat into expanded polystyrene (EPS) 
boxes, each weighing 5 kg. This study included 5 test groups, 3 bulk groups 
constituted of EPS boxes assembled into 3 pallets (SB, TB, AB) and 2 retail 
groups (ST, TT) repackaged at Matís in 800-g tray portions in a plastic vacuum 
bag (20PA/50PE; Samhentir, Iceland) under 40% vacuum on day 0 (processing 
day) using freshly produced loins (ST) and on day 6 (TT) using loins from TB 
boxes. Pallet 1 (SB) was stored under superchilled conditions at Matís from day 
0. Pallet 2 was shipped in a superchilled container to the Westman Isles, 
simulating sea freight and distribution to the retailer in France, but returning to 
Matís on day 6 for chilled storage (TB). Pallet 3 was also shipped to the 
Westman Isles but removed from the superchilled container on day 5, abused for 
13 hours (mean environmental temperature around 13°C) before being shipped 
to Matís on day 6 (AB). The sampling and labeling of the cod loins are defined 
in Table 1. 

2.4 Microbial and sensory analysis during the field trials 

Microbiological and sensory analyses were performed on days 0-6-8-10-13 as 
described by Olafsdottir et al. [4]. Briefly, microbiological media were surface- 
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Table 1:  Definitions of sample groups. 

Sample Name Description Sampling days 
Day = 0 Loins from the lot processed 0 

SB Superchilled EPS boxes 6, 10, 13 
ST Superchilled trays 6, 13, 15 
TB Transport-simulated EPS boxes 6, 10, 13 
AB Transport-simulated and temperature 

abused EPS boxes 
6, 10 

TT Trays packed on day 6 from TB boxes 10, 13 
 
plated and incubated aerobically. Modified CFC medium was used for selective 
enumeration of Pseudomonas spp. (22°C, 3 days) and modified iron agar for 
H2S-producing bacteria (17°C, 5 days). Estimation of P. phosphoreum counts 
was done by a quantitative PCR method developed at Matís (Reynisson, 
unpublished). Briefly, the diluted samples were centrifuged at 11.000 x g for 7 
min to form a pellet and DNA was recovered from the pellet using the 
promeganesil KF, Genomic system (MD1460) DNA isolation kit (Promega 
Corporation, Madison, USA) in combination with King Fisher magnetic beads 
automatic DNA isolation instrument (Thermo Lab systems, Waltham, USA). All 
PCR reactions were done using the MX 3005p instrument and Brilliant QPCR 
master mix (Stratagene, La Jolla, CA, USA). Primers were synthesised and 
purified with HPLC (MWG, Ebersberg, Germany). The DNA standard used for 
quantification of P. phosphoreum was previously calibrated against the PPDM-
Malthus conductance method [21] using fish samples from storage trials. Three 
replicate samples were analysed for each group using three separate packaging 
units. 
     Sensory analysis was performed in duplicate by ten trained panellists from the 
Matís sensory panel. A Torry freshness score sheet [18] was used to assess 
cooked samples of five cod groups. The scheme ranges from 10 (very fresh) to 3 
(very spoiled), with a rejection level at 5.5. Quantitative Descriptive Analysis 
(QDA), introduced by Stone and Sidel [19], considered 31 characteristics 
describing the odour (10), appearance (4), flavour (9) and texture (8). The panel 
was trained in recognition of these sensory characteristics and describing the 
intensity of each attribute for a given sample using an unstructured scale (from 0 
to 100%). Loin pieces from each sampling group were cooked in a steam oven 
(98 to 100°C for 5 min), samples anonymously coded and assessed in duplicate. 
A computerized system (FIZZ, Version 2.0, 1994-2000, Biosystèmes, France) 
was used for data recording and for further processing. The sampling and 
labeling of the cod loins are defined in Table 1. 

2.5 Temperature recording of cod loins 

Temperature data loggers were used in the experiments to monitor the loins’ 
temperature. The loggers, placed into sterile plastic bags, were aseptically 
inserted between loins inside the EPS boxes. Temperature recordings were at  
5-min intervals. 
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3 Results 

To validate the developed mathematical model for shelf life prediction of 
Icelandic cod loins in the Iceland–France supply chain, field trials were 
performed in Iceland during November 2009. The aim of the experimental 
design of the field trials and the corresponding shelf life studies was to include 
scenarios to test and demonstrate the functionality of the developed 
mathematical models for prediction of the shelf life. Temperature fluctuations 
were introduced according to the actual scenario in the cod supply chain via sea 
freight. Sensory evaluation of cooked products was used to determine the shelf 
life and was compared with the results obtained by the model. Three spoilage 
microorganisms of importance in the Icelandic cod products were considered: 
Pseudomonas spp. (Ps), P. phosphoreum (Pp) and H2S-producing bacteria (H2S), 
relating mainly to Shewanella putrefaciens [17]. Previous laboratory results for 
these three specific spoilage organisms (SSO) are used in developing the primary 
and secondary models for microbial growth [17]. 
     Five different trials with laboratory data for three SSO were used for the 
validation of the model. The microbial rejection point for shelf life used was 
7 log [cfu/g], which is based on several shelf life trials conducted at Matís in 
previous years [4, 20]. 
     The comparisons between sensory shelf life and predicted shelf life based on 
the three SSO (Ps, Pp and H2S) for the five different trials are shown in Table 2. 
It is generally observed that the shelf life prediction based on Pseudomonas 
growth and the microbial limit of 7 log [cfu/g] for product rejection agrees well 
with the estimated sensory shelf life. The sample product labelled ST has higher 
discrepancy between the prediction and the sensory shelf life due to the fact that 
the temperature has fallen outside the valid range of the model. The valid range 
for the temperature in cod shelf life model is from -1.3°C to 11.1°C, due to the 
data sets available during model preparation. Obviously, the ST sample is 
outside the range. It is also notable that in the SB sample it was predicted slightly 
higher shelf life as the mean product core temperature was very near to the end 
of the valid temperature range. In fact, undesirable low temperature fluctuations 
occurred in this storage chamber, as demonstrated by the tray products (ST), 
resulting in lower temperature of the product in box corners and possibly 
occurrence of non-microbial damages. As suggested by Olafsdottir et al. [20], 
superchilling may enhance enzymatic degradation in cod loins, probably 
explaining the more rapid quality deterioration detected by sensory analysis than 
that predicted by SSO. 
     In Figures 1 to 3, the laboratory results, model prediction for microbial 
growth with upper and lower limits and temperature profiles for trial AB-P3 for 
the case of Pseudomonas spp., H2S-producing bacteria and P. phosphoreum are 
shown, respectively. The observed growth for the SSO in abused cod products 
follows well their predicted growth curve. 
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Table 2:  Comparison of sensory shelf life to predicted values by SLP model 
based on SSO limit of 7 log (cfu/g) for fresh cod products. 

Cod loins 
processed on 

Nov 24th 2009 

Group Tproduct
* 

(oC) 
during 
storage 

Sensory 
shelf life 
in days 

** 

Predicted shelf life based 
on SSO counts of 7 log 

(cfu/g) 

Pp 
mean 

Ps 
mean 

H2S 
mean 

EPS 5 kg-P1 SB -0.7 ± 0.1 10-11 14.5 12.9 15.8 

EPS 5 kg-P2 TB -0.1 ± 0.3 10-11 15.0 10.5 12.9 

EPS 5 kg-P3 AB 0.1 ± 0.4 10-11 12.6 10.6 12.8 

Trays-P1, 800 g ST -2.9 ± 1.2 11 17.5 18.4 18.4 

Trays-P2, 800 g TT -0.2 ± 0.3 10-11 14.5 11.1 13.5 

P1, pallet 1; * Logger positioned in the box center; average of 3 replicate boxes; 
** Days from processing/packaging. 
 

 

Figure 1: The comparison between the predicted growth curve by SLP model 
for cod loins and laboratory results for Ps (Pseudomonas spp.) for 
the sample product AB. Temperature profile shown by the black 
line. 
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Figure 2: The comparison between the predicted growth curve by SLP model 
for cod loins and laboratory results for H2S-producing bacteria for 
the sample product AB. Temperature profile shown by the black 
line. 

 

Figure 3: The comparison between the predicted growth curve by SLP model 
for cod loins and laboratory results for Pp (P. phosphoreum) for the 
sample product AB. Temperature profile shown by the black line. 
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4 Conclusions 

The mathematical model for the shelf life prediction of Icelandic cod loins under 
dynamic temperature conditions for three spoilage microorganisms, 
Pseudomonas spp. (Ps), P. phosphoreum (Pp) and H2S-producing bacteria (H2S), 
are presented. The Baranyi and Roberts model was used as a primary model. The 
square root model was used as secondary model to account for the effect of 
temperature on the maximal growth rate. The shelf lives obtained by 
mathematical model for the microbial rejection points at 7 log [cfu/g] and results 
of sensory evaluation are compared. Five different trials have been used for 
validation of the results obtained by the model. If the sensory shelf life is 
considered as a referent one, the most accurate results for the model predictions 
are obtained when considering Pseudomonas growth for the rejection point at 7 
log [cfu/g]. Predictions based on microbial concentration of H2S-producing 
bacteria and P. phosphoreum overestimated the shelf life of Icelandic cod loins 
for the rejection point set at 7 log [cfu/g]. The obtained results from model 
predictions for Pseudomonas spp. are generally in good agreement with sensory 
shelf life evaluation and show that Pseudomonas spp. is an important SSO in the 
Icelandic cod loins. The model predictions for growth of the selected SSO show 
good agreement with the laboratory data. 
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