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Modified-atmosphere Packaging of Blueberry Fruit:
Modeling Respiration and Package Oxygen Partial
Pressures as a Function of Temperature
Arthur C. Cameron, Randolph M. Beaudry, Nigel H. Banks1, and Mark V. Yelanich
Department of Horticulture, Michigan State University, East Lansing, MI 48824-1325
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Abstract. A mathematical model was developed to characterize the interaction of fruit O2 uptake, steady-state O2 partial
pressures in modified-atmosphere (MA) packages ([O2]pkg), and film permeability to O2 (PO2) from previously published data
for highbush blueberry (Vaccinium corymbosum L. ‘Bluecrop’) fruit held between 0 and 25C. O2 uptake in nonlimiting O2

(RO2

max,T) and the [O2]pkg at which O2 uptake was half-maximal (K½

T) were both exponentially related to temperature. The
activation energy of 02 uptake was less at lower [O2]pkg and temperature. The predicted activation energy for permeation
of O2 through the film            kJ·mol–1) required to maintain close-to-optimum [O2]pkg across the range of temperatures
between 0 and 25C was ≈ ≈ 60 kJ·mol-1. Packages in which diffusion was mediated through polypropylene or polyethylene
would have          values of ≈ ≈ 50 and 40 kJ·mol-l, respectively, and would have correspondingly greater tendencies for [O2] pkg

to decrease to excessively low levels with an increase in temperature. Packages that depend on pores for permeation would
have an            of <5 kJ·mol-l. Our procedure predicted that, if allowed to attain steady-state conditions, packages with pores
and optimized to 2 kPa O2 at 0C would become anaerobic with as little as a 5C increase in temperature. The results are
discussed in relation to the risk of temperature abuse during handling and marketing of MA packaged fruit and strategies
to avoid induction of anaerobiosis.
Shelf-life of blueberries (Vaccinium spp.) can be extended by
controlled-atmosphere (CA) storage (Smittle and Miller, 1988)
and modified-atmosphere (MA) packaging (Dostal-Lange et al.,
unpublished data). Current conditions used in CA storage for
highbush blueberry range from 1.5 to 2.5 kpa O2 and 5 to 12 kPa
CO2 at 0C (1 % O2 = 1.013 kpa O2 at sea level). MA packaging has
the potential to provide low O2/high CO2 regimes similar to CA
storage. The traditional approach for designing an MA package is
to generate a physiologically effective package O2 partial pressure
([O2]pkg, kpa, see Table 1) by matching total respiratory O2 uptake
of the packaged product to the total O2 permeation through the film
(Kader et al., 1989). Ideally, an MA package should maintain safe
and effective partial pressures of O2 and CO2 over a range of
temperatures because there is a distinct risk of temperature abuse
during shipping, handling, and marketing. Fruits held in MA may
go anaerobic if temperatures increase (Kader et al., 1989), but little
has been published on the extent of this problem or possible
solutions. Empirical approaches have not identified MA package
designs that can cope with large increases in temperature.

Mathematical models have been used widely for predicting
steady-state partial pressures of [O2]pkg and [CO2]pkg in MA systems
(Banks et al., 1989; Cameron et al., 1989; Emend et al., 1991;
Kader et al., 1989; Kok and Raghavan, 1985; Mannapperuma et
al., 1989; Wade and Graham, 1987). However, the general
applicability of such predictive models has been limited by lack of
detailed knowledge of the relationship between the rate of O2

uptake (RO2, mmol·kg-1·h-1) to [O2]pkg, particularly at different
temperature.

Beaudry et al. (1992) have recently published data for high bush
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blueberry fruit that make feasible the development of a more
general model. They showed that temperature affected both the
overall rate of blueberry respiration and the shape of the response
curves relating RO2 to [O2]pkgat steady-state. They also observed
that [O2] pkgwithin low-density polyethylene (LDPE) packages
containing the same mass of blueberries decreased with increasing
temperature and vice versa. This result inferred that the activation
energy of film O2 permeation            kJ·mol-1) was less than the
activation energy of fruit              Risk of anaerobiosis within
LDPE packages was further enhanced by the observation that the
critical [O2]pkg at which anaerobic respiration was induced in-
creased with temperature (Beaudry et al., 1992). For instance, at
0C, the fruit tolerated down to ≈1.8 kPa O2, whereas, at 25C, they
required ≈4.0 kPa O2 to avoid an elevated respiratory quotient
(RQ) (Beaudry et al., 1992). Thus, choosing a film with an             that
exactly matches would not be enough to ensure that a package
optimized at low temperature would maintain an ideal [O2]pkg over
the 25C temperature range. While values for         are known for
some films (Beaudry et al., 1992; Pauly, 1989), values of           are
not available for fruit maintained at different levels of [O2].

In this paper, we set out to develop a model for prediction of
steady-state [O2]pkg for MA packages of blueberries at tempera-
tures between 0 and 25C based on the data of Beaudry et al. ( 1992).
The model was used to predict MA systems that might provide
suitable levels of [O2]pkg over a wide range of temperatures.

Model Description

For a package in which gas exchange is at steady-state, O2 flux
into the package (FO2, mmol·h-1) can be calculated from

[1]

Abbreviations: MA, modified atmosphere; LDPE, low-density polyethylene; RQ,
respiratory quotient.
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Table 1. Description of variables.

Variable Description and units
Surface area of polymer, cm2

Arrhenius constant
Package partial pressure of CO2, kPa
Activation energy of polymer O2 permeation, kJ·mol–1

Activation energy of O2 uptake by fruit, kJ·mol–1

Total O2 flux through package, mmol·h–1

Michaelis-Menten constant for R., kpa
Partial pressure of O2 outside of package, kPa
Package partial pressure of O2, kPa
Polymer O2 permeability coefficient, mmol·cm–1·cm–2 per h per

kPa

O 2 uptake of fruit per unit weight, mmol·kg–1·h–1

Maximum RO2 as a function of T, mmol·kg-l·h–1

Total O2 uptake of packaged fruit, mmol·h–1

Temperature, °C
Weight of packaged fruit, kg
Thickness of polymer, cm

where PO2 is the polymer O2 permeability (mmol·cm-1·cm-2 per h
per kPa),A is the polymer surface area (cm2), ∆ x is the polymer
thickness (cm), and [O2]atm is the partial pressure of O2 in the
atmosphere outside the package (kPa). The total O2 uptake
mmol·h-l) of the packaged fruit can be modeled as a Michaelis–
Menten function of [O2]pkg (Lee et al., 1991):

where W is fruit weight (kg). K½

T(kPa) can be considered the ap-
parent K½ of RO2 for the entire fruit, at temperature T (°C) and thus
incorporates effects of variability in skin and flesh resistance to gas
diffusion in combination with changes in respiratory flux associ-
ated with fruit temperature.            (mmol·kg–1·h–1) is the theoretical
maximum rate of RO2 at each temperature. Based on unpublished
results (see Beaudry et al., 1992), we assumed [CO2]pkg had no effect
on RO2.

Both        and K½

T were modeled as exponential functions of
T :

[3]

[4]

Substituting Eqs. [3 and 4] into Eq. [2] yielded

[5]

A nonlinear regression analysis using the entire data set from
Beaudry et al. (1992) was performed (SAS Institute, Cary, N. C.)
to estimate values for a, b, c, q, r, ands. In the first run, the estimates
of c and s were not significantly different from zero, so the
nonlinear regression was repeated on a simplified model in which
c and s were eliminated:
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Predicted relationships between variables were calculated from
the fitted parameter values and either temperature or [O2]pkg . Fitted
curves for RO2 at different combinations of [O2]pkg and T were
constructed using direct substitution of the values obtained for a,
b, q, and r into Eq. [6]. The model predictions were used to generate
Arrhenius plots [ln(RO2) against the inverse of temperature (Kelvin)]
to estimate          Since the curves were nonlinear           was calcu-
lated at 1, 2,4, 8, and 16 kpa by dividing differences in ln(RO2)
between adjacent pairs of data points by differences in the inverse
of absolute temperature (Kelvin) at 0.25C intervals between 0 and
25C (i.e., numerical differentiation of the Arrhenius plot at 0.25C
intervals).

At steady-state, FO2 is considered to be equal to                Combining
Eqs. [1] and [2] yields.

[7]

[8]

Substitution of Eqs. [3] and [4] into Eq. [7] permitted prediction
of steady-state values for [O2]pkg for packages with varying        
optimized for an initial [O2]pkg of either 2 kPa at 0C or 4 kPa at 25C,
using calculated values for permeability. We assumed that film
permeability changed with temperature in a manner consistent
with the Arrhenius equation (Beaudry et al., 1992; Pauly, 1989):

[9]

where AT is the Arrhenius constant and K the temperature in Kelvin.
Substitution of Eqs. [3] and [4] into Eq. [8] yielded predicted

values for total package permeability.
All substitutions and predictions were performed using stan-

dard Quattro Pro (Version 4.1, Borland, Scotts Valley, Calif.)
spreadsheets. Data were transferred to SigmaPlot for final graphi-
cal presentation.

Results

Variation in R. of blueberries with [O2]pkg and T measured by
Beaudry et al. (1992) was well-described by Eq. [6] (Fig. 1; r2 =
535



Fig. 1. Interdependent effects of steady state O2 partial pressure and storage
temperature on the rate of O2 uptake of blueberry fruit in sealed LDPE packages.
Data taken from Beaudry et al. (1992). Curves are predicted with the best-fit
model with appropriate substitutions of O2 and temperature (Eq. [6]).

Fig. 2. Effect of temperature on predicted values for RO2

max,T (A) and K (B) using Eqs.
[3] and [4], respectively, with values for a, b, q, and r as given in Table 2.

Table 3. Predicted whole-package O2 permeabilities (PO2·A· ∆ x-1) re-
quired to maintain selected package partial pressures of O2 ([O2]pkg) at
different temperatures (calculated using Eq. [8] and based on the O2

uptake of 1 kg of blueberries). Values can be adjusted for packaging
any quantity of fruit by multiplication with fruit weight. PO2 can be
estimated by substitution of desired surface area (A, cm2) and film
thickness (∆ x, cm). Underlined permeabilities denote the lower O2

tolerated by blueberries at each temperature before induction of
anaerobic metabolism (from Beaudry et al., 1992).
0.990 for the entire data set). The fitted values of a and b (Table 2)
suggested that, when [O2]pkg is not limiting, RO2would increase
almost 19-fold between 0 and 25C (Fig. 2A), which is equivalent
to a Q10 of 3.23. Similarly, the insertion of best-fit values for q and
r (Table 2) into Eq. [4] indicated that K½ increased 12-fold
between 0 and 25C (Fig. 2B).

Use of the Michaelis-Menten model (two parameters            and
K½) to describe the relationship between RO2 and [O2]pkg was more
economical than the three-parameter, exponential model used by
Beaudry et al. (1992). In addition,                     and K½ were consistently
related to temperature, whereas the three parameters of their expo-
nential model were poorly related to temperature. The use of the
Michaelis–Menten model for respiration has been previously sug-
gested by Lee et al. (1991). We have chosen to denote the constant by
K½ rather than by Km because it is not a true Michaelis–Menten
constant.

Temperature dependence of RO2 increased substantially when
[O2] pkg increased from 1 to 16 kpa (Fig. 3).           was not constant
with temperature. With [O2]pkg at 16 kPa, the Arrhenius plot for RO2

was essentially linear (Fig. 4A) and           dropped only slightly with
increasing temperature (Fig. 4B). At lower [O2]pkg levels, Arrhenius
plots for RO2 became progressively more curvilinear, with a con-
comitant decline in            at elevated temperatures.

According to Eq. [3], the increase in package permeability per
kilogram of fruit required to maintain a given level of [O2]pkg would
be ≈2.4 times between 0 and 25C for 1 Wa O2 and 7.4 times for 5
kpa (Fig. 3) to compensate for the increase in RO2. Permeation of
Table 2. Estimates of parameters in Eq. [5] obtained by nonlinear regres-
sion for blueberry fruit [O2] uptake of Beaudry et al. (1992); n = 288.

5 3 6
gases through most polymers is known to conform to Arrhenius
theory, unless there is a change of state (Pauly, 1989). The degree
to which relative permeability increases in response to temperature
is associated with its Ea (Fig. 5). Maintaining constant levels of
[O2]pkg in two blueberry packages, one containing 0.5 kpa O2 and
J. AMER. SOC. HORT. SCI. 119(3):534-539. 1994.
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Fig. 3. Composite curves demonstrating the interdependent effects of [O
2
] and

temperature on the predicted rate of O
2
 uptake by blueberry fruit. Rates were

obtained using [Eq. 5] and substituting values for a, b, q, and r as given in Table
2. (A) Effect of [O

2
] over a range of temperatures. (B) Effect of temperature over

a range of [O
2
] partial pressures.

Fig. 5. Plots of relative rate vs. temperature for a range of activation energies. Data
were generated using the Arrhenius equation before transformation to a relative
rate of 1 at 0C.
the other containing 5.0 kPa at 0C, would require E
a
PO2 values of ≈24

and 55 kJ•mol–1, respectively. This picture is complicated by 
fact that the desired level of [O

2
]

pkg
 is itself a function of tempera

ture (Beaudry et al., 1992). Thus, an ideal value for E
a
PO2  depends

on the desired levels of [O
2
]
pkg

 at the range of temperatures to wh
the package is to be exposed as well as the crop’s E

a
RO2 .

Predicted whole-package O
2
 permeabilities (P

O2
•A•∆x–1) were

calculated using Eq. [8] (Table 3). Estimation of the required
permeability at each temperature for a given MA system
maintain the blueberry fruit in an aerobic condition is possibl
Table 3, the film permeability required to maintain aerobic fru
each temperature is indicated by underlining based on the d
Beaudry et al. (1992).

Predictions of [O
2
]

pkg
 for packages optimized to 2 kPa at 

were constructed to determine how changing E
a
PO2 affects the

potential risk of temperature-induced anaerobiosis (Fig. 6).
change of predicted steady-state [O

2
]

pkg
 for films with an E

a
PO2 of 60

kJ•mol–1 indicated that blueberries could remain aerobic throu
out the entire 0 to 25C range. In contrast, for LDPE (E

a
PO2 = 39.7

kJ•mol–1), [O
2
]
pkg

 would be similar at 25C as at 0C and this wo
not be sufficient to avoid the risk of anaerobic induction if 
packages were exposed to the higher temperatures.

For packages in which the principal route for gas diffusion
J. AMER. SOC. HORT. SCI. 119(3):534–539.  1994.

Fig. 4. Estimation of activation energy (E
a
) for blueberry fruit respiration. (A)

Arrhenius plots for O
2
 uptake over a range of O

2
 partial pressures obtained by

transformation of Eq. [5]. (B) Calculated values for E
a
 obtained by stepwise

numerical integration of the data used in Fig. 4, left at 1, 2, 4, 8, and 16 kP
e

h

ilm
 to
. In
 at
ta of

C

through pores (e.g., porous membrane), E
a
PO2 would probably be

similar to that for free diffusion (Nobel, 1983) which can 
calculated as ≈4.3 kJ•mol–1. When E

a
PO2 is fixed at 5 kJ•mol–1, the

model predicts that even a small increase in temperature abov
would cause a deleterious decrease in [O

2
]

pkg
 (Fig. 6). For a

package using holes and optimized to 2 kPa at 0C, [O
2
]

pkg
 was

predicted to fall to 1 kPa and less as the temperature increas
≥5C. Packages optimized to 4 kPa O

2
 at 25C using holes were

predicted to reach steady-state O
2
 of nearly 17 kPa at 0C (Fig. 7)

A package made of a film with an E
a
PO2 of 50 kJ•mol–1 was predicted

to maintain [O
2
]

pkg
 nearly constant at 4 kPa over the range

temperatures from 0 to 25C. The model predicts that an MA pa
made of a film with a very high E

a
PO2 (e.g., >70 kJ•mol–1) optimized

at 25C would become anaerobic at 0C.
537

Fig. 6. Predicted [O
2
]

pkg
 changes in MA packages of blueberry fruit based on initial

optimization to 2 kPa at 0C (permeability data given in Table 3) for films with
various values for E

a
PO2. Predictions were generated using Eq. [7] with appropriate

substitutions from Eqs. [3], [4], and [6]. Film permeability was assumed to
respond to temperature in a standard Arrhenius function.a.
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Fig. 7. Predicted [O
2
]

pkg
 changes in MA packages of blueberry fruit based on ini

optimization to 4 kPa at 25C (permeability data given in Table 3) for films w
different values for E

a
PO2. Predictions were generated using Eq. [7] with appropri

substitutions from Eqs. [3], [4], and [6]. Film permeability was assumed
respond to temperature in a standard Arrhenius function.
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Discussion

There is considerable risk associated with MA package sys
when attempts are made to reduce [O

2
]

pkg
 to effective levels at low

temperatures because anaerobic conditions can develop if
perature increases during subsequent handling. Kader et al. (
proposed that this problem might be overcome by matching Ea

PO2 of
the polymer film to that of fruit respiration. However, the acti
tion energy for O

2
 uptake by blueberry fruit was found to b

considerably larger than that of commonly used polymer films
was not constant with temperature or O

2
 partial pressure (Fig. 4

The proposal of Kader et al. (1989) is further confounded by
increase in fruit RQ breakpoint at elevated temperatures (Bea
et al., 1992) and the associated loss of fruit quality. The chang
RQ breakpoint with temperature are thought to be related t
greater difference between [O2]pkg and the O2 concentration in the
fruit’s internal atmosphere ([O

2
]

i
) at elevated temperatures (Beaud

et al., 1992; Dadzie et al., 1992). Thus, simply matching
respective Eas is not sufficient to avoid the risk of anaerobiosis
MA-packaged blueberries at higher temperatures if the packa
optimized to achieve benefits at low temperatures.

Our model predicts that a polymer film with an Ea
PO2 of ≈60

kJ•mol–1 would maintain tolerable [O
2
]
pkg

 over a range of 0 to 25C
(Fig. 7). A review of film permeability data (Pauly, 1989) indica
that there are few known polymer films with such a high Ea

PO2; those
polymers available tend to have low P

O2
. An inverse relationship

between P
i
 and E

a
Pi seems to be a common feature of polymer fi

(Pauly, 1989). For instance, poly(vinyl chloride) a
poly(vinylidene chloride) have suitably high values for E

a
PO2, but,

to achieve suitable levels of permeability to O
2
, film thicknesses

would have to be reduced by factors of >50 and 500 tim
respectively, compared to polyethylene films. This presen
rather formidable challenge from a technical point of view, as s
thin films (0.01 to 0.1 µm) would be unlikely to have adequa
mechanical strength. It may be feasible to laminate such films
a porous membrane or other suitable polymer for support. The
of such films explains why empirical approaches to the temp
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ture problem have not been successful. Perhaps the best com
mise with existing materials might be to use polypropylene film
these have a lower E

a
PO2 than desired, but at least have adequate 

O
2

.
If a polypropylene-wrapped MA package of blueberries w
optimized to maintain [O

2
]

pkg
 at 4 kPa at 25C, it would also conta

≈4 kPa O
2
 at 0C (Fig. 7). This is higher-than-optimum leve

(Beaudry et al., 1992), but could still have some beneficial ef
and would minimize the risk of anaerobiosis.

At least one commercial MA package is based on entry of O
2
 via

small pores as a means to increase the permeability to O
2
. Although

this technique has certain advantages (i.e., permitting hig
partial pressures of CO

2
), it has the disadvantage that diffusio

through holes is relatively temperature-independent. Perhaps
of the most important predictions of the model is that, even wi
few-degree increase in temperature over 0C, such packages w
go anaerobic if allowed to attain steady-state (Fig. 6). Th
essentially perfect temperature control would be required du
handling and marketing if MA packages of this nature w
optimized to 2 kPa O

2
 at 0C. Presumably, commercial packag

based on perforations are not optimized to such low level
[O

2
]

pkg
 at 0C because of the risk of temperature abuse du

handling and retailing of the produce. However, data on O
2
 partial

pressures are not readily available for commercial packages
to our knowledge, this problem has not been previously discu
in the literature.

One advantage of perforation-limited diffusion in MA pac
ages is that it results in a greater accumulation of CO

2
 relative to

reduction of O
2
 compared to film-mediated diffusion. For instanc

if 5 kPa CO
2
 were shown to improve crop shelf life at 0C, a packa

could be designed with perforations that would maintain this C
2

level; its [O
2
]

pkg
 would be ≈17 kPa [the RQ of aerobic blueberrie

is ≈1.3 (Beaudry et al., 1992)]. Such a package would have
[O

2
]

pkg
 of ≈4 kPa at 25C and hence avoid anaerobiosis in the 

(see Fig. 7). The corresponding concentration of CO
2
 at 25C would

be ≈22 kPa, which may or may not be harmful to the fruit.
An alternative approach for avoiding risk of anaerobiosis

MA packages transferred to high temperatures has been prop
by Patterson and Cameron (1992). In this case, an MA packag
be optimized to a given [O

2
]

pkg
 at 0C or any other appropriat

temperature. If the package is inadvertently exposed to an elev
temperature during handling or marketing, it actively responds
opening holes, thereby augmenting overall package permeab
Aerobic conditions can be maintained during temperature ab
even when polymers such as LDPE are used, because the 
portion of the package can be inserted as a small window in
film. Packages that respond actively either to environme
changes or to volatile signals from the packaged product 
prove to be useful for overcoming some of the current limitatio
of passive MA.

The Q
10

 of 3. 2 for blueberry R
O2

max,T was about the same as thos
calculated for other soft fruits from data published by Hardenbur
al. (1986). The fact that R

O2
 at 25C appears to be substantially limite

by [O
2
]
pkg

, even at 16 kPa, suggests that blueberries have a high
resistance to gas diffusion. This fact may also explain why E

a
RO2

appears to change with both [O
2
]

pkg
 and temperature (Fig. 4), as we

as the temperature dependence of K
1/2

. R
O2

 is expected to be a
function of [O

2
] inside the fruit, which, in turn, would be a functio

of skin resistance to gas diffusion, R
O2

 and [O
2
]

pkg
. At low levels of

[O
2
]

pkg
, small changes in [O

2
] had relatively large effects on the ra

of O
2
 uptake (Fig. 3); thus similar differences between internal 

external atmosphere composition could strongly influence 
prediction of E

a
RO2 for a given level of [O

2
]
pkg

. The observation that
J. AMER. SOC. HORT. SCI. 119(3):534–539.  1994.
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calculated E
a
RO2 was least temperature-dependent at the hig

level of [O
2
]

pkg
 is consistent with this interpretation. A furth

complication is the possibility that skin resistance to O
2
 diffusion

in blueberries is itself affected by temperature (Dostal-Lange 
1991). Clearly, it would ultimately be desirable to model R

O2
 as a

function of internal [O
2
], but the number of unknowns preven

this approach from being adopted in this study.
We have demonstrated that there are some consistent and

relationships that can be used to explore the feasibility of diffe
approaches to MA packaging for blueberries and we believe
these concepts may have general applicability for other c
However, the extent to which between-fruit and between-g
variation may affect crop response to a given packaging trea
has yet to be characterized; what works for one group of fruit
not always work for another. The blueberry experiment repo
by Beaudry et al. (1992) was repeated the following season
very similar results, except that the RQ breakpoint at 25C w≈5
kPa O

2
 rather than 4 kPa (Beaudry et al., unpublished d

However, there is clearly still scope for variability in this type
system. For example, it probably would be too dangerou
optimize packages down to 2 and 4 kPa O

2
 at 0 and 25C, respe

tively, because of the risk of some of the packages beco
anaerobic. The variability in response of a given crop type
particular package configuration is one of the critical issues
requires careful investigation before MA packaging can beco
dependable technology, especially because it may explain
few commercial MA systems are marketed currently.
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