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he New York apple industry relies heavily on controlled
atmosphere (CA) storage in addition to temperature and
relative humidity control to maintain fruit quality during
storage and to ensure
visually appealing, fla-
vorful, and healthy ap-
ples are available to the
consumer. In addition,
SmartFresh technol-
ogy, which is based on
the ethylene inhibitor
1-methylcyclopropene
(1-MCP), is now used
extensively by New
York storage opera-
tors. The advantage of
SmartFresh is that it
helps maintain quality
not only during stor-
age, but also during
the entire marketing
chain as it prevents
softening at warmer
temperatures.

Initially, CA stor-
age technology was
restricted to standard or traditional CA storage in which O, levels
were maintained at about 2-3%. However, improvements in gas
monitoring equipment and storage room structure have resulted in
the development of several additional CA-based methods to improve
quality maintenance. One of these methods is ultra low oxygen (ULO)
CA storage, which maintains O, levels near 1%. ULO has become
routine for some industries, but it has not been successfully used in
New York because of our varieties and climate. Fruit stored at low O,
levels can accumulate alcoholic off-flavors that result from anaerobic
respiration.

The New York fruit industry is

very familiar with the new storage
technology based on SmartFresh™.
However, another fruit storage
technology has become available
within the last several years. The
technology, known as Dynamic
Controlled Atmosphere (DCA)
storage, which is commercially
available as HarvestWatch™ detects
the responses of fruit to low 0,

in the storage atmosphere. Using
DCAit is possible to maintain 0, at
lower levels and better maintain
product quality compared with
‘safer’ atmospheres necessary for
standard or ultra low 0, CA storage."

Dynamic Controlled Atmosphere (DCA) Storage
Dynamic Controlled Atmosphere (DCA) uses technologies
that allow sensing of fruit responses to low O,. Therefore, instead
of maintaining the “safe” 2-3% O, levels which are higher than
optimum to obtain maximum benetfits, it is possible to lower the
O, levels over time in response to changes in fruit metabolism. By
lowering the O, levels in the storage atmosphere to the lowest pos-
sible before anaerobic respiration produces ethanol, ripening can be
delayed more effectively than in standard or ULO CA storage.
Responses of fruit to low O, can be detected by measuring
ethanol production, fruit respiration, and chlorophyll fluorescence.
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Figure 1. An example of the Fa fluorescence signal detected in ‘Summer-
land Mcintosh’ apples held at 20°C in air (open circle) and in a progressively
diminished oxygen environment (dark circle). The spike in Fa begins as the
chamber oxygen levels fall below 1% at 72 h and continues upward until the
oxygen concentration is increased at 84 h (Prange et al., 2003; Reproduced
with permission of Dr. R.K. Prange).

The most successful strategy to date is based on real-time sensing
of fluorescence changes using a Fluorescence interactive response
monitor (FIRM; Satlantic inc., NS, Canada). This technology is pat-
ented and it has been marketed under the name HarvestWatch™
since 2002 (DeLong et al., 2004a). There are about 120 apple storage
facilities using HarvestWatch technology worldwide, and this num-
ber is increasing; most are in Northern Italy but units are operating
in Germany, the Netherlands and Washington State (R. Prange,
personal communication).

Chlorophyll fluorescence can be used to measure stress in the
apple fruit. As the O, level in the storage environment decreases
over time, a point is reached when the fluorescence signal increases
(Figure 1). The increase is a signal that the fruit is under low O, stress.
In response, the O, level around the fruit can be raised. Relief from
stress is reflected in a decrease of the fluorescence signal.

Depending on the storage operation, a number of HarvestWatch
systems, each containing six fruit (Figure 2), are used to monitor
responses of fruit to the storage environment. These monitors
are connected to a computer control system so that the storage
operator can adjust O, levels in response to any fluctuations in the
fluorescence signals. These changes may occur not only because of
deliberately applied low O, stress, but also because of changes in
fruit condition over time. Therefore, HarvestWatch can be used to
monitor changes either resulting from natural fruit senescence or
those that may result from problems with equipment malfunction.
In practice, a buffer of about 0.2% O, is added to the level at which
a fluorescence response to detected in order to provide a safety
margin.

An important feature of DCA is that it is a chemical-free tech-
nology that meets the requirements for organic produce. Although
1-MCP has a non-toxic mode of action, negligible residue, and is
active at very low concentrations, it is not a naturally occurring
post-harvest chemical.
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Requirements for DCA and Suitability for the
New York Industry

The software and hardware required for DCA is reliable,
relatively inexpensive and easily installed within existing CA fa-
cilities. However, a feature of DCA that makes it less suitable for
many New York storage operations may be that DCA is limited
to those operations that have high quality storage rooms with
sufficient air-tightness and gas control to maintain O, regimes
below 1%. Although there is a general rule that CO, should be
reduced whenever O, is reduced, there have been no reports of
an increase in CO,-induced disorders when using DCA commer-
cially or experimentally (R. Prange, personal communication).
The physiological explanation may be that DCA is placing the
O, concentration at the Anaerobic Concentration Point, which
means that the internal CO, production is at its lowest (see Fig-
ure 3). The initial recommended CO, concentration is 1%. With
experience, this has been increased to higher values, e.g. 2.5% in
different commercial and research locations, without induction
of any CO, disorders. The rate of fruit cooling and rate of low O,
establishment for DCA is the same as for rapid CA. The benefits
provided using the low O, levels used in DCA can be achieved in
both new and existing individual CA rooms of various sizes or a
large number of CA rooms. It depends on the air-tightness of each
room and the ability of the storage operator to control O,. DCA
uses a computer to generate and display the fluorescence signals
24/7 used by the storage operator to adjust the O, concentration
in each room, either manually or via computer

DCA also requires more training than operating a traditional
CA in order to interpret the information provided in the chloro-
phyll fluorescence measurement. While this may be perceived to
be a negative thing by some storage operators, it is likely to result
in earlier recognition of problems with the fruit or malfunctioning
CA equipment. For example, drift of the Fa signal (up or down)
over weeks or months can serve as a warning to the storage opera-
tor that the fruit have changed and that a visual check is warranted
(R. Prange, personal communication). Unusual changes in the DCA
signal, e.g. sudden spikes, without an associated drop in the level of
O, concentration have warned commercial operators of equipment
failures that would ruin the fruit, eg frozen or leaky O, sample lines,
if it had not been detected by the DCA system.

DCA requires the use of representative fruit, because a relatively
small number of fruit—six fruit for each FIRM sensor—is used to
monitor the condition of all the fruit in the CA storage. In commer-
cial storages, the DCA recommendation is at least one sensor for
every 250 bins of fruit. Evidence to date from commercial storages
and research results is that there are major differences in the mini-
mal acceptable low O, level between cultivars and growing season.
There has been insufficient work in New York to show whether the
variability among orchard blocks typical of our growing region will
permit safe adoption of DCA technology. However, it is somewhat
reassuring that commercial DCA experience indicates that the low O,
threshold within the same cultivar in the same DCA room is similar
with the only differences being in the height of the fluorescence spike
amongst the sensors.

Effects of DCA on Quality

Storage disorders. As was first thought with 1-MCP, it has been
suggested that DCA can control superficial scald, and therefore use of
the post harvest antioxidant diphenylamine (DPA) could be avoided.
In Italy, for example, research has shown that scald was completely
controlled in ‘Granny Smith’ by DCA or 1-MCP treatment in contrast
to scald development in ULO-stored fruit. This work was limited
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Figure 2. The HarvestWatch™ fluorescence system showing the fluorescence
interactive response monitor (FIRM) unit affixed in an upper sampling kennel
(center), apples in the bottom kennel (right) and a central hub (left). Before
storage, apples are placed in the bottom kennel over which the upper kennel
housing the FIRM unit is securely fastened. In storage, the FIRM units are wired
to the hub which controls the interaction of electronic signals from a central
computer to each attached FIRM device. (Reproduced with permission of Dr.
R.K.Prange).
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Figure 3. Effect of oxygen concentration on O, consumption and CO, produc-
tion (from Prange, Bishop and DelLong, 2003).

however, because the maximum storage period tested was only six
months, a short period of time for scald control.

Although scald was eliminated in ‘Cortland’ and ‘Delicious’
after nine months of DCA storage plus a seven-day shelf life in a
Canadian study (DeLong et al., 2004a), subsequent research showed
that DCA-stored fruit with no scald at removal can develop vary-
ing amounts of scald at shelf temperature (DeLong et al., 2007).
We have not carried out research in New York, and therefore no
research that directly compares DCA and 1-MCP treated apples
is available.

In Nova Scotia, two studies show that scald control with either
technology is limited. Scald development in ‘Cortland’ and ‘Deli-
cious’ apples was markedly reduced by DCA compared with stan-
dard controlled atmosphere (SCA) (Table 1). However, the benefits
of DCA for Cortland apples were still not acceptable from a com-
mercial perspective, only after four months of storage. Control of
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scald can also be lost in SmartFresh-treated
apples. In another Canadian study, ‘Redcort
Cortland’ apples were either untreated or
treated with SmartFresh and stored in CA
for up to nine months. The results show that

Table 1. Superficial scald incidence in ‘Cortland’
and ‘Delicious’ apples stored in standard con-
trolled atmosphere (SCA) and dynamic controlled
atmosphere (DCA) storage for 4 and 8 months plus
a 7-day day shelf life (modified from DeLong et al.,
2007).

Table 2. Superficial scald incidence in ‘Redcort
Cortland’ apples either untreated or treated with
SmartFresh (0.9 ppm 1-MCP) and stored in stan-
dard controlled atmosphere storage for 3, 6 and
9 months plus a 7 day shelf life (modified from De-
Long et al., 2004b).

very good control of scald was obtained for

six months of storage, but by nine months, Storage ‘Cortland’ ‘Delicious’ Storage time Superficial scald (%)
commercially unacceptable levels of scald time Superficial scald (%) (months) Untreated SmartFresh
were present (Table 2). (months) SCA  DCA SCA DCA . 10 4

The marketplace is extremely sensitive 4 68 18 10 5 6 67 N
about scald and any signs of the disorder 8 90 43 23 10 9 68 33

can result in rejection of loads. DCA is ap-
parently no more effective than SmartFresh

in controlling scald in some varieties. While
scald can be controlled by SmartFresh in
varieties such as ‘Cortland, we have found that this control can be
variable. Loss of scald control is associated with release of fruit
from inhibition of ethylene production.

Another interesting feature of DCA is that, unlike 1-MCP, it
appears to not significantly increase the risk of external CO, injury.
Increased risk of CO, injury is a feature of 1-MCP treatment, es-
pecially with ‘Empire’ as reported in an earlier NY Fruit Quarterly
article (Razafimbelo et al., 2006). CO, injury is also controlled by
DPA when it is applied to inhibit scald development (Watkins
and Nock, 2007). Because some of our New York ‘Empire’ blocks
produce fruit that are highly sensitive to CO, injury, a cautious
approach may be warranted, with at least a proportion of fruit in
the rooms being DPA-treated. The bottom line is that DCA cannot
be recommended as a non-chemical scald control method in New
York without further research. DPA treatment of fruit would still

be essential to avoid risk of scald development in highly susceptible
varieties such as ‘Cortland’

Fruit firmness. Firmness is a critical factor in marketing of
apples. Control of softening, not only during storage but through
the entire marketing chain, has been a major reason for the rapid
uptake of SmartFresh technology. The same two Canadian studies
have been used to compare the effects of DCA and SmartFresh. It
should be recognized that while one variety ‘Cortland’ is in common,
there are limitations to direct comparisons of studies carried out in
different years.

Table 3 shows a comparison of standard CA and DCA on firm-
ness of ‘Cortland’ and ‘Delicious’ apples before and after a shelf life
period. ‘Cortland’ apples remained much firmer in DCA than in SCA
storage, especially at the longest storage period of eight months.
However, the fruit softened markedly during the shelf life period of
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Table 3. Firmness (Ib) of ‘Cortland’ and ‘Delicious’
apples stored in standard controlled atmosphere
(SCA) and dynamic controlled atmosphere (DCA)
storage for 4 and 8 months plus 0 or 7 days of shelf
life (modified from DeLong et al., 2007).

seven days, and were
firmer in the DCA-
stored fruit than in
the SCA only af-
ter eight months.

Benefits of DCA Storage ‘Cortland’ ‘Delicious’
on firmness, both time Firmness (Ib)

immediately after (months) SCA DCA SCA DCA
storage and aftera 49 147 155 182 186
seven-day shelf life 474 114 116 173 185
were much greater 8+0d 11.9 141 159 171
for ‘Delicious’ ap- 8+7d 10.2 11.8 154 17.0

ples.

In the case of
SmartFresh-treated
‘Cortland’ apples,
no data about the
shelf life period
effects were pro-
vided (Table 4), but
SmartFresh-treated

Table 4. Firmness (Ib) of ‘Redcort Cortland’ apples
either untreated or treated with SmartFresh (0.9
ppm 1-MCP) and stored in standard controlled
atmosphere storage for 3, 6 and 9 months plus a
7 day shelf life (estimated from graphical data De-
Long et al., 2004b).

Storage time Firmness (Ib)

apples were much (months) Untreated SmartFresh
firmer, even at nine . 173 17.3
months storage plus 3 126 15.5
a seven-day shelf 6 10.1 15.5
life, than shown for 9 9.7 15.7

DCA-stored fruit in
Table 3.

The take home message from these comparisons is that the
variety effects on the benefits of DCA technology are probably the
most important factor in its success compared with SmartFresh.
Control of softening by SmartFresh was more persistent than
DCA for ‘Cortland; while post-storage softening of ‘Delicious’
was well controlled by DCA storage. Other studies indicate that
post-storage softening of DCA-stored fruit may be lower than for
standard CA-stored fruit of ‘Granny Smith’ and other varieties.
However, the paucity of published information about other variet-
ies and factors such as fruit maturity on the effectiveness of DCA
needs to be addressed in order for the New York storage industry
to make good decisions about the value of the technology.

Conclusions

An advantage of DCA is that it is a non-chemical treatment that
meets requirements for organic produce or when post-harvest
chemical use is not permitted. However, DCA storage requires
high quality CA rooms and electronic atmosphere control, and
is less flexible than 1-MCP, which can be applied in rooms, tents,
and containers. DCA- and 1-MCP-based technologies slow soften-
ing, including during shelf life periods, resulting in better quality
produce for the consumer. Both technologies inhibit development
of superficial scald, but their effects on softening and scald are
affected by variety. Limited scald control by either technology,
at least for the limited number of varieties tested, suggests that
neither provides a risk-free replacement for DPA for highly scald-
susceptible varieties.

In summary, DCA technology is an important addition to
the arsenal of the storage operator, but like SmartFresh, it has its
strengths and weaknesses. More research on DCA for the New
York industry is warranted.
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