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ABSTRACT
Phosphine has been in commercial use as a grain fumigant since the mid 1950s.  It
has developed and retained an important role in the control of storage pests since that
time.  More recently its use has expanded due to the phase-out of methyl bromide and
marketing complications caused by grain protectant chemicals.  This has challenged
conventional phosphine use (aluminium/magnesium phosphide preparations) as the
preparations were neither developed for nor suited to either the rapid fumigation of
methyl bromide or the long-term unattended pest control of the grain protectants.
Attempts to use phosphine under both these conditions are away from the dosage
'window' that was used most successfully for the earlier life of this fumigant.  Over 70
individual papers have been published on dosage response of most stored-product
insects to phosphine.  Data from these papers have been collected into a database
containing close to 3,000 records from which it is possible to define a boundary
between survival and complete kill or high levels of mortality (>99%).  This in turn
allows a definition of the combinations of concentration and exposure time, which
achieve effective fumigation under a range of conditions.  The following combinations
are the minimum required to achieve a very high level of kill in almost all stored-
product beetles (excluding Trogoderma spp.), psocids and moths, excluding known
resistant strains: 10,000 ppm for 1.5 days, 1,200 ppm for 2 days, 1,000 ppm for 8
days, 200 ppm for 10 days, 35 ppm for 20 days, 10 ppm for 30 days.

INTRODUCTION
Phosphine (PH3) has been an important grain fumigant since the mid 1950s. In
modern times it has become the treatment of choice for much of the world’s
grain, largely brought about by the progressive phase-out of methyl bromide
(MB) and marketing complications associated with the use of grain protectant
chemicals. The expanded role of PH3 has been a challenge to the conventional
formulations (aluminium/magnesium phosphides), as they were neither developed
for the rapid fumigation times of MB nor the long-term unattended pest control
of the grain protectants. Fumigation parameters for PH3 at either very short or
very long exposure times are outside the dosage window that has been used,
usually successfully, for the earlier life of this fumigant. Modern usage requires
much more understanding of the concentration/time/mortality response than was
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the case when PH3 application was simply a matter of adding tablets to the grain
stream on loading an unsealed silo. Fortuitously, much more control over the
fumigation is now possible due to the availability of sealed storages, constant gas
addition methods such as SIROFLO® and SIROCIRC®, and on-site generation
and mixing methods. There is now the real possibility of being able to maintain
any given target concentration for any length of time.

The huge flexibility in possible exposure periods and concentrations is
particularly challenging for those trying to provide the data needed to define and
justify application rates and their subsequent incorporation into recommended
label rates. The work reported here was derived from such a challenge in
Australia and was aimed at:  

• Confirming existing label rates for sealed structures;
• Confirming SIROFLO® dosages;
• Investigating the problems of insects developing resistance; and
• Ensuring that any new recommendations have a traceable origin.

An extract of the current Australian label for gaseous PH3 is shown in Table 1.
The label rate for phosphide application gives more or less equivalent
concentration end-points to the values in Table 1 when the treatment takes place
in a suitably well-sealed structure.

TABLE 1
Extract of an Australian label (2000) for gaseous phosphine

Minimum concentration in ppm phosphine [PH3]: to be maintained for the required period
SIROFLO®, SIROFUME® and SIROCIRCTM

Species Temperature 5 d 7 d 10 d 14 d 21 d 15 d 28 d

>20°C na 700 200 35 20 35 15
Tolerant species
Sitophilus spp,
Rhyzopertha
dominica,
Lasioderma &
others with low
level phosphine
resistance

15-20°C na na na 100 70 na 35

na = not available

Much has been written on the nature of the relationship between exposure
period, concentration and the resulting mortality for PH3 and other gaseous
toxicants (e.g. Winks 1986; Annis 1998). Fully describing this relationship poses
several interesting scientific/mathematical problems. But a general simplification
of these is that as concentrations go down, the required exposure times increase
and the converse also applies. It also seems likely that thresholds of action for
both exposure time and concentration may also occur. Due to the hyperbolic
nature of the relationship it may be difficult to confirm these threshold levels. For
example, if 10 days at 100 ppm is required, the simple approximation that 1,000
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days would be required at 1 ppm is not easily testable. This effectively means that
1!ppm is considered below the threshold of activity. The well-designed
experiments and statistical analysis needed to pursue these details are
exceptionally time and resource consuming, requiring at least a species by species
approach, but more than likely also needing to include each stage and possibly
several strains of each species. Some work to this end has been carried out.
However most work has been carried out on adults of a few species in the window
of concentration and time of conventional treatment, or as part of various
screening methods for resistance.

Annis (1987) used a meta-analysis approach, with a wide range of
concentration, exposure time and mortality data, to investigate controlled
atmosphere treatment regimes. In that study, a wide range of relevant data was
used to identify overall trends. This formed an adequate basis for rational dosage
decisions without the need to complete all the multifactorial exposures required
for a more rigorous and time-consuming approach. It was not possible to use an
identical approach for PH3 data as this comes from a more diverse set of sources
and the data matching and consolidation steps were consequently more difficult.
However there appeared to be adequate data to make some of the required
judgments on dosage and response.

METHODS
Data were collected into a set of linked tables in a Microsoft ACCESS database.
The main record data was contained in one table; secondary tables contained
citation information, and species information. Data was extracted from a range of
sources including: published journal literature, conference proceedings, publicly
available reports and Stored Grain Research Laboratory (SGRL) laboratory data,
some not yet published.

An initial literature search yielded about 800 items related to the use of PH3
for insect control in general. Of these, 64 were sources of potential usable data,
the citations of which are given at the end of this paper. About 2,800 usable
records relating to 49 species were extracted from these sources and entered into
a database. A usable record was defined as a single observation/result that gave
the following pieces of information: temperature, mortality, concentration C,
exposure time t, or Ct plus either C or t. This data was usually in the form of raw
observations on a variety (sometimes undefined) of numbers of insects treated,
but occasionally the data was a calculated Ltx or LCx. Additional information was
also collected such as species, strain, stage, and whether resistance was proven or
suspected.

The collected data was selected with various filters to produce relevant reports
and these were displayed using the graphics in Microsoft Excel. The complexity
of the data was such that no attempt was made to use the mortality observed
quantitatively. Instead, it was used it as a threshold to define some survival
(<100% mortality) or no survival (100% mortality) in the treatment.

RESULTS
The results of data base filtering are shown in Figures 1-4. The base data set for
the current study was produced by filtering to remove data collected at <=15°C
(because these lower temperatures are not common in Australian grain) or data
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from diapausing Trogoderma spp which are known to be uncharacteristically
tolerant to PH3 (Banks and Cavanaugh 1985). The first selective filtering of this
base set included all observations where some susceptible insects survived (Fig.
1). A second selection included all observations where no susceptible insects
survived (Fig. 2). These two sets were then used to define by inspection a
boundary between survivors and non-survivors (Fig. 3). Current Australian label
rates for gaseous PH3 were then superimposed on this boundary diagram (Fig. 3).
Finally a filtered set of data from surviving insects, that included only those that
were known or suspected to be resistant to PH3, were placed on the boundary
diagram (Fig. 4).
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Fig. 1. Observations showing <100% mortality, all species, all stages, > 15°C, except
diapausing Trogoderma spp.

DISCUSSION AND CONCLUSIONS
The data set above shows that the current (year 2000) Australian PH3 label rate is
consistent with the data obtained from non-resistant insects. In other words if the
defined concentration and exposure time were met, any insects represented in the
data would have died. The following are examples of combinations of
concentration and minimum exposure time required to achieve a very high level
of kill in almost all stored product beetles, psocids and moths, excluding known
resistant strains and Trogoderma spp: 10,000 ppm for 1.5 days, 2,500 ppm for 2
days, 250 ppm for 8 days, 100 ppm for 10 days, 25 ppm for 20 days, 20 ppm for
30 days.
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Fig. 2. Observations showing no survival, all species, all stages, > 15°C, except diapausing
Trogoderma spp.   
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Fig. 3. Combined <100% mortality (o) and no survival (¥), all species, all stages, >15°C,
except diapausing Trogoderma spp. Light line, the boundary between survivors and no
survivors. Bold line, the minimum concentrations indicated on the Australian gaseous
phosphine label.
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Fig. 4. Comparison of surviving resistant insects (•) with the boundary between survivors
and no survivors in non-resistant insects, all species, all stages, > 15°C, except diapausing
Trogoderma spp.

This does not assure that in an actual fumigation all insects would be killed.
There remain questions of gas distribution, gas retention and the number of
insects within the fumigation enclosure (it is important to remember that some
records in the data may only represent 10 individuals killed out of only 10
treated). Higher level questions about the level of kill of a particular
concentration/time combination, and the margin of confidence are not addressed
in this analysis of these data. However, what is obvious from the inclusion of the
resistant data set is that current resistance mainly affects the low concentration,
long exposure part of the response curve. In practical terms, and from the data,
this resistance can only be overcome by increasing the concentration, and not
extending the exposure time. In terms of the original goals of the study, the
following conclusions can be drawn by using the database approach:

• The recommended Australian exposure rate for gaseous PH3 is consistent
with data for non-resistant strains.

• The Australian phosphide label rates are also consistent with these data.
• A higher minimum concentration (>100 ppm) is required to deal with

strongly resistant insects.
The database, as it stands, was adequate to draw the above conclusions. More

extensive checking and validation, would be necessary before the database could
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be used by others as unrecognised errors or assumption about the data that were
of little significance to this paper may be critical for other uses.  
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