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Effects of Methyl Bromide Fumigation on the Viability of
Barley, Corn, Grain Sorghum, Oats, and Wheat Seeds*

W. Kerres WarrNey,? Orro K. Jantz,® and CARL S. BULGER, Stored-Product Insecis Section, Biological Sciences Branch,
Marketing Research Division, Agr. Mktg. Serv., U.S.D.A., Manhattan, Kans.

ABsTRACT

Methyl bromide is a highly efficient fumigant, and is widely
used for the fumigation of stored grain, mills, and warehouses.
One of its undesirable qualities, at least for seed fumigation, is
its phytotoxicity. Viability of seeds may be seriously impaired
by excessive treatments with methyl bromide.

Tests were conducted to determine the effects of methyl
bromide on the viability of barley, corn, grain sorghum, oats,
and wheat seeds when fumigated at 80° F. with different com-
binations of dosage, exposure, and seed moisture content. Gas
analyses were made at the end of each fumigation to verify the
methyl bromide concentrations. Germination tests were con-
ducted 24 hours, 80 days, and with wheat only, 6 months after

fumigation to observe immediate and delayed effects. There was -

a pronounced decrease in viability in some cases with the in-
creased period of storage after fumigation. In some experiments
standardized seedling evaluations were made so that sublethal,
injurious effects could be observed. Many of the fumigated seeds
sprouted but did not develop normally.

A margin of tolerance usually exists between the dosages re-
quired for insect control and those which are lethal to high
quality, dry seeds. This margin of tolerance is dependent upon

the complex interaction of several variable factors, including
(1) the fumigant dosage applied, (2) the seed moisture content,
(8) the length of exposure, (4) the kind of seed, (5) the period
and conditions of storage after fumigation, (6) the fumigation
temperature, (7) the history of the seed (age, previous fumigi-
tions, etc.), (8) the ratio of commodity to total space in the
fumatorium (the sorption capacity), and (9) leakage factors in
the fumatorium. Some of these factors were explored here, some
have been reported by other workers.

In general, the results of the study show that little or no
injury occurred when the following combination of conditions
existed: (1) the seed moisture was less than 129, (2) the dosage
was less than 2 1b./1000 cu. ft., (3) the exposure period was less
than 24 hours, and (4) the temperature was 80° F. High tem-
perature, moisture, dosage, and long exposure all contribute to
seed injury from fumigation. When combinations of fumigation
conditions occur in which one (or more) of these variables is of
a higher order than named above, moderate to extensive ger-
mination damage may be expected.

The over-all relative order of tolerance of the five species tested
was oats>barley > grain sorghum >corn>>wheat.

It is commonly recognized that fumigation of seeds
with methy] bromide may cause injury to their germina-
tion and growing powers. In view of the fact that methyl
bromide is a highly effective fumigant, it is desirable to
know how much of this gas different seeds can tolerate
under different conditions without damage to viability.
Several varied and scattered bits of this type of informa-
tion have accumulated; however, to the knowledge of the
authors, no co-ordinated extensive tests have been pre-
viously conducted. At the present time tests similar to
those described in this paper are underway by Strong
and Lindgren (unpublished data) at the University of
California, Citrus Experiment Station, Riverside, Calif.,
and by King and Garner, Texas A. & M. College, College
Station, Tex. Further tests with methyl bromide and
other fumigants are in progress at the Manhattan, Kans.,
Stored-Product Insects Laboratory, where the tests re-
ported herein were conducted.

ExPERIMENTAL ProCEDURE AND MATERIALS.—Seeds.
—These kinds of seeds were used: Barley (Hordeum vul-
gare L.), Beecher variety, six-row, smooth spring. Corn

]

(Zea mays L.), DeKalb, yellow, hybrid. Grain sorghum
(Sorghum vulgare Pers.), Midland variety, yellow, com-
bine type. Oats (Avena sativa L.), Nemaha, variety, white,
spring. Wheat (Triticum aestivum L.), Pawnee variety,
Hard Red Winter (Class IV).

Moisture Contents of Seeds—Before fumigation of the
seeds, the moisture content of various lots of each kind
of seed was adjusted to 10, 11, 12, 18, and 14%,. The
moisture content was increased by introducing a calcu-
lated amount of distilled water by pipette to seeds held
at room temperature in a 2-quart glass jar. The jar was
then sealed and rolled a few minutes each day for 1 week
to mix the seeds and water. Moisture was decreased,
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when necessary, by drying seeds in a forced-air oven at
90° F. Moisture measurements were made by use of a
Steinlite* Moisture Tester. The manufacturer of this
. tester claims it has an accuracy of +0.25%. Other in-
vestigators (Hlynka & Anderson 1949) found the error
of estimate to be +0.4%,. Since no method was available
to control the atmospheric humidity in the laboratory,
the moisture contents of the seeds were not maintained
at their original levels after fumigation.

Fumigation of Seeds —Five-gallon glass bottles were
used as the fumatoria (fg. 1). Small bags made of open-
mesh rayon curtain scrim were used to contain the grain.
Of the small grains, 100 grams of seeds were used in each
bag; 50 grams of corn were used in each bag. These seed-
filled bags were suspended in the center of the fumatoria.
The number of bags in each bottle depended upon the
pumber of moisture levels being tested. Seeds of each
moisture level were placed in a separate bag but one
bag of each was placed in a bottle. The ratio of seeds to
air space thus approximated that which would normally
be found in a large warehouse partially flled with bags
or small bins of seeds.

Methyl bromide was applied at the rates of 2, 4, 6, and
8 pounds per 1000 cu. £t in all tests and at 0.6, 1, 8, and
5 pounds per 1000 cu. ft. in a few additional tests with
wheat. The fumigant was measured at 0° F.in the liquid
state by a cold pipette and was introduced into the fumi-
gation bottle by releasing a partial (about 15 inches of
mercury) vacuum created in the bottle just prior to

Tig. 1.—Seeds held in small bags (A) were fumigated in 5-gallon

glass bottles as shown. The glass stopcock (B) and neoprene

stopper (C) were used to admit the fumigant and to close the
bottle.
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fumigation. The air rushing through the stopeock and
into the bottle greatly aided in vaporizing the liquid
methy} bromide and dispersing the gas in the bottle. The
fumigations were conducted at atmospheric pressure,
80° and for exposures of 4, 8, 12, and 24 hours.

Gas Analyses.——Methyl bromide concentrations were
determined immediately before removal of the seeds
from each fumatorium. This was done by use of a Gow-
Mac thermal conductivity gas analyzer. This method of
gas analysesis fully discussed by Phillips & Bulger (1953),
Monro et al. (1953), and Phillips (1957).

Aeration of Seeds.—After removal from the fumatoria,
the seeds were aerated for 24 hours by exposing them to
the laboratory atmosphere in the open-mesh seed bags
used in the fumigation. The portion of each sample not
used in the first germination test was held in a 4-ounce
glass jar for later tests. Each jar was covered with a
screen lid to permit further aeration of the seeds and also
to prevent entry of insects.

Germination Tests —Germination tests were conducted
at three different time intervals after fumigation so that
immediate and delayed effects could be observed. These
tests were started 1 day, 30 days, and with wheat only,
¢ months after fumigation. Only whole, undamaged seeds
were used for the germination tests.

Two Mangelsdorf germinators were used. Except for
a few preliminary the general germination tech-
nique and procedures followed those recommended by
the U. S. Department of Agriculture (1952). Standardized
seedling interpretations were made for one complete test
series with wheat i which the seeds were evaluated as to
“pormal,” “abnormal,” or “dead.”” In all other tests,
seeds which showed any sign of embryonic development,
however slight, were counted as “germinated.” Accord-
ing to the standardized seedling interpretations, only
pormal seedlings are considered germinated. Sprout
counts were made after 5 and 10 days’ incubation for
the standardized seedling series. Normal seedlings found
in the 5-day counts were removed from the blotters,
while others were left in place for further incubation. A
7-day count was made for
seedlings were not evaluated.

Mold Inhibitor—Mold growth was a problem, es-
pecially in samples severely injured by the fumigant.
After it was determined that no apparent difference was
caused in seed viability by its use, a suspension of
Captan (N—trichloromethyl thio tetra.hydrophthalimide)
in water was applied to the germination blotters before
placement of the seeds.

Replicates.—Each fumigation was duplicated in nearly
every test series. In some instances several replicate
fumigation series were conducted. The numbers of seeds
used in the germination tests ranged from 200 to 4100 for
each dosage, moisture level, exposure, and kind of seed.
These numbers are indicated in the tabular data.

Tabulation and Evaluation of DataS—Results of in-
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s The suthors are grateful to H. D. Nelson, Assistant Station Leader, Stored-
Product Insects Laboratory, Manhattan, Kans., who performed the statistical
analyses under the counse) of Dr. H. C. Fryer, in charge of the Statistics
Laboratory, Kansas State College, Manhattan.

each of the samples where
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GERMINATION (PERCENT)

t

0 11 12 13 14
- MOISTURE (PERCENT)

Tie. 2.—An example of the effects of seed moisture content
during fumigation on germination (80-day test, 24-hour
exposure, methyl bromide 2 1b./1000 cu. ft.).

dividual samples were calculated as percentages and
analyzed by the analysis of variance. Least significant

differences were computed at the 5% level (L.S.D.*). In -

some instances, as when a sample was lost or insufficient
seeds were available for a complete series, results for the
missing individual samples were estimated by an un-
biased method. This was done so that each series would
have equal numbers of samples, thus simplifying the
work involved in the analysis of variance. Wheat data,
except the selected data, are expressed in terms of cor-
rected differences between the treated samples and the
checks. This correction was made by use of Abbott’s
formula to account for abnormal and dead seeds in the
check samples.

Resurrs——General.—The data presented in this re-
port reinforce, delineate, and extend the existing rather
empirical knowledge of the facts relating to the effects
of methyl bromide fumigation on seed viability. Injury
to_seeds was found to be directly related to increases in
(1) fumigant concentration, (2) length of exposure, (3)
seed moisture content, and (4) length of storage period
after fumigation. From other work by Cotton and Frank-
enfeld (unpublished data), it was demonstrated that the

degree of injury increased in close association with in-
creasing fumigation temperatures.

The rates of increasing injury are not uniformly cor-
related with increases in the variable factors named
above, but certain critical thresholds exist. These thresh-
olds are so complexly interdependent that a minor change
in one variable may cause the whole system to shift
considerably.

Although seedling evaluations were not made for all of
the kinds of seeds tested, it was apparent that many of
the sprouts from fumigated seeds were slow in develop-
ing and were often malformed. This was especially nota-
ble in the higher dosages and longer exposures. These ob-
servations were confirmed by the seedling evaluations
with wheat.

Barley.—TFigures 2, 8, and 4 illustrate the fact that
barley was one of the more resistant kinds of seed. A
summary and least significant differences are presented
in table 1 and shows that there was a significant interac-
tion among all the variables involved; namely, dosage
X exposure X moisture X the time interval between fumi-
gation and germination test (germination test number).

A few examples are cited from table 1 in the following
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Tre. 3.—An example of the effects of fumigant dosage on seed
germination (80-day test, 129, moisture, 24 hours exposure to
methyl bromide).
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Fie. 4.—An example of the effects of length of fumigant ex-
posure ot seed germination (80-day test, 129}, moisture, methyl
bromide 2 1b./1000 cu. ft.).

tabulation. This tabulation shows the combinations of
varisbles in which significant germination reductions first
occurred. The comparisons are between treated samples
and their respective checks (L.S.D.* =6.8). Except for a
few instances, all combinations of conditions in which any
one of the variables was greater than listed below also
resulted in significant injury.

Germination
Dosage Test No.
(Lb./1000 Exposure Moisture

cu. ft.) (Hours) (Per Cent) First Second

2 12 13 X b4

2 24 11 X b4

4 8 11 b4

4 12 10 X X

6 4 138 X

6 4 14 b4 X

6 8 10 X

8 4 11 X X

8 8 10 X X

As indicated in column 2 of table 1, gas analyses at the
end of each fumigation showed that the fumigant con-

centrations were quite close to the amounts applied.

The results of the barley tests compare favorably with
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those found by other workers (Fisk & Shepherd 1938,
Mackie 1988, Mayer & Gammon unpublished data, Cali-
fornia State Senate 1955, Lindgren et al. 1955).
Corn.—Figures 2, 8, and 4 show some representative
germination values for corn after methyl bromide fumi-
gation, and also the relative susceptibility of corn as com-

* pared with the other species tested. As shown in figure 2,

increasing the moisture content
slight increase in susceptibility
posed to a dosage of 2 pounds per 1000 cu. ft., for 24
hours. The 12% ‘moisture level is apparently the second
moisture threshold with corn, since the treated seeds hav-
ing only 10% moisture germinated 809, while the checks
germinated about 99%. Figure 3 indicates that corn was
very sensitive to increasing dosages. The dosage threshold
for 129, moisture and 24 hours’ exposure lies some place
below 2 pounds per 1000 cu. ft. The exact point is not
known because no dosages less than 2 pounds were tested
in corn. Figure 4 expresses the relationship between in-
creasing lengths of exposure and damage to viability when
the dosage was 2 pounds per 1000 cu. ft. and the moisture
was 12%. Under these conditions the treatments were
tolerated until exposures greater than 12 hours were used.
The reaction of corn to increasing exposures was similar
to that of oats, barley, and grain sorghum.

A summary and statistical statement are given in table
2. The interaction among all the variables involved was
not significant. Interactions of moisture X dosage Xex-
posure i

above 120, caused a
when the seeds were ex-

and of germination test npumber X dosage Xexpo-
sure were significant. The data were arranged according
to the combinations just listed, and 1.8.D.* values were
computed. The following tabulation cites examples of
combinations of variables in which significant reductions
in germination grst occurred. The comparisons are be-

tween treated samples and their respective checks.

Germination
Dosage  Expo- Mois- Test No.
(Lb./1000  sure ture
cu. ft.) (Hours) (Per Cent)  First Second LS.D*
(MoistureXDosageXExposure)

2 24 10 (Combined) 8.1

4 8 10 (Combined) 5.9

6 4 13 (Combined) 8.1

(i} 8 10 (Combined) 8.1

8 4 10 (Combined) 8.1

(Germination test numberXDosageXExposure)

2 24 (Allcom- x X
bined)

4 g (Allcom- x b4 8.7
bined)

6 4 (Al com- x 5.3
bined)

6 8 (Allcom- - b4 x 5.3
bined)

8 4 (Allcom- X x 5.8
bined)

Combinations of variables in which any one factor was
increased above those listed resulted in increased injury.
Some of the miore severe treatments reduced germina-
tions nearly to zero.

Thermal conductivity gas readings at the end of each
fumigation indicated that even though the samples were
not large the seeds had sorbed a small amount of the
methyl bromide during the 24-hour exposure periods.
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. Table 1.—Beecher parley: effects of methyl bromide fumigation® on seed germination.
AVERAGE_PER CENT GERMINATION® AT INDICATED Mo1sTUuRE CONTENT OF SEEDS
D GErMINATION TEST®
CHBr _—////
DOSAGE AND ANALYSES 10 Per Cent 11 Per Cent 12 Per Cent 13 Per Cent 14 Per Cent

1ENGTH OF EX- (0z./1000 —————— "~ e —— e ——
posure (Hours) CU. Fr.) Test1 Test2 Testl Test @ Test1 Test 2 Testl Test?2 Test 1 Test 2
. 99.0 99.0

2 1b./1000 cu. ft.

TUntreated check — 99.7 98.0 99.7 99.83 99.3 97.7 99.0 98.7

4 27 99.4 97.8 99 .4 99.2 99.2 96.4 99.0 99.2 98.4 97.0 *

8 28 98.6 99.2 97.4 97.6 97.2 98.2 97.2 95.2 98.2 97.8

12 29 97.8 98.2 98.2 97.8 93.4 03.4 90.0 91.2 93.0 87.2
24 30 94.8 95.6 91.4 88.8 82.4 81.6 81.2 79.8 79.2 79.8

4 1b./1000 cu. ft.
Untreated check —_ 98.3 97.0 100 99.3 97.3 96.7 93.3 87.7 90.7 88.8
4 65 99.0 97.4 - 08.4 96.2 97.2 91.4 96.0 87.4 97.0 90.4
8 62 98.8 93.4 95.8 84.2 93.4 T4 87.8 74.4 92.0 4.4
12 62 87.0 84.8 85.4 .8 81.8 76.2 71.6 75.8 75.0 78.2
24 62 72.8 72.8 74.6 74.6 75.0 69.8 75.2 77.8 71.0 72.6

6 1b./1000 cu. ft.

* Untreatedcheck —_ 97.7 98.3 99.7 97.0 99.3 98.3 98.3 95.6 99.8 96.7
4 99 98.4 95.4 98.0 93.2 95.8 94.6 92.6 85.0 91.8 84.2
8 102 94.4 89.4 81.8 79.4 79.8 80.0 78.2 73.4 78.0 75.2
12 99 86.8 86.4 . 79.8 81.2 76.6 79.6 80.0 8.0 71.2 72.0
24 ' 101 79.6 78.8 74.8 .2 70.8 72.8 70.0 70.2 71.2 70.8

8 1b./1000 cu. ft.
Untreated check —_— 99.8 97.0 98.2 97.0 98.7 95.8 96.0 95.0 98.8 94.7
4 182 94.6 92.4 84.0 84.8 81.2 84.4 87.2 76.2 75.4 72.0
8 128 85.6 80.6 2.8 71.6 74.8 79.8 76.0 7.4 65.8 57.2
12 128 74.8 75.2 78.4 76.8 76.6 72.6 70.6 76.8 52.6 67.6
24 127 74.2 4.2 71.2 78.2 71.6 78.4 68.8 78.2 45.6 49.2

 The fumigation temperature was 80° F. Five hundred seeds tested under each set of conditions except that 300 seeds were tested in the untreated checks.
b Al] seeds showing embryonic development were counted as germinated.
¢ First germination test was started after fumigated seeds were aerated 24 hours. Second test was started after 80 days’ seration.
Least significant mean differences at the 5% level (LS.D.%).
Comparing samples having 300 seeds, LS.D.*=17.0.
Comparing samples having 800 seeds and samples having 500 seeds, LS.D.*=638.
Comparing samples having 500 seeds, L.S.D.*=5.1.

Readings at other times were well within the usual limits Figure 3 shows that grain sorghum (129, moisture and
of variation (table 2, column 2). 24 hours’ exposure) was more sensitive than barley or
A series of tests was conducted by Frankenfeld in 1939 oats to increasing fumigant dosage, but less sensitive than
(u.npublished_ data), the results of which indicate that wheat or corn.

corn had a higher degree of tolerance than shown in this Increasing exposures (fig. 4) were tolerated by grain
paper. The technique used by Frankenfeld differed from sorghum (12% moisture and 2-pound dosage) through 12
that used in these tests in that the ratio of corn to free ajr  hours eXposure, but serious damage resulted from 24
space was much higher in the former, simulating that hours’ exposure.

which is found in bulk storage. As mentioned earlier, in The breaking points (thresholds) varied in relation to
the tests reported here the ratio of seeds to free air space the combinations of all factors involved and may be found
approximated that which would be found in a large ware- for each combination by studying table 8. Analysis of
house partially glled with bags or small bins of seeds. variance revealed a significant interaction among the
It is believed that this higher corn-to-air space ratio in four factors involved; namely, moistureXdosageex-
Frankenfeld’s tests caused a greater amount of the gas to posureXgermjnation test (delayed effect). The L.S.D.*
be held by sorption, thus accounting for the higher tol- Was found to be 5.5 when comparing treated with un-
erance indicated. Other factors, such as seed variety, may treated samples (table 3). On the basis of this criterion,
also effect these differences. the following tabulation cites examples of combinations

Grain Sorghum.—In general, grain sorghum appeared of Yariables ﬁ§ted in table 8 in which significant germi-
to be more tolerant than wheat and less tolerant than nation reductions first occurred:

barley and oats. Figure 2 shows that -sensitivity to 2 Dosage G%nﬁ;on
pounds/1000 cu. ft. for 24 hours was greatly increased (Lb./1000 ~ Ezposure Moisture -
when seed moisture was increased above 11%. When com- cu. ft.) (Hours)  (Per Cent) First  Second
pared with corn under these conditions, the tolerance of //
grain sorghum was considerably above corn at moistures 2 Zg }Z x §

of 10% and 11% but dropped below corn at moisture 4 12 10 < x
levels of 12, 13, and 14%. This indicates that at a 2-pound 6 8 12 x x
dosage and 24 hours’ exposure grain sorghum was more g li }2 ]; £
sensitive than corn to moisture changes. 8 8 10 x x
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Table 2.—~Yellow hybrid corn: effects of
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methyl bromide fumigation® on seed germination. .

AVERAGE PER CeNT GERMINATION® AT

AvERAGE PER
CeNT GERMINA-
TION® IN INDICAT-
£p GERMINATION

TNDICATED MOISTURE CoONTENTS Teste (ALL
CH;Br  NUMBER OF (1sT AND 2ND Tgsts COMBINED) NoumBER OF  MOISTURE L EVELS
DOSAGE AND  ANALYSES Sgeps TESTED Sgeps TESTED COMBINED)
1xzners oF Ex- (0% /1000 N EacH SET j0Per 11Per 12 Per 18Per 4 Per 1N EacH SET
posurE (HOUES) Cu. Fr.) or CONDITIONS Cent Cent  Cent Cent- Cent OF Conprrions Testl Test 2

9 1b./1000 cu. it.

Untreated check  — 400 99.3 100
4 32 400 100 98.8
8 32 400 99.0 97.8
12 33 400 08.8 98.0
24 A 400 79.5 81.3
4 1b./1000 cu. ft.
Untreated check — 800 98.1 94.0
4 64 800 98.6 97.5
8 64 800 89.4 84.0
12 61 800 76.5 T4 .4
24 55 800 73.8 64-8
6 1b./1000 cu. ft.
Untreated check — 400 99.3 100.
4 97 400 97.5 96.3
8 97 400 83.0 76.0
12 94 400 75.8 76.8
24 92 400 71.0 68.3
8 1b./1000 cu. ft.
Untreated check — 400 99.38 99.5
4 126 400 90.8 86.8
8 125 400 80.8 81.8
12 126 400 .. 76.5 73.8
24 124 400 60.5 50.5

99.0 99.3 99.5 1000 99.7 99.1
97.8 98.0 99.3 1000 99.1 98.4
98.0 96.8 97.3 1000 99.1 96.4
95.8 96.8 91.8 1000 97.2 95.0
78.5 74.8 72.8 1000 7.5 7.0
98.1 98.9 99.6 2000 98.0 97.5
96.6 96.4 96.8 2000 97.6 96.8
78.8 81.0 70.6 2000 78.7 82.9
70.9 69.5 56.9 2000 69.3 70.0 ©
47.5 28.6 11.5 2000 45.2 45.0
99.5 99.5 100 1000 99.8 99.5
92.3 89.8 89.5 1000 94.9 91.2
79.5 67.8 62.8 1000 .5 69.9
75.8 37.8 49.0 1000 69.8 56.3
71.8 2.3 7.5 1000 46.2 34.1
99.5 99.8 100 1000 99.8 99.2
81.3 80.8 84.3 1000 87.6 81.9
72.8 66.8 67.8 1000 7.4 73.1
44.3 41.8 60.3 1000 2.5 45.9
0.8 2.0 16.8 1000 31.9 20.1

& The fumigation temperature was 80° F.
b All geeds showing embryonic development were counted a8 germinated

¢ First germination test was started after fumigated seeds were aerated 24 hours. Second test was started after 80 days’ aeration.
Least significant mean Jifierences at the 5% level (LSD.M when considering thege interactions:

Moisture X Dosage XExposure:
Comparing samples baving 400 seeds, 1.8.D.*=81

Comparing samples baving 400 seeds with samples having 800 seeds, LS.D.*=72.

Compsring samples having 800 seeds, L.S.D.*=59.
Test Number XDosage XExposure:
Comparing samples having 1000 geeds, L8.D*=53.

Comparing samples having 1000 seeds with samples having 2000 seeds, L8.D.*=46.

Comparing aaroples having 2000 seeds, LS.D.*=8.17.

Combinations of variables in which any one factor Was
increased above those listed resulted in increased injury-
Results of gas analyses at the end of each fumigation indi-
cated that the methyl bromide concentrations were ap-
proxima.tely equal to the amount applied.

Experiments reported by Lindgren et al. (1955) indicate
similar results as reported above.

Oats.—Qats were more tolerant to methyl bromide than
any other seed tested, as shown in figures 2, 3, and 4. In-
creasing the moisture, dosage, and exposure caused mod-
erate increases in damage, but not to the extent observed
with the other seeds tested.

Statistical analysis of the data disclosed that signifi-
cant interactions oceurred only at the 2-way level;
namely, dosage X exposure, moisture X exposure, and
dosage)(germination test number. A summary of the
individual tests, arranged according to the combinations
having significant interactions, is given in table 4. By
using the appropriate least significant difference values
listed at the bottom of table 4, comparisons
can be made in the table to show which treatments caused
injury and also whether differences existed between first
and second germination tests.

The following tabulation cites those combinations of
variables in which significant injury first occurred:

Dosage Exposure Moisture
(Lb./1000 cu. ft)  (Hours) (Per Cent) LS.D*
(DosageXExposure)
2 24 Al combined 5.4
4 8 All combined 5.4
6 4 All combined 5.4
(ExposureXMoisture)
All combined 12 10 - 6.0
All combined 8 11 6.0
All combined 4 13 6.0
Each combination in which either factor was increased

resulted in increased injury; those with smaller factors
were not damaged. Relationships of germinations in the
first tests (24 bours’ aeration) and the second tests (30
days’ aeration) were somewhat erratic; however, two
definite trends are shown. The 4-pound dosage (all mois-
ture levels and exposures combined) caused a significantly
greater reduction in the first test than was found in the
second test. The reverse situation was true for samples
treated with the 8-pound dosage.
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Table 5 lists average germinations {for each combina-
tion of moistureXexposureXdosage)(germina.tion test
aumber. Although the interaction at this level was not
significant, it is obvious that the following are the ap-
proximate upper limits of tolerance:

Dosage Exposure Motsture
(Lb./1000 cu. ft) (Hours) (Per Cent)
2 24 11
4 8 11
4 12 10
6 4 12
8 4 11

In fact, some of the examples just cited sustained mod-
erate amounts of injury. In each case, an increase in one
of the variables resulted in damage.

Gas analyses at the end of each of the exposures corrob-
orate the theoretical dosages, since they lie within the
usual limits of experimental error.

The results of the tests with oats agree with the pre-
liminary findings of Tisk & Shepherd (1988) and those in
the khapra beetle research (California State Senate 1955).

W heat.—General —Wheat was definitely the most
susceptible species tested. Several hundred seeds were
used in each of the test series with wheat, partly because
of its erratic response and also because wheat viability is
of great economic importance. Flour millers do not want
dead wheat. There is experimental evidence that shows
germ damage from fumigation is directly associated with

inferior bread quality when made from flour of damaged
wheat (Cotton et al. 1946).

Figure 2 illustrates the fact that the sensitivity does not
always change in direct and uniform proportions to
changes in moisture content. It appears that certain criti-
cal moisture thresholds exist here also which are, obvi-
ously, dependent upon the combination of the other vari-
ables involved. Similar thresholds undoubtedly occur for
the other variables, too, but in the combinations used for
the data in figures 8 and 4, they are not readily apparent.
Figures 3 and 4 indicate that injury to wheat is more uni-
formly related to dosage and exposure than to moisture,
under the conditions of these tests.

nteractions of Variable Factors.—Graphic representa-
tions of the germination results from seeds treated with
various combinations of dosage, moisture, and exposure
aid in giving a clearer understanding of these interac-
tions. Figures 5, 6, and 7 present a few such combinations
of summarized data.

The relationship of dosage % moisture X germination is
illustrated in figure 5. During a 4-hour exposure, signifi-
cant, but not drastic, reductions- in viability resulted
from treatments of 6-pound dosage X14% moisture and
of 8 poundleO% and 119, moisture levels. Severe in-
jury was associated with the 8-pound treatment of seeds
having 12, 18, and 149, moisture levels.

PData showing the association of dosageXexposure
X germination are portrayed in figure 6. Germination of

Table 3.—Midland grain sorghum: effects of methyl bromide fumigation® on seed germination.

AveracE Per CENT GERMINATION® AT INDICATED MoisTurRE CONTENT OF

CH:,'BR
DoOsSAGE AND
pnerH oF Ex-  (0z./1000

2 1b./1000 cu. ft.

L e — R
posure (Houms) Cu. Fr.) Test1 Test? Testl Test 2 Testl Test 2 Testl Test?2 Test 1 Test 2
98.0 98.7

SEEDS AND GERMINATION TrsT®

ANALYSES 10 Per Cent 11 Per Cent 12 Per Cent 18 Per Cent 14 Per Cent

Untreated check — 97.3 99.7 o 98.7 99.8 99.0 98.7 99.0
4 a7 98.2 98.6 . 96.8 98.2 98.2 98.6 08.2 98.8 98.0 97.8
8 28 98.4 99.4 98.6 98.6 97.6 99.6 99.0 99.0 95.4 97.8
12 29 99.4 98.4 97.6 98.8 97.4 97.6 96.2 98.0 97.8 95.6
24 30 97 .4 96.6 94.6 96.2 70.0 66.8 63.2 58.8 57.6 58.2
41b./1000 cu. ft.
Untreated check — 98.7 98.7 98.0 97.7 97.7 97.7 98.3 98.3 97.7 99.3
4 65 99.0 99.0 99.0 99.0 98.4 97.8 99.2 96.8 98.6 98.8
8 62 98.8 97.4 94.6 98.0 02.4 91.2 62.4 75.6 71.6 75.4
12 62 90.0 91.8 65.8 85.6 57.8 64.4 40.4 54.0 57.6 50.4
24 62 56.2 58.0 55.6 55.6 57.4 59.0 31.0 22.0 2.2 2.6
6 1b./1000 cu. ft.
Untreated check — 99.0 99.7 99.3 98.8 99.7 99.8 99.0 098.7 98.0 99.7
4 99 97.4 98.4 98.8 98.6 97.2 98.4 97.2 95.8 o7 .4 97.6
8 102 98.2 97.6 96.4 96.4 70.2 80.6 54.4 60.6 45.8 48.8
12 99 93.0 97.4 61.8 80.0 56.8 61.4 50.2 47.0 16.4 16.4
24 101 56.0 56.2 52.4 56.0 51.6 51.4 0 1.6 0 0
8 1b./1000 cu. ft.
Untreated check —_ 99.0 99.0 98.7 100 98.3 100 98.0 99.7 99.7 98.7
4 132 95.2 07 .4 90.0 94.8 90.4 94.0 87.2 85.8 67.0 79.2
8. 128 79.8 68.4 58.4 60.2 59.4 54.8 50.0 57.6 1.2 0.2
12 128 57.8 62.4 58.4 61.6 50.8 57.2 20.2 18.6 0 0
24 127 54.2 58.2 47.2 58.6 44.8 40.8 0.2 0 0 0

8 The jumigation temperature was 80° F. Five hundred seeds tested under each set of conditions except that 300 seeds were tested in the untreated checks.

b All seeds showing embryonic development were counted as germinal

¢ First germination test was

Least significant mean differences at the 5% level (L.S.D."):
Comparing samples having 300 seeds, L.S.D.*=6.1.

after fumigated seeds were aerated 24 hours, Second test was started after 30 days’ aeration,

Comparing samples baving 300 seeds with samples having 500 seeds, L.S.D.*=5.5.

Comparing samples having 500 seeds, LS.D.*=4T.
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Table 4.—Nemaha oats: effects of methyl bromide fumigation® on seed germination. Summary of individual tests.

AvERAGE PER CERT AvERAGE Per CENT GER-

GERMINATION AFTER In- MINATION AT INDICATED

pIcATED DOSAGE Mo1sTURE CONTENTS
(Lb./1000 Cu. Fr.) -

LanerH oF Expo- NUMBER OF SEEDS — . o NUMBER OF SEEDS 10 11 12 18 14
sure (HOURS) AND TesTED IN EACE 2 4 6 8 TesTED IN EACE Per Per Per Per Per
GEEMINATION TEST® Sur oF CONDITIONS Ibs. Lbs. Lbs. Lbs. SeT oF CONDITIONS Cent Cent Cent Cent Cent

Untreated checks 3000 99.7¢ 99.0 99.2 99.1 2400 99.14 99.4 99.6 99.1 99.0
4 5000 99.6 98.7 89.4 88.1 4000 99.2 95.6 98.9 92.1 91.2
8 5000 99.4 89.4 82.1 78.7 4000 95.2 87.8 85.5 85.5 83.4

12 5000 98.4 83.9 78.2 75.8 4000 89.5 88.7 84.5 83.1 79.5

A4 5000 86.7 72.5 1.7 64.6 4000 7.9 7.2 7.2 74.8 60.9

First test 11500 95.9° 86.4 83.6 81.1

Second test 11500 97.1 89.2 82.8 78.8

& The fumigation temperature was 80° F.
b Pirst germination test was started after fumigated seeds were aerated 24 hours. Second test was started after 80 days’ aeration.
¢ All moistures and first and second germination tests combined for each value given in this section.
d A1} dosages and first and second germination tests bined for each value given in this section.
e All moistures and exposures combined for values given in this section.
Least significant mean differences at the 5% level (L.S.D.") when considering these interactions:
Dosage XExposure:
Comparing samples having 8000 seeds, L.S.D.*=6.0. :
Comparing samples having 8000 seeds with samples having 5000 seeds, LS. D.*=54.
Comparing samples having 5000 seeds, L.S.D.*=4.7.
Moisture XExposure:
Comparing samples having 2400 seeds, 1.8.D.*=6.6.
Comparing samples having 2400 seeds with samples having 4000 seeds, L.S8.D.*=6.0.
Comparing samples having 4000 seeds, LS.D*=52.

Dosage X Test:
LS.D.*=22.
Table 5.—Nemaha oats: effects of methyl bromide fumigation® on seed germination.
AverAGE Per CENT GERMINATION? AT INDICATED MoisToreE CONTENT OF
SEEDS AND GERMINATION TEsT®
CH;Br
DOBAGE AND ANALYSES 10 Per Cent 11 Per Cent 12 Per Cent 18 Per Cent 14 Per Cent

1zxers oF Ex-  (0z./1000 e e
posugE (Hours) Cu. Fr.) Test1 Test2 Testl Test 2 Testl Test2 Test1 Test2 Testl Test 2

2 1b./1000 cu. ft.

Untreated check _ 100 100 99.7 100 99.7 99.3 99.7 100 99.3 99.7
4 35 99.2 100 99.8 100 99.6 100 99.8 99.2 98.6 99.8
8 34 100 99.8 99.6 99.4 99.0 100 99.4 98.0 99 .4 99.4
12 34 100 100 98.4 99.8 98.4 99.2 96.2 98.0 95.4 98.6
24 34 99.8 99.6 85.6 91.6 81.4 84.4 79.4 84 .4 78.8 83.4
4 1b./1000 cu. ft.
Untreated check —_ 97.7 99.0 99.8 98.8 98.7 100 99.3 99.7 99.3 99.0
4 67 99.2 99.4 98.8 99 .4 98.4 98.8 97.6 98.6 97.8 98.6
8 68 98.8 99.2 89.8 97.0 83.6 88.8 83.8 85.2 84.8 82.8
12 66 97.8 98.2 75.2 83.8 83.8 83.2 76.8 82.6 7.2 80.4
24 67 72.6 73.6 74.0 74.4 75.0 7.4 65.4 80.0 60.8 71.4
6 1bs./1000 cu. ft.
Untreated check — 99.0 99.3 99.7 99.7 99.8 100 96.0 100 99.8 99.3
4 98 99.0 99.0 98.2 89.8 94.6 88.2 89.2 86.0 85.0 88.0
8 98 86.4 91.4 84.2 84.4 82.6 76.2 80.6 82.2 76.6 76.2
12 96 76.2 79.0 78.6 82.2 80.2 78.0 85.0 76.8 78.2 72.8
24 96 72.4 75.4 75.2 74.0 78.8 75.8 76.8 72.8 59.4 56.4
8 1b./1000 cu. ft.
Untreated check —_— 99.0 99.0 99.7 99.0 100 100 99.0 99.0 99.3 96.7
4 184 99.4 98.8 95.2 88.2 89.8 81.8 87.6 78.8 80.4 81.4
8 182 96.4 89.8 69.6 74.6 78.8 75.0 78.0 76.6 74 .4 738.4
12 182 85.2 80.0 5.6 76.2 79.2 78.8 79.6 70.0 73.4 65.2
24 125 73.8 69.2 70.0 72.6 72.0 2.4 70.4 68.8 89.6 37.6

 The fumigation temperature was 80° F. Five hundred seeds tested under each set of conditions except that 300 seeds were tested in the untreated checks.

b Al] seeds showing embryonic development were counted as germinated.

¢ First germination test ‘was started after fumigated seeds were aerated 24 hours. Second test was started after 30 days’ aeration.

There are no significant interactions among the above data. Least significant differences are computed for those interactions which are significant and are presented
in table 4.
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wheat having 129, moisture was significantly, but not
drastically, reduced by treatments of 2 poundsX8 hours
and of 2 poundsX12 hours. The only samples surviving
without injury were those in treatments of 2 pounds, 4
pounds, and 6 poundsX4 hours. All treatments other than
those listed above caused great amounts of injury.

Interactions of moisture X exposure X germination are
shown in figure 7. When fumigated with 2 pounds of
methyl bromide per 1000 cu. ft., slight to moderate dam-
age was done to samples in treatments of 4 hoursX14%
moisture, 8 hoursx12, 18, and 14%, moisture, and 12
hours X all moisture levels. Extensive reductions in germi-~
nation resulted at all moisture levelsX24 hours’ exposure.

Summary of All Tests with Wheat.—The results of all
tests conducted with wheat are summarized in table 6.
All these data were not included in the statistical analyses
because of the irregular and widely varying numbers of
seeds used in each different set of conditions. Representa-
tive data were selected for statistical evaluation. The re-
sults of these selected data are summarized in table 7 and
those of the seedling evaluations in table 8, both of which
will be discussed subsequently.

A study of the corrected differences in germination be-
tween check and treated samples (table 6) shows that a
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Tye. 5.—Data illustrating the interactions of seed moisture con-
tent and fumigant dosage on germination of Pawnee wheat 30
days after fumigation with methyl bromide for 4 hours at 80° F.
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Tie. 6.—Data illustrating the interactions of length of fumigant
exposure and dosage on germination of Pawnee wheat 30 days

after fumigation with methyl bromide at 80° F. (moisture
content of wheat 12%).

dosage of 0.6 pound per 1000 cu. ft. was tolerated by all
samples, including those having 149, moisture which
were exposed for 24 hours.

The 1-pound dosage caused slight injury in a few sam-
ples with the maximumn reduction being 11%,.

Two-pound dosages caused injury in proportion to the
moisture content and the length of exposure. For exam-
ple, seeds having 149, moisture were injured as follows:
(third germination test, 6 months after treatment) 4
hours’ exposure, 9% dead; 8 hours’ exposure, 159, dead;
12 hours’ exposure, 347, dead; and 24 hours’ exposure,
70%, dead. Lesser amounts of damage resulted when the
seed moisture content was lower; however, slight to ex-
tensive injury occurred in nearly every sample.

The treatment with a 3-pound dosageX24-hour expo-
sure was tolerated by the samples having 109, moisture,
but considerable damage resulted in samples having 12%,
and 149, moisture.

Four-pound dosages were tolerated for 4 hours’ expo-
sure by all except 12% (or more) moisture samples,
which sustained slight to moderate injury. Eight-hour
exposures resulted in viability reductions ranging from
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7% kill in the samples with 109, moisture to 55% kill
in those samples with 14% moisture. The ranges of dam-
age resulting from 12- and 24-hour exposures to dosages
of 4 pounds per 1000 cu. ft. were 25%, to 83% and 64%
to 87%, respectively. The degree of injury again was de-
pendent upon the moisture content of the seeds.

Five-pound dosages caused from 12 to 92% mortality
of seed embryos.

Six- and 8-pound applications are not safe for wheat
unless the moisture content is less than 109, and/or the
exposure is shorter than 4 hours.

Selected Data.—Table 7, showing representative
germination averages and L.S.D.* values for wheat, was
constructed to aid in a more detailed study of the data.
The data were selected in units of entire series so that
each set of conditions would be represented by the same
number of replicates as every other series selected. Tt
should be noted that in the 1-pound dosage series the
germination was consistently lower in the first germina-
tion test than in the second. This difference was caused
by inadvertent drying of the sprouting seeds.

The following tabulation cites examples in table 7 in
which significant germination reductions first occurred.
The comparisons are between treated samples and their
respective checks (L8.D.*=1.7):

Germination
Dosage Test No.
(Lb./1000  Ezposure Moisture —_—

cu. ft.) (Hours) (Per Cent) First Second

1 8 12 x5

1 12 14 X

1 24 10 x8

1 24 11 X X

2 8 12 X

2 12 11 . X

2 12 13 X b4

2 24 10 X X

4 8 11 X X

4 12 10 X X

6 4 11 X

6 4 14 X X

6 8 10 X X

8 4 10 X

8 8 10 b4 X

¢ These are questionable values because of inadvertent drying of seeds as
explained in the text.

As a rule, combinations of variables baving one factor of
a greater value resulted in increased damage, and those
with a smaller factor survived the treatment without in-
jury. Other comparisons may be made in the table by
using the appropriate L.SD.* value. Except in the 1-
pound treatment series, the delayed effect is indicated by
comparing each pair (first and second) of germination
tests.

" Gas analyses showed that the fumigant concentrations
were quite close to the calculated dosages.

Comparison with Results of Other Research with
Wheat —The results of the wheat tests differ consider-
ably from those reported by Cotton and Frankenfeld in
1955 (unpublished data) in that their data showed that
the drier seeds were more susceptible than those with 14

GERMINATION (PE RCENT)

Tig. 7.—Data illustrating the interactions of seed moisture

content and length of fumigant exposure on germination of

Pawnee wheat 30 days after fumigation with methyl bromide,
2 1b./1000 cu. ft. at 80° F.

and 169 moisture. A contrast of the two methods of
fumigation may indicate the key to the differences in re-
sults: Frankenfeld fumigated seeds in 1-quart containers
fairly well loaded with wheat. The tests currently re-
ported involved fumigations with relatively few seeds in
20-quart containers. Thus the ratio of commodity to air
space was greatly different between the two experiments.
1t is commonly understood that the degree of fumigant
sorption by the seeds is proportional to their moisture
contents, %.e., the higher moisture is associated with
greater sorption. It is possible, therefore, that the high-
moisture seeds in Frankenfeld's tests sorbed and held
methy] bromide in portions of the seeds other than the
embryo, and thereby reduced the effective fumigant con-
centration below levels toxic to the wheat embryos. If
this were the case, the relatively few seeds in the tests
reported here would not have had the sorptive capacity
to demonstrate this theoretical phenomenon. Further re-
search should be conducted to prove .or disprove the
theory because of the significant practical implications.
Fisk & Shepherd (1938) reported that a dosage of 10
pounds per 1000 cu. ft. for 5 hours’ exposure was tolerated
by “dry” wheat seeds. Piper & Davidson (1938) reported
that fumigations which gave 100 per cent kill to 5 species
of test insects (approximately 1 pound per 1000 cu. ft.

e et e T T AT PR
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Table 6.—Pawnee wheat: effects of methyl bromide fumigation® on seed germination. Summary of all tests conducted.

MEzax Per CExt DIFFERENCEY BETWEEN GERMINATION® OF FUMIGATED AND CEECK SAMPLES AT INDICATED
GERMINATION TEsT AND M0OI1STURE CONTENT

CH;Br One Day After Fumigation 80 Days After Fumigation 6 Months After Fumigation
DosaGE AND ANALYSES
Lenets oF Ex-  (Qz./1000 10Per 11Per 12Per 18 Per 14 Per 10Per 11Per 12Per 13 Per 14 Per 10Per 12Per 14 Per
rostre (Houms) Cu. Fr.) Cent Cent Cent Cent Cent Cent Cent Cent Cent Cent Cent Cent Cent
0.6 1b./1000 cu. ft.
24 11 -1 e 1 - 0 1 — 2 — 1 — — —
( 500)f ( 500) ( 500) ( 500) ( 500) ( 500) -
11b./1000 cu. ft.
4 16 — 4 -8 — 6 -4 8 2 -1 -5 - 3 — 8 — — —
( 400) ( 500) ( 500) ( 500) ( 500) ( 500) ( 500) ( 500) ( 500) ( 500)
8 15 -2 - 6 —10 - 0 1 -7 — -7 — 6 —_ _— _—
( 500) ( 500) ( 500) ( 400) ( 500) ( 500) ( 500) (500) ( 500) ( 500)
12 16 — 6 -7 — 4 2 — 5 -9 —11 — —_ —_
( 800) ( 500) ( 500) ( 500) ( 500) ( 500) ( 500) (5000 ( 500) ( 500)
214 16 - 3 7 — 8 L] - -7 11 - — —_ -—
( 900) ( 500) (1000) ( 500) (1000) (1000) ( 500) (1000) ( 500) (1000)
2 1bs./1000 cu. ft.
4 81 0o -~ 2 -2 — 1 1 -4 -3 -5 -7 -2 -6 — 9
(2600) (2000) (2600) (2000) (2600) (2600) (2000) (2600) . (2000) (2600) (600) (600) (600)
8 81 1 — 8 -5 6 0 . -7 . -11 —15 — 8 —12 —15
(2600) (2000) (2600) (2000) (2600) (2600) (2000) " (2800) (2000) (2600) (600) (600) (600)
12 81 ~18 —22 11 —12 —18 —20 —24 -~ 6 -8 —384
(3100) (2500) (3100) (2500) (3100) (3100) (2500) . (3100) (2500) (3100) (600) (600) (600)
24 81 32 —56 70 —58 57 —60 —4 —6!
(41100) (2500) (4100) (2500) (4100) (4100) (2500) (4100) (2500) (4100) (600) (600) (600)
8 1bs./1000 cu. ft.
24 M 46 — 5 — —47 —_ —74 1 — —41 —_ -~71 —_ —_ —_
(1000) (1000) (1000) (1000) (1000) (1000)
4 1bs./1000 cu. ft.
4 64 0 -2 — 8 -1 0 .- 2 — 8 -8 — 8 —21
(2100) (1500) (2100) (1500) (2100) (2100) (1500) (2100) (1500) (2100) (600) (600) (600)
8 64 -7 22 45 . —~19 —44 —5 -10 —82 —40
(2100) (1500) (2100) (1600) (2100) (2100) (1500) (2100) (1500) (2100) (600) (600) (600)
12 64 —81 61 —57 —69 —82 —25 —59 -7
(2600) (2000) (2600) (2000) (2000) (2600) (2000) (2600) (2000) (2600) (600) (600) . (600)
24 83 —85 —81 —80 —88 —87 —70 —73 —78
(3600) (2000) (3600) (2000) (3600) (3600) (2000) (8600) (2000) (3600) (600) (600) (600)
5 1b./1000 cu. ft.
24 82 —22 —_ —88 —_ ~—92 —12 —_ —85 — —92 —_ —_ _
(1000) (1000) (1000) (1000) (1000) (1000)
6 1b./1000 cu. ft.
4 95 —12 —14 —11 —22 — 6 -9 -17 -12 —13 —46
. (1600) (1000) {1600) (1000) (1600) (1600) (1000} (]600) (1000) (1600) (600) (600) (600)
8 99 —67 —84 —45 67 T4 —85 —81 —82
(2100) , (1500) (2100) (1500) (2100) (2100) (1500) (2100) (1500) (2100) (600} (600) (600)
12 97 —84 —87 —89 66 , —76 —82 —89
(2100) (1500) (2100) (1500) (2100) (2100) (1600) (2100) (1500) (2100) (600) (600) (600)
24 96 —87 —87 —94 —86 —95 —87 —94
(3100) (1500) (8100) (1500) (8100) (5100) (1500) (8100) (1500) (8100) (600) (600) (600)
81b,/1000 cu. ft.
4 180 ~22 —388 —54 -—82 —12 —19 39 -—59 —684 —380 —45 —88
(2100) (1500) (2100) (1500) (2100) (2100) {1500) (2100) (1500} (2100) (600) (600) (600)
8 - 128 —86 —64 —74 —84 —73 —8 -7
(2100) (1500) (2100) (1500) (2100) (2100) (1500) (2100) (1500) (2100) (600) (600) (600)
12 128 —87 —92 —78 —84 —84 —88 —77 —78
(2100) (1500) (2100) (1500) (2100) (2100) (1500) (2100) (1500) (2100) (600) (600) (600)
24 128 —81 —87 —89 —96 —78 —87 —87 —88 —~95 —78 -79
(8100) (1500) (3100) (1500) (8100) (3100) (1500) (8100) (1500) (8100) {600) (600) (600)

8 The fumigation temperature was 80° F.

b Differences were corrected by Abbott’s formula to account for dead seeds in checks.

ted as germmated

¢ All seeds showing embryonic de t were

4 Negative numbers indicate a lower value in the treated sample than in the check sample,

€ No test made.
f Number of seeds tested in treated samples given in parentheses.

for 12 hours in atmospheric vault at 58° to 70° F.) had no
effect on wheat viability.

In the khapra beetle research program (California
State Senate 1955), preliminary test results indicated
that only slight injury resulted from fumigations of
wheat under these conditions: 5 1b./1000 cu. ft., 12 hours’
exposure, 109 moisture, and 50° to 58° F.

The effects of repeated fumigations and of the time
interval between fumigation and germination test were
pointed out by Walkden & Schwitzgebel (1951). Wheat
viability decreased more than 50%, in association with 2
fumigations and 2 years of storage. Viability of untreated
check wheat decreased only about 5%. The fumigant

used was a 8 to 1 mixture (by volume) of ethylene di-
chloride and carbon tetrachloride containing 109,

- methyl bromide. Tests with the 3 to 1 mixture alone did

not cause injury; in fact, it stimulated germination in
some instances.

New Wheat.—A few tests were conducted with wheat
about 1 month after harvest. The response of these
seeds was much more erratic than for aged seeds. The
tendency was for the new seeds to be more susceptible.
Samples from this same lot of wheat about 3 months
later responded similarly to those samples from other
aged lots of wheat.

Seedling Evaluations.—Table 8 presents a summary of
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Table 7.—Pawnee wheat: effects of methyl bromide fumigation* on seed germination. Summary and statistical statement

of selected data.

Averace PER CENT GERMINATION® AT INDICATED MOISTURE CONTENT OF

SEEDS AND GERMINATION TEsT®

CH;BR
DosaGE AND ANALYSES 10 Per Cent 11 Per Cent 12 Per Cent 18 Per Cent 14 Per Cent
LenerE oF Ex-  (0z./1000
posure (Hours) Cu. Fr.) Test1 Test? Testl Test? Testl Test2 Testl Test2 Test1 Test2
11b./1000 cu. ft.
Untreated check — 85.0¢ 92.8 88.3 96.3 89.7 95.0 84.3 94.3 82.7 97.7
4 . 16 81.2 94.0 81.6 95.2 83.8 90.4 78.6 90.8 80.8 90.2
8 15 80.8 92.6 81.8 89.4 80.8 89.2 81.4 87.0 79.0 92.2
12 16 80.6 87.0 80.8 91.4 84.8 88.0 84.2 88.8 82.6 87.4
24 16 .2 89.2 80.6 86.6 7.2 83.8 77.0 84.2 79.8 84.0
2 1b./1000 cu. ft.
Untreated check — 100 98.6 98.7 96.0 98.3 97.8 99.0 99.3 99.7 93.7
4 27 99.2 96.4 99.0 97.2 99.0 98.6 99.6 97.8 99.2 94.0
8 28 98.8 95.6 98.2 96.0 97.8 89.4 97.6 98.6 98.2 95.2
12 29 96.8 98.0 94.8 87.0 94.8 89.0 84.0 87.2 87.4 86.0
24 30 63.4 66.0 26.0 27.2 29.8 27.2 23.2 24.4 29.6 18.6
4 1b./1000 cu. ft.
Untreated check — 97.7 97.8 99.3 98.7 94.3 95.8 98.3 95.8 94.0 96.7
4 65 97.2 96.7 96.8 96.4 96.7 96.8 98.2 96.0 91.0 90.0
8 62 93.0 95.0 81.4 75.0 62.4 47.2 66.0 87.6 24.6 21.2
12 62 85.2 89.4 82.8 7.8 15.2 10.0 7.4 8.0 5.6 4.6
24 62 10.8 15.0 6.8 5.6 5.4 5.0 6.0 4.0 2.8 . 0.6
6 Ib./1000 cu. ft.
Untreated check —_ 99.3 96.0 98.0 95.7 98.7 96.8 99.7 93.7 97.7 96.7
4 99 95.8 92.4 94..6 83.4 94.8 88.8 93.8 83.0 82.2 70.2
8 102 91.6 83.8 66.4 61.0 82.0 21.4 18.4 11.8 7.4 5.6
12 99 55.6 38.0 20.2 10.0 9.2 8.2 8.4 8.0 3.8 2.8
24 101 © 4.8 7.8 5.8 5.0 4.6 4.6 4.6 4.8 1.2 2.2
8 1b./1000 cu. ft. )
Untreated check — 98.3 98.7 98.7 86.7 98.0 89.38 97.8 96.0 97.0 87.7
4 182 94.0 78.4 85.0 44.8 70.4 82.2 56.8 11.4 17.8 5.4
8 128 42.0 12.4 12.6 8.6 5.2 4.4 5.0 5.8 5.0 2.4
12 128 9.2 5.5 6.2 6.6 5.0 5.0 8.8 3.2 1.8 0.6
24 127 6.2 4.2 7.6 5.4 5.8 8.0 3.4 3.4 0.2 0.6

8 The fumigation temperature was 80°
All seeds showing embryonic development were counted as germinated.

F. Five hundred seeds tested under each set of conditions except that 300 seeds were tested in the untreated checks.

© First germination test was started after fumigated seeds were aerated 24 hours. Second test was started after 80 days’ aeration.

d Note that all samples in first test of the 1-lb. dosage showed lower germination than in the other tests. This was caused by inadvertent drying during incubation.

Least significant mean diff at the 5% level (L.S.D.*):
Comparing samples having 800 seeds, L.S.D.*=8.7.

Comparing ssmples having 300 seeds with samples having 500 seeds, L.S.D.*="7.7.

Compering samples having 500 seeds, L.S.D.*=6.7.

the tests conducted for the purpose of determining sub-
lethal and delayed effects. The mean per cent differences
in the table express corrected differences between fumi-
gated samples and their respective checks. Only seedlings
which are normal are counted as germinated by official
standards (U.S. Dept. of Agriculture 1952).

Injured seeds developed more slowly than untreated
seeds. This is illustrated by the fact that corrected germi-
nation differences (normal seedlings) were smaller in the
10-day counts than in the 5-day counts. This means that
many of the treated seeds had abnormal sprouts after 5
days’ incubation which became normal by the time of
the 10-day examination. The check samples were al-
most completely normal after 5 days. Differences be-
tween 5-day and 10-day germination results were greatest
in fumigated samples when final counts showed injuries
were in the range of about 20 to 509, reduction in 10-day
normal seedlings.

Pronounced increases in the percentages of abnormal
seedlings are shown in table 8. These are especially nota-
ble when germinations (10-day normal seedlings) were
reduced by 20 to 75% below the check samples. The ab-
normal seedlings appeared stunted and/or twisted with

many of them lacking essential parts. Frequently the tip
of the plumule failed to emerge from the coleoptile, but
continued to grow in the form of a loop. As a general
rule, a small number of seeds survived the most severe
treatments and developed normally, indicating that a
few select individuals have a high degree of tolerance to
methyl bromide. :

As in the other series, gas analyses at the end of each
fumigation showed concentrations closely approximating
the calculated amount applied. ’

Discussion oF Resurts axp RELATION OF SEED
ToLERANCE TO Dosaces ReQumEDp ror Insect Con-
rroL.—It should not be a surprise to learn that methyl
bromide gas will damage or kill the seeds of our domestic
plants in view of the fact that the fumigant is used as an
effective means of controlling such undesirable weeds as
bindweed and crabgrass. It will kill the seeds of these
plants as well as the plants proper (Adamson 1956). Of
course, dosages used for such purposes are considerably
higher than needed for stored-grain fumigation, and a
margin of tolerance exists between treatments required
for insect control and those which are lethal to seeds.

Tt is obvious that an absolute line of demarcation can
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Table 8.—Pawnee wheat: seedling evaluations to determine the effects of methyl bromide fumigation® on seed viability.

MzeaxN Per CENT DIFFERENCE® BETWEEN FUMIGATED® AND CHECE? SAMPLES

1 Day After Fumigation 80 Days After Fumigation 6 Months After Fumigation

5-Day 5-Day 5-Day
Count 10-Day Count  Count - 10-Day Count  Count 10-Day Count

Dosacg, Lengta ~ CH;BR ANALYsSER

orF EXPOSURE, (0z./1000 Nor- Nor- Ab- Nor- Nor- Ab- Nor- Nor- Ab-
AND MOISTURE . Cu. F1.) mal mal normal Dead mal mal normal Dead mal mal normal Dead
2 1b./1000 cu. ft."
4 hours 81.8
10%, 2 g —1 -1 -5 -2 0 2 1 1 — 38 1
12%, — 4 0o — 2 2 7 19 — 8 —8 —15 -—10 8 6
149, -6 — 2 1 2 - 2 128 — 5 — 5 —23  —25 18 9
8 hours 31.0
109, 0 0 0 0 —2 —1 0 1 -1 -1 -3 3
129, : -17 -2 1 1 -1 —8 —1 — 6 —44 —43 29 11
14%, —14 -8 1 8 —2 —4 —38 7 —56 —58 32 7
12 hours 31.0
109, —24 — 38 2 1 —43 -4 3 10 —50 —48 39 6
129, ) —46 —18 10 7 =50 -—28 6 14 —55 —55 20 32
149, —43 -—19 13 6 —42 —42 12 25 =74 =738 31 84
24 hours 29.0 .
10%, S —61 —29 15 13 —67 —64 7 52 =71 -T2 18 46
129, —67 —56 16 88 —68 —57 — 8 54 —78 —T8 11 62
149, -71 —68 21 89 75 -—T74 2 69 —77T -—78 2 70
41b./1000 cu. ft.
4 hours 63.0
10%, —-20 — 2 ‘'8 —1 -9 —7 0 7T -7 8 6 1
129%, —-15 -8 2 5 —7 —8 0 T =57 —42 31 8
149%, —25 -—18 4 8 —40 -—23 6 14 —66 —49 19 20
8 hours 64.0
109, —14 — 4 0 4 —-87T -8 — 2 10 —62 —29 15 6
129%, —63 —387 10 25 —68 —56 21 398 —69 —62 25 82
149, —57 —48 18 22 —71 —64 28 84 =72 -—-T71 19 41
12 hours 62.8
109, —59 —28 12 15 —68 —45 19 28 —68 —67 84 25
129, —65 —59 12 45 ~76 —-70. 11 56 =77 -7 12 58
149, —85 -—176 1 70 —84 —82 1 76 —75 -—76 —10 76
24 hours 60.0
10% —71 —69 1 64 -7 -6 — 2 71 —~74 =71 -12 69
129, —-78 —T74 8 70 —81 -—81 0 8 —74 —T4 — 4 73
149, —88 -1 — 4 7 —88 —85 -8 88 —80 —79 — 6 72
6 1b./1000 cu. ft.
4 hours 95.5
109, —49 —-80 — 1 29 —63 —88 27 10 -—-81 -—69 55 12
129, —-53 —83 — 1 81 —59 —42 30 9 -7 -7 58 13
14% —67 —49 1 46 79 -2 36 .2 —73 —80 25 46
8 hours 103.0
10%, —~76 —72 2 63 —75 —74 14 56 —83 —82 4 T4
12%, -79 —69 —1 62 —80 -—80 10 64 —7T —80 6 70
149, —-82 —79 — 8 80 —89 —85 —1 78 —86 —88 0 81
12 hours 100.5
109, —-79 —78 — 4 76 —85 —84 4 7 —83 -—83 38 76
129, -78 —-T1 — 8 " —~80 —8 — & 79 -84 -84 —1 82
149, —86 —81 — 8 81 —91 —90 — 3 85 —96 —96 — 1 89

8 The fumigation temperature was 80° F.

b Differences were corrected by Abbott’s formula to account for gbnormal and dead seeds in checks.

® Six 100-seed samples were used for each set of conditions for the fumigated seeds.

d Except in a few cases, three 100-seed samples were used for each set of conditions for the check samples.

© Negative numbers indicate a lower value in the treated sample than in the check sample.

f For unknown reasons the check les for these les b very moldy and resulted in lower germination than the other checks or the treated ssmples.
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Table 8.—(Conitinued)

MeaN Per CEnT DIirFERENCE? BETWEEN FUMIGATED® AND CHECKS SAMPLES

1 Day After Fumigation 80 Days After Fumigation 6 Months After Fumigation

5-Day 5-Day 5-Day
Count  10-Day Count  Count 10-Day Count  Count 10-Day Count
Dosace, LENGTE CH;Br ANALYSES
or EXPOSURE, (0z./1,000 Nor- Nor- Ab- Nor- Nor- Ab- Nor- Nor- Ab-
AND MOISTURE Cu. Fr.) mal mal normal Déead mal mal normal Dead 'mal mal normal Dead
24 hours 97.0 .
109, —83 —82 — 9 83 —84 —85 — 3 85 —86 —86 -— 4 87
129, —80 -7 —9 78 —87 —85 - & 84 —90 —90 0 86
149, —96 —-90 — 5 87 —97 —96 — 4 92 —96 —97 — 4 94
8 1b./1000 cu. ft.
4 hours 129.0
109, —64 —59 -—33 64 —68 —65 36 24 —72 —67 F1 29
12% -75 —178 6 65 —70 —68 26 3 =78 -~178 29 45
149, -76 —76 — 38 7% =76 —74 4 61 —88 —80 1 69
8 hours 182.0
109, —64 —61 —438 " -7 =75 — 2 72 —~T74 -—-T74 -—14 73
129, -79 79 - 2 "8 =1 -6 -7 7 —81 —82 —1 80
149, —89 -—88 0 75 —90 -84 0 ™ —93 -85 -— 2 79
12 hours 182.0
10% —68 —68 —43 "8 —78 -78 — 3§ i —70 74 18 7
129, —83 —82 — 2 82 —~78 —80 — 8 81 —81 —80 —1 78
149, —93 —85 — 4 83 —94 —89 0 82 —98 —96 — 2 . 87
24 hours 125.0
10%, —69 -—-71 -19 75 —78 =78 — 6 80 -—-77 -—78 =38 78
129, —81 —82 —¢2 .8 —84 -8 -7 82 —84 —82 0 80
149, —98 —93 — 4 90 —98 —96 — 2 92 —-100 —98 -5 94

not be drawn to show the “safe’” level of methyl bromide
fumigation for insects in seeds. Rather, one should con-
sider these factors as reported here and by others: (1)
dosage, (2) moisture content of the seed, (8) length of
fumigant exposure, (4) kind of seed, (5) the condition and
period of storage after fumigations, (6) fumigation tem-
perature, (7) history (previous fumigations, age; storage
conditions, etc.) of the seed, (8) ratio of commodity to
total space in the fumatorium (%.e., sorption capacity),
and (9) leakage factors in the fumatorium.

In general, for the first fumigation under carefully con-
trolled conditions, it is possible to achieve satisfactory in-
sect control without damage to seed viability. For ex-
ample, Lindgren et al. (1955) reported methyl bromide
LDg; values of 8.0 and 17.0 milligrams per liter at 70° F.
for 24-hour and 8-hour exposures, respectively, for larvae
of the khapra beetle (Trogoderma granarium (Everts)),
which is considered one of the more resistant species.
Dennis & Whitney (1955) found 2.7 and 5.1 milligrams
per liter adequate to kill 100% of adult rice weevils
(Sttophilus oryza (L.)) and confused flour beetles (7'ri-
bolium confusum Duv.), respectively, when fumigated at
70 to 80° F. for 20 hours’ exposure in cylinders without
the presence of a commodity. For all practical purposes
milligrams per liter is equivalent to ounces per 1000
cubic foot.

Other laboratory tests by Whitney in 1956 (unpub-
lished data) in grain-filled recirculators at 73° to 78° F.
indicate that the following dosage rates are adequate to
kill all stages of the rice weevil and the confused flour
beetle adults, when exposed 24 hours: (1) In wheat, 10%

moisture: 5 mg./l.; 129, moisture: 7.5 mg./L; 14%
moisture: 7.5 mg./L; (2) in corn, 11.8%, moisture: 7.5
mg./l.; (8) in grain sorghum, 149, moisture: 12.5 mg.
/L; (4) in barley, 119, moisture: 7.5 mg./1.; and (5) in
oats, 12%, moisture: 7.5 mg./l. Naturally, the interstitial
gas concentrations were initially higher than the calcu-
lated dosages because of displacement and soon became
lower because of the sorption factor. ’

Thus it is shown that the minimum treatments neces-
sary for insect control may be used without expectation
of injury to seeds. The margin of tolerance, however,
may be quite narrow, and such factors as repeated furni-
gations and low initial viability may result in unexpected
damage. Further testing is in progress.
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