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ABSTRACT A direct spray technique was used to monitor the frequency of endosulfan-
resistant Hypothenemus hampei (Ferrari) in transects across individual coffee fields that
had been sprayed from the road. A rapid decrease in resistance frequency (phenotypic
cline) away from the road was evident in one traditional low-densjty (shady) and two-
modern intensive (sunny) fields surveyed in 1988. Subsequent treatment of one sunny field
with two applications of endosulfan in 1989 resulted in an increase in the frequency
of the endosulfan-resistant phenotype by an average of 61.4% across the field. In contrast,
treatment of a second sunny field with fenitrothion led to decreased frequency. of the
endosulfan-resistant phenotype by an average of 12% across the field. Concentration—
mortality responses for beetles from particular locations in the fields (e.g., the roadside or
most distant side) confirmed results obtained with the diagnostic concentration (LCgq g5 of
susceptible individuals). After 1 year, frequency of the phenotype resistant to endosulfan
also declined an average of 18% in a shady field treated with fenitrothion. Responses of
beetles collected from the roadsides of other coffee fields confirmed that the frequency of
the resistant phenotype declined an average of 47.3% at sunny fields and 34.5% at shady
fields in the second year, after fenitrothion began to be used. Further applications of
endosulfan raised the resistance frequency in four of five fields in the second year.
Changes in frequency of the resistance phenotype in the absence of the insecticide suggest
that the frequency of endosulfan resistance may not decline rapidly enough to justify

reintroduction of endosulfan within several years.
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COFFEE BERRY BORER, Hypothenemus hampei
(Ferrari), the most important cosmopolitan pest
of coffee, is highly resistant (500-1,000 fold) to
endosulfan in New Caledonia (Brun et al. 1989,
1990a). In New Caledonia, coffee is grown in
small plantations (usually 0.25 ha). Coffee in
older plantations (30—40 yr old) is grown at a
density of 400-500 trees/ha under shade pro-
vided by a mixed canopy of native trees; in more
recent plantations (<8 yr old), coffee trees are
cultivated in full sunlight and ;at high planting
density (1,500 trees/ha) (shady and sunny, re-
spectively; Brun et al. [1990b3). Broduction in
the sunny plantations is up to three times higher
(1,500 kg/ha) than in the older plantations (500
kgﬂla) because of close planting and more inten-
Sive management practices (Brun et al. 1989).2
Compared with most other coffee-producing
countries, a unique feature of H..hampei control
in New Caledonia is the pracfice of spraying
from the road. Accessible fields are generally
treated with insecticide twice a year by a gov-
€mment agency, the Coffee Board (Agence de
Dévéloppement Rural et d’Aménagement Fon-

IDSIR Plant Protection, Canterbury Agriculture and Sci-

ence Centre, Christchurch, New Zealand.

cier). Spray is applied from roadsides with vehi-
cle-mounted air-blast sprayers, regardless of crop
management practices in individual fields (e.g.,
removal of infested berries from the crop). Infes-
tations begin in March~April with one to two
females per berry; populations increase to 50—
100 per berry before harvest in November—
December. Because fertilizer is required to
maintain berry production, production rapidly
decreases in abandoned fields.

Endosulfan (Thiodan 35 emulsifiable concen-
trate [EC)], Hoechst AG, Federal Republic of
Germany) was routinely applied after 19741975
at a rate of 700 g (A1)/100 liters and a volume of
100-150 liters/ha (Brun et al. 1989). Endosulfan
resistance was confirmed following significant
borer infestations in 1986 and 1987 (Brun et al.
1989). Resistance was significantly more fre-
quent in the newer, sunny plantations that had
been treated with endosulfan during the preced-
ing 12 mo compared with fields that had not been
treated recently (Brun et al. 1990b). An extensive
survey of >200 fields in 1988-1989 showed that
the resistance problem was confined to five re-
gions on the East Coast: Poindimié (100% of
fields sampled had resistant insects present),
Ponérihouen (97%), Touho (63%), Houailou
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(10%), and Heinghéne (6%) (Brun et al. 1990b).
In Poindimié, a significant difference in resis-
tance level was detected between samples of
insects taken from the roadside and samples
taken 50 m into a coffee field (Brun et al. 1989).
This difference suggested that the practice of
spraying fields from only one side could have
influenced the distribution and level of insecti-
cide resistance within individual fields.

The effects of direct selection pressure from
insecticides on the frequency of insecticide re-
sistance in pests have often been used on labo-
ratory populations because of the difficulties as-
sociated with estimating fitness in the field. In a
few studies, selection acting on insecticide-
resistant phenotypes over time has been investi-
gated to estimate fitness values in. the figld
(Krimbas & Tsakas 1971, Curtis et al. 1978,
McKenzie & Whitten 1982) or under near—ﬁeld
conditions (e.g., Daly et al. 1988). One problem
in estimating field selection parameters on natu-
ral populations is the possibility that gene flow
can have a major effect on resistance frequencies
and can possibly obscure the effects of selection
(May et al. 1975).

We considered an understanding of the spatial
distribution of resistance in H. hampei and the
responses of field populations to different selec-
tion regimes to be a desirable step toward the
goal of designing a valid resistance management
program for this species. First, we sought to de-
termine if the phenotypic frequency of resis-
tance (defined as the frequency of survivors of
the diagnostic concentration; i.e., the LCqq g5 0f
susceptible individuals) would be higher near
roadsides than farther away. The presence of a
gradient, or cline (Roughgarden 1979) in resis-
tance frequency seemed probable given the di-
rectional application of endosulfan in New Cale-
donia and earlier results that indicated a
difference in frequency at two sites within a field
(Brun et al. 1989). Second, we determined
whether the pattern of resistance frequency
would change with continued endosulfan use or
the use of the organophosphate insecticide feni-
trothion (Folithion 1000 emulsifiable concen-
trate [EC], Bayer Australia Ltd., Sydney). The
coffee’berry borer has no cross-resistance to fen-
1trothmn {unpublished data), a chemical which
was mtroduced for use against the beetles resis-
tant t§ endosulfan in 1989 (Brun et al. 1990b). A
rapid reduction in resistance frequency (follow-
ing the use of an alternative insecticide for 3-5
yr, for example) might permit eventual reintro-
duction of endosulfan; a slower rate of reversion
would prevent this possibility (Roush 1989).

Materials and Methods

Insect Sampling. Fields at Poindimié (PN),
Ponérihouen (PO), and Touho (TQ) (East Coast)
were studied over 2 yr (1988 and 1989) before
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and after insecticide treatments. Berries contain-
ing H. hampei were collected in transects across
three sunny fields (PN103, 30 by 112 m, tree
spacing 3 X 2.5 m; PO104, 50 by 125 m, tree
spacing 3 X 2 m; POO1, 50 by 50 m, tree spacing
3 x 2 m) and one shady field (PN1401, 40 by 100
m, tree spacing 5 X 5 m). The first two sunny
fields were chosen because they had similar
management histories before 1989 and plants
were the same age (5 yr old); trees were 2.5 m
tall. The third sunny field (POO01) had been aban-
doned for some- time after planting and was
never treated with endosulfan. This field was
sampled by transect in 1989 to determine the
distribution of resistance in the absence of direc-
tional applications of endosulfan. This field was
unusual because it had road access from both
ends of the transect from a perimeter road sur-
rounding the field. The nearest field with resis-
tance present was 5 km away. POO1 was about 15
km from the factory at Ponérihouen; it was sur-
rounded on three sides by native forest (10-15m
canopy).

The shady field was =30 yr old; trees were 2 m
tall (they had been cut every 8 yr to maintain
productivity). Samples of several hundred ber-
ries were taken from trees at the roadside and at
intervals along transects at right angles to the
roadside toward the back of the fields (50-125 m
away). Between 4 and 12 sample sites were used
across the fields, depending on the availability of
berries at the time of sampling. Although a diffi-
cult sociopolitical situation on the East Coast
during 1988-1989 limited our access in certain
cases, repeated sampling within a 4-mo period
(during which insecticide was not used) indi-
cated little difference in percentage mortality
from the same site (unpublished data).

The first transect at PN103 was taken in No-
vember and December 1988. Two endosulfan
applications (700 g [Al}/100 liters) were made
from the ,vadside with a B.S.E. Super Bangui
(Bernhard Schulze-Eckel, Ahlen, Federal Re-
public of Germany) at 150 liters/ha (in January
and February 1989). The field was sampled again
in August 1989. At the second sunny field
(PO104), a comparable transect was sampled in
September 1988 before fenitrothion (1.2 kg [AlY/
100 liters) was applied in January and February
1989. The transect was sampled again in July
1989. The third transect (PO01) was sampled in
August 1989 to determine whether resistance
was present at this site. The site had never been
treated with endosulfan but was in the vicinity of
other fields, 97% of which were shown to have
resistant beetles present (Brun et al. 1990b), We
hypothesized that resistant beetles might have
arrived at this field by road transport of harvested
berries from nearby affected fields but did not
reach high levels because of lack of selection.
This field was treated separately in all analyses
and served as a control for our hypothesis on
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directional selection with endosulfan at other
fields. Beetles were tested only at the diagnostic
concentration of 400 ppm endosulfan in 1 yr to
determine whether resistance was present, and if
so, whether a cline in frequency was detectable.

The transect across the shady field (PN1401)
was sampled in November 1988, treated twice
with fenitrothion (1.2 kg [Al)/100 liters was ap-
plied in ]anuary and February 1989), and was
sampled again in December 1989. All applica-
tions of insecticides were made from the road-
side. Coffee berries were brought from collection
sites and stored at 25 = 1°C and 80% RH for =1
mo before being tested.

In addition to these transects, 16 other fields
were sampled only from roadsides in 1988 and
1989. These fields were similar to the other
fields; i.e., they faced the unsealed road and
were otherwise surrounded by uncultivated
scrub consisting of grass and bushes or native
forest. Concentration—mortality responses were
estimated for beetles from seven fields; beetles
from the other nine fields were tested only at the
diagnostic concentration. Fields in Poindimié
and Ponérihouen were treated with fenitrothion
from January 1989, in contrast with use of en-
dosulfan in areas affected by resistance (except
for PN103).

Direct Spray Technique. Concentration—
mortality responses for a range of samples have
been reported previously with the direct spray
technique (Brun et al. 1989; 1990a,b). Berries
were opened with a sharp scalpel to remove
adult females before each test. The sex ratio
strongly favored females (>10:1). Because males
are smaller and flightless, they were not used. A
glass ring (5 cm diameter, 2 cm high) was used to
confine 30 healthy females on a piece of filter
paper during application. Each experiment was
replicated two to eight times, resulting in a mean
of 90 and a range of 60—240 beetles per test. A
Potter spray tower (Potter 1952), calibrated to
deliver 1.6 mg/cm? to the spray table, was used to
apply 2 ml of liquid through the nozzle. After
treatment, the glass ring was covered by a nylon
screen to prevent escape of beetles. The adults
were held at 25 + 1°C and 8(5 85% RH under
natural light for 6 h before fnorfality was as-
sessed. Assessment of mortality after 6 h pro-
vides adequate separation of resistant and sus-
ceptible phenotypes (Brun et al. 1992).

Concentration—-mortality responses were esti-
mated where sufficient beetles 'were available,
including samples from the transects (10 fields).
When this was not possible, a diagnostic concen-
tration of endosulfan was used (400 ppm, the
LCgo9s of susceptible beetles [Brun et al.
1990a]). A treatment with water was included as
a control; control mortality was consistently

- <5%. The criterion for death was the absence of

coordinated movement when: a beetle was
touched with a fine brush. Samples with any
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beetles «surviving the diagnostic concentration
were considered to include resistant individuals.

Statistical Analysis. Results were segregated
according to the type of field (sunny or shady)
and insecticide use. Lack of knowledge of the
genetic basis of resistance was a constraint in
estimating the insecticide selection pressure be-
cause we have no knowledge about dominance
and fitness of genotypes. Therefore, we analyzed
the data as percentages of two phenotypes (resis:
tant and susceptible). Angular transformation
was used throughout (except in the figures or
unless otherwise stated) to create a linear scale
and stabilize the variance of percentage mortal-
ity (the rate of change of untransformed mortality
is otherwise a furrction of its position on the
scale). Linear regression (Beaux et al. 1988) of
mortality on distance from the roadside was used
to describe the linear portion of transect data. x*
contingency tests (at P < 0.05) were applied on
raw mortality counts at the LCqq g5 for 19 fields
(including three transects) to test for differences
between years. Student’s ¢ tests (Beaux et al.
1988) were performed on the difference in trans-
formed mortality between years at the LCgg g5, to
investigate whether a change in the frequency of
the resistant phenotype occurred overall in road-
side populations between 1988 and 1989 at dif-
ferent types of fields.

For the two transects where responses of sam-
ples at a range of concentrations were available
(fields PN103 and PO104), we included re-
sponses at concentrations >LCgg (200-10,000
ppm) as replicates in the analysis of differences
between the 2 yr because the concentration—
responses in this range are normally completely
flat for samples containing resistance (e.g., Fig. 2
and 4) (Brun et al. 1989). Five concentrations
were generally used for each field each year. We
included mortality values up to and including
100% (not shown in Fig. 2 and 4) because the
concentration range was equivalent between
years. Means were back-transformed from the
angular transformation for tabular presentation.

Results

A rapid change in mortality of H. hampei at the
diagnostic concentration of endosulfan was ob-
served in the transect samples taken across the
first coffee field (PN103) in November and De-
cember 1988. Values reached an asymptote only
50 m from the roadside (Fig. 1). Regression of
mortality on distance (because of the plateau in
the data, we used the first six points from De-
cember 1988 only) indicated a linear response
over this range (transformed mortality = —0.0411
+ 0.237 [distance, m]; 72 = 95%; P < 0.01). This
result, which demonstrates the presence of a
rapid change in resistance frequency from the
roadside across the field, or phenotype cline
(Roughgarden 1979), indicates that the endosul-
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Fig. 1. Phenotypic frequency of endosulfan resis-

tance of H. hampei across a modern sunny coffee field
(PN103) in New Caledonia, indicated by mortality at
the LC99 o5 of endosulfan (400 ppm) on three sampling
occasions (November and December 1988 and August
1989). Two applications of endosulfan were applied
from the roadside (0 m) in the time between transects
in 1988 and 1989.

fan-resistant phenotype was most frequent near
the roadside where spray treatments had been
applied. However, by August 1989, after two en-
dosulfan spray applications were applied from
the roadside in January—February 1989, a major
increase in resistance frequency had occurred,
resulting in a high frequency right across the
field. ¥® contingency tests indicated no signifi-
cant difference between years at the first two
transect points with paired data at the diagnostic
concentration (13 and 23 m), but all other paired
transect points (Fig. 1) had highly 51gn1ﬁcant dif-
ferences in response between years (y> = 27.99,
33.29, 89.54, 104.20, 126.29, and 126.72; df = 1;
P< 0.001. This pattern suggests that a very rapid
spread of high-resistance frequency occurred
away from the roadside across the entire field
during the year after only two endosulfan appli-
catlons

i Samples from two positions in this field
(PN103) (the roadside [0 m] and far end of the
“ﬁeld from the roadside [112 m]) were tested be-
Hfore and after endosulfan field applications were
made in 1989. The results (Fig. 2) showed flat
responses at high concentrations of endosulfan
similar to those reported by Brun et al. (1989).
The same pattern at the diagnostic concentration
was observed in another sample where the road-
side sample exhibited significantly less mortality
(i.e., had more resistance) than the sample col-
lected at the far end of the feld away from the
spray application. A significant decrease in mor-
tality occurred in samples of beetles from the
roadside treated with approximately the LCgq
(200 ppm) (¢ test on transformed mortality; ¢ =

99
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Fig. 2. Concentration—-mortality responses tc en-
dosulfan of H. hampei with time at two positions in a
modern sunny coffee field (PN103) in New Caledonia
(at the roadside [0 m] and far end of the field [112 m]).
Two applications of endosulfan were applied from the
roadside (0 m) in the time between transects in 1988
and 1989,

—3.61, df = 3, P < 0.05). At 90%, the frequency of
the resistant phenotype at the roadside of this
field was close to the maximum level previously
observed (Fig. 2 and Brun et al. 1990b). The
difference in untransformed mean percentage
mortality between years was only 1%, suggesting
little effect from continued selection. In samples
from the far side of the field, the decrease in
mortality across a range of concentrations was
much more significant (t = —33.41, df = 5, P <
0.001), with a mean decrease in mortality (at con-
centrations from 200 to 10,000 ppm) of 61.4%.

In 1988, a similar pattern of mortality at the
diagnostic concentration was evident in samples
from the second sunny field (PO104). Very low
mortality (16%) occurred at the roadside and in-
creased to >90% at the far side of the field, 125 m
from the roadside (Fig. 3). Linear regression of
mortality on distance was significant (trans-
formed mortality = 0.4551 + 0.0076 [distance,
m]; 2 = 98%, P < 0.001).

PO104 was treated with fenitrothion in early
1989, and further samples were taken 10 mo after
the 1988 samples. A loss in resistance was evi-
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Fig. 3. Phenotypic frequency of endosulfan resis- 90 - -
tance of H. hampei across a modern sunny coffee field i
(PO104) in New Caledonia, indicated by mortality at 70
the LCqg g5 of endosulfan (400 ppm). Two applications  gg{ - ——E —_
of fenitrothion were applied from the roadside (0 m) in 30 1oXe®
the time between transects in 1988 and 1989. | //r_‘_A-o————,—V—’—_‘
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dent between 1988 and 1989. The increase in
percentage mortality at the diagnostic concentra-
tion was significant at the roadside (¥ = 33.02, df
=1, P<0001),7om()(2-2338 df=1,P<
0.00l), and 100 m away at the far end of the field
(x* = 4.36,df = 1, P < 0.05), but not at 25 m at the
single diagnostic concentration (Fig. 3). How-
ever, sufficient beetles were available from four
positions at PO104 to test a wider range of insec-
ticide concentrations in both years (Fig. 4). Stu-
dent’s t tests on mortality at the LCgq of sus-
ceptible individuals (200 ppm) and higher
concentrations indicated significantly more mor-
tality in the second year at all four positions in
the field (0 meters, t = 11.78, df = 2, P < 0.0];
25m,t=348,df =3, P <0.05; 75m, t = 13.42,
df = 4; P <0.001; 100 m, t = 4.07,df = 3, P <
0.05). Several samples from 1989 showed 100%
mortality at higher concentrations of endosulfan
(>10,000 ppm, not shown in Fig, 4), but in 1988
the maximum mortality had reached only 87% at
concentrations up to 10, 000 ppm in this field.
The mean decrease in f&equency of resistant
phenotype was 12% acrossithe field.

Transect samples were collected from a single
shady field with native fores{: canopy (PN1401) in
1988 and 1989, and beetles, were tested at the
diagnostic concentration (Flg 5). In contrast
with the first two sunny fields, the relationship
between mortality and dlstance from the road-
side was not as evident in 1988 (P = 0.08), al-
though a significant correlation was apparent in
1989 (transformed mortality = 1.267 + 0.0026
[distance, m]; 72 = 83%, P < 0.05). The field was
treated with fenitrothion in the period between
sampling. Only a moderate level of resistance
was evident in 1988, and mortality differed

TTTITTY
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Fig. 4. Concentration—mortality response to en-
dosulfan of H. hampei with time at four positions in a
modern sunny coffee field (PO104) in New Caledonia
(at the roadside [0 m] and across the field [25, 75, and
100 m away). Two applications of fenitrothion were
applied from the roadside (0 m) in the tlme between
transects in 1988 and 1989.
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Fig. 5. Phenotypic frequency of endosulfan resis-
tance of H. hampei across a shady coffee field (PN1401)
in New Caledonia, indicated by mortality at the LCgg g5
of endosulfan (400 ppm). Two applications of feni-
trothion were applied from the roadside (0 m) in the
time between transects in 1988 and 1989.

0

among samples from six locations in the field
(x> = 14.81, df = 5; P < 0.05). This result pro-
vided some evidence for differential selection
pressure with distance from the roadside, as we
had observed in the sunny fields. A significant
loss in resistance occurred between years at all
positions across the field (0 m, ¥* = 17.07,df = 1,
P < 0.001; 20 m, ¥* = 10.70,df = 1, P < 0.01; 40
m, x° = 12.39, df = 1, P < 0.001; 60 m, y* = 18.29,
df=1,P<0001);80m, > =788,df=1,P<
0.01; 100 m, ¥® = 19.77, df = 1, P < 0.001). The
mean decrease in frequency of resistant pheno-
type was 18% across the field.

Resistance was detected at the abandoned
sunny field, but a trend with distance from the
perimeter road at either end of the field was not
apparent {Fig. 6). Only a few beetles were
present in the center of this field, suggesting
limited colonization from the perimeter road.
Berry production was also very low because of
the lack of fertilizer. The overall frequency of
resistance in the field was 1% (n = 5,906 beetles
’,tested). This result corroborates the hypothesis
©f Brun et al. (1989, 1990b) of movement of re-
Eisté‘mt beetles within the affected areas (proba-

ly by road transport) and limited establishment
of resistance independent of insecticide use.

{ Concentration—mortality responses were esti-
mated for beetles collected from roadside berry
samples from seven more fields in 1988 and
1989. In all cases, the results followed the pat-
térn described above (Fig. 2 and 4); i.e., flat con-
centration mortality responses at >200 ppm of
endosulfan, with an increase or decrease in mor-
tality between years depending on insecticide
use in the field. The mortality at LCgg o5 was a
reliable indicator of the results at higher concen-
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Fig. 6. Phenotypic frequency of resistance to en-
dosulfan of H. hampei across an abandoned, un-
sprayed, modern sunny coffee field (POO1) in New

Caledonia in August 1989.

trations because of the flat concentration—
mortality response resulting from high resistance
levels. For brevity, we present the results only
for tests with this concentration along with those
for nine fields for which samples were tested
only at this concentration.

The direction and amount of change in level of
resistance in samples of beetles tested at the
diagnostic. concentration depended on insecti-
cide treatment (Fig. 7). Although Student’s ¢ tests
indicated that together, the two untreated sunny
fields did not show a significant increase in mean
resistance frequency (Table 1), an increase in
mortality was evident in one of the fields accord-
ing to ¥° tests (Fig. 7, Field 2). We expected loss
of resistance in both the untreated fields equiv-
alent to that seen in the fields treated with feni-
trothion. Field-to-field variation could result
from differences in beetle phenology, dispersal
characteristics related to differences in beetle
density or management of coffee production, or
microclimate. A general similarity in resistance
levels was evident at many fields in 1988 (e.g.,
fields 9-19, Fig. 7).

Further treatment with endosulfan led to sig-
nificantly decreased mortality (P < 0.05) for three
of five individual sunny and shady fields (Fig. 7,
fields 3-7). The difference between years was
not significant when all fields were examined
together (Table 1) due in part to the small change
in resistance frequency in field 5. Although the
resistance level at the roadside was already near
the maximum observed anywhere and may have
had little prospect of increasing further (Fig. 2),
mortality in field 5 (PN103, reported earlier) was
significantly different between years at most
sites, or when ranges of concentrations were
compared. The largest change in mortality seen
was at fleld 3, where the frequency of resistance
after further endosulfan use increased from 2 to
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Fig. 7. Phenotypic frequency of endosulfan resistance of H. hampei from sunny and shady coffee fields in
~ New Caledonia, indicated by mort-lity at the LCyq g5 of endosulfan (400 ppm); treatments between sampling
.. occasions are indicated as untre2’ed (UNT), endosulfan-treated, or fenitrothion-treated. Stars show fields where
a significant change in resistance frequency was detected (P < 0.05); NS, not significant.

" 64%. Unfortunately, the samples from the one
field which showed an unexpected result (a sig-
nificant increase in mortality from 88 to 100%
despite endosulfan use [field 7, Fig. 7]) were not
adequate for further testing. The lack of fields
treated with endosulfan within the regions con-
taining resistant beetles was due to our recom-
'

Table 1. Mean percentage mortglity"r'of H, hampei
tested at the LCgg.95 of endosulfan ffrom collections in
1988 and 1989 from roadsides of coffée fields in New Cale-

donia under different management regimes®

Field treatrhent

Management

regime Endosulfan  Fenitrothion Untreated
1988 1989 1988 1989 1988 1989
Sunny 70.0 69.2NS 23 50.1%* 74.8 79.0NS
t ~0.05 496" 1.57
n 3 9 . . 2
Shady 98.0 58.3NS 383 72.8%* — —
t —-2.43 6.78 —
n 2 3 —

2 5, numbers of fields. Significance levels (¥, P < 0.05; ** P
< 0.01; NS, not significant) relate to t tests of angular trans-
formed mortality for p = 0.

mendation to the Coffee Board to avoid the use of
endosulfan in affected areas; only a special ar-
rangement permitted us to study the effect of
further endosulfan use on the resistance level at
these fields.

A switch to the use of fenitrothion led to a
significant loss of endosulfan resistance fre-
quency after 1 yr in both sunny (P < 0.01) and
shady fields (P < 0.05) (Table 1), with two excep-
tions where the drop in resistance frequency was
not significant (Fig. 7). For sunny fields (fields
11-19, Fig. 7), the mean drop was 47.3%; for
shady fields (fields 8-10), the mean drop was
34.5%.

Discussion

Directional selection from roadside spraying
may account for the phenotypic clines in resis-
tance frequency observed in the sunny fields in
1988, Apparently our samples in 1988 were taken
at a fortuitous time (relatively soon after the ar-
rival of the resistant genotypes, possibly by road
transport during harvest) (Brun et al. 1989,
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1990b), so that we were able to detect the clines
as a smooth increase in mortality, across the
fields. The presence of endosulfan resistance at
unsprayed fields located en route to other fields
(Brun et al."1990b) (Fig. 6) provides evidence for
inoculation from berries being transported along
the road. Qur results clearly show that the distri-
bution of endosulfan resistance in New Cale-
donia is not stable. Evidence for this conclusion
comes from the rapid changes in frequency that
we observed (Fig. 7), the relatively recent detec-
tion of resistance following control failure in
1985-1987 (Brun et al. 1989), and its occurrence
at 97-100% of surveyed fields in Ponérihouen
and Poindimié in 1988-1989 hut lower frequen-
cies elsewhere (Brun et al. 1990b). ™ .

Extensive dispersal and gene flow within a
coffee field would be expected to lead to a uni-
form level of mortality with distance from the
roadside, once directional selection ceases. This
pattern was observed at the abandoned field
POO01 (Fig. 6), where transport of beetles from
nearby fields during harvesting probably led to
the accidental inoculation of the field with barely
detectable levels of resistance. Qur best avail-
able estimate, given the cycle of coffee produc-
tion and climate in New Caledonia, is between
four to six (overlapping) generations per year.
Possibly, dispersal behavior may be limited to
certain times of year so that not all generations
are dispersive. This would slow the process of
mixing of phenotypes.

The rapid rise in resistance level beyond 30 m
from the roadside of PN103 between 1988 and
1989 (Fig. 1) could be due to dispersal of resis-
tant individuals selected at the roadside or the
effects of insecticide selection across the field.
Dispersal of H. hampei is apparently not exten-
sive (Waterhouse & Norris 1989), although resis-
tant beetles were detected 20 m into an un-
treated field (PO01). Furthermore, application of
endosulfan from roadsides on coffee fields in
New Caledonia resulted in very heavy deposi-
tion of insecticide near the roadside but no de-
tectable deposits after only 30-40 m (Parkin et
al. 1992). However, field bioassays showed that
mortality of susceptible beetles inside coffee
bérries extended to 78 m across the field. Resis-
tant beetles showed complete survival only 16 m
from the point of treatment with a decreasing
‘difference in mortality and consequently re-
.duced selection pressure with distance across
the field (Parkin et al. 1992).

; Parkin et al. (1992) demonstrated that the va-

ipor action of endosulfan (Knauf 1982) was in-
“volved in the field efficacy of this insecticide
. against H. hampei (the mortality of beetles ex-

tended considerably farther than the detectable
spray deposition). Mortality of beetles within
berries caused by vapor action during two appli-
cations 1 mo apart could explain the relatively
even changes in mortality with distance. Diffu-
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sion would reduce the variability in exposure
experienced by the insects compared with the

- variability in deposits on the surfaces of coffee

trees (Parkin et al. 1992). The desired rate of
application (700 g/ha) apparently is considerably
exceeded near the roadside following direction
applications, potentially raising the selection
pressure considerably above the level experi-
enced under more uniform application condi-
tions. = .

Site-specific factors (e.g., tree height, density,
topography) and meteorological conditions (es-
pecially temperature, wind velocity, and wind
direction) at the time of application are appar-
ently important in determining the distance and
extent of the selection pressure exerted by a par-
ticular directional application. These operational
factors (Georghiou & Taylor 1977) affect resis-
_tance. Spray deposits in shady fields were more
evenly distributed after roadside spraying than
were deposits in sunny fields, possibly because
of more laminar flow conditions (Parkin et al.
1992). More even deposition probably explains
the smaller difference in resistance level from
the roadside across the shady field (PN1401, Fig.
5). The difference in temperature at 1.5 m be-
tween sunny and shady fields averages 3°C dur-
ing January and February on the East Coast of
New Caledonia (unpublished data). Slightly
cooler daytime temperatures in shady fields
could be expected to reduce mortality from en-
dosulfan (Brun et al. 1992), possibly contributing
to the lower levels of resistance recorded in
shady plantations (Brun et al. 1990) (Table 1). A
difference of 3°C would correspond to a 25%
decrease in LC5, of susceptible beetles in sunny
over shady fields (Brun et al. 1992) and, there.
fore, less intensive selection for resistance at
shady fields because of the lower mortality from
the same field rate.

The effects of high-dose and low-dose strate-
gies on the development of resistance are contra-
dictory, depending on the efficacy of kill of dif-
ferent genotypes achieved and the ability of the
population to recover (Georghiou & Taylor
1977). Application of insecticide deposits across
a wide range of rates would be expected within
coffee fields treated from a single direction, as in
New Caledonia. This could lead to changes in
the kill of heterozygotes with distance. If the
observed high level of resistance expression
(500~1,000 fold, Brun et al. [1989]) is due to a
single major gene, then our results would sug-
gest that a high selection coefficient (Christian-
sen & Feldman 1986) had operated on the
original roadside population. Furthermore, over-
dosing near roadsides probably favors newly ar-
rived, resistant beetles, allowing a high fre-
quency of resistance to spread rapidly across
fields as appears to have happened in PN103.

The highest resistance levels were associated
with a management history of recent endosulfan
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. use in sunny plantations (Brun et al. 1990b). In
- our study, we have shown how rapidly resistance
'levels can rise across a sunny field under the

“continued use of endosulfan (Fig. 1). Reversion

" of resistance in the absence of endosulfan use

" was evident, although the rate of reversion could

_be expected to decrease with generation follow-

" ing removal of insecticide selection (Keiding

1967). Our results do not suggest that reintroduc-
tion of endosulfan in fields with detectable lev-

_els of resistance would provide adequate control

. for an extended period. A slow rate of reversion

" of resistance suggests that the difference in fit-

* ness between resistant and susceptible beetles
“in the absence of endosulfan may not be great

: (Crow 1957) and therefore reduces the likeli-

i hood of insecticide rotations in a realistic time

! frame of 3-5 yr.

. Clinical variation in invertebrates has been
. studied 1elat1vely extensively (e.g., see Lees
: [1981] for a review of industrial melanism), but

j “not in relation to insecticide resistance. Spatial

+ variation in insecticide resistance has been com-

f_monly detected. Despite several recent studies

" on the influence of insecticide use on regional

* patterns of resistance (e.g., Heim et al. 1990,

- Knight & Hull 1990), clines in resistance seem

. not to have been reported widely. This could be

* due to lack of a gradient in insecticide selection

(e.g., Roush et al. 1990), gene flow considerably

; in excess of selection, or lack of appropriate sam-
¢ pling. Clines in msect1c1de resistance frequency

..over short distances are also known for organo-
- phosphate-resistant Epiphyas postvittana (Walk-

: er) (Suckling et al. 1987; D.M.S., unpublished

““data) and Typhlodromus pyri (Scheuten) resis-

; tant to pyrethroids (N. P. Markwick & D.M.S.

J unpubhsl*ed data).

# Study o phenotypic clines seem to offer an

¢ advantage in estimating selection over time

‘, alone Such studies could lead to descriptions of

;. wave phenomena associated with the rate ad-

% vance of resistance genes, or their stability in the

¥ presence of gene flow (May et al. 1975). Accurate

t estimation of field selection for [Tesistant geno-

types (e.g., Wood & Cook 1983) should enable -

predlctlons of resistance development and
'4 spread in future. In the case of H. hampei, a
requirement for such accurate estimation will be
the demonstration of the genetic basis of en-
dosulfan resistance and a dlagno'stlc concentra-
¢ tion for heterozygotes, if monogemc resistance is

i present. .
i g

Acknowledgmen.t‘

Thanks go to V. Gaudichon and C. Marcillaud, who
provided technical assistance for this work. We also
thank the Coffee Board (ADRAF) for their support in
this project, and the French Embassy (Wellington) for
financial assistance for D.M.S.

BRUN & SUCKLING: SELECTION FOR RESISTANCE IN COFFEE BERRY BORER

333

References Cited

Beaux, M. F., H. Gouet, J.-P. Gouet, P. Morleghem, G
Philippeau, J. Tranchefort & M. Verneau. 1988,
STAT-ITCF: manuel d’utilisation. Institut Tech-
nique des Céreales et des Fourrages, Paris.

Brun, L. O., C. Marcillaud, V. Gaudichon & D, M.
Suckling. 1989. Endosulfan resistance in Hy-
pothenemus hampei {Coleoptera: Scolytidae) in
New Caledonia. J. Econ. Entomol. 82: 1311-1316.

Brun, L. O., C. Marcillaud & V. Gaudichon. 1990a.
Provisional method for detecting endosulfan resis-
tance in coffee berry borer, Hypothenemus hampei
(Coleoptera: Scolytidae). FAO Plant Prot. Bull
37(7): '125-129.

Brun, L. O., C. Marcillaud, V. Gaudxchon & D. M.
Sucklmg 1990b. - Momtormg endosulfan and lin-
dane resistance in the coffee berry borer, Hypoth-
enemus hampei (Coleoptera: Scolytidae) in New
Caledonia. Bull. Entomol. Res. 80; 129-135.

1991. Evaluation of a rapid bioassay for diagnosing
endosulfan resistance in coffee berry borer, Hy-
pothenemus hampei (Ferrari) (Coleoptera: Sco-
lytidae). Trop. Pest Manage. 37: 221-223.

Christiansen, F., B. & M. W. Feldman. 1986. Popu-
lation genetics. Blackwell, Palo Alto, Calif.

Crow, J. F. 1957. Genetics of insect resistance to
chemicals. Annu. Rev. Entomol. 2: 227-246.

Curtis, C. F., L. M. Cook & R. J. Wood. 1978. Se-
lection for and against insecticide resistance and
possible methods for inhibiting the evolution of re-
sistance in mosquitoes. Ecol. Entomol. 3: 273-287.

Daly, J. C., J. H. Fisk & N. W. Forrester. 1988. Se-
lective mortality in field trials between strains of
Heliothis armigera (Lepidoptera: Noctuidae) resis-
tant and susceptible to pyrethroids: functional dom-
inance of resistance and age class. J. Econ. Ento-
mol. 81: 1000-1007.

Georghiou, G. P. & C. E. Taylor. 1977. Operational
influences in the evolution of insecticide resistance.
J. Econ. Entomol. 70; 653—658.

Heim, D. C,, C. G. Kennedy & J. W. Van Duyn. 1990.
Survey of insecticide resistance among North Caro-
lina Colorado potato beetle (Coleoptera: Chrys-
omelidae) populations. J. Econ. Entomol. 83: 1229—
1235,

Keiding, J. 1967. Persistence of resistant popula-
tions after the relaxation of selection pressure.
World Rev. Pest Control 6: 115-130.

Knauf, W. 1982. Effect of endosulfan and its metab-
olites on arthropods. Residue Rev. 83: 89-112.
Knight, A, L. & L. A. Hull. 1990. Areawide patterns
of azinphosmethyl resistance in adult male
Platynota idaeusalis (Lepidoptera: Tortricidae) in
Southcentral Pennsylvania. J. Econ. Entomol. 83:

1194-1200.

Krimbas, C. B. & S. Tsakas. 1971. The genetics of
Dacus olzae. V. Changes of esterase polymorphism
in a natural population following insecticide con-
trol—selection or drift? Evolution 25: 454-460.

Lees, D. R. 1981. Industrial melanism: genetic ad-
aptation of animals to air pollution, pp. 129-176. In
J. A. Bishop & L. M. Cook [eds.], Genetic conse-
quences of man-made change. Academic, London.

McKenzie, J. A. & M. J. Whitten. 1982. Selection for
insecticide resistance in the Australian sheep blow-
fly, Lucilia cuprina. Experientia 38: 84-85.

May, R. M., J. A. Endler & R. E. McMurtrie. 1975.



334

Gene frequency clines in the presence of selection.-
opposed by gene flow. Am. Nat. 109: 659-676.
Parkin, C. S., L. O. Brun & D. M. Suckling. 1992.

Spray deposition in relation to endosulfan resis-
tance in the coffee berry borer Hypothenemus ham-
pei (Coleoptera: Scolytidae) in New Caledonia.

Crop Prot. (in press).

Potter, C. 1952. An improved laboratory apparatus
for applying direct sprays and surface films, with
data on the electrostatic charge on atomized spray
fluids. Ann. Appl. Biol. 38: 1-28.

Roughgarden, J. 1979. Theory of population genet-
ics and evolutionary biology, MacMillan, New
York.

Roush, R. T. 1989. Designing resistance manage-
ment programs: how can you choose? Pestic. Sci.
26: 423-441.

Roush, R, T., C. W. Hoy, D. N. Ferro & W. M. Tingey.
1990. Insecticide resistance in the Cglorado po-

JOURNAL OF EcoNoMIC ENTOMOLOGY

Vol. 85, no. 2

tato beetle (Coleoptera: Chrysomelidae): influence
of crop rotation and insecticide use. J. Econ. Ento-
mol. 83: 315-319.

Suckling, D. M., D. J. Rogers, P. W. Shaw, C. H. Wear-
ing, D.R. Penman & R. B, Chapman. 1987. Mon-
itoring azinphosmethyl resistance in the light
brown apple moth Epiphyas postvittana (Lepi-
doptera: Tortricidae) in New Zealand. J. Econ. En-
tomol. 80: 733-738.

Waterhouse, D. F. & K. R. Norris. 1989. Biological
control: Pacific prospects, supplement 1. Australian
Centre for International Agricultural Research,
Canberra.

Wood, R. J. & L. M. Cook. 1983. A note on estimat-
ing selection pressures on insecticide resistance
genes. Bull. W.H,O. 61: 129-134.

Received for publication 8 November 1990; ac-
cepted 8 October 1991.




