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ABSTRACT

Francl, L. J., Madden, L. V., Rowe, R. C., and Riedel, R. M. 1987. Potato yield loss prediction and discrimination using preplant population densities of

Verticillium dahliae and Pratylenchus penetrans. Phytopathology 77:579-584.

Reduced yields of potato, Solanum tuberosum, attributable to preplant
population densities of Verticillium dahliae and Pratylenchus penetrans,
pathogens involved in potato early dying disease, were quantified with
linear regression models. Experimental microplot data consisted of
controlled, factorial, pathogen inoculum levels in fumigated soil and
resulting yields of potato cultivar Superior at two locations over a 5-6 yr
period. Variation in yield relative to controls was explained best by
regressions on the natural log of V. dahliae X P. penetrans. Population
densities of pathogens at planting also were used in a discriminant analysis
to predict yields above or below 90% of the control yield. A discriminant

function correctly classified 86% of the yields from a 3-yr subset of data
from one location. The rate of correct classification was 709 when the same
discriminant function was validated on data not used in model
development. Erection of a third category, “between 80-909% of the control
yield,” resulted in an overall 6% misclassification rate for the “below 80%
relative vield” category as “above 909 relative yield,” and a 23%
misclassification rate for “above 90% relative yield” as “below 80% relative
yield.” Discriminant models intentionally minimized “below 809 relative
yield” misclassification in order to promote confidence in the management
of potato early dying.

Additional key words: crop loss assessment, discriminant analysis, pest management, potato early dying.

Potato early dying is a serious disease problem in potato
(Solanum tuberosum L.) production, particularly when the crop is
monocultured or grown intensively. Potato early dying has long
been associated with the soilborne fungus Verticillium dahliae
Kleb. (8,22) but can occur as a disease complex that involves V.
dahliae and the root-lesion nematode, Pratylenchus penetrans
(Cobb) Filipjev & Schuur. Stekh. (17). Detailed studies of the
epidemiology of potato early dying in Ohio (16,23,25) have shown
that V. dahliae and P. penetrans can act synergistically, i. e.,
together they cause symptom development and yield reduction at
population levels that individually have little or no effect. In
Wisconsin, 55 propagules of V. dahliae per cubic centimeter of soil
and 50 P. penetrans per 100 cm * of soil had an additive effect on
symptom expression when compared with V. dahliae alone (12).
Pratylenchus spp. also had a statistically significant association
with wilt severity in an Idaho study (3). Other nematode species,
such as Meloidogyne incognita (Kofoid and White) Chitwood and
Globodera rostochiensis (Woll,) Behrens, also appear to exhibit
interactive effects with V. dahliae on potatoes (2,7,9).

Premature senescence of potato vines often results in markedly
reduced yields. However, yield loss assessment for potato early
dying has proven to be problematical (3,19,21,24). For example,
the relationship between colony-forming units (cfu) of V. dahliae
per gram of soil and tuber yield (19) or wilt incidence (3) was
significant in some potato-growing areas but not in others.
Problems in predicting yield loss most likely have arisen because of
sampling and assay errors in estimation of pathogen populations,
differing environmental conditions and cultural practices,
unquantified soil properties (including, but not limited to, the
nematode community), possible differences in virulence among
pathogen isolates, and unexplained variability in tuber yield. In the
Ohio microplot studies, pathogen isolates were held constant and
carefully quantified, and two constant soil types provided similar

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C. §
1734 solely to indicate this fact.

© 1887 The American Phytopathological Society

physicochemical soil conditions over 5-6 yr at two locations (25).
These Ohio data were used in this assessment of yield loss.

A recent review (27) identified various approaches for
assessment of yield reduction. The approach chosen in this analysis
was an empirical, single-point model, wherein pathogen
populations are measured once before planting the crop. Thisis a
practical approach to the management of soilborne pathogens
because most pest management decisions must be made before
planting.

Pathogen population density can be related mathematically to
yield in a variety of ways. The two methods chosen for this study
were linear regression and discriminant analysis. The properties of
linear regression parameters have been well described (5,18,27).
Nonlinear analysis (20,26) was ruled out as an analytical tool
because the levels of predictor variables within a single year were
deemed insufficient (14) and because nonlinear models are difficult
to verify in multiple pest situations (6). Although discriminant
analysis has been used infrequently in pest management studies
(1,11,15), interpretation of the analysis is straightforward. In
discriminant analysis, observations, such as yield, are partitioned
into nonoverlapping groups before the analysis. Then, one or more
discriminating variables, such as pathogen population density, are
used in a linear function to assign an observation to one of two or
more groups with a minimum error rate (13). Discriminant
analysis has a relative advantage over regression in that exact
observed yields, which integrate many nonrecorded variables and
may be highly variable, are not predicted, but only broad
categories of yield are classified. The economic utility of this
analysis is that decisions in pest management are implicitly
dependent on a predictive categorization of yield above or below
some threshold value.

MATERIALS AND METHODS

Microplot studies. Data used in model development were
collected in microplot studies conducted at Wooster, OH, from
1980 to 1985 and at Celeryville, OH, over the same years except
1984, Details of experimental methodology from 1980 to 1983 have
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been published (25). Differences in experimental protocol in 1984
and 1985 are discussed together with background information.

Each microplot consisted of a 25-cm internal diameter X 31-cm
long, unglazed, open-ended clay tile containing 8 L of soil. The soil
at Wooster was a Wooster silt loam and that at Celeryville was a
Rifle peat (25). Microsclerotia of V. dahliae and vermiforms of P.
penetrans were mixed with fumigated soil singly or together at two
to three population densities each year (Table 1). Microsclerotial
densities of V. dahliae were reported ona per 10 g of soil basis from
1980 to 1983 and on a per cubic centimeter of soil basis during
1984-1985. To form an equivalent measure of density over all
years, microsclerotia per soil weight was converted to a soil volume
basis by using soil bulk density estimate of 1.3 g/cm’ for the silt
loam and 0.33 g/ cm’ for the organic soil. Densities of P. penetrans
were reported as vermiforms per 100 cubic centimeters of soil inall
years, and both pathogen populations were sampled after mixing
with microplot soil just before planting.

One pathogen-free; S. tuberosum cultivar, Superior, single-eyed
seed piece was planted in each microplot (25). Planting dates were
30 May 1985 for Celeryville and 4 June 1984 and 5 June 1985 for
Wooster. Plants were harvested on 9 September 1985 at Celeryville
and 5 September 1984 and 4 September 1985 at Wooster. Yield was
determined as the total tuber weight in grams per plant. Pathogen
inoculum densities were the two main effects in a factorial
arrangement with 15 replicate microplot tiles per treatment.
Relative yield data in this analysis were calculated as the mean
yield of the treatment divided by the mean yield of the
corresponding control grown in uninfested soil.

TABLE 1. Preplant population densities established in microplots and
used in development of potato early dying yield loss models

Plot V. dahliae P. penetrans
Year location cfu/cm’ soil vermiforms/ 100 cm’ soil
1980 Wooster 2,23 9, 30, 106
Celeryville 3,30 18, 56, 151
1981 Wooster 2,23 8, 25, 143
Celeryville 3,30 47, 137, 362
1982 Wooster 2,23 38, 84, 245
Celeryville 3,30 25,92, 247
1983 Wooster 2,23 3, 15,30
Celeryville 3,30 12, 15,70
1984 Wooster 4,27, 139 30, 39, 57, 67, 86, 151
168, 256
1985 Wooster 2,9,59 4,15
Celeryville 2,25 2,13

Regression analyses. The relative yields from each year and
location were regressed separately on the component pathogen
population densities, their natural logarithm (In) transformations,
and In(V. dahliae X P. penetrans), to find the best predictors of
relative yield. All population data were increased by a value of 1.0
before transformations so that a log of zero density could be
calculated. The same independent variables were used in regression
analyses of data from the entire 6 yr at Wooster and 5 yr at
Celeryville and in a combined analysis. All regression equations
were evaluated for overall significance (F-test, P < 0.05),
significance of estimated coefficients (Student’s ¢ tests, P<< 0.05),
and pattern of the residuals (5). The coefficient of determination
was adjusted for degrees of freedom (adjusted r’) to properly
compare regression equations with different numbers of
independent variables.

Discriminant analyses. The discriminant analysis program (7M)
from BMDP Statistical Software uses an automatic stepwise
procedure to select discriminating variables (4). A linear function
was determined that would best categorize relative yields by using
the same set of independent variables mentioned above as potential
discriminating variables. Tuber yields were categorized as greater
than or less than 90% of the control yield before the analysis. Yields
were divided into three categories, >90%, 80-90%, and <80%
of the control yield in a second discriminant analysis to reduce
misclassifications between the “above 90% relative yield” and
“below 809 relative yield” groups. In general, selection of yield loss
categories was based on the desire to consider economically
important losses while maintaining model simplicity. Discriminant
functions were evaluated by calculating classification error rates.
Wilks’lambda statistic was used to test the equality of group means
for included discriminating variables.

RESULTS

Regression analyses. The regression equations that best fit each
of the 11 data sets had a variety of predictor variables (Table 2). In
eight of 11 cases, In(V. dahliae X P. penetrans) was a significant
independent variable. In one case, yield loss could not be related to
pathogen population density at planting, and in two other cases
either P. penetrans or V. dahliae alone was the sole significant
variable. The intercept coefficients (B,), indicative of relative
yields for the controls as well as for treatments having independent
variables not included in the regression equations, were not
significantly different from 1.0, except for the equation from
Wooster, 1984, Also in Table 2 are statistics of the simple
regression model: relative yield = B, + B, [In(V. dahliae X P.
penetrans)]. B, coefficients in these equations are indicative of the
degree of yield loss attributable to the combination of these two

TABLE 2. Regression estimates of tuber yield relative to an uninoculated control from potatoes in microplots infested with Verticillium dahliae (VD)
and/or Pratylenchus penetrans (PP) and estimates of relative yield from regression on the natural log (In) of V. dahliae X P. penetrans

Regression on In (V. dahliae X P. penetrans)

Plot Adjusted Intercept Adjusted
location Year Best-fit regression equation F v (By) Slope (B)) F' 5
Wooster 1980 0.91 = 0.047[In(VD X PP)] —
0.121[In(VD)] 18.9%* 0.76 0.83 —0.084  18.7** 0.62
1981 0.87 — 0.001(PP) 5.2% 0.28 No fit 1.2 0.02
1982 No fit No fit 2.7 0.14
1983 1.03 — 0.0601[In(VD X PP)] —
0.007(PP) 3284+ 0.85 0.98 =0.075 323+ 0.74
1984 1.16 — 0.003(VD) 12:0%* 0.52 No fit 38 0.20
1985 0.95 — 0.065[In(VD X PP)] —
0.04[In(VD)] 79.1%* 0.93 0.91 —0.079  B85.1%* 0.88
Celeryville 1980 0.94 — 0.037[In(VD X PP)] —
0.029[In(PP)] 40.8%* 0.88 0.88 —0.046  48.0** 0.81
1981 1.03 — 0.016[In(VD X PP)] —
0.068[In(VD)] — 0.001(PP) 31.6%* 0.93 0.94 —0.037  19.5*%* 0.70
1982 1.04 — 0.029[In(VD X PP)] 22.3*+ 0.66 1.04 —0.029  22.3%* 0.66
1983 0.89 — 0.055[In(VD X PP)] 19.4%+ 0.63 0.89 =0.055  19.4** 0.63
1985 1.02 — 0.033[In(VD X PP)] —
0.103[In(VD)] — 0.014(PP) 103%* 0.97 0.90 —0.096  27.7** 0.77

*Significance of the F-test value: * P<0.05, ** P<0.01.
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pathogens. Intercept estimates were, of course, less precise and r
values were lower than the full, best-fitting regressions.

The regression equation with the independent variable In(V.
dahliae X P. penetrans) provided the best fit when data were
combined over all years for each location (Fig. 1). Neither the
estimated intercepts nor the slope coefficients were significantly
different (P = 0.05) when the regression equations from the two
locations were compared with one another; however, the intercept
coefficient for the Celeryville regression equation was significantly
(P<< 0.05) less than 1.0. Coefficients of determination were low due
to large year-to-year variation. The combined data from Wooster
had more year-to-year variability than those from Celeryville (see
also Table 2), producing a larger standard deviation for the B
coefficient and a smaller adjusted coefficient of determination.
Ln(V. dahliae X P. penetrans) was again the independent variable
that best explained relative yield response when data sets from
both locations over all years were combined (Fig. 1). The intercept
term for this regression was not significantly different than 1.0.
There was no pattern to the residual values of these three regression
equations when residuals were plotted against their respective
predicted values.

Discriminant analyses. The highest percentage of correct
classifications in discriminant analysis was realized when the
discriminant model was developed on 3 yr of data from Wooster
(1980, 1983, and 1985). These years were chosen on the basis of
having the same soil type and a similar, steep, significant (P< 0.05)
slope of the regression line when relative yield was regressed on
In(V. dahliae X P. penetrans) (Table 2). Therefore, this data subset
purposely contained observations of relative yield that showed a
strong dose response to inoculation levels. Also, forcing
independent variables into the automatic stepwise procedure of
BMDP7M was necessary to determine the discriminating variables
that would correctly classify the highest percentage of
observations. Presumably, intervention was necessary because of

the intercorrelation between the In( V. dahliae X P. penetrans) term
and the individual pathogen terms. Derived discriminant models
were validated on data from Celeryville and from Woosterin 1981,
1982, and 1984. These data were not used in developing the models.

The discriminant function that gave the most correct
classifications used In( V. dahliae) and In( V. dahliae X P. penetrans)
as discriminating variables (Table 3). The classifications were 86%
correct over all observations in the 3-yr Wooster data set from
which the model was developed. The discriminant function
correctly classified 809 of all observations for the 5-yr Celeryville
data set and 56% for the remaining 3 yr of data at Wooster, for an
average of 70% correct predictions. Over all data sets, 219 of the
yields actually “below 909% relative yield” were misclassified as
“above 909% relative yield.” The misclassification rate of yields

TABLE 3. Classification matrix above and below 90% of potato tuber
yields for controls and percentage of correct classifications from a
discriminant analysis conducted on potato early dying data from Wooster
microplots, 1980, 1983, and 1985 and validated on two data sets

Prediction®

Actual Below Above  Percent correct
Data set classification 90% 909, predictions
Wooster Below 909, 18 4 82
1980, 1983, 1985 Above 909 1 13 93
Celeryville Below 909, 29 8 78
1980—1983, 1985 Above 90% 3 14 82
Wooster Below 90% 9 3 75
1981, 1982, 1984 Above 90% 13 11 46

“A relative yield below 90% is predicted if the quantity [-3.593 + 1.404
In( V. dahliae) + 0.691 In( V. dahliae X P. penetrans)] is greater than the
quantity [—0.781 +0.394 In(V. dahliae — 0.041) In(V. dahliae X P.
penetrans)].
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Fig. 1. Relationship between relative tuber yield and In(Verticillium dahliae X Pratylenchus penetrans) population density plotted as regression lines and
scatter of data points for Wooster and Celeryville microplot locations. Regression equations with coefficients = their standard deviations are: relative yield
(Wooster)=0.98 (£ 0.045)— 0.036 (+ 0.011) X In( V. dahliae X P. penetrans), adjusted r* = 0.12; relative yield (Celeryville) = 0.91 (+ 0.027)— 0.039 (+ 0.006) X
In( V. dahliae % P. penetrans), adjusted r’ = 0.44; relative yield (combined) 0.95 (+ 0.028) — 0.038 (+ 0.007) X In( V. dahliae X P. penetrans), adjusted r' = 0.20.
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TABLE 4. Classification matrix for potato tuber yields less than 809, 80-909%, and greater than 90% of control yields based on a discriminant analysis of
potato early dying microplot data from Wooster 1980, 1983, and 1985 and validated on two data sets

Percent

Prediction® Percent Iscvcrely

Actual correct incorrect

Data set classification <80% 80-90% >90% predictions predictions”

Wooster Below 80% 16 2 2 80 10
1980, 1983, 1985 80-90% 0 2 0 100
Above 90% 0 3 11 79 0
Celeryville Below 80% 20 2 0 91 0
19801983, 1985 80—90% 5 3 7 20
Above 90% 2 5 10 59 12
Wooster Below 80% 3 2 1 50 14
1981, 1982, 1984 80-90% 5 0 1 0
Above 90% 10 5 9 38 42

" A relative yield below 80% is predicted if the quantity [~4.848 + 1.308 In( V. dahliae) + 1.074 In( V. dahliae X P. penetrans)] is greater than the quantities
[—2.370 + 1.495 In( V. dahliae) — 0.309 (V. dahliae X P. penetrans)] (80-90%) and [—1.184 + 0.381 In( V. dahliae) — 0.034 In( V. dahliae X P. penetrans)]

(above 90%).

® A prediction is severely in error when either <809 relative yield is predicted for actual relative yields >90%, or >909% relative yield is predicted for actual

relative yields <80%.

TABLE 5. Preplant pathogen variables used in discriminant analyses of
yield loss due to potato early dying and their average values within specified
categories of tuber yield relative to an uninoculated control

TABLE 6. Population levels of Verticillium dahliae and Pratylenchus
penetrans that reduced potato yields to 90% of uninoculated controls in
microplots as estimated by regression and discriminant models

Wilks”
Variable lambda P Average value in group”
Relative yield
Below 90% Above 90%
Ln( V. dahliae) 0470  <0.001 2.28 0.46
Ln{ V. dahliae
X P. penetrans) 0.542 <0.001 3.76 0.14

Relative yield

Below Above
80% 80-909% 909%
Ln( V. dahliae) 0.359  <0.001 2.34 1.70 0.46

Ln( V. dahliae

X P. penetrans) 0415  <0.001 4.13 0.00 0.14

*Significance of Wilks' lambda statistic.

® V. dahliae is measured as cfu/cm®; P. penetransis measured as vermiforms
per 100 em’ of soil; natural logs of all values were taken before calculating
the means.

actually “above 909 relative yield” as “below 909 relative yield”
was 31%. Most of the former misclassifications occurred when
either high densities of P. penetrans or low densities of V. dahliae
resulted in a yield decrement. Most of the latter misclassifications
were from the Wooster 1981-1982-1984 data set and occurred when
the combination of P. penetrans X V. dahliae or V. dahliae alone
sometimes failed to reduce yields.

These same data sets were similarly analyzed with three
categories of relative yield (Table 4). A prediction was defined as
being only slightly in error if the “80-909 relative yield” category
was predicted rather than the “below 809% relative yield” or “above
909 relative yield™; or if the “80-90% relative yield” category was
misclassified. A prediction was severely in error if “below 80%
relative yield™ was predicted as “above 90% relative yield” or the
reverse misclassification occurred. Over all observations, only 6%
of yields actually “below 80% relative yield” were misclassified as
“above 90% relative yield.” The reverse misclassification rate was
23%. The sources of these errors were, of course, the same as in the
previous discriminant analysis. The “80-90% relative yield”
category contained 209 of the total observations.

Wilks’ lambda statistic, the significance of Wilks' lambda, and
the average values in each group for the discriminating variables,
In(V. dahliae X P. penetrans) and In(V. dahliae), are presented in
Table 5. The group means of the discriminating variables were
significantly different in both discriminant functions.

Pathogen densities that reduced yields by 10%. Regression and
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Model Population level®

Product of V. dahliae and
P. penetrans
(£1 standard deviation)

. . B
Linear regression

Wooster 15 (8-54)
Celeryville 12 (8-19)
Combined 13 (8-24)
Discriminant® V. dahliae P. penetrans

0 i)

I 17

2 5

3 2

4 I

15 0

* V. dahliae in cfu/cm® and P. penetrans in vermiforms per 100 cm’.

® Assumes an intercept at 1.0 and uses slopes from Fig. 1.

“From discriminant function in Table 3.

“Not estimable from model. Data would suggest a population much greater
than 17 vermiforms per 100 cm’,

discriminant equations were used to estimate population densities
of V. dahliae and P. penetrans that would reduce yields to 90% of
corresponding uninoculated controls (Table 6). The estimates
from three regression analyses (Fig. 1) are single values ranging
from 12 to 15, each of which is a multiplicative product of V.
dahliaeX P. penetrans. Separate estimates of component pathogen
densities were possible to some extent from the discrimination
function. In particular, the discriminant function estimated a 10%
yield loss at 15 cfu per cubic centimeter of soil for V. dahliae in the
absence of P. penetrans.

DISCUSSION

V. dahliae, at population densities commonly found in Ohio
soils, usually reduced yields of potato only slightly in these
microplot studies when it was the sole pathogen (16,25). Data
collected in 1984 and 1985 as well as new, quantitative regression
analyses of all data support this contention. P. penetrans also had
little or no effect on yield when inoculated alone. Reduction in
yield attributable to potato early dying was greatest when
fumigated Soil was infested with both pathogens. Preliminary
results from microplot studies in unfumigated soil (Rowe,
unpublished) indicate that this relationship is not restricted to
fumigated soil. Clearly, assessment potential of potato yield loss and




pest management program design and implementation must
consider the preplant population levels of both V. dahliae and P.
penetrans.

Differences found in the choice of independent variables of the
best-fitting regression equations, and in estimates of the B
coefficients for the simple regressions with In(V. dahliae X P.
penetrans) (Table 2), suggest that the effect of potato early dying
onyield is also affected by environmental and physiological factors
that were not included in our analysis. There is evidence for a
late-season temperature effect (25). Data from Celeryville
exhibited a more consistent pathogen interaction effect on relative
yield than those from Wooster because the former consistently had
In(V. dahliae X P. penetrans) as a significant independent variable.
A systems analysis of environmental factors together with
pathogen population densities is under way to help explain yearly
variation in relative yield.

An analysis of multiyear data by location and over both
locations demonstrated that the combination of V. dahliae X P.
penetrans was the predominant determinant of relative yield.
James and Teng (10) recommended multiyear and multilocation
assessment of yield loss to measure the behavior of pathosystems
under various environments. Though there was little variation in
yield loss at Celeryville, the regression equation for the Wooster
data essentially averaged 3 yr of mild and 3 yr of severe yield loss.

The intercept (B,) in the regression equations should
approximate 1.0 (i. e., no yield loss relative to the control). All but

‘two estimates of B, did not differ significantly (P <0.05) from 1.0.
Potato early dying reduced yields only slightly at Wooster in 1984
and the naturallog of V. dahliae X P. penetrans was nonsignificant.
It is possible that for the combined years at Celeryville, small, but
consistently negative, effects on yield by V. dahliae or P. penetrans
alone (Table 2) caused the underestimate in B,

Logarithmic transformation of pathogen population density
will improve the fit of the regression model if successively higher
population levels cause less plant damage per unit, as was the case
here. Unfortunately, using the product of population densities of

V. dahliae X P. penetrans as a model of interaction implicitly
equates the damage caused by the two pathogens, albeit at a
100-fold difference in soil volume. These results indicate that the
regression equations were adequate models of yield reduction due
to potato early dying, but perhaps the issue of pathogen
equivalency should be addressed in future work.

The first discriminant function, using 909% yield relative to the
control as a threshold, had a higher rate of correct classifications
on the 3 yr of data used in model development and on the
Celeryville validation data than on validation data from Wooster,
1981-1982-1984. The model incorrectly predicted most “above 90%
relative yield” classifications as “below 909 relative yield” for the
latter data set because potato early dying only slightly reduced
yields in those years. Because it was developed from years wherein
yield loss was relatively high, the discriminant model intentionally
minimized the misclassification of “below 909 relative yield” as
“above 909 relative yield.” For the same reason, the population
density estimates of V. dahliae and P. penetrans that would reduce
yields by 10% were lower than those estimated from regression
equations (Table 6). This model equated damage from V. dahliae
and P. penetrans to a lesser extent than did regression models
based on In(V. dahliae X P. penetrans).

The second discriminant function improved the classification
rate in the sense that it included a third category that essentially
served as a hedge to avoid making severely incorrect predictions.
Once again, the model was conservative in the misclassification of
“below 80% relative yield” as “above 909% relative yield.” The third
category may also be construed as a buffer zone around the
uncertain selection of a threshold.

Discriminant models use an approach to yield loss assessment
that is different from both linear and nonlinear regression models
because the discriminant function categorizes the yield response
into discrete groups rather than predicting yield response on a
continuous scale at every level of an independent variable.
Therefore, discriminant analysis of yield reduction and crop loss
assessment for pest management share a common conceptual

approach. In the former, some threshold value must be predefined
to discriminate two groups, whereas in the latter an economic
threshold is chosen between some pest management action and no
pest management action. Although these data did not come from
production fields, there is correspondence between some of our
results and yield loss estimates from commercial potato fields
(3,19). In particular, the estimate of a 10% yield loss at 15 cfu of V.
dahliae per cubic centimeter of soil in the absence of P. penetrans
(Table 6) is comparable to the 10% yield loss estimate at about 10
cfu of V. dahliae per gram of soil in some areas of Colorado (19).
Therefore, these analyses should provide a realistic starting point
for the development of mathematical pest management models for
control of damage due to potato early dying. Further microplot
studies in nonfumigated soil and studies in commercial fields are
now under way.
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