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ABSTRACT

Wheeler, T. A., Madden, L. V., Riedel, R. M., and Rowe, R. C. 1994,
Distribution and yield-loss relations of Verticillium dahliae, Pratylenchus
penetrans, P. scribneri, P. crenatus, and Meloidogyne hapla in commercial
potato fields. Phytopathology 84:843-852.

Potato yields and population densities of organisms that cause or
potentially influence the early dying syndrome were measured by sampling
along linear transects in commercial potato fields, The distributions of
the five organisms were fitted with a negative binomial distribution
(P = 0.05) in six of 10 fields for Verticillium dahliae, six of seven fields
for Meloidogyne hapla, one of seven fields for Pratylenchus penetrans,
four of six fields for P. scribneri, and six of seven fields for P. crenatus.
Hill’s two-term local quadrat variance method for V. dahliae indicated
that aggregation generally increased or did not change with plot size,
except in two fields where aggregation was highest at or near the smallest
plot size (2 m), i.e., the lowest tested spatial scale. With the three species
of Pratylenchus, aggregation generally increased with plot size; and with
M. hapla, the peak of aggregation was highly variable from field to field.

Taylor’s power law was used to estimate a minimum sampling number
for each organism. With a coefficient of variation of the mean (C) of
0.50, six to eight samples were necessary for all five species; the required
sample number increased dramatically if precision was increased to C
= 0.20. Significant spatial autocorrelations of low order were observed
most frequently for V. dahliae and M. hapla. Autocorrelation patterns
were not clearly evident in most of the fields for P. penetrans. No significant
covariation was seen between V. dahliae and any nematode species density.
There was a low degree of positive covariation observed between M.
hapla and the three species of Pratylenchus and a high degree of positive
covariation among the three species of Pratylenchus. Yields were
negatively correlated with preplant densities of V. dahliae and P. penetrans
or their interaction in three of seven fields and with M. hapla in three
of 10 fields. Yields were also correlated negatively with V. dahliae and
P. penetrans individually, positively with interactions between M. hapla
and V. dahliae, and negatively with V. dahliae and Pratylenchus spp.
(species not identified) and V. dahliae and P. crenatus in one or two
fields each.

Potato early dying, a premature senescence induced by soilborne
pathogens, can cause serious yield losses in potatoes (Solanum
tuberosum L.) (37,45). A number of pathogens have been shown
to cause potato early dying, including Verticillium dahliae Kleb.
(25,30,48), V. albo-atrum Reinke & Berthier (25,48), and Erwinia
carotovora (29,42). Field microplot studies have demonstrated
that the combination of V. dahliae and the root-lesion nematode
Pratylenchus penetrans (Cobb) Filipjev & Schuur. can cause an
increase in yield loss beyond that anticipated from the additive
yield loss attributed to each pathogen alone (33,35,44),

The community of plant-parasitic nematodes found in
commercial potato fields in Ohio includes the root-lesion
nematodes P. penetrans, P. scribneri (Steiner), P. crenatus (Loof),
and the northern root-knot nematode, Meloidogyne hapla
(Chitwood) (4). These lesion nematode species also have been
reported in potato fields in Maine (21), Wisconsin (9), Prince
Edward Island, Canada (28), and throughout the northeastern
part of the United States and Upper Great Lakes (52). Potato
is a good host for P. penetrans (2), and infection by this nematode
can cause significant yield losses (40). Microplot experiments with
P. scribneri, P. crenatus, and V. dahliae on potato failed to
demonstrate yield-loss interactions (43). M. hapla alone can cause
significant yield losses on potato (39). Jacobsen et al (26) found
a significant negative interaction between the northern root-knot
nematode and V. dahliae with respect to yield losses in both
microplot and field studies. MacGuidwin and Rouse (32) found
no interaction between M. hapla and low densities of V. dahliae
in microplot studies.

Although the interaction between V. dahliae and P. penetrans
has been thoroughly demonstrated in controlled studies with
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fumigated soils, the relative importance of the interaction in
commercial potato fields is less clear. The interaction has not
been well documented when the nematodes are found in mixed
communities of other nematode species. Botseas and Rowe (3),
in a study with six isolates, found that the relative magnitude
of the interaction between V. dahliae and P. penetrans could
range from none to very high, depending on the isolate of V.
dahliae used. Variability of the interaction with strains of the
nematode P. penetrans has not been tested.

Although there is interest in management of potato early dying,
simply confirming the presence of V. dahliae and P. penetrans
in soil is not sufficient cause to implement expensive management
strategies. Development and implementation of a practical
decision aid for potato early dying is limited, in part, by the
difficulties in estimating population parameters (mean and
variances) for these organisms. To implement a sampling program,
one must know the number of samples to collect, the sample
unit size where the distribution of the organism becomes random
(if at all), and the appropriate time to collect samples (5). Soilborne
pathogens are typically distributed in an aggregated pattern
(5,6,17,27,38,49). The average cluster size for each organism in
a field corresponds to the sample area where the variance of
the density of that organism is maximized (7). Many spatial indices
can quantify spatial patterns and can be used to decide whether
spatial distribution is random, regular, or aggregated for a range
of sample unit areas (5). Spatial autocorrelation techniques can
also be used to provide information on aggregation (10,20,34).

The objectives of this study were to determine mean density,
variance, and spatial pattern of each of these organisms in
commercial potato field plots; to determine the degree of
aggregation of the organisms and to calculate adequate sample
numbers for estimation of preplant population densities; to
determine the covariation between densities of the different species
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in commercial potato fields; and to determine the additive or
synergistic yield responses of potatoes to preplant population
densities of V. dahliae, P. penetrans, P. scribneri, P. crenatus,
and M. hapla in commercial potato fields and to compare these
fields with microplot studies.

MATERIALS AND METHODS

Commercial field studies. Two commercial potato fields were
selected in each of 5 yr (1987-1991). In each field, a four-row
transect of the cultivar Superior was planted and maintained by
the grower over the season, along with other potatoes in the
field. The center two rows were divided into contiguous plots
(= sampling units; quadrats) of a length of 2 m (1987-1990) or
8 m (1991). The two outside rows were used only to reduce border
effects. The number of plots in any individual field ranged from
22 to 107. In addition, in 1991, three to four plots in each field
were fumigated with 67% methyl bromide + 339, chloropicrin
at a rate of 392 kg/ha prior to planting. Composite samples,
consisting of 10-12 soil cores (2.5 cm in diameter, 20-30 cm deep),
were taken from each plot before planting and mixed in a bucket,
and 1,000 cm’ of soil was kept as the sample. Yield was determined
by hand harvesting and assessed as the total weight of all tubers
in each plot.

The preplant population density of V. dahliae was determined
by air drying 100 cm® of soil for 4-5 wk followed by wet sieving
(23) 10 g of dried soil and then plating the concentrated
microsclerotia on 20 plates of a sodium polypectate medium
selective for Verticillium (36). In 1991, the fungal density was
determined by directly plating 10 I-ml aliquots of soil onto
Verticillium-selective media.

Plant-parasitic nematodes were extracted from 100 cm’ of soil
by the pie-pan method (51). All plant-parasitic nematodes were
identified to genus. M. hapla was assumed to be the only species
of Meloidogyne present. If 40 or more Pratylenchus vermiforms
were present in a sample, then the individuals were fixed and
adult lesion nematodes later were identified to species. To fix
the nematodes in a sample, a volume of boiling water equal to
the sample volume was added to the beaker. When the sample
had cooled to room temperature, it was concentrated to 10 ml
by pipetting the excess water, and an equal volume of 10%
Formalin was added. If possible, 20 Pratylenchus adults were
identified to species in each sample. Previous work (4) has shown
that the only species of lesion nematodes common to Ohio potato
fields were P. penetrans, P. scribneri, and P. crenatus. Iden-
tification of P. penetrans was made on the presence of sperm,
three lips, and a smooth tail terminus (18). Identification of P.
scribneri was based on no sperm, two lips, and a smooth tail
terminus (18). Identification of P. crenatus was based on a crenate
tail, no sperm, and three lips (18). The percentage of adult P.
penetrans, P. scribneri, and P. crenatus was multiplied by the
total Pratylenchus counted in each plot to obtain an estimate
of the density of each species. In plots where there were too
few Pratylenchus adults to do species identifications, the average
percentage of each of the three species determined from the other
plots in that field was multiplied by the genus count of
Pratylenchus for that plot.

Spatial pattern analysis and species correlations. Preplant
population densities for V. dahliae and the four nematode species
in commercial fields were used to construct frequency
distributions. The Poisson and negative binomial discrete
distributions were fitted to the data from each field (16). A chi-
square test was used to determine the goodness of fit of both
models to the frequency data.

Hill’s two-term local quadrat variance method (TTLQV) was
calculated for each species in each field (31). The individual plots
were blocked into groups of two, three, etc., and the variance
was calculated. With the TTLQV method, the variance of
randomly distributed variables fluctuates in a nonsystematic
manner for all block sizes or can be nearly constant if the
distribution is uniform and tends to peak at a certain block size
(which represents the average area occupied by each clump or
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patch) for an aggregated distribution (31).

Taylor’s (50) power model was used to describe the relationship
between the variances (¢”) and means (i) of each of the pathogen
densities over all 10 fields. The REG procedure in SAS (47) was
used to fit the model

log(o®) = log(a) + blog(u)

to the 10 data points. The estimate for 4 is an index of aggregation
across all fields, with <I representing a regular (uniform) pattern,
| a random pattern, and >1 a contagious or clustered pattern.
The standard error of the estimate for b was used in a 7 test
to determine whether b was significantly (P < 0.05) different
from 1. Results of the Taylor’s power model analysis were used
to estimate sample sizes (n), which would ensure that the
coefficient of variation of the mean (C), a measure of precision,
would be within 10, 20, or 50% (i.e., C = 0.1, 0.2, or 0.5) of
the value of the mean. Sample size is given by

n=(ap’ ) C,

in which all terms are as defined previously (5). A graph was
generated for each species with the three C values and densities
from 10 to 100.

Spearman’s rank correlation (31) was used to measure species
covariation. All pairwise comparisons were made for each of the
10 commercial potato fields. Because of aggregation of the
organisms, P values of the correlations may actually be somewhat
larger than calculated (8). To be conservative, a conclusion of
significance was based on P < 0.01 instead of P < 0.05, although
all P values are reported.

Spatial autocorrelation was examined by calculating
correlograms and partial autocorrelograms with the ARIMA
procedure in SAS (46). The density values of each organism (x)
were transformed by x!' = /21 where b was calculated from
Taylor’s power law to produce constant variances. Yield per plot
also was analyzed in this manner. Moran’s 7 test was used to
determine significant autocorrelations or partial correlations, that
is, those significantly different from 0 (P = 0.05) (10). These
correlations can be used to identify autoregressive and moving-
average models (20). The two fields from 1991 were deleted from
this analysis since some of the plots were fumigated and there
were too few plots (because of the larger size) to use this procedure
with confidence.

The relationship between yield and preplant density of V.
dahliae (VD), P. penetrans (PP), P. scribneri (PS), P. crenatus
(PC), and M. hapla (MH), VD X PP, VD X PS, VD X PC,
and VD X MH, was examined with regression analysis by using
a stepwise variable selection procedure (STEPWISE and
RSQUARE [47]). Independent variables were included with and
without logarithmic transformations. Square root trans-
formations were also included for V. dahliae densities. These
transformations have been used successfully to fit yield-loss
models to densities of V. dahliae and P. penetrans previously
(14,53). The interactions of nematode species were eliminated from
the analyses because they were rarely significant and were highly
correlated with other variables. A single model was selected for
each field on the basis of two criteria: 1) an overall F statistic
significant at P =< 0.05, and 2) estimated parameters for each
independent variable (e.g., VD) significant (on the basis of ¢ tests)
at P < 0.10. If multiple models fulfilled these criteria, then the
model with the highest coefficient of determination (R?) and a
random residual plot for each independent variable was selected.

Microplot studies. The effect of both M. hapla and V. dahliae
on potato yields was examined for 2 yr in microplots with a
randomized complete block design and a factorial arrangement
of V. dahliae and M. hapla. In 1990, a Rifle peat soil (15% silt,
19% sand, 9% clay, and 75% organic matter, pH 5.2) was fumigated
with 67% methyl bromide + 33% chloropicrin at a rate of 465
kg/ha and mixed with either 0 or 40 microsclerotia of V. dahliae
per cubic centimeter of soil in a cement mixer for 5 min, Methods
for inoculum production and quantification of V. dahliae have



been reported previously (15). The soil was then mixed with 0,
100, 750, or 1,500 eggs of M. hapla per 100 cm® in a 20-L twin
shell mixer (10 rotations). The nematode inoculum had been
grown on tomato cultivar Rutgers for 90 days. The roots were
chopped into - to 2-cm pieces, and the eggs were extracted with
10% NaOCI(24). The infested soil was added to clay tile microplots
(30 cm in length, 25 cm inside diameter), and a single-eye seed
piece of the potato cultivar Superior was planted in each tile.
The procedure was repeated in 1991, except the source of the
soil was a nonfumigated Wooster silt loam (65% silt, 20% sand,
15% clay, and 2% organic matter, pH 5.4), which had been found
to be free of V. dahliae, M. hapla, and P. penetrans by assay
methods described previously in the paper. The inoculum levels
used in 1991 were 0 and 50 microsclerotia of V. dahliae per cubic
centimeter of soil and 0, 100, 500, 1,000, and 4,000 eggs of M.
hapla per 100 cm® of soil. There were 15 replicates in 1990 and
14 replicates in 1991.

Tubers were hand harvested to determine yield per plant. Effects
of the pathogens on yield were assessed by relative yield, which
was the total weight of tubers in a microplot divided by the average
weight of the tubers in the uninfested control plots. Data sets
were analyzed separately with analysis of variance (ANOVA;
general linear model [GLM] procedure [47]) to determine whether
the interaction term (VD X MH) and main effects (VD, MH)
were significant (P= 0.05) and then with regression analysis (REG
procedure [47]) with and without log,-transformed M. hapla
densities to develop yield-loss equations.

RESULTS

Spatial analysis of the pathogens. Population densities of V.
dahlige and some of the nematode species were generally

aggregated as indicated by the good fit of the negative binomial,
with estimated & mostly <5, and the poor fit of the Poisson
distribution to the data. The frequencies of V. dahliae propagules
were well fitted by the negative binomial distribution in six of
10 fields (Table 1). The parameter k, estimated when the negative
binomial was appropriate, ranged from 0.78 to 5.59 (Table 1),
indicating high to low aggregation. The frequency of counts of
second-stage juveniles (J2) for M. hapla was adequately
represented by the negative binomial distribution for all fields
with more than one J2 per 100 cm® of soil (Tables | and 2).
The parameter k ranged from 0.53 to 2.76 for M. hapla (Table
[). The frequency distribution of the vermiform stages of P.
penetrans was poorly fitted by the negative binomial distribution,
with an adequate fit (k = 0.52) in only one of seven fields where
species were identified (Table 1). In two fields, the null hypothesis
of the Poisson model was not rejected, but the average density
of P. penetrans was four or fewer vermiforms per 100 cm® of
soil in those fields (Table 2). The frequency distribution of
vermiforms of P. scribneri was fitted by the negative binomial
distribution in four of six fields where that species was identified.
Data from one field with a density of P. scribneri of more than
one vermiform per 100 cm® of soil were not fitted by the negative
binomial model. The parameter k ranged from 0,72 to 3.99 (Table
1). The frequency distribution of P. crenatus was fitted by the
negative binomial distribution in six of seven fields where that
species was identified, with estimated k values ranging from 0.35
to 5.58 (Table 1).

Taylor’s power law model provided an acceptable to excellent
fit to the variance-mean data across all fields for V. dahliae and
the nematode species (Table 3). The parameter b, the index of
aggregation, for V. dahliae, M. hapla, P. penetrans, and P.
scribneri was significantly greater than 1.0 for each species,

TABLE 1. Best fitting statistical distribution to frequency of densities of Verticillium dahliae, Meloidogyne hapla, Pratylenchus penetrans, P. scribneri,

and P. crenatus in 10 commercial potato fields

V. dahliae M. hapla P. penetrans P. scribneri P. crenatus
Field Dist.” K® Dist. k Dist. k Dist. k Dist. k
| NB 1.49 i NB 0.52 NB 0.71
2 NB 0.53 4 NB 5.58
3 s NB 0.53 NB 3.99 NB 1.20
4 NB 0.84 NB 2,76 e NB 1.55 NB 2.37
5 NB 3.38 PO i s
6 i B PO NB 0.72 NB 0.35
7 i NB —1 = —
8 NB 5.59 NB i NB 1.29 NB 1.40
9 NB 2.63 i = = s
10 NB 0.78 NB 0.60 s = -

*The distributions (Dist.) were fitted by a computer program from Gates and Ethridge (16); a chi-square test (P = 0.05) was used to determine
goodness of fit of the Poisson (PO) or negative binomial (NB) distribution
"Negative binomial distribution has a k parameter estimated with the program.

“Neither of the distributions could be satisfactorily fitted to the data.
“No species identification of Pratylenchus was done.

TABLE 2. Average preplant population densities and variances (VAR) of Verticillium dahliae," Prat vlenchus penetrans,” P. crenatus,” and Meloidogyne

hapla® found in 10 commercial potato fields

V. dahliae P. penetrans P. scribneri P. crenatus Pratylenchus’ M. hapla
Field Year Mean VAR Mean VAR Mean VAR Mean VAR Mean VAR Mean VAR
1 1987 3 6 12 346 25 1,170 11 449 49 2,810 1 49
2 1987 1 27 37 1,584 0 0 167 11,215 205 15,725 57 5,991
3 1988 0.3 0.7 15 404 110 9,197 17 645 142 14,641 22 2,181
4 1988 1 11 11 388 48 2,460 101 8,226 162 13,179 395 100,046
5 1989 23 240 4 85 I 8 17 557 22 847 0 0
6 1989 14 37 1 7 9 310 3 188 13 543 0 0
7 1990 0.3 0.1 i 371 39,085 112 28,900
8 1990 2 2 13 210 49 1,756 21 640 83 4,251 53 2,540
9 1991 11 12,012 5 10 458 0 0
10 1991 11 259 45 2,530 26 2,540

*Microsclerotia per cubic centimeter of soil, assayed with wet sieving for fields 1-8 and direct plating for fields 9 and 10,

*Vermiforms per 100 cm’ of soil.
“Second-stage juveniles per 100 cm’ of soil,
4 Pratylenchus spp. per 100 cm® of soil: all species combined.,
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indicating aggregation. For P. crenatus, however, b was only
marginally (P > 0.10) greater than 1.0 (Table 3). Estimates of
a and b were used to estimate sample number for each of the
five species (5). To estimate the mean population density of V.
dahliae with a standard error of less than 109% of the mean
(C = 0.1), over 100 samples would be necessary (Fig. 1A). With
b > 2, the curve increases with mean density because the variance
increases faster than the square of the mean (5). For C = 0.5,
six to eight samples would be needed for 10-100 microsclerotia
per cubic centimeter of soil.

To estimate 10-25 vermiforms of P. penetrans with a C of
0.1 required 135-192 samples (Fig. 1B). For an estimate within

TABLE 3. Estimated parameters of Taylor’s power law model® together
with the coefficient of determination (R?) for preplant population densities
of Verticillium dahliae (VD), Pratylenchus penetrans (PP), P. scribneri
(PS), P. crenatus (PC), and Meloidogyne hapla (M H) from soil collected
from commercial potato fields

50% of the mean, six to eight samples would be adequate (Fig.
IB). For M. hapla and P. scribneri, there was relatively little
change in the sample numbers with respect to increases in the
mean density (Fig. 1C and D) because b was close to 2. At b
= 2, n does not change (increasing variance is perfectly balanced
by declining 1 per mean squared) (5). For an estimation with
C = 0.5, four to six samples would have been required for P.
scribneri and six to eight samples for M. hapla. The estimate
of mean population dens:ty of P. crenatus at low densities (10
vermiforms per 100 cm® of soil) required 14 samples with a C
of 0.5, but at densities =50 vermiforms per 100 cm’® of soil, only
four or fewer samples were required with a C of 0.5 (Fig. IE).
With a C of 0.2 for P. crenatus, 24-88 samples were necessary
for mean estimates of 50-10 vermiforms, and 95-351 samples
were necessary for mean estimates of 50-10 vermiforms per 100
cm?® of soil with a C of 0.1 (Fig. 1E).

Hill's TTLQV for V. dahliae indicated a uniform or random
distribution for field 3 and field 7, which had mean densities
of less than 1.0 (Fig. 2A); densities in both fields could not be

Intercept Slope adequately fitted by the negative binomial distribution. A clustered
Pathogen log(a) SE® b SE R Number® distribution with a peak around a block size of 1 was found
VD —0.06 1.45 2.17 0.43 0.76 10 for field 2 (Fig. 2A), while broader peaks were seen with increasing
PP .48 0.33 1.64  0.13 0.97 7 block size for fields 1, 4-6, and 8 (Fig. 2A and B). In general,
PS 0.82 0.43 1.81 0.14 0.97 7 the variance increased, either slowly or rapidly, with block size
PC 312 0.37 1.19 0.11 0.96 7 for V. dahliage, and in only one case (field 2) did aggregation
MH 0.93 044 190 0.13 0.96 10 appear to decline with increasing block size. The variance of Hill’s
*Log(variance = log(a) + blog(mean). 'I‘TL_QV ranged from 0 to 578 for V. dahliae.
"Standard error. Hill’s TTLQV for M. hapla also showed aggregation at all
“Number of fields used in the regression. block sizes, but aggregation increased gradually with block size
350 350
280 A 280 |
210 ] 210} — B
140 140
700 mo-- oo 3 O swecmcoo o
(o] (o]
o} 20 40 60 80 100 O 20 40 60 BO 100
3 3
Microsclerotia/cm  soil Juveniles/100 cm soil
g 350 350
E- 280 | C |20 D
& =210 210
© 140 K 140 | ~—
1Y
2 i o
E o 0
=2 (o] 20 40 60 80 100 O 20 40 60 80 100
' .
Vermiforms/100 cm soil
350
280
210
140
70
0
0 20 40 60 80 100
3
Vermiforma/100 cm  soil

Fig. 1. Predicted minimum sampling number to adequately represent various preplant population densities of A, Verticillium dahliae, B, Pratylenchus
penetrans, C, Meloidogyne hapla, D, P. scribneri, and E, P. crenatus as a function of coefficient of variation (C) in transects of commercial potato

fields. C=0.10 (—), 0.20 (- - -), and 0.50 (---).
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only in fields 2 and 7 (Fig. 3B and C). Aggregation appeared
to decrease with increasing block size in field 1 (Fig. 3A). In
field 4, aggregation peaked at a block size of 6. The variance
of Hill’s TTLQYV ranged from 24 to 160,000 for M. hapla.

Hill's TTLQV for P. penetrans showed similar patterns for
fields 4, 6, and 8, with apparently random variations of variance
with increasing block size (Fig. 4B). In fields 1, 2, and 5, there
was an increase in the variance with increasing block size (Fig.
4A and B). In field 3, there was a broad peak around a block
size of 4 to 7 (Fig. 4A). The variance of Hill’s TTLQV ranged
from 5 to 2,557 for P. penetrans.

Hill's TTLQV for P. scribneri, in general, increased with
increasing block size (fields 1, 3-5, and 8; Fig. 5A). Only in field
6 was there apparently a random fluctuation of variance with
increasing block size (Fig. 5B). The variance ranged from 8 to
39,101 for P. scribneri.

Hill's TTLQV for P. crenatus was similar to that seen for P.
scribneri, with an increase in variance with increasing block size
for fields 1, 2, 5, and 6 (Fig. 6A and B). In fields 3, 4, and
8, there was a broad peak in variance in block sizes of 6 to
10 (Fig. 6A and B). The variance for P. crenatus with TTLQV
ranged from 182 to 23,168.

Significant and mostly positive spatial autocorrelations and
partial autocorrelations of a low order (i.e., two to three plot
lengths were correlated) were detected for transformed V. dahliae
density in three fields; and in two additional fields, higher order
spatial autocorrelations (four or more plot lengths were correlated)
of this variable also were detected (Table 4). For P. penetrans,
there were no particular indications of autoregressive or moving-
average type models; i.e., no low order autocorrelations or partial
autocorrelations were consistently significant. However, with P.
scribneri and P. crenatus, there were significant low order spatial
autocorrelations in half of the fields. With M. hapla, low order
autoregressive models were suggested in four of five fields where

30

24 | A

18 |

Variance

600
480 f
360 r i
240 1

120

O A A A A
) 3 © 9 12 15

Block size

Fig. 2. Hill's two-term local quadrat variance test as applied to densities
of Verticillium dahliae in transects of commercial potato fields. A, Field
1 = W field 2 = A; field 3 = O; field 4 = +; field 7 = V; and field
8 =. B, Field 5 = A, and field 6 = ®, Fields were placed in A or
B on the basis of the magnitude of their variances (e.g., fields with large
variances were placed in the same graph).

the preplant density (J2 per 100 cm® of soil) was greater than
one.

Potato yields in relation to pathogens. In most fields, individual
preplant population densities of V. dahliae, M. hapla, and
Pratylenchus spp. were poorly correlated with potato yields. In
three fields, the VD X PP interactions and in one field, a VD
X PC interaction were negatively correlated with yield (Table
5). There were also two additional fields where an interaction
of VD and density of Pratylenchus spp. (all species combined)
was found. Pratylenchus species identification was not done in
those two fields. In fields where the ¥'D X PP interaction was
significant (and negative), the average preplant densities of P.
penetrans ranged from 11 to 15 vermiforms per 100 cm® of soil,
and where only genus counts for the lesion nematode were
available, the preplant densities were 45 and 371 vermiforms per
100 cm® of soil (Table 2). In fields 1, 2, 5, and 6, where no VD
X PP interaction was observed, the average preplant density of
P. penetrans was 12, 37, four, and one vermiform per 100 cm®
of soil, respectively (Table 2). P. penetrans alone was negatively
related with yield in field 1 (Table 5).

M. hapla was negatively correlated with yields in three fields,
while the interaction between VD and MH was positively related

60
A
48 |
36 |
24 |

12 1

0 i n

25
201

151

(Thousands)

Variance

o
W
o
©
N
o

(Thousands)
8

0 A i i A
0] 3 (] 9 12 15

Block size
Fig. 3. Hill’s two-term local quadrat variance test as applied to densities
of Meloidogyne hapla in transects of commercial potato fields. A, Field
| = WM. B, Field 2 = A; field 3 = O; and field 8 = . C, Field 4 =
+, and field 7 = V. Fields were placed in A, B, or C on the basis of
the magnitude of their variances (e.g., fields with large variances were
placed in the same graph).
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to yield in two fields (Table 5). The average preplant densities
of M. hapla were >100 juveniles per 100 cm® of soil in two of
the three fields where the root-knot nematodes contributed to
yield losses (Table 2). The highest average density of M. hapla
found in the other fields was 57 juveniles per 100 cm® of soil.

V. dahliae alone was the best predictor of yields in only one
field (field 9), but 62% of the variation in yield in that field was
described by a model with a log,, transformation of the preplant
density of the fungus (Table 5). The average density of V. dahliae
in this field was 111 microsclerotia per cubic centimeter of soil
(Table 2). In two fields (fields 2 and 6; Table 5), no relationship
between yield and the preplant density of any of the species could
be found.

Spatial autocorrelation of yield in each of the 10 fields is
presented in Table 6. Significant autocorrelations and partial
autocorrelations of low order were found in fields 1, 3, 5-8, and
10. Similar patterns of low order autocorrelations were seen for
V. dahliae in fields 5 and 7 and for M. hapla in field 8 (Table
4). The spatial distribution of P. penetrans was not significantly
associated with low order spatial autocorrelations, while the
distribution of P. scribneri and/or P. crenatus could in certain
fields (fields 1-4) be characterized by low order spatial
autocorrelations (Table 4).

Species covariation. V. dahliae density was negatively correlated
with M. hapla in one field (field 7) (Table 7). In the other nine
fields, there were no significant correlations between V. dahliae
and any of the nematode species (Table 7), indicating, in part,
that yield-loss analyses were not biased by intercorrelation of
the predictors (pathogens). M. hapla was positively correlated
with P. crenatus in fields 2 and 4 (P = 0.02 and 0.01, respectively),
with P. scribneri in field 4 (P = 0.01), and with P. penetrans
in field 8 (P = 0.05) (Table 7). P. penetrans was positively
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Fig. 4. Hill's two-term local quadrat variance test as applied to densities
of Pratylenchus penetrans in transects of commercial potato fields. A,
Field | = W; field 2 = A; field 3 = O; field 4 = +; field 6 = ®: and
field 8 = <. B, Field 5 = A. Fields were placed in A or B on the basis
of the magnitude of their variances (e.g., fields with large variances were
placed in the same graph).
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correlated with P. scribneri in five of six fields and with P. crenatus
insix of seven fields (Table 7). P. scribneri was positively correlated
with P. crenatus in six of the six fields at P = 0.02 (Table 7).

Microplot studies of M. hapla and V. dahliae. In 1990, there
was a marginal but significant (P = 0.05) relationship between
preplant density of eggs of M. hapla and yield in microplots
on the basis of ANOVA. The effect of V. dahliae on yield was
significant in ANOVA only at P = 0.08. The regression model
to 1990 data was

RY = 1.00 + 0.38[log,o( MH + 1)] — 0.13[log,o( MH + DT,

with an R? of 0.11. RY is the relative yield and equals 1.0 for
plots containing no nematode or fungal inoculum. In 1991, only
V. dahliae caused significant (P = 0.03) yield losses in potato
according to ANOVA, but both V. dahliae and M. hapla were
found to be significant on the basis of regression analysis
(P = 0.05). The difference between results in the two types of
analysis was likely the result of proper choice of transformations
in the regression analysis. With either analysis, the effect of either
pathogen was slight on average. The yield model for 1991 was

RY = 1.00 — 0.0022(¥D) + 0.057[log,o( MH + 1)],
with an R* of only 0.08. In neither year was there any statistical

interaction between V. dahliae and M. hapla with yield (P =
0.3) in the ANOVA.

DISCUSSION

Agegregation of the soilborne pathogens in commercial potato
fields was characterized here with the k parameter from the
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Fig. 5. Hill's two-term local quadrat variance test as applied to densities
of Pratplenchus scribneri in transects of commercial potato fields. A,
Field | = W field 3 = O; field 4 = +; field 5 = A: and field 8 =
<{>. B, Field 6 = ®_ Fields were placed in A or B on the basis of the
magnitude of their variances (e.g., fields with large variances were placed
in the same graph).
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Fig. 6. Hill's two-term local quadrat variance test as applied to densities
of Pratylenchus crenatus in transects of commercial potato fields. A,
Field | = W, field 3 = O; field 5 = A; field 6 = ®; and field 8§ = .
B, Field 2 = A, and field 4 = +. Fields were placed in A or B on
the basis of the magnitude of their variances (e.g., fields with large variances
were placed in the same graph).

negative binomial distribution, Taylor’s power law, Hill’s TTLQV,
and spatial autocorrelation coefficients. A wide range of patterns
was found for these organisms over the 5 yr and 10 fields. Results
for aggregation of an organism vary between tests, because the
tests measure different aspects of the complicated phenomenon
of aggregation. Pielou (41) describes spatial pattern as a
continuum in intensity and grain. Intensity of pattern refers to
the extent that density varies from location to location, i.e., the
differences between patches of high or low magnitude. Indices
based on the variance and the mean or statistical distribution
parameters (k) reflect the intensity of the patterns, at least at
one spatial scale. The grain of a pattern refers to the spacing
between patches, i.e., widely spaced (coarse grained) or a range
of densities encompassed in a small space (fine grained) (41).
Statistical methods that use several spatial scales (TTLQV) or
comparisons of variables separated by various distances
(autocorrelation) are needed to assess grains. With a coarse grain,
there will be wider fluctuations in the variances and correlations
over various spatial scales compared with a fine grain (7).

Aggregation can also be attributed to true or apparent contagion
(34). True contagion can be characterized by the following: patches
are small relative to the quadrat size; Taylor’s power law b >
1.0; the negative binomial provides an adequate fit at some scale;
Hill’s TTLQV shows one or more sharp peaks; and there are
few or no significant autocorrelation or partial autocorrelation
coefficients. Apparent contagion can be characterized by large
patches; Taylor’s b > 1.0; adequate fit of the negative binomial
at some scale; Hill’s TTLQV showing one or more broad peaks;
and an autoregressive model adequately describing the data. The
intensity-grain concept of pattern describes the appearance of
the patches of density, while the contagion concept is related
to the mechanism that generates a certain pattern of densities.
In reality, spatial data alone do not prove specific mechanisms,
but the contagion concept can be useful for categorizing results.
A given data set, however, can show elements of several categories,
that is, intensity, grain, and contagion. There are no absolute
measures to distinguish these characteristics.

The uses to which aggregation can be put include determining
the minimum number of samples that should be taken to estimate

TABLE 4. Significant spatial autocorrelations and partial correlations of the preplant population densities of Verticillium dahliae, Pratylenchus
penetrans, P. scribneri, P. crenatus, and Meloidogyne hapla from soil taken in 10 commercial potato fields

Field Pathogen Lag number” (autocorrelation, partial autocorrelation)
1 V. dahliae 4(...50.23)
(r=15)" P. scribneri 1(0.25, 0.25), 3(0.24, ...)
2 V. dahliae 1(0.24,0.24), 2 (0.23, ...)
(r=15) P. penetrans 3(...,0.24)
P. crenatus 2(0.23,...),3(0.28, ...),4(0.29, ...), 13 (..., —0.26))
M. hapla 1(0.32, 0.32), 2 (0.36, 0.28)
3 P. penetrans 8(...,—0.30)
(r=10) P. scribneri 2(0.31, 0.30)
P. crenatus 2(0.51, 0.49)
M. hapla 7(0.34, 0.30)
4 P. scribneri 8(...,0.39)
(r=15 P. crenatus 1 (0.38, 0.38), 2 (0.24, ...)
M. hapla 1(0.35, 0.35)
5 V. dahliae 1(0.29, 0.29), 9 (0.29, 0.24)
(r=20)
6 V. dahliae 10 (0.33, 0.34), 15 (0.29, 0.34), 20 (..., —0.25)
(r=20) P. penetrans 10 (0.58, 0.56), 12 (..., —0.30), 18 (..., —0.27), 20 (..., —0.55)
P. scribneri 3(0.24,0.23), 5(0.33,0.32), 11 (..., —0.23), 13 (0.30, 0.31), 16 (—0.28, —0.41), 18 (..., —0.27), 19 (..., 0.44)
7 V. dahliae 1(0.51,0.51)
(r=235) PRAT! 1(0.52, 0.52), 2(0.47, ...),3(0.54, ...)
M. hapla 1(0.38, 0.38)
8 P. scribneri 1(0.28, 0.28), 2 (0.40, 0.35), 5 (0.40, 0.31)
(r=10) M. hapla 1(0.29, 0.29)

“Lag number is the number of plots in which there was a consistent, significant, negative or positive correlation between the densities of the pathogens.
"Number of partial autocorrelations tested based on total number of plots in each field.

“Not significant at P = 0.05.
 Pratylenchus spp. per 100 cm’ of soil; all species combined.
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mean density with a given level of precision (5) as well as improving
yield-loss predictions when yield-loss models are nonlinear
(1,13,22,38,54). When field population densities are determined
in order to assess treatment differences, (e.g., cultivar effects),
typically the responses to mean densities are compared in
ANOVA. With densities of organisms, the variance increases with

TABLE 5. Regression models relating yield in commercial potato fields
as a function of preplant densities of Verticillium dahliae (VD), Pra-
tvlenchus penetrans (PP), P. scribneri, P. crenatus ( PC), and Meloidogyne
hapla (M H), together with the coefficient of determination (R?)

Significant” independent variables and coefficients

the mean, which violates an ANOVA assumption. Information
on aggregation can be used to transform data to stabilize variances
so that ANOVA is properly utilized (11,12). Furthermore,
treatments may affect the distribution of the organisms, or cluster
size, rather than just the mean density.

Results for V. dahliae in individual fields where the mean density
was 1.0 microsclerotia per cubic centimeter of soil included 1)
adequate fit of the negative binomial distribution in most fields;
2) Hill’s TTLQV variance usually fluctuating with somewhat of

TABLE 6. Significant yield autocorrelations and partial autocorrelations

Field for multiple regression R’ Field Lag number® (autocorrelations, partial autocorrelations)
I —0.019(PP) 0.08 ] 1 (0.49, 0.49), 2 (0.45, 0.28), 3 (0.4, ..."), 13(...,0.27)
2 No variables were significant 2 5(...,—0.23)

3 —0.087 (VD X PP) — 0.95(log, MH + 1) 0.28 3 1(0.61,0.61),2(0.44, ...),3(0.44,...)

4 —0.00016(VD X PP) — 0.0012(MH) 4 None

+2 X 10°%VD X MH) 0.11 5 1(0.53,0.53),2(0.37, ...),3(0.33, ...)

5 0.026(PC) — 0.0012(VD X PC) 0.18 6 1(0.29, 0.29), 2 (0.36, 0.30), 3 (0.28, ...), 5(0.29, ...),
6 No variables were significant 6(0.23, ...)

7 —1.7[logio(MH + 1)] + 0.32(VD X PRAT") 0.29 7 1(0.75,0.75)

8 —0.00093(VD + PP) + 0.00031(VD X MH) 0.10 8 1(0.79,0.79), 2 (0.74, 0.29), 3 (0.65, ...), 4 (0.58, ...)
9 —6.5[log,o(VD + 1)] 0.62 9 None
10 —0.00060(¥D X PRAT) 0.18 10 1(0.69,0.69)

*Estimated significant parameter (£ = 0.10); overall model was significant
at P = 0.05.

"PRAT are the genus counts of Pratylenchus, where no species iden-
tifications were done.

“Lag number is the number of plots in which there was a consistent,
significant, negative or positive correlation between the densities of the
pathogens.

"Not significant at P = 0.05.

TABLE7. Spearman’s correlation coefficients and significance levels (in parentheses) for covariation in densities of Verticillium dahliae (V' D), Pratylenchus
penetrans (PP), P. scribneri (PS), P. crenatus (PC), and Meloidogyne hapla (M H) in 10 commercial potato fields

PP PS PC MH Pratylenchus®
Field 1
VD 0.12 (0.22) 0.02 (0.86) 0.07 (0.47) —0.10 (0.31)
PP - 0.57 (0.01) 0.64 (0.01) 0.11(0.27)
PS i 0.52 (0.01) —0.07 (0.48)
PC ven 0.10 (0.34)
Field 2
VD 0.08 (0.39) 0.03 (0.74) 0.12 (0.21)
PP et 0.39 (0.01) —0.04 (0.69)
PC - 0.23 (0.02)
Field 3
VD —0.05 (0.71) 0.21 (0.12) —0.04 (0.74) 0.13 (0.32)
PP e 0.38 (0.01) 0.37 (0.01) 0.17 (0.22)
PS . 0.35 (0.01) 0.13 (0.34)
PC cee —0.06 (0.67)
Field 4
VD 0.03 (0.78) ~0.01 (0.93) —0.14 (0.24) —0.12 (0.28)
PP .. 0.05 (0.67) 0.15 (0.19) 0.18 (0.11)
PS e 0.26 (0.02) 0.30 (0.01)
PC s 0.42 (0.01)
Field 5
VD —0.09 (0.37) —0.12 (0.25) —0.04 (0.70)
PP - 0.72 (0.01) 0.62 (0.01)
PS i 0.49 (0.01)
Field 6
VD ~0.09 (0.40) ~0.14 (0.19) —0.01 (0.90)
PP .. 0.73 (0.01) 0.81 (0.01)
PS _— 0.57 (0.01)
Field 7
VD —0.43 (0.01) 0.40 (0.02)
MH - —0.41 (0.02)
Field 8
VD 0.03 (0.81) 0.06 (0.62) 0.04 (0.75) —0.03 (0.81)
PP .. 0.53 (0.01) 0.66 (0.01) 0.25 (0.05)
PS 0.71 (0.01) 0.13 (0.31)
PC i 0.20 (0.13)
Field 9
VD —0.12 (0.59) —0.26 (0.25)
MH e 0.13 (0.56)
Field 10
VD —0.17 (0.35) 0.24 (0.20)
MH i —0.17 (0.35)

"All species combined.
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an upward trend for all block sizes, with no particular pattern;
and 3) a few significant autocorrelations or partial auto-
correlations, signifying, in some cases, a low order autoregressive
process. Apparent contagion is consistent with results 1 and 3,
while 2 indicates a pattern of low intensity and poorly defined
clusters, that is, a variable grain. The exception, where a sharp
peak occurred in one field, indicates a high intensity and coarse
grain, also consistent with apparent aggregation. The aggregation
patterns of M. hapla were similar to those of V. dahliae and
were also described as apparent contagion with generally low
intensity and poorly defined clusters.

The results for P. penetrans, P. scribneri, and P. crenatus all
differed in some manner between the different measures of
aggregation. Apparent aggregation was indicated by density being
fitted with the negative binomial distribution, low order spatial
autocorrelations, and large patches, as indicated by Hills TTLQV
for P. crenatus and P. scribneri. However, when Taylor’s power
law model was used to assess aggregation as a measure of all
of the fields, P. crenatus was not significantly aggregated, while
P. scribneri was aggregated. The results for P. penetrans
demonstrated some of the attributes of true contagion, i.e.,
Taylor’s power law b > 1.0 and few significant autocorrelation
coefficients. However, there was no adequate fit to the negative
binomial distribution at any scale examined and no consistent
sharp peaks with Hill's TTLQV. The lesion nematodes can all
be characterized generally as coarse grained from Hill’s TTLQV,
but intensity differed greatly from field to field.

Providing potato yield-loss estimates caused by early dying on
the basis of sampling aggregated pathogen populations is impacted
by the intensity of the densities of clusters, the grain of the clusters,
and whether the yield-loss model involves linear or nonlinear
relationships. When the grain of the clusters is coarse, then all
the bulked cores for a sample may be taken from a single cluster,
resulting in a realistic estimate for the yield-loss modeling. Even
with a fine grain, when the intensity between clusters is low, the
averaging that occurs when soil cores are bulked may still give
meaningful results in a yield-loss model, especially if the yield
relationship is linear or close to linear. A nonlinear yield-loss
model is particularly sensitive to averaging of densities between
clusters, when grain of a pattern is fine and intensity is high.
In the situation where an interaction may occur between V. dahliae
and P. penetrans or M. hapla, bulking of soil cores to achieve
an average density in a sample is even more sensitive to intensity
and grain pattern of the organisms.

One or more of the soilborne plant pathogens, V. dahliae, P.
penetrans, P. scribneri, P. crenatus, and M. hapla, were related
to potato yield in eight of 10 commercial fields. An interaction
between V. dahliae and P. penetrans (VD X PP) was the most
common factor associated with yield, although there was
substantial variation among fields. This interaction occurred even
when low populations of both organisms were present. These
findings confirm results from studies done in microplots with
the two pathogens (15,44,53). It is the first demonstration of the
interaction between V. dahliae and P. penetrans in commercial
potato fields with no experimental intervention.

The interaction between V. dahliae and M. hapla was positively
associated with yield in several of the fields in this study. This
interaction term occurred only when another V. dahliae
interaction was present (P. crenatus in one field and P. penetrans
in another). Since these variables were not independent, it is
difficult to interpret the importance of the V. dahliae X M. hapla
interaction. These organisms were shown not to interact in our
microplot studies nor in those of MacGuidwin and Rouse (32).
Hoyman (19) found no indication of an interaction between these
two organisms in field trials with different Solanum species.
Jacobsen et al (26), however, found an interaction between V.
dahliae and M. hapla in both microplot and field studies with
potatoes. These differences may be the result of isolates of the
nematode or the fungus involved (3). Variation in the isolate
of the fungus has recently been shown to have a large effect
on the interaction.

The aggregation parameters for both V. dahliae and P.

penetrans were determined, although only Taylor’s power law
permitted a somewhat similar parameter estimate (b) for both
organisms, possibly because b is a single measure over all fields.
All other methods to characterize aggregation showed
dramatically different patterns for V. dahliae and P. penetrans.
Aggregation parameters can be used to improve yield-loss models,
but in this case, the disparity in aggregation patterns between
V. dahliae and P. penetrans may affect our ability to predict
when a synergistic interaction with respect to yield losses occurs
between the two organisms in commercial fields.
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