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Abstract 
Kandel, S. L., Smiley, R. W., Garland-Campbell, K., Elling, A. A., Abatzoglou, J., Huggins, D., Rupp, R., and Paulitz, T. C. 2013. Relationship 
between climatic factors and distribution of Pratylenchus spp. in the dryland wheat-production areas of eastern Washington. Plant Dis. 97:1448-
1456. 

Field surveys were conducted by collecting soil samples to estimate 
nematode densities in soil from winter wheat, spring wheat, spring 
barley, and spring legumes (lentil, chickpea, and pea) fields during 
2010 and 2011. Pratylenchus spp. were observed in 60% of sampled 
fields. However, nematodes were detected in nearly all of the survey 
fields in high numbers where crops were grown every year. To identify 
climatic variables associated with density of Pratylenchus spp. in soil, 
correlation and regression analyses were performed using climate data 
of survey sites from 1979 to 2010. Fifty-seven climate variables were 
significantly correlated with densities of Pratylenchus spp. All precip-
itation variables were significantly positively correlated with nematode 

abundance. Summer maximum air temperature was negatively corre-
lated and winter minimum air temperature was positively correlated 
with nematode densities. In addition, both years’ nematode densities 
were significantly correlated with cropping intensity. Five multi-
variate regression models for 2010 and seven models for 2011 
nematode abundance levels were developed. The majority of the 
climate variables selected in the models were related to precipitation. 
Knowledge of root-lesion nematode distribution in the dryland 
region of eastern Washington and associated climate variables may 
be helpful to determine risk and apply management practices to 
minimize crop damage. 

 

Wheat (Triticum aestivum L.) cultivation in the Pacific North-
west (PNW) of the United States initially started in the late nine-
teenth century. Average farm size and wheat productivity have 
greatly increased from 65 to 1,400 ha and from less than 1 t/ha to 
3.4 t/ha, respectively, from that time to the present (40). Wheat is 
currently grown on nearly 1.85 million ha, with average production 
of 8.6 million tons every year in the PNW states of Idaho, Oregon, 
and Washington (52). Approximately 60% of the wheat in the 
PNW is grown in a dryland production system with limited 
amounts of precipitation. A Mediterranean-type climate is domi-
nant throughout the region with hot, dry summers and cool, moist 
winters. Nearly two-thirds of the precipitation occurs during the 
winter between October and March and one-fourth of the precipita-
tion occurs during the spring and summer between April and June 
(36,40). About 90% of the dryland farming in the low-precipitation 
(150 to 300 mm) area is characterized by a 2-year crop rotation, 
where a 10-month growing season of winter wheat is alternated 
with a 14-month fallow period (45). However, in the high-precip-
itation (400 to 600 mm) area, a winter wheat, spring cereal, and 
spring pulse or brassica rotation is common. 

Soilborne pathogens are common in cropping systems where 
cereals are the major component of the rotation. The effects of 
diseases caused by soilborne pathogens and nematodes are more 
evident in rainfed conditions that become water-limited because 

damaged root systems cannot draw moisture and nutrients suffi-
ciently from the soil profile. Enhanced effects of dryland crown rot 
(Fusarium spp.), common root rot (Cochliobolus sativus), cyst 
(Heterodera spp.), and root-lesion nematodes (Pratylenchus spp.) 
are often observed when plants are under moisture stress (11). 

Pratylenchus spp. are polyphagous, migratory ecto/endo-
parasites with a near cosmopolitan distribution. They feed on and 
damage plant roots, resulting typically in small lesions on young 
feeder roots at first and larger lesions later along the root axis 
(28,49). Aboveground symptoms caused by Pratylenchus spp. in 
cereal crops are often confused with nutrient deficiency, moisture 
stress, or attack of soilborne fungi such as Fusarium, Pythium, and 
Rhizoctonia spp. (44). Damaged plants become stunted, chlorotic, 
and wilted during hot summers (33,38). Pratylenchus neglectus 
and P. thornei are major parasites of wheat, and are found in all 
wheat-growing regions of the world (30). In the PNW states, nearly 
90% of surveyed fields were infested with P. neglectus and P. thor-
nei. In addition, more than 60% of those fields showed economi-
cally damaging population levels of one or both species (46,48). P. 
neglectus and P. thornei cause up to 5% crop loss every year in the 
PNW (43). P. thornei has been documented to reduce crop yield up 
to 70% on intolerant wheat cultivars in northern Australia (49), 
29% on intolerant susceptible wheat cultivars in Mexico (29), and 
up to 70% in arid dryland regions of Israel (34). P. neglectus re-
duced wheat yield by 10 to 30% in southern Australia (54) and 
causes significant yield reductions in the PNW of the United States 
(45). 

Damage caused by plant-parasitic nematodes depends on many 
variables, including host susceptibility, population densities in the 
soil, mode of parasitism, number of generations during the growing 
period, and environmental factors (3,15,58). The effect of environ-
mental factors such as soil moisture and temperature, soil texture, 
and rainfall on pathogenicity and populations has been documented 
for many plant-parasitic nematodes (15,19,21,59). P. neglectus 
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populations were considerably influenced by soil moisture in 
wheat (21). Similar effects of soil temperature, soil pH, and soil 
type also have been studied in other species of Pratylenchus 
(9,14,15,22,59). 

A healthy root system is essential for small grain crops to draw 
soil moisture from deeper soil profiles under dryland conditions. 
No methods of chemical control of plant-parasitic nematodes are 
available for cereal crops in the PNW, and adapted resistant culti-
vars are not yet available. Cultural practices of crop husbandry 
such as crop rotation and cropping system can have an effect on 
nematode populations in the soil. Precise assessment of parasitic 
nematodes in the soil may allow growers to anticipate potential 
crop losses before planting and make management decisions to 
minimize the crop loss (37). Moreover, the effect of climatic fac-
tors on the PNW populations of Pratylenchus spp. has not been 
studied yet. The objectives of this study were to identify and quan-
tify Pratylenchus spp. in eastern Washington, and to determine the 
major climatic variables influencing these nematode populations in 
the soil. 

Materials and Methods 
Soil sample collection. Field surveys for Pratylenchus spp. were 

conducted by collecting soil samples from Washington State Uni-
versity Extension Cereal Variety Trials and from growers’ fields 
during mid-May to mid-June in 2010 and 2011. In all, 90 soil sam-
ples in 2010 and 84 samples in 2011 were collected from fields in 
which major dryland crops, including winter wheat, spring wheat, 
spring barley, spring chickpea, spring lentil, and alfalfa, were 
grown. The same farms were sampled both years but often an adja-
cent field had to be sampled the second year to keep the same rota-
tion. The root zone soil along with plants was removed by shovel 
from 0- to 25-cm depths and collected in polyethylene bags. Three 
soil samples in each field were taken starting 100 paces away from 
the border and walking 25 more paces in a zigzag pattern between 
the next two samples. The three subsamples were mixed in one bag 
and taken as one sample from each respective field. Survey sites 
were located in Whitman, Adams, Walla Walla, Spokane, Lincoln, 
Grant, Columbia, Douglas, and Franklin Counties, representing the 
six major PNW agronomic zones described by Douglas et al. (10). 

Nematode extraction. All collected soil samples from field sur-
veys were stored at 4°C before being sent to Western Laboratories, 
Parma, ID to extract Pratylenchus spp. and other plant-parasitic 
nematodes. A modified elutriation method (17) was used to extract 
nematodes from 250-cm3 subsamples. The soil was placed on a 35-
mesh (500-µm) sieve and washed into a modified Oostenbrink 
elutriator. Soil on the sieve was dispersed by a water spray to 
dislodge the nematodes from soil. The suspension collected in the 
funnel was passed through a set of four sieves. The upper two were 
400-mesh (38-µm) and lower two were 450-mesh (32-µm) sieves. 
Sieves were washed immediately with a small amount of water and 
the nematodes were collected in a cup. The nematodes settled for 
about 2 h and then the upper layer of water was siphoned off to 
retain the nematode suspension at the bottom of the cup. The 
nematode suspension was then transferred to a 50-ml centrifuge 
tube and centrifuged at 1,800 × g for 5 min. After centrifuging, the 
supernatant was poured off and the pellet was retained in the tube. 
The pellet was resuspended in a magnesium sulfate solution 
adjusted to specific gravity of 1.18. The suspension was then 
centrifuged at 1,800 × g for 4 min to float the nematodes in the 
magnesium sulfate solution. Nematodes suspended in the top layer 
were passed through a 635-mesh (20-µm) sieve, the sieve was 
washed with a small amount of water, and nematodes were col-
lected in a 50-ml plastic centrifuge tube. The nematodes were 
counted under a microscope and reported as nematode density per 
500 cm3 of soil. For quantifying cereal cyst nematodes, similar 
methods were used to extract cysts, which were crushed to count 
eggs and juveniles. 

Geospatial referencing of survey sites. Latitude and longitude 
coordinates in degrees, minutes, and seconds were recorded for 
every collection site and converted to decimal degrees. Nematode 

densities for both 2010 and 2011 were plotted in different agrocli-
matic zones of eastern Washington described by Douglas et al. (10) 
using ArcMap version 9.3 (ESRI). 

Meteorological and cropping intensity data. In the past, mete-
orological data relied on the use of local surface meteorological 
observations from weather stations. These stations are often far 
apart and fail to cover an entire area of geographic interest. Various 
interpolation methods can be used to model and derive the proba-
ble values in the areas between the weather stations. A high-resolu-
tion daily meteorological dataset scaled to 4 km covering the sur-
vey area for the time period 1979 to 2010 was developed by 
Abatzoglou (1) and was used in this work. Average precipitation 
and minimum and maximum air temperature per month were cal-
culated using 31 years (1979 to 2010) of weather data averaged for 
each of 12 months. In addition, 2-month and 3-month average 
precipitation and minimum and maximum air temperature of the 
wheat-growing period (October to June) were calculated using 
average monthly readings of that period. The 2010 and 2011 
monthly values averaged across all sites were compared with the 
30-year averages to determine how these two years compared with 
the long-term trends. 

Cropping intensities of survey locations in 2010 and 2011 were 
calculated from the pixel intensity of data layers on raster of a 
cropping-intensity model developed by R. Rupp and D. Huggins, 
using the National Agricultural Statistic Service Crop Layer prod-
uct, derived from satellite imagery in 2007. Intensity was based on 
the probability of that field being cropped in a given year. If a field 
was cropped every year, the cropping intensity was 100%; if 
cropped every other year, the intensity was 50%; and, if cropped 2 
of 3 years, the intensity was 66%. 

Data analysis. Pearson’s correlation coefficients were calculated 
comparing the 2010 and 2011 Pratylenchus spp. population levels 
and monthly average, 2-month average, and 3-month average pre-
cipitation and minimum and maximum air temperatures. Nematode 
counts were transformed to log10(X + 1) before analysis for both 
years (21,25). Weather variables that were significantly correlated 
with both 2010 and 2011 nematode densities were included in 
multiple linear regression models. The predictor variables in re-
gression models were identified through stepwise regression. The 
best subset regression algorithm was used to develop models using 
significantly correlated predictor variables. Mallows’ Cp statistic, 
which displays goodness of fit of the regression equations, and the 
adjusted coefficient of multiple determination (R2), which depicts 
the independent variables associated with total variation of a de-
pendent variable, were reported for each model (42). The predic-
tion sum of squares (PRESS) statistic, which describes the predic-
tive power of a model, was calculated by repeatedly leaving out an 
observation for every repetition, similar to a bootstrap analysis. In 
regression analysis, the PRESS statistic is independent of observed 
responses and represents a true measurement of the prediction 
accuracy of the regression model (27). Regression models having 
relatively small PRESS values are considered the best models be-
cause of small prediction errors (23). If the independent variables 
included in a regression model are highly significantly correlated, 
this collinearity will cause instability in the regression model. The 
variance inflation factor (VIF) quantifies the degree of multicol-
linearity among the explanatory variables in a multiple regression 
analysis. Explanatory variables with a high VIF and low regression 
sum of squares are generally excluded from the model. A multicol-
linearity test was conducted as indicated by variance inflation fac-
tors (23). 

Results 
Pratylenchus spp. density in 2010. In 2010, Pratylenchus spp. 

were detected in 66% of sampled fields. They were observed 
throughout the dryland wheat-production areas of eastern Washing-
ton, and found in fields currently planted to winter wheat, spring 
wheat, spring barley, and spring legumes (chickpea, lentil, and 
pea). Nematodes were observed in all agronomic zones but popula-
tions declined from annual crop-wet-cool (zone 2) to the driest 
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parts (irrigated [zone 6] and grain-fallow [zone 5]) of the state 
(Fig. 1). Nematode density and incidence were relatively high in 
annual crop-wet-cool (zone 2), an annual cropping area where 
spring crops such as wheat, barley, and different legumes are 
grown in rotation with winter wheat. 

Density of Pratylenchus spp. in 2011. In 2011, Pratylenchus 
spp. were present in 57% of sampled fields. Infested crop fields 
were planted to winter wheat, spring wheat, spring barley, spring 
legumes (chickpea, lentil and pea), and winter canola. Higher nem-
atode density and higher incidence were found in annual crop fal-
low transition (zone 2), with a similar distribution as in the 2010 
survey (Fig. 2). 

Other plant-parasitic nematodes in 2010 and 2011. The ce-
real cyst nematode (Heterodera avenae), stunt nematode (Tylen-
chorhynchus spp.), pin nematode (Paratylenchus spp.), and Colum-
bia root-knot nematode (Meloidogyne chitwoodi) were found in a 
few fields in addition to Pratylenchus spp. H. avenae was found in 
approximately 12% of total sampled fields, where population den-
sity varied from 10 to 1,920 eggs and juveniles per 500 cm3 of soil. 
The stunt nematode (Tylenchorhynchus spp.) was detected in ap-
proximately 27% of sampled sites, with an average density of 325 
nematodes per 500 cm3 of soil. The pin nematode (Paratylenchus 
spp.) was observed in 12% of sampled fields, with an average pop-
ulation of 440 nematodes per 500 cm3 of soil. The Columbia root-
knot nematode (M. chitwoodi) was found in less than 1% of sam-
pled sites, with an average density of 20 nematodes per 500 cm3 of 
soil. 

Correlations between Pratylenchus spp. density and mean 
maximum temperatures. The first year of the study was char-
acterized by warmer January and February temperatures but sig-
nificantly cooler conditions in May and June (Table 1). Similarly, 
2011 was also characterized by a cool spring and early summer 
(April to July). Eleven maximum air temperature-based variables 

were significantly negatively correlated with Pratylenchus spp. 
densities in 2010. Eight maximum air temperature-based variables 
were significantly positively correlated with 2011 nematode densi-
ties and only five were negatively correlated (Table 2). Maximum 
air temperature in April through September, March and April to 
May and June, and March to May and April to June were signifi-
cantly negatively correlated with 2010 Pratylenchus spp. densities; 
and May to June, April and May to May and June, and April to 
June maximum air temperature were significantly negatively corre-
lated with 2011 Pratylenchus spp. densities. The maximum air 
temperature in January, December, November and December to 
January and February, and October to December through De-
cember to February were significantly positively correlated with 
2011 nematode densities (Table 2). 

Correlations between Pratylenchus spp. density and mean 
minimum temperatures. None of the minimum air temperature-
based variables were significantly correlated with 2010 Pratylen-
chus spp. density. However, 1-month minimum air temperature-
based variables for January, February, November, and December; 
2-month variables for November and December through January 
and February; and 3-month variables for October to December 
through January to March were significantly positively correlated 
with 2011 Pratylenchus spp. densities (Table 2). 

Correlations between Pratylenchus spp. density and monthly 
precipitation. The first year of the study was characterized by a 
significantly wetter spring (April, May, and June) than the long-
term average (Table 1). Similarly, 2011 also had a wetter spring 
from March to May. All precipitation-based variables were signifi-
cantly correlated during both years with Pratylenchus spp. den-
sities (Table 2). The 1-month variables for January to December, 2- 
month variables for October and November to May and June, and 
3-month variables for October to December through April to June 
were significantly correlated with 2010 and 2011 Pratylenchus 

Fig. 1. Pratylenchus spp. density per 500 cm3 of soil in late spring 2010 in different agroclimatic zones of eastern Washington. Agroclimatic zones are represented by color 
areas: 6 = irrigated, 5 = grain-fallow, 4 = annual crop-dry, 3 = annual crop-fallow-transition, 2 = annual crop-wet-cool, and 1 = annual crop-wet-cold. RLN = root lesion 
nematode. 
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spp. densities (Figs. 3 and 4). The majority of the survey fields in 
low-precipitation areas showed the absence of Pratylenchus spp. 

Correlations between 2010 and 2011 Pratylenchus spp. den-
sity and cropping intensity. The Pratylenchus spp. density in 
2010 was significantly correlated (r = 0.394; P < 0.001) with the 
2011 density. Cropping intensity was also significantly correlated 
with the 2010 and 2011 Pratylenchus spp. densities (r = 0.336; P = 
0.003 and r = 0.403; P < 0.001, respectively; Fig. 5). No Praty-
lenchus spp. were detected in most of the fields in wheat-fallow 
areas where cropping intensity was low. 

Multiple linear models developed for 2010 Pratylenchus spp. 
density. All 37 significantly correlated variables were subjected to 
a stepwise regression to select variables that explained the nema-
tode density. Four explanatory variables were selected from step-
wise regressions. These were all precipitation-based variables and 
had higher correlation coefficients than air temperature-based var-
iables (Table 3). Five multiple linear regression models (models 1 
to 5) were developed using the selected four variables through the 
best subset algorithm. The higher VIF values in models indicated 
the multi-collinearity among weather variables resulting in lower 
adjusted R2 and higher PRESS values. The relatively low R2 values 
and high PRESS values in 2010 compared with 2011 indicated that 
these models were less predictive of nematode density in this year. 
Nematode densities in soil are not simply influenced by environ-
mental variables but also by other soil and crop factors. 

Multiple linear models developed for 2011 Pratylenchus spp. 
density. A stepwise regression was performed to identify variables 
that best explained nematode density, including all 50 significantly 
correlated variables. December and January air maximum tempera-
ture; December and January minimum air temperature; and Sep-
tember, October, and December to January precipitations were 
selected as five explanatory variables from stepwise regressions 
(Table 4). Seven multiple linear regression models (models 1 to 7) 
were developed taking the five variables selected using the best 

subset algorithm. The higher VIF values in some models indicated 
that the multi-collinearity among weather variables resulted in low 
adjusted R2 and higher PRESS values. 

Discussion 
Pratylenchus spp. were detected in approximately 60% of dry-

land fields in eastern Washington. The incidence and densities of 
root-lesion nematodes were higher in spring wheat compared with 
winter wheat and distributed differently in six agronomic zones of 
eastern Washington. More than 85% of sampled fields in the an-
nual crop-wet-cool zone were infested with Pratylenchus spp. This 
zone is characterized by relatively high precipitation (>400 mm per 
year) and an annual cropping system (10). Spring wheat and spring 
legumes are grown every year in this zone and these crops are good 

Fig. 2. Pratylenchus spp. density per 500 cm3 of soil in late spring 2011 in different agroclimatic zones of eastern Washington. Agroclimatic zones are represented by color 
areas: 6 = irrigated, 5 = grain-fallow, 4 = annual crop-dry, 3 = annual crop-fallow-transition, 2 = annual crop-wet-cool, and 1 = annual crop-wet-cold. RLN = root lesion 
nematode. 

Table 1. Deviation of 2010 and 2011 mean monthly temperatures and 
precipitation from 30-year means 

 Mean temperature (°C) 
difference from  
30-year mean 

Total precipitation 
proportion of  
30-year mean 

Month 2010 2011 2010 2011 

January 3.40 0.99 1.03 1.05 
February 2.43 –1.82 0.71 0.76 
March 0.40 –0.33 0.61 1.73 
April –0.45 –2.91 1.27 1.32 
May –2.25 –1.46 1.35 1.66 
June –1.29 –0.93 1.90 0.77 
July –0.41 –1.66 0.58 0.65 
August –0.82 0.80 0.41 0.14 
September –0.59 2.57 1.86 0.26 
October 0.86 0.09 1.34 0.93 
November –1.50 –0.00 0.98 0.60 
December 0.63 0.85 1.36 0.52 
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Table 2. Time periods for which significant correlation coefficients were obtained between weather variable averages (1979 to 2010) and 2010 and 2011
Pratylenchus spp. density in soils sampled in the late springa 

  2010 density 2011 density 

Climate variables Variable r P r P 

Mean maximum temperature      
One-month      
January X1 0.171 0.107 0.349 0.002
April X2 –0.305 0.003 –0.205 0.075 
May X3 –0.337 0.001 –0.260 0.023
June X4 –0.334 0.001 –0.268 0.019
July X5 –0.289 0.006 –0.206 0.075 
August X6 –0.282 0.007 –0.168 0.148 
September X7 –0.252 0.016 –0.148 0.201 
December X8 0.171 0.106 0.358 0.002

Two-month      
November-December X9 0.096 0.369 0.286 0.012
December-January X10 0.172 0.106 0.355 0.002
January-February X11 0.094 0.380 0.283 0.013
March-April X12 –0.253 0.016 –0.130 0.263 
April-May X13 –0.322 0.002 –0.240 0.037
May-June X14 –0.336 0.001 –0.267 0.020

Three-month      
October-November-December X15 0.096 0.369 0.286 0.012
November-December-January X16 0.121 0.254 0.308 0.007
December-January-February X17 0.121 0.257 0.310 0.006
March-April-May X18 –0.283 0.007 –0.177 0.127 
April-May-June X19 –0.327 0.002 –0.250 0.029

Mean minimum temperature      
One-month      
January X20 0.162 0.128 0.342 0.003
February X21 0.058 0.588 0.233 0.042
November X22 0.110 0.301 0.245 0.033
December X23 0.141 0.186 0.309 0.007

Two-month      
November-December X24 0.127 0.233 0.291 0.011
December-January X25 0.152 0.154 0.338 0.003
January-February X26 0.113 0.288 0.302 0.008

Three-month      
October-November-December X27 0.127 0.233 0.291 0.011
November-December-January X28 0.140 0.189 0.315 0.006
December-January-February X29 0.123 0.249 0.309 0.007
January-February-March X30 0.083 0.434 0.250 0.029

Mean total precipitation      
One-month      
January X31 0.454 <0.001 0.508 <0.001
February X32 0.433 <0.001 0.492 <0.001
March X33 0.415 <0.001 0.476 <0.001
April X34 0.422 <0.001 0.501 <0.001
May X35 0.415 <0.001 0.445 <0.001
June X36 0.397 <0.001 0.440 <0.001
July X37 0.309 0.003 0.252 0.028
August X38 0.456 <0.001 0.461 <0.001
September X39 0.394 <0.001 0.484 <0.001
October X40 0.342 0.001 0.433 <0.001
November X41 0.431 <0.001 0.487 <0.001
December X42 0.461 <0.001 0.485 <0.001

Two-month      
October-November X43 0.404 0.001 0.500 <0.001
November-December X44 0.449 <0.001 0.523 <0.001
December-January X45 0.462 <0.001 0.533 <0.001
January-February X46 0.446 <0.001 0.531 <0.001
February-March X47 0.426 <0.001 0.518 <0.001
March-April X48 0.419 <0.001 0.520 <0.001
April-May X49 0.422 <0.001 0.505 <0.001
October-November X50 0.412 <0.001 0.471 <0.001

Three-month      
October-November-December X51 0.449 <0.001 0.523 <0.001
November-December-January X52 0.452 <0.001 0.529 <0.001
December-January-February X53 0.456 <0.001 0.532 <0.001
January-February-March X54 0.438 <0.001 0.527 <0.001
February-March-April X55 0.425 <0.001 0.523 <0.001
March-April-May X56 0.422 <0.001 0.510 <0.001
April-May-June X57 0.421 <0.001 0.501 <0.001

a Symbols: r = correlation coefficient and P = probability. Significant P values (<0.05) are highlighted in bold.  
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hosts for P. neglectus and P. thornei (44). An annual presence of a 
host and an ample amount of soil moisture are likely to contribute 
to the support of high nematode populations in soil. About 70% of 
sampled fields were infested by Pratylenchus spp. in the annual-
crop-fallow-transition zone. 

Winter wheat-fallow rotation is typical in this region that re-
ceives low precipitation (<340 mm per year) (39). Absence of a 
host plant during the fallow period may reduce the nematode popu-
lations in soil, but if the fallow period is compromised by volunteer 
crop plants or other weed species, then these plants can host nema-
tode multiplication (46). Many broadleaf and narrow-leaf weeds 
were found to be good hosts for these nematodes in Australia and 
the United States (45,55,56). High nematode numbers detected in 
fallow fields in our study also support this explanation. 

The incidence of Pratylenchus spp. declined in hot and dry parts 
of the state. Smiley et al. (47) showed that greater nematode num-
bers were present in the deeper soil profile in the dry region of the 
PNW. Sampling only the top 25 cm of soil in this study may have 
missed nematodes present in the deeper soil profile. In addition, 
spring precipitation in eastern Washington during 2010 and 2011 
was higher than in previous years, with some locations receiving 

record rainfall (35; Table 1). The soil was cool and wet in both 
years, and it is likely that the cool temperature prevented the move-
ment of nematodes from deeper in the soil profile. Insignificant 
survival of P. neglectus and P. penetrans at subzero temperature of  
–2°C was also described previously in North America (51). The 
damage threshold for P. neglectus and P. thornei has been reported 
at nearly 2,000 nematodes/kg of soil (44). This study showed only 
a few fields with more than 2,000 nematodes per 1,000 cm3 of soil. 
The shallow soil sampling method used in this study may be partly 
responsible for lower densities of nematodes. 

The cereal cyst nematode (H. avenae), stunt nematode (Tylen-
chorhynchus spp.), pin nematode (Paratylenchus spp.), and Colum-
bia root-knot nematode (M. chitwoodi) were other plant-parasitic 
nematodes recovered from wheat fields in eastern Washington. The 
stunt nematode (Tylenchorhynchus spp., 27%) was detected at 
more sites as compared with the cereal cyst nematode (12%), pin 
nematode (12%), and Columbia root-knot nematode (<1%). Smi-
ley et al. (46) also described these nematodes from dryland wheat-
production fields of the PNW. Different species of Tylenchorhyn-
chus can infest and damage many crops such as corn, soybean, 
wheat, and sorghum (32). 

Fig. 4. Relationship between December-to-January precipitation (mm) and late-spring Pratylenchus spp. density in soil. 

Fig. 3. Relationship between April precipitation (mm) and late-spring Pratylenchus spp. density in soil. 
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Fifty-seven weather variables derived from the past 31 years 
(1979 to 2010) were significantly correlated with either 1 year’s or 
both years’ density of Pratylenchus spp. Maximum air temperature 
during late spring to early fall was significantly negatively corre-
lated with 2010 and 2011 density of Pratylenchus spp. The dis-
tribution of plant-parasitic nematodes, like other plant pathogens, 
is influenced by many factors such as local climate (air tempera-
ture, precipitation, drought, and so on), soil pH, soil texture, crop-
ping system, different tillage practices, and host tolerance and re-
sistance (6,16,26,31). Average maximum air temperature during 
summer was often recorded around 30°C in the survey sites. In this 
study, nematode densities in the majority of the survey fields were 
correlated with air temperature of nearly 22°C. Optimum soil tem-
perature for development of many Pratylenchus spp. is between 25 
and 30°C (2,7). In addition, the temperatures in the soil will be much 
more buffered from extremes than the air temperature. Winter 
temperature was significantly correlated with nematode density 
during 2011. Moreover, winter freezing temperature may limit the 
survival of nematodes in soil. Reduction in populations of Meloi-
dogyne spp. during winter has been documented in North America (4). 

In both years, nematode densities were significantly correlated 
with monthly precipitation as well as with 2-month and 3-month 
precipitation periods from October to June. The moist soil environ-
ment in the winter creates favorable conditions for many soil mi-
croorganisms. Nematodes are organisms that migrate in the soil 
environment through the water phase. Hatching and movement of 
nematodes become greatest when soil moisture is at field capacity. 
Presence of favorable soil moisture and soil temperature causes 
maximum nematode activity (57). Survival and reproduction of P. 
penetrans was largely reduced in very low or very high soil mois-
ture (20). In addition, vertical movements of many species of 
Pratylenchus have been observed in response to moisture gradients 
(24,50). Fields with no detectable Pratylenchus spp. were observed 
more frequently in low-precipitation areas in both years of this 
study, although there was poor association between nematode den-
sity and precipitation in general (Figs. 3 and 4). 

Density of Pratylenchus spp. in 2010 was significantly corre-
lated with the density in 2011. The majority of plant-parasitic nem-
atodes have been observed to be distributed variably within fields 
(5). Smiley et al. (46) showed that crop frequency and rotation are 

Fig. 5. Relationship between cropping intensity (%) and late-spring Pratylenchus spp. density in soil. 

Table 3. Multivariate models to describe the relationship between precipitation and temperature variables and Pratylenchus spp. density in 2010a 

Models P R2adj (%) Mallows’ Cp PRESS VIF 

Y = 0.053 + 0.125X38 – 0.224X43 + 0.0530X45 + 0.157X54 <0.001 27.2 5.0 97.3 8.0X38, 62.9 X43, 24.1X45, 76.7X54 
Y = –0.409 – 0.185X43 + 0.0717X45 + 0.143X54 <0.001 25.0 6.6 99.7 57.8X43, 22.6X45, 76.0X54 
Y = 0.472 + 0.148X38 – 0.226X43 + 0.209X54 <0.001 26.5 4.8 99.9 7.5X38, 62.9X43, 57.8X54 
Y = 0.076 – 0.178X43 + 0.214X54 <0.001 22.9 8.1 99.9 57.7X43, 57.7X54 
Y = –0.817 – 0.0767X43 + 0.107X45 <0.001 23.0 8.0 99.9 17.7X43, 17.7X45 

a P = probability, R2adj = adjusted coefficient of multiple determination for multiple-variable models, PRESS = prediction sum of squares, and VIF = 
variance inflation factor. 

 
Table 4. Multivariate models to describe the relationship between precipitation and temperature variables and Pratylenchus spp. density in 2011a 

 
Models 

 
P 

R2adj 
(%) 

Mallows’ 
Cp 

 
PRESS 

 
VIF 

Y = 4.59 + 0.185X40 – 0.203X39 + 0.0854X45 – 0.273X10 + 0.811X25 <0.001 41.2 6.0 60.5 14.7X40, 20X39, 8.2X45, 20.1X10, 26.9X25 
Y = –2.43 + 0.169X40 – 0.143X39 + 0.0688X45 + 0.358X10 <0.001 38.6 8.1 62.6 14.5X40, 13.6X39, 7.1X45, 1.6 X10
Y = 1.72 + 0.186X40 – 0.185X39 + 0.0795X45 + 0.487X25 <0.001 41.4 4.7 59.8 14.7X40, 16.7X39, 7.4 X45, 2.1X25 
Y = –2.38 – 0.0741X39 + 0.0894X45 + 0.277X10 <0.001 35.5 10.9 64.9 6.3X39, 5.7X45, 1.3X10 
Y = 0.802 – 0.102X39 + 0.0996X45 + 0.376X25 <0.001 37.5 8.5 62.9 7.9X39, 6.3X45, 1.7X25 
Y = –0.251 + 0.0429X45 + 0.181X25 <0.001 30.6 16.1 69.7 1.1X45, 1.1X25 
Y = –1.95 + 0.0455X45 + 0.178X10 <0.001 31.2 15.3 68.8 1X45, 1X10 

a P = probability, R2adj = adjusted coefficient of multiple determination for multiple-variable models, PRESS = prediction sum of squares, and VIF = 
variance inflation factor. 
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significant factors correlated with high nematode densities in soil. 
Crop intensity measures the number of crops per year in a given 
field. Nematode densities in this study were significantly correlated 
with increased cropping intensity. Continuous presence of host 
plants helps to maintain multiple generations of nematodes in soil. 

We and others have shown that Pratylenchus spp. present in the 
low-precipitation regions of the PNW have wide host ranges and 
can infect not only commonly grown crops (wheat, barley, brassi-
cas, and legumes) in this region but also many monocot or dicot 
weeds and volunteer plants (43,46). This indicates adaptation of 
these nematodes in different cropping systems and agroclimatic 
conditions of eastern Washington. Because of their damage to plant 
roots, the negative effects of these nematodes are often greater 
under limited-soil-moisture conditions than in irrigated or high-
precipitation conditions. Management of these nematodes using 
chemicals is not economically feasible and, importantly, no ne-
maticides have been registered for small grains in the PNW. There-
fore, management options are limited to cultural practices and host 
tolerance or host resistance. 

The population of plant-parasitic nematodes in soil is deter-
mined by different weather variables, host species, and edaphic 
factors, where the incidence and nematode densities need to be 
known before applying any management decisions. Temperature 
and moisture have great influence on soil microorganisms, espe-
cially in rainfed production systems. Mathematical models have 
been derived to anticipate damage and crop loss induced by many 
plant-parasitic nematodes (12,13,41,53). Temperature and precip-
itation have previously been used to predict the activity of nema-
todes in the soil. Temperature rather than soil moisture has been 
shown to be more significant in the case of root endoparasitic 
nematodes because nematodes become independent of soil mois-
ture as soon as they penetrate into plant roots (16,18). Because 
Pratylenchus spp. can feed both ectoparasitically and endoparasiti-
cally, both temperature and precipitation are similarly important 
and affect both the nematode directly and, indirectly, its plant host, 
as we have shown here. Winter precipitation was found to be sig-
nificantly correlated with both years’ nematode populations and 
was selected as explanatory variables in the regression models. 
This finding is similar to other studies that showed that precipita-
tion influenced nematode populations in soil (8,16,21). By using 
these multivariate models, we showed how specific 1- and 2-month 
variables of temperature and precipitation derived from 31-year 
means can partially explain the distribution of these nematodes 
across a wide region of varying agroclimatic zones. It was also 
apparent that the strength of these models varied between years, 
most likely a reflection of the deviations from these long-term 
means. 
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