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THE SPATIAL DISTRIBUTION OF NEMATODE TROPHIC GROUPS 
ACROSS A CULTIVATED ECOSYSTEM1 

G. PHILIP ROBERTSON 
W.K. Kellogg Biological Station and Department of Crop and Soil Sciences, Michigan State University, 

Hickory Corners, Michigan 49060 USA 

DIANA W. FRECKMAN2 

Department of Nematology, University of California, Riverside, California 92521 USA 

Abstract. In order to better understand the spatial distributions of soil trophic groups 
and the potential significance of these distributions to ecosystem functioning we initiated 
a study to describe the within-site variability of nematode feeding groups in a row-crop 
ecosystem. Soil cores were removed from a 48-ha corn (Zea mays) field in the U.S. Midwest 
prior to spring planting, and nematodes were identified by phenotypic criteria to four groups: 
bacterivores, fungivores, omnivores/predators, and plant parasites. Within-site variability 
was high for all groups; population counts spanned two orders of magnitude, with coef- 
ficients of variation ranging from 40-130% (n = 115-138 soil samples). Probability dis- 
tributions were strongly lognormal. Geostatistical analysis showed that a major part of this 
variability was spatially dependent; variograms suggest that 70-99% of sample population 
variance was related to spatial autocorrelation over our geographic range of 6-80 m, except 
for the parasitic group, for which we detected no autocorrelation to 1200 m. Maps of 
nonparasitic feeding groups across the field showed large multi-hectare areas of low to 
moderate population densities, with sub-hectare clusters of high-density populations towards 
one end of the site. Individual feeding groups were only weakly correlated with one another 
across the field (Kendall's T < 0.363, P < 0.001). Edaphic factors (bulk density, texture, 
pH, C availability, N availability) could collectively explain <30% of the variability in the 
nonparasitic groups across the area sampled. 

Results suggest that important soil food web components are strongly patterned at sub- 
hectare scales in this site. That this patterning is maintained in an ecosystem subjected to 
the homogenizing influences of annual soil tillage and a monoculture plant population is 
remarkable, and suggests that such patterning may be even more common in less-disturbed 
sites. Inclusion of these patterns in studies of ecosystem processes and soil community 
dynamics may significantly improve soil trophic models and our understanding of the 
relationship between soil populations and ecosystem function. 

Key words: agricultural ecosystems; autocorrelation; biodiversity; cultivation; food webs; geosta- 
tistics; nematodes; soil community structure; soil fauna; spatial variability. 

INTRODUCTION 

Nematodes are ubiquitous members of the soil faunal 

community that can have a significant impact on nu- 
trient cycling and primary productivity in many eco- 
systems. As key members of soil food webs they affect 
the decomposition rate of plant litter and the turnover 
of nutrients from soil organic matter, and as important 
plant parasites they can directly affect plant growth and 

vigor (Coleman et al. 1984, Freckman and Caswell 
1985, Ingham et al. 1985, Freckman 1988, Moore et 
al. 1988). Growing recognition that nematode popu- 
lations can respond in predictable ways to ecosystem 
disturbance (e.g., Wasilewska 1989, Freckman and Et- 
tema 1993) has led to suggestions that nematode com- 

munity composition-or life history indices thereof- 

' Manuscript received 13 April 1994; revised 20 November 
1994; accepted 23 November 1994. 

2 Present address: Natural Resource Ecology Laboratory 
and Department of Rangeland Ecosystem Science, Colorado 
State University, Ft. Collins, Colorado 80523 USA. 

can be used as sensitive indicators of ecosystem change 
(Bongers 1990, Messer et al. 1991, Neher et al. 1995). 

The usefulness of changes in nematode community 
structure for indicating ecosystem status or soil quality 
(sensu Doran and Parkin 1994) depends on the pre- 
sumption that nematode populations can be adequately 
quantified in soils of targeted ecosystems. Plant feeding 
species are known to be highly aggregated in most soils 

(e.g., Goodell and Ferris 1981, Alby et al. 1983, 
McSorley et al. 1985, Noe and Campbell 1985, Ferris 
et al. 1990), with frequency distributions typically de- 

scribing negative binomial functions (Taylor et al. 
1979). This aggregation adds a substantial degree of 

uncertainty to most estimates of population size and 
adds significantly to the effort required for compre- 
hensive measurement (see Cobb 1918, McSorley and 
Parrado 1982, Francl 1986, Schmitt et al. 1990). But 

perhaps more importantly, such aggregation also raises 

important issues related to the net effects of nematodes 
on ecosystem functioning: the spatial heterogeneity of 
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trophic interactions in soil food webs, e.g., has been 
flagged as an important determinant of soil trophic dy- 
namics (Parmelee and Alston 1986, Moore and de Rui- 
ter 1991). Subsequent effects on ecosystem nutrient 
cycles and energy flow may be significant. 

Little detailed information is available on the spatial 
distributions of soil taxa in general in either agricultural 
or native plant communities. Almost all of our existing 
knowledge is based on studies of the soil mesofauna, 
in particular on studies of plant-parasitic nematodes, 
and these studies have largely focused on individual 
species. None to date have examined the distributions 
of functional groups, though knowledge of these dis- 
tributions will be especially important for relating tax- 
onomic distributions to ecosystem-level processes such 
as nutrient turnover and primary productivity. 

In the present study we provide a comprehensive 
description of the spatial distributions of bacterivorous, 
fungivorous, omnivorous/predaceous, and plant-para- 
sitic nematodes within a single row-crop ecosystem. 
We use geostatistical approaches to quantify spatial 
distributions and provide insight into the causes un- 
derlying the patterns detected. These tools offer sub- 
stantial power for identifying the proportion of total 
population variance that is spatially related and for 
identifying the scale at which patterning, if detected, 
is expressed (Rossi et al. 1992, Robertson and Gross 
1994). 

STUDY SITE 

The study was conducted as part of a comprehensive 
analysis of soil chemical, physical, and biological prop- 
erties of the W. K. Kellogg Biological Station's (KBS) 
Long-Term Ecological Research (LTER) site in agri- 
cultural ecology. KBS is located in southwest Michi- 
gan, USA (42°24' N, 85°24' W), on an outwash plain 
left by the last retreat of the Wisconsin glaciation 

14500 yr BP Mean annual temperature at the site 
(30-yr mean) is 9°C; precipitation is 860 mm/yr, with 
about half falling as snow in winter months. Soils of 
the site are Typic Hapludalfs of moderate fertility, ei- 
ther Kalamazoo or the closely related Oshtemo series 
(Whiteside et al. 1959). Soils sampled at the time of 
this study averaged 1.3 g/cm3 bulk density, 43% sand 
and 40% silt, 6.7 pH, 0.11% N, 10.6 Vg NO3-N/g soil, 
and had a mean laboratory respiration potential (soil 
C availability) of 487 ng CO2-C'g-.'d-1 (G. P. Robert- 
son et al., unpublished manuscript). 

Our 48-ha study site was chosen for its apparent 
homogeneity. With the exception of a 6-ha area on its 
northern end, the field had been managed as a single 
cropping system for decades prior to this study, in the 
previous 20 yr by the KBS farm staff who employed 
prevailing best management practices to produce grain 
and forage for a local dairy herd. These practices in- 
cluded conventional moldboard plowing in spring, fol- 
lowed by pre- and post-emergence herbicide treatment, 
and then post-emergence N fertilizer applications rang- 

ing from 100-200 kg/ha N. For >20 yr prior to this 
study the site had been cropped continuously to maize 
(Zea mays), with the exception of 2 yr in the late 1970s 
when the site was strip-cropped to wheat (Triticum aes- 
tivum) and maize and 4 yr in the 1980s when the north- 
ernmost 120 m (6 ha) was cropped to alfalfa (Medicago 
sativa). 

MATERIALS AND METHODS 

Sampling design 

In early spring after plowing and secondary tillage 
but prior to planting we removed two 8 cm diameter 
X 15 cm deep soil cores from each of 144 sample 
locations across the field. Sample locations were cho- 
sen randomly from a larger unaligned grid as described 
in G. P. Robertson et al. (unpublished manuscript), with 
locations defined to the nearest 10 cm using laser stra- 
tigraphy. Distances between pairs of sample locations 
ranged from 0.9 m to >1200 m. The two soil samples 
per location, taken within 30 cm of one another, were 
composited on site and immediately refrigerated prior 
to transport to the laboratory. In the laboratory, samples 
from each location were passed through a 4 mm sieve, 
mixed thoroughly, then subdivided for various analy- 
ses, including moisture. Samples for nematode analyses 
were then shipped by overnight courier to Riverside, 
California. 

Nematode analysis 

A semi-automatic elutriator was used to extract nem- 
atodes from the soil samples (Byrd et al. 1976). Soil 
moistures were determined gravimetrically. Nematodes 
were identified to four trophic groups (bacterivores, 
fungivores, omnivores/predators, and plant parasites) 
based on known feeding habitats or stoma and esoph- 
ageal morphology (Yeates et al. 1993). For taxonomic 
identifications see Freckman and Ettema (1993). Nem- 
atode counts, not corrected for extraction efficiency, 
were converted to an areal basis (number per square 
metre to 15 cm depth) using bulk density data available 
for every sampled point in the field (G. P. Robertson 
et al., unpublished manuscript). 

Statistical analysis 

Standard parametric analyses were performed with 
Systat (Wilkinson et al. 1992). Geostatistical analyses 
were performed using GS+ (Gamma Design Software 
1994), including variogram model fitting, which was 
performed via unweighted least-squares analysis (cf. 
Cressie 1985). For variograms, semivariance pairs were 
grouped into 16 separation distance classes (also called 
lag classes) between 0 and 200 m. The separation dis- 
tance between each class was 12 m, with pairs of points 
in the first class separated by an average distance of 
6.2 m. The number of pairs in the first through fifth 
distance classes were 6, 11, 30, 46, and 108 pairs, 
respectively. Data were lognormally transformed to 
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TABLE 1. Nematode functional groups across a 48-ha agricultural field in southwest Michigan, USA. Population size units 
are 103 individuals/m2. Values presented are results of analyses on nontransformed data unless otherwise indicated. SD 
standard deviation, cv = coefficient of variation (%). 

Popula- 
tion 

(size Transformed 

(103i Range Nontransformed [In(zi)] indivi- 
Nematode duals/ Mini- Maxi- Skew- Skew- 

feeding group m2) mum mum SD cv ness Kurtosis ness Kurtosis n 

Bacterivores 426.6 35.1 1406 256.5 59.9 1.23 1.73 -0.40 0.39 138 
Fungivores 193.9 17.6 711 133.4 68.8 1.41 1.96 -0.30 0.21 136 
Omnivores/predators 197.2 42.1 694 115.8 58.7 1.61 3.11 0.30 0.03 132 
Plant parasites 135.9 7.5 1349 178.0 131.0 3.92 20.72 -0.08 -0.47 137 

Total 944.3 175.6 2044 411.3 43.6 0.73 -0.07 -0.35 0.26 115 

better normalize probability distributions; backtrans- 
formations followed Krige (1981). 

For variogram models the semivariance data were fit 
to spherical functions (Webster 1985, Isaaks and Sri- 
vastava 1989). For comparative purposes all models 
were fit across a range of 200 m; although a range of 
up to 1400 m is possible for data from this field, in all 
cases variogram sills approached total sample variance 
s2 within a separation distance of <200 m. 

We use the proportion of model sample variance (C 
+ Co) explained by structural variance C (the inverse 
of the relative nugget effect sensu Isaaks and Srivastava 
1989) as a normalized measure of spatial dependence 
for a given nematode population. Where the ratio of 
structural variance to sample variance (C:[C + Co]) 
approaches 1, spatial dependence is high over the range 
of separation distances modeled; i.e., a large proportion 
of total sample variance s2 is spatially dependent. 
Where the ratio of structural variance to sample vari- 
ance (C:[C + Co]) approaches 0, apparent spatial de- 

pendence is low. Because samples separated by a 0 m 

separation distance should be perfectly autocorrelated 
(a given sample is perfectly autocorrelated with itself), 
a low level of spatial dependence indicates either that 

sampling/analytical error is high or that dependence 
occurs at scales smaller than the average distance sep- 
arating pairs in the first lag class, in our case 6 m. 
Where model sample variance (C + Co) does not ap- 
proach total sample variance s2, spatial dependence 
may be occurring at ranges additional to and greater 
than the range modeled (Barnes 1991). 

Population maps were also produced with GS+, fol- 
lowing ordinary block kriging with a block size of 2 
m across the field and a 2 X 2 discretization grid within 
each block. Lognormally transformed data were back- 
transformed to original units prior to mapping as noted 
above. 

The data used in this study are available electroni- 

cally as part of the KBS LTER Site permanent data 
archives. These archives are available over World Wide 
Web at the address http://kbs.msu.edu/lter/home.html. 

RESULTS 

Nematode population sizes across the site ranged 
over two orders of magnitude for most groups. For 
example, populations of bacterivorous nematodes 
ranged from 35 X 103 to 1.4 X 106 individuals/m2, and 
populations of plant parasitic nematodes ranged from 
8 X 103 to 1.3 X 106 individuals/m2 (Table 1). We found 
similar ranges for other groups, and coefficients of vari- 
ation ranged concomitantly from 44 to 131% (Table 1). 

For all nematode groups the frequency distributions 
of population sizes across the site were highly skewed. 
In all cases a lognormal transformation of the data prior 
to analysis effectively removed both skew and kurtosis 
(Table 1). 

All nematode groups except the plant parasites were 
spatially autocorrelated at scales of 0-80 m. Vario- 
grams (Fig. 1) suggest that 70-99% of sample popu- 
lation variance is spatially dependent at these scales 
(Table 2). That sill (C + Co) values coincide almost 
exactly with the overall sample variance s2 for each 
group suggests that there is little further structure be- 
yond this range. 

The distributions of groups across the site (Figs. 2- 
4) show similar general trends for each of the three 
mappable groups (plant parasitic nematodes were not 
spatially dependent at the scales measured and thus 
could not be reliably mapped). Distributions of the bac- 
terivorous, the fungivorous, and the omnivorous/pre- 
daceous groups all show relatively large patches of low 

population densities in the southern half of the field, 
with a more heterogeneous distribution of high-density 
patches in the northern half. As is apparent from visual 

comparison of the three distributions (Figs. 2-4), the 
distributions of these populations were somewhat cor- 
related with one another. Results of pairwise rank-cor- 
relation analysis (Kendall's T, n > 125) show that the 
distribution of bacterivorous nematodes was signifi- 
cantly correlated with both fungivores (t = 0.363, P 
< 0.001) and, to a lesser extent, omnivores/predators 
(t = 0.229, P < 0.001); the distributions of fungivores 
and omnivores/predators were more weakly correlated 
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FIG. 1. Variograms for nematode groups across the site. Arrows in each diagram indicate the variogram range (the distance 
over which spatial dependence is expressed) for each group except the parasitic. Dotted lines indicate overall sample variance. 
Model parameters appear in Table 2. 

(t = 0.148, P < 0.01). Parasitic nematodes were weakly 
correlated with omnivores/predators (t = 0.145, P < 

0.01), but not significantly (P > 0.05) correlated with 
the other two groups. 

Comparisons of interpolated values for nematode 

populations across the site vs. interpolated values for 
a number of edaphic characteristics sampled on the 
same date as nematodes (G. P. Robertson et al., un- 

published manuscript) show that feeding groups were 

only weakly correlated with subsets of edaphic factors 

including bulk density, soil texture (in particular per- 
centage sand and percentage silt), soil pH, soil C avail- 

ability, total soil N, and levels of inorganic N (Table 
3). In a stepwise multiple regression analysis these fac- 
tors together could explain only 13-27% of the vari- 
ation in bacterivorous, fungivorous, and omnivorous/ 

predaceous nematodes (n = 1197 interpolated points). 
Neither bulk density nor total soil N was a significant 
contributor to regression models for bacterivores and 

fungivores, and neither percentage sand nor percentage 
silt was a significant contributor to regression models 
for omnivores/predators. Other soil measures (includ- 
ing % clay, N mineralization potentials, moisture, total 
% C, and soil C:N ratio) did not contribute additional 

significant power to any models. 

DISCUSSION 

Distributions of nematode groups across the site 
were highly variable, spanning 1-3 orders of magni- 
tude. Plant parasitic nematodes were the most variable, 
with a coefficient of variation of 130%; bacterivores, 
fungivores, and omnivores/predators were about equal- 
ly variable, with coefficients of variation around 60- 
70%. All groups had a lognormally skewed frequency 
distribution that appears to be typical of at least plant- 
parasitic nematode populations in other systems (e.g., 
Ferris et al. 1990). 

Although highly variable, populations across the site 

TABLE 2. Variogram model parameters for nematode groups (lognormally transformed) across the site. Co = nugget variance, 
C/(Co + C) = relative structural variance; range = distance (m) over which structural variance is expressed, C + Co = 
sill or asymptote, s2 = sample variance for transformed variates. In all cases models describe a spherical function*; 
variograms appear in Fig. 1. 

C/(C + Co) 
Nematode feeding Co (relative ao (m) C + Co 

group (nugget) structure) (range) r2 (sill) s2 

Bacterivores 0.107 0.708 35.0 0.664 0.366 0.386 
Fungivores 0.142 0.688 77.3 0.582 0.455 0.483 
Omnivores/predators 0.001 0.996 40.8 0.748 0.273 0.299 
Plant parasites 1.100 0.0 ... 0.021 1.100 1.214 

* For h < ao, y(h) = Co + (C - Co)-(1.5h/range) - [0.5.(h/range)3]; for h 2 ao, y(h) = C; where y(h) = semivariance 
for lag class (separation distance) h. 
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FIG. 2. Population isopleth for bacterivorous nematodes 
across the site. Units are individuals/m2. 

were not randomly distributed. Variograms show that 

up to 99% of sample variance in the nonparasitic pop- 
ulations was spatially dependent at scales of <80 m. 
Isarithms of these groups across the site show large 
multi-hectare patches of low to moderate population 
densities across most of the site, with smaller, sub- 
hectare patches of higher densities clustered towards 
the north. None of these patches of higher densities, 
however, were exclusively associated with the north- 
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FIG. 3. Population isopleth for fungivorous nematodes 
across the site. Units are individuals/m2. 

FIG. 4. Population isopleth for omnivorous/predaceous 
nematodes across the site. Units are individuals/m2. 

ernmost 120 m of the site that was earlier planted to 
alfalfa. 

The variance not explained by spatial autocorrelation 
in these groups, including all of the variance in the 
parasitic populations, is either random or expressed at 
scales below the minimum average separation distance 
used in this analysis (6.2 m). That we detected no au- 
tocorrelation in the parasitic populations at the 6-1200 
m scale may be primarily a temporal effect, i.e., due 
to the dispersed nature of these nematodes prior to 
planting. Parasitic nematodes appear to be temporally 
variable in most annual crops, with maximum popu- 
lations expressed during times of peak plant growth 
(Barker and Campbell 1981, Barker et al. 1984). The 
average population size of parasitic nematodes in our 
sampling was about four times lower than for other 
groups (Table 1), which further suggests that our in- 

TABLE 3. Standardized regression coefficients and (last 
row) r2 values for multiple stepwise regression analyses of 
nematode groups vs. significant (P < 0.001) sources of 
variation. Missing coefficients were not significant and thus 
not included in the respective regression equations. 

Regression coefficients 

Source of Bacteri- Omnivores/ 
variation vores Fungivores predators 

Bulk density ..* .. 0.269 
Sand 0.612 0.558 . 
Silt 0.883 0.792 
pH 0.203 0.329 
C availability 0.213 -0.089 -0.093 
Inorganic N 0.256 0.226 0.257 
Total N ..* -0.187 
r2 0.273 0.263 0.129 

232 - 

0 
-108 
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ability to detect spatial structure in the parasitic group 
at these scales may be due to sample timing. 

Other studies that have examined the spatial distri- 
butions of nematodes, although almost exclusively fo- 
cused on plant parasitic groups, have noted associations 
of individual species with edaphic characteristics that 
have explained a significant proportion of within-field 
variance. Noe and Barker (1985), e.g., used discrimi- 
nant analysis of three plant parasite densities and 26 
edaphic variables to show that 3-8 soil parameters 
could together explain up to 50% of the spatial vari- 
ability of these species. Although different parameters 
tended to predict different populations, they found that 
texture, sodium, and copper concentrations were es- 
pecially useful predictors. Goodell and Ferris (1981) 
also found correlations of individual parasitic species 
with soil texture, although they found that regression 
coefficients varied substantially by species. 

In the present study we found that edaphic charac- 
teristics (including measures of bulk density, texture, 
pH, moisture, total and available carbon and nitrogen) 
could collectively account for only 13-27% of variance 
among bacterivores, fungivores, and omnivores/pred- 
ators. Of the 15 edaphic factors measured, the subset 
that best fit individual regression models included bulk 
density, percentage sand, percentage silt, pH, available 
C, total N, and inorganic N pools. Of these, soil pH 
and texture were best correlated with population counts 
for the three nonparasitic groups (Table 3). We could 
not examine regression models for parasitic nematodes 
because we could not reliably interpolate population 
isopleths as noted above. 

Levels of spatial dependence in this study are similar 
to those published for a wide range of soil properties. 
While detailed spatial studies of soil taxa and biological 
activities are relatively rare compared to spatial studies 
of soil physical and chemical properties (see, e.g., Web- 
ster and Oliver 1990), available studies of biological 
activities have also found spatial dependence expressed 
primarily at scales of <100 m. These include studies 
of soil respiration in Kansas, USA wheat fields (Aiken 
et al. 1991) and of nitrogen availability and nitrogen 
gas loss in California cropland (Folorunso and Rolston 
1985), Michigan cropland (Robertson et al. 1993), 
Michigan old fields (Robertson et al. 1988), and UK 
pastures (Ambus and Christensen 1995). 

We find it encouraging that the soil taxa evaluated 
in this study vary at geographic scales that are similar 
to scales for nontaxonomic properties here and else- 
where. This suggests promise for using physical and 
chemical properties as predictors in spatially explicit 
models of soil population dynamics, although we could 
not identify a very satisfactory suite of predictors for 
our site. Our enumeration of patches at scales of metres 
to hectares does not preclude the occurrence of patches 
at substantially smaller scales in other sites. It is likely, 
in fact, that long-term cultivation has increased average 
patch sizes on our site (Robertson et al. 1993). More- 

over, even within our site, populations may be patchy 
at substantially smaller scales than our minimum 1-m 
sampling intervals. One might well imagine that patch- 
es of nematodes could also occur at the scales of in- 
dividual plant rhizospheres and organic matter parti- 
cles, similar to the sub-centimetre scales identified by 
Hodda (1990) and Hogue and Miller (1981) for marine 
nematodes. 

Nevertheless, patch sizes of the sort encountered in 
this field can have important consequences for our un- 
derstanding of field-scale trophic relationships. If the 
spatial arrangement of food-web components is an im- 
portant determinant of community-level properties 
such as trophic efficiencies and dispersal rates, then an 
accurate picture of these properties-whether measured 
or simulated-can only emerge from a sampling or 
simulation analysis that takes this arrangement into ac- 
count. That functional group sizes in our study varied 
by 2-3 orders of magnitude across the field suggests 
that this spatial arrangement may well have a substan- 
tial impact on community dynamics. A modeling ex- 
ercise that incorporates this level of variability and its 
spatial arrangement could be useful for elucidating 
more exactly its importance at field and larger geo- 
graphic scales. It might also suggest more appropriate 
subunits than habitat or crop management boundaries 
for making large-scale assessments of soil community 
health. From this study it appears that there may be as 
much or even more variability associated with subtle 
edaphic boundaries within fields or habitats than with 
historical boundaries imposed by land managers or 
farmers. 

ACKNOWLEDGMENTS 

We thank L. Gunmundson, J. Hamelink, K. M. Klingen- 
smith, D. L. Lawson, and T Mullins for help with the various 
planning, sampling, and analytical activities involved in this 
study, and R. Niles, L. Powers, two anonymous reviewers, 
and editor G. R. Shaver for many helpful comments on earlier 
versions of the manuscript. This work was supported by fund- 
ing from the NSF LTER Program (BSR 87-02332) and the 
Michigan Agricultural Experiment Station. 

LITERATURE CITED 

Aiken, R. M., M. D. Jawson, K. Grahammer, and A. D. Po- 
lymenopoulos. 1991. Positional, spatially correlated and 
random components of variability in carbon dioxide efflux. 
Journal of Environmental Quality 20:301-308. 

Alby, T., J. M. Ferris, and V. R. Ferris. 1983. Dispersion and 
distribution of Pratylenchus scribneri and Hoplolaimus gal- 
earus in soybean fields. Journal of Nematology 15:418- 
426. 

Ambus, P., and S. Christensen. 1995. Measurement of N20 
emission from a fertilised grassland: an analysis of spatial 
variability. Journal of Geophysical Research-Atmo- 
spheres, in press. 

Barker, K. R., and C. L. Campbell. 1981. Sampling nematode 
populations. Pages 451-474 in B. M. Zuckerman and R. 
A. Rohde, editors. Plant parasitic nematodes. Volume III. 
Academic Press, New York, New York, USA. 

Barker, K. R., D. P. Schmitt, and J. P. Noe. 1984. Role of 
sampling for crop-loss assessment and nematode manage- 
ment. Agriculture, Ecosystems and Environment 12:355- 
369. 

1430 Ecology, Vol. 76, No. 5 



SPATIAL VARIABILITY OF NEMATODE GROUPS 

Barnes, R. J. 1991. The variogram sill and the sample vari- 
ance. Mathematical Geology 23:673-678. 

Bongers, T. 1990. The maturity index: an ecological measure 
of environmental disturbance based on nematode species 
composition. Oecologia 83:14-19. 

Byrd, D. W., Jr., K. R. Barker, H. Ferris, C. J. Nusbaum, W. 
E. Griffin, R. H. Small, and C. A. Stone. 1976. Two semi- 
automatic elutriators for extracting nematodes and certain 
fungi from soil. Journal of Nematology 8:206-212. 

Cobb, N. A. 1918. Estimating the nematode population of 
soil. US Department of Agriculture Bureau of Plant In- 
dustry, Office of Technology, Washington, D.C., USA. 

Coleman, D. C., R. V. Anderson, C. V. Cole, J. E McClellan, 
L. E. Woods, and others. 1984. Roles of protozoa and 
nematodes in nutrient cycling. Pages 17-28 in D. M. Karl, 
editor. Microbial-plant interactions. American Society of 
Agronomy, Madison, Wisconsin, USA. 

Cressie, N. 1985. Fitting variogram models by weighted least 
squares. Mathematical Geology 17(5):563-586. 

Doran, J. W., and T B. Parkin. 1994. Defining and assessing 
soil quality. Pages 3-22 in J. W. Doran, D. C. Coleman, 
D. F Bezdicek, and B. A. Stewart, editors. Defining soil 
quality for a sustainable environment. American Society of 
Agronomy, Madison, Wisconsin, USA. 

Ferris, H., T A. Mullens, and K. E. Foord. 1990. Stability 
and characteristics of spatial description parameters for 
nematode populations. Journal of Nematology 22:427-439. 

Folorunso, O. A., and D. E. Rolston. 1985. Spatial variability 
of field-measured denitrification gas fluxes. Soil Science 
Society of America Journal 48:1214-1219. 

Francl, L. J. 1986. Spatial analysis of Heterodera glycines 
populations in field plots. Journal of Nematology 18:190- 
195. 

Freckman, D. W. 1988. Bacterivorous nematodes and organic 
matter decomposition. Agriculture, Ecosystems and Envi- 
ronment 24:195-217. 

Freckman, D. W., and E. P. Caswell. 1985. The ecology of 
nematodes in agroecosystems. Annual Review of Phyto- 
pathology 23:275-296. 

Freckman, D. W., and C. H. Ettema. 1993. Assessing nem- 
atode communities in agroecosystems of varying human 
intervention. Agriculture, Ecosystems and Environment 45: 
239-261. 

Gamma Design Software. 1994. GS+ geostatistics for the 
environmental sciences, version 2.3. Gamma Design Soft- 
ware, Plainwell, Michigan, USA. 

Goodell, P., and H. Ferris. 1981. Plant-parasitic nematode 
distributions in an alfalfa field. Journal of Nematology 12: 
136-141. 

Hodda, M. 1990. Variation in estuarine littoral nematode 
populations over three spatial scales. Estuarine Coastal and 
Shelf Science 30:325-340. 

Hogue, E. W., and C. B. Miller. 1981. Effects of sediment 
microtopography on small-scale spatial distributions of 
meiobenthic nematodes. Journal of Experimental Marine 
Biology and Ecology 53:181-191. 

Ingham, R. E., J. A. Trofymow, E. R. Ingham, and D. C. 
Coleman. 1985. Interactions of bacteria, fungi, and their 
nematode grazers: effects on nutrient cycling and plant 
growth. Ecological Monographs 55:11-9-140. 

Isaaks, E. H., and R. M. Srivastava. 1989. Applied geosta- 
tistics. Oxford University Press, Oxford, England. 

Krige, D. G. 1981. Lognormal-de Wijsian geostatistics for 
ore evaluation. South African Institute of Mining and Met- 
allurgy Monograph Series, Geostatistics 1:1-51. 

McSorley, R., W. H. Dankers, J. L. Parrado, and J. S. Reyn- 
olds. 1985. Spatial distribution of the nematode commu- 
nity on perrine marl soils. Nematropica 15:77-92. 

McSorley, R., and J. L. Parrado. 1982. Estimating relative 
error in nematode numbers from single soil samples com- 

posed of multiple cores. Journal of Nematology 14:522- 
529. 

Messer, J. J., R. A. Linthurst, and W. S. Overton. 1991. An 
EPA program for monitoring ecological status and trends. 
Environmental Monitoring and Assessment 17:67-78. 

Moore, J. C., and P. C. de Ruiter. 1991. Temporal and spatial 
heterogeneity of trophic interactions within below-ground 
food webs. Agriculture, Ecosystems and Environment 34: 
371-397. 

Moore, J. C., D. E. Walter, and H. W. Hunt. 1988. Arthropod 
regulation of micro- and mesobiota in belowground food 
webs. Annual Review of Entomology 33:419-439. 

Neher, D. A., S. L. Peck, J. O. Rawlings, and C. L. Campbell. 
1995. Measures of nematode community structure for an 
agroecosystem monitoring program and sources of vari- 
ability among and within agricultural fields. In H. Collins, 
G. P. Robertson, and M. J. Klug, editors. The functional 
significance and regulation of soil biodiversity. Plant and 
Soil, in press. 

Noe, J. P., and K. R. Barker. 1985. Relation of within-field 
spatial variation of plant-parasitic nematode population 
densities and edaphic factors. Phytopathology 75:247-252. 

Noe, J. P., and C. L. Campbell. 1985. Spatial pattern analysis 
of plant-parasitic nematodes. Journal of Nematology 17: 
86-93. 

Nombela, G., A. Navas, and A. Bello. 1993. Spatial and 
temporal variation of the nematofauna in representative 
soils of the central region of the Iberian peninsula. Ne- 
matologica 39:81-91. 

Parmelee, R. W., and D. Alston. 1986. Nematode trophic 
structure in conventional and no-tillage agroecosystems. 
Journal of Nematology 18:403-407. 

Prot, J. C., and H. Ferris. 1992. Sampling approaches for 
extensive surveys in nematology. Journal of Nematology 
(Supplement) 24:757-764. 

Robertson, G. P., J. R. Crum, and B. G. Ellis. 1993. The 
spatial variability of soil resources following long-term dis- 
turbance. Oecologia 96:451-456. 

Robertson, G. P., and K. L. Gross. 1994. Assessing the het- 
erogeneity of belowground resources: quantifying pattern 
and scale. Pages 237-253 in M. Caldwell and R. Pearcy, 
editors. Plant exploitation of environmental heterogeneity. 
Academic Press, New York, New York, USA. 

Robertson, G. P., M. A. Huston, F C. Evans, and J. M. Tiedje. 
1988. Spatial variability in a successional plant commu- 
nity: patterns of nitrogen availability. Ecology 69:1517- 
1524. 

Rossi, R. E., D. J. Mulla, A. G. Journal, and E. H. Franz. 
1992. Geostatistical tools for modeling and interpreting 
ecological spatial dependence. Ecological Monographs 62: 
277-314. 

Schmitt, D. P., K. R. Barker, J. P. Noe, and S. R. Koenning. 
1990. Repeated sampling to determine the precision of 
estimating nematode population densities. Journal of Nem- 
atology 22:552-559. 

Sohlenius, B., S. Bostrom, and A. Sandor. 1987. Long-term 
dynamics of nematode communities in arable soil under 
four cropping systems. Journal of Applied Ecology 24:131- 
144. 

Taylor, L. R., I. P. Woiwod, and J. N. Perry. 1979. The 
negative binomial as a dynamic ecological model for ag- 
gregation, and the density dependence of k. Journal of An- 
imal Ecology 48:289-304. 

Wasilewska, L. 1989. Impact of human activities on nema- 
todes. Pages 123-132 in M. Clarholm and L. Bergstrom, 
editors. Ecology of arable land. Kluwer Academic, Dor- 
drecht, The Netherlands. 

Webster, R. 1985. Quantitative spatial analysis of soil in the 
field. Advances in Soil Science 3:1-70. 

Webster, R., and M. A. Oliver. 1990. Statistical methods in 

July 1995 1431 



1432 G. PHILIP ROBERTSON A 

soil and land resource survey. Oxford University Press, 
Oxford, England. 

Whiteside, E. P., I. E Schneider, and R. L. Cook. 1959. Soils 
of Michigan. Michigan State University Agricultural Ex- 
periment Station Special Bulletin 402. 

Wilkinson, L., M. A. Hill, and E. Vang. 1992. Systat for 

NI D DIANA W. FRECKMAN Ecology, Vol. 76, No. 5 

Windows, version 5. Systat, Incorporated, Evanston, Illi- 
nois, USA. 

Yeates, G. W., T. Bongers, R. G. M. de Goede, D. W. Freck- 
man, and S. S. Georgieva. 1993. Feeding habits in nem- 
atode families and genera-an outline for soil ecologists. 
Journal of Nematology 25:315-331. 


	Article Contents
	p. 1425
	p. 1426
	p. 1427
	p. 1428
	p. 1429
	p. 1430
	p. 1431
	p. 1432

	Issue Table of Contents
	Ecology, Vol. 76, No. 5 (Jul., 1995), pp. 1371-1689
	Front Matter
	Concepts
	The Niche Concept Revisited: Mechanistic Models and Community Context [pp. 1371-1382]

	Carbon Isotope Dynamics During Grass Decomposition and Soil Organic Matter Formation [pp. 1383-1392]
	The Dynamics of Chemical Elements in Forest Litter [pp. 1393-1406]
	Changes in Soil Phosphorus Fractions and Ecosystem Dynamics across a Long Chronosequence in Hawaii [pp. 1407-1424]
	The Spatial Distribution of Nematode Trophic Groups Across a Cultivated Ecosystem [pp. 1425-1432]
	Regulation of Leaf Breakdown by Fungi in Streams: Influences of Water Chemistry [pp. 1433-1445]
	Diversity Patterns in Stream Benthic Invertebrate Communities: The Influence of Habitat Stability [pp. 1446-1460]
	Predation as an Agent of Population Fragmentation in a Tropical Watershed [pp. 1461-1472]
	Genetic and Environmental Contributions to Geographic Variation in the Ovipositor Length of a Cricket [pp. 1473-1482]
	Tasty Generalists and Nasty Specialists? Antipredator Mechanisms in Tropical Lepidopteran Larvae [pp. 1483-1496]
	The Joint Evolution of Diapause and Insecticide Resistance: A Test of an Optimality Model [pp. 1497-1505]
	Interspecific Competition among Phloem-Feeding Insects Mediated by Induced Host-Plant Sinks [pp. 1506-1515]
	Microclimate and Individual Variation in Pollinators: Flowering Plants are More than Their Flowers [pp. 1516-1524]
	Plant Fitness Variation Caused by Different Mutualist Genotypes [pp. 1525-1535]
	Diel Pulses of O_2 and CO_2 in Sandy Lake Sediments Inhabited by Lobelia Dortmanna [pp. 1536-1545]
	Responses of Snowbed Plant Species to Changes in Growing-Season Length [pp. 1546-1557]
	Water Limitations and Plant Community Development in a Polar Desert [pp. 1558-1568]
	Ecophysiology of Introduced Pennisetum Setaceum on Hawaii: The Role of Phenotypic Plasticity [pp. 1569-1580]
	Wood (delta)^(13)C as a Measure of Annual Basal Area Growth and Soil Water Stress in a Pinus Strobus Forest [pp. 1581-1586]
	Gap Partitioning Among Maples (Acer) in Central New England: Survival and Growth [pp. 1587-1602]
	Woody Plant Growth Related to Planting Time and Clipping of A C_4 Grass [pp. 1603-1609]
	Vegetation Dynamics in an Experimentally Fragmented Landscape [pp. 1610-1624]
	Spatio-Temporal Variation in Fruit and Frugivorous Bird Abundance in Olive Orchards [pp. 1625-1635]
	An Experimental Study of the Costs of Reproduction in the Kittiwake Rissa Tridactyla [pp. 1636-1642]
	Is Mean Litter Size the Most Productive? A Test in Columbian Ground Squirrels [pp. 1643-1654]
	Effects of Geographically Variable Thermal Environment on Bioenergetics of Mottled Rock Rattlesnakes [pp. 1655-1665]
	Selective Herbivore Increases Biomass of Its Prey: A Chiton-Coralline Reef-Building Association [pp. 1666-1681]
	Reviews
	Review: A Primer for Study of Insect-Plant Interactions [pp. 1682-1683]
	Review: Stable Isotopes in Ecological Research [pp. 1683-1684]
	Review: Conservation Geneticists Make Their Case [pp. 1684-1685]
	Review: The Worst Is Yet to Come [p. 1685]
	Review: untitled [p. 1686]
	Review: Scaling Ecological Quantities [p. 1687]
	Review: Ecology of Reptiles [pp. 1687-1688]
	Book and Monographs Received Through February 1995 [pp. 1688-1689]

	Back Matter



