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Abstract

Sampling strategy, in terms of physical size and positioning of the sampling units, may affect strongly the results of
spatial surveys. The aim of this study was to analyse the effect of sampling unit size on the perception of spatial patterns of
earthworm (Lumbricus terrestris L.) middens. The implications for optimal sampling strategy for spatial interpolation were
assessed. Spatial variation of midden density was investigated in Vaisakko forest, south-western Finland, using 225 sample
points distributed on a square grid with a minimum distance of 25 m between samples. At each point, middens were counted
within samples of sequentially increasing size (sample surface 0.125, 0.25, 1 m2) and analysed by means of geostatistics.
The results showed significant spatial continuity of midden distribution in all cases. Whereas, neither the estimate of mean
middens density nor the global distribution pattern were markedly affected by sample unit size, the total variance increased
considerably with decreasing sample unit area. Isotropic variograms for different sample unit sizes were all spherical but large
discrepancies in the model parameters were observed. The nugget variance tended to decrease with increasing sample unit
size while the spatial variance increased slightly. Since changing sample unit size affected the variogram we also investigated
the consequences in terms of optimal sampling strategy for spatial interpolation by punctual kriging. Increasing the quadrat
size from 0.25 to 1 m2 and simultaneously increasing the sample spacing from 25 to 50 m, so that the sampling effort was
constant in terms of total surface investigated, did not affect the kriging standard deviation. The positive effect of increasing
quadrat size was thus enough to compensate the negative effect of the correspondingly sparser sampling grid. The results
showed that while the sampling unit size did not have strong effect on the perception of general midden distribution in the
forest, it did have marked consequences in the spatial modelling of the phenomenon. The issue of sampling unit size is clearly
worthy of careful consideration in the planning of field studies and geostatistical tools can be put to good use in evaluating
the pros and cons of different sampling strategies.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The importance of sampling unit size for the per-
ception of ecological phenomena has long been ac-
knowledged (seeLevin, 1992and references therein).
Changing the sample unit size has important conse-
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quences for the sample variance and can hence affect
the results of spatial analyses. In soil ecology standard
sample sizes, proportional to the size of the study
organism, are typically used (e.g.Stein and Ettema,
2003). There is, however, startlingly little information
available on the importance of sample unit size on
the perception of spatial population patterns in soil
organisms.

The present study explores the effect of sample unit
size upon the estimation of earthwormLumbricus ter-
restris L. midden distribution. Mapping ofL. terrestris
midden density was carried out in a forest habitat us-
ing different quadrat sizes. Middens, which are formed
on the soil surface at the openings of the permanent
home burrows ofL. terrestris, consist of collected sur-
face litter and of castings. The diameter of middens
varies widely, but it is often 7–10 cm.L. terrestris is re-
sponsible for high bioturbation in soil and hence con-
tributes to soil structure dynamics as well as nutrient
turn-over (Brown et al., 2000). For instance, in two
studies carried out in temperate deciduous forests it
was estimated thatL. terrestris population alone could
bury the entire litter fall during the course of the year
(Nielsen and Hole, 1964; Satchell, 1967). Earthworm
populations are often spatially structured at the field
scale (Phillipson et al., 1976; Poier and Richter, 1992;
Stein et al., 1992; Nuutinen et al., 1998). The spatial
patterns result from various controlling factors, such
as soil physico-chemical characteristics and intra- and
interspecific population interactions, while their rela-
tive importance often remains poorly understood.

The first aim of the work was to examine the mag-
nitude of quadrat size effect on the sample mean and
variance. The main motivation for this elementary in-
vestigation was that in earthworm ecology explicit jus-
tification of sample unit size is often lacking. Evalua-
tion of variance as a function of sample unit size is a
natural first step in making the planning of sampling
more transparent and objective.

The second objective was to explore with variog-
raphy the nature of spatial continuity and assess the
effect of quadrat size on the variogram parameters.
Theoretically, the main effect of decreasing the sample
unit size is an increase in the variogram magnitude, i.e.
the sill variance (Journel and Huijbregts, 1978; Isaaks
and Srivastava, 1989). Apart from that we were par-
ticularly interested in the impact of quadrat size upon
the nugget variance. One should expect a linear de-

crease in this spatially independent term with increas-
ing quadrat size (Bellehumeur and Legendre, 1997)
and we wanted to determine to what extent this pre-
diction holds for midden density. We suspected that
the prediction would not be verified with our data
because of the short-range spatial autocorrelation in
earthworm spatial pattern (Rossi, 2003). In this sit-
uation the nugget variance would encompass some
nested spatial variance and therefore would not be a
truly spatially independent term.

Thirdly, we assessed the impact of quadrat size upon
the maximum punctual kriging variance. Kriging is
an interpolation method commonly used in soil ecol-
ogy to perform spatial estimation and construct con-
tour maps (Ettema and Wardle, 2002). Each estimate
is accompanied by its standard deviation, which al-
lows the evaluation of the estimation’s accuracy. An
important question in the study of spatial patterning
is how different combinations of sampling unit sizes
and spacing compare in their performance regarding
kriging variance. To tackle this question we compared
the spatial interpolation variances associated with dif-
ferent combinations of sample unit sizes and spacing.

2. Materials and methods

2.1. Study site

Field data were collected in the summer of 1993
at the eastern part of the Vaisakko nature sanctuary,
which is situated at the south-western coast of Fin-
land (60◦21′N, 23◦02′) (Anonymous, 1990). The size
of study area was approximately 12 ha. In its west-
ern margin the area covered a strip of an old growth
forest with lime (Tilia cordata), spruce (Picea abies),
birch (Betula pendula) and oak (Quercus robur). To-
wards the east, the area extended across an ancient
strait, now a few meters above sea level due to land
uplift. This area was previously used as a meadow
and planted with birch in 1971. The central/eastern
parts of the study area were characterised by notable
topographical variation; a few bedrock highs with
shallow, rocky soils and even exposed rock, with pine
(Pinus sylvestris) and spruce and to a lesser extent
aspen (Populus tremula) and oak. The lower elevation
sites surrounding the highs had mostly lush, decidu-
ous vegetation with maple (Acer platanoides), hazel
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(Coryllus avellana), lime, oak and birch. In its east-
ernmost corner the study area was delimited by the
seashore. No extensive soil survey has been carried
out at the site, but according to limited soil sampling
done in spring 1997 the textural class varied widely
from clay at the birch plantation to gravelley sand
near the seashore. In addition toL. terrestris L. 4
earthworm species were encountered during the study:
Lumbricus castaneus (Sav.),Aporrectodea caliginosa
(Sav.), Aporrectodea rosea (Sav.) andDendrobaena
octaedra (Sav.). None of the four species forms
structures that could be mistaken forL. terrestris
middens.

2.2. Sampling strategy

L. terrestris middens were counted in 225 sampling
sites distributed on the nodes of a traversed, square grid
at intervals of 25 m (Fig. 1A). Distances between pairs
of sample locations ranged from 25 to 550 m. Three
different sampling unit sizes were used: 0.125, 0.25
and 1 m2. Due to the experimental design two sets of
0.125 m2-samples and three sets of 0.25 m2-samples
were studied (Fig. 1B). The total surface investigated
at each location was 1 m2. In each sub-area, the num-
ber of earthworm middens was determined. Estimate
for per square meter midden density were calculated
based on each sampling unit size (see below).

2.3. Statistical analyses

The resulting data sets were used to compute ex-
perimental variograms (Goovaerts, 1997). Data pairs
were grouped into 13 distance classes between 0 and
200 m. The spatial lag was 15 m and the sampling lo-
cations in the first distance class were separated by a
distance of 25 m. The number of pairs in semi-variance
estimation ranged from 391 to 1873. For variogram
models, the standard functions were fitted to observed
values using weighted least squares fit (Isaaks and
Srivastava, 1989). Computations were performed us-
ing GSTAT (Pebesma and Wesseling, 1998).

Classical statistical theory assumes a linear relation-
ship between sample unit size and the sample variance
(e.g.Bellehumeur and Legendre, 1997). When small
sampling units are aggregated to form larger samples,
the variance tends to decrease as a linear function of
the sample size according to:

Fig. 1. Sampling protocol used in countingL. terrestris middens.
(A) Spatial distribution of sampling units (n = 225). (B) Structure
of each sampling unit consisting of five subunits.

Var(V |A) = Var(v|A)

N
(1)

where Var(V | A) is the variance of large sample units
V in the areaA; Var(v | A) is the variance of the small
sampling unitsv in the areaA andN is the number of
unitsv aggregated to form the large sampleV. The lat-
ter relationship is valid only in the case of independent
values, that is, in the absence of spatial autocorrela-
tion. Therefore, it can properly predict the values of
the nugget variance (a spatially independent term) but
cannot be used to predict the sample variance in the
presence of autocorrelation. In that case certain geo-
statistical procedures can be used to predict the change
of variance associated with changes in sampling unit
size (Journel and Huijbregts, 1978).
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The maximum kriging variances associated with
two different sampling schemes (square grids) with
equal total sample surface area were estimated using
the method proposed byBurgess et al. (1981)and the
software OSSFIM (McBratney and Webster, 1981).
The two sampling schemes compared were: a sam-
pling unit size of 1 m2 with sampling points separated
by 50 m and a unit size of 0.25 m2 with samples sep-
arated by 25 m.

3. Results

The mean value of midden density varied only
slightly according to the sampling unit size but sample
variance markedly increased with decreasing sam-
ple size (Table 1). The skewness tended to decrease
somewhat, but not consistently, as the quadrat size
increased. The distribution ofL. terrestris was very
heterogeneous and the maps of midden density based
on different sampling unit sizes all exhibited the same
patchy distribution pattern (Fig. 2). Midden densities
were low in the birch plantation running N–S near
the western margin of the study area. The other ar-

Table 1
Summary statistics forL. terrestris midden density (number of items per square metre) for different sampling unit sizes (cf.Fig. 1; n = 225
sample locations)

Sample unit size Mean Variance Minimum Maximum Skewness

0.125 m2-a 5.87 93.71 0 48 1.72
0.125 m2-b 5.48 75.03 0 40 1.76
0.25 m2-a 5.3 61.24 0 40 1.64
0.25 m2-b 4.48 50.7 0 40 1.93
0.25 m2-c 5.24 61.02 0 40 1.66
1 m2 5.17 49.99 0 34 1.57

Table 2
Variogram model parameters forL. terrestris midden density

Sample unit size C0 C a C0 + C C/(C0 + C)

0.125 m2-a 53.64 29.09 79.72 82.73 0.35
0.125 m2-b 37.53 27.46 84.67 64.99 0.42
0.25 m2-a 32.0 20.23 98.07 52.23 0.39
0.25 m2-b 24.26 20.41 81.78 44.67 0.46
0.25 m2-c 35.95 18.97 153.86 54.92 0.35
1 m2 19.45 23.24 93.82 42.68 0.54

C0: nugget variance,a: range; the distance (m) over which autocorrelation is expressed,C0 + C = sill variance or the variogram plateau,
C/(C0 + C) = relative structural variance. In all cases the models are spherical functions, i.e. forh ≤ a, γ(h) = C0+C(1.5(h/a)−0.5(h/a)3);
for h > a, γ(h) = C0 + C.

eas of low densities at the more central and eastern
parts of the area relate to the nearness of bedrock
highs.

Isotropic variograms indicated the presence of
positive autocorrelation for all sampling unit sizes
and spherical functions fitted satisfactorily to the ob-
served semi-variance values (Table 2). Irrespective
of the quadrat size, the shape of experimental var-
iograms remained unchanged (Fig. 3). By contrast,
the model parameters changed markedly with support
size (Table 2). The sill variance tended to increase
as quadrat size decreased and the same trend ap-
peared also for the nugget and the structural variances
(Table 2). However, the nugget variance remained
relatively high whatever the sample size. Among the
resulting variograms, one exhibited a very large range
compared to the others (0.25 m2-c; seeFig. 3 and
Table 2).

The sample variance predicted for a quadrat of 1 m2

using Eq. (1) and 0.25 m2 quadratsa–c were 15.30,
12.67 and 15.25, respectively. These values are much
smaller than the observed variance for 1 m2 estimates
(Table 1). The observed nugget variance for quadrats
of 1 m2 was 19.45. Its associated predictions (Eq. (1))
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Fig. 2. The spatial pattern ofL. terrestris midden density (number of items per square meter) for different sampling unit sizes at the
eastern part of the Vaisakko nature sanctuary. The size of the symbols is linearly related to the observed density.

from 0.25 m2 quadrats were 8.00, 6.07 and 8.99 show-
ing a notable underestimation of this term.

In the sampling scheme comparison, using 1 m2

quadrats with 50 m sample spacing, the maximum
punctual kriging variance was 34.8 while reducing the

quadrat size to 0.25 m2 and using a grid spacing of
25 m resulted in a maximum punctual kriging vari-
ance of 41.0, 33.8 and 42.3 depending on the vari-
ogram used (models established for 0.25 m2-a–c, re-
spectively).
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Fig. 3. Experimental and theoretical variograms forL. terrestris midden density for different sampling unit sizes (n = 225).

4. Discussion

The increase in the variance ofL. terrestris mid-
den density with decreasing sampling unit size, while
the sample mean remained essentially unchanged, cor-
responds to the dilution of the extreme values when
larger quadrats are used (Isaaks and Srivastava, 1989).
Increasing the sampling unit size has the effect of re-
ducing the spread of data values and the skewness.

The variation inL. terrestris midden density was
spatially dependent irrespective of the sampling unit
size. Although the overall distribution pattern was sim-
ilarly captured by different sample sizes, some notable
sample unit size effects were revealed by the vari-
ogram analysis. While all variograms showed a clear
increase in semi-variance with increasing spatial lag
until levelling off to the sill variance, the ranges tended
to decrease with decreasing quadrat size except in one
case.

The main effects of increasing the sampling unit
size on the variogram were obvious: the larger the
quadrat size, the lower the sill and the smaller the
nugget variance. The part of the variability ascribed

to random-like small scale variation thus tended to
decrease when sample size increased. Conversely, the
structural variance increased with quadrat size. Such a
trend was also reported byBellehumeur et al. (1997).
The sill variance increased with decreasing quadrat
size due to simultaneous increase of nugget vari-
ance, simply reflecting the fact that smaller quadrats
are more likely to contain extreme values leading to
larger variances.

The observed nugget variance for 1 m2 quadrats was
2–3 times larger than predictions based on the linear
relationship. We believe that this discrepancy between
observed and predicted values is related to the nature
of small-scale spatial patterns in midden distribution.
When autocorrelated sampling units are aggregated,
the decrease in the variance with increasing sample
unit size is less than predicted for independent units.
This situation may occur in the case of earthworm
middens because earthworms often display strongly
aggregated patterns (Boag et al., 1994; Jiménez et al.,
2001). Not much is known about the small-scale
spatial patterns in earthworm populations but, for
example, in some tropical species, patches of individ-
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uals may be a few metres in diameter (Rossi, 2003).
The present failure to predict the nugget variance
most likely points to the presence of very local spatial
structures inL. terrestris density. It can be hypothe-
sised that the short-range spatial variability is mainly
caused by local habitat features such as root architec-
ture or small scale spatial patterns in the plant commu-
nity (e.g. the “single-tree effect”;Wardle and Lavelle,
1997). Patterns at larger scales are likely related to
the interrelated variation of organic matter quantity
and quality, vegetation structure and soil type and
depth.

Our simulation with two different sampling schemes
showed that reducing quadrat size to one quarter and
halving the minimum distance between sampling lo-
cations slightly diminished the kriging variance in
only one case (quadrat 0.25 m2-b). This underlines the
importance of the fact that larger quadrats result in
lower nugget variances. In this instance the positive
effect of increasing quadrat size was enough to over-
ride the negative effect of the correspondingly sparser
sampling grid. It therefore would seem of question-
able value to decrease the size of the quadrat to in-
crease their number and density, provided that the
number of quadrats is large enough to allow satis-
factory estimation of the variogram (seeWebster and
Oliver, 1992).

In choosing the sampling unit size it is important
to consider the relationship between the size of ob-
ject (midden) and the sampling unit. The sampling
variance is proportional to the linear size of the ob-
ject and inversely proportional to the sampling unit
size (Bellehumeur et al., 1997). Thus, larger sampling
units lead to lower variance. In practice a compro-
mise between the number of samples and the size of
each unit needs to be found. Small units with regard
to the study objects would yield extremely high vari-
ances. On the other hand, increasing the size of the
sampling units may lead to a total number of sam-
pling units too small to allow a good estimation of the
variogram.

In the present study the time spent in making the
measurement in an individual sampling station was
small even for the largest sample unit size compared
with the time needed for locating and accessing the sta-
tions. It would therefore seem advisable to use in this
instance the 1 m2 sample unit size to obtain the mini-
mum level of variance. In most soil ecological studies

with time consuming soil sampling and lengthy labo-
ratory treatment of the material very different reason-
ing would obviously apply. For instance, carrying out
an earthworm survey by soil hand-sorting in the grid
of the present survey and by using 1 m2 sampling unit
size would be a dubious effort because of the enor-
mous workload and excessive soil disturbance. In such
situation sampling unit size must be decreased to the
predetermined level of maximum acceptable variance.
In many applications, such as in the measurement of
certain soil physico-chemical attributes, a possible so-
lution to improve the local representativeness (at a
given sampling location) would be to perform com-
posite sampling (Rohde, 1976).
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