
Chapter 2

Optimizing Earthworm Sampling in Ecosystems

Jan Valckx, Gerard Govers, Martin Hermy, and Bart Muys

2.1 Introduction

To quantify the role of earthworms in ecosystems, a precise and accurate estimation

of their diversity, abundance and biomass is needed. To date, a diverse set of

earthworm sampling methods is available, and a diverse amount of chemical

expellants have been used to greater or lesser success. Earthworm ecologists have

so far often relied on expert judgement or past experience when it comes to spatial

sampling designs and determination of sample size. However, based on the ever

increasing data available in the literature, we start to understand the spatial orga-

nisation of earthworm populations. Moreover, straightforward techniques exist to

assess earthworm species richness and the corresponding sampling effort needed to

capture it, but so far these were not used in earthworm ecology.

In this chapter, we contribute to the optimization of earthworm sampling in

terms of (1) how to sample, (2) where to sample and (3) how many samples to take.

First, we assess optimal concentrations of chemical expellants (allyl isothiocya-

nate (AITC) and mustard) recently recommended for earthworm sampling. The

efficiency of these vermifuges is then evaluated against formalin application using a

combined earthworm sampling method (extraction followed by hand sorting).

Practical considerations are discussed.

Like many living organisms, earthworm populations are neither uniformly nor

randomly distributed, but exhibit an aggregated distribution in patches. The range

of spatial autocorrelation in these patches is an important variable to consider in

spatial sampling designs. Based on a literature overview, guidelines for spatial

sampling design are presented.
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Finally, species rarefaction curves are used to determine the optimal sample size

to accurately represent earthworm diversity.

2.2 How to Sample? Optimizing Earthworm Sampling Methods

An array of earthworm sampling methods is available, basically belonging to two

types: (a) passive (termed physical by Bouché (1969)), where the earthworms are

physically sorted from soil, litter and other habitats; and (b) behavioural (termed

ethological by Bouché (1969)), where the earthworms are captured after they are

moved out from cover (Lee 1985), or a combination of both.

Isolating and hand sorting a soil sample of known volume from the bulk soil has

been for a long time the reference sampling method. But this method is labour

intensive and time consuming, especially in wet and heavy soils (Bouché and

Aliaga 1986; Satchell 1971), and it is impractical in the case of rocky soils, in the

presence of a dense root mat or when the study site should remain undisturbed

(Bouché and Gardner 1984; Gunn 1992). Anecic species living in permanent

vertical burrows (e.g., Lumbricus terrestris L.) can reside in or escape to deeper

soil layers, making the method inefficient for such species (Bouché and Gardner

1984; Bouché and Aliaga 1986; Chan and Munro 2001). Moreover, cocoons and

small juveniles are always underestimated by hand sorting (Bouché and Gardner

1984). Some of these limitations are overcome by washing and sieving the soil

samples (Bouché and Beugnot 1972), but this again is a very time (and water)

consuming activity.

As an alternative method, earthworms are commonly extracted from their habitat

by using chemical expellants. Amongst others, formalin has become the standard

vermifuge of the last decades after Raw (1959) demonstrated its superiority over

hand sorting. However, extraction efficiency may strongly vary, which may be

attributed to deleterious effects of the expellants used, earthworms not being

adequately exposed to the chemicals (e.g., due to burrow orientation), or earth-

worms being unable to react to the irritant substances (e.g., due to low temperature,

dormancy) (Daniel et al. 1992). Therefore, efficiency declines from epigeic, to

anecic, to endogeic reflecting species behaviour and burrow orientation (Bouché

and Gardner 1984).

Despite that its use is recommended in ISO standard ISO/DIS 23644-1 (Rombke

et al. 2006), formalin is toxic not only to the earthworms but also to the treated soil

system, and its carcinogenic nature poses serious health risks to people working

with it (Gunn 1992; Eichinger et al. 2007). Recently, suspensions of prepared

mustard (containing variable additives such as vinegar, citric acid, etc.) (Chan

and Munro 2001; East and Knight 1998; Gunn 1992) and of dry mustard powder

(Chan and Munro 2001; Lawrence and Bowers 2002) were tested as alternative

expellants. Chan and Munro (2001) demonstrated that mustard is more efficient than

formalin. Gunn (1992) found that it has a comparable efficiency as potassium

permanganate and is better than formalin and household detergents. It has consistent
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efficiency compared to hand sorting across soil and habitat types (Lawrence and

Bowers 2002). Furthermore, mustard does not kill earthworms and shows no

phytotoxic effects, as do potassium permanganate and formalin. Unlike formalin,

mustard is not a carcinogen (Gunn 1992). However, some disadvantages come

along with the use of mustard. Both East and Knight (1998) and Gunn (1992) had

difficulties with keeping prepared mustard in suspension at high concentrations,

which could influence efficiency. Dry mustard powder suspensions suffer from the

drawback that the content of allyl isothiocyanate (further AITC), the active ingre-

dient in mustard seeds believed to irritate the earthworms, is variable and not

exactly known. Dry mustard powders are often ground seed mixes of different

species (Brassica nigra Koch, Brassica juncea (L.) Czern. and sometimes Sinapis
alba L.) and varieties. They all contain precursors of isothiocyanate, and the type

and concentration of isothiocyanate produced can vary (Fahey et al. 2001; Zasada

and Ferris 2004), also between years and regions of seed production (DeClerq and

Daun 2003; Zaborski 2003). Given the known composition and reproducibility of

pure AITC solutions and the resulting confidence in the comparability of results,

Zaborski (2003) compared pure AITC solutions of different concentrations with

formalin and hand sorting and found that 100 mg l�1 AITC was as efficient as

200 mg l�1 formalin, in particular for the capture of anecic earthworms.

Already in 1969, Bouché acknowledged the complementarities of both passive

and behavioural sampling when he suggested his ‘etho-physical’ method consisting

of formalin application followed by soil sampling. The ethological phase of the

sampling allows for expelling deep burrowing species, attributing to more accurate

biomass estimations, while a soil sample restricted to (e.g.,) 20-cm depth allows for

recovery of smaller individuals living near to the surface and of anecics expelled by

the ethological method but remaining hidden just below the soil surface, leading to

more accurate numbers and biomass. In this chapter, we use Bouché’s combined

method to compare the efficiency of formalin, mustard and AITC as chemical

expellants in earthworm sampling.

We first assess the optimal concentrations of AITC and mustard powder. Work-

ing with the optimal concentrations from the first experiment, we assess the

earthworm sampling efficiency of formalin, mustard and AITC, using the combined

method. Efficiency of methods is compared in terms of earthworm species compo-

sition, numbers, biomass, ecological groups (epigeic, anecic, endogeic) and devel-

opment stages (adults + subadults vs. juveniles).

2.2.1 Material and Methods

2.2.1.1 Preparation of Expellants

Four concentrations (low – medium low – medium high – high) of Indasia™
mustard powder suspensions (0.75, 1.5, 3 and 4.5 g l�1) and AITC solutions (50,

100, 150 and 200 mg l�1) in water were prepared (Table 2.1). Mustard powder

2 Optimizing Earthworm Sampling in Ecosystems 21



concentrations were based on AITC content in the mustard powder to obtain

comparable doses for both expellants (Yu et al. 2003). Mustard powder suspensions

were prepared 1 h before application by adding the appropriate amount of powder

to 20 l of water and stirring heavily. Just before application, the suspensions were

stirred again. Since AITC is not readily soluble in water, pure AITC (95% purity

grade, 1.017 g cm�3) was first diluted with isopropanol (technical purity grade,

0.785 g cm�3) to provide a 5 g l�1 stock solution (Zaborski 2003). In the field,

appropriate volumes of stock solution were then diluted with water to arrive at

application volumes of 20 l and the final concentrations mentioned above.

The same procedures of preparing AITC solutions and mustard suspensions

were used in the sampling efficiency experiment, using the recommended AITC

and mustard powder concentrations from the concentration optimization experi-

ment. Formalin solutions were prepared by diluting the appropriate volume

of formalin (technical formaldehyde, �35%, 1.088 g cm�3) with 20 l of water

(Table 2.2).

2.2.1.2 Earthworm Sampling

Expellant concentrations were tested in May 2003 in a regularly mown lawn on a

sandy loam soil near Leuven, central Belgium. Earthworms were sampled by each

expellant concentration in five replicate plots (0.707 � 0.707 m2). Expellants were

sprinkled with a watering can over the plot area and an adjacent area of 0.1 m

outside the plot. Two successive applications of 10 l each with a period of 15 min

between applications to collect emerging earthworms were used.

Table 2.1 AITC and mustard concentrations used in the concentration optimization experiment

Expellant Unit Concentration

Low Medium-low Medium-high High

AITC mg l�1 50 100 150 200

Mustard g l�1 0.75 1.5 3 4.5

mg AITC l�1 45–81a 90–162a 180–324a 270–486a

aValues from Yu et al. (2003)

Table 2.2 AITC, formalin and mustard concentrations per application in the

efficiency assessment

Expellant Unit Concentration per application

First Second Third Fourth

AITCa mg l�1 75 75 150 150

Formalinb ml l�1 2.5 2.5 5 5

Mustarda g l�1 3 3 6 6
aConcentrations based on the concentration optimization experiment
bConcentrations from Bouché (1969)
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Sampling efficiency of mustard, AITC and formalin was assessed in November

2003 in a harvested wheat field in Court-Saint-Etienne situated in the loam belt of

central Belgium. Within a radius of 3 m from eight sampling locations randomly

selected in the field, a plot (0.707 � 0.707 m2) was randomly located for each

expellant. Total expellant volumes of 40 l were applied to the plots with a watering

can in four successive applications of 10 l each. During the first two applications,

low expellant concentrations were used, which were doubled in the two following

applications (Table 2.2), as recommended by Bouché and Aliaga (1986). Between

each application there was an interval of 10 min to collect earthworms emerging at

the soil surface, corresponding to a total sampling effort of 40 min. Immediately

after expulsion, a square soil sample (0.316 � 0.316 m2) was dug out to a depth of

0.25 m in the centre of all plots at four randomly selected sampling locations. Soil

cores were crumbled and hand sorted during about 1–1.5 h each under favourable

light conditions in the laboratory to collect earthworms. All collected earthworms

were conserved per plot and per sample fraction (extraction vs. hand sorting) in

formalin (5%) immediately after capture. Earthworms were identified following the

key in Sims and Gerard (1999) and counted and weighed (with gut content) in the

laboratory.

Kruskall Wallis tests (Siegel and Castellan 1988) were used to find differences

between methods at a significance level of 0.05.

2.2.2 Salient Observations

2.2.2.1 Concentration Optimization

AITC concentration did not significantly affect the extraction of earthworm num-

bers or biomass (Fig. 2.1a, b). However, medium-low AITC concentration tended

to extract the highest earthworm numbers (Fig. 2.1a), after which numbers began to

fall. All but the highest mustard concentrations were less effective in extracting

earthworms than AITC, although increasing mustard concentrations consistently

yielded higher numbers and biomass (Fig. 2.1a, b).

Five earthworm species were recovered at the lowest AITC concentration

(Lumbricus rubellus Hoffmeister, Octolasion tyrtaeum lacteum Savigny, Aporrec-
todea caliginosa Savigny, Aporrectodea rosea Savigny and Dendrobaena octaedra
Savigny), but only the two largest species were extracted at the highest concentra-

tion (L. rubellus and O. tyrtaeum) (Fig. 2.1c). Increasing AITC concentrations

thus resulted in a consistent loss of ability to extract earthworm species in order

of increasing average body size. At medium-low concentration D. octaedra is no

longer recovered (30–40 mm, 123 mg, only one individual recovered), at medium-

high concentration A. rosea is no longer detected (25–85 mm, 200–216 mg) and at

the highest concentration A. caliginosa was no longer extracted (40–180 mm,

168–206 mg) (body size ranges from Sims and Gerard (1999)). The total species

2 Optimizing Earthworm Sampling in Ecosystems 23



spectrum extracted by mustard was similar to AITC extraction, but species recovery

by mustard was more constant across all concentrations compared to AITC.

2.2.2.2 Efficiency Assessment

Considering chemical extraction only, efficiency was not significantly different

between expellants both in terms of numbers (Fig. 2.2a; 121 m�2 vs. 109 and

108 m�2 for AITC, formalin and mustard, respectively; p ¼ 0.535) and biomass

(Fig. 2.2b; 73.45 g m�2 vs. 70.79 and 58.23 g m�2 for mustard, AITC and formalin,

respectively; p ¼ 0.360). The hand sorted soil samples tended to yield higher

earthworm numbers and biomass after mustard extraction than after formalin
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extraction, and contained significantly higher numbers (22 m�2 vs. 17 and 12 m�2,

p ¼ 0.037) and biomass (31.72 g m�2 vs. 18.73 g m�2 and 8.38 g m�2; p ¼ 0.015)

than after AITC extraction.

Total sampling efficiency (extraction + hand sorting together) was not signifi-

cantly different between the three methods in terms of earthworm numbers, bio-

mass and species number (Fig. 2.2). Although not significant, the AITC and

mustard method showed slightly higher efficiency in sampling earthworm numbers

than formalin (Fig. 2.2a, 147 m�2 and 139 vs. 120 m�2 for mustard and formalin,

respectively; p ¼ 0.124). In terms of biomass, mustard sampling tended to be more

efficient than AITC or formalin (Fig. 2.2b; 99.99 g m�2 vs. 82.68 and 65.17 g m�2

for AITC and formalin, respectively; p ¼ 0.174).
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Six species were commonly recovered by all methods: Allolobophora chlorotica
Savigny, A. rosea, Aporrectodea longa Ude, A. caliginosa, L. terrestris L. and

Octolasion cyaneum Savigny (Fig. 2.2c). Using the formalin method, also one

individual of the epigeic Lumbricus castaneus Savigny (0.143 g) was collected.

In further calculations, it was omitted. Each expellant was able to extract all six

(AITC, mustard) or seven (formalin) of the total number of species found. The soil

cores after formalin extraction contained only the endogeic A. chlorotica, A. rosea
and A. caliginosa, and the soil cores after mustard extraction additionally contained

the anecic A. longa.
Although (sub)adults made up only a small portion of the total earthworm

numbers (14, 9 and 14% for AITC, formalin and mustard, respectively), they

constituted an important part of the earthworm biomass (54, 46 and 54% for

AITC, formalin and mustard, respectively). There were no significant differences

between the methods (both fractions together) in terms of numbers and biomass of

both (sub)adults and juveniles (p ¼ 0.173 and p ¼ 0.593 for numbers, respec-

tively; p ¼ 0.219 and p ¼ 0.167 for biomass, respectively). But AITC and mustard

marginally extracted more (sub)adult numbers than formalin (p ¼ 0.060) and hand

sorting after mustard extraction yielded the highest juvenile biomass while the

lowest was found after AITC extraction (p ¼ 0.030).

Numbers and biomass of anecic species were equally found by the three methods

(p ¼ 0.551 and p ¼ 0.309, respectively). Also comparable numbers of endogeic

species (A. chlorotica, A. caliginosa, A. rosea and O. cyaneum) were recovered by

the three methods (p ¼ 0.230), but biomass recovery was marginally higher with

mustard than with the other methods (p ¼ 0.077). Extraction of anecics did not

differ between methods (p ¼ 0.751) but the formalin and AITC hand sorting

fractions contained more anecic earthworm numbers than mustard (p ¼ 0.023).

AITC tended to extract more endogeics, both in terms of numbers and biomass,

followed by mustard and formalin (p ¼ 0.076 and p ¼ 0.093, respectively). Hand

sorting after mustard extraction recovered more numbers and biomass of endogeics

than formalin and AITC (p ¼ 0.29 and p ¼ 0.030, respectively).

2.2.3 Interpretation

2.2.3.1 Concentration Optimization

In spite of the intentional use of similar AITC concentrations both in mustard and

pure AITC treatments, the latter were generally spoken more efficient in sampling

earthworms than mustard. Although mustard concentrations were stirred well and

sufficiently long during preparation, it is probable that less than the maximum

amount of AITC was formed from the glucosinates when mustard was added to the

water (Fahey et al. 2001). Furthermore, AITC content of mustard powder is

variable. The ranges we found in the literature (Yu et al. 2003) can be somewhat

different from the actual content of the powder we used. It is thus possible that the
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mustard treatments had an effectively lower AITC concentration than the pure

AITC treatments.

The optimum of 150 mg l�1 pure AITC for sampling earthworm biomass and the

lower optimum of 100 mg l�1 for earthworm numbers may indicate a trade-off

between the recovery of smaller and more numerous individuals (juveniles and

epigeics) on the one hand and heavier and less numerous individuals on the other

(adults/subadults and anecics).

The inability to capture smaller earthworm individuals at increasing AITC

concentrations could indicate that smaller earthworm species and juveniles cannot

tolerate concentrations above 100 mg AITC l�1 and therefore do not reach the soil

surface. Therefore, following Bouché and Aliaga (1986) in doubling expellant

concentrations in subsequent applications, we recommend a concentration of

75 mg l�1 AITC in the first two applications, followed by two applications of

150 mg l�1 AITC. These concentrations compare very well both with the optimum

of 100 mg AITC l�1 and the range of acceptable concentrations (60–200 mg l�1

AITC) found by Zaborski (2003).

The highest mustard concentrations (3 and 4.5 g l�1) resulted in near-optimum

extraction of earthworm numbers, but in a suboptimum recovery of earthworm

biomass. This trade-off between numbers and biomass corresponds to the observa-

tions with AITC already discussed. Unlike AITC, however, earthworm species and

species numbers were stable over all concentrations tested. Chan and Munro (2001)

also noted this trade-off effect and found that concentrations between 1.6 and 4.7 g

mustard powder per litre were optimal. They further suggested that these concen-

trations should produce equivalent results to that of English mustard suspension

used by Gunn (1992) (15 ml l�1) and better results than formalin (0.55%). They

also found that their highest mustard powder concentration tested (~9.4 g l�1)

resulted in a significant lower number of collected juveniles compared to the use

of lower concentrations. Therefore, we suggest, by analogy to the AITCmethod and

as recommended by Bouché and Aliaga (1986), to use two applications of low

(3 g l�1) mustard concentration, and doubling the concentrations (6 g l�1) in the

following two applications. A concentration of 3 g l�1 lies well within the safe

range as found by Chan and Munro (2001) and this study. The doubled concentra-

tion of 6 g l�1 is suggested by our data for more accurate biomass recovery, and it

stays well below the less favourable concentration of 9.4 g l�1 identified by Chan

and Munro (2001). However, it is advisable to further test a range of higher

concentrations than tested here and compare them with standard methods such as

hand sorting or with formalin or AITC extraction. From the previous we stress that

sufficient mixing of the mustard powder in water is essential.

2.2.3.2 Efficiency Assessment

Overall, the three compared methods (extraction + hand sorting together) did not

differ in sampling efficiency. But AITC and mustard extracted earthworms slightly

better than formalin. Indeed, AITC and mustard tended to be more successful in
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extracting endogeics and (sub)adults than formalin, and also most other tests gave

the same trends in extraction efficiency. Interestingly, the greatest differences

between methods were found in the soil fraction. On the one hand, the soil samples

after formalin extraction contained more numbers of anecics (and not endogeics as

could be expected from formalin’s lower extraction efficiency) than after mustard

extraction (with intermediate values for AITC). On the other hand, more endogeics

and juveniles were collected in soil samples after mustard extraction than after

AITC extraction (with intermediate values for formalin). If we assume that earth-

worms found in the soil fraction did not react to the vermifuges, we have to

conclude that mustard fails in catching some endogeics and to a lesser extent

some juveniles compared to the other expellants. We also would expect inverse

results for the chemical extraction and hand sorting fractions but these were not

observed. From this complex overall picture, it is not evident to push one of the

methods forward as the best.

Characteristics of the expellants other than extraction efficiency may then play a

decisive role in choosing between one and the other. Formalin proved to be lethal to

earthworms (and other soil organisms and plants) (Gunn 1992; Eichinger et al.

2007), which is problematic if living worms have to be collected. Formalin is also

known to be carcinogenic to humans, and in some countries its use is forbidden due

to national health and safety regulations (Schmidt 2001). Together with its sug-

gested lower extraction efficiency compared to AITC and mustard, these qualities

make formalin a less preferred expellant.

Also some drawbacks with the use of AITC must be noted. First, AITC should be

used with great care in the field since it is very toxic to aquatic organisms, and may

cause long-term adverse effects in the aquatic environment. Second, the preparation

and practical use of AITC solutions is hindered by the toxic and irritating damps of

AITC, more disturbing than the ones of formalin. As a consequence, hand sorting

after pure AITC application is not recommended for health and safety reasons, and

it is not possible without proper protection. Third, earthworms emerging at the

surface after AITC application are markedly groggy, even the bigger individuals.

This could mean that some individuals, especially smaller ones, can get so drowsy

that they do not even reach the surface while fleeing for the irritating AITC.

Therefore, it is important to combine AITC extraction with succeeding hand sorting

of a soil core to collect the left behind earthworms, which conflicts with our earlier

discussion of the irritant nature of AITC. Another important demerit is that in many

cases earthworms collected by AITC emerge with a loosened epidermis. This

negative effect is most probably caused by the isopropanol in which AITC is diluted

and seriously hampers identification after collection.

Mustard powder is a harmless and cheap product with comparable sampling

efficiency as AITC. A disadvantage is that the concentration of AITC and its

variability in mustard powder suspensions is not exactly known, although the

extraction result was quite robust over a range of concentrations (Fig. 2.1). For

reliable results, we, nevertheless, suggest to use mustard powder from the same

manufacturer and from the same lot if possible and to order quantities sufficient for

the whole sampling campaign (Gunn 1992).
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2.3 Where to Sample? Optimizing Spatial Sampling Design

Like many living organisms, earthworm populations are spatially neither uniformly

nor randomly distributed, but usually occur in spatial clusters. Both spatial hetero-

geneity and autocorrelation should be accounted for in the sampling design of any

ecological field study, as many statistical tests rely on the assumption of indepen-

dence of observations.

2.3.1 Spatial Autocorrelation and Sampling Design

Observed values of a variable (e.g., earthworm density) are said to be spatially

autocorrelated when pairs of observations with a certain distance apart are more

similar (positive autocorrelation) or less similar (negative autocorrelation) than

expected for randomly associated pairs of observations. This higher (or lower)

similarity among mutually closer observation sites is very common in nature. Auto-

correlation in fact refers to the lack of independence among the error components of

observations due to geographic proximity (Legendre and Legendre 1998). Because of

this, the use of autocorrelated data in tests of statistical significance that rely on

independent observations (e.g., t-test, correlation analysis, analysis of variance, linear
regression; clustering and ordination methods do not use tests of statistical signifi-

cance and may thus be safely used in the case of autocorrelated data) is problematic.

Unless the aim of the study is to analyze the spatial structure in the data per se

(by correlograms, variograms, see Rossi et al. 1995 for a comprehensive introduction

to geostatistical analysis of ecological data), spatial dependency among observations

may be removed to validly use classical statistical tests. However, this is not recom-

mended as discarding observations, until spatial independency is achieved, results

in (costly) information loss (Fortin and Dale 2009). Similarly, the use of de-trended

data cannot be advised if autocorrelation is inherent to the process under study.

Alternatively, various corrected tests that rely on modified estimates of the

variance and on corrected estimates of the effective sample size and the number

of degrees of freedom have been developed and their use should be advocated (e.g.,

Dutilleul 1993). When corrected statistical methods are not available, permuta-

tional tests may be used, given that the appropriate procedure of random permuta-

tion of observations to determine significance can be specified.

A more proactive way of preventing dependency among observations lies in the

careful design of spatial sampling schemes, and will be discussed here. Classical

statistical text books tell that without prior knowledge of the phenomenon under

study, ecologists should rely on random or systematic sampling designs to avoid

dependency among observations. But the random or systematic spatial allocation of

observation sites per se does not rule out that observations may be spatially

dependent to some degree: this will be the case if the average distance between

observation sites is smaller than the zone of spatial influence of the underlying
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ecological process. The zone of spatial influence is commonly determined by the

range of the variogram model describing the spatial autocorrelation in the data

(Rossi et al. 1995).

In recent years, studies addressing the spatial distribution of earthworm popula-

tions have yielded insights in the scales over which earthworm populations are

spatially related (Table 2.3). Across a range of ecosystems, earthworm species are

spatially distributed in clusters ranging from as small as 7 m in diameter (Rossi

2003b) to more than 100 m (Hernández et al. 2007). However, the majority

of spatial ranges of autocorrelation lies within 20–50 m. Adult individuals of

L. terrestris consistently live in small clusters (~20 m) compared to other species,

presumably related to its surface mating behaviour. Another general trend is that

juveniles tend to inhabit larger patches than conspecific adults.

Samples should ideally be taken at distances further apart than the variogram

ranges as given in Table 2.3 for the given ecosystems and species. In practice, this

means sampling locations should be at least 20–50 m apart to collect nonautocor-

related independent samples for most species and circumstances. Ideally, the site-

specific spatial structure of the earthworm populations under study should be

assessed beforehand in a pilot study or this information should be retrieved from

previous surveys (Legendre et al. 2002). A risk that arises when spacing the

sampling locations, according to the spatial structure, is that not enough indepen-

dent samples can be collected from (strata within) the observation site or the

experimental unit. As always, a good balance between theory and practice must

be found, and other techniques (see earlier) can assist in the analysis of spatially

dependent data.

2.3.2 Sample Unit Size and Shape

Observed spatial (and temporal) variability is a function of the ‘window size’ that

one uses to look at the world (Levin 1992): as window size (i.e., support size (the

volume (sample unit surface area � depth) collected per sample unit)) is increased,

variability will decay. The inversely proportional relationship between window size

and variability depends on how spatial autocorrelation decreases with distance

within the range of spatial autocorrelation. Additionally, larger study objects need

larger support sizes to adequately capture variability. In practice, different support

sizes apply to nematodes, mesofauna and earthworms (Stein and Ettema 2003).

Clearly, lower sampling variance by well-chosen sample unit size and shape, in

combination with well-chosen (nonautocorrelated) sample unit locations (see

Sect. 2.3.1) lead to smaller confidence intervals, and thus more rapid detection of

significant treatment differences for similar sampling efforts.

Little is known about the ideal support size in earthworm sampling. For example,

many researchers adhere to a square sample unit area of 0.25 � 0.25 m2 of variable

depth, depending on the species of interest, life stage and season without further
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justification. One of the few studies addressing sample unit size and shape in

earthworm sampling (Dickey and Kladivko 1989) shows that the most efficient,

acceptable sample unit size–shape was 10 cm along the row (the shortest increment

in the experiment) by 45 cm across the row in a Zea mays row crop (75 cm inter-row

distance) for an earthworm community composed of Aporrectodea tuberculata and

L. rubellus. They also found as much as a threefold difference in the sampling

efficiency (by hand sorting) within the range of tested sample unit size–shape

combinations. The least efficient size–shape was also the largest (30 cm along the

row by 75 cm across the row). The authors state that rectangular quadrants have a

substantial advantage over square ones of equivalent sample unit area. Especially for

patchily distributed populations, an elongated sample unit shape with its longest axis

perpendicular to the expected or known density gradient results in a decreased

variance (i.e., across corn rows in this case). The relative importance of sample

unit size and shape for other ecosystems, sites, seasons, species and life stages may

well differ from the study by Dickey and Kladivko (1989) but hitherto knowledge is

lacking. Rossi and Nuutinen (2004), in their study of the spatial distribution of

L. terrestris L. midden density in a Finnish forest, also found an considerable

increase in total variance with decreasing sample unit, while neither the mean

midden density nor the global distribution pattern were markedly affected by sample

unit size (0.125, 0.25 or 1 m2). Given that earthworm sampling is a time and labour

consuming activity, in practice an acceptable level of sampling variance must be

decided upon so that a corresponding compromise between the sample unit size and

the number of samples can be found.

2.4 How Many Samples? Optimizing Sample Size

Commonly, earthworm communities are species-poor in a given area or ecosystem;

in arable land they usually comprise only 4–6 species (Edwards and Bohlen 1996).

Lavelle (1983) relates this to the simultaneous occurrence of species from different

ecological categories, the plasticity of earthworm species, and temporal and spatial

(both horizontal and vertical) niche separation. Nevertheless, to compare the effects

of land use, land management and environmental factors on earthworm commu-

nities, it is important that a sufficient number of samples are taken in order to be a

‘true’ representation of local earthworm diversity.

Therefore, sample-based species rarefaction curves with 95% confidence intervals

were computed by the free software Estimates (Colwell 2009), using the analytical

formulas of Colwell et al. (2004). Sample-based rarefaction curves plot the expected

number of species in a small collection of n samples drawn at random from the large

pool of N samples, against a measure of cumulative sampling effort (e.g., the

cumulative number of samples) (Gotelli and Colwell 2001). Thus, rarefaction curves

represent the statistical expectation of the corresponding species accumulation

curves, which themselves record the total number of species revealed as additional

sample units are added in one particular random order to the pool of all previously
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collected samples (Gotelli and Colwell 2001). Typically, both types of curves rise

relatively rapidly at first, then much more slowly as increasingly rare taxa are added.

In principle, an asymptote will eventually be reached for samples coming from a

homogeneous study area (representing within-habitat a-diversity) (Gotelli and

Colwell 2001). The point where the curve levels off is usually accepted as the optimal

balance between sampling effort and an accurate estimation of local species diversity.

Species abundance data (number of individuals m�2) from a study of the spatial

distribution of earthworm density in an arable field in central Belgium (Valckx et al.

2009) served as input data. Data from two sampling methods (earthworms extracted

by mustard powder (0.5 m2) vs. earthworms hand sorted from a soil monolith (0.1 m2

to a depth of 20 cm) after mustard extraction) from 30 sampling locations were

analyzed both separately and combined to determinewhichmethodwasmore efficient

in capturing earthworm diversity. The expected number of species was calculated

against both the cumulative number of samples and the cumulative sampled area (m2).

The latter was done to account for differences in sample plot area used in both

sampling methods.

Here, we do not discuss the determination of sample size to protect against both

type I and type II errors, or to estimate the variables of interest with sufficient

precision to detect (ecologically) meaningful differences between treatments. For

this, we refer to classic statistical textbooks (e.g., Neter et al. 1996) where the

relevant techniques (e.g., the power approach) are explained in much detail.

Figure 2.3 shows that all species rarefaction curves reached an asymptote well

before total accumulated sampling effort, whether expressed as number of samples or

sampled area. This suggests that species inventory was complete in the study area, that

is, ‘true’ species richness was observed and not a single species remained undetected

or rare species were present. Indeed, the occurrence of rare species (unique

and duplicates, i.e., species occurring in exactly one or two samples, respectively)

may severely hamper to reach asymptotic species richness (Mao and Colwell 2005).

Circa ten samples of 0.5 m2 extracted by mustard were needed to capture the

total observed species richness of six species (L. terrestris L., A. longa UDE,

A. caliginosa SAVIGNY, A. chlorotica SAVIGNY, A. rosea SAVIGNY and O. cyaneum
SAVIGNY) (Fig. 2.3a). For the same purpose, more than twice as much hand-sorted

soil samples (�25) were needed (Fig. 2.3c). However, rescaling the number of

samples to the actually sampled area (m2) in the x-axis revealed that on a per m2

basis, hand sorting of soil samples is more efficient than mustard extraction to

observe the asymptotic local diversity (Fig. 2.3d vs. b): only a total area of�2.4 m2

need to be sampled by hand sorting, while a total sampling area of �5 m2 is needed

for earthworm extraction. This result reflects the lower efficiency of the extraction

sampling method compared to the hand sorting method to catch endogeic species

richness of the earthworm assemblage dominated by endogeic species in this

particular arable land context (4 out of 6 observed species were endogeic). Earth-

worm communities dominated by epigeic and/or anecic species may well be more

efficiently sampled on a per m2 basis by the mustard extraction method. Using the

combined sampling data (extraction + hand sorting) (Fig. 2.3e, f), it is clear that

depending on the species composition and how sampling effort is expressed, the
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Fig. 2.3 Sample-based species rarefaction curves (thick lines) with 95% confidence intervals (thin
lines) of earthworms collected by mustard extraction (M; 0.5 m2 plot) (a and b), by hand sorting a

soil monolith after mustard extraction (S; 0.1 m2 plot) (c and d), and by a combination of both

methods (M + S) (e and f). Graphs on the left show the expected species number as a function of

sample size; in the graphs on the right sample size is rescaled to sampling effort expressed as total

area sampled (m2)
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combined sampling method may be more or less efficient than its constituent

sampling methods.

2.5 Conclusion

Because of the toxicity to the soil ecosystem and the irritant nature to the operators

of formalin and AITC, these expellants are less recommended for earthworm

sampling compared to mustard. Mustard extraction consisting of two initial appli-

cations of low expellant concentration (3 g mustard l�1) followed by two applica-

tions of doubled concentrations (6 g l�1) is at least equally efficient as the other

vermifuges, and has the advantage to be harmless to the environment.

Sample unit locations should ideally be randomly selected at distances larger

than the range of spatial autocorrelation, and sample unit size and shape should

reflect the variability to be expected. Much of this important information to assure

the collection of independent data is lacking when research projects start, hence the

importance of pilot studies. More research is needed about ideal support size.

Species rarefaction curves are a useful and promising technique to assess

asymptotic earthworm species richness and the corresponding sampling effort

needed to capture it. Despite its wide use in ecology, hitherto it was not applied

in the context of earthworm research. Earthworm communities are usually species-

poor, which has the advantage that a relatively small number of samples usually

suffice to capture total species richness compared to other taxa. However, species

rareness may complicate conclusions about the ideal sampling effort because it

prevents rarefaction curves to reach an asymptote. It is recommended to explore

this technique’s potential with data from other ecosystems, with different species

compositions and rareness. Also the effects of spatial patchiness on estimation of

asymptotic species richness needs further research as it can be assumed that higher

spatial aggregation means that a higher sampling effort is needed to capture total

earthworm richness compared to randomly distributed organisms.
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