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Although the role of earthworms in soil functioning is often emphasised, many important aspects of
earthworm behaviour are still poorly understood. In this study we propose a simple and cost-effective
method for estimating burrow system area and continuity, as well as a new and often neglected parame-
ter, the percentage of burrow refilling by the earthworms own casts. This novel parameter is likely to have
a huge influence on the transfer properties of the burrow system. The method uses standard repacked
soil cores in PVC cylinders and takes advantages of clay shrinkage and the fact that earthworms were
previously shown to prefer to burrow at the PVC/soil interface. In this way, after removing the PVC cylin-
ders off dry cores, the external section of the burrow system made by earthworms along the soil walls
could be easily described. We applied this method to characterise the burrow systems of four earthworms
species: two anecics (Aporrectodea caliginosa nocturna and Aporrectodea caliginosa meridionalis) and two
endogeics (Aporrectodea caliginosa icaliginosa and Allolobophora chlorotica). After one month the burrow’s
area generated by both anecic species were much larger (about 40 cm?2) than the endogeic burrow’s area
(about 15 cm?). A. nocturna burrow system continuity was higher than that of A. meridionalis and both
anecic burrow systems were more continuous than those made by the endogeic earthworms. This was
partly explained by the far larger proportion of the burrow area that was refilled with casts: approxi-
mately 40% and 50% for AL chlorotica and A. caliginosa, respectively compared with approximately 20% for
the anecic burrows. We discuss whether these estimates could be used in future models simulating the
dynamics of earthworm burrow systems by taking into account both burrow creation and destruction by
earthworms.
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1. Introduction results in a surprising absence of models in soil biology (Barot et al.,

2007) especially compared with marine biology where a number

The important role of earthworms in soil functioning has
resulted in their status as soil ‘ecosystem engineers’ (Jones et al.,
1994; Jouquet et al., 2006). In particular, earthworms are known
to be able to modify soil transfer properties for water, nutrients or
pollutants by creating burrows (McCoy et al., 1994). These modifi-
cations are dependent on the ecological type of earthworm under
consideration (Shipitalo and Le Bayon, 2004) in link with differ-
ent burrowing behaviour (Lee and Foster, 1991). However, to date,
many important aspects of their behaviour and some important
effects resulting from this behaviour are not well characterised. The
main reason for this lack of knowledge is the difficulty to directly
observe their behaviour since most earthworms (excluding epige-
ics) are hidden in the soil most of the time (excluding the foraging,
dispersion and reproduction phases of Lumbricus terrestris). This
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of simulation models based on processes (bioturbation by differ-
ent organisms) and the resulting structures (burrow morphology)
are available to simulate O, exchange in sediments for example
(Koretsky et al., 2002).

Some methods are now available and widespread to study the
underground behaviour of earthworms such as X-ray tomography
(Joschko et al., 1993; Capowiez et al., 1998; Bastardie et al., 2003)
or radio- or lead-labelling of earthworms (Capowiez et al., 2001;
Bastardie etal.,2005; Caroetal.,2012). However these methods still
require some technical skills in image analysis and this limits the
amount of published data on earthworm behaviour and thus pre-
vents estimation of its variability. There is therefore a need for a fast,
cost-effective and easy methodology that could be used to study
differences between earthworm species and the possible influence
of biotic and abiotic factors on this behaviour. 2D terrariums have
some of these advantages (Schrader, 1993) but are generally limited
to short-term observations. This method is also likely to overesti-
mate interactions between earthworms since due to the limited
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space available avoidance between individuals is clearly difficult
(Capowiez, 2000).

Although the link between soil water transfer and macropo-
res in general, and earthworm burrows in particular, has been
widely accepted for decades (Bouma, 1991; McCoy et al., 1994),
some aspects of the so-called macropore bypass are still largely
unknown (Nimmo, 2012). The important parameters involved in
this relationship are burrow density, distribution with depth and
morphology (orientation, continuity topology, and tortuosity). It is
however generally accepted that burrow continuity is the crucial
factor (Ela et al., 1991, 1992; Trojan and Linden, 1992; McCoy et al.,
1994). This characteristic cannot be estimated with classical field
observation based on successive 2D planes (unless methylene blue
dye is used). Even in 3D, burrow continuity is notoriously difficult
to characterise and there is no standard definition of this param-
eter. For example, for Langmaack et al. (1999), burrow continuity
was simply estimated by the longest vertical distance of any burrow
whereas Capowiez et al. (2006) computed the number of continu-
ous pathways (burrows) between successive vertical planes across
cores.

In this paper, we describe a simple and cost-effective method
for quantitative estimation of several key characteristics of earth-
worm burrow systems (burrow area, percentage of burrow refilling
and burrow continuity). The method was used to characterise the
burrows of four earthworm species currently found in the south
of France. The earthworms belonged to different ecological types
(anecic and endogeic) since it is often assumed that the behaviour of
the ecological types are different (Lee and Foster, 1991) and some-
times postulated that these behaviours are homogeneous within
ecological types.

2. Materials and methods
2.1. Earthworms and repacked soil cores

The soil for the experiment was obtained from the first 20 cm of
topsoil (30.2% clay, 48.7% silt and 21.1% sand; 5.1% organic matter;
PHy,0 = 8.3) in an abandoned orchard in Montfavet, near Avignon
(43°55’N, 4°48'E) in the SE of France. Adult earthworms were
sampled by hand in the same orchard and stored for less than
24h in a dark chamber (at 12°C) before being introduced into
the soil cores. In this orchard, the earthworm density was about
450 individuals m—2 and the most abundant earthworms were two
endogeic species, Allolobophora chlorotica (yellow form) and Apor-
rectodea caliginosa and two anecic species, Aporrectodea caliginosa
nocturna and Aporrectodea caliginosa meridionalis (Bouché, 1972).
The size and diameter of the two endogeic species was 50-80 mm
and 3-7 mm for AL chlorotica and 60-80 mm and 3.5-4.5 mm for
A. caliginosa (Bouché, 1972). The two anecic species have a marked
dark pigmentation and are typically for the south of France. They
ranged in size and diameter from 85 to 110 mm and 2.5 to 4 mm
for A. meridionalis and 90 to 180 mm and 4 to 5 mm for A. nocturna
(Bouché, 1972).

The soil was sieved at 2mm and stored for a few days in a
dark chamber at 12°C. Soil cores were prepared using PVC cylin-
ders (35 cm in length and 16 cm in diameter). The PVC walls were
not lined with sand and varnish (i.e. no attempt was made to pre-
vent earthworms from burrowing along the PVC walls). A hydraulic
press was used to compact five cores simultaneously by applying a
pressure of 270 kPa for 4 min on sieved soil at 20% moisture content
(gravimetric). This treatment resulted in a soil dry bulk density of
1.1 gcm~3. To minimise variations in soil bulk density between the
top and bottom of the cores, the soil was compacted stepwise in 12
layers of 600 g of soil. The final thickness of each layer was approx-
imately 2.5 cm. Before adding a new soil layer, the surface of the

Fig. 1. Photo of a section (height =10 and width = 16 cm) of the burrow system made
by A. meridionalis along the soil core wall. Arrows and broken arrows indicate open
burrows and refilled burrows, respectively.

previous layer was gently scratched using a small rake to increase
cohesion between layers. The bottom of each core was sealed and
the top was closed using a lid with small holes to prevent significant
water loss and earthworm escape. Before the introduction of the
earthworms, 100 ml of distilled water was gently poured into the
soil. A total of 24 cores were used: six cores for each species. No lit-
ter was added to the soil surface to increase earthworm burrowing
(Hughesetal., 1996).For each species, three adult earthworms were
introduced into each core corresponding to a density of approxi-
mately 200 individuals m~2. Average earthworm weight was 2.46,
0.85,0.62 and 0.41 g for A. nocturna, A. meridionalis, A. caliginosa and
Al chlorotica, respectively. At the end of the incubation period (4
weeks), casts at the soil surface were sampled, dried and weighed.
Then the earthworms were killed by pouring 15 ml of chloroform
into each core. This ensured that no earthworm activity could occur
inside the soil cores after the incubation period.

2.2. Quantification of earthworm burrows and refilling

The cores were placed on absorptive tissue and left to com-
pletely dry in the laboratory for two months at between 20 and
25°C. Due to the type of clays found in this soil (montmorillonite),
the soil cores inside the PVC shrank by a few mm. It was thus
possible to remove the PVC around the soil core with minimal dis-
turbance to the cores. Since the cores were not lined with sand, a
large proportion of the burrows were made along the PVC walls
(Kretzschmar, 1990). Using a transparent sheet of plastic placed
around the soil core, the open and refilled burrows (Fig. 1) on the
outside surface of the cores were traced with different colour pens
(red and blue, for open and refilled macropores, respectively). Bur-
row refilling was assessed with a metal pin to distinguish genuine
refilled burrows from burrows with casts crushed along the burrow
walls.

A small ruler was fixed to the transparent sheet and the burrow
traces drawn on the transparent plastic sheet were digitised using a
colour scanner (resolution = 200 dpi). Images were processed using
Image] (http://rsb.info.nih.gov/ij/). The RGB coloured images were
first separated into three different images (one red, one green and
one blue). The red and blue images were scaled in cm using the
ruler and filtered by removing all objects that were smaller than
2000 pixels (0.32 cm?2). On each image, the number of objects, their
area and their vertical extension were computed. Finally three char-
acteristics of the burrow system were computed: the percentage of
burrow refilling (area of the refilled burrows divided by the total
area of burrows refilled or not * 100), the mean area of open bur-
rows (excluding refilled areas) and the maximal continuity of the
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