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Abstract Earthworm burrows (i.e. macropores) are
organised in burrow systems with various geometric
properties. These burrow systems have a significant
effect on soil processes, particularly the movement of
water in the soil. But the relationships between earth-
worm burrow systems and their hydraulic properties are
not well established because experimental studies of bur-
row geometry are difficult to perform. Although X-ray
computed tomography has revolutionised the 3D de-
scription of burrow systems, this method is both time
consuming and expensive. This paper presents a new,
cheap and rapid approach. A computer model simulating
the burrowing behaviour of earthworms was developed
from experimental studies. A saturated flow model was
then superimposed on the structure of the simulated bur-
row system to explore the relationships between the bur-
row systems and their hydraulic properties. Simulations
of individual burrow systems were obtained for two dif-
ferent species of earthworm belonging to different eco-
logical groups. Structural parameters of burrow systems
(pore space, interconnectedness, connectivity and the
number of openings at the limits of the space) were cal-
culated and linked with estimates of permeability using
regressions. In our results connectivity gave the best pre-
diction of the difference in permeability between the two
sets of burrow systems determined by the burrowing be-
haviour of the earthworms. Pore space, interconnected-
ness and the number of burrow openings explained fewer
variations.
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Introduction

Many authors have demonstrated that burrows play a key
role in water infiltration, nutrient transfer and gas diffu-
sion (Elhers 1975; Beven and Germann 1982; Edwards et
al. 1990; Bouma 1991). However, few authors had access
to burrows in real burrow systems because until recently
the description of their 3D characteristics was difficult.
Most of the studies were based on a 2D dlice of soil and
attempted to correlate the number of pores, pore diameter
and vertical pore distribution at different depths in the
soil profile using infiltration measurements (Stockdill
1982; Smetten and Collis-Georges 1985; Zachmann et al.
1987; Ela et a. 1992; Knight et al. 1992; Urbaneck and
Dolezal 1992; Munyankusi et a. 1994; Piktanen and
Nuutinen 1995; Francis and Fraser 1998). Some of these
works produced contradictory results probably because
the 3D organisation of burrow systems was not taken into
account. As a matter of fact, continuity and connectivity
are essential factors in water transfer and it is necessary
to understand both the topology of the burrow systems
and its variability (McCoy et a. 1994). As postulated
by Smetten (1992), knowledge of this architecture may
enable better prediction of their hydraulic properties.

Moreover, studies based on 2D slices and infiltration
measurements did not pay attention to the observed mac-
roporosity is the result of burrowing by several species
with different activities. Three magjor ecological catego-
ries of earthworm can be distinguished by their life his-
tory (Bouché 1977; Lee 1985) and burrow systems (Lee
and Foster 1991; Jégou et al. 1998):

1. Epigeic species affect surface crusting or could oc-
clude macropores.

2. Endogeic species make sub-horizontal or randomly
oriented burrows, which are more or less temporary
constructions because they are rarely reused.
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3. Anecic species live in sub-vertical burrows with vary-
ing degrees of branching which are used as “ shelters’
from where the earthworms come to the soil surface
to find their food.

These differences in ecological behaviour result in bur-
row systems with different geometry.

A non-destructive technique, namely computer-assisted
tomography, has revolutionised the description of earth-
worm burrow systems by permitting their reconstruction
in 3D (Joschko et a. 1991; Daniel et a. 1997; Capowiez
et al. 1998; Jégou et al. 1998, 1999; Langmaak et al. 1999;
Capowiez et a. 2000a, 2000b). It has aso alowed the
quantification of 3D characteristics such as the continuity
of burrows and connectivity between burrows. This kind
of analysis together with measurements of infiltration
through burrow systems could provide geometrical char-
acteristics to be linked with particular hydraulic properties
of soil (Joschko et al. 1992). However, in order to high-
light such a relationship, it would first be necessary to
analyse a large number of burrow systems with different
topologies. This approach would be expensive and time-
consuming using this method.

The simulation of the burrow system and the predic-
tion of infiltration is however a cheap and rapid approach
to explore the conceptual relationships between these pa-
rameters. It can also simulate earthworm behaviour dur-
ing the creation of the burrow system, and provide a bet-
ter characterisation of the water permeability of the bur-
row systems of each earthworm species, as well as identi-
fy the major factors that could cause a difference in water
permeability. In the present paper we present and discuss
this new approach applied to burrow systems. First, bur-
row systems were simulated, and then a water flow model
was used on each burrow system. This enabled conceptu-
al exploration of the functional importance of their topol-
ogy on soil hydrology. In contrast with previous studies
(Martin and Lavelle 1992; Monestiez and Kretzschmar
1992) we tried to simulate earthworm burrow systems
both in a realistic and dynamic way by constructing an
animal-oriented model based on earthworm behaviour
(moving or burrowing) and the geometry of earthworm
burrow systems. Multi-agent simulation (Judson 1994;
Ferber 1995) was an appropriate method to take into ac-
count variations in the impact of earthworm behaviour on
the whole soil process affected by earthworm activity,
and in particular on the permesability of burrow systems.

Materials and methods

Simulation input: the behaviour of earthworms

Two specific groups of characteristics of earthworm behaviour
were defined for the endogeic species Allolobophora chlorotica
(Savigny, 1826) and the anecic species Nicodrilus nocturnus
(Evans, 1946), respectively. These were obtained from the analy-
sis of trajectories of isolated earthworms in a 2D terrarium made
by Capowiez (2000) where the successive positions of the earth-
worms were recorded over 5 days immediately after the worms
had been introduced into their new environment. The trajectories
of ten adults of each species were reconstructed in this way.

For the purpose of simulation, the continuous movement of
earthworms in the soil was split into different types of “move-
ment”. Break points in the earthworm'’s trajectory, either reversal
of the movement or the beginning of a new burrow, were identi-
fied. Six categories of movement (burrowing or moving) were de-
fined: (1) creating a burrow, (I1) moving forwards before branch-
ing off in alateral burrow, (111) moving backwards before moving
forwards, (1V) moving forwards before moving backwards, (V)
moving backwards before branching off in a lateral burrow, (V1)
moving forwards before reaching an extremity and digging.

At the end of each movement, the earthworm chooses the fol-
lowing movement. To determine the nature of the following move-
ment, the relative frequencies of these movements were trans-
formed into probabilities of occurrence that were used in the simu-
lation. To determine the length of the following movement, the
length of movement was chosen at random in each movement-
length distribution (I, I1, 111, 1V and V) that was computed from
trajectometry. These lengths of movement were added for al the
trajectories of individuals belonging to the same species to the
detriment of inter-individual variability.

Simulation input: the geometry of burrow systems

Each burrow was approximated as a series of straight lines called
links. Each link has two geometrical characteristics: length and
orientation (incline and azimuth in a 3D space). The geometrical
characteristics of links used in our simulation were computed after
3D reconstruction of the skeletons of earthworm burrow systems
(Capowiez et al. 2000a, 2000b). In this study, eight adult individu-
as belonging to A. chlorotica and four adults belonging to
N. nocturnus were incubated for 2 months in three microcosms
(diameter 16 cm; length 30 cm) of homogeneous sail.

In the present study, these burrow systems were simplified into
straight lines (the links) using the following algorithm: successive
segments for which the angular deviation between them was infe-
rior to 15° were gathered in a single link. Finally, the length and
orientation link distributions (incline and azimuth) of burrow sys-
tems were obtained for each microcosm. These distributions were
analysed by species to the detriment of inter-individual variability.
During the simulation, length and orientation were chosen at ran-
dom in these distributions. For link orientation, the values were re-
stricted inside the interval between -4 and 174 in comparison
with the previous link built.

Simulation of earthworm burrow systems: virtual earthworms,
links and nodes

A virtua earthworm started from the soil surface and moved in a
3D space represented as a virtual core of homogeneous soil of
40 cmx40 cmx30 cm (Fig. 1). An earthworm that reached the lim-
its of the core was forced to move back even though in experimen-
tal soil columns earthworms are used to digging aong the PVC
wall. In the first step, the simulation was done with one single
earthworm in the core.

The virtual earthworms moved different distances depending
on the movement-length distributions for type I, I1, 111, IV or V. In
the first version of the model, these movement-length distributions
did not vary with depth, the previous movement of the earthworm
or time. In reality, these three parameters certainly play arole in
earthworm behaviour but we ignored them because data on these
effects were too scarce. For each move during the simulation, a
length was randomly drawn from previously described distribu-
tions, and the earthworm went on burrowing or moving until this
distance had been covered. Choice of the following movement
was limited by the associated probabilities of occurrence.

The simulated burrow systems (Fig. 1) created by the virtual
earthworms were summarised as a set of nodes joined by straight
links, i.e. the basic elements of the burrow system. The nature
(length and orientation) of the links that made up each new burrow
was controlled by the distribution of link characteristics. There are
three kinds of nodes, characterised by the number of links around
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Fig. 1 The virtual earthworm (A), the 3D network and the three
types of node. | Node extremity (empty circle), |l double node
(black circle), 111 triple node (grey circle)

them: (1) a node extremity is a node which has only one link, (2)
double nodes are nodes which connect two links, (3) triple nodes
connect three links as a result of lateral branching of a new burrow
or of an intersection between burrows. The maximal coordination
number of the burrow system is three.

During the creation of a burrow by an earthworm, possible in-
tersections with existing burrows were detected and, in this case,
the construction was stopped and, in the simulation, the earth-
worm systematically reused the burrow, although in reality, earth-
worms behave differently when faced with an existing burrow
(Capowiez and Belzunces 2001).

Validation of the simulation of virtual earthworm behaviour

The simulation of the behaviour of virtual earthworms was vali-
dated by comparison with input data (trajectometry). Sequences of
behaviour, relative frequency, and the distribution of the total dis-
tance of movement between the different kinds of moves were
computed in 1,000 simulations. These new simulations were reali-
sed in an infinite space to eliminate the border effect of simula-
tion. Sequences of behaviour were described by transition proba-
bilities between “burrowing” behaviour (movement type 1), “mov-
ing forwards’ (movement type Il or IV) and “moving backwards’
(movement type |11 or V). The percentage of total movement and
relative frequency of moves were compared with data from
trajectometry by a Kolmogorov-Smirnov test.

Geometrical characterisation of the simulated burrow systems

Simulated burrow systems were characterised by a set of des-
criptors in order to analyse the geometrical differences in burrow
systems between N. nocturnus and A. chlorotica. The descriptors
were: mean link length (a); mean link incline (b); sinuosity of the
burrow system which was the deviation between two successive
links (c); tortuosity of the burrow system (d), i.e. burrow length
divided by the distance between its extremities; rate of branching,
i.e. the number of triple nodes divided by total length (€); and rate
of burrow extremity (f), i.e. the number of node extremities divid-
ed by total length. In previous studies of macroporosity the use of
dyes has shown that only a part of burrows or fractures are in fact
involved in water flow (Beven and German 1982). Consequently,
we computed other descriptors that focused more on the burrow
drainage system (i.e. the part of the burrow system where the wa-
ter flow was not null): the total length of drainage equivalent to
the effective macropore space (g); the rate of branching of the bur-
row drainage system, i.e. the degree of interconnectedness of the
effective burrow system, since al links in burrow systems have
similar hydraulic properties (constant aperture) (h); the number of
nodes at the limits of the space at the surface (i), or at the bottom
limit (j); and finally the number of independent paths defined as
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the number of paths throughout the core that do not share a link
(K). This last parameter is equivalent to the degree of connectivity
of the burrow system between the top and the bottom of the core,
and it issimilar to the “genus’ or “cyclomatic number” (Macdonald
et a. 1986; Dullien 1992; Spanne et al. 1994). We computed the
lengths of these independent pathways. For this last descriptor, we
first determined the length of the independent pathway that was
the shortest (I; this length was nearly equivalent to the minimal
pathway between the top and bottom of the core). Then, we com-
puted the mean length (m) of the set of independent pathways for
each simulated burrow system. Finally, we computed the ratio be-
tween the number of paths and the length of this path by using
either minimal path length (o) or mean path length (p).

In thefirst step, the burrow systems were simulated at maximal
continuity where movement is possible from any part of the bur-
row system to any other part. A set of t-tests was realised in order
to compare A. chlorotica and N. nocturnus for each descriptor.

Water flow model

A capillary model of water infiltration (Perrier 1995; de Dreuzy
2000) was used to functionally characterise simulated burrow sys-
tems at saturation. This model postulates that the hydric behaviour
of the burrow system only depends on the arrangement of a set of
simple geometrical shapes. In our case, the latter were perfectly
rectilinear cylinders with a constant aperture (i.e. links), which
display elementary hydric behaviour based on physicals laws. In-
filtration was determined at saturation and the soil matrix was
considered impermeable, i.e. water diffusion through the burrow
lining was neglected. Burrow systems connecting the surface with
adepth limit were “infinite clusters’ (Robinson 1983) and allowed
determination of local flow through them. In contrast, burrow sys-
tems that did not reach the bottom of the core had zero permeabili-
ty and were removed.

The computation of the flow through each link was required to
discretise the diffusion equation on the burrow system structure.
Each link connecting two nodes was crossed by a flow defined at
saturation by Poiseuille’s law:

hi —hj
Qi; =Kij ( I 1) 1)
tj

where Q;; is a function of hydraulic charge h; and h; at the two
extremities, K is the hydraulic permeability of each link (Kj=1
with constant aperture of links) between nodes i and j and L is
link length.

Moreover, a flow conservation equation can be written for
each nodei that has three close neighbours:

=0 =0 @

From Egs. 1 and 2, we obtain for each node i of the burrow system
the following equation:

=3 Kij

=1 Ly
Taking al the nodes together, the linear system equations obtained
can be written under matrix form Ah=B whose dimension equals
the number of nodes. Solving this system to find node charges was
carried out step by step starting with arbitrarily imposed charges at
nodes on the limits of the space until the set of node charges was
known. Then the different flows in the burrow system were de-
duced. The total flow (Q) was the sum of input flows or the sum
of output flows. Finally, the total steady-state flow was given by
permeability at saturation (Kg;) for each simulated burrow system
by the equation (for a 3D space):

H

Ksa =0 S (4)
with Sthe section of the space simulation and H the difference in
hydraulic charge between the top and the bottom of the core. A
multiple linear regression was performed in order to link these

(hi—hj)=0 3)
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Fig. 2 Two examples of simu-

lated burrow systems for the |

I —

two species Nicodrilus noc-
turnus (left) and Allolobophora
chlorotica (right). Top Total
burrow system, bottom part of
burrow systems where flow
occurs (the flow increases with
an increase in the diameter of
the burrows)

permeability values to the total length of drainage with the charac-
teristics of the burrow system topology (number of openings, in-
terconnectedness and connectivity).

Results

Six hundred burrow systems were simulated for the two
species A. chlorotica and N. nocturnus, examples of
which are shownin Fig. 2.

Difference in behaviour between A. chlorotica
and N. nocturnus

The percentage of earthworm moves is given in Fig. 3A
and Table 1 for the trajectometry and for the simulation,
respectively. Experimental data showed that N. noct-
urnus and A. chlorotica displayed different behaviour
patterns. A. chlorotica built more new burrows than it
moved inside its existing burrow system (84% of total
length for type | against 16% for I, IIl, IV and V),
whereas N. nocturnus built less than it moved inside its
existing burrow system (21% total length for type |
against 79% for II, Ill, IV and V). Simulation data
showed good agreement with the observed data which
allows us to affirm that a difference in behaviour exists
between the two species. virtual earthworms A. chlorot-
ica built 80% of total burrow length and moved in exist-
ing burrows only 20% of the total length. In contrast,
virtual N. nocturnus built 31% of total burrow length and
moved in existing burrows 69% of the total length.

.
B

0,6 A 09 B 1
o8| @
05| _. N. nocturnus| i ! M. nocturnus
| [7] A. ehlorotica 0.7 A. chlorotica
0.4 0.6
0,5

1 L[} 1] v v Vi

Fig. 3A, B Simulation of behaviour for the two species N. noc-
turnus and A. chlorotica. A Relative frequency of each kind of
movement. B Proportion of total moves for each kind of move.
| Creating a burrow, 1l moving forwards before branching off in
a lateral burrow, |1l moving backwards before moving forwards,
1V moving forwards before moving backwards, V moving back-
wards before branching off in a lateral burrow, VI moving for-
wards before reaching an extremity and digging

Frequencies of behaviours (Fig. 3B) confirmed that A.
chlorotica burrowed more often than N. nocturnus (48%
type | and 37%, respectively). The second most frequent
behaviour of A. chlorotica was a type V movement
(44%) but this occurred over short distances (mean=
18 mm). Other behaviours (II, 1l and 1V) were rarely
displayed by A. chlorotica (<8%). Conversely, N. noc-
turnus moved more often in its burrow system: 63% of
moves comprising 11% type I, 18% type IV, 26%
type V and 3% type VI. The type Il movement was rela-
tively infrequent in both species (<5%).



165

Table1 Comparison of

trajectometry and simulation Type of A. chlorotica N. nocturnus
Pl ; movement
aehna\olét%;rnthK gm%ggfgfnd Trajectometry Simulation Trajectometry Simulation
Smirnov tests between trajecto- (n=156) (n=711) (n=458) (n=736)
i -
Qgﬁ% gt?guo%g))r}g\:eéﬁﬁg Percentage of total movement for each kind of move
species. | Creating a burrow, I 0.84 0.81 0.21 0.31
Il moving forwards before I 0.03 0.06 0.18 0.07
branching off in alateral bur- I 0.10 0.11 0.04 0.04
row, Il moving backwardsbe- 1V 0.01 0.01 0.19 0.24
fore moving forwards, IV mov- V 0.02 0.01 0.29 0.30
ing forwards before moving VI 0.00 0.00 0.07 0.04
\?va:r‘éi\ggrerdgr\e/t;?gaglq?nga&?in Relative frequency of movement for each kind of move
alateral burrow, VI moving | 0.48 0.49 0.37 0.34
forwards before reaching an [ 0.06 0.08 0.05 0.06
extremity and digging Il 0.44 0.40 0.11 0.10
v 0.01 0.02 0.18 0.20
\% 0.02 0.01 0.26 0.27
VI 0.00 0.00 0.03 0.03
Table 2 Transition probabili- ) i .
ties between combinations of Trgjectometry Simulation
different E;”ﬂ%gg%’;@e?gb_ la I or v I or IV | Il or V 1 or IV
served) and by simulation for .
A. chlorotica and N. nocturnus, A chlorotica
For explanation of types of Ib - 0.96 1 - 0.97 1
movement, see Table 1 I orV 0.94 - 0 0.83 - 0
IlorlV 0.06 0.04 - 0.17 0.03 -
N. nocturnus
I - 0.29 0.86 - 0.24 0.89
almisi Il orV 0.93 - 0.14 0.90 - 0.11
Initial movement I or IV 0.07 0.71 - 0.10 0.76 -

b Subsequent movement

Sequences of behaviour in A. chlorotica and N. noc-
turnus also differed (Table 2). A. chlorotica had a pref-
erential sequence: (1) creating a burrow (type I); (2)
moving backwards (type I11 or V); (3) creating a burrow
(type I); (4) moving backwards (type I1l or V), etc.; and
rarely moving forwards (type Il or 1V) except when the
earthworm met an existing burrow. In N. nocturnus
the sequence was more varied and earthworms moved
many times in their burrow systems thanks to the oscil-
latory sequence: (1) moving backwards (type Il or V),
(2) moving forwards (type Il or 1V), (3) moving back-
wards (type Il or V), etc. Visual inspection showed that
the transition probabilities obtained from observed and
simulated data were very similar.

Geometrical differences between A. chlorotica
and N. nocturnus burrow systems

The simulated burrow systems built by two virtual spe-
cies were different (Fig. 2, top). In Table 3, tortuosity (d)
of the burrow system was higher for A. chlorotica than
for N. nocturnus (d is minima when it equals 1, i.e.
when the burrow system only comprises straight bur-
rows). This result means that A. chlorotica individuas
changed burrowing direction more often than N. noctur-
nus. The difference in sinuosity (¢) shows that individ-

Table 3 Characteristics of simulated burrow systems

A.chlorotica  N.nocturnus P

(n=286) (n=298)
Link length (mm) (a) 6.9+0.05 10.5+0.06 0.00
Link incline (degree) (b) 46.5+0.15 52.5+0.17 0.00
Sinuosity (degree) (c) 47.1+0.15 42.2+0.23 0.00
Tortuosity (d) 0.79+0.01 0.85+0.01 0.00
Branching rate (m2) (e) 14.0+0.368 11.8+0.24 0.00
Extremity rate (m-2) (f) 8.9+0.20 7.2+0.10 0.00

Meanst95% confidence intervals and comparisons of means
(t-test probabilities)

uals belonging to A. chlorotica changed burrowing direc-
tion between two links with a more marked angle. The
rate of branching (€) of the burrow systems was higher
for A. chlorotica. Moreover, A. chlorotica burrow sys-
tems had more extremity nodes (f) (dead-ends).

In burrow systems the fluid paths are only a part
of the total burrow system (de Dreuzy 2000). Figure 2
(bottom) shows examples of burrow systems for both
species in which only the drainage part of the burrow
systems (i.e. the part in which the dead-ends were re-
moved) was kept. For N. nocturnus, 38% of the total
length of the simulated burrow systems was removed
against 44% for A. chlorotica. Table 4 shows means
and confidence limits of characteristics of these burrow
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Table4 Characteristics of the
drainage part of the simulated
burrow systems

Meanst95% confidence inter-
vals and comparisons of means

A. chlorotica N. nocturnus P

(n=286) (n=298)
Total length of drainage burrow system (g) (m) 2.02+0.07 2.40+0.05 0.00
Rate of branching pipe (h) (m1) 6.85+0.32 9.44+0.26 0.00
Number of openings at surface (i) 7.01+0.08 8.14+0.15 0.00
Number of openings at depth (j) 3.05+0.30 5.83+0.13 0.00
Number of independent paths (k) 1.88+0.08 2.71+0.10 0.00
Length of the minimal independent path (1) (m) 0.46+0.02 0.34+0.01 0.00
Mean length of independent paths (m) (mm) 0.53+0.02 0.38+0.01 0.00

(t-test probabilities)

Table5 Multiple linear regressions of permesbility (Kg;) on geo-
metric parameters characterising burrow systems: value of R? of
multiple linear regressions: Kg=x;Xk+x,X(m or [)+xgxh+x,xg+
XgXi+xgXj+constant for both species with k, m, h, g, i, j and x,,
X9, X3, X4, Xs, Xg the coefficients. Global P of F-tests and signifi-
cance level are given for each coefficient. For parameters, see
Table 4

R2 A. chlorotica N. nocturnus
Total burrow systema 0.74 0.57
(n=298) (n=286)
(P<0.00) (P<0.00)
Total burrow systemb 0.67 0.63
(n=298) (n=286)
(P<0.00) (P<0.00)

aPath length ism
bPath lengthis|

drainage systems. The first difference between the two
species was the total length of drainage (g) of their
burrow systems. N. nocturnus burrow systems displayed
alonger final total drainage than A. chlorotica. Contrary
to the real rate of branching (e) (Table 3), the rate
of branching pipes (h) (i.e. effective interconnectedness)
was higher in N. nocturnus burrow systems than
in those of A. chlorotica. Openings at the edges of
the space in the simulation (surface and depth limit)
were more numerous for N. nocturnus than for
A. chlorotica.

The number of independent paths (k) of simulated
burrow systems was higher for N. nocturnus with a
mean of 2.7 independent paths per burrow system,
against 1.9 for A. chlorotica burrow systems. Further-
more, these independent paths (m) were shorter for
N. nocturnus (0.38 m) than for A. chlorotica burrow
systems (0.53 m).

Hydrodynamic differences in simulated burrow systems

Permeability at saturation was quite different in the two
sets of burrow systems (Table 5). The mean permeability
at saturation of N. nocturnus burrow systems was higher
than those of A. chlorotica. These permeability values
were high in both cases because of maximal continuity
of the simulated burrow. We also noted that in these two
sets of burrow systems permeability displayed Gaussian-
like distribution.

Table6 Ky (mean+95% confidence interval) of the simulated
burrow systems deduced by: (1) computation of water flow model
and two predictions of permeability with (2) ratio of burrow
system paths to the length of minimal path (o) and (3) ratio of bur-
row system paths to mean length of paths (p). For P: t-test proba-
bilities for comparisons of means between species. R? values for
regression of these descriptors with permeability of water flow
model are aso given

A. chlorotica  N. nocturnus P
(n=286) (n=298)
(1) Water flow model 8.3+0.4 18.9+0.6 0.00
(103 ms?)
(2) Prediction with o 7.9+0.4 14.0+0.6 0.00
(10-3 ms?) (Re=0.67) (Re=0.50)
(3) Prediction with p 6.6£0.3 12.3+0.5 0.00
(10-3ms?) (R2=0.74) (R2=0.54)

Multiple linear regressions were performed in order
to link permeability (Kg;) with geometric parameters
that characterise burrow systems (Table 6). The total
length of the burrow drainage system (g), the rate of
branching of the burrow system (h) and finaly, the
number of nodes at the limits of the space (i) and (j)
contributed to a small extent to predicting Kg;. Con-
versely, the number of independent paths (k) and their
mean length (m) best explained the variability of perme-
ability inside a set of burrow systems for each species
since percent contribution to variation on K, explained
by the number of paths and their mean lengths, reached
50% (total of 57%) for N. nocturnus burrow systems
and 68% (total of 74%) for those of A. chlorotica.
As the linear regressions showed, the combined des-
criptors 0 and p correctly predicted, the calculated flow
deduced from model water flow (Table 6). Moreover,
this prediction maintained the significant difference
in Ky between the two sets of burrow systems. In the
A. chlorotica burrow systems, the regression models
were markedly improved by classifying them in two
groups according to the closest value between the two
predicted permeability values [either the ratio with o or
the ratio with p]. Thus, the first group with 91 burrow
systems was best explained by o (R?=0.94), whereas
the second group with 207 burrow systems was best
explained by p (R?=0.77). This was not the case for
N. nocturnus burrow systems, since the mean length
of the paths was almost equal to the minimal length
(Table 4).



Discussion

Difference in behaviour between A. chlorotica
and N. nocturnus

The good agreement between observed data and simulat-
ed data confirmed that the model used can correctly sim-
ulate the specific behaviour of earthworms. Two specific
patterns of behaviour were modelled in the present study:
virtual species A. chlorotica built burrows more often and
of alonger mean length than N. nocturnus. On the other
hand, N. nocturnus moved more frequently in their exist-
ing burrow system and mean lengths were longer than
those for A. chlorotica. Indeed, total building length rep-
resented about 80% of movement by A. chlorotica versus
31% by N. nocturnus which spent more time moving in
their existing burrows. These two earthworm species
have been taken as representative of the two types of eco-
logical group as defined by Lee and Foster (1991) since
endogeic species rarely reuse their burrows whereas ane-
cic species frequently reuse their burrows. To validate
general trends between groups, this simulation could test
several representative species of each group and take into
account the modification in behaviour induced by bio-
physical soil conditions.

This realistic simulation of earthworm behaviour was
able to quantify the dynamics of the creation and use of
burrow systems. Even though experimental data are need-
ed, it allows a great number of replicates to be achieved
and the variability of earthworm behaviour to be studied
using statistical methods. In addition, the impact of dif-
ferent building behaviours of each earthworm species on
the final topology of burrow systems can be studied.

Impact of behaviour on the topology of burrow systems

The differences in behaviour between A. chlorotica
and N. nocturnus generated different burrow systems.
A. chlorotica burrow systems were more interconnected
because this species creates a greater number of lateral
burrows than N. nocturnus. However, the effective inter-
connectedness (rate of branching of the burrow system
where the flow occurs) and the total drainage length of
simulated burrow system were not increased. This result
could be explained by the numerous branches represent-
ing dead-ends that were of no use in calculating steady-
state flow. N. nocturnus burrow systems had more con-
nectivity than A. chlorotica. The higher number of inde-
pendent paths in N. nocturnus burrow systems that con-
nect the top and bottom of the core is probably the con-
sequence of a higher number of nodes at the bottom lim-
it. It is difficult to link this last feature with a particular
type of behaviour. However, the higher number of open-
ings for N. nocturnus could be explained by the capacity
for individuals of this species to elongate all vertical
burrows that have already been started, until they reach
the bottom of the core. A. chlorotica did not give up
moving forward and elongated its burrows for a consid-
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erable distance. Moreover, A. chlorotica changed bur-
rowing direction (tortuosity) and burrowing angle (sin-
uosity) more sharply than N. nocturnus. In the case of
A. chlorotica, the bottom of the core was reached less
often and only after a greater burrowing distance. Con-
sequently, the mean length of independent paths was
longer for A. chlorotica.

Impact of topology on the permeability
of the burrow system

An infiltration model of steady-state flow was made first
to study the relationships between burrow systems of dif-
ferent geometry of earthworm species and their perme-
ability at saturation. In the present study, Kg; of the two
sets of burrow systems was quite different. Regression
analyses showed that the number and the length of inde-
pendent paths throughout the burrow systems were the
two essential factors that explained Kg;. Indeed, N. noc-
turnus burrow systems displayed higher K values than
those of A. chlorotica because its burrow systems were
more connected (i.e. they have more numerous indepen-
dent paths), and these paths connected the top to the bot-
tom of the core with shorter burrows. These single factors
alowed a good approximation of K to be predicted
from the water flow model. Moreover, even though the
diameters of burrows are in reality quite different in these
two species this factor would increase the difference in
topological permeability in the same way since N. noc-
turnus burrows are bigger than those of A. chlorotica.

The relative agreement of predictions with the com-
puted flow gives some information on the paths that con-
trol the flow through the burrow system: a single path
(i.e. the shortest) or multi-paths (i.e. the total length of
the paths) through the burrow system. For N. nocturnus
the mean length of independent paths is almost the same
as the length of the minimal path and consequently the
flow through burrow systems of this species is controlled
by the whole set of paths. Conversely, the flow through
A. chlorotica burrow systems is mainly controlled by a
single path, the minimal path bypassing the other paths.

The maximal continuity of burrow systems used in
this study is an idealistic view of natural burrow systems.
This assumption allowed the role of topology to be dem-
onstrated in the absence of refilling. Natural burrow sys-
tems are more discontinuous; this variation is due to ob-
structions caused by the underground casts in burrows, by
earthworm burrowing, or by physical degradation of the
burrow systems (Hirth et al. 1996; Ligthart and Peek
1997). For this reason, it is probably essential to identify
multi-path (in N. nocturnus) or conversely, single path (in
A. chlorotica) water movement throughout the different
burrow systems. If the single path of water movement in
A. chlorotica burrow systems was interrupted by an ob-
struction, overall flow could show a marked decrease in
comparison to the same situation for N. nocturnus.

Numerous studies on earthworms have only measured
the volume of pore space and the degree of interconnect-
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edness (McKenzie and Dexter 1993; Hirth et a. 1996;
Ligthart and Peek 1997; Capowiez et al. 1998; Jégou et
al. 1998; Langmaak et al. 1999). Our modelling ap-
proach leads us to think that these factors are probably
not relevant in predicting the permeability of a natural
burrow system. It would be necessary to study in more
detail the topology and in particular the connectivity of
the burrow system as defined by Dullien (1992). This
statement could be explained by the fact that total drain-
age length results from a trade-off: permeability decreas-
es with increasing total drainage length, while perme-
ability increases with the number of independent paths if
the total drainage length increases. The total length of a
burrow is an even less relevant parameter with which to
predict permeability. As total drainage length represents
only part of the total length of independent paths, the to-
tal length of a burrow does not correspond to the drain-
age length where flow circul ates.

In conclusion, the geometrical data obtained from a
burrow system using X-ray computed tomography to-
gether with the behavioural data of earthworm using traj-
ectometry alowed the creation of a simulation model of
earthworm behaviour. In addition to behavioural des-
criptors (frequencies, distribution of movement length,
sequence of behaviours), pore space and topology param-
eters (burrow length, number of openings, interconnect-
edness and connectivity) were obtained in the output to
characterise simulated burrow systems. Experimental and
field data could be multiplied many times using this new
tool. The effect of various behaviours on the spatial to-
pology of simulated burrow systems was studied statisti-
cally for the two species A. chlorotica and N. nocturnus.

A functiona model like the water flow model can
easily be superimposed on simulated burrow systems to
generate a hypothesis about the effect of topology on
permeability. The best permeability was displayed by
N. nocturnus. Concerning maximal continuity and con-
stant aperture in a burrow system, our model showed
connectivity (number of independent paths) as the best
predictor of permeability.

Connectivity was low in the smulated A. chlorotica
burrow systems because its burrow systems were more tor-
tuous and consequently had fewer independent paths for a
given length. Conversely, N. nocturnus burrowing behav-
iour created more independent paths; these paths connect-
ed the surface more directly with the bottom of the core.
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