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Summary
Earthworm burrows contribute to soil macroporosity and support diverse microbial
communities. It is not well known how fluctuations in soil temperature and moisture
affect the burrowing activities of earthworms. The objective of this experiment was
to evaluate the maximum depth and length of burrows created by the endogeic
earthworm Aporrectodea caliginosa (Savigny) and the anecic earthworm Lumbricus
terrestris L. for a range of temperatures (5–20 1C) and soil water potentials (�5 and
�11 kPa). The laboratory microcosm was a plexiglass chamber (45 cm high, 45 cm
wide) containing 0.14m2 of pre-moistened soil and litter, designed to house a single
earthworm for 7 days. Earthworm mass, surface casting and burrowing activities
were affected significantly by soil temperature, moisture and the temperature-
moisture interaction. Burrow length and maximum burrow depth increased with
increasing temperature, but there was less burrowing in wetter soil (�5 kPa) than
drier soil (�11 kPa). Weight gain and surface casting, however, were greater in soil at
�5 kPa than �11 kPa. Our results suggest more intensive feeding and limited
burrowing in wetter soil than drier soil. Earthworms inhabiting the non-compacted,
drier soil may have pushed aside particles without ingesting them to create burrows.
The result was that earthworms explored a larger volume of soil, deeper in the
chamber, when the soil was drier. How these burrowing activities may affect the
community structure and activity of soil microorganisms and microfauna in
the drilosphere remains to be determined.
& 2006 Elsevier GmbH. All rights reserved.
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Introduction

Earthworm burrows function as soil macropores,
thus influencing water infiltration and aeration.
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While burrows may improve the structure of
compacted and tilled agricultural soils (Kladivko,
2001; Langmaack et al., 2002), they also function
as preferential flow pathways for pesticide and
nutrient transport (Edwards et al., 1993; Shuster
et al., 2003). Burrow walls are enriched in organic
matter and support a unique and active community
of microflora and microfauna, compared to the
surrounding soil (Gorres et al., 1997; Tiunov and
Scheu, 1999; Jégou et al., 2001; Tiunov and
Dobrovolskaya, 2002). In addition, burrows may
serve as a regeneration niche for plants in grassland
ecosystems (Milcu et al., 2006).

The size and three-dimensional orientation of
earthworm burrows has often been described by
workers using non-destructive X-ray computed to-
mography (CT) (Joschko et al., 1991; Jégou
et al., 1999; Bastardie et al., 2003). Such measure-
ments are useful for evaluating the spatial pattern
of earthworm burrows, which affects water infiltra-
tion in ecosystems, but earthworm burrows cannot
be considered permanent structures in the soil
profile. Francis et al. (2001) reported that Aporrec-
todea caliginosa created temporary burrows and
filled 72–85% of them within 20 days, while
Lumbricus rubellus burrows lasted longer (56–64%
were filled between successive CT scans). In
contrast, anecic earthworms like Lumbricus terres-
tris tend to intensively reuse their continuous,
vertical burrows. Bastardie et al. (2005) extracted
soil cores from a permanent pasture and found two
burrow forms, very short, disconnected burrows
with small diameters that were probably built by
endogeic species like A. caliginosa and Octolasion
lacteum, and long, continuous burrows with large
diameters built by L. terrestris and Nicodrilus
giardi. The volume of soil occupied by the two
types of burrows varied temporally, and this was
attributed to differences in burrowing activities
and longevity of burrows created by the
earthworm species at their study site (Bastardie
et al., 2005). The burrow systems of earthworms are
affected by site-specific factors such as soil texture
and topography, as well as the types of earthworms
present (Capowiez et al., 1998; Bastardie et al.,
2005), but earthworm populations respond in pre-
dictable ways to fluctuations in soil temperature and
moisture. Kretzschmar (1982) reported that the
seasonal variation in burrow numbers and forms in
a grassland was related to fluctuations in water
content and temperature. Researchers wishing to
understand the temporal dynamics of burrowing, to
better estimate water and chemical transport
through these macropores or to predict nutrient
transformations and trophic relationships in the
drilosphere, require detailed information on how
earthworm burrowing fluctuates with changing soil
temperature and moisture conditions.

The objective of this study was to determine how
burrowing by A. caliginosa and L. terrestris were
influenced by soil temperature and moisture, using
laboratory microcosms.
Materials and methods

Collection of earthworms, soil and litter

Juvenile Aporrectodea spp. were collected by
hand-sorting soil (0–15 cm depth), while juvenile
Lumbricus spp. was extracted with 0.5% formalin
and rinsed well with tap water. Adults collected
from the same site were identified as A. caliginosa
(Sav.), while the juvenile Lumbricus spp. were
L. terrestris L. (Reynolds, 1977). Earthworms were
placed in 37 L plastic containers with field-moist
soil from the collection site, a fine, mixed, frigid
Typic Endoaquent classified as a Chicot sandy-loam.
This soil came from an agricultural field under
soybean (Glycine max L. Merr.) production at the
Macdonald Campus Farm of McGill University, Ste-
Anne-de-Bellevue, Québec, Canada (451 280N, 731
450W). It contained 580 g kg–1 of sand, 300 g kg–1 of
silt and 120 g kg–1 of clay with 24.5 g organic C kg–1,
1.98 g total N kg–1 and pH (H2O) of 5.9. Soil in the
plastic containers was moistened to near field
capacity and litter was added to provide sufficient
food for earthworms, which were kept in these
containers in the laboratory for about 6 weeks. The
litter was ground (o1mm mesh) soybean stems and
leaves collected at the pod stage, which contained
443 g organic C kg�1 and 40.9 g total N kg�1, and
ground (o1mm mesh) composted cattle manure
containing 383 g organic C kg�1 and 19.9 g total
N kg�1. This soil and litter was also used in the
experimental chambers.

Experimental chambers

The clear plexiglass chambers (45 cm
high� 45 cm wide) used in this study allowed easy
monitoring of earthworm casting and burrowing
activities. For a description of the chamber dimen-
sions and construction, the reader is referred to
Whalen et al. (2004). Briefly, the chambers were
prepared by placing 3 cm of cardboard at the
bottom for support, and inserting a 5-cm-wide
strip of plexiglass along each side, so the chamber
was enclosed on the bottom and two sides. The
thickness of the bottom and side panels was 3mm
in chambers housing A. caliginosa and 4.5mm in
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chambers prepared for L. terrestris. We then
placed 19 cm of pre-moistened soil in the bottom
of the chamber and covered it with 19 cm of pre-
moistened soil plus litter (6.5 g compost and 4.5 g
ground soybean kg�1 soil). The area covered by soil
and soil/litter mixture in the chambers was
0.14m2, and the soil bulk density was approxi-
mately 1.0 g cm�3. There was a 4-cm gap between
the soil surface and the top of the chamber.
Chambers were then incubated in the dark at
20 1C for 1 week before adding the earthworms.
Experimental design

The experiment was designed as a completely
randomized factorial design with four tempera-
tures (5, 10, 15 and 20 1C), and two soil moisture
levels (25% and 30% gravimetric moisture content),
for a total of eight factorial treatments. There
were five replicates of each treatment. The
experimental unit (replicate) was the plexiglass
chamber described above, and each chamber
housed a single earthworm.

Since matric potential is a more meaningful way
to express biological water availability than %
water content, we converted the gravimetric
moisture content to matric potential using the
Rosetta software programme (Schaap, 2000), ad-
justing for texture and bulk density using the van
Genuchten function for water retention (van Gen-
uchten, 1980; Schaap et al., 1998). The calculated
matric potentials (7standard deviation) were �571
and �1172kPa, corresponding to 30% and 25%
gravimetric moisture content, respectively.

Prior to their introduction to the chambers,
earthworms were placed in plastic jars on damp
paper towels to void their guts for 24 h, then patted
dry and weighed (gut free fresh weight). The
average (7standard error) mass of A. caliginosa
was 0.5070.01 g fresh weight (n ¼ 40) while L.
terrestris weighed 1.8170.03 g fresh weight
(n ¼ 40). A single earthworm was placed on the
soil surface in each chamber, and the chambers
were placed in one of four Conviron incubators set
at 5, 10, 15 or 20 1C. When earthworms are placed
in laboratory chambers containing sieved, unstruc-
tured soil, they spend the first 2–3 days construct-
ing burrows, leading to an elevated rate of surface
casting (Bolton and Phillipson, 1976; Scheu, 1987).
Therefore, measurement of surface casting and
burrowing started on the fourth day after adding
the earthworm, and these activities were measured
every 24 h from day 4 to day 7 of the study. New
surface casts and burrows were marked distinctly
with colored markers every day. The outlines of
surface casts were traced on transparent acetate
sheets, which were then scanned and the total
surface cast area (cm2) was calculated using the
software Winrhizo Pro 5.0a (Regent Instruments
Inc., Ste-Foy, Québec, Canada). Total burrow
length (cm) was calculated by running a string
along the newly marked burrows each day, measur-
ing the length of string, and summing the daily
measurements. The maximum burrow depth (cm)
was the distance from the soil surface to the
bottom of the deepest burrow observed in the
chamber. At the end of the 4-day monitoring
period, earthworms were taken out of the cham-
bers and weighed after voiding their gut for 24 h.

Statistical analysis

Earthworm surface casting data were log trans-
formed (log +1) to adjust for normality and equalize
variance before analysis. The effects of soil
temperature and moisture, and the temperature-
moisture interaction, on earthworm parameters
(change in mass, surface casting, burrow length and
maximum burrow depth) were evaluated using a
two-factor analysis of variance (ANOVA) with the
PROC GLM function of SAS (SAS System 9.1, SAS
Institute Inc., Cary, NC).
Results

Mortality and changes in earthworm mass

Earthworm mortality was low, with no mortality
of A. caliginosa and 5% mortality for L. terrestris.
Upon removal from the plexiglass chambers, earth-
worm mass averaged 0.5370.02 g fresh weight
(n ¼ 40) for A. caliginosa and 1.9970.04 g fresh
weight (n ¼ 38) for L. terrestris. In incubators at 5
and 10 1C, A. caliginosa tended to lose weight, as
did L. terrestris at 5 1C (Tables 1 and 2). A.
caliginosa gained weight when they were kept at
15 and 20 1C, while the greatest weight gain by
L. terrestris was recorded at 20 1C in soil moistened
to �5 kPa (Tables 1 and 2).

Temperature and moisture effects on surface
casting and burrowing activities

Temperature, soil moisture and the interaction
between temperature and moisture were all
significant factors affecting surface casting and
burrowing activity (Tables 1 and 2). In general,
surface casting and burrowing activity increased
with increasing temperature. More surface casting
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Table 1. Temperature and soil moisture effects on the surface casting and burrowing activity of juvenile
A. caliginosa.

Temperature (oC) Soil matric
potential (kPa)

Change in mass
(g fresh weight)

Surface cast
area (cm2)

Burrow length
(cm)

Maximum
burrow depth
(cm)

5 �11 �0.0570.02 0.1070.09 8.972 1172
10 �11 �0.0270.01 2.470.6 2273 1571
15 �11 0.0870.03 2.571.0 48710 2172
20 �11 0.1170.03 2.370.4 8279 2373
5 �5 0.0170.02 5.470.8 1172 8.271
10 �5 �0.0270.03 1171.6 2572 9.672
15 �5 0.1270.04 9.071.1 2876 8.772
20 �5 0.0670.02 1171.4 3372 1575

Temperature P ¼ 0:0001 P ¼ 0:0007 P ¼ 0:0001 P ¼ 0:0032
Moisture NS P ¼ 0:0001 P ¼ 0:0002 P ¼ 0:0004
Temperature�moisture NS NS P ¼ 0:0001 NS

Values are the mean7standard error. Significance of treatment effects was determined by ANOVA, NS ¼ not significant (P40:10).

Table 2. . Temperature and soil moisture effects on the surface casting and burrowing activity of juvenile
L. terrestris.

Temperature (1C) Soil matric
potential (kPa)

Change in mass
(g fresh weight)

Surface cast
area (cm2)

Burrow length
(cm)

Maximum
burrow depth
(cm)

5 �11 �0.1370.04 3.570.8 2077 1671
10 �11 0.1170.03 6.071.5 4878 2071
15 �11 0.0670.02 3.771.0 70719 2171
20 �11 0.2670.08 2.971.1 121725 2874
5 �5 0.0870.03 2.170.6 1.470.7 4.571
10 �5 0.2570.08 9.272.0 1574 177 4
15 �5 0.4070.13 1471.4 3077 2472
20 �5 0.4170.13 1972.2 3773 2273

Temperature P ¼ 0:0001 P ¼ 0:0001 P ¼ 0:0001 P ¼ 0:0001
Moisture P ¼ 0:0001 P ¼ 0:0001 P ¼ 0:0001 P ¼ 0:0238
Temperature�moisture NS P ¼ 0:0001 P ¼ 0:0646 P ¼ 0:0806

Values are the mean7standard error. Significance of treatment effects was determined by ANOVA, NS ¼ not significant (P40:10).
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was observed when A. caliginosa and L. terrestris
were placed in soil at �5 kPa than �11 kPa, but the
burrows were longer in soil at �11 kPa than �5 kPa
(Tables 1 and 2). The maximum depth of burrows
created by A. caliginosa ranged from 8.2 to 23 cm,
and burrow depth increased as the temperature
increased (Table 1). The shallowest burrow (4.5 cm)
was created by L. terrestris housed in chambers at
5 1C with soil at �5kPa, but their burrows typically
ranged in depth from 16 to 28 cm, increasing as the
temperature increased (Table 2).
Discussion

The plexiglass chambers were quite useful in
monitoring the surface casting and burrowing
activities of A. caliginosa and L. terrestris. There
was little mortality of earthworms housed in these
chambers, and many treatments led to weight gain
by earthworms, particularly when the soil tem-
perature was 15 or 20 1C. This is consistent with the
increase in growth rates with increasing soil
temperatures reported for Aporrectodea rosea,
Aporrectodea tuberculata and L. terrestris (Bolton
and Phillipson, 1976; Berry and Jordan, 2001;
Wever et al., 2001). Earthworms often lose weight
or enter diapause when soils are too dry (Booth et
al., 2000; Holmstrup, 2001). Eriksen-Hamel and
Whalen (2006) reported that growth rates of A.
caliginosa were greatest at soil water potentials of
�5 and �11 kPa, suggesting that these matric
potentials would favour earthworm weight gain
and activity, as we observed in this study.
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Higher temperatures and soil moisture levels
were also favourable for surface casting. Surface
cast production typically increases as the soil
temperature increases, due to greater consumption
of soil and organic substrates (Bolton and Phillip-
son, 1976; Scheu, 1987; Daniel, 1991). Greater
surface casting in wet soils than dry soils has been
reported for other lumbricid earthworms (Hindell
et al., 1994; Daniel et al., 1996). However, Zaller
and Arnone (1999) reported no difference in
surface casting in field plots that received ambient
rainfall or ambient plus 280mm rainfall year�1,
although soil moisture was consistently greater in
the plots receiving additional rainfall. We did not
quantify subsurface casting in this study, but our
observations were similar to Whalen et al. (2004),
who reported that subsurface casts were o10% of
the total cast production by juvenile Aporrectodea
spp. and Lumbricus spp. in these plexiglass
chambers.

Although burrow length and maximum burrow
depth increased with increasing temperature,
there was less burrowing in wetter soil (�5 kPa)
than drier soil (�11 kPa). In addition, A. caliginosa
and L. terrestris deposited more casts at the
surface of the wetter soil than the drier soil,
suggesting that they consumed more soil and
organic substrates under these conditions.
Surface soil mixed with litter is a more palatable
substrate when wetted, leading to intensive
feeding and limited burrowing by lumbricid
earthworms (Martin, 1982). L. terrestris gained
more weight at �5 kPa than at �11 kPa,
which is consistent with ingesting more soil and
N-rich litter (Shipitalo et al., 1988). Although
A. caliginosa and other earthworms create burrows
by ingesting and removing the soil in their path,
particularly in compacted soils (Dexter, 1978;
Kretzschmar, 1991), they generate sufficient
axial and radial pressure to push aside soil
particles in non-compacted soils (McKenzie and
Dexter, 1988a, b). We suggest that conditions
in the drier soil were more conducive to this type
of tunnelling and permitted earthworms to
explore a larger volume of soil, deeper in the
chamber. At 20 1C, the burrow length created by
earthworms at �11kPa was 2.5–3.3 times the
burrow length generated in the wetter soil
(�5 kPa), and the maximum burrow depth was
6–8 cm deeper.

In the field, A. caliginosa and A. rosea generate
mostly horizontal burrows with a mean length of
39.2 cm, not exceeding 25 cm in depth (McKenzie
and Dexter, 1993). Lavelle (1997) found that
A. rosea creates burrows mostly in the 0–20 cm
depth, although deep vertical burrows extending to
80 cm are built when soils become very dry, as this
species retreats deep in the soil during diapause.
These results are consistent with the burrowing
depth reported for A. caliginosa in this study.
Francis et al. (2001) packed large cylinders
(24.1 cm diameter) with topsoil and subsoil to a
depth of 50 cm, and found that most burrows
created by A. caliginosa were in the top 10 cm.
These burrows were temporary, since 72–85% were
filled with soil in the 20-day interval between
successive CT scans. We did not observe backfilling
of burrows during the short duration of this
study.

In contrast, L. terrestris generally produces a
single, semi-permanent vertical burrow. In the
field, their burrows can extend to 1m (Shipitalo
and Butt, 1999; Nuutinen and Butt, 2003), but the
maximum burrow depth in laboratory studies is
generally limited by the size of the core or
microcosm used (Bastardie et al., 2003). The
plexiglass chamber was not deep enough, nor wide
enough, to permit deep burrowing and midden
building by L. terrestris. All of the litter was mixed
with soil in the top 19 cm of the chamber, and
generally L. terrestris confined their burrowing
activities to this upper layer, not venturing below
28 cm in the chamber. When soil conditions were
the most unfavourable (cold and wet), L. terrestris
built a burrow large enough for its body, curled up
and remained virtually inactive for the duration of
the study.

Our study confirms that soil temperature and
moisture strongly influence earthworm burrowing
activities. Weight gain and surface casting by
juveniles of A. caliginosa and L. terrestris were
greatest at 20 1C and a water potential of �5 kPa,
but burrowing was favoured more in drier soil
(�11 kPa). Higher temperatures were not tested
since the survival of many lumbricid species
decreases above 20 1C (Edwards and Bohlen,
1996). Our results suggest more intensive feeding
and limited burrowing in wetter soil, while slightly
drier, non-compacted soil may permit more tunnel-
ling and exploration in the soil profile by earth-
worms. How these burrowing activities affect soil
microbial and microfaunal communities is not fully
known. A priming effect (sensu Brown et al., 2000)
is expected when earthworms ingest soil and
litter, and then deposit them in casts at the soil
surface or within abandoned burrows. As earth-
worms move through the soil, they secrete mucus
to facilitate their movement, which can stimulate
microbial activity in the drilosphere (Brown et al.,
2000). The influence of burrowing activities
on the soil foodweb organisms warrants further
investigation.
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