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RESTORATION BY EARTHWORMS (MEGASCOLECIDAE)
OF THE MACROAGGREGATE STRUCTURE OF A
DESTRUCTURED SAVANNA SOIL UNDER FIELD

CONDITIONS

ERIC BLANCHART*
Laboratoire d’Ecologie, Fcole Normale Supérieure, 46 rue d’Ulm, 75230 Paris Cédex 05, France

Summary—The restoration by earthworms (Megascolecidae) of the structure of a 2.0 mm-sieved tropical
ferruginous soil (Ferralsol, FAO) has been studied at Lamto (Céte d’Ivoire).

Soil monoliths (30 x 30 x 25 cm) have been taken in a shrub savanna, 2.0 mm-sieved, homogenized and
put back in the field. Then, they have been subjected to three treatments: no fauna (control), original
savanna fauna and Millsonia anomala Omodeo (Megascolecidae) alone (5 g/bloc).

The distribution of aggregate size classes has been analysed in time (for 30 months) and depth (5 layers
from 0 to 25 cm). A micromorphological study using thin sections has been realized, associated with bulk
density measurements and 2-5 mm class aggregates have been submitted to stability tests.

The results show an important effect of earthworms in the restoration of original macroaggregated
structure by increasing aggregation. In the absence of earthworms, the formation of macroaggregates
>2.0 mm is very limited and may be due to dry-wet cycles and microbial activity. After 30 months of
experiment, aggregates > 2.0 mm only represent 12.9% of soil. Because of 4 low density due to dry climatic
conditions before and during the study, original savanna fauna had not a very important effect during
the first year of experiment. Aggregation increased slowly: 12.0% of soil as aggregates >2.0 mm after 14
months of experiment. Then this amount of large aggregates increased more rapidly (49.9% after 30
months). The most important aggregation is realized in treatment with M. anomala: 31.7% after 6 months
of experiment and 60.6% after 30 months.

The observation of thin sections emphasizes and specifies the role of M. anomala in this aggregation.
Aggregates created in presence of earthworms are more water-stable than those created in absence of

earthworms.

INTRODUCTION

Soils of the humid tropics generally have highly active
earthworm communities dominated by endogeic
populations. They may ingest annually from several
hundreds to 1200 tonnes ha~! dry soil (Lavelle, 1978,
1988). A small fraction (10-50 tonnes ha~!) is
deposited at the soil surface as casts which may play
a role as factors of soil creeping (when they are
fragile) or form a surface mulch which prevents
erosion (when they are large and compact). Infiltra-
tion of water is always faster when earthworm casts
are present (Casenave and Valentin, 1989).

At Lamto (Céte d’Ivoire), a research programme
has been developed to evaluate the effects of earth-
worms on dynamics of soil organic matter (Barois
and Lavelle, 1986; Martin A., 1989; Lavelle_et al.,
1989; Martin er al, 1991) and of soil structure
(Blanchart, 1990; Blanchart et al., 1989, 1990). Soils
are sandy alfisols with low organic matter (ca 1%)
and clay (ca 7.5% kaolinite) contents. They have,
however, an excellent macroaggregate structure
which has been attributed to earthworm activities.

*Present address for correspondence: French Institute,
10 St Louis Street, PB 33, Pondicherry 605 001, India.

This paper reports the results of an experiment
which is part of a research programme aimed at
assessing the role of earthworms in the formation and
maintenance of the macroaggregate structure. In a
preliminary short-term experiment, Blanchart et al.
(1990) have observed the development of structure in
2.0 mm-sieved soil in buckets; 4 treatments were
evaluated: control (bare soil), plants alone (Panicum
maximum), earthworms alone (large species Millsonia
anomala at different biomasses: 1, 3, 5g per bucket
equivalent to 25, 75 and 125g m~? respectively),
earthworms + plants.

After 2 months, 13.5% of soil had been aggregated
as macroaggregates larger than 2.0mm in the
control treatment, and plants had no significant
effects (13.8%). Aggregation was rapid and
important when earthworms were present (35—
59%), irrespective of the presence or absence of
plants. The effect was due to the egestion of large
compact casts and other mechanisms still unex-
plained. But this first study presented jome disadvan-
tages due to the size of containers and limited
duration.

In the present study, formation of aggregates from
a 2.0 mm-sieved soil has been monitored under field
conditions, with different treatments.
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MATERIALS AND METHODS
Study site

The study was carried out at the Station d’Ecologie
Tropicale de Lamto (Cote d’Ivoire). Vegetation is a
mosaic of patches of guinean savannas separated by
gallery-forests and forest patches on some plateaus
with deep soils. Mean annual rainfall is ca 1200 mm
and mean temperature, 28°C.

\

Soils

Soils are poor, tropical ferruginous soils (ferralsols,
F.A.O.)) derived from a granitic parent material
(Riou, 1974). Despite high sand (ca 75%) and low
clay (ca 7.5%) contents, these soils present a strong
macroaggregate structure in the upper 15-25cm.
They have a low organic matter content (2% in the
upper 10 cm of soil) and low cation concentration
(3.2meq 100g™1).

Earthworms

Earthworm communities include nine major
species with diverse sizes and ecological functions
(Lavelle, 1978). The most common species is Millso-
nia anomala, a geophagous, mesohumic endogeic
species which represents 40-80% of biomass depend-
ing on the type of savanna. These worms reach 17 cm
in length and weigh 5 g at the adult stage. In 1972, the
population of a shrub savanna had a mean biomass
of 211 kg ha=! (ca 50% of total earthworm biomass);
their soil ingestion was estimated at 500 tonnes ha~!
during that year (Lavelle, 1978).
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Table 1. Size distribution of aggregate size classes of the original soil
of a natural shrub savanna before and after passing through a
2.0 mm sieve

Total soil (%)

Natural savanna soil

Size of Sieved

aggregates soil 0-2cm 5-10cm 15-25cm
0-250 i 23.7 134113 121+22 10.6+46
250-315 u 6.7 29405 30+03 23410
315-400 18.0 6.8+25 7.6 +£0.5 6.9+23
400-500 » 8.7 58+1.2 47115 41+1.5
500-630 u 14.0 78+42 71423 59420
630 u~1 mm 16.5 11.3+3.1 9.9 +0.6 9.0+22
1-2mm 12.4 9.6+29 75412 74+17
2-5mm 0 99+27 84+19 76105
5-6.3 mm 0 53+15 42+1.1 33404
6.3-10 mm 0 17.1+£ 1.7 182+1.7 157+1.1
>10mm 0 10.1 +£11.7 1754100 2724152
<400 u 48.4 23.2+3.6 27+29 198177
400-2 mm 51.6 34.5+9.6 29.1+53 264+68
>2mm 0 424+9.7 482+45 538+ 144

Experimental design

The experiment was completed in a plot of a shrub
savanna measuring 25 x 30m. One hundred soil
monoliths (30 x 30 x 25 cm) were taken from this
parcel (only 51 were used for this experiment). They
were later air-dried and the soil was destructured and
sieved through a 2.0 mm-mesh. Soil was then care-
fully mixed and put back in the holes where mono-
liths had been sampled. The size distribution of
aggregates of the original and of the 2.0 mm-sieved
soil are given in Table 1: aggregates are equally
distributed between classes 0.4-2.0mm (51.6% of
total soil) and <0.4 mm (48.4%) for the sieved soil.
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Fig. 1. Evolution in time of the percentages of soil as aggregates >2.0 mm according to various treatments.
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Three treatments were applied. To prevent colo-
nization by soil macrofauna, soil monoliths contain-
ing known populations of earthworms or no
earthworms were placed in nylon 100 x-mesh bags
which were only opened at the upper part. The
colonization from the soil surface was not possible as,
the lateral parts of the bags were 5 cm above the soil
surface. Treatments are: (i) no earthworms, (ii)
M. anomala: a population of 5g of M. anomala
(2 juveniles each weighing ca 0.75 g and 2 subadults
each weighing ca 1.75 g) was introduced. This corre-
sponds to a biomass of 555kg ha™!, i.e. 2 times the
natural biomass of this species in normally moist
years). (iii) Original savanna fauna: the sieved soil
was not separated from the adjacent soil by a mesh
bag so that re-colonization by savanna soil fauna was
possible.

Fine mesh nets were stretched 5 cm above the soil
to limit initial raindrop impact (Roose, 1981). If
necessary, these nets were cut to allow the growth of
plants and removed after 1 yr. The experiment started
in April 1987 and lasted 30 months.

Analyses of the soil structure

Size distribution of aggregates is the main par-
ameter of the soil structure that has been monitored.
A dry-sieving method was specifically elaborated in
accordance with local soil properties.

The upper parts of plants are cut off; the soil of
each monolith (25 x 25 x 25cm) is then separated
into five layers (02, 2-5, 5-10, 10-15 and 15-25 cm)
each of which are broken into large fragments
(ca 800 cm®) and air-dried to a moisture content of
ca 5-6% dry wt (pF = 4). Aggregates are separated
by dropping the air dried fragments from a constant
height of 1.5 m onto a hard surface. They are further
air-dried and dry-sieved on meshes of the diameter
classes listed in Table 1. The separated fractions are
weighed and the physical and chemical properties of
aggregates thus separated are further assessed. “Orig-
inal savanna fauna” treatment was sampled at times
2,4, 6,10, 14, 18, 30 months (6 replicates) while “M.
anomala” treatment was only sampled at times 6, 14,
30 months (3 replicates), and ““no earthworms” treat-
ment at times 14 and 30 months (only 1 replicate).

Thin sections were prepared at the ORSTOM
Laboratory of Adiopodoumé (Cote d’Ivoire), to ob-
serve the micromorphological structures created by
earthworms in the experiment. They were obtained
from soil monoliths collected in the upper 12 cm. The
samples were impregnated with a polyester resin.
Addition of a fluorescent dye to the impregnating mix-
ture enabled pores to be seen in the thin section sur-
face under ultra-violet (u.v.) light (Fitzpatrick, 1970).

Soil samples collected in PVC cylinder measuring
10cm height and 5.3cm dia (volume = 220.6 cm®)
were oven-dried (105°C) to determine the bulk den-
sity for different treatments.

Stability tests were used to compare aggregates
created by earthworms and other mechanisms in the
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different treatments of the experiment. We have
chosen the tests elaborated by Le Bissonnais (1988)
which study elementary mechanisms of aggregate
breakdown (slaking, microcracking). Aggregates of
the 2-5mm class have been tested.

(1) First test: slaking resulting from air com-

pression by water inside pores during wetting.
Air-dried aggregates are immersed in water for

Smin. Then water is cautiously evacuated using a
pipette and aggregates are immersed in ethanol
and 125 u-sieved. Particles >125u are oven-dried
(105°C) and dry-sieved at 0.25, 0.5, 1.0 and 2.0 mm
without stirring.

(2) Second test: microcracking resulting from
swelling (capillarity wetting procedure).

Air dried aggregates are laid on an hydrophilous
mesh in contact with water. They are progressively
moistened. After 5min, aggregates are immersed in
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Fig. 2. Water-stability of 2-5mm aggregates in original
savanna fauna treatment (dots) and control treatment
(white) at different depths, 30 months after starting of
experiment. Means and confidence intervals (P < 0.05).
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ethanol and 125 y-sieved. Particles > 125 y are oven-
dried (105°C) and dry-sieved at 0.25, 0.5, 1.0 and
2.0 mm without stirring.
(3) Third test: mechanical shaking.

Air-dried aggregates are immersed in ethanol for
5 min. Ethanol is then evacuated and aggregates are
immersed in a large quantity of water. The sample is
turned over 20 times, let at rest and after 10 min,
water is evacuated and aggregates are immersed in
ethanol and 125 u-sieved. Particles > 125 y are oven-
dried (105°C) and dry-sieved at 0.25, 0.5, 1.0 and
2.0 mm without stirring.

RESULTS
Time and treatment effects

Structure of the natural savanna soil shows very
limited seasonal variations at Lamto (Blanchart,
1990). In the upper 25cm of soil, ca 50% of soil
comprise aggregates >2.0mm and ca 20% aggre-
gates <0.40 mm. The upper layer (0-2cm) is less
macroaggregated (42.4% on average of soil as aggre-
gates >2mm) than the 15-25cm layer (53.8%)
(Table 1). The overall soil bulk density is only slightly
lower in the upper 10 cm than between 10 and 20 cm
(Table 2).

The size distribution of aggregates observed from
the sieved soil (Table 1) differently evolves according
to the treatments. The percentages of aggregates
> 2.0 mm collected in the whole monoliths have been
calculated (Fig. 1). In control treatment soil aggrega-
tion increases regularly with time (as determined from

Table 2. Bulk density measured in the three treatments and the
control soil at different times and depths. Means and confidence
intervals (P < 0.05)

Date (months after starting)

Treatment October 1987  June 1988  October 1989
(depth) (6 months) (14 months) (30 months)
M. anomala

0-10cm 1.40 + 0.06 1.43 +0.05 1.43 +0.04

10-20 cm 1.23 +0.21 1.39 + 0.03 1.37 + 0.01
Original fauna

0-10cm 1.22 +0.07 1.31 + 0.02 1.32+0.12

1020 cm 1.26 £+ 0.02 1.3540.07 1.38 + 0.09
No earthworms .

0-10cm ND 1.33 +0.04 1.29

10-20 cm ND 1.32 4+ 0.07 1.37
Natural savanna

0-10cm 1.42+0.25 1.52 +0.04 ND

10-20 cm 1.51 +0.09 1.53 +0.04 ND

two samples) and the percentage of soil aggregates
>2.0 mm at the end of experiment is 12.9%. At this
time, the bulk density is much lower than that of
natural soil (Table 2). With 5g of M. anomala per
monolith, aggregation increases rapidly and after 6
months of experiment, 31.7% on average of soil is as
aggregates > 2.0 mm. Then, aggregation continues to
increase although a bit slower and at the end of the
experiment, 59.9% of the soil has been structured
into aggregates >2.0mm. In this treatment, bulk
density increases rapidly in the upper 10 cm of soil
(1.40 on average after 6 months) and more slowly
between 10 and 20 cm (Table 2). In “original savanna
fauna” treatment, the differences between all dates
from 2 months to 14 months are not significant due
to the dispersion of date (Table 3). We can therefore

Table 3. Distribution of aggregates (mean values) in three size classes and evolution in time
of aggregation in all treatments. Minimal and maximal values are presented in parentheses

Months Aggregate Treatments
after size
starting classes Original fauna M. anomala No earthworms
2 >2.0mm 7.6 (3.5-14.8) ND ND
0.4-2 mm 50.5 (43.9-55.7) ND ND
<0.4 mm 41.9 (39.9-44.4) ND ND
4 >2.0 mm 9.5 (7.9-10.2) ND ND
0.4-2 mm 55.3 (54.5-55.6) ND ND
<0.4 mm 35.2 (34.4-36.5) ND ND
6 >2.0mm 17.1 (11.8-25.9) 31.7 (30.5-32.9) ND
0.4-2 mm 47.1 (40.2-54.9) 35.4 (34.9-36.3) ND
<0.4mm 35.8 (29.4~40.1) 32.9 (30.7-34.6) ND
10 >2.0 mm 8.6 (5.2-12.5) ND ND
0.4-2 mm 48.7 (43.8-52.6) ND ND
<0.4 mm 42.7 (40.2-45.3) ND ND
14 >2.0 mm 12.0 (8.0-16.5) 45.5 (40.8-49.4) 48
0.4-2 mm 49.2 (45.4-53.4) 31.9 (28.8-36.3) 53.8
<0.4 mm 38.8 (36.2-41.1) 22.6 (21.9-23.0) 41.4
18 >2.0 mm 19.4 (13.1-27.5) ND ND
0.4-2 mm 47.0 (44.8-48.5) ND ND
<0.4 mm 33.6 (27.7-38.9) ND ND
30 >2.0mm 49.9 (33.2-65.2) 60.6 (56.8-64.8) 12.9
0.4-2mm _ 28.5 (19.7-38.1) 23.0 (20.9-24.8) 45.1
<0.4 mm 21.5 (15.2-28.7) 16.4 (14.3-18.3) 42.0

Fig. 3. (See facing page.) Thin sections of 0~12 cm layer of soils. (a) natural savanna. (b) control treatment
after 30 months of experiment (u.v. light). (c) original savanna fauna treatment (6 months). (d) original
savanna fauna treatment (30 months) (u.v. light). (¢) M. anomala treatment (6 months). (f) M. anomala
treatment (30 months (u.v. light)). Legend: m = M. anomala casts; e = Eudrilidae casts; o = casts of other

species; v = macropores; t = termite galleries; ¢ = surface crust.
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Fig. 3. (Caption on facing page.)
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infer that aggregation in these soils is slow. Aggre-
gates >2.0 mm only represent around 10% of soil in
the first 14 months of the experiment. After 14
months, aggregation increases rapidly and at 30
months, aggregates >2.0 mm represent 49.9% on
average of total soil. Bulk density ranges from 1.2 to
1.3 after 6 months of experiment and these values are
undoubtedly close to that in control treatment, at the
beginning of experiment, if measured. Then, bulk
density weakly increases and is hardly lower in the
upper 10 cm than between 10 and 20 cm at the end of
experiment. '

Effect of treatment on aggregate stability

Aggregates in “original savanna fauna” treatment
are more water-stable than aggregates in control
treatment irrespective of test and depth (Fig. 2). They
are more sensitive to the “slaking test, than to the
“mechanical shaking” test and they are more resist-
ant to microcracking due to progressive moistening.
The greatest difference. between aggregates from
“original savanna fauna” and control treatments is
observed in the 2-5cm layer. At 10-15cm, the
difference is lower.

Capillarity wetting procedure induces a low disin-
tegration: 18 (2-5 cm) to 25% (02 cm) disintegrated
aggregates in control treatments and only 6 (0—2 cm)
to 9% (10-15 c¢m) in “original savanna fauna” treat-
ment. On the opposite, immersion in water is more
destructive: 38 (10-15¢cm) to 45% (2-5cm) in no
earthworms treatment and 29 (0-2cm) to 32%
(2-5cm) in original fauna treatment. Mechanical
shaking induces an intermediate disintegration: 32
(0-2 cm) to 46% (2-5cm) without earthworms and
18 (0-2cm) to 32% (10-15cm) with earthworms.

Aggregate created in the absence of earthworms
are more stable between 0 and 2 cm and between 10
and 15 cm than between 2 and 5 cm; while aggregates
formed in the presence of earthworms are more
water-stable between 0 and 2 cm. In the latter treat-
ment horizons 2-5 and 10-15 cm give identical results
except for mechanical shaking test.

Observations on thin sections

Morphological observations on thin sections show
that earthworm casts produced by several species are
abundant in the natural soil (Jeanson et al., 1978;
Lavelle, 1978) [Fig. 3 (a)]. Two types of casts may be
distinguished. The first type (m) is characterized by a
dark peripheral layer made of clays and organic
matter. These casts which are the most numerous, are
fitted in together and fill earthworm burrows. They
are certainly recent casts because their structures are
not altered: the peripheral layer separates the porous
surrounding soil from the compact internal part of
the cast where some voids are present between quartz
particles. Casts of the second type (o, €) are dark and
not outlined by an external layer; they are either casts
of other species or ancient casts. “Ageing” character-
izing ancient casts makes them hardly recognizable
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(Bal, 1973). We can therefore infer that at least 50%
of the surface in a thin section is occupied by recent
or old recognizable casts.

A thin section prepared from the control treatment
after 30 months of experiment shows (under u.v.
light) an absence of biological structure [Fig. 3 (b)].
The sand particles are uniformly distributed, and the
porosity seems to be homogeneous, except two sub-
rounded macropores (t). This soil displays a thin
surface crust (c).

After 6 months of experiment, a few macropores
(v) due to soil fauna activity are visible in original
savanna fauna treatment and the presence of earth-
worms in soil monoliths is confirmed by a few recent
casts (m) [Fig. 3(c)]. On the other hand, small dark
aggregates are abundant near the soil surface and are
supposed to be casts attributed to small Eudrilidae
(e). After 30 months of experiment a thin section of
soil of the treatment observed under u.v. light, clearly
shows the earthworm casts due to their very low
porosity [Fig. 3(d)]. The recent casts are distinct
whereas ancient casts more or less disintegrated are
not so visible. The surface of thin section occupied by
cast was estimated to 32%.

Soils with 5g of M. anomala are much more
aggregated after 6 months of experiment [Fig. 3(e)]
than soils in original savanna fauna treatment. Large
pores have been created by earthworms and recent
casts are numerous and present a thin peripheral
layer which is characteristic of casts of M. anomala
(m). Some casts have already lost their characteristic
peripheral layer as a result of their ageing. The soil
structure has been altered from the beginning of this
experiment, due to earthworm activity. This aggrega-
tion is even more apparent after 30 months of
experiment when the soil is strongly aggregated
[Fig. 3(f)). This thin section observed under u.v. light
shows that casts are regularly distributed in the
profile. Only some rare soil particles have not been
ingested by earthworms. We estimated the surface of
thin section occupied by casts to 74%. This structure
is characteristic of a “total excremental structure”
(Fedoroff, pers. commun.).

DISCUSSION

The dry-sieving method used in our experiment
allows separation of aggregates from different origin.
Large aggregates (> 2.0 mm) may be earthworm casts
or aggregates formed by physical (action of soil
colloids) or microbial mechanisms (as in the control
treatment) (Blanchart et al., 1990). In a sieved soil,
M. anomala induce a strong aggregation directly
dependent on earthworm biomass. This aggregation
is more important between 2 and 15cm depth and
never exceeds a limit of 60% of soil as aggregates
>2.0mm.

In treatments and times with low abundance of
soil fauna, aggregation at the soil surface may be
explained by the formation of a crust due to raindrop
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impact, whereas aggregation in depth is mainly due
to physical compaction by colloids. In the first stages
of original savanna fauna treatment, development of
soil structure is low and uneven due to the pattern of
colonization by earthworms. This low aggregation
may be due both to a low activity of large worms
which were not abundant in natural savannas before
and in 1987 due to dry climatic conditions (Blanchart,
1990) and a relatively greater activity of Eudrilidae
which are little filiform earthworms. These worms
have high colonization abilities (Lavelle, 1978) and
are able to create a few large aggregates in soil,
however, this is much less than large worms (Blan-
chart et al., 1989).

Rounded-shaped and large-sized casts excreted in
the soil seem to be more compact than the surround-
ing soil and this compaction in the ingested soil
in casts induces the creation of large pores (m)
between the casts (from 1 mm to 1 cm dia) especially
concentrated close to the soil surface [different from
termite galleries (t) observed on some thin sections].
In fact, the presence of earthworms causes an increas-
ing of bulk density. This is particularly clear in
M. anomala treatment as these earthworms essen-
tially act in the first 10 cm of soil; at this depth, bulk
density values are the highest. In the original savanna
fauna treatment, bulk density is lower in the first
10 cm than between 10 and 20 cm due to the presence
of depth species as Dichogaster terrae-nigrae. This
increasing bulk density, resulting from earthworm
activities, seems to be associated with an increasing
number of large-sized pores, that confirms the high
compaction of soil in casts. These casts are compact
even if voids are abundant in them. These voids may
be due to 2 mechanisms (Kretzschmar, 1987): reorga-
nization of mineral particles after egestion and retrac-
tion of intestinal mucus combined with mineral
particles during intestinal transit. The latter expla-
nation is not valid for M. anomala because the
quantity of mucus in casts is extremely low (Martin
et al., 1987).

Another characteristic of the casts of M. anomala
is the presence of a peripheral layer (cortex) which is
ca 25 u thick on average (Blanchart, 1990). It seems
to have some hydrophobic properties and probably
has some importance for aggregate stability. Aggre-
gates are resistant to microcracking, so soil water
has a poor role in cast disintegration, except at
the beginning of rain season when slaking may be
important. So the life span of cast is all the more long
since M. anomala do not reingest their own fresh casts
(Blanchart, 1990). These worms by creating large
aggregates and stabilizing soil organic matter in their
casts (Martin A., 1989) have an important effect in
the dynamics of soils at Lamto. Dynamics of ageing
of these casts, their breakdown into smaller aggre-
gates and their internal porosity need to be investi-
gated in order to better understand dynamics of the
soil structure and soil organic matter at Lamto
(Lavelle, 1988). This knowledge will be further inte-
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grated into the simulation model currently developed
(see, e.g. Lavelle and Meyer, 1983; Martin S., 1989).

As a conclusion, our experimental study confirms
at a medium time scale results obtained at the lower
scale of 2 months (Blanchart et al., 1990). Endogeic
earthworms play an important role on soil organic
matter dynamics (Martin A., 1989) and on physical
soil properties (porosity, infiltration, aeration . ..) at
Lamto as the macroaggregate structure observed in
the first 15-25cm results from intense earthworm
activity.
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