Effects of Earthworms on Soil 5
Structure and Physical
Properties

Eric Blanchart', Alain Albrecht’, Julio Alegre’,
A. Duboisset’, Cécile Gilot’, Beto Pashanasi’,
Patrick Lavelle® and Lijbert Brussaard®

'Laboratoire Biologie et Organisation des Sols Tropicaux, IRD,
Fort-de-France, Martinique; *Laboratoire d’Etude du
Comportement des Sols Cultivés, IRD, Montpellier, France;
*ICRAF, La Molina, Peru; “Laboratoire d’Ecologie des Sols
Tropicaux, IRD, Bondy, France;*Laboratoire de Pédobiologie,
IRD, Dakar, Senegal; * Department of Terrestrial Ecology

and Nature Conservation, Agricultural University,
Wageningen, the Netherlands; ’ICRAF/INIA, Estacién
Experimental ‘San Ramdn’, Yurimaguas, Peru

Summary

The effects of earthworms on soil structure and the resulting physical proper-
ties in natural or cultivated systems were studied in the different sites of the
Macrofauna project. Four main results were obtained from these experiments :

1. In kaolinitic soils (Lamto, Manaus, Yurimaguas), irrespective of clay
content, endogeic earthworms play a major role in soil structure formation
and maintenance, while in smectitic soils (Martinique), the effects of earth-
worms on soil structure formation and maintenance are not as clear. In
the Vertisols of Martinique, the effect of roots and organic materials seem pre-
dominant in soil structure development and earthworms play a secondary
role.

2. Endogeic earthworm species have different effects on soil properties. Large
earthworms such as Pontoscolex corethrurus or Millsonia anomala egest large
and compact casts. They increase the proportion of large aggregates in soil and
the bulk density; they are called ‘compacting species’. Conversely, small earth-
worm species such as eudrilid worms feed at least partly on large compact casts
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and egest smaller and fragile aggregates. They decrease the proportion of large
aggregates in soil and the bulk density; they are called ‘decompacting species’.
The effect of ‘compacting species’ on soil structure formation seems to be linked
to the presence of organic residues at the soil surface. In agroecosystems of
Yurimaguas (Peru), the intense activity of P. corethrurus and the coalescence of
surface casts lead to the formation of a compact surface crust which impedes
water infiltration in the absence of organic residues, but a favourable
macroaggregate structure develops in the presence of organic residues and
leguminous mulch.

3. The introduction of earthworms in agroecosystems changes soil physical
properties and especially water retention and infiltration. The introduction
of ‘compacting species’ in agroecosystems tends to decrease the infiltration
rate and to increase water retention capacity, while the introduction of
‘decompacting species’ increases the infiltration rate and decreases water
retention capacity.

4. Thestability of structuresproduced by earthworms in kaolinitic soilsis very
high and these structures may last for a long time in soils. For instance, at
Lamto, the mean life span of casts was estimated to be 26 months in a shrub
savanna. Large and compact casts were still observed many months after earth-
worm eradication. Thus, the effects of earthworms on soil physical properties
may last for 2-3 years after earthworms have been removed from the soil.

The joint presence of both ‘compacting’ and ‘decompacting’ species and
organic residues in tropical agroecosystems appears to be necessary to sustain
physical soil fertility.

Introduction

The importance and functional significance of earthworms in the soils of the
humid tropics have received much attention in the last few years. Although
studies were carried out mainly in natural ecosystems (savannas or forests), a
few experiments were done in agroecosystems, especially in the Macrofauna
project. In cultivated areas, earthworm communities are strongly modified as
compared with natural systems, showing low species diversity and coloniza-
tion by competitive endogeic species which have specific functions (Chapters
1-3; Fragosoetal., 1997).

Soil structure is an important component of soil fertility as it affects physi-
cal processes (erosion, runoff, infiltration, aeration, drainage, water retention,
soil evaporation, thermal and mechanical properties of soil), nutrient cycling
(mineralization, immobilization, ion exchange), carbon cycling (respiration,
organic inputs, root and microorganism turnover, decomposition,
humification and physical protection of organic matter, localization of organic
matter) and biological activity (movement of soil fauna, microorganism



Effects on Soil Structure and Physical Properties 151

activity) (Dindal, 1985; Elliott and Coleman, 1988; Jastrow and Miller, 1991;
Lee and Foster, 1991; Lavelle et al., 1992; Oades, 1993).

In natural tropical and temperate ecosystems, earthworms are usually
considered to be responsible for a ‘good’ soil structure and improved soil
physical properties (infiltration, water retention, resistance to erosion),
although negative effects have also been reported (Rose and Wood, 1980), e.g.
coalescence of excrements forming a sticky and compact soil surface, impeding
water infiltration.

The present chapter aims to analyse and synthesize the results obtained
in a few sites of the humid tropics by the Macrofauna team on the effects
of endogeic earthworm species on soil structure and associated physical
properties, in natural and especially in cultivated systems (Table 5.1). The
physical properties of casts produced by the animals will be described, and
the consequences of their casting and burrowing activities for aggregation,
porosity and resulting properties will be analysed.

Materials and Methods
Sites

The relationship between endogeic earthworms and soil structure was studied
in a few sites of the humid tropics (Table 5.1): Lamto (Ivory Coast), La Mancha
(Mexico), Yurimaguas (Peru), Manaus (Brazil), St Anne (Martinique) and
Iyerpadi (India).

Experiments

Pot experiments were conducted at Lamto (Derouard et al., 1997) using three
crops (maize, rice and peanut), at La Mancha (Barois et al., 1992) using maize
and beans, and in Cameroon with maize (Brussaard et al., unpublished data).
Field experiments were set up at Lamto with maize and yam (Gilot, 1994),
at La Mancha with maize (six successive crops) (Barois et al., 1992), at
Yurimaguas with six successive crops (maize, rice, cowpeag, rice, rice and rice)
(Pashanasi et al., 1992), at Iyerpadi with tea (Senapati et al., 1994a) and at
St Anne with pangola grass (Digitaria decumbens; Albrecht, 1993). In these
experiments, effects of both earthworm introduction and crop residue applica-
tion were studied.

Measurements of soil structure and physical properties

Soil structure was assessed through the observations of thin sections, either
under plain light or under UV light. Aggregate size distribution for sandy soils



Table 5.1.

Characteristics of study sites.

Lamto
(Ivory Coast)
6°13'N, 5°02'W

La Mancha
(Mexico)

19°36’N, 96°22'W

Yurimaguas
(Peru)
5°45’S, 75°05'W

Manaus
(Brazil)
3°60'S, 60°00°' W

St Anne
(Martinique)

14°36'N, 62°34'W

lyerpadi
(India)
10°40’'N, 77°E
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temperature (°C)
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3
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Market-gardening
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Tea gardens
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Pot experiment

Cast

Production
Physical properties
Soil

Aggregate size
distribution

Porosity
Infiltration rate

Water holding
capacity

Erodibility

Site description

Maize, rice, Maize, beans
peanut,

Panicum
maximum

Blanchart (1990), Barois et al. (1992) Pashanasi et al.

Gilot (1994)

(1992), Alegre et
al. (1995),
Duboisset (1995)

Fontaine (1994)
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was measured using the dry-sieving method described by Blanchart (1990),
which allows the separation of several size classes. Aggregation and aggregate
stability of the Vertisol of Martinique were measured using the method
described by Albrecht et al. (1992) (soil is submitted to increasing shaking time
in water). The total porosity in sandy soils was assessed through the measure-
ment of bulk density or shrinkage curves analyses, and pore size distribution in
casts was measured using mercury porosimetry. For the swelling soil of
Martinique, we measured the air-specific volume (structural porosity which is
not influenced by water content). Infiltration rates were measured at Lamto in
pot experiments and at Yurimaguas by measuring water percolation with a
110 mm internal diameter cylinder, driven into the soil to a depth of 150 mm.
Soil erodibility was also studied at St Anne using a mini-rainfall simulator on a
1 m? area.

Physical Properties of Earthworm Casts
Transformations in the earthworm gut

After the soil has been ingested by earthworms, it undergoes many transform-
ations in the earthworm gut (Chapter 3). Soil macrostructure is strongly modi-
fied due to intense mixing and water addition which starts in the gizzard. A
modification of soil microstructure has also been observed in some cases, after
soil particles have been dispersed and reorganized around bacterial colonies or
organic particles (Barois et al., 1993; Chapuis et al., 1996). Conversely, in
clayey kaolinitic Latosols of Central Amazonia, soil passing through the intesti-
nal tract of Pontoscolex corethrurus is not disaggregated completely;
microaggregates from 10 to 100 pm in diameter are neither broken nor dis-
persed (Fontaine, 1994). The same phenomenon was observed for
Polypheretima elongata in Vertisols of Martinique (Charles, Blanchart and
Bernard, unpublished data).

Water content in casts

When egested, casts are characterized by a high water content (Barois and
Lavelle, 1986). Although part of the water is reabsorbed in the posterior part of
the gut, casts are wet and pasty when egested. Casts of Millsonia anomala have
a water content of 29% when egested, i.e. 2.5 times the water content at field
capacity (12%) of Lamto savanna soils. In Mexico, casts of P. corethrurus had a
water content of 99%, while soil water content was 35% at field capacity
(Barois and Lavelle, 1986). In Martinique, casts of P. elongata have a water
content of at least 70%, while vertisol water content at field capacity is approx-
imately 40% (Blanchart, unpublished data).
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Particle size distribution in casts

The particle size distribution in casts is generally of smaller size classes as
compared with that of soil; this is very clear for sandy soils and for small earth-
worm species or individuals (Chapter 3). Using image analysis on Yurimaguas
soil thin sections, Duboisset (1995) showed that casts of P. corethrurus have a
significantly higher content of fine particles and a non-significantly lower
content of coarse particles than the non-ingested soil (Fig. 5.1).

Density of casts

Cast density has been measured for a few endogeic earthworm species; depend-
ing on the species, it may be higher or lower than the bulk density of soil (Lal,
1987). Highest values were reported for M. anomala casts (1.8-2.0 Mg m™3) as
compared with the bulk density of soil (1.45 Mg m™ in the upper 10 cm)
(Blanchart et al., 1993). Their total pore volume was 0.13 m™ Mg (total
porosity 25%) mainly in the 18-25 pm class. Casts of M. anomala probably
have a higher water retention capacity than bulk soil due to the abundance of
small pores and despite their relatively low total porosity. Lal (1987) also
observed different pore size distributions for Hyperiodrilus africanus casts and
control soil; casts were characterized by a higher proportion of fine pores. The
difference in pore size distributions between casts of P. corethrurus and
kaolinitic clayey soils of Central Amazonia is mainly for pores > 1 um which
are absent in casts and present in control soil (Chauvel et al., 199 7). For Ultisols
of Yurimaguas, Duboisset (1995) measured a lower porosity in P. corethrurus
casts than in non-ingested soil (Fig. 5.1). For swelling clayey soils such as
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Fig. 5.1. Coarse and fine particles and pores in non-ingested soil (0—4 cm) and
casts of Pontoscolex corethrurus (Yurimaguas, Peru), as a percentage of thin section
surface (Duboisset, 1995).
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Vertisols of Martinique, bulk density varies with water content; it is thus better
to use the specific air volume as an indicator of soil porosity. This volume is
equal to 0.045 m® Mg (S£0.012, n = 27) for casts of P. elongata cultured on a
pasture soil (soil organic carbon in 0-10 cm = 30 g Ckg™ soil) and 0.026 m?
Mg (SE 0.004, n = 22) for casts of P. elongata cultured on a food-cropped soil
(soil organic carbon in 0-10cm =15g C kg™ soil) (Fig. 5.2) (Blanchart,
unpublished data). Soil organic matter in Vertisols seems to be a determining
factor of cast physical properties.

Water stability and mechanical resistance of casts

Earthworm casts, generally made up of fine particles and wet when egested,
have a low water stability; they are very fragile and may be easily dispersed
(Shipitalo and Protz, 1988). At Lamto, fresh casts of megascolecid and eudrilid
worms disappeared after a precipitation of 18 mm, when they were not pro-
tected by vegetation (Blanchart, 1990). With time and drying or
drying-rewetting cycles, casts become more stable (Blanchart, 1990;
Marinissen and Dexter, 1990; Hindell et al., 1994); this would explain why
many authors have noted a better stability for casts than for control soil (De
Vleeschauwer and Lal, 1981). In Martinique (Vertisols), water stability tests
were done on cultivated soil, fresh and air-dried casts of P. elongata. Without
any mechanical shaking, the median aggregate diameters, i.e. the particle
diameters corresponding to 50% of particle weight on the particle size distribu-
tion cumulative curves, were calculated as: 170 pm for soil, 27 pm for fresh
casts and 210 um for air-dried casts (Blanchart, unpublished data). At Lamto,
large air-dried aggregates (> 10 mm) collected in treatments with earthworms

W
o

Soil
[ Cast

Soil organic carbon content
(010 cm) (g kg™)
o
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Specific air volume (cm3 g™1)
Fig. 5.2.  Specific air volume of casts of Polypheretima elongata cultured in a low

organic carbon (15 g C kg™! soil) and a high organic carbon (30 g C kg™! soil)
Vertisol (Martinique) (mean and sg} (Blanchart, unpublished data).
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(M. anomala) only or with plants (Panicum maximum) only had different
mechanical resistance: a crushing pressure higher than 0.6 kg cm™ was
needed to break air-dried aggregates created in earthworm treatments,
whereas 0.2 kg cm™ was enough to break air-dried aggregates created in the
presence of plants only (Blanchart, 1990).

Ageing and stabilization of casts

Mechanisms of cast stabilization have been investigated often (reviewed in Lee,
1985; Shipitalo and Protz, 1989; Marinissen and Dexter, 1990; Zhang and
Schrader, 1993). Duboisset (1995), using image analysis of thin sections of
soil and casts, noted a different evolution of structure between internal and
external parts of casts during cast drying. Porosity was less important in the
external part of casts than in the internal part, irrespective of the age of the
cast, and this difference increased with time (Fig 5.3). The proportion of large
pores increased in the internal part of casts. This author also noted an increase
of elongated pores with cast ageing.

The cortex of casts
Under daylight, thin sections of Lamto soils showed a dark peripheral layer
(i.e. cortex) made of fine particles around earthworm casts (Blanchart, 1992).

This cortex was investigated further by scanning electron microscopy; it is

20

Inner part of cast Quter part of cast
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[] Small pores
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Time of air-drying Time of air-drying
Fig. 5.3. Evolution with time of porosity (large and small pores) in the outer and

inner parts of casts of Pontoscolex corethrurus, during air-drying (Yurimaguas, Peru)
(Duboisset, 1995).
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approximately 25 um thick and gives the surface of the casts a smooth and
closed aspect (Blanchart et al., 1993). This cortex was also observed in casts
of other species and in more fine textured soils: P. corethrurus in Mexico
(Barois et al,, 1993) and P. corethrurus in Amagzonia (Grimaldi, Blanchart
and Sarrazin, unpublished data). Gilot (1994) observed that destruction of
M. anomala casts in soil begins with the disappearance of the cortex before casts
break down completely or are ingested by smaller worms (Blanchart et al.,
1997). When the porosity of these casts was measured by mercury intrusion,
this cortex impeded mercury penetration at low pressures.

The large size, compaction, stability and presence of a cortex which
characterize large earthworm casts such as those of M. anomala involve: (i) a
low diffusion of oxygen; in the middle of > 10 mm casts, conditions may
be anoxic and favour denitrification (Elliott et al., 1990); and (ii) the physical
protection of organic matter (Martin, 1991; Ladd et al., 1993). Martin and
Marinissen (1993) emphasized the importance of physical processes as regula-
tors of biological processes.

Effects of Earthworm Manipulation on Soil Aggregation and
Porosity

The production of casts by endogeic earthworms leads to strong modifications
of soil structure and associated soil properties.

At Lamto, where the endogeic earthworm community egests more than
1000 Mg ha™ year™ (Lavelle, 1978), a macroaggregate structure is present
in the upper 20 cm of soil (50% of soil as aggregates > 2 mm, and 20% of soil
as aggregates < 400 pm) (Blanchart, 1992). Various pot or field experiments
showed that this structure was due to earthworm activity. Field studies
manipulating M. anomala showed that earthworm treatments rapidly built a
macroaggregate structure from a destructured (sieved through 2 mm) soil
(Blanchart, 1992). These studies showed that after 14 months of experiment-
ation, soils in a treatment without earthworms had a smaller percentage of
aggregates > 2 mm (5%) than soils in a treatment with earthworms (45%).
These results were confirmed by a pot experiment, with or without plants
(Blanchart et al., 1990; Derouard et al., 1997) showing the importance of
M. anomala for soil aggregation.

Gilot (1994) studying maize growth on a 2 mm sieved soil, in the presence
or absence of M. anomala, found that after 10 months of experimentation, the
original structure was found in the treatments with earthworms, i.e. 50% of
soil as aggregates > 2 mm compared to 30% in the treatment without earth-
worms. From 20 months onwards, bulk density was higher in inoculated
than in non-inoculated treatments at 0-10 cm depth, with values of 1.47 and
1.37 Mg m~3, respectively. This was particularly obvious if mulch was not
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applied at the soil surface. At 10-20 cm depth, bulk density was also signifi-
cantly higher in the inoculated than in the non-inoculated treatment.

The effects of eudrilid worms (small-sized Chuniodrilus zielae and
Stuhlmannia porifera, and medium-sized H. africanus) on aggregation have also
been demonstrated (Blanchart et al., 1989; Derouard et al, 1997). These
studies showed that these worms were able to form aggregates of 2-5 mm in
diameter when introduced in a 2 mm sieved soil, but most of their casts had
diameters in the range of 0.5-2 mm. Thus M. anomala is largely responsible for
the formation of aggregates > 2 mm and small eudrilid earthworms for the for-
mation of aggregates of 0.5 to 2 mm (Figs 5.4 and 5.5). Derouard et al. {1997),

= Control ® Millsonia anomala 0O Eudrilid worms
Q Hyperiodrilus africanus B Millsonia anomala + Eudrilid worms
—~ 1.25
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Aggregates >2 mm (% of total soil)

Fig. 5.4. Aggregation and bulk density in pot experiments at Lamto (lvory Coast)
for different earthworm populations and three crops (adapted from Derouard et al.,
1997).
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Fig. 5.5. Evolution of bulk density and macro-aggregates in undisturbed soil

(0-10 cm) submitted to different earthworm populations in a field experiment
(Lamto, Ivory Coast) (adapted from Blanchart et al., 1997).
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in pot experiments, showed a decrease of total porosity in the M. anomala treat-
ment; there were no differences between porosity in control treatments
without earthworms and porosity in Eudrilidae treatments.

Additional experiments allowed a precise measurement of the role of
endogeic earthworms and especially large (M. anomala) and small (Eudrilidae)
earthworms in the conservation of Lamto’s soil structure (Blanchart et al.,
1997). Soil monoliths collected in the field were defaunated by a short immer-
sion in warm water (without noticeable modification of soil structure and
plants), and earthworms were introduced or not in these monoliths, which
were replaced in the field. Four treatments were applied: (i) control soil without
earthworms; (ii) original soil fauna; (iii) M. anomala; and (iv) small eudrilid
earthworms.

After 28 months of experimentation, soil in the treatment with M. anomala
was characterized by 60% of aggregates > 2 mm, versus 45% in the original
fauna treatment, 20% in control soil, and 18% in the treatment with small
eudrilid worms. Small and large earthworms also had different effects on soil
porosity (Blanchart, 1990; Blanchart et al., 1997). M. anomala formed large
sized and compact aggregates; the consequence was an increase in
macroporosity (~1 mm) and microporosity (~10 pm) and a decrease of
mesoporosity (~100 um). As a consequence, bulk density increased, structural
porosity tended to be equal to or lower than textural porosity, and water reten-
tion capacity was raised. When earthworms were excluded from the soil, total
porosity increased with time (especially mesoporosity), bulk density decreased,
structural porosity tended to be higher than textural porosity. When only
small eudrilid earthworms were present, bulk density decreased, structural
porosity was much higher than textural porosity, and water retention capacity
decreased (Figs 5.6 and 5.9).

The conclusion from these experiments is that eudrilid worms
(‘decompacting species’) promote the destruction of large aggregates formed
by large ‘compacting’ earthworms like M. anomala. It can be inferred that the
macroaggegate structure of the upper 20 cm of Lamto’s soils resulted from the
antagonistic activities of ‘compacting’ and ‘decompacting’ earthworms
(Blanchart et al., 1997).

Aggregate size distribution and bulk density were also studied at
Yurimaguas (Peru), in treatments where P. corethrurus were introduced or not
(Alegre et al., 1995). Without earthworms, aggregates < 0.5 mm increased,
aggregates 2—10 mm decreased (from 41 to 33% of soil) and porosity increased
with time. With earthworms, aggregates < 0.5 mm decreased, aggregates
> 10 mm increased (from 25 to 31% of soil) and porosity decreased (especially
in the upper 10 cm of soil).

On a smaller scale, Duboisset (1995), using thin section descriptions and
image analysis, described the effect of introduction of P. corethrurus and/or
residues and/or leguminous mulch on aggregation and porosity after 3 years
of experimentation (six crops). He showed two different effects in the presence
of earthworms and in the absence of leguminous mulch: in the upper 1.5 cm,
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Fig. 5.6. Evolution of porosity (structural and textural) in undisturbed soil
(0-10 cm) submitted to different earthworm populations in a field experiment
(Lamto, Ivory Coast). MA = Millsonia anomala, Co = control, NE = no earthworms,
EU = eudrilid earthworms (adapted from Blanchart et al., 1997).

earthworm activity induced a compaction of the soil surface through coales-
cence of unstable casts and thus formation of a surface crust; below 1.5 cm
depth, the structure was macro-aggregated. The simultaneous presence of
worms, residues and mulch led to a macro-aggregated structure from 0 to
4 cm depth (Fig. 5.7). The compact surface due to the coalescence of earth-
worm casts in the absence of leguminous mulch was characterized by a
reduced porosity (absence of macroporosity and reduced microporosity). The
structural effect of P. corethrurus in the absence of organic inputs resulted in
the formation of burrows, while in the presence of residues and mulch, the pore
size distribution was highly modified. The proportion of macropores between
aggregates increased at the expense of aged burrows, whereas microporosity
decreased due to the increase of macroporosity and to the compaction in casts.
Organic inputs modified earthworm effects on soil porosity by retaining struc-
tures such as macroporosity close to the soil surface and vertical burrows
opening at the soil surface. Connectivity between macroporosity and
microporosity was increased by earthworm activity mainly in the presence of
crop residues and leguminous mulch (Fig. 5.7).

The effects on soil structure of earthworm introduction or eradication in
agroecosystems were also studied in other sites of the Macrofauna project. In
the tea gardens (India), the introduction of P. corethrurus in nursery bags filled
with 2 mm sieved soilinduced a higher formation of macroaggregates > 2 mm
than in treatments without earthworms, irrespective of the applied organic
matter (Senapati, unpublished data).

In Central Amazonia, transformation of forests into pastures led to a
strong modification of soil macrofauna and a dominance of earthworms such
as P. corethrurus. As a consequence, the proportion of large aggregates and soil
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Fig. 5.7. Effects of earthworm introduction and crop residue application on
aggregation (macro- and micro-aggregates), porosity (macro- and microporosity)
and plant debris in the soil (0—4 cm) of Yurimaguas (Peru) as proportions of surface
of soil thin sections. A = surface strata (0-1.5 cm), B = deeper strata (1.5-4 cm)
(adapted from Duboisset, 1995).

bulk density increased (5-25 cm depth) (Barros et al., 1996). In a degraded soil
under old pasture, the intense activity of P. corethrurus produced a compact
structure in the upper 10 cm of soil with severe adverse consequences on
water infiltration and soil aeration (Fontaine, 1994). In this horizon,
interaggregate porosity was only made of cracks, but porosity of 10-100 um
was well developed. In less degraded soils covered with pastures and a few
shrubs, total fauna were much more diverse and soil structure was different,
i.e. aggregation and porosity were much better developed. Conversely,
P. corethrurus was able to decompact soils compacted by deforestation
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machines through an increase of stable porosity of pores in the range
10-100 pm which led to a higher water retention capacity and a better drain-
age of gravity water (Fontaine, 1994).

In Martinique, aggregate size distribution was measured in a large field
experiment with four experimental treatments: recently established pasture
(PW), control with earthworms excluded by chemicals (P), control with inocu-
lation of a high density of earthworms (PW+) and control with plants and
worms excluded (C). Results showed no significant differences among treat-
ments with plants (PW, PW+, P). Median aggregate diameters were almost
identical among these treatments at all soil depths (460-520 pm between
0O and 5 cm, 170-210 pm between 35 and 40 cm). Treatments with no plants
and no earthworms (C) produced smaller mean weight diameters, especially
close to the soil surface (300 pm at 0-5 cm) (Blanchart, unpublished data).
After 2 h of shaking, median aggregate diameters were higher for the (C)
treatment than for treatments with plants (75 and 12-23 pm, respectively,
at 0-5 cm). These results indicate that in these clayey soils, contrary to
sandy soils at Lamto, plants are more important than worms in promoting soil
aggregation. The presence of grass roots and earthworms also resulted in a
twofold increase of the specific air volume, as compared with treatments with
neither roots nor earthworms. This porosity was not significantly different
between treatments with plants and without earthworms, and treatments
with plants and with earthworms (Fig. 5.8) (Blanchart et al., unpublished
data).

At La Mancha (Mexico), Barois et al. (1992) measured equal porosity in
different treatments of earthworms and residues. In pot experiments in
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Fig. 5.8. Evolution with depth of specific air volume of 5 ¢cm? aggregates in a
Vertisol for three different treatments, after 1 year of experimentation (Martinique)
(means and confidence interval P < 0.05, n = 12) (Blanchart, unpublished data
1994).
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Cameroon with maize, with or without residues, with or without earthworms
(probably polyhumic earthworms, measuring 7—40 cm), Brussaard et al
(1997) showed a significant, negative effect of earthworms on bulk density
after 2 months of experimentation, while mulch had no significant effect.

Consequences for Soil Physical Properties
Water infiltration and retention capacity

At Lamto, M. anomala decreased infiltration (3.29 mm h™) compared with a
treatment without earthworms (4.18 mm h™) (Gilot, 1994). In a field experi-
ment, Blanchart et al. (1997) showed the effects of ‘compacting’ and
‘decompacting’ species on water retention capacity (Fig. 5.9). Pot experiments
also showed that the introduction of M. anomala and small Eudrilidae (to a
lesser extent) decreased the infiltration rate (22.3 ml min™ with M. anomala
and 53 ml min™ without earthworms). Conversely, H. africanus tended to
increase the infiltration rate in a soil cropped to maize (Fig. 5.10) (Derouard
et al.,, 1997). In fact, these authors pointed out the importance of plant species
on infiltration irrespective of the earthworm effect. In their experiment, modifi-
cation of infiltration rates with different earthworm populations was inversely
proportional to the modification of the percentage of macroaggregates
(R*=0.663, P < 0.01) and bulk density (R? = 0.520, P < 0.02). In this soil,
macropores created by M. anomala allowed gravity water to infiltrate, and
micropores (0.01-50 pm) of casts retained available water.
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Fig. 5.10. Infiltration rate in a 2 mm sieved soil (pot experiments) with different
earthworm populations and two crops after 80 days of experimentation.

C = control, HA = Hyperiodrilus africanus, EU = eudrilid earthworms,

MA = Miillsonia anomala, EU + MA = association of eudrilid earthworms and
Millsonia anomala (Derouard et al., 1997).

At Yurimaguas, infiltration rates decreased with all treatments with time,
but more rapidly when earthworms were present despite the absence of a
surface crust and a better connectivity between macro- and microporosity
when both earthworms and organic inputs were present (Duboisset, 1995).
Sorptivity (initial infiltration) also decreased in the presence of earthworms
(Alegre et al, 1995). These authors also observed different water regimes
depending on earthworm activity. In the dry season, soil was drier in treat-
ments with earthworms and, in the rainy season, soil was wetter in treatments
with earthworms. They hypothesized that the increase in porosity measured in
the absence of earthworms induced a better water retention capacity.

In a pot experiment in Cameroon, with pots that were free drained,
Brussaard et al. (unpublished data) showed a significantly positive effect of
earthworms on hydraulic conductivity, whereas mulch had no significant
effect. Hydraulic conductivity was higher in treatments with earthworms and
mulch (0.53 cmmin™!) than with mulch only (0.09 cm min™). In West
Africa, Casenave and Valentin (1988), using rainfall simulation, measured a
fivefold higher infiltration if casts were present at the soil surface
(10-15 mm h™) than if they were absent (2 mm h™). In Australia, infiltration
was three times higher in a no-till Vertisol with P. elongata than in a conven-
tionally tilled soil with much lower earthworm populations. Macropores
created by these animals were continuous from surface to depth and seven
times more numerous in the no-till system (cited in Robertson et al., 1994).
This was not studied in Martinique.
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Soil erodibility

Fresh earthworm casts are rather sensitive to erosion when deposited at
the soil surface. They may be washed away and thus strongly contribute to soil
loss, especially in places where rainfall may be intense. Darwin (1881) noted
in India the importance of earthworm casts in erosion and in formation
of alluviated soils during the monsoon period. More recently, Nooren et al.
(1995) showed in the Ivory Coast the importance of earthworms in the form-
ation of sandy surface horizons due to a downslope runoff of clay particles
contained in earthworm casts. Blanchart (1990) observed at Lamto that fresh
casts of Megascolecidae (mainly M. anomala) disappeared under a rain of
18 mm only if they were not protected by vegetation cover; those protected by
vegetation could persist for many months. In contrast, casts of Eudrilidae are
dispersed easily and can even be dispersed by runoff water. Thus they strongly
contribute to the formation of a surface crust which may impede water infiltra-
tion and increase erosion. Introduction of M. anomala earthworms in
destructured (2 mm sieved) soil never presented a crust at the soil surface,
whereas a 2—3 mm thick crust was observed in the treatment without worms
(Blanchart, 1992). Conversely, Duboisset (1995) observed a surface crust
in earthworm treatments in the absence of crop residues and leguminous
mulch in the Yurimaguas experiment (Fig. 5.7). Thus, it seems that earth-
worm activity leads to two contradictory phenomena: fresh cast egestion at the
soil surface either (i) increases soil loss and crust formation or (ii) increases
surface roughness and improves infiltration. The role of organic matter (mulch
or residues) that stabilizes casts is very important in preventing crust forma-
tion when earthworms are active. Le Bissonnais (1989) emphasized that small
aggregates dry more rapidly than large ones and thus are more subject to
disaggregation (slaking), especially when water input is limited. It is thus likely
that in the soil, eudrilid casts disappear more rapidly than those of M. anomala.
In Martinique, rainfall simulation on Vertisols showed differences in the
erodibility, measured as turbidity (concentration of soil in runoff water), in dif-
ferent treatments. Turbidity was greater in treatments without plants and
without earthworms than in treatments with plants only. The effect of
earthworms alone was a high turbidity until 18 months of experimentation
and then a reduced turbidity at month 24. On average, their activity tended
to increase erodibility compared with treatments with plants alone
(Blanchart et al, unpublished data). Faivre and Chammaro (1995),
studying erosion and particle leaching in soils of Colombia, showed two
positive effects of soil macrofauna: (i) homogenization of the soil profile
which at least partially stopped particle leaching and (ii) continuous regen-
eration of a macroaggregate structure which maintains particles likely to be
leached.
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Medium-term Effects of Earthworm Activity on Soil Physical
Properties

The effects of endogeic earthworms may last for many months in soil, even
after the disappearance of earthworms. The stability of structures produced by
earthworms in kaolinitic soils is very high, and these structures may last for a
long time in soils. For instance, at Lamto, the mean life span of large endogeic
earthworm casts was estimated to be 26 months in a shrub savanna and 11
months in a grass savanna submitted to waterlogging during the rainy season
(Blanchart, 1990). After eradication of earthworms, large and compact casts
were still observed after 28 months (Blanchart et al., 1997). Observations of
thin sections helped to determine the evolution of soil structure for different
earthworm populations. Gilot (1994) observed that in soils without earth-
worms, aged casts lose their peripheral cortex before a complete
disaggregation. Field experiments also showed that small eudrilid earthworms
have the ability to accelerate the disaggregation of large casts. Derouard et al.
(1997) observed that these small worms are able to perforate M. anomala casts
and thus to promote their destruction. Thus the effects of earthworms on soil
properties (especially soil physical properties and soil organic matter dynam-
ics) and plant growth may last 2—3 years after earthworms have been removed
from the soil. In smectitic soils, the life span of earthworm structures may be
shorter than in kaolinitic soils, as shrinkage—swelling processes limit their
preservation.

Conclusions

Earthworms play a major role in modifying soil processes. They modify soil
profiles by burrowing, moving particles within and between horizons, forming
and disintegrating aggregates, and changing porosity, aeration and water
infiltration and retention capacity.

Studies in the tropics on endogeic earthworms showed important but
contradictory effects (depending on soil type, clay type and earthworm species)
on the soil structure and consequent physical properties.

We can classify earthworms into two main groups based on their effects on
physical properties.

1. Medium or large sized species such M. anomala, P. corethrurus and
P. elongata egest very large casts. These large aggregates are relatively
compact, dispersible when fresh, and have a cortex which affects air and water
movement between the inner and the outer parts of casts. These aggregates are
never reingested by these species as long as they keep their macro-aggregate
structure. These worms tend to decrease total soil porosity and strongly
modify pore size distribution; they decrease the infiltration rate and improve
water retention capacity. They counteract erosion through the formation
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of aggregates which stabilize with time and thus limit particle runoff and
leaching; they also limit the formation of surface crust in the presence of
surface-applied organic matter. When these worms only are present in soils,
with high biomass or density or without surface mulch, soil becomes compact,
infiltration is impeded and earthworms die (Blanchart, 1990). Crusted soil
surface strata impeding infiltration and root development have been observed
with P, corethrurus (cited in Rose and Wood, 1980; Fontaine, 1994; Duboisset,
1995). Under these conditions, intense production of labile casts may lead, due
to abiotic factors, to the formation of a microhorizon (some centimetres thick)
which is very compact with a micro-aggregated substructure. This formation
depends on the coalescence of surface casts in humid conditions (Duboisset,
1995).

These effects were clearly demonstrated in kaolinitic soils but are not so

clear in smectitic soils. Actually, whatever the particle size distribution, the
importance of organic matter in determining the effects of large sized earth-
worms on soil physical properties is very important (Duboisset, 1995). Organic
matter inputs enhance the effects of earthworm activity on physical properties.
For smectitic soils such as Vertisols, most of the physical properties (aggrega-
tion, aggregate stability, erodibility) are linked to the organic matter content,
while porosity is linked mainly to grass root activity. In these soils, earthworm
activity is not as important as in kaolinitic soils.
2. Small sized earthworms (Eudrilidae at Lamto) generally have an opposite
effect. Their casts are smaller aggregates (0.5-2 mm). Their activity tends to
increase the total porosity of soil, to strongly modify pore size distribution, to
increase infiltration and to decrease water retention capacity. They promote
erosion as their casts are very fragile and already disappear under low rainfall.
Soil lossis thusincreased. These worms can increase large sized aggregate turn-
over; they can destroy casts created by large worms and limit the development of
a crusted and impermeable surface horizon.

These two types of worms have opposite impacts on soil physical proper-
ties. Their simultaneous presence permits the conservation of a dynamic struc-
ture. At Lamto, when both types of earthworms are excluded from soil, the
macro-aggregated structure tends to disappear (Blanchart et al., 1997). Shaw
and Pawluk (1986) similarly showed the importance of earthworm species
associations (anecic and endogeic worms) in building a good structure in tem-
perate soils.

Cultivation of tropical soils may lead to significant degradation. Soil physi-
cal degradation is characterized mainly by a collapse of structure: decrease of
aggregate size and aggregate water stability, decrease of macroporosity and
total porosity, compaction of surface horizons and formation of surface crust
(Lal, 1988; Leprun, 1994). This degradation is the cause and the consequence
of increased erosion, which is a major problem with severe economic and envi-
ronmental consequences (Lal, 1991). All studied earthworms showed both
enhancing and weakening effects on soil structure and/or soil physical
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properties, irrespective of soil type (clayey or sandy). Large sized earthworms
appear to enhance most of the physical properties, but they cannot be used
alone due to the development of sticky, compact and asphyxiating horizons.
The effects of these ‘compacting’ earthworms must be corrected through the
use of: (i) small ‘decompacting’ species; the earthworm community at Lamto is
a good example of these antagonistic actions (Blanchart et al, 1997).
Apparently, the simultaneous presence of earthworms with antagonistic prop-
erties is a prerequisite for a dynamic soil structure. This underscores the claim
of Lal (1991) that the best technological options for a sustainable management
of water and soil resources are those which maintain or improve numerous
populations and a taxonomic diversity of biota in soils. (ii) Crop residues and
legume green manure which seem favourable to earthworms-soil properties
relationships (Duboisset, 1995).
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