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Abstract. Assimilation of soil organic matter and fresh plant debris by Millsonia anom-
ala, a tropical geophagous earthworm, was investigated by measuring changes in the 13C/'2C
ratio of their tissues when fed on organic matter naturally labelled by 3C. Individuals
collected from a soil colonized by C, plants (C, soil) that were fed on C, soil had >50%
of tissue C derived from the C; soil after 33 d. Assimilation of organic matter associated
with different particle size fractions was investigated with individuals fed for 25 d on C,
soil with C, particle size fractions substituted in turn for the equivalent C, soil particle
fraction. A significant labelling of earthworms was observed with both the 250-2000 pm
and the 0-20 pm particle size fractions. Addition of fresh C; plant debris to the C, soil
also resulted in a significant change in earthworm C isotope ratio. Assimilation of fresh
plant material was greater than that of soil organic matter. This shows that young M.
anomala are able to assimilate young organic matter (fresh plant debris, coarse soil organic
matter) as well as fine soil organic matter, both of which classically have been regarded as

strongly resistant to decomposition in models of soil organic matter dynamics.

Keywords: assimilation; C isotope ratio; fresh plant debris; geophagous tropical earthworm; particle

size organic fractions; soil organic matter.

INTRODUCTION

The role and importance of invertebrates in the
maintenance of soil fertility is controversial. Whether
invertebrates are determinants of soil fertility or simply
“noise” in the soil-plant system has been debated for
decades and yet is crucially important for the future
design of land use practices (Coleman et al. 1983, An-
derson 1987, Lavelle et al. 19895). On the one hand
are soil organic matter (SOM) models that do not ex-
plicitly include fauna or root activities but seem to
satisfactorily simulate SOM dynamics anyway (e.g.,
Van Veen et al. 1984, Andren and Paustian 1987, Jen-
kinson et al. 1987, Parton et al. 1987). On the other
hand are microcosm studies that occasionally show

dramatic effects of invertebrate addition or removal
(Elliot et al. 1979, Anderson et al. 1985, Spain et al.,

in press).

! Manuscript received 16 January 1990; revised 30 January
1991; accepted 18 February 1991; final version received 19

April 1991.

Such microcosm studies showed that particular at-
tention should be paid to earthworms that may play a
determinant role on soil fertility by their burrowing
activity that influences soil porosity and water infiltra-
tion (Aina 1984), their casting activity that contributes
to soil aggregation (Blanchart et al. 1989), their diges-
tion activity that regulates microbial activity (Barois
and Lavelle 1986, Barois, in press) and accelerates the
incorporation of litter into soil (Stout and Goh 1980).
In field conditions, the impact of earthworms on soil
fertility is expected to be dramatic in many occasions,
especially as they represent frequently >50% of the
total soil fauna biomass (Lee 1985).

The role of earthworms in soil food webs is especially
problematic. While we know that earthworms annually
ingest a large proportion of the SOM in many ecosys-
tems (Lavelle 1978), their general importance to nu-
trient and energy fluxes in the system are still uncertain
due to the lack of a precise knowledge of the diet of
most species (Bouché and Kretzschmar 1974, Ferriére

1980, Kanyonyo and Lavelle, in press) and an even

larger ignorance of earthworm assimilation efficiency,
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- digestive mechanisms, and the origin of digestion en-

zymes (Van Gansen 1961, Barois and Lavelle 1986,
¢ Loquet and Vinceslas 1987, Martin et al. 1987). That
}.! Known saprophagous and known geophagous inver-
" tebrates ingest similar substrates adds to the uncer-
tainty (Swift et al. 1978, Vannier 1985). Similar prob-
lems arise in other areas of ecological research, e.g., in
freshwater ecology in addressing the question of wheth-
er an invertebrate is feeding on autochthonous organic
matter (i.e., organic matter produced by the aquatic
ecosystem) or on allochthonous organic matter (i.e.,
introduced into the system). A lack of appropriate
methodologies has long impeded our clearly addressing
such questions; gut content analysis gives only partial
answers as the digestible resources can be easily lost
prior to observation.

In this paper we present a novel method based on
natural '3C labelling to assess the assimilation of soil
organic matter by the tropical geophagous earthworm
Millsonia anomala. Populations of this species dom-
inate the earthworm community in savanna soils at
Lamto (Ivory Coast). They annually ingest one-third
of the organic reserves of a savanna soil and up to 60%
of the SOM accumulated in the upper 10 cm, the most
biologically active layer (Lavelle 1978). We have es-
timated assimilation through the changes in tissue §'3C
of earthworms fed with organic material with contrast-
ing '3C content. Using this technique we tested M.
anomala’s ability to assimilate SOM from different
particle size fractions of a forest soil as compared to
fresh plant material at different nitrogen contents.

MATERIALS AND METHODS

Plants with the C, photosynthetic pathway are known
to discriminate against atmospheric 3CQO, to a lesser
extent than plants with the C; pathway (Bender 1968,
Smith and Epstein 1971). The '*C natural abundance,
expressed as 6'3C ranges from = —9 to —16%0 in C,
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plants, and ranges from —22 to —35%o in C; plants
(O’Leary 1988). The C isotope ratio of SOM is close
to that of the source plant material; as a result, soil
organic matter is richer in '*C (i.e., the 6!3C ratio is
less negative) when the plant material is derived from
C, rather than C; plants. Thus, introduction of C,-
derived organic matter in a soil colonized by C, veg-
etation, for example, constitutes an in situ labelling of
organic matter incorporated into the soil. By making
use of the unique carbon isotopic composition of C,
and C, plants,vegetation changes have been demon-
strated in several geographic areas by 6'*C measure-
ments of SOM within the soil profile (Dzurec et al.
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1985, Schwartz et al. 1986). As the 6'3C ratio is almost
linearly correlated to the '*C abundance, the C isotope
ratio of a C,;:C, mixed soil (§,) measures the relative
contribution of C, (X) and C; (Y = 100—X) derived
material to SOM:
=070,

8o — 9,
where §, is the §'3C of the C,-derived SOM and 3, is
the 6'3C of the C,-derived SOM. This approach has
allowed estimation of SOM turnover in soils of sub-
tropical (Cerri et al. 1985, Volkoffand Cerri 1987) and
temperate regions (Balesdent et al. 1987, 1988).

Since it has been demonstrated that the 6:°C value
of an animal is nearly the same as the §:3C of its diet
(De Niro and Epstein 1978), SOM assimilation by
earthworms can be calculated from changes in the §'3C
of their tissues when they are fed with SOM with con-
trasting 6!3C. The purpose of this paper was to test the
ability of earthworms to digest ““labile” and “resistant™
SOM. To accomplish this, we monitored, in laboratory
cultures, changes of §'*C of earthworms taken from a
soil colonized by C, plants (C, soil) and fed with a C,
soil or with a C, soil complemented with C; fresh plant
material; in another set of experiments, we measured
also changes of §'3C of earthworms taken from a soil
colonized by C, plants (C, soil) and fed with a C; soil
in which one particular particle size organic fraction
was removed and replaced by equivalent material from
a C, soil.

100,

Site characteristics

This study was carried out at Lamto, Ivory Coast
(5° N, 6° W); the climate is characterized by a high
mean annual temperature (28°C) and irregular annual
rainfall (rainfall averages: 1300 mm/yr, with a dry sea-
son from November to March and in August) (Lecor-
dier 1975). Most soils lie on a granitic bedrock and are
classified as “sols ferrugineux tropicaux” (Riou 1974)
or Ferralsol (FAQ 1988), which is very similar to an
Oxisol.

Vegetation is a mosaic of grass savannas and forest
patches (César et Menaut 1974). Savanna, the most
widespread vegetation type, is maintained by regular
annual burning. Loudetia simplex and several species
of Andropogoneae (Gramineae, all C, plants) largely
dominate the grass cover. Some C; plants, such as le-
gumes and palm trees (Borassus aethiopum), also grow
in shrub savannas; however, these plants provide little
organic matter to the soil, and the topsoil of all savan-
nas has a #'3C value of —12.3 to —12.8%, typical of
C, vegetation (Martin et al. 1990). Grass savanna soil
is highly sandy and has a very low clay content (~2%).
Water retention is low (field capacity = 10%). This soil
has a very low C content (5 mg/g soil) and the C/N of
the 0-10 c¢m horizon is 13.9. The pH ranges from 5.5
to 6.5. Rivers are fringed with gallery forests dominated
by C; plants, and the topsoil 613C ratio is =~—27.8%o
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(Martin et al. 1990). The forest soil has a loamy texture,
and the field capacity is =~20%. The topsoil has a high
C content-(20'mg/g soil), and the C/N ratio of the upper
10 ecm is =10. Topsoil pH is 5.2.

General ecology of M. anomala

Earthworms present a great diversity of ecological
patterns (Bouché 1977): epigeic species are small, pig-
mented, and live in the litter, while anecic species are
larger, partly pigmented species, and live in deep soil
burrows. Both groups feed on litter. Endogeic species,
on the other hand, are medium sized, unpigmented,
and live in temporary soil channels; they have a geoph-
agous diet. Distribution of earthworm species within
the latitude shows a weak predominance of epigeic and
anecic species in temperate regions while in the humid
tropics earthworm communities are largely dominated
by endogeic species (Lavelle 1988).

Millsonia anomala Omodeo and Vaillaud is the most
common species of the humid savannas of Central Ivo-
ry Coast. They usually inhabit the upper 15 cm of soil
and are classified as endogeics (Lavelle 1981). At Lam-
to their mean annual fresh biomass ranges from 70 to
250 kg/ha in savannas depending upon shrub density
and annual rainfall; in gallery forest soils, biomass is
much lower (6 kg/ha). In grass savannas, populations
may ingest annually up to 1.2 Mg/ha dry soil, 75% of
which is in the upper 10 cm of soil (Lavelle 1978).

Texture of the casts produced by young M. anomala
in laboratory conditions, as compared to the soil they
feed on, has shown that animals ingest bulk soil without
any selection (Martin, 1991). In similar experimental
conditions, the soil used for the culture may thus be
used as reference soil as it is very much representative
of what the worm actually ingests. As a result the amount
of C ingested by the worm during an experiment may
be estimated by multiplying the amount of casts pro-
duced-by the C ratio of the soil used for the culture if
we assume the mass loss due to the gut transit to be
negligible:

Description of experimental soils

Soils were collected from two sites at Lamto from
the 0-10 cm stratum of soils; one site possessed C,
vegetation (grass savanna), and the other possessed C;
vegetation (gallery forest). The soils were air-dried, ho-
mogenized, and passed through a 2-mm mesh screen
to remove live roots and obtain homogeneous samples.

The original savanna soil (Ss) was used to estimate
the growth rate of the earthworms during the experi-
ment. The original gallery forest soil (Sgg) was used to
estimate the overall assimilation rate of organic matter
by earthworms fed on that soil.

The assimilation of particle size organic fraction was
studied with savanna soil samples with one particle
size organic fraction substituted by an equivalent frac-
tion taken from the forest soil (soils referred as to S,so6rs
Siooar Ssogrs Saogr and Sgaesr; see Table 1). Those
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samples were prepared according to the method de- !
scribéed by Feller (1979) to separate organic matter of
the grass savanna and thé forest soils into five particle }
size fractions (250-2000, 100-250, 50-100, 20-50, and §
0-20 pm): 50 g of soil were dispersed into 200 mL of {
water. After a first sonication (830W for 30 min), the
soil was sieved underwater at 250- and 100-um mesh
to isolate the first two fractions (250-2000 and 100~
250 pm). The suspension of fine particles was then
sonicated more strongly (160W, 1.5 min) to break mi-
croaggregates, and the last three fractions were isolated
by wet sieving at 50- and 20-pm mesh. In size fractions
>20 um, organic matter was separated from mineral
material by flotation. Four organic particle size frac-
tions (OF) were thus obtained: 250-2000 (referred to
as 250 OF in the text), 100-250 (100 OF), 50-100 (50
OF), and 20-50 um (20 OF). The 0-20 um fraction (0—
20 OMF) is organomineral in nature. Twelve kilograms
of savanna soil and 2 kg of forest soil were processed
in the above-mentioned way. In 2 kg of savanna soil,
the 250 OF was removed and replaced by the same
amount of the corresponding fraction extracted from
the forest soil. After substitution, the experimental soil
(S.s06r) Was restructured by air-drying to field capacity
after water saturation. The 100-250, 50-100, and 20—
50 pm organic fractions and the 0-20 ym organominer-
al fraction were alternately substituted in the same way
to obtain the experimental soils referred to as S,qogr,
Ssogrs Sz0crs and Syaege. Two kilograms of savanna
soil, submitted to equivalent physical treatment, with-
out organic fraction substitution, were used as a control
(Sss = sonicated savanna soil).

Three other C,-C; mixed soils were prepared to study
the assimilation of fresh organic material by the earth-
worms (Table 1). In some savanna soil, the coarse or-
ganic fraction (250-2000 um) was removed and re-
placed by an equivalent amount of C from fragments
of fresh legume leaves (Eriosema sp., C, plant). This
soil is referred to as Saso1.- SOme savanna soil was also
supplemented with fresh C; plant fragments (wheat
roots or legume leaves [Eriosema sp.]); these samples
are referred 10 as Swhe, and Sy, respectively. In both
cases, the amount of C;-C added to the soil was equal
to 20% of the total soil, that is, the amount of C con-
tained in the savanna soil 250 OF.

Experimental design

Soils were moistened at field capacity (i.e., 10%) and
further passed through a 2-mm mesh screen; this siev-
ing of wet soil allows measurement of soil ingestion by
separating casts from the noningested soil (Lavelle
1975). Three hundred grams of wet soil were then put
into plastic boxes; six replicates were prepared for each
experimental soil. :

Young M. anomala (0.1-0.2 g fresh mass) were col-
lected in the upper 10 cm of a savanna soil. They were
weighed individually, and one individual was put into
each plastic box. The experiment lasted 25 d when
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TasLE[l. Description of soils used to study the assimilation of soil organic matter by Millsonia anomala.
!

Treatments

Soni- Addition of C, fresh

i3 Soil¥ Original site  cation plant debris Substitution of a particle size organic fraction
Sos . Grass savanna no no no
Swhe  Orass savanna no 20% of wheat no
: roots fragments
Steg Grass savanna no 20% of legume no
leaf fragments

Sss Grass savanna yes no no

2soLeg  OTAsS savanna yes no 250-2000 um OF by legume leaf fragments

soge  (3Tass savanna yes no 250-2000 pm OF by 250-2000 um OF of gallery forest soil
Sioer  Grass savanna yes no 100-250 pm OF by 100-250 um OF of gallery forest soil
Ssoge  Qrass savanna yes no 50-100 pm OF by 50-100 um QF of gallery forest soil

20 GF Grass savanna yes no 20-50 um OF by 20-50 um QF of gallery forest soil

o20Gr Irass savanna yes no 0-20 um OF by 0-20 um OF of gallery forest soil

* For definition of soil types and fractions, see Materials and methods: Description of experimental soils.

worms were fed on savanna soils and 12 or 33 d when
they were fed on forest soil. During the experiment soil
temperature and moisture were kept constant (tem-
perature = 28°C, moisture = 10%).

At the end of the experiment, earthworms were
weighed to estimate the amount of new C incorporated
into their body during the experiment (growth rate, 4)
defined as:

M[_M
M,

where M;is the final fresh mass and M, the initial fresh
mass of individuals. Earthworms were further sacri-
ficed by immersion for 1s in boiling water. Gut contents
were removed, and the bodies were dried at 40°C for
one night and weighed to evaluate the dry mass of
individuals.

Soil was air-dried; casts and noningested soil were
separated by dry-sieving through a 2-mm mesh screen
1o determine the amount of soil ingested (B) during the
experiment. The amount of C,-C ingested by each an-
imal was calculated by multiplying the C,-C rate of the
soil used for the culture by the amount of casts pro-
duced by the worm during the experiment. Such a cal-
culation is relevant because M. anomala ingests the
soil without any selection.

Earthworms were also collepted from the upper 10
cm of the soil of the gallery forest and savanna; they
were killed immediately and prepared as indicated pre-
viously to obtain control values of §'3C.

A (%) = -100, 1

C'content and 6°C measurements

Carbon contents of soils and organic fractions were
determined by coulometric titration after complete
combustion of samples at 900°C in a pure oxygen at-
mosphere. Because these soils are free of carbonate,
the carbon content thus measured is equal to the or-
ganic carbon content. Precision of measurements is
~5% depending primarily on sample heterogeneity.

The '3C natural abundance of earthworms, organic
fractions, and soils was determined on the CO, gas

obtained after total combustion of organic matter in a
sealed quartz tube with CuO at 900°C. After breaking
the tube in vacuo, the CO, evolved was purified over
pure reduced CuO heated at 600°C, dried, and analyzed
in an isotope ratio mass spectrometer (Finnigan Delta
E and VG Sira 9) fitted with triple ion collector and
dual inlet system equipped for rapid switching between
reference and sample (Wedeking et al. 1983). Results
are obtained in §'3C%o units. Laboratory references were
calibrated using NSB19; results are expressed versus
the international PDB standard (Craig 1957). Analyt-
ical precision on perfectly homogenized samples is
+0.05%o.

Each treatment was replicated 6 times; mean values
and standard errors of growth rate, ingestion rate, and
03Cratio were calculated. Statistical analyses consisted
of ANOVA tests. The level of significance was defined
as .05.

RESULTS
Soil characteristics

Distribution of C between particle size classes shows
that the bulk of organic matter in both the grass sa-
vanna (Sgs) and gallery forest soils (Sgg) is accumulated
in the smallest 0-20 um organomineral fraction (Table
2). In both soils, comparable §'3C values are observed
within the particle size fractions. In contrast, equiva-
lent organic fractions from the savanna and forest soils
have very different carbon isotope ratios: —12.6 to
—~12.9%0 in the C, soil, as compared to —27.6 to
—28.1%o in the C; soil.

013C ratio of earthworms in natural conditions

At both sites, §!2C measurements of worms gave
remarkably homogeneous values. §3C ratio ranged from
—23.3 to —23.8%oin forest individuals, and from —11.2
t0o —12.3%o in savanna earthworms (Table 3). Mean
6'3C values of earthworms were always greater than
soil values. The difference reached 1%o in savanna and
4.3%o in forest.
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TABLE2. Properties of soil used in experiment that measured
assimilation of soil organic matter by the earthworm Mill-
sonia anomala. Soil was from 0-10 cm depth under two
vegetation types at Lamto, Ivory Coast.

Soil
paljtlcle Relative  C d1§tn- Organic fraction
size mass bution
(um) (%) (mg/g soil) C/N 813C (%)
Grass savanna
250-2000 44.6 0.84 18.2 —12.8
100-250 32.4 0.54 154 —12.8
50-100 9.9 0.65 19.7 —-12.7
20-50 5.3 0.87 17.3 —-12.6
2-20 5.9
0-2 1.9 1.42 13.2 —-12.8
Total soil 100 4.32 16.2 —12.8
Gallery forest
250-2000 33 1.9 222 —-27.6
100-250 4.9 0.6 15.7 —-27.7
50-100 22.2 1.2 13.9 —-27.8
290-50 32.4 1.6 13.2 —-28.1
2-20 36.4
0-2 11.9 12.3 10.8 —27.9
Total soil 100 17.5 12.6 —27.8

Growth rate and variation of §°C of earthworms in
control conditions

The growth rate (4) of individuals fed for 25 d on
the control savanna soil in the laboratory was quite
variable, and ranged from 13 to 36%, with an average
of 27.5% (Table 3). No significant differences in growth
or soil ingestion rates (Tables 4 and 5) were observed
between earthworms fed on sonicated control soil (Sgs)
and original control soil (Sqg) for 25 d. However, son-
ication of soil resulted in a slight isotopic enrichment
of the earthworms as the 6'3C ratio of the animals fed
on the sonicated control soil (Ssg) decreased from —11.8
+ 0.4%0 to —12.2 + 0.4%c¢ in 25 d (Tables 3 and 4).

Variation of 83C of earthworms fed on
Jorest soil

613C of savanna earthworms fed on forest soil de-
creased sharply from —11.8 £ 0.3%0 to —14.8 £ 0.3%o
after 14 d, and reached —18.4 £ 1.1%o afier 33 d of
the experiment (Fig. 1).

Growth rate and labelling of earthworms
fed on savanna-forest mixed soils

Earthworm growth rate did not change significantly
except when the finest fractions (<50 um) were sub-
stituted. A 25% increase was observed when the 0-20
pm organomineral fraction (0-20 OMF) was substi-
tuted, while a 39% increase was observed with the 20—
50 um organic fraction (20 OF) (Table 4). Ingestion
rate of soil significantly increased (+38%) for individ-
vals fed on Sy.,06r, and remained constant in other
treatments. The §3C of earthworms decreased in all
experimental soils (Table 4), but significant differences
were observed only when the 250-2000 um organic
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Fic. 1. Temporal changes in 8'3C values of earthworms
in response to being switched from savanna to forest soil.

fraction (250 OF) or the 0—-20 OMF of the savanna soil
were replaced by equivalent forest organic fractions.
In the latter case, the difference reached —1.4%o.

Growth rate and 63C of earthworms fed on
savanna soil supplemented with fresh
organic material

A significant increase in growth rate was observed
when animals were fed for 25 d on C, soil enriched

TABLE 3. Growth rate (4), soil ingestion rate (B), and §3C
ratios (in %) of earthworms (Millsonia anomala) fed on
savanna or forest soils (C, or C, organic matter, respec-
tively). N = 6 except for 6!>C ratios of soils.

813C (%00)
Statis- At (gdry Earth-
Soil tics*® (%) soil) worms Soil
Savanna soil X 27.5 138 —11.8 —12.8
(Sos) Oy 82 11 0.3 ND§
Forest soil X ND ND  —235 —27.8
(Sar) 06,1 ND ND 0.2 ND

* ¥ = mean, ¢,_, = standard deviation.

T 4 = the final percentage of new C incorporated into the
body of the worm in 25 d.

1 B = the amount of soil ingested by worms in 25 d.

§ Not determined.
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TABLE’4 Final characteristics of earthworms (Millsonia anomala) collected in a savanna soil (C, SOM) and further fed for
25 d on a savanna soil (C, SOM), one organic fraction of which has been replaced by either an equivalent fraction extracted
from a forest soil (C; SOM) (S; o series) or by debris of fresh legume leaves (C, plant) (S; L., series), compared to savanna
soil. N = 6 in all cases. Letters on the right of the means indicate results of ANOVA (level of significance: .05). Data from
the same column with different letters are significantly different.

C,;-C of
At B§ C,-Cingested §'3C of tissues tissues
Soil* Statisticst (%) (g dry soil) (mg) (%) (%)
Sonicated savanna soil X 33.1a 134 a —12.2a
(Sse) Oy 6.6 26 0.4
" S50 Leg X 4790 133a 107 a —1441b 19.9a
Opot 12.8 23 18 0.3 2.5
Sasocr b’ 37.1a 131a 118a —129¢ 6.1b
Opet 9.8 15 14 0.4 3.1
ShooGr X 340a 110b 60b —12.6a ND|
Onor 10.2 16 11 0.5 ND
SsocrE X 39.6a 139a 90 a —126a ND
G 18.3 31 20 0.4 ND
Shocr X 46.1b 137 a 123 a —12.8a ND
O 5.5 23 21 0.8 ND
Soz0cr b’ 4140 185¢ 262 ¢ —13.6¢ 12.4¢
Gy 1.8 16 23 0.3 2.6

* For definitions of soil types and fractions, see Materials and methods: Description of experimental soils.

+ X = mean, o,_, = standard deviation.

F A = the final percentage of new C incorporated into the body of the earthworm in 25 d.

§ B = the amount of soil ingested by worms in 25 d.
|| Not determined.

with fresh C; plant material (Sasoregs Swhears and Steg)
as compared to soil organic matter only (Table 5). This
increase of growth rate ranged from 73 to 96% and was
not significantly correlated with the nature of material
added to the soil (legume or wheat). No significant
differences were observed in soil ingestion rate between
the control 50il, Saspreg, a0 Swhea- Ingestion of fresh
plant material induced a significant decrease of the 3C
natural abundance of earthworms: the reduction in §'3C
mean value was significantly greater with legume plants
(—2.4%o for Sy g, — 2.3%o0for Saso1e) than wheat (— 1.6%o
for Swhear)-

TABLE 5.

DiscussioNn

813C values of savanna and forest soil
organic fractions

The §'3C values measured in the topsoil of the grass
savanna and gallery forest at Lamto are typical of C,
and C; vegetation, respectively (Stout et al. 1981). In
both vegetation types, !*C natural abundances of or-
ganic fractions are close to the value of the whole soil.
Similar data are reported by Cerri et al. (1985) for a
subtropical forest topsoil and Balesdent et al. (1987)
for a temperate forest topsoil.

Final characteristics of earthworms (Millsonia anomala) collected in a savanna soil (C, SOM) and further fed for

25 d on a savanna soil (C, SOM) supplemented with fresh C, plant debris, compared to savanna soil. N = 6 in all cases.
Letters on the right of the means indicate results of ANOVA (level of significance: .05). Data from the same column with

different letters are significantly different.

C,C C,C of
Soil* At B§ ingested 813C of tissues tissues
Statisticst %) (e dry soil)  (mg C) (%) )
Original savanna soil X 275a 138 a —11.8a
(Sos) o) 8.2 11 0.3
Sos + wheat 4 53.9b 139a 129 —13.4b 13.7a
Swnes) s 7.1 16 15 0.3 22
Sos + legumes b 49.8 ND| ND —14.2¢ 20.5b
(S Oy ND ND ND 0.5 4.0

* For definitions of soil types and fractions, see Materials and methods: Description of experimental soils.

+ X = mean, ¢,_, = standard deviation.

$A=the final percentage of new C incorporated into the body of the earthworm in 25 d.

§ B = the amount of soil ingested by worms in 25 d.
| Not determined.
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TABLE 6. Index of assimilation (I) of fresh legume leaves,
fresh wheat roots, and the coarsest and finest particle size
organic fraction of the SOM by Millsonia anomala (I =

AdBC . .
——l,—l; N = 6). Statistical analysis consisted of
g C,;-C ingested
ANOVA (level of significance: .05). Data from the same
column with different letters are significantly different.

|A83C|
g C,-C ingested
Soil* X 0ot
Sas0Lex 21.3a 2.1
‘Wheat 12.7b 3.2
250FG 57¢ 2.4
So_zopc 55¢ 1.4

* For definitions of soil types and fractions, see Materials
and methods: Description of experimental soils.
t 0,—; = standard deviation.

673C ratio of savanna and forest earthworms

At Lamto, earthworms are always richer in '3C than
the soil they feed on. Because of the extremely small
analytical error associated with the §'3C value, the C
isotope ratios of animals collected in stable vegetation
sites can be considered an accurate value reflecting the
C, or C, origin of organic matter ingested by individ-
uals.

DeNiro and Epstein (1978) have pointed out for
several species that whole-body carbon of animals is
on average enriched in §'3C by ~1%o relative to the
diet. This pattern may result from the biological frac-
tionation of carbon during assimilation of SOM or the
differential assimilation of heavy plant components;
for example proteins, most carbohydrates, and pectins
are richer in '*C than cellulose, lignin, and lipids (De-
gens et al. 1968, Wong et al. 1975, Benner et al. 1987).
It may also result from a preferential loss of 12C during
respiration.

However, the enrichment of 4%o observed in earth-
worms relative to SOM in the forest site is particularly
high and may indicate that earthworms feed occasion-
ally on soil from the 10-25 cm stratum, the §'3C of
which is close to —24.5%0 (Martin et al. 1990). It may
also reflect a selective feeding on the algae that occa-
sionally grow at the soil surface and whose isotopic
composition might be intermediate between those of
C;- and C,-type plants, as are aquatic algae (Deines
1980).

Labelling of savanna earthworms fed on
Jorest soil

The rearing of savanna earthworms on forest soil
resulted in a significant decrease of their '3C natural
abundance, which permits the estimation of their as-
similation of SOM.

The percentage of C; (X) and C, (Y = 100 — X)
derived organic matter in earthworm tissues can be
calculated by classical isotope balance:
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0, — §
X(C)=7—3

2 — &

100, @ .
where d, is the 6'3C ratio of tissues produced by earth-
worms fed on purely C, organic material, §, is the §'3C
of tissues produced by earthworms fed on C,:C; mixed
organic material, and &, is the 6'3C of tissues produced
by earthworms fed on purely C, organic material. The
0, value is assumed to be equal to the §'3C of body
tissues of earthworms fed on savanna soil (6, = —11.8%o
for experiments with nonsonicated soil samples, §, =
—12.2%o for experiments with sonicated soil samples).
The §, value is assumed to be equal to the §:3C of body
tissues of animals living in the forest soil (8, = —23.5%o).

The calculation showed that tissues of savanna
earthworms fed with forest soil are composed of 25.8
+ 2.6% of C,;-C after 12 d and 56.1 % 9.4% of C,-C
after 33 d. Previous studies on C turnover rate of tissues
by 3C or “C labelling (Tieszen et al. 1983, Bouché
1984) suggest that data should be described by a mul-
tiple negative exponential function. However, due to
the lack of data, we fitted data with a simple negative
exponential function that describes the turnover of the
more labile carbon pool within the body of young M.
anomala (Fig. 1); the half-life of this pool may be close
to 27 d, a value much lower than that calculated by
Barois et al. (1987) by labelling of Pontoscolex coreth-
rurus, another tropical geophagous earthworm, with
5N (half-life = 64 d).

Assimilation of particle size fractions of the
soil organic matter

The significant change in §'3C of the earthworms
observed when the 250-2000 um and the 0-20 um
organic fractions are labelled in the soil shows that
these earthworms are able to assimilate two such dif-
ferent kinds of SOM as coarse organic matter (plant
debris) and fine clay-associated organic matter. After
25 d of experiment, earthworm tissues contained 6.2
=+ 3.1% of C;-derived organic matter when they fed on
savanna soil with a C; 250-2000 um organic fraction
and twice as much (i.e., 12.4 £ 2.6%) with a C; 0-20
um organic fraction. However, the index of assimila-
tion defined as

7= | Aé12C |
g C; — C ingested

showed that the 250-2000 um and the 0-20 um organic
fractions are assimilated with the same efficiency (Ta-
ble 6).

In experiments with respective substitutions of the
100-250, 50-100, or 20~50 pm fractions, the carbon
isotopic ratio of earthworms always decreased; how-
ever, observed variations were not significant as com-
pared to control values, and there was no evidence that
M. anomala was able to assimilate organic fractions
between 20 and 250 um. Nevertheless, data obtained
from the overall set of experiments of substitution

&)
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showed that the mean final 6!3C value of earthworms

! wéé‘ correlated with the amount of C,-C in the soil (Fig.
, 2). As a result, the fractions between 20 and 250 pm

maj? possibly be assimilated at the same rate as the
250-2000 and 0-20 um OF but not induce a significant
labelling of the worms in a short experiment, because
the 20-250 um fractions are not abundant.

There are no directly comparable data on assimila-

. tion 'of organic fractions by geophagous earthworms.
. Many studies report that plant debris are the major
. constituents of the organic material ingested by tem-

perate earthworms and thus might be preferentially
assimilated (Bouché and Kretzschmar 1974). Such
conclusions have been established for geophagous
earthworms, i.e., Aporrectodea rosea (Bolton and Phil-
lipson 1976) as well as epigeic or anecic earthworms,
i.e., Lumbricus terrestris (Ferrieére 1980). They tend to
be verified by Scharpenseel et al. (1989) in a study using
the natural “C labelling of SOM by the bomb (ther-
monuclear explosion) carbon; the body C of earth-
worms living in a typic Hapludoll soil from Germany
consisted of modern carbon although the soil humus
had a 'C age of several thousand years. On the other
hand, Piearce (1972, 1978) has demonstrated that
Aporrectodea caliginosa and Allolobophora chlorotica,
two temperate geophagous earthworms, ingest mainly
well-decomposed organic materials; however, there is
no evidence that temperaie geophagous earthworms
are able to assimilate any kind of organic material.

It has been suggested frequently but seldom dem-
onstrated that soil microflora might be an important
component of earthworm diet. There is some evidence
that fungi may be digested by L. terrestris (see, e.g.,
Cooke and Luxton 1980, Cooke 1983) as well as pro-
tozoa (Rouelle 1983). The assimilation of the fine 0-
20 pm organomineral fraction by M. anomala in the
experiments presented in this study may thus partly
result from the digestion of soil microorganisms, main-
ly concentrated in this fraction. However, microscopic
observations and microbial countings in the gut con-
tent did not give such evidence for P. corethrurus, a
geophagous pantropical earthworm, whose ecology is
close to that of M. anomala (Barois 1987).

Labelling of earthworms fed on soil with fresh
plants: assimilation of fresh organic matter

The percentage of C;-derived carbon (X) accumu-
lated in earthworms during 25 d of experiment as cal-
culated from Eq. 2 was 13.7 & 2.2% when the worms
were fed on Sy, S0il sample, 19.9 + 2.5 and 20.5 +
4.0% when they were fed on S50, and S;, soil sam-
ples.

The labelling of earthworms obtained in the Sysore,
experiment (19.9 =+ 2.5%) was 3 times greater than that
obtained in the S,soqr €xperiment (6.1 *+ 3.1%), al-
though the total mass of labelled carbon was quanti-
tatively similar in both cases (20% of the soil C), as
was the C content of the soil (5 mg/g soil). As M.
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-11.5-

Qriginal soil
250 OF

100 OF
50 OF
20 OF
0-20 OF

Oe ENO DB P

-12.04 u .

1
-12.5

-13.01

O 13 C of earthworms (%o)

-13.54

Final

-14.0

.
y = -12,10-0.041x, R=0.67

-14.5 1 T : . T T : 1
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Amount of labelled C (as % of the total soil C content)

Fi1G. 2. Final *C of savanna-originated earthworms fed
for 25 d on a savanna soil, one particle size organic fraction
of which had been replaced by an equivalent fraction from a
forest soil, as a function of the amount of C present in this
replacement fraction (expressed in percent of the total soil C);
250 OF: substitution of the 250-2000 pm organic fraction,
100 OF: substitution of the 50-100 um organic fraction, etc. . . .

anomala ingest soil without selection, this difference
may be explained by a greater ability of the worm to
assimilate fresh organic residues, rich in easily metab-
olizable water-soluble compounds; this may also result
from the high nitrogen content of fresh legumes (26
mg/g) as compared with the low nitrogen content of
fresh legumes (26 mg/g) as compared with the low
nitrogen content of the 250 OF (2.9 mg/g).

Ingestion of Si,, and Sy, soil by savanna earth-
worms also resulted in a significant labelling of ani-
mals. Labelling of earthworms was lower in the Sy ..
experiment than in the S7 ., experiment, although the
amount of C,-C ingested was similar in both experi-
ments. The assimilation of wheat root material may
be less efficient than that of legume leaf material, pos-
sibly due to lower N content of wheat roots (8 mg/g)
as compared with legume leaves (26 mg/g). This result
is consistent with those obtained by Lavelle et al.
(1989a): byfeeding young M. anomala in laboratory
conditions with soil added with fresh debris of Lou-
detia simplex (Gramineae), the authors observed a
higher growth rate of the animals with leaf than with
root debris; they concluded that fresh leaves of L. sim-
plex had a higher nutritive value than roots for M.
anomala.

Comparison of the percentage of C;-C in earthworms
fed on S,541 ., Or Sy, s0il samples (19.9 + 4.0 to 20.5




126 A. MARTIN ET AL.

+ 4.0%) to the percentage of new C incorporated into
their bodies during the experiment (47.9 + 12.8 to
49.8%) showed that the major part (=60%) of the new
C incorporated into the animals during the experiment
was C, derived. When earthworms ingested soil sup-
plemented with fresh legume leaves, only 26% of the
C assimilated came from this legume material. These
results demonstrate that earthworms simulianeously
assimilated the added fresh organic matter and the
endogenous SOM; however, assimilation efficiency of
fresh material was 2-3 times higher than that of hu-
mified material and induced an increase of growth rate.

Ecosystem-level significance

At the ecosystem scale, '3C natural labelling shows
that young M. anomala are able to assimilate all kinds
of organic matter available in soils, from fresh plant
debris to coarse and fine particle size organic fractions.
Organic resources accessible to these geophagous trop-
ical earthworms are thus more diversified than those
accessible to earthworms from temperate regions, which
are unable to assimilate resistant organic compounds
(Scharpenseel et al. 1989). The ability of geophagous
tropical earthworms to digest a wide range of SOM
types may result from their mutualistic relationship
with soil microflora present in their digestive system
(Barois and Lavelle 1986, Martin et al. 1987, Martin
1988, Barois, in press).

The ability of M. anomala to equally digest all sorts
of SOM irrespective of age classes leads to questions
about the concept of resistant organic matter in soil.
In humid savannas of Lamto, the amount of soil in-
gested annually by geophagous earthworms equals as
much as 1.2 Mg/ha and 60% of SOM of the upper 10
cm (Lavelle 1978). They are therefore likely to have a
marked effect on SOM dynamics and soil fertility
through their digestive activity. They may especially
accelerate the turnover rate of the clay-mineral asso-
ciated organic pool, classically regarded as resistant to
decomposition in models of SOM dynamics (see, €.8.,
Van Veen et al. 1984, Parton et al. 1987). The ability
of M. anomala to digest stable SOM with low C/N
results in a significant release of mineral nitrogen that
is thus made available to plants, M. anomala may
produce annually in their casts 12—-17 kg/ha of mineral
nitrogen (S. Martin and P. Lavelle, unpublished data),
60% of which would originate from the clay-associated
organic fraction.

We may expect from the ability of M. anomala to
enhance the mineralization of the clay-mineral asso-
ciated organic pool, which represents >60% ofthe SOM,
a rapid loss of the soil humic pool in Lamto savannas.
However, the increase of C mineralization of SOM
during the gut transit seems to be balanced by an effect
of SOM protection operating in the casts over a large
scale of time: as a matter of fact, experiments of cast
incubations in laboratory conditions demonstrated that
the annual mineralization rate of SOM included in M.
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anomala casts was 3 times lower than that of SOM

included in control soil (Martin 1991). If the effect of ",

SOM protection in M. anomala casts occurs in field
conditions, it may thus balance the effect of mineral-
ization due to digestion.

This study demonstrates that in Lamto savannas, M.
anomala populations participate in a significant way
in the management of the humic pool of the soil. The
introduction of earthworm effects into models of SOM
dynamics (Parton et al. 1987) should thus be envisaged
in that situation. The resulting model would provide
a suitable tool (1) to quantify the impact of geophagous
earthworm populations in this ecosystem and (2) to
evaluate in what extent the exclusion of earthworms
following forest clearance and further cultivation (La-
velle and Pashanasi 1989) may be responsible for the
rapid loss of soil C and soil fertility that are commonly
observed in the humid tropics (Lal 1986).

ACKNOWLEDGMENTS

We are grateful to Dr. Ph. Robertson and Dr. S. James for
the revision of the manuscript and valuable comments. Fi-
nancial support for this study has been provided by French
“Ministére de ’Environnement” (SRETIE) and CNRS (PI-
REN).

LITERATURE CITED

Aina, P. O. 1984. Coniribution of earthworms to porosity
and water infiltration in a tropical soil under forest and
long-term cultivation. Pedobiologia 26:131-136.

Anderson, J. M. 1987. Interactions between invertebrates
and microorganisms; noise or necessity for soil processes.
Pages 125-145 in M. Fletcher, T. R. G. Gray, and J. G.
Jones, editors. Ecology of the microbial community. Cam-
bridge University Press, Cambridge, England.

Anderson, J. M., S. A. Huish, P. Ineson, M. A. Leonard, and
P. R. Splatt. 1985. Interactions of invertebrates, micro-
organisms and tree roots in nitrogen and mineral element
fluxes in deciduous woodland soils. Pages 377-392 in A.
H. Fitter et al., editors. Ecological interactions in soil.
Blackwell, Oxford, England.

Andren, O., and K. Paustian. 1987. Barley straw decom-
position in the field: a comparison of models. Ecology 68:
1190~1200.

Balesdent, J., A. Mariotti, and B. Guillet. 1987. Natural '3C
abundance as a tracer for soil organic matter dynamics
studies. Soil Biology and Biochemistry 19:25-30.

Balesdent, J., G. H. Wagner, and A. Mariotti. 1988. Soil
organic matter turnover in long term field experiments as
revealed by the !3C natural abundance tracer techniques.
Soil Science Society of America Journal 52:118-124.

Barois, I. 1987. Interactions entre les Vers de Terre (Oli-
gochaeta) tropicaux géophages et la microflore pour I’ex-
ploitation de la matiére organique du sol. Travaux des Cher-
cheurs de Lamto numéro 7. Publication du Laboratoire de
Zoologie, Ecole Normale Supérieure, Paris, France.

. In press. Mucus production and microbial activity
of the gut of two species of Amynthas (Megascolecidae) from
cold and warm tropical climates. Soil Biology and Bio-
chemistry.

Barois, 1., and P. Lavelle. 1986. Changes in respiration rate
and some physicochemical properties of a tropical soil dur-
ing transit through Pontoscolex corethrurus (Glossoscole-
cidae, Oligochaeta). Soil Biology and Biochemistry 18:539-
541.




LS

February 1992

Barois, 1., B. Verdier, P. Kaiser, P. Lavelle, A. Mariotti, and
P.Rangel. 1987. Influence of the tropical earthworm Pon-
toscolex corethrurus (Glossoscolecidae) on the fixation and
mineralization of nitrogen. Pages 151-159 in A. M. Bon-
vicini and P. Omodeo, editors. On earthworms. Mucchi,
Modena, Italy.

Bender, M. M. 1968. Mass spectrometric studies of 3C:
variations in corn and other grasses. Radiocarbon 10:468-
472,

Benner, R., M. Fogel, E. Sprague, and R. Hodson. 1987.
Depletion of 3C in lignin and its implications for stable
carbon isotope studies. Nature 329:708-710.

Blanchart, E., P. Lavelle, and A. Spain. 1989. Effects of two
species of tropical earthworms (Oligochaeta: Eudrilidae) on
the size distribution of aggregates in an African soil. Revue
d’Ecologie et Biologie du Sol 26:417-425.

Bolton, P. I, and J. Phillipson. 1976. Burrowing, feeding,
egestion and energy budget of 4/lolobophora rosea (Savigny)
(Lumbricidae). Oecologia (Berlin) 23:225-245.

Bouché, M. B. 1977. Stratégies lombriciennes. Ecological
Bulletins—NFR 25:122-132.

. 1984. Une méthode de mesure du débit d’éléments
dans un sol non perturbé: azote et carbone des lombriciens
(Lumbricidae, Annelida). Pedobiologia 27:197-206.

Bouche, M. B., and A. Kretzschmar. 1974. La fonction éco-
logique des Lombriciens. II. Recherches méthodologiques
pour I’analyse du sol ingéré (étude du peuplement de la
station RCP 165-PBI). Revue d’Ecologie et Biologie du Sol
11:127-139.

Cerri, C., C. Feller, J. Balesdent, R. Victoria, and A. Plene-
cassagne. 1985. Application du tragage isotopique naturel
en 13C 3 I’étude de la dynamique de la matiére organique
dans les sols. Compte-Rendu de ’Académie des Sciences
de Paris Tome 300 (I1-9):423—428.

Cesar, J., et J. C. Menaut. 1974. Le peuplement végétal de
la savane de Lamto. Pages 1-161 in Analyse d’un écosys-
téme tropical humide: la savane de Lamto (Cote d’Ivoire).
Bulletin de Liaison des Chercheurs de Lamto numéro spé-
cial 2. Publication du Laboratoire de Zoologie Ecole Nor-
male Supérieure, Paris, France.

Coleman, D. C., C. P. Reid, and C. V. Cole. 1983. Biological
strategies of nutrient cycling in soil systems. Advances in
Ecological Research 13:1-55.

Cooke, A. 1983. The effect of fungi on food selection by
Lumbricus ierrestris L. Pages 365-373 in J. E. Satchell,
editor. Earthworm ecology. Chapman and Hall, London,
England.

Cooke, A., and M. Luxton. 1980. Effect of microbes on food
selection by Lumbricus terrestris. Revue d’Ecologie et Biol-
ogie du Sol 17:365-370.

Craig, H. 1957. Isotopic standards for mass spectrometric
analysis of carbon dioxide. Geochimica and Cosmochimica
Acta 3:53-92.

Degens, E. T., M. Behrendt, G. Gotthard, and E. Reppmann.
1968. Metabolic fractionation of carbon isotopes in marine
plankton. II. Data on samples collected on the coasts of
Peru and Ecuador. Deep-Sea Researches 15:11-20.

Deines, P. 1980. The isotopic composition of reduced or-
ganic carbon. Pages 329406 in A. P. Fritz and J. Ch. Fontes,
editors. Handbook of environmental isotope geochemistry.
Volume 1. The terrestrial environment. Elsevier, Amster-
dam, The Netherlands.

DeNiro, M. J., and S. Epstein. 1978. Influence of diet on
the distribution of carbon isotopes of animals. Geochimica
and Cosmochimica Acta 42:495-506.

Dzurec, R. S., T. W. Boutton, M. M. Caldwell, and B. N.
Smith. 1985. Carbon isotope ratios of soil organic matter
and their use in assessing community composition changes
in Curlew Valley, Utah. Oecologia (Berlin) 66:17-24.

Elliot, E. T., D. C. Coleman, and T. V. Cole. 1979. The
influence of amoebae on the uptake of nitrogen by plants

EARTHWORM SOIL ORGANIC MATTER ASSIMILATION 127

in gnotobiotic soil. Pages 221-229 in J. L. Harley and R.
Scott-Russel, editors. The soil-root interface. Academic
Press, New York, New York, USA.

FAO. 1988. Soil map of the world. Revised legend. World
soils resources report 60. FAO-UNESCO, Rome, Italy.
Feller, C. 1979. Une méthode de fractionnement granulo-
métrique de la matiére organique des sols: application aux
sols tropicaux i texture grossicre, trés pauvres en humus.

~ Cahiers ORSTOM série Pédologie 27:339-346.

Ferriere, G. 1980. Fonctions des Lombriciens. VII. Une
méthode d’analyse de la matiére organique végétale ingérée.
Pedobiologia 20:263-273.

Jenkinson, D. S., P. B. 8. Hart, J. H. Rayner, and L. C. Parry.
1987. Modelling the turnover of organic matter in a long-
term experiment of Rothamsted. Intecol Bulletin 15:1-8.

Kanyonyo, K. K., and P. Lavelle. In press. Feeding habits
of Millsonia lamtoiana, a detritivorous earthworm from
west african savannas. Soil Biology and Biochemistry.

Lal, R. 1986. Soil surface management in the Tropics for
intensive land use and high and sustained production. Pages
1-110 in B. A. Stewart, editor. Advances in soil science.
Springer-Verlag, New York, New York, USA.

Lavelle, P. 1975. Consommation annuelle de terre par une
population naturelle de Vers de Terre (Millsonia anomala
Omodeo, Acanthodrilidae, Qligochétes) dans la savane de
Lamto. Revue d’Ecologie et Biologie du Sol 12:11-24,

1978. Les Vers de Terre de la savane de Lamto

(Cote d’Ivoire): peuplements, populations et fonctions dans

I’écosystéme. Doctoral Thesis. Université Paris VI, Pub-

lication du Laboratoire de Zoologie Ecole Normale Supér-

ieure, Paris, France.

1981. Stratégies de reproduction chez les vers de

terre. Acta Oecologica, Oecologia Generalis 2:117-133.

. 1988. Earthworm activities and the soil system.
Biology and Fertility of Soil 6:237-251.

Lavelle, P., and B. Pashanasi. 1989. Soil macrofauna and
land management in Peruvian Amazonia (Yurimaguas, Lo-
reto). Pedobiologia 33:283-291.

Lavelle, P., I. Barois, A. Martin, Z. Zaidi, and R. Schaefer.
19894. Management of earthworm populations in agro-
systems: a possible way to maintain soil quality? Pages 109—
122 jn M. Clarholm and L. Bergstrém, editors. Ecology of
arable land. Kluwer, Dordrecht, The Netherlands.

Lavelle, P., R, Schaefer, and Z. Zaidi. 19895. Soil ingestion
and growth in Millsonia anomala Omodeo, a tropical earth-
worm, as influenced by the quality of the organic matter
ingested. Pedobiologia 33:379~388.

Lecordier, C. 1975. Le climat de la région de Lamto. Pages
45-104 in Analyse d’un écosystéme tropical humide: la
savane de Lamto (Céte d’Ivoire) numéro spécial 1. Publi-
cation du Laboratoire de Zoologie Ecole Normale Supér-
leure, Paris, France.

Lee, K. E. 1985. Earthworms; their ecology and relation-
ships with soils and land use. Academic Press, London,
England.

Loquet, M., and M. Vinceslas. 1987. Cellulolyse et ligni-
lolyse liées au tube digestif d’Eisenia foetida andrei Bouché.
Revue d’Ecologie et Biologie du Sol 24:559-571.

Martin, A. 1988. Etude du systéme de digestion mutualiste
du ver de terre géophage Dichogaster terrae-nigrae (Mega-
scolescidae). Annales de I'Université d’Abidjan 20:23-30.

1991. Short-term and long-term effect of the en-
dogeic earthworm Millsonia anomala (Omodeo) (Mega-
scolecidae, Oligochaeta) of tropical savanna, on soil organic
matter. Biology and Fertility of Soils 11:234-238.

Martin, A., J. Cortez, 1. Barois, and P. Lavelle. 1987. Les
mucus intestinaux de ver de terre, moteur de leurs inter-
actions avec la microflore. Revue d’Ecologie et Biologie du
Sol 24:549-558.

Martin, A., A. Mariotti, J. Balesdent, P. Lavelle, and R. Vuat-
toux. 1990. Estimate of organic matter turnover rate in a




128 A. MARTIN ET AL.

savanna soil by *C natural abundance measurements. Soil
Biology and Biochemistry 22:517-523.

O’Leary, M. H. 1988. Carbon isotopes in photosynthesis.
Biological Science 38:328-336.

Parton, W. J., D. S. Schimel, C. V. Cole, and D. S. Ojima.
1987. Analysis of factors controlling soil organic matter
levels in Great Plains grasslands. Soil Science Society of
America Journal 51:1173~1179. -

Piearce, T. G. 1972. The calcium relations of selected Lum-
bricidae. Journal of Animal Ecology 41:167-188.

. 1978. Gut contents of some lumbricid earthworms.
Pedobiologia 18:153-157.

Riou, G. 1974. Les sols de la savane de Lamto. Pages 3-38
in Analyse d’un écosystéme tropical humide: la savane de
Lamto (Céte d’Ivoire) numéro spécial 1. Bulletin de Liaison
des Chercheurs de Lamto, Publications du Laboratorie de
Zoologie Ecole Normale Supérieure, Paris, France.

Rouelle, J. 1983. Introduction of amoebae and RAizobium
Japonicum into the gut of Eisenia fetida (Sav.) and Lum-
bricus terrestris L. Pages 375-381 in J. E. Satchell, editor.
Earthworm ecology. Chapman and Hall, London, England.

Scharpenseel, H. W., P. Becker-Heidmann, H. U. Neue, and
K. Tsutsuki. 1989. Bomb-carbon, “C dating and '3*C-
measurements as tracers of organic matter dynamics as well
as of morphogenetic and turbation process. Science of the
Total Environment 81/82:99-110.

Schwartz, D., A. Mariotti, R. Lanfranchi, and B. Guillet. 1986.
13C/12C ratios of soil organic matter as indicator of vege-
tation changes in the Congo. Goederma 39:97-103.

Smith, B. N., and S. Epstein. 1971. Two categories of ¥*C/
12C ratios for higher plants. Plant Physiology 47:380-384.

Spain, A., P. Lavelle, and A. Mariotti. In press. Stimulation
of the growth of maize (Zea mays) and guinea grass (Pan-
icum maximum) in tropical ferralsol through the addition
of earthworms. Soil Biology and Biochemistry.

Ecology, Vol. 73, No. 1

Stout, J. D., and K. M. Goh. 1980. The use of radiocarbon
to measure the effects of earthworms on soil development.
Radiocarbon 22:892-896.

Stout, J. D., K, M. Goh, and T. A. Rafter. 1981. Chemistry
and turnover of naturally occurring resistant organic com-
pounds in soil. Pages 1-73 in E. A. Paul and J. N. Ladd,
editors. Soil biochemistry. Volume 5, Marcel Dekker, New
York, New York, USA.

Swift, M. J., O. W. Heal, and J. M. Anderson. 1978. De-
composition in terrestrial ecosystems. Blackwell Scientific,
Oxford, England.

Tieszen, L. L., T. W. Boutton, K. G. Tesdahl, and N. A. Slade.
1983. Fractionation and turnover of stable carbon isotopes
in animal tissues: implications for §*C analysis of diet.
Qecologia (Berlin) 57:32-37.

Van Gansen,P. 1962. Structures et fonctions du tube digestif
du lombricien Eisenia foetida Savigny. Journal of Micros-
copy 1:363.

Vannier, G. 1985. Modes d’exploitation et partage des res-
sources alimentaires dans le systéme saprophage par les
microarthropodes du sol. Bulletin d’Ecologie 16:9—18.

Van Veen, J. A., J. N. Ladd, and M. J. Frissel. 1984. Mod-
elling C and N turnover through the microbial biomass in
soil. Plant and Soil 76:257-274.

Volkoff, B., and C. Cerri. 1987. Carbon isotopic fraction-
ation in subtropical grassland soils. Comparison with trop-
ical forest soils. Plant and Soil 10:227-231.

Wedeking, K. W., J. M. Hayes, and U. Matzigkeit. 1983.
Procedures of organic geochemical analyses. Pages 428-447
in J. W. Schopf, editor. Earth’s earliest biosphere, its origin

and evolution. Princeton University Press, Princeton, New -

Jersey, USA.

Wong, W., W. M. Sackett, and C. R. Benedict. 1975. Isotope
fractionation in photosynthetic bacteria during carbon di-
oxide assimilation. Plant Physiology 55:475-479.

e

]

e

A




