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ABSTRACT.—Plant communities may impose strong control on soil fauna populations. We examined the
abundance and distribution pattern of earthworms in two contrasting plant communities within a tropical
wet forest in Puerto Rico. The Dacryodes community occurs in well-drained soils and is dominated by Dacry-
odes excelsa, Manilkara bidentata, Guarea guidonea, and Sloanea berteriana. The Heliconia community occurs
in poorly-drained soils and is dominated by Heliconia caribaea and Prestoa montana. Earthworm biomass
and density in the Dacryodes community were twice those in the Heliconia community. Earthworm distribu-
tion was clumped in both communities, but was more aggregated in the Heliconia community. Soil pH in the
Heliconia community was higher than in the Dacryodes community and correlated negatively with earth-
worm density after pooling the data from both communities. However, soil pH alone could not explain the
observed differences in worm abundance and fresh biomass across the Luquillo Mountains. Soil water con-
tent in the Heliconia community was higher than in the Dacryodes community, but did not correlate with
earthworm density or biomass. Forest litter biomass did not differ between the two communities. Pon-
toscolex corethrurus dominated the density and biomass of earthworms on both communities, and these data
are comparable to other wet tropical regions. Our results indicate that variation in plant species composition
and soil properties between plant communities can trigger differences in earthworm abundance and distri-
bution pattern within a tropical wet forest.

RESUMEN.—Las comunidades de plantas pueden imponer un control fuerte sobre las poblaciones de ani-
males del suelo. Nosotros examinamos la abundancia y el patrén de distribucién de las lombrices de tierra en
dos comunidades de plantas en un bosque hiimedo tropical en Puerto Rico. La comunidad de Dacryodes ocu-
rre en suelos con buen drenaje y estd dominada por Dacryodes excelsa, Manilkara bidentata, Guarea guidonea
v Sloanea berteriana. La comunidad de Heliconia ocurre en suelos de pobre drenaje y estd dominada por Heli-
conia caribaea y Prestoa montana. La biomasa y la densidad de las lombrices de tierra en la comunidad de
Dacryodes fue el doble que en la comunidad de Heliconia. La distribucién de las lombrices fue agregada en
ambas comunidades, pero fue mas agrupada en la comunidad de Heliconia. El1 pH del suelo en la comunidad
de Heliconia fue mas alto que en la comunidad de Dacryodes, y tuvo una correlacién negativa con la densidad
de las lombrices luego de unir los datos de ambas comunidades. Aun asi, el pH del suelo solo no pudo expli-
ey la diferencia observada en la abundancia y biomasa de las lombrices en el bosque de Luquillo. El conte-
nido de agua del suelo en la comunidad de Heliconia fue mas alto que en la comunidad Dacryodes, pero éste
i correlacioné con la densidad o biomasa de las lombrices de tierra. La biomasa de la hojarazca del suelo no
difiri6 entre las dos comunidades. Pontoscolex corethrurus domin la densidad y abundancia de las lombri-
ces en ambas comunidades de plantas; estos datos son comparables a los de otras regiones tropicales hume-
das. Nuestros resultados indican que la variacién en la composicién de especies de plantas y las propiedades
del suelo entre distintas comunidades de plantas pueden causar diferencias en la abundancia y en el patrén
de distribucién de las lombrices de tierra en un bosque Iluvioso tropical.

INTRODUCTION Under similar climate conditions, factors

. that determine earthworm abundance and
Climate imposes strong control on the distribution may depend on plant species
abundance and distribution of earthworms. —composition and on the physical and chem-
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ical properties of soils within a plant com-
munity (Lee, 1985; Berry, 1994; Gonzdlez et
al,, 1996). Previous information on earth-
worm abundance and distribution in tropi-
cal areas was mostly collected from
agroecosystems, where management prac-
tices altered soil properties and plant com-
munities. For example, increasing woody
plant species richness during secondary
succession in abandoned tropical pastures
in Puerto Rico was associated with a
decrease in worm abundance and an
increase in the diversity of the earthworm
community (Zou and Gonzilez, 1997).
Native worms preferred naturally regener-
ated forest to pine and mahogany planta-
tions in abandoned croplands (Gonzélez et
al., 1996). Density of earthworms was posi-
tively correlated with inputs of organic
nitrogen in Albizia falcataria (L.) Fosberg
and Eucalyptus saligna Sm. plantations in
Hawaii (Zou, 1993). Little information on
earthworm abundance and distribution
pattern is available from heterogeneous
landscapes within humid tropical forests.
The tropical wet forest in Puerto Rico
(tabonuco forest) occurs between 300 and
600 m in the Luquillo Experimental Forest.
Plant species composition varies across a
heterogeneous landscape that differs in
topographic positions and disturbance

regimes within the tabonuco forest life-

zone. Tree species composition in well-
drained areas is dominated by Dacryodes
excelsa Vahl., Manilkara bidentata (A. DC.) A.
Chev., Guarea guidonea (L.) Sleumer, and
Sloanea berteriana Choisy. Poorly drained
areas are often associated with Heliconia
caribaea Lam. and Prestoea montana (Gra-
ham) Nicholson (Soil Survey Staff, 1995).
Gonzélez and Zou (in press) reported a
lower earthworm density in areas close to
Heliconia caribaea clones as compared to
areas 3 m away from these clones. The
study reported a lack of influence of Dacry-
odes excelsa on earthworm density in the
same wet forest. The negative effect of H.
caribaea may reduce the overall density of
earthworms and alter their distribution
patterns in areas dominated by this plant.
Thus, we developed this study to examine
the abundance and distribution of earth-
worms in a plant community dominated by

H. caribaea as compared with one domi-
nated by D. excelsa. We asked these ques-
tions: (1) Does the Heliconia community
support lower levels of earthworm density
and biomass than the Dacryodes commu-
nity?, (2) Is the distribution pattern of
earthworms more aggregated in the Helico-
nia community than in the Dacryodes com-
munity?

MATERIALS AND METHODS

Study site

The study was conducted at El Verde
(18°19'N, 65°49'W) in the Luquillo Long-
Term Ecological Research (LTER) site,
within the subtropical wet forest life zone.
Elevation is 420 m and the mean annual
precipitation is 3524 mm (Garcia-Martiné et
al., 1996). Mean annual air temperature is
22.3°C (Brown et al., 1983).

The soils of the LTER research area are
developed from Cretaceous volcanic and
sedimentary rocks (Seiders, 1971). The
dominant soils are Oxisols classified as a
very fine, kaolinitic, and moderately well
drained (Soil Survey Staff, 1995). Plant
communities within the Luquillo Moun-
tains vary according to geomorphology,
microclimate, land-use history, succes-
sional stage and disturbance (Crow and
Grigal, 1979; Garcia-Montiel and Scatena,
1994; Scatena and Lugo, 1995). The Dacryo-
des community typically occupies well-
drained areas in uplands of the mature for-
est (Crow and Grigal, 1979), whereas the
Heliconia community is located within the
tabonuco forest but limited to disturbed
riparian zones along poorly-drained soils
in the valleys. Mature D. excelsa are canopy
trees, 25-30 m tall, with small 50 x 100 mm
leaves. This species has the highest basal
area for a single species in the Dacryodes
community (Zou et al., 1995). Heliconia car-
ibaea is a monocot up to 4 m tall and grows
aggregated as clones with 0.5 x 1.5 m leaves
attached to their bases. It has the highest
stem density (stem diameter > 1 cm) in the
Heliconia community. When senescent,
leaves fall to the forest floor in the Dacryo-
des community, but H. caribaea leaves die
and decay attached to the plant base.
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Experimental Design

Field data were collected during the rela-
tively dry season between November 10,
1994 to April 13, 1995. Earthworms were
sampled in two grids randomly located in
each community (Dacryodes and Heliconia).
Each grid consisted of 16 quadrants (0.25 x
0.25m each) at 3 m intervals within a 12 x 12
m area. Forest floor litter (mostly leaves,
fruit, and twigs < 2 mm) in each quadrant
was collected and stored in a paper bag. Bio-
mass of forest floor litter was obtained after
drying the plant material at 60°C for three
days. Soil was removed to a depth of 0.25 m
using a shovel, and earthworms were sorted
by hand. Fresh biomass (weight) of earth-
worms was recorded in the laboratory after
worms were rinsed with water and dried
with paper towels. A soil sample (0-0.25 m)
was taken from each quadrant for measur-
ing soil pH and moisture content. Soil water
content was calculated by oven drying 10 g
of fresh sample at 105°C for 48 hours. Soil
PH was measured using a paste of 1:1 ratio
of fresh soil to deionized water,

Data Analysis

A nested ANOVA was used to test for
differences in earthworm density, earth-
worm fresh biomass, soil water content,
soil pH, and biomass of forest floor litter
(independent variables) between plant
communities and grids within a commu-
nity. Plots of residuals vs. predicted values
indicated no obvious violation of the
homogeneity assumption for the indepen-
dent variables. An o level of 0.05 was used
for all tests. A simple linear correlation
analysis was performed among earthworm
density, earthworm fresh biomass, soil pPH,
soil water content, and biomass of forest
floor litter,

Two indexes of dispersion for quadrant
counts of earthworms were employed: the
variance (s?) to mean (m) ratio and

orisita’s index of dispersion (I,) (Pielou,
1977. Kreps, 1989). The ratio (s2/m), named
the index of dispersion (I), is based on the
observation that in a randomly distributed
Population the ratio of the variance to the
Mean of the number of individuals per sam-
Pling unit equals one. Uniform and clumped

distribution will give expected values for I
of <1 and > 1, respectively (Kreps, 1989). To
test if the observed dispersion pattern was
significantly different from a random distri-
bution, the observed frequencies of the
numbers of earthworms were compared
with the expected binomial (random) fre-
quency using the Kolmogorov-Smirnov test.
This test is based on the absolute differences
between observed and expected cumulative
frequency distributions. These differences
are expressed as differences between relative
cumulative frequencies, and critical values
decide whether the maximum difference
between the observed and expected cumula-
tive frequency distribution is significant
(Sokal and Rohlf, 1995). The equation for the
Morisita’s index is:

Iy = n[(2x” - 2x)/((2x)% = 5x)]

where n = sample size; (x = sum of the quad-
rant counts (earthworms per quadrant) = x,
X, + X, =...; Xx* = sum of quadrant counts
squared = x2 + x> + x2 + ... (Pielou, 1977;
Kreps, 1989). I, is a coefficient relatively
independent of population density, and the
rules that determine the distribution pattern
of its expected values are the same as for I.

RESULTS

Density and fresh biomass of earth-
worms in the Dacryodes community were
twice those of the Heliconia community.
Pontoscolex corethrurus Muller, a soil-feed-
ing exotic earthworm, dominated both
plant communities. Amynthas rodericensis
Grube, a litter—feeding exotic earthworm,
was also found in both plant communities.
Pontoscolex spiralis Borges and Moreno, a
soil-feeding native worm, was found only
in the Dacryodes community. The density
and fresh biomass of Pontoscolex Sp. were
significantly higher in the Dacryodes than in
the Heliconia community. The fresh biomass
of Pontoscolex sp. and the density of A.
rodericensis were significantly  different
between the grids in the Dacryodes commu-
nity (Table 1). Mean soil pH and water con-
tent were significantly higher in the
Heliconia than in the Dacryodes community.
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TABLE 1. Mean (+ standard error), relative density, and fresh biomass (weight) of earthworm species. Results

from nested ANOVA are included.

Density Fresh biomass
Plant community Earthworm species (No. m?2) % (g. m?) %
Dacryodes excelsa .
Grid 1 . Pontoscolex corethrurus 95+14.2 97 21.6+3.2 92
Pontoscolex spiralis 1 1 0.6 3
Amynthas rodericensis 2+14 2 12+0.8 5
Grid 2 Pontoscolex corethrurus 123 +19.1 90 39.8+6.7 63
Amynthas rodericensis 14+4.1 10 23.6+8.3 37
Heliconia caribaea )
Grid 1 Pontoscolex corethrurus 55+15.3 95 159+3.8 66
Amynthas rodericensis 3+22 5 8.0+6.2 34
Grid 2 Pontoscolex corethrurus 73+£21.1 94 17.6 £3.3 76
Amynthas rodericensis 5+32 6 55+4.1 24
A) Source [F (P)-values]! Pontoscolex sp.
Plant community 6.64 (0.01) 9.57 (<0.01)
Grid 1.62 (0.21) 4.90 (0.03)
Plant community (Grid) 0.06 (0.80) 3.39 (0.07)
B) Source [F (P)-values]! Amynthas rodericensis
Plant community 1.91 (0.17) 1.01 (0.32)
Grid 5.86 (0.02) 3.13(0.08)
Plant community (Grid) 2.99 (0.09) 4.97 (0.03)

'[F and (P)- values] refer to nested ANOVA results for comparison of means of A) Pontoscolex sp. and B) A.
rodericensis between the plant communities, grids within a community, and the interaction of plant community

and grid.

Soil pH was significantly different between
grids within the Heliconia community. Bio-
mass of forest floor litter did not differ
between the two plant communities (Table
2). Earthworm density and biomass within
each plant community were not correlated
with soil pH, soil water content, or forest
floor litter (-0.3 < R2< 0.02; P > 0.14). Earth-
worm density correlated with soil pH (r = -
0.36, P = 0.004) after pooling the data from

both plant communities and did not corre-
late with soil water content or the biomass
of forest litter (Fig. 1).

The distribution of earthworms was
clumped in both grids of either Dacryodes
or Heliconia communities (Table 3). Using
combined data from both grids in each
plant community, the Kolmogorov-
Smirnov test still indicated a significant
deviation from a random distribution. The

TABLE 2. Mean (+ one standard error) of soil pH, water content, and biomass of forest floor litter (n = 16 per

grid).
Plant community Soil H,0 (%) Soil pH Biomass of forest floor litter (g m?)
Dacryodes excelsa
Grid 1 67.0£2.0 4.7 £0.09 428.3+19.5
Grid 2 59.6 1.7 4.9+£0.06 455.0+32.2
Heliconia caribaea
Grid 1 68.6 +4.8 59+0.07 371.7 £ 81.8
Grid 2 72.8+23 5.1+0.04 446.1 £74.5
Source [F (P)-values]!
Plant community 6.19 (0.02) 101.53 (<0.01) 0.31 (0.58)
Grid 0.29 (0.59) 31.82 (<0.01) 0.75 (0.39)
Plant community (Grid) 3.76 (0.06) 52.91 (<0.01) 0.17 (0.68)
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'FIG. 1. Correlation between earthworm density or biomass (fresh weight) and soil pH, water content (%), or
biomass of forest floor litter (g.m?) in Dacryodes ((]) and Heliconia (+) communities within a tropical wet forest in

Puerto Rico.

variance-to-mean ratio (I) and the
Morisita’s index of dispersion (I,) of the
Heliconia community were twice those of
the Dacryodes community.

DiscussioN

Earthworms can use a wide variety of
organic materials for food. Even in
adverse conditions they can extract suffi-
clent nourishment from soil to survive
(Edwards and Bohlen, 1996). Satchell
(1967) suggested that the most important
factors  determining earthworm abun-
dance and biomass are the quantity and
quality of food. Many studies have dem-
Onstrated that worm abundance is affected

by the quantity of litter input (e.g., Abbott
and Parker, 1981; Cuendet, 1984; Lee, 1985;
Hendrix et al., 1992). Although Dacryodes
and Heliconia communities differed in
plant species composition, the quantity of
litter input did not differ, and averaged
1.79 and 2.06 g m? d* for the two commu-
nities, respectively (Gonzdlez and Zou, in
press). These data indicate that differences
in above-ground litter quantity cannot
explain the observed differences in earth-
worm abundance and fresh biomass
between these two plant communities.

Soil pH was significantly different
between the two plant communities, but it
alone could not explain the observed differ-
ence in worm abundance and fresh bio-
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TABLE 3. Earthworm distribution pattern, Variance-to-Mean Ratio (I), and Morisita’s Index of Dispersion (1),

Indexes of Dispersion

Kolmogorov-Smirnov test

Plant community I ¥ d,.. Ccve P Spatial Pattern
Dacryodes excelsa

Grid 1 4.26 1.16 0.227 0.164 0.01 Clumped
Grid 2 6.11 1.23 0.296 0.154 0.01 Clumped
Combined 5.23 2.03 0.195 0.106 0.01 Clumped
Heliconia caribaea

Grid 1 2.10 1.87 0.288 0.222 0.01 Clumped
Grid 2 2.96 2.03 0.275 0.262 0.02 Clumped
Combined 2.61 2.01 0.286 0.140 0.01 Clumped

The maximum absolute difference between the cumulative frequencies;

2Critical value.

mass because it also varied between grids
within a plant community (Table 2). Zou
and Gonzélez (1997) reported a higher
fresh biomass of earthworms in abandoned
pastures (175 g m?) than in the Dacryodes
community (41 g m?) despite soil pH being
similar (4.7 vs. 4.8). Mahogany plantations
with soil pH values similar to those of the
Dacryodes community sustained a lower
fresh biomass (30 g m?) of earthworm
(Gonzdlez et al., 1996). On the other hand,
naturally regenerated secondary forest
with soil pH values similar to those of the
Dacryodes community supported higher
fresh biomass (61 g m?) of earthworms
(Gonzélez et al., 1996). These data show an
inconsistent pattern between soil pH and
fresh biomass of earthworms.

The sampling period (November to
April) is the season.with the lowest precipi-
tation in the tabonuco forest (Garcia-Mar-
tiné et al, 1996). An on-going study
showed little variation in earthworm popu-
lation abundance between the dry and the
wet seasons in the tabonuco forest (Liu and
Zou, unpublished data). Soil water content
in the Dacryodes community was lower
than in the Heliconia community, but P. core-
thrurus density and fresh biomass were
higher in the former, implying that soil
moisture regimes are not the driving factor
affecting worm abundance in the Heliconia
community.

Gonzélez and Zou (in press) report that
earthworm density averaged 79 individu-
als m? in areas close to H. caribaea clones
and 145 individuals m? in areas 3 m away
from these clones. The latter number was

greater than the 118 individuals m? found
in the Dacryodes community from this
study, suggesting that H. caribaea plays an
important role in reducing earthworm den-
sity. This negative effect of H. caribaea is
most likely achieved through reducing
below-ground food availability and alter-
ing other soil chemical properties. There is
no information on root productivity and
root exudates for this plant species. How-
ever, earthworm abundance has been corre-
lated positively with soil C and N levels
(e.g., Lee, 1985; Fragoso and Lavelle, 1992;
Zou and Bashkin, 1998). Soil organic C and
N contents from the top 25 cm of soil pro-
file in the Dacryodes community (C: 3.46%;
N: 0.36%) were higher than in the Heliconia
community (C: 2.99%; N: 0.28%) (data from
Soil Survey Staff, 1995), indicating that the
altered soil properties may have produced
the differences in earthworm abundance
between the two plant communities.

Both plant communities also differ in
landscape position and stand age. The
Dacryodes community occupies soils on
ridges and under older stands than the Hel-
iconia community. The Heliconia community
occupies soils along riparian valleys that
are constantly disturbed. Therefore, Helico-
nia community soils are relatively young
and contain less organic matter (131 vs. 210
Mg ha?) (Scatena and Lugo, 1995). Earth-
worms can ingest a large proportion of soil
organic matter in many ecosystems; conse-
quently differences in soil organic matter
could have produced the differences in
earthworm abundance between the two
plant communities.
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The highly clumped spatial pattern of
earthworms in the Heliconia community
might also result from the strong negative
effect of H. caribaea on earthworm density
(Gonzélez and Zou, in press). The reduced
earthworm density in areas surrounding H.
caribaea clones, as compared with areas 3 m
away from these clones, can enhance the
aggregation of worms in the Heliconia com-
munity. In contrast, D. excelsa did not have
a significant effect on earthworm abun-
dance between areas close to and away
from its bases. Thus, it has limited influ-
ence on the aggregation of earthworms.

Our data on earthworm density are com-
parable to data from other moist and wet
tropical sites, but are higher than the 12
worm m? reported in an earlier study in the
same forest (Borges and Alfaro, 1997).
Barthworm density in two tropical forests
from Mexico varied from 79 to 132 worm
m? (Lavelle, 1983). Fragoso and Lavelle
(1992) reported an average of 68 worms m?
and 12.9 g m? (fresh biomass) in tropical
rain forest communities of Mexico. In
Hawaii, earthworm density in undisturbed
rain forests was 21 worms m? (Aplet, 1990).
Average density of earthworms in tropical
forests was not significantly different from
that of temperate deciduous and cold conif-
erous forests (Lee, 1985; Fragoso and
Lavelle 1992).

In our study, P. corethrurus dominated the
density and biomass of both plant commu-
nities. Earthworm density and biomass in
the Central American forests of Mexico and
Costa Rica are also dominated by the exotic
worm Pontoscolex corethrurus (Fragoso and
Lavelle, 1992). Higher earthworm density
in the Dacryodes community than in the
Heliconia community suggests that plant
Species and soils have a strong influence on
the abundance and distribution of earth-
worms under similar climate conditions.

Acknowledgments.—We  thank  Adisel
Montaﬁa, Shenglei Fu, Luis A. Alejandro,
Liz M. Sanchez, and Angel Meléndez for
field assistance. We thank Mitchell Aide,
Randall Myster, Tim Seastedt, and William
A. Gould for commenting on an earlier ver-
Slon of this manuscript. This research was
Supported by U. S. National Science Foun-

dation through the Minority Research Cen-
ters of Excellence Program (HRD 9353549).
Additional support was also provided by a
National Aeronautics and Space Adminis-
tration grant (NAGW 4059) to the Univer-
sity of Puerto Rico.

LITERATURE CITED

Abbott, I, and C. A. Parker. 1981. Interactions between
earthworms and their soil environment. Soil Biol.
Biochem. 13:191-197.

Aplet, G. H. 1990. Alteration of earthworm commu-
nity biomass by the alien Myrica faya in Hawail.
Oecologia 82:414-416.

Berry, E. C. 1994. Earthworms and other fauna in the
soil. In J. L. Hatfield and B. A. Stewart (eds.) Soil
Biology: Effects on Soil Quality. pp. 61-82. Lewis
Publishers, Boca Raton, FL, USA.

Borges, S. and M. Alfaro. 1997. The earthworms of
Bafio de Oro, Luquillo Experimental Forest, Puerto
Rico. Soil Biol. Biochem. 29:231-234.

Brown, S., A. E. Lugo, S. Silander, and L. Liegel. 1983.
Research history and opportunities in the Luquillo
Experimental Forest. USDA For. Serv. Gen. Tech.
Rep. SO-44. Southern Forest Experimental Station,
New Orleans, Louisiana, USA.

Crow, T. R., and D. F. Grigal. 1979. A numerical analy-
sis of arborescent communities in the rain forest of
the Luquillo Mountains, Puerto Rico. Vegetatio
40:135-146.

Cuendet, G. 1984. A comparative study of the earth-
worin population of four different woodland types
in Wytham woods, Oxford. Pedobiologia 26:421-
439.

Edwards, C. A., and P. J. Bohlen. 1996. Biology and
Ecology of Earthworms. Chapman and Hall, New
York. 402 pp.

Fragoso, C., and P. Lavelle. 1992. Earthworm commu-
nities of tropical rain forests. Soil Biol. Biochem.
24:1397-1408.

Garcia-Marting, A. R., G. S. Warner, E. N. Scatena, and
D. L. Civco. 1996. Rainfall, runoff and elevation
relationships in the Luquillo Mountains of Puerto
Rico. Carib. J. of Sci. 32:413-424.

Garcfa-Montiel, D., and F. N. Scatena. 1994. The effect
of human activity on the structure and composi-
tion of a tropical forest in Puerto Rico. Forest Ecol-
ogy and Management 63:57-78.

Gonzélez, G., X. Zou, and S. Borges. 1996. Earthworm
abundance and species composition in abandoned
tropical croplands: comparisons of tree plantations
and secondary forests. Pedobiologia 40:385-391.

Gonzélez, G., and X. Zou. (in press) Plant and litter
influences on earthworm abundance and commu-
nity structure in a tropical wet forest. Biotropica.

Hendrix, P. F, B. R. Mueller, R. R. Bruce, G. W.
Landgdale, and R. W. Parmelee. 1992. Abundance
and distribution of earthworms in relation to land-
scape factors on the Georgia Piedmont, U.S.A. Soil
Biol. Biochem. 24:1857-1361.



100 : G. GONZALEZET AL.

Krebs, C. J. 1989. Ecological Methodology. Harper and
Row Publishers, New York. 654 pp.

Lavelle, P. 1983. The soil fauna of tropical savanna. II.
The earthworms. In F. Bourliere (ed.) Tropical
Savannas. pp. 485-503. Elsevier, Amsterdam.

Lee, K. E. 1985. Earthworms: their ecology and rela-
tionship with soils and land use. Academic Press,
Sydney, Australia. 399 pp.

Pielou, E. C. 1977. Mathematical Ecology. John Wiley
and Sons, New York, USA. 125 pp-

Satchell, J. E. 1967. Lumbricidae. In A. Burges and
E.Raw. (eds.) Soil biology. Pp-259-322. Academic
Press, London.

Scatena, F. N., and A. E. Lugo. 1995. Geomorphology,
disturbance, and the soil and vegetation of two
subtropical wet steepland watersheds of Puerto
Rico. Geomorphology 13:199-213.

Seiders, V. M. 1971. Geologic map of the El Yunque
quadrangle, Puerto Rico. USDI Geological Survey
Misc. Geol. Invest. Map I-658. Washington, DC, USA.

Soil Survey Staff. 1995. Order 1 Soil Survey of the
Luquillo Long-Term Ecological Research Grid,

Puerto Rico. USDA Natural Resource Conserva-
tion Service, Lincoln, NE, USA.

Sokal, R. R,, and F. J. Rohlf. 1995, Biometry: the princi-
ples and practice of statistics in biological research,
Third edition. W. H. Freeman and Company, Ney,
York, New York. 887 pp.

Zou, X. 1993. Species effects on earthworm density in
tropical tree plantations in Hawaii. Biol. Ferti],
Soils 15:35-38.

Zou, X., and M. Bashkin. 1998. Soil carbon accretion
and earthworm recovery following revegetation in
abandoned sugarcane fields. Soil Biol. Biochem,
30:825-830. :

Zou, X., and G. Gonzélez. 1997. Changes in earth-
worm density and community structure during
secondary succession in abandoned tropical pas-
tures. Soil Biol. Biochem. 29:627-629.

Zou, X., C.P. Zucca, R. B. Waide, and W. H. McDowell,
1995. Long-term influence of deforestation on tree
species composition and litter dynamics of a tropi-
cal rain forest in Puerto Rico. For. Ecol. Manage.
78:147-157.



