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Abstract

Fine and coarse root mass and fine root surface area were studied during 5 yr following the felling and
burning of a tropical forest near Turrialba, Costa Rica. Five experimental ecosystems were established: 1)
natural successional vegetation, 2) successional vegetation enriched by seed applications, 3) imitation of
succession (built by substituting investigator-selected species for natural colonizers), 4) monocultures (two
maize crops followed by cassava and Cordia alliodora), and 5) a bare plot.

Fine roots grew rapidly in all treatments during the first 15wk, at which time there were 75 gm=2 in the
monoculture and 140 gm~? in the enriched and natural successions. Subsequent growth was slower, and
fine-root mass decreased during the first dry season. After 5yr coarse root mass to a depth of 85cm was
about 800, 1370, and 1530 gm~? in the succession, enriched succession and imitation of succession, respec-
tively. At the final harvest, the 3.5yr-old C. alliodora plantation had 1000 gm~2 of coarse-root biomass.
Roots < | mm in diameter were concentrated in the upper Scm of soil and accounted for most fine-root
surface area. Total fine-root surface area was greatest in the enriched successional vegetation and usually
lowest in the monoculture.

Introduction Vitousek and Reiners, 1975). Because nutrients are
absorbed primarily by fine roots, the rapid develop-
Forest felling is often immediately followed by a ment of an extensive, fine-root system —in conjun-
period of rapid nutrient loss (Edwards and Ross- ction with nutrient storage in above-ground bio-
Todd, 1979; Ewel et al., 1981; Fredriksen, 1971; mass—can reduce the nutrient losses commonly
Johnson and Swank, 1973; Jordan, 1980; Likens e? associated with forest disturbance.
al., 1970). Vegetation removal disrupts nutrient In most ecosystems, fine roots comprise only a
uptake, mineralization, evapotranspiration, and small proportion of total root biomass (Santan-
decomposition: processes which, in turn, regulate tonio et al., 1977; Vogt et al., 1986), but are asso-
nutrient retention and cycling patterns (Gorham et ciated with many important processes. In addition
al., 1979; Likens et al., 1978; Wells and Jorgensen, to nutrient absorption, fine roots absorb water, are
1975). This problem can be especially severe in the associated with mycorrhizal transfer and incor-
humid tropics, where many soils are nutrient-poor poration of nutrients, especially P (Bowen, 1980;
and leaching rates can be high. Redhead, 1980; Sanni, 1976), and add organic mat-
Rapid nutrient uptake by successional vegeta- ter and nutrients to the soil through rapid turnover

tion keeps this problem from being even more (Cox et al., 1978; Harris et al., 1977, 1980; Raich,
severe than it is. Many species grow rapidly on 1980a; Vogt et al., 1986).

disturbed sites if nutrients are readily available Although root systems are still the biggest un-
(Boring et al., 1981; Marks and Bormann, 1972; known in our knowledge of plant community struc-
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ture, especially in the tropics, several studies of the
root systems of tropical plants and whole plant
communities have been published in recent years.
These studies have dealt with a broad array of
topics, including root biomass (Bartholomew et al.,
1953; Berish, 1983; Cornforth, 1970; Greenland
and Kowal, 1960; Huttel, 1975; Jenik, 1971; Law-
son et al., 1970; Murphy and Lugo, 1986; Nye and
Greenland, 1960; Raich, 1980b; Singh and Singh,
1981; Stark and Spratt, 1977; Srivastava et al.,
1987), root surface area (Berish, 1982; Ewel et al.,
1982), root growth and development (Jordan and
Escalante, 1980; Sanford, 1987; St. John, 1983; Uhl
and Murphy, 1981), and species-specific root sys-
tem architecture (Jenik, 1978).

This study was part of a long-term agroecosys-
tem investigation designed to explore the possibil-
ity of using natural successional vegetation as a
model for the design of new tropical agroecosys-
tems. The primary objectives of this part of the
research were 1) to describe root development
during the early stages of regrowth following the
felling and burning of a tropical forest, 2} to
characterize the fine-root development of an agri-
cultural ecosystem that physiognomically resemb-
led successional vegetation of the same age, 3) to
determine the impact of artificially high species
richness on root-system development, and 4) to
compare root development in crop monocultures
‘'with that of species-rich ecosystems.

Methods
Study site

The study was conducted near Turrialba, Costa
Rica, in the Florencia Norte Forest. The site is
located at 9°54'N, 83°40'W at an elevation of ap-
proximately 650m. The area is in the Tropical
Premontane Wet Forest life zone (Tosi, 1969).
Mean annual rainfall is approximately 2700 mm,
and the dry season extends from January through
March.

The volcanic bedrock of the Turrialba area was
formed in the late Tertiary and Quarternary
periods (Hardy, 1961) and the basic composition is
augite-hypersthene-andesite (Dengo, 1962). The
andesite bedrock is composed of white plagioclase
feldspar crystals and black pyroxenes, plus small

amounts of magnetite, apatite and pyrites. Quartz
is characteristically lacking in the bedrock minerals
of the area (Hardy, 1961).

The soil at the study site is an Andept, derived
from aged pyroclastic materials of the Irazu-
Turrialba volcano complex, and pertains to the
Colorado series of Typic Dystrandepts (Alvarado
et al., 1981). A typical soil profile has a thin
(0 to 6cm) All horizon that has a high organic
matter content (ca. 15%). The All usually grades
into an Al12 horizon, often extending to 25cm.
Underlying the A horizons is an AB horizon, lower
in organic matter content (decreasing with depth
from 9 to 3%) and higher in clay and silt content
than the A. Below the AB horizon, beginning with
a wavy border at about 60 cm, is a highly weathered
B horizon; it is characterized by little organic
matter (less than 3%) and very high clay and silt
contents. The B horizon, a zone of weathered and
leached material, usually extends past 6 m (Hardy,
1961). In five soil pits that were deeper than 2m,
saprolite, weathered andesite, was present. This
lower part of the B horizon has less than 0.2%
weatherable minerals remaining (Dondoli and
Torres, 1954).

The physical structure of the soil is good,
stabilized by the large amount of organic matter in
the upper horizons and allophane throughout the
profile. The soil is strongly aggregated, has a rapid
infiltration rate (approximately 30cmhr™'), and a
very high water-holding capacity (over 40% by
volume at 15bars of tension) (Russell and Ewel,
1985). Evidence of extensive pedoturbation from
leaf-cutter ant activity was present throughout soil
profiles (Alvarado et al., 1981).

At the start of the study the vegetation on
the 2.4ha site was physiognomically typical of
second-growth, mid-elevation vegetation in the
humid tropics. It consisted of 8- to 9-yr-old second-
growth interspersed with scattered individuals
of five timber species (Cordia alliodora, Ocotea
atirrensis, Simarouba amara, Swietenia
macrophylla, and Virola sebifera) from a forestry
planting, plus remnants of an old secondary forest,
dominated by Goethalsia meiantha, which resulted
from abandonment of earlier agricuiture, probably
coffee. The site included some of the same
land where Harcombe (1977a; 1977b) studied the
soil-nutrient relationships of early successional
vegetation.



Treatments

The vegetation on six 33 by 33 m blocks and a
single 14 by 14m plot was felled during the first
week of January, 1979. Border strips of at least 5m
of vegetation were left uncut surrounding each
block. In late March, 1979, the slash was burned
which left the site covered with a layer of white ash
(Ewel et al., 1981). Development of the experiment-
al ecosystems began immediately following the
burn.

The single 14 by 14 m plot was maintained free of
vegetation by hand weeding and was surrounded
by a 0.5-m-deep trench to reduce ingrowth of roots.
Each of the six blocks was divided into 16 by 16 m
quadrants, each separated by a 1m wide trail.
Thus, we had six blocks, each with four treatments,
plus an unreplicated bare plot treatment. These
become the plots on which the four kinds of experi-
mental communities, described below, were esta-
blished in a randomized complete block design.

Succession. The vegetation in this treatment re-
generated from naturally occurring seeds and from
coppice following the burn. The regrowth was un-
manipulated by the investigators.

Imitation of succession. The composition of this
community was completely controlled by us, and
constituted our attempt to build an ecosystem that
resembled the natural second growth of the area
structurally and functionally, but not floristically.
It was built by replacing naturally occurring species
with morphologically analagous ones, both wild
species and cultivars, which were not native to the
site. Natural colonizers were periodically cut or
uprooted and left to decompose in situ. The ration-
ale for using natural successional vegetation as a
model for agroecosystem design was discussed by
Hart (1980) and Ewel (1986).

Enriched succession. The enriched succession con-
tained natural regeneration (equivalent to the suc-
cession treatment) that was augmented by the re-
gular addition of a diverse assemblage of
propagules (=20 species and > 10000 seeds per
plot per month). This treatment was used to deter-
mine whether the removal of source constraints to
seed input would result in an ecosystem that was
even more structurally and functionally complex
than the unenriched succession.
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Monoculture. The monoculture contained one cul-
tivar at a time, but the species used was changed as
the stature of the successional vegetation increased.
The monoculture plots were weeded frequently and
were generally devoid of live non-crop roots. The
first two monocultures were maize (Zea mays var.
Tuxpeno). The first crop was planted immediately
following the burn and was harvested in early July,
1979. The second crop was planted in late July and
harvested in November, 1979, Both crops were
planted at a spacing of 1 by 0.5m, two seeds per
hole. The third monoculture was cassava (Manihot
esculenta var. Japonesa), a shrub. Cuttings were
planted at a spacing of 1 by 1 m in late November,
1979, and the edible tubers were harvested in Sep-
tember, 1980. After the cassava harvest, seedlings
of Cordia alliodora, a tree, were planted at a spacing
of 2 by 2m; this species occupied the monoculture
plots until the end of the 5-yr study. No insec-
ticides, herbicides, or fertilizers were used on the
monocultures, but they were weeded frequently,
such that weeds never formed a complete cover nor
grew taller than 20 cm. Maize (ears only) and cas-
sava (tubers only) were harvested; crop leaves and
stems, as well as weeds, were left to decompose in
Situ.

Root sampling

Roots in the monoculture were initially sampled
by randomly selecting one plant per block and
harvesting its entire root system by careful excava-
tion. These data were converted to average root
mass per unit area by multiplying root mass per
plant by plant density, on a block-by-block basis.
This sampling technique eventually proved imprac-
tical as plants grew and their root systems occupied
increasingly greater volumes of soil. Thus, most
root harvests in the maize and cassava monocul-
tures were done using the techniques applied in all
other treatments, as described below. In the mono-
culture of Cordia alliodora we measured the tap
root and principal lateral roots of individual trees
by excavating a cylinder of soil 80cm in diameter
and 85 cm deep, centered beneath trees selected for
destructive sampling. Tap-root data were related to
tree diameter and height, so it was possible to
estimate tap-root mass for the whole stand by al-
lometry. The mass of smaller roots in the interstices
between the trees was estimated from corings.
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Until October, 1980, roots in treatments other
than the monoculture were sampled in the center of
biomass harvest plots-——one in each of the six
blocks per treatment — after the above-ground bio-
mass had been carefully removed. Roots were initi-
ally sampled at two depths: 0 to 5cm (including the
litter layer) and 5 to 25 cm. The sampling depth was
increased to 45cm after 3 months and to 85cm
after 1 yr. Roots in each sampling interval above
45cm were sampled by excavating 25 by 25cm
blocks of soil. Deeper roots were sampled with a
4.3-cm-diameter, manually driven corer (Santan-
tonio, 1982). Soil for root samples was initially
cored monthly; coring frequency decreased with
vegetation age (see Figs. 1 and 3).

After October, 1980, roots at all depths were
sampled with the corer. Each sample was a com-
posite of five cores. One core was taken from the
center and one from the vicinity of each corner of
each biomass-harvest plot, except in the C. all-
iodora monocultures, where the cores were taken
from five randomly selected locations throughout
the plot. The various root-sampling techniques
used over the 5-yr-sample period were not cross-
calibrated.

We felt that our corings might have un-
derestimated the mass of large-diameter roots.
Therefore, at the time of the final biomass harvest
(April, 1984) we supplemented the usual sampling
procedures with excavations of all roots > 5mm in
diameter from pits that were 0.5 by 2 by 0.85m
deep. Although the root-pit data did not demon-
strate that we had underestimated coarse-root mass
by sampling with a small-diameter corer, they did
document what our core sampling had indicated:
the distribution of coarse roots, tap roots, and
tubers was patchy.

Each soil block, core, or composite of cores was
soaked in water, then agitated with flowing water.
The overflow material, including roots, was collec-
ted on a 0.5-mm-mesh sieve. Roots in the smallest
size class were rewashed to ensure the removal of
external mineral matter.

Roots were separated from all other flotsam. All
branch roots were excised, and the segments were
separated into six diameter classes: <1, 1to <2, 2
to <5,5to <10, 10 to <20, and > 20mm. Live
and dead fine-roots were not distinguished; how-
ever, obviously decomposing roots > 2mm in dia-
meter were discarded. Roots in the bare plot were

regarded as dead. The clean root samples were
dried to a constant weight at 70 °C and weighed to
0.5mg.

During the first several months of sampling, the
length (to the nearest mm) of all roots in each of the
three smallest diameter classes (<1, 1 to <2, and
2 to <5) was measured for each sample before
oven drying. The relationships between root length
and root mass were determined. The resulting re-
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vertical bars are standard errors.
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Fig. 2. Surface area of fine roots, by soil depth, in the four experimental ecosystems when they were 4, 9.5, 40 and 60 months old.

gressions (Berish, 1982) were used for all subse-
quent conversions of root mass to root length.
Root lengths were then converted to surface area
by assuming that all roots were cylinders having
diameters equal to the midpoint of their diameter
class. Since root surface area calculations were
based on the midpoint of diameter classes, the
precision of our estimates decreased with increas-
ing root diameter. We report the surface area of
fine roots, rather than length or mass, because
surface area is more directly related to absorptive
potential, just as leaf area is a more direct measure
of photosynthetic potential than is leaf mass. Mass
to length and mass to surface area relationships for
crops plants such as maize have been shown to vary

with plant age and soil strength (Allmaras et al.,
1975; Smika and Klute, 1982). We felt, however,
that because we had a substantial sample size
(n > 118, see Berish, 1983) taken from succession-
al vegetation of various ages and physiological con-
ditions from a very small area (< 3 ha) on a single
soil type, the relationship between fine-root mass
and fine-root length we developed was valid for our
site.

Results

After the March, 1979 burn, there were ap-
proximately 38gm™2 of fine roots (i.e., those
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Fig. 3. Coarse root (>2mm dia.) biomass. Values are means
and vertical bars are standard errors.

< 2mm dia.) to a depth of 25 cm on all plots. These
residual roots were readily distinguished from the
white, fleshy roots of maize in the monoculture and
from maize plus other cultivars in the imitation of
succession treatment. In these two ecosystems re-
sidual roots were excluded from root mass deter-
minations. In the succession and enriched-
succession communities, however, where sprouts
were not removed, all non-decomposing roots were
included in root mass determinations. These
presumably included many roots that had been
present before the burn.

Dead roots were measured on the bare plot to

estimate the disappearance rate of roots remaining

from the pre-clearing forest. Total dead-root mass
in this plot decreased from 185 gm™2in May, 1979,

to 42gm~? in April, 1984. The mass of dead, fine
roots (i.e., those <2mm in diameter), however,
was 23gm~? in May, 1979, and 32gm™2 in April,
1984. Two factors complicated the measurement of
the mass of dead, fine roots. One factor was their
spatial patchiness, which may have increased with
time. Most of the roots still present after five years,
for example, were concentrated near decomposing
stumps. A second factor was that, as larger roots
decayed they probably shrank, so they might have
been measured as part of the next smaller root size
class.

Variances of the root mass data were not hom-
ogeneous but were generally proportional to the
square of the means, so the values were logarith-
mically transformed (Steel and Torrie, 1960). Sta-
tistical analyses (SAS, General Linear Model)
followed by Duncan’s Multiple Range Test when
significant differences were detected (SAS, 1979)
were performed on the transformed data. However,
means and standard deviations (or standard errors)
are reported for untransformed data.

Fine and coarse roots were separately analyzed
in one-way (treatment) analyses of variance by
horizon and sample date. The root mass data from
all four ecosystems were usually included in each
analysis. However, when no living root mass was
present in the monoculture, only the three equal-
aged successional vegetations were included, be-
cause all monoculture vegetation planted after the
harvest of the first maize crop (in July, 1979) was
younger than the vegetation in the other three
treatments.

Fine roots

Biomass. Fine roots grew rapidly in all four com-
munities during the first 15 wk. By early July, 1979,
fine-root mass ranged from approximately 75 gm 2
in the monoculture to about 140 gm~2 in the suc-
cession and enriched succession communities (Fig.
1). The rate of increase of fine-root biomass slowed
on all three diverse communities after the first year.

At the end of the first rainy season the fine-root
mass of the successional vegetation—then 9
months old —reached approximately 190gm~>.
During the subsequent dry season, however, it de-
creased about 40% (Fig. 1). The other two diverse
communities also experienced dry-season declines



in fine roots, although less markedly so in the en-
riched succession than in the other diverse vegeta-
tions, perhaps because it contained drought-
tolerant species introduced by us.

The dry-season decrease in mass of fine roots
that was evident during the first year in the three
diverse communities was not apparent during the
next 4yr. This may have been an artifact of the
timing and frequency of our sampling, or it may
reflect increased robustness of the root systems of
older vegetation. More fine roots in the older
vegetation were woody and presumably would
have been less likely to break down during harsh
conditions than the non-suberized roots that
characterized the younger vegetation.

Fine roots developed more slowly in the imita-
tion of succession than in the succession and en-
riched succession. The short dry season of July,
1979, coincided with the maturation of the maize it
contained, resulting in the loss of approximately
70% of its fine-root mass. From July, 1979, until
October, 1981, there was approximately 40% less
fine-root mass in the imitation vegetation than in
the successional vegetation, primarily because spe-
cies turnover was rapid and we were unable to build
the imitation at the same speed at which the natural
communities developed. During the last three years,
however, the imitation of succession began to ap-
proach the stature of the successional vegetation
and its root mass increased steadily. After 5yr the
total fine-root mass in the imitation of succession
was approximately 150 gm 2, nearly the same as
that of the natural and enriched successions.

The development of fine roots in the monocul-
tures was far different from that in the other com-
munities, partly because the other ecosystems con-
tained far more species, but primarily because the
monocultures were periodically set back by har-
vests. The development of fine roots in the first
maize planting kept pace with the three diverse
communities. The second maize crop, however,
developed only about one-sixth of fine-root mass of
the first planting. Its plants were stunted and many
of them lodged; grain yield was extremely low. The
poor development of the second maize crop was
due primarily to high, but unquantified, levels of
root herbivory by coleopteran larvae. When the
second maize crop was replaced by cassava, fine
roots once again developed rapidly. Mass of fine
roots in the cassava peaked at approximately
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65gm™? when the tubers approached maturation.
Fine roots of the fourth monoculture, the C. al-
liodora plantation, developed rapidly. After ap-
proximately 3yr, the fine-root mass in the C. al-
liodora stand was about the same as that of the
successional vegetation.

Surface area. Very fine roots (i.e., those <1 mm in
diameter) accounted for most root surface area in
all four communities throughout the investigation.
Like fine-root biomass, root surface increased rap-
idly in all four communities from May through
early July, 1979. At approximately 4 months, the
root area index (RAI), or m? of root surface
aream ? ground, was 1.9, 1.6, 1.2, and 1.0 in the
enriched succession, succession, imitation of suc-
cession, and maize monoculture, respectively (Fig.
2). Subsequent increases in fine-root surface area,
line biomass, were slower. Decreases in root surface
area in all treatments were associated with periods
of low precipitation.

Over time, all four of the communities tended to
have an increasingly greater proportion of their
small, nutrient-absorbing roots in the surface-soil
horizon. This concentration of fine roots in the
surface soil was accompanied by canopy closure
and litter accumulation. Presumably, as commun-
ity structure built up, within-community recycling
of nutrients increased. Fine roots would then de-
velop preferentially near the soil surface, where
nutrients were relatively concentrated because of
litter inputs.

Coarse roots

After approximately Syr of growth, the mean
mass of coarse roots (i.e., those >2mm in dia-
meter) to a depth of 85 cm was about 800, 1370, and
1530gm~2 (or nearly 2000gm~2 if yam tubers
included) in the succession, enriched succession,
and imitation of succession, respectively (Fig. 3).
However, because of spatial variability, few statis-
tically significant differences were detected among
treatments. This was true even at the time of the
final harvest, when roots were excavated from large
pits. In the imitation of succession, for example,
most coarse roots were from large-rooted cultivars
such as plantains, yams, and cassava. As only a few
individuals of each were present in each block,
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large variances in mass were associated with the
scattered locations of those species.

Many of the coarse roots in the succession and
enriched succession communities developed from
sprouts, an important source of regeneration in the
successional vegetation.

At the time of the final harvest the monoculture
was a 3.5-yr-old tree plantation. Its coarse root
biomass was surprisingly high: 800gm~?, which
was about the same as that of the 5-yr-old, species-
rich successional vegetation.

Discussion

Numerous studies indicate that a steady state of
fine root biomass is reached at the time of canopy
closure (McQueen, 1968; Moir and Bachelard,
1969; Nemath, 1973; Vogt et al., 1981) which
occurs often after 20yr in many temperate-zone
forests. At our tropical site, where canopy closure
occurs much sooner, the steady state of fine roots
will be reached in fewer than 20 yr. Within the first
growing season the successional vegetation we
studied had about 40% of the amount of fine roots
of an adjacent, 75-yr-old forest (Berish, 1982).
After S yr the mass of fine roots in the three diverse
communities we studied were only slightly lower
than values reported for mature tropical forests in
Costa Rica (range 290 to 350 gm~?) (Berish, 1982;
Raich, 1980b), a tropical deciduous forest in India
(276 gm~?) (Singh and Singh, 1981) and a 4-yr-old
hardwood forest in North Carolina (732gm~?)
(Boring et al., 1984), but much lower than values
from forests in Ghana (Lawson et al., 1970) and the
Brazilian Amazon (range 528 to 1089gm~?)
(Klinge, 1973). Rapid growth of fine roots has been
reported for other tropical forests (Jordan and Es-
calente, 1980; Jordan, 1985; Raich, 1980b; Sanford,
1987) and a warm temperate forest where resprout-
ing was common (Boring et al., 1981).

Soil fertility may be inversely related to rate of
root-mass recovery. For example, 1yr after de-
forestation of a nutrient-impoverished soil in the
Venezuelan Amazon, total plant biomass was less
than 70 gm 2 (Uhl er al., 1981). In contrast, less
than 8 wk after we deforested our relatively fertile
site, there was more than 100 gm~? of root biomass
alone.

The slower rate of fine root mass increase after

the first growing season at our site may have been
due to decreased root growth, perhaps because
photosynthate was preferentially allocated to lar-
ger roots (Atkinson, 1983) or to aboveground tis-
sues (Tyron and Chapin, 1983). This explanation
fits with regeneration that is primarily by seed, as
on our site, where an early balance is established
between above- and below-ground biomass. Re-
generation by sprouting, however, is different in
that early aboveground vegetative growth is not
necessarily new net production, but may be a real-
location of stored photosynthate from root tissues
(Schier and Zasada, 1973; Tew, 1970). Alternative-
ly, the decline in net growth rate may have been due
to accelerated root turnover, which can increase
independently of biomass (Nadelhoffer er al,
1985). A third possibility is that annual variation in
fine-root production is so large that it masks small
annual biomass increments. Large annual varia-
tions of fine-root growth have been reported for
many species and investigations (Atkinson, 1973;
Santantonio and Herman, 1985; Singh et al., 1984).

Functional inferences of root development patterns

The rapid accumulation of biomass during suc-
cession means that substantial amounts of nu-
trients are removed from the soil, where they are
potentially susceptible to leaching or chemical fixa-
tion, and stored in plant tissues (Boring et al., 1981;
Marks and Bormann, 1972; Vitousek and Reiners,
1975). Although the early development of a fine-
root system is essential for this uptake and seques-
tering of nutrients in biomass to occur, this is not
a period when vast amounts of photosynthate are
allocated to large, supportive roots (Ewel, 1971).
Studies of temperate coniferous forests (Coutts,
1983; Coutts and Lewis, 1983; Deans, 1981; Fraser,
1962) indicate that the formation of large rootsis a
long process and occurs primarily after the de-
velopment of a fine-root system. This same trend
was observed at our site.

A general pattern evident during succession is
that internal recycling of nutrients increases with
time and plants become less dependent upon ac-
quisition of new supplies from the mineral soil
(Odum, 1969; Vitousek and Reiners, 1975). This
switch from abiotic to biotic nutrient sources is
accompanied by an increasingly greater concentra-



tion of fine roots near the surface, where they have
ready access to nutrients returned to the soil as
detritus, canopy leachate, and stemflow. This trend
was apparent at our site and has also been reported
for temperate forests (Grier et al., 1981; Vogt et al.,
1981). The total mass of fine roots increased
throughout the profile during succession, but the
fraction of fine roots in the surface 5cm increased
from about 35% at 4 months to 55% of the total in
five years.

The large roots that develop later in succession
not only provide support for the woody plants that
soon dominate successional vegetation in the
humid tropics, but they also penetrate deep into the
soil where they are connected to a network of finer
roots that extract nutrients. This mining of nu-
trients from deep soil is an important aspect of the
restoration of fertility by fallow vegetation (Nye
and Greenland, 1960). At our site monospecific
patches of an exotic grass, Panicum maximum, were
dispersed among the predominantly woody suc-
cessional vegetation. Roots were dense beneath
these grass patches, but they tended to be con-
centrated near the soil surface, so nutrients that
filtered below them were lost, perhaps irretrievably.
Shallow roots may be one of the main reasons why
long-term occupation by grasses, such as the noto-
rious Imperata cylindrica of southeast Asia, may
lead to site degradation (Charley, 1983).

Implications for tropical agroecosystem design

Roots are a very significant source of soil organic
matter. In many forests, for example, the inputs of
organic matter to the soil from roots and mycor-
rhizae are two to five times greater than the inputs
from leaves and small branches (Fogel, 1983; Fogel
and Hunt, 1983; Gholz ez al., 1986; Vogt et al.,
1982, 1986). One of the agronomically important
features of perennial plants is that the organic mat-
ter they produce is delivered to the soil more or less
continuously. This contrasts with annual crops, in
which most organic matter is returned to the soil all
at once, at the time of harvest. If residues are
decomposed and nutrients are mineralized at a time
of reduced plant growth, nutrients can be leached
or eroded away.

These differences in life span and their relation-
ship to soil organic matter inputs are illustrated by
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the crops we planted in our monocultures. Our first
maize crop developed an extensive network of fine
roots, which became part of the soil organic matter
at harvest, only about 90 days after planting. The
second maize crop, an agronomic failure, contri-
buted little organic matter to the soil. Our third
crop, cassava (a shrub of intermediate longevity),
developed a fine-root system that persisted more
than 6 months and diminished only after tuber
maturation. Our fourth crop, Cordia alliodora,
slowly developed a more permanent root system,
and at 2.5 yr its root mass was approximately equal
to that of the diverse 5-yr-old communities. Per-
manence may be a more important factor than
diversity in determining the ability of the vegeta-
tion to contribute organic matter to—and to ex-
ploit —the soil.

Diversity is not irrelevant, however, especially in
the early stages of stand development. One result of
increasing the species richness of the successional
vegetation was that during the first year fine roots
developed more rapidly in the enriched succession-
al vegetation than in the unenriched vegetation.
Another result was that the mass of fine roots
decreased less during the 1980 dry season in the
enriched vegetation than in either the unenriched
successional vegetation or in the monoculture.

An important question for agroecosystem design
was, did the imitation of successional vegetation
have the same structural and functional attributes
as the diverse, naturally occurring successional
vegetation? In general, yes. One difference between
the two communities was caused by the time lag
that inevitably preceded development of the mimic.
We had to determine what the course of succession
was before we could replace naturally occurring
species with species of our choice. Because of this
delay, the development of root surface area in the
imitation lagged behind that of the natural suc-
cessional vegetation. After 4 yr of growth, however,
fine-root surface area was very similar in the native
vegetation and its mimic. This indicates that one
can achieve similar structure—and possibly sim-
ilar ecosystem function-—with a mix of species
having no elements in common with the native
plant community.

Because the imitation of successional vegetation
was comprised of many species, it offers the advan-
tage of permanent site occupancy that is missing in
all except the longest-lived monocultures. If in-
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dividual species had been harvested, dozens of
other cohabitants would have been available to
take up nutrients and protect the soil. Tropical soils
are especially vulnerable when they are bare, and
extreme exposure usually accompanies harvests.

Agroecosystems that incorporate features of nat-
ural regrowth, such as extensive fine-root systems
and permanent aboveground structure, will reduce
nutrient losses by storing large quantities of nu-
trients in biomass, by augmenting soil organic mat-
ter, and by protecting the soil. Such features might
usefully be incorporated into the design of agroe-
cosystems appropriate for the humid tropics, where
potential nutrient loss rates through leaching and
erosion are high.
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