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Rapid Asymptotic Species Accumulation in Phytophagous
Insect Communities: The Pests of Cacao

Abstract. The number of cacao insect pests is described by a species-area curve.
Either annual cacao productivity or area in cultivation of the crop predicts the
number of associated insect pest species, when the world’s cacao-producing regions
are compared. Analysis of covariance does not discriminate different species-area
regressions for native as opposed to nonnative cacao-producing regions; the num-
bers of insect pest species per unit area of cacao in regions of long-standing cul-
tivation do not exceed the numbers in regions of recent introduction. This demon-
strates that the number of cacao insect pest species rises rapidly to an asymptote
set by the area in cultivation in each region.

Species interactions are the focus of
community biology. Considerations of
matter and energy circulation, produc-
tivity, and stability depend on the shape
and time course of the species accrual
curve. Communities accrue species by
colonization, speciation, and extinction;
the net number of species at any time
is the difference between cumulative
addition and extinction. There is a spec-
trum of possible time courses for species
accumulation. At one extreme, com-
munities could grow nonasymptotically;
the net number of species in the com-
munity could increase at a significant
rate through evolutionary or geologic
periods. The other extreme is asympto-
tic growth in ecological time. Theories
based on nonasymptotic assumptions ex-
plain species richness differences as a
result of age differences among com-
munities (I). Asymptotic theories hold
variation in species richness to result
from differences in the relatively age-
independent structural properties of the
environment (2, 3). Evidence that non-
asymptotic species accumulation actual-
ly occurs is poor (4) whereas there is no
question that species richness in some
communities equilibrates rapidly (4, 5).

But communities may accumulate
species in different fashions. For ex-
ample, bird species interact differently
than plant or insect species. This led
Whittaker (6) to predict that insect
and plant communities do not become
saturated with species, even though
bird communities do (3, 7). Independent
reasoning has led Janzen (8) to predict
species saturation of phytophagous in-
sect communities, but only after peri-
ods of evolutionary time. The prob-
lem, then, is to discover how rapidly
species assemblages actually equilibrate
and whether there is a great variation in
time to equilibration (that is, do some
communities become saturated rapidly
while others require long evolutionary
or geologic periods?).

Species saturation is usually verified

with reference to the geographic area
supporting the species assemblage; I
show it here for phytophagous insects
with reference to the geographic range
of the host plant species. Cacao, Theo-
broma cacao, is a sterculiaceous un-
derstory tree native to central and
tropical South America (9). It has been
introduced throughout the tropics dur-
ing the last 300 years, and cocoa is
made from the fruit. Using data from
Entwistle (10), I have determined the
number of insect pest species reported
from each region of cacao cultivation.
These pests are strikingly autochtho-
nous. Fewer than 15 percent of the
1905 presently reported species are
known from more than one cocoa-
producing area, and fewer than 1.5
percent are reported as “widespread,”
“very widespread,” or “general.” This
means that insect pests have been rapid-
ly and independently recruited from the
the fauna of each cacao introduction
region, Saturation has followed this
rapid accumulation of pest species, as
shown by a species-area relation (Fig.
1). The species-area relation is S =
kA#, where S is the number of species,
A the area of the region considered, k
a constant for the biota in question,
and z the ratio of log species change to
log area change (11). In this case, the
relation shows that an upper limit is
set on the number of associated insect
species by the area of cacao cultivation
in each region. Annual cocoa produc-
tivity is highly correlated with area in
cacao cultivation [data from (12)7] on
a per region basis (I13). If cocoa pro-
ductivity is used as an index of area,
ten more regions can be considered;
these regions list no data on area in
cacao cultivation but do list cocoa pro-
ductivity. Figure 2 demonstrates that
the statistical significance of the species-
area relation is preserved when all re-
gions are considered for which there is
even indirect information on cacao
area and insect species.
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Fig. 1 (left). Number of cacao-associated insect pest species as a function of area in cacao cultivation. Only regions which have
at least one reported cacao pest and with geographically congruent pest (10) and cacao area (I2) data are considered. The equa-

tion Y = 0.897X — 0.315 describes the line (r=.658, .001 < P < .01).

Logyp tons cocoa per year

Fig. 2 (right). Number of cacao-associated insect

species as a function of the modern maximum of annual cocoa productivity. Productivity is a good index to area of cultivation
for a region (I3). Only regions with at least one reported cacao pest and with geographically congruent pest (I10) and cacao pro-
duction (I2) data are considered. The equation Y — 0.430X — 0.024 describes the line (r =.597, P < .001).

Figures 1 and 2 show that area sets
an upper limit on the number of insect
species associated with cacao, but there
is a possibility that this upper limit
changes with time, either in slope (2)
or intercept (k). Cacao is native to the
New World mainland tropics; it has
been spread to other tropical regions
only within the last 300 years. If
insect/host species switching rates are
so low that the system has not equili-
brated secondarily, the species-area line
for native areas of cacao would lie
above that for nonnative areas. How-
ever, this is not so. Analysis of covari-
ance does not discriminate different
slopes or intercepts for mainland New
World regions (including Trinidad)
compared to Asian, African, and
Oceanian regions, for either Fig. 1 [test
of identity of slopes: F (1/17) < 1, not
significant; test of identity of intercepts:
F (1/17) <1, not significant] or Fig. 2
[test of identity of slopes: F (1/27) =
1.87, not significant; test of identity of
intercepts: F (1/27) <1, not signifi-
cant]. '

The limited data on regional histories
of cocoa productivity reinforce the con-
clusion that a large proportion of the
saturation number of pest species is
added rapidly. For example, between
1880 and 1939 Brazil increased produc-
tivity from 8,000 to 124,000 tons, and
between 1938 and 1962 Australian New
Guinea increased productivity from
100 to 14,200 tons (12). Both of these
increases are of the order of half the
modern logarithmic range of global
cocoa productivity. This means that
within 60 years Brazil and within 30
years Australian New Guinea moved
their abscissal location approximately
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halfway across Fig. 2 without associated
insect richness lagging behind; points
for both regions are above the species-
area regression line (Fig. 2). Unfortu-
nately, complementary data on the time
rate of pest appearance are not also
available.

Tine few available specific dates of
regional cacao introduction also indi-
cate very rapid approach to the insect
richness asymptote. The crop was in-
troduced into Madagascar-in 1898 and
into Nigeria in 1890. Both these regions
are now above the species-area line
(Figs. 1 and 2); the insect pests of
cacao in these areas have been recruited
within 72 and 80 years, respectively.
Most dramatically, Sabah had less than
30 hectares of cacao before 1956, and
there are now 52 cacao insect pest
species on this island for approximately
1980 hectares of the crop. That this
rapid increase is asymptotic is shown by
insect species richnesses of regions
where cacao has been cultivated for
longer periods. Based on the earliest
reports, the crop has been farmed on
Trinidad since 1727 (10), on Sio
Thomé since 1822, and on Hispaniola
since 1730 (I4). If the high rates of in-
crease in number of insect pests had
continued undiminished through these
long periods of cultivation, there would
be no species-area relation.

It might be argued, since native
population and species densities of
Theobroma are greatest in the upper
Amazon and on the northwestern side
of the Andes, that only these two
regions should be considered as “native”
for the pests of the crop. Since little
cacao is commercially grown in the up-
per Amazon this area must be ignored,

however much is grown on the western
side of the northern Andes, in Colom-
bia, Ecuador, and Peru (9). If insect
adaptation to new host species were
so slow that 300 years is insufficient to
allow the recruitment of a saturated
pest community, Colombia, Ecuador,
and Peru would tend to be above the
regression line. However only one of
the other three is above the line, and
the other two are well below it (Fig. 2).

It might be argued that regions grow-
ing more cacao would have invested
more in entomologic research and
hence would have discovered more
local pests of the crop. But given the
general importance of the species-area
phenomenon (1), larger areas have
more species than smaller ones. Hence,
if an “entomologist-area” relation exists,
the greater number of entomologists in
larger areas would tend to help find the
greater number of species there, rather
than produce a spurious correlation.
Since cacao-associated insects are re-
corded (10) from many areas without
local research institutions (72) and work
on the systematic entomology of the
crop has been worldwide, the pest data
can be interpreted as a first approxima-
tion of global patterns.

This report is consistent with that of
Opler (15), which shows a species-area
relation for the microlepidoptera of
California oak species, and with my
earlier results (4, 16), which show that
the asymptote of insect species ac-
cumulation on British trees is reached
within 300 years.

DoNALD R. STRONG, JR.
Department of Biological Science,
Florida State University,
Tallahassee 32306
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Rhizoplane Fibrils in Wheat: Demonstration and Derivation

Abstract. Aggregates of fine, curved fibrils extend from the rhizoplane of
soil-grown wheat roots into the rhizosphere. The fibril diameter is usually between
3 and 10 nanometers. The fibrils arise as extracellular products of the root, and
some aggregates are intimately associated with microbial cells and soil particles.

The roots of plants play a vital role
in the activities of the biosphere.
Epstein (1) stated that “the root is
the interface between terrestrial life
and the mineral substrate supplying
all other essential elements.” The in-
terface between root and soil can be a
region of high metabolic activity as
a result of plant-microflora associations
(2—4). Many noninvading microorga-
nisms are concentrated at the root sur-
face or rhizoplane (5) and in the im-
mediate soil zone or rhizosphere. This
microflora influences the mineral nu-
trition of the root (2, 6) and is in turn
subject to influences from the soil en-
vironment. Some attempts have been

Fig. 1.
of wheat roots. Abbreviations:

Electron micrographs of sections through the surface

W, cell wall; E, external milieu.

made by agricultural scientists to de-
scribe the structure of the rhizoplane
and rhizosphere in terms of the three-
dimensional disposition of plant and
microbial cells (7, 8). These attempts
have been revealing but can and should
be pursued further.

In recent years, considerable attention
has been focused on extracellular plant
materials (9). One class of these,
fibrillar polygalacturonic acid (10, 11),
can form extensive weblike structures
of great surface area which project from
cells into the external milieu. These
extracellular structures (made up of
distinctive curved fibrils which have
diameters between 20 nm and the

resolution limit for sectioned material)
are known to exist on the surface of
some roots grown in laboratory culture
(12). Their function has not been
studied, but these fibril aggregates with
their acidic character could take part
in the uptake of minerals (including
heavy metals) and act as anchor sites
for both microbes and extracellular
enzymes. Their small but significant
protein component (I3, 14) indicates
that they may have some enzymatic
activity of their own (10), a suggestion
reinforced by some findings of Halperin
(15). It is of interest to know if these
or similar fibrils exist at the rhizoplane
(or in the rhizosphere). This report
documents the existence of electron-
opaque fibrils on soil-grown roots of
common wheat and demonstrates that
these fibrils are plant-derived.

Wheat, Triticum aestivum L. emend
Thell., was grown under controlled
environmental conditions in a growth
chamber in pots containing Lethbridge
soil (Canada Agriculture Research Sta-
tion, Lethbridge, Alberta) for 19 days,
at which time soil samples containing
well-developed roots were taken. Root
tips plus adhering soil were placed for
90 minutes at room temperature in a
large volume of chemical fixative (7
percent glutaraldehyde in 0.05M phos-
phate buffer at pH 6.8). Each sample
was washed with buffer so as to mini-
mize displacement of adhering soil. A
cold postfixation in ruthenium-osmium
(16) was given according to the method
of Leppard et al. (13). Final washes
were in distilled water at room tem-
perature, and the sample was dehy-
drated slowly by using an ethanol series
followed by propylene oxide. Embed-
ding was in Spurr’s low-viscosity medi-
um (I7). Sections were cut with glass
knives on a Porter-Blum MT-2B ultra-
microtome, as described previously for
embedded material containing mineral

The scale bar indicates 500 nm. (A) Electron-opaque fibrils extendmg from the cetl wa]! into the rhizosphere of a soil-grown
root. Many of these fibrils are coarse. (B) Electron-opaque fibrils extending from the cell wall of an axenically grown root. Many
of these fibrils are delicate. It is not known whether the ratio of coarse to delicate fibrils is diagnostic of the growth conditions.
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