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A central problem in ecology is predicting the diversity of communities. Insect
parasitoids may encompass 20 percent of all insect species; hence, establishing the
mechanisms that drive parasitoid species richness represents a major step in under-
standing the diversity of terrestrial communities. An assemblage model, based on
population dynamic constructs, shows how the presence of refuges from parasitoid
attack can generate diversity patterns that are in good accord with global data on
structural protection from parasitism resulting from host feeding biology. This theory
offers a simple ecological explanation for the range of diversities observed in real
parasitoid assemblages. Predicting parasitoid diversity may be a realistic goal, at least
for those systems in which the basic demography is well understood.

ARASITOIDS ARE INSECTS THAT PAR-

asitize, and eventually kill, other ar-

thropods. They constitute some of the
most diverse animal communities (1), with
assemblages (2) commonly comprising 10
or more species per host species, and some-
times attaining more than 50 (3). Under-
standing why some parasitoid species assem-
blages are more diverse than others is thus
an important step toward the comprehen-
sion of community-wide and global patterns
of biodiversity (4) and has applications in
areas such as species conservation and the
biological control of insect pests. We present
a quantitative theory, based on variation in
the susceptibility of host individuals to par-
asitism, to explain observed patterns of vari-
ation in parasitoid species richness across
species of host. This variability in the risk of
being parasitized creates a sort of “refuge”
for those hosts that are less vulnerable to the
attack of adult female parasitoids.

Much of what is known about the effect of
refuges on parasitoid persistence comes from
models and experiments focusing on one, or a
few, species of parasitoid. The models (5-9)
consistently show that an important ingredi-
ent for parasitoid persistence is sufficient vari-
ation in the risk of parasitism from host to
host. In particular, refuges resulting from a
constant proportion of the host population
being invulnerable to parasitoid attack have
been suggested as important in stabilizing a
number of host-parasitoid associations (5, 7,
10). Several cases (7, 10-12) indicative of such
“proportional” refuges have been docu-
mented. For example, Murdoch and co-
workers (10) have shown that individuals of
the red scale, Aonidiella aurantii, which occur
in limited areas toward the interior of citrus
trees (about 75% of the population) are up to
27 times less vulnerable to attack by two
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species of parasitoid as compared to individ-
uals feeding on the periphery. They attribute
the relatively constant populations in the sys-
tem to this physical refuge.

In our population model (13), we consid-
er two sources of refuge from parasitoid
attack. The first, spatial heterogeneity, has
the effect of decreasing the mean parasitoid
searching efficiency as parasitoid density in-
creases (6, 7). The second, invulnerability to
parasitism of a proportion of the host pop-
ulation, arises, for example, by complete
protection from attack of those host individ-
uals that feed and develop in physically
inaccessible (or otherwise not searched)
“structural” refuges, such as deep within
plant stems or roots (7, 10-12, 14).

The model system is based on a spatially
isolated population of an insect host, which
exhibits discrete and non-overlapping gener-
ations (such as would be the case for many
temperate species of Lepidoptera). During
each generation, a proportion of the larval
host population is vulnerable to parasitism by
two types of solitary parasitoid species, m
generalist species whose populations are as-
sumed to be maintained at constant levels by
other host species in addition to the single
host species considered here, and n species of
specialist whose populations are assumed to
depend completely upon that of the host. The
various species of parasitoid are assumed to
exhibit a hierarchical ability to compete with-
in host individuals that are attacked by indi-
viduals of more than one parasitoid species
(15).

The difference equations for the general
model, constituting the density of hosts
(numbering N,,, adults per unit area in
generation ¢ + 1), generalist parasitoids of
species x produced by the host concerned
here (G, ,.,), and specialist parasitoids of
species y (S,,,+1) are given by
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where generalist species x follows generalist
x — 1 and specialist ¢ in the competitive
hierarchy, and specialist species y follows
specialist y — 1 and generalist p in the
competitive hierarchy. Further, F is the fi-
nite rate of increase of the host population
(the average number of offspring produced
per host), a is the proportion of the host
population that is protected from parasit-
ism, and d{N,} is the proportion of all hosts
surviving from intraspecific competition [as-
sumed to be compensatory, with d{N,} =
1/[1 + N(F — 1)/Q], where Q is the
environmental carrying capacity of the host
population (7, 16)]. Obviously, F > 1 is a
minimum condition for the host population
to persist in the face of a parasitoid assem-
blage.

Further, g; and s; are the functional re-
sponses (relating parasitoid and host densi-
ties to the average probability of a host
escaping parasitism) of generalist and spe-
cialist parasitoids, respectively, and are given

by
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Here, a (that is, a; and 4;) is the per capita
searching efficiency of the parasitoids, n is
the maximum number of hosts that a single
parasitoid individual may attack in a given
generation, G{N,} = h(1 — exp{—FN,
(1 = a)/b}) [with h, the maximum number
of parasitoids attacking and b; a constant
(7, 17)] is the actual number of generalist
parasitoids of species i that launch attacks
on the host concerned here, and k is the
clumping parameter of the negative bino-
mial distribution of parasitoid search (with
small values of k signaling increased heter-
ogeneity).

We were not able to derive easily under-
standable analytical expressions for the di-
versity pattern produced by the general
model. Therefore, we conducted extensive
numerical simulations of the system (all
simulations were run for at least 1000 gen-
erations), both for a range of realistic pa-
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rameter values (18) and initial densities of
specialist parasitoid and host populations.
To standardize the measure of diversity
(19), a particular parasitoid species was
considered to contribute to species richness
if at least a single individual adult was
produced per unit host sample (unless oth-
erwise stated, 1000 host individuals) in the
final generation of the simulation and the
populations were constant by the end of
the simulation. In cases where less than the
requisite density of hosts was present for
sampling, diversity was counted as zero,
since the number of parasitoid species pres-
ent could not be standardized with other
host systems on a density basis (19, 20).
In addition, we excluded from consider-
ation those cases where, by the final gener-
ation of the simulation, the population of
the host had not settled to an equilibrium
(20).

When sufficient numbers of parasitoid
species are present in a given assemblage, the
basic pattern generated by the model is an
increase in the number of parasitoid species

Fig. 1. Examples of the
domed relation between
the proportion of hosts
in the refuge (a) and
parasitoid diversity for
different values of some
of the model parameters.
(A and B) The effect of
the competitive hierar-
chy between generalist
and specialist parasitoids
on the diversity of (A)

sampled as the proportional refuge in-
creases, until a maximum diversity is
achieved, after which diversity again falls
(Fig. 1). Highly diverse generalist assem-
blages were readily generated (Fig. 1A),
whereas although purely specialist assem-
blages could be quite diverse (Fig. 1B), this
necessitated that the other refuge-generating
mechanism, spatial heterogeneity, be pro-
nounced. Changes in the values of the model
parameters and in the sample size of the host
population could readily affect the magni-
tude of the diversity relationship but, as long
as the parasitoids accounted for sufficient
levels of mortality, did not alter the general
domed shape (21) (Fig. 1, C through F).
The domed pattern results because the
proportional refuge first generates increas-
ing parasitoid diversity by preventing the
depression of the host population to levels
too low for the detection of parasitoids (or
levels too low for some specialist parasitoid
species to persist, or both), but eventually
constrains diversity by reducing the proba-
bility of hosts being exploited by individuals

generalists (G) and (B)
specialists (S). Changing
the within-host compet-
itive ability in favor of
one type of parasitoid re-
sulted in the same or
more of that type and
the same or fewer of the
other coexisting over a
range of proportional
refuge levels [G > S =
all 15 species of general-

Diversity

ist (m = 15) superior to
15 specialists (n = 15);
S > G = vice versa,
GSGS . . . = alternating
superiority with a gener-
alist as the dominant 16}
competitor, and SGSG
... = vice versa]. (C) 12f
Higher levels of spatial
heterogeneity (that is,
low k;) result in more

-]
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diverse assemblages. (D) f

Increasing the finite rate of
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(F) results in greater di-
versity and shifts the
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Proportional refuge

maximum diversity to smaller levels of refuge. (E) Higher per species potential numerical responses (k)
result in decreases in diversity. The same effects can be shown for decreases in Q and increases in ;. (F)
Increasing the sample size used to detect parasitoids results in higher observed diversity. (C) through
(F) involve purely generalist assemblages. Parameters unless otherwise noted: F = 5, Q = 107, = 0.02
Qb=01Q,a=01,mn=20k =1,k =0.25m=50,and n = 0.
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of a given parasitoid species (Figs. 1 and 2,
A and B). If the parasitoid assemblage does
not limit the host population to densities
too low to permit cross-species comparisons
(21), then the diversity pattern can take the
form of a plateau of maximum richness
followed by a monotonic decrease to zero
diversity at & = 1, or just a simple mono-
tonic decrease for all a (with maximum
diversity occurring at a = 0). The common-
alities among all patterns we observed are (i)
a monotonic decrease in diversity beyond a
certain level of refuge, (ii) a monotonic
increase in host density for all a (Fig. 2C),
and (iii) a monotonic decrease in parasitoid-
induced mortality of the host population
over all a (Fig. 2D).

For realistic parameter values (18), diver-
sity patterns can be generated that are con-
sistent in both form and magnitude to that
found in real parasitoid assemblages, when
hosts are classified according to their feeding
biology and ranked in terms of the extent to
which they occupy structural refuges to par-
asitoid attack (22) (Fig. 3). The single ob-
vious exception to the congruence between
the theoretical and empirical patterns is ex-
ternally feeding hosts, which support an
average of six to seven parasitoid species,
whereas the examples we provide from the
model would predict that hosts with no
structural refuge either could not be sam-
pled (corresponding to unrealistically high
levels of host depression) or should have the
highest levels of diversity. However, it
should be borne in mind that exophytic
hosts may have nonstructural refuges (12,
14, 23); for instance, mobile external feeders
may benefit from a probabilistic refuge by
being able to move away from leaf damage
to which parasitoids orient, or may use
behavioral or chemical defenses against par-
asitoid attack (14). The model can be mod-
ified to include a second proportional refuge
axis (that is, constitutive escape from para-
sitism), and in so doing enables predictions
of parasitoid diversity for external host spe-
cies that are in accord with the patterns
presented in Fig. 3. That such a modifica-
tion is reasonable is borne out by data on
patterns of parasitoid-induced mortality in
hosts. Mortality data (Fig. 4) do not show
the monotonic decreasing relationship be-
tween diversity and proportional refuge pre-
dicted by the model (Fig. 2D) because of
the lower than expected mortality of exo-
phytic hosts. We propose that two types of
proportional refuge, structural and constitu-
tive, contribute to determining patterns of
host mortality and parasitoid diversity.

There is additional empirical evidence
(24) that refuges from mortality can pro-
mote species diversity. For example, Shor-
rocks and Rosewell have shown how guild
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Fig. 2. Examples of the 2|B
effect of level of propor-
tional refuge and the 35
number of parasitoid 28 >40 species
species in the system on 2 F-a
diversity, the host equi- £ [PR)
librium and host mortal- 5 g 15 species
ity. (A) The relation 14
between diversity [evalu- 71
ated per 1000 hosts sam- i
pled (19)] and propor- OJ ''''' 3 ) ) |
tional refuge is always D
domed as long as there 10
are more than three spe-
cies in the parasitoid 1E6 0.8
ol. (B) When diversi- L Vo >
Eyois evaluated on a per §1E4- 5 species ™. F 06 15 species
unit area basis (a parasi- 2 . 15 species 5
toid species contributes 'g'. - ‘,/ e g 04| 5 species
to diversity if at least one ; 12} L 2
adult is produced per g 02} 3species
unit area), the diversity I
measure is higher and 1EO}- ) . ) . ‘ oL, . . ‘ ‘ .
positive diversities more 0 02 04 06 08 1 0 02 04 06 08 1
readily occur for o < 1/F
(as long as the threshold Proportional refuge

for parasitoid species detection is sufficiently low). (C) At a level of refuge a = 1/F, the host population
goes from being parasitoid limited to competition limited. With three or fewer species it is limited by
competition no matter the level of o (as long as the initial density of hosts is large enough). (D) Host
mortality decreases monotonically. It can never take on a value larger than 1 — 1/F. Other parameters as

for Fig. 1.

size in Drosophila exploiting patchy re-
sources is positively associated with proba-
bilistic refuges from competition, created by
aggregated distributions of the various spe-
cies. We also find that refuge from mortality
can be important to species richness, but at
the third trophic level.

Our approach has been to start with a
simple model of a parasitoid assemblage so
as to be able to identify some of the more
general influences on patterns of diversity.
Although changes in the values of the model
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Fig. 3. Patterns of diversity for the parasitoid
complexes of 229 well-studied holometabolous
host species (each with more than 1000 host
individuals sampled) extracted from the primary
global literature. Bars represent the geometric
mean number of primary larval and pupal parasi-
toid species per host species for the number of
host species given at the base of each bar. Vertical
lines represent one standard error of the mean.
Numbers above bars represent geometric mean
sample sizes for hosts in each feeding classifica-
tion. See (25, 26) and references in (22) for details
of methods and ranking.
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parameters and ordering of processes can
change the magnitude of the relationship,
they do not alter the basic finding that, when
sufficient numbers of parasitoid species are
present in the assemblage, maximal parasi-
toid diversity occurs for some intermediate
level of proportional refuge. Clearly, the
similarities in shape and magnitudes of some
of the theoretical curves with the empirical
patterns do not constitute a definitive test of
our theory; nevertheless, it is encouraging
that the patterns generated by our theory are
broadly consistent with empirical data. The
model should be viewed as a hypothesis; it
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Fig. 4. Patterns of parasitoid-induced larval or
pupal mortality or both for the populations of
717 holometabolous host species. Mortality is
expressed as the mean percentage of parasitism for
the number of host species in each feeding classi-
fication given at the base of the bars. For each host
species, the maximum parasitism rate of a single
host population and generation was recorded
from studies extracted from the global literature.
Vertical lines represent on standard error of the
mean. See (27) for details of methods.

remains to be seen if alternative hypotheses
can contribute to explaining parasitoid spe-
cies diversity patterns.

Although we have yet to explore more
detailed models of parasitoid assemblages,
the theory developed here provides a fairly
robust framework from which predictions
can be made pertaining to, for instance, the
effect of introducing a parasitoid species into
a system for the biological control of an
insect pest, the conservation of rare species
of parasitoid, or the intensity of competitive
interactions within or between species of
parasitoid. For example, our analysis sug-
gests that percentage mortality and host
abundance are not necessarily good indica-
tors of the intensity of competition between
parasitoids. This is particularly the case
when a > 1/F and density-dependent mor-
talities other than parasitism dominate the
host’s population dynamics. We argue that
the quantification of refuges from parasitism
is a necessary step toward the better under-
standing of parasitoid community ecology.
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Neotropical Mammals and the Myth of

Amazonian Biodiversity

MiIcHAEL A. MARES

Data were compiled on the distribution of mammal taxa (883 species, 242 genera, 45
families, and 10 orders) among South America’s six major macrohabitats: lowland
Amazon forest, western montane forests, Atlantic rain forest, upland semideciduous
forest, southern mesophytic forest, and drylands. The drylands are the richest area in
numbers of species supported and are more diverse than the other habitats, including
the lowland Amazon rain forest, when endemics are considered. An analysis of number
of endemic and nonendemic taxa versus size of area found a simple positive linear
relationship: the drylands, almost twice as extensive as the Amazon lowlands, support
more endemic taxa. Conservation plans that emphasize the wet tropics and fail to
consider the drylands as special repositories of mammal diversity will be unable to

preserve a significant number of novel taxa.

GREAT DEAL OF CONTROVERSY HAS

been focused on the suggestion that

the biosphere is approaching a mas-
sive, human-induced extinction episode ri-
valing or surpassing the megaextinctions
chronicled in the fossil record (1). There is
evidence that Neotropical ecosystems, espe-
cially the lowland Amazon rain forest, con-
tain an unusually rich array of species,
whether vertebrates, invertebrates, or plants
are considered (2, 3). Because tropical coun-
tries are primarily developing nations, ef-
forts to preserve species have assumed im-
portance in the international political arena
(4); issues of environmental integrity have
influenced government policies concerning
economic development throughout the
world.

Oklahoma Museum of Natural History and Department
of Zoology, University of Oklahoma, Norman, OK
73019.

Biologists have used the biodiversity issue
to rally support for increased funding for
research in the wet tropics (5), yet there are
problems associated with arousing public
concern with visions of doomed species. For
one thing, data on which such negative
scenarios are based may be incorrect (6, 7).
Additionally, if species are disappearing at a
rate below what has been suggested, the
public could perceive biologists as alarmists,
unnecessarily predicting a mass extinction—
one that neither seems demonstrable with
hard data nor ever seems to arrive.

In the literature dealing with the potential
loss of diversity, at least one important
question has yet to be posed: Is the tropical
rain forest uncommonly diverse? Few inves-
tigators have examined organismal diversity
in South America’s deserts, grasslands, or
scrublands (8). I report that when numbers
of species and higher taxa of mammals are
compared between the Amazon lowlands

SCIENCE, VOL. 255



