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More than a decade ago Janzen (1970) and Connell (1971) proposed that natural
enemies could be a key factor in maintaining the high tree species diversity of
tropical forests. They predicted disproportionately high mortality of juvenile trees
close to adults, because of host-specific seed predators, herbivores, or pathogens.
Connell predicted higher progeny mortality under adult crowns because of herbi-
vores which normally feed on adults. Janzen proposed that, in addition to such
“distance-responsive” agents, density-responsive predators or pathogens will
concentrate their activities near adults, where initial seed input is highest. With
recruitment probability lowered near conspecific adults, the probability of
nonconspecific establishment in these sites increases. Both authors postulated
that host-specific natural enemies would be particularly abundant and effective in
tropical rain forests, and thus could be a significant force in maintaining the
exceptionally high diversity of trees in these communities.

This “Escape Hypothesis” (Howe and Smallwood 1982) was at first widely
accepted, although relatively few studies had provided evidence to support it.
More recently, data on spatial patterns of tropical trees have been used as a basis
for rejection of the hypothesis (e.g., Hubbell 1979, 1980; Fleming and Heithaus
1981).

Evaluation of the Janzen-Connell model becomes tractable when several com-
ponent issues have been separated. The following questions either were explicitly
raised by Connell and Janzen or have since been involved in attempts to test the
model. (1) Is there evidence that biological agents cause greater mortality of
progeny near adult trees, through distance- or density-dependent predation or
infection? (2) Does this prevent regeneration in the immediate vicinity of adults?
(3) Could such mortality patterns maintain high tree species diversity? (4) Do
tropical trees have a uniform population dispersion? (5) Do temperate tree
species undergo less Janzen-Connell spacing than tropical tree species?

Questions (1) and (2) refer to the spacing process predicted by Janzen’s graph-
ical model and also by Connell’s expectation of herbivore-caused seedling mortal-
ity under and close to adult crowns. Both Janzen and Connell made the general
prediction of greater overall survival at greater distances from the parent. They
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also expected 100% mortality in some zone around adults. Janzen’s graphical
model actually provides for a wide range of recruitment distributions, depending
on seed input and predator/pathogen response. With or without complete progeny
mortality close to adults, the hypothesized effect is reduced clumping of potential
recruits because of predators or pathogens.

Question (3) addresses their prediction of the consequence of such a spacing
process for tree species diversity. This issue was addressed by Hubbell (1980)
using a stochastic model which assumed that mortality and replacement were
proportional to species abundance. He demonstrated that distance-dependent
mortality of progeny can promote tree diversity, but that such mortality patterns
would have to be extremely pronounced and general to be solely responsible for
maintaining the very high tree species richness in tropical forests.

The question of uniform spacing (4) is in fact not directly relevant, because
uniform dispersion within tree species is not a necessary consequence of the
Janzen-Connell process (see below). Question (5) addresses a complex prediction
made by both Janzen and Connell, i.e., that host-specific natural enemies are the
most likely agents of the hypothesized spacing process and that such agents are
more abundant and probably more effective in wet tropical forests than in temper-
ate forests. This prediction deserves more attention. First, is host-specificity
really that important? As Janzen (1970) noted, generalist predators can be density-
responsive or even distance-responsive. Second, more studies are needed in
temperate forests to determine if this process is less important there than in the
tropics.

Tests of the diverse issues stemming from the Janzen-Connell model will clearly
require different types of evidence. In this paper we address only the first two of
the foregoing questions, those involving the actual spacing process postulated by
Connell and Janzen. We discuss methods for testing the Escape Hypothesis,
present results of a case study in a tropical rain forest, and then review pertinent
data from the literature.

TESTING THE JANZEN-CONNELL SPACING HYPOTHESIS

How can empirical data be used to evaluate the spacing hypothesis for a given
tree population? The general prediction of Janzen’s (1970) graphical model is that
predators or pathogens will cause disproportionately high progeny mortality close
to adult trees, and that the resulting distribution of new recruits will be less
clumped around adults than was the initial postdispersal seed shadow. Janzen and
Connell’s prediction of 100% progeny mortality close to adults is a special case of
the general process predicted by Janzen’s model. Because both the general
process and the special case are of ecological interest, we will discuss evaluation
for each.

Testing for the special case (called the “minimal distance effect” by Hubbell
[1980]) can be based on the spatial distribution of young trees in the population.
The presence of juvenile trees close to adult boles demonstrates that, at least up
through the age represented by these juveniles, progeny mortality close to adults
is not complete. If juvenile trees in a population are instead restricted to areas
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beyond a given distance from adults, this spatial pattern is consistent with a
minimal distance effect. For such a distribution to be strong support for Janzen-
Connell spacing, however, it is necessary to rule out alternative causal factors
(see below).

To use field data for an evaluation of the general spacing process of Janzen’s
1970 model, it is helpful to restate the prediction of the model in algebraic form, as
follows. Let D = the median distance between individual progeny and the nearest
adult tree for a cohort of progeny. If the Janzen-Connell spacing process is
operating, the model predicts that for some time interval x, D,(\ y > D,(o), where D,

= the median distance between viable seeds and the nearest adult at the end of the
seed dispersal period. Evidence consistent with the hypothesis would be any pair
of measurements of D for a progeny cohort, for which D,, > D,,. In this case it is
not necessary that #(1) = #(0). However, to rule out the Janzen-Connell spacing
process on the basis of spatial data for a specified age class(es) of trees, the test
must be made by comparing D for these trees to their D). Janzen’s model
explicitly refers to processes increasing the average distance between progeny
and adults over the average distance that would be expected from the postdisper-
sal seed input. Thus to reject the model, it is necessary to determine D). If, for
example, the smallest class of progeny studied are 5-cm DBH saplings, then the
strongest conclusion possible from a failure to detect increased spacing would be
that predators or pathogens do not increase progeny-adult distances once a cohort
reaches 5 cm DBH. In this case it would not be possible to conclude that Janzen-
Connell spacing is not operating on smaller size classes. Strong spatial changes
can result from very early progeny mortality (Augspurger 1983a; present study).

A single-time approach is much less conclusive than following the survival of a
given cohort. When D is compared for two or more size/age classes measured at a
single time, the implicit assumption for such a test is that D,(o) was identical for
these progeny groups. Whenever there is significant year-to-year variation in fruit
crop or in predispersal seed predation, this assumption will be invalid. This
problem would be partially overcome by a large observed increase in D for
cohorts of increasing size (or age). In any case, however, evidence from such a
static approach must be used with caution.

Another possible method for testing the spacing hypothesis is through field
experiments. Correlations of progeny mortality with distance from adult or with
density could be tested for by controlling one of these variables and varying the
other. Three cautions are necessary, however. First, density is an elusive con-
cept; an experimental array of progeny can be affected by surrounding (nonex-
perimental) progeny, depending on the scale at which predators or pathogens
operate. Also, it would be important to use experimental densities which fall
within the naturally occurring range of progeny density. In addition, experimental
microsites should correspond to ones in fact occupied by seedlings. If the experi-
ments are set up in microsites with higher than average light levels or with lower
than average plant cover, for example, the results may not be representative of
processes in natural populations.

With any of these approaches, apparent Janzen-Connell spacing could result
from factors other than predators or pathogens, the agents central to the Escape
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Hypothesis. Except when the evidence is based only on the seed stage, the
following alternative factors should be ruled out. (1) “Interference” by the adult
tree could consist of allelopathy; higher frequency of destructive litterfall from the
adult canopy; local depletion of critical nutrients within the adult’s root zone; or
particularly effective shading by the adult crown. Such effects of the adult could
produce apparent distance- or density-dependent progeny mortality only because
mortality is high under adult crowns and low away from crowns. If the subset of
progeny outside the crown still shows density- or distance-dependent mortality,
this situation could be ruled out. Similarly, if the within-crown zone progeny
exhibit density-dependent mortality, interference by adults is not a dominant
factor in progeny death. (2) Competition between seedlings for light, water, or
nutrients could be the dominant cause of density-dependence in progeny death
(i.e., self-thinning). If the seedlings under study exist at densities high enough for
such competition to occur, it would not be possible without experimentation to
demonstrate that predators or pathogens are the primary agents of progeny
mortality, as predicted by Janzen and Connell. As in most field situations, it would
often be reasonable to invoke a multiple-factor explanation, such as the combina-
tion of pathogens and competition, but this would preclude evaluation of the
relative importance of Janzen-Connell spacing. Density- or distance-dependence
in seedling mortality will most strongly support the Janzen-Connell hypothesis
when seedling densities are below levels which could lead to seedling-seedling
competition. Finally, support for the Escape Hypothesis would be strengthened
by evidence of density- or distance-responsiveness on the part of a known preda-
tor or pathogen of the progeny.

Although the basic prediction of the Janzen-Connell spacing hypothesis is
simple and testable, evaluation of its occurrence in natural forest has been im-
peded by the inappropriate use of spatial dispersion pattern indices as test criteria.
For example, aggregation indices indicating clumping in tree populations have
been used as evidence that the trees in question have not experienced Janzen-
Connell spacing (Hubbell 1979; Fleming and Heithaus 1981). If trees do show
uniform or even random dispersion, they are almost certainly more widely spaced
than if they reflected the initial dispersion of seeds around parent trees. Never-
theless, a reasonable expectation from Janzen-Connell spacing would be clumping
of young trees around adults, but at a lesser degree than if progeny survival were
unaffected by density or proximity to adults. Randomness is not the standard
against which tree spatial distribution should be compared for a test of the Janzen-
Connell model. Most postdispersal seed shadows are highly clumped around
adults, and it is against this input pattern that subsequent dispersion patterns
should be compared to evaluate the explicit prediction of the model.

One insight gained by posing the question in terms of D is that the use of
densities instead of absolute numbers can lead to erroneous conclusions in at-
tempts to test for Janzen-Connell spacing. From the point of view of recruitment
probabilities, the spatial distribution of progeny is better analyzed in terms of
absolute numbers of individuals at increasing distances from adults. If density is
used, the geometry of concentric annuli causes the farther individuals to appear
less numerous (and therefore a smaller proportion of the successful progeny) than
they really are. As a result, progeny density/distance curves drop with distance



