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20 
Seed Dispersal and Density-Dependent Seed and 
Seedling Survival in Trichilia tuberculata and 
Miconia argentea 
Helene C. Muller-Landau, James W. Dailing, Kyle E. Harms, S. Joseph 
Wright, Richard Condit, Stephen P. Hubbell, and Robin B. Foster 

Introduction 

Tropical Forest Dynamics Plots were established to improve our understanding 
of the structure and dynamics of tropical forests and the population biology of 
tropical tree species. Such factors include density-dependent mortality due to the 
action of species-specific pests (Janzen 1970; Connell 1971), niche partitioning 
with respect to habitat (Ashton 1969; Ricklefs 1977) and recruitment limitation 
(Hurtt and Pacala 1995; Hubbell et al. 1999). Janzen-Connell effects are posited to 
maintain species diversity by giving species an advantage when they are relatively 
rare; habitat specialization can maintain diversity if some species are competitively 
dominant in different areas (Leigh 1996). 

The large-scale patterns evident in the datasets collected in the Barro Colorado 
Island Forest Dynamics Plots (chap. 24) reveal the presence of both Janzen
Connell effects and habitat specialization (Hubbell and Foster 1983; Condit 1998; 
chap. 2). Higher sapling mortality in areas of high conspecific density in the 
common tree species Trichilia tuberculata (Meliaceae) and Alseis blackiana (Ru
biaceae) suggests the operation of Janzen-Connell effects at this stage; however, 
most species showed no significant effects (Hubbell et al. 1990). Decreased per 
capita sapling recruitment near adults or in areas of high conspecific density has 
also been interpreted as reflecting the action of Janzen-Connell effects at earlier 
life stages (Hubbell and Foster 1986; Condit et al. 1992). Similarly, differential 
mortality rates in the various habitats of the plot (slope, plateau, swamp) suggest 
there may be habitat specialization among adults, while differential recruitment 
might reflect habitat-specific adaptations among seeds and seedlings of different 
species (Harms 1997). Most species, however, do not show significant differences 
in mortality or recruitment rates across habitat types (Welden et al. 1991, Harms 
1997). 

Yet the Forest Dynamics Plot data alone provide limited insight into the seed 
and seedling stages, which is when Janzen-Connell effects, habitat-specific mor
tality, and many other processes are thought to act most strongly. Most mortality 
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is concentrated at early stages, when individuals are most highly vulnerable be
cause of their small size and low stored reserves; thus, differences are most likely 
to arise then and are more likely to matter. The original hypotheses of Janzen 
and Connell focused on seed predation and seedling herbivory1 respectively, and 
numerous studies of smaller seeds and seedlings have found substantial effects 
on survival and growth at those stages (Augspurger 1983, 1984; Augspurger and 
Kelly 1984; Clark and Clark 1984; Schupp 1988b, 1988a; Schupp and Frost 1989; 
Schupp 1992; Harms et al. 2000). Because Forest Dynamics Plot censuses include 
only individuals greater than 1 cm in diameter, they provide no direct evidence 
for processes at smaller size classes. The indirect evidence from patterns within 
data on larger size classes should be interpreted with caution, since different 
combinations of processes can give rise to the same patterns. 

Spatial and demographic patterns at larger size classes are jointly influenced by 
dispersal distances, microhabitat preferences, and Janzen-Connell effects (Hamill 
and Wright 1986). For example, a pattern of recruits spread widely relative to par
ents may reflect moderate dispersal combined with strong Janzen-Connell effects, 
moderate dispersal combined with specialization upon a sparsely distributed habi
tat, or simply long dispersal distances. Without specific knowledge of the dispersal, 
habitat preferences, or Janzen-Connell effects at smaller size classes, inferences 
drawn from the pattern alone are tenuous at best. They are made even more 
problematic by the fact that 1-cm diameter saplings recruiting into the census are 
actually quite old-the mean age has been estimated at 17 years (Hubbell 1998). 
Thus, by the time many are recorded as recruits, the adults that produced them 
may have died or disappeared. 

Studies of seeds and seedlings thus provide valuable complementary informa
tion necessary for understanding important processes such as Janzen-Connell 
effects. The location of such studies within Forest Dynamics Plots, where the lo
cations and sizes of adults are known in a large area, has the added advantage of 
making possible investigation of seed dispersal and Janzen-Connell effects on an 
unprecedented scale. Indeed, studies of seed fall and seedling recruitment within 
the 50-ha plot on BCI clearly indicate the presence of negative density dependence 
at the seedling recruitment stage for all 53 species investigated (Harms et al. 2000). 
Furthermore, information on these early life stage processes can thereby enable 
better interpretation of, and even prediction of, patterns in the Forest Dynamics 
Plot data. 

In this chapter, we describe studies of seed and seedling biology for two species 
of contrasting life history strategies. Trichilia tuberculata is relatively large-seeded, 
shade tolerant, and the commonest canopy tree on the plot; Miconia argentea 
]Melastomataceae] is a small-seeded, light-demanding pioneer. The methods of 
each study were tailored to the particular biology of the species, and thus were 
somewhat different from each other. We show how both studies can be integrated 
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342 Helene C. Muller-Landau, James W. Dalling, et al. 

with the Forest Dynamics Plot data to provide a coherent picture of the early 
life stages of these species, including their seed dispersal patterns, regeneration 
habitat preferences, and density dependence at early life stages 

For each species we address these questions: 

1. What are the patterns of seed dispersal? How many seeds are produced and 
how far are they dispersed? In what habitats does regeneration occur? 

2. Are Janzen-Connell effects evident at the seed, seedling, and sapling stages? If 
so, at what spatial scales and with what relative strength? 

3. Are spatial and demographic patterns in the Forest Dynamics Plot data con
sistent with predictions based upon seed and seedling biology? 

Materials and Methods 
Study Site and Species 
Trichilia tuberculata (formerly Trichilia cipo) is a medium-sized dioecious tree 
in the family Meliaceae, common throughout much of the neotropics. Its fruits 
are capsules 11-18 mm long, orange at maturity, with 3-4 valves folding back 
to expose a shiny red aril covering 1-2 seeds, which have an average dry weight 
of0.15 g (Croat 1978; S. J. Wright, unpublished data). The fruits mature mostly 
in September and October and are dispersed primarily by mammals and large 
birds (Croat 1978; Leighton and Leighton 1982; S.J. Wright, unpublished data). 
Trichilia is shade tolerant (Welden et al. 1991) and its seedlings germinate in both 
shade and sun within 2-3 weeks (Howe 1980; Garwood 1983; De Steven 1994). It 
is the most common canopy species in the BCI Forest Dynamics Plot, occurring 
throughout the plot, in shade and gaps, and on the drier plateau and wetter slopes 
(Hubbell and Foster 1983). 

Miconia argentea is a medium-sized monoecious tree in the family Melastom
ataceae (Croat 1978). Its fruits are berries, 4-8 mm in diameter, blue-purple at 
maturity, with 1-80 seeds per fruit, each weighing 0.08 mg (Croat 1978; Dailing 
et al. 1998b). They mature from January to June, and are dispersed by mammals 
and birds (Poulin et al. 1999), with secondary dispersal by ants (Dailing et al. 
1998a, 1998b). Although seed mortality rates are high, some seeds remain dor
mant for up to 5 years until stimulated to germinate by conditions of high light 
availability, such as those of a gap; thus, seedlings are found almost exclusively in 
gaps (Dailing et al. 1998b). It is the second most common pioneer tree within the 
Forest Dynamics Plot (Dailing et al. 1998b). 

This study was conducted in the seasonally moist tropical forest of the 50-ha 
Forest Dynamics Plot on Barro Colorado Island, Panama. The Forest Dynam
ics Plot data themselves were used to investigate survival of 1-1.9 cm diameter 
saplings of both species, to provide information on the locations of adults for the 

Seed Dispersal and Density-Dependent Seed and Seedling Survival 343 

seed dispersal analyses, and in calculations oflocal conspecific basal area density 
for the survival analyses. 

Seed Traps and Seedling Plots for Trichilia tuberculata 

In December 1986 two hundred seed traps were placed along the 2.7 km of trails 
within the 50-ha Forest Dynamics Plot (fig. 20.la). Each seed trap consisted of 
a square, 0.5-m2 PVC frame supporting a shallow, open-topped, 1-mm nylon
mesh bag, suspended 0.8 rn above the ground on four PVC posts. The average 
distance between nearest neighbor seed traps was 18.9 ±3.6 m (SD). Beginning 
in January 1987 and continuing to the present, seed traps were emptied weekly 
and damaged traps replaced or repaired as needed. All seeds, fruits and seed
bearing fruit fragments > 1 mm in diameter falling into the traps were identified 
to species and recorded, Fruits were categorized as aborted, immature, damaged) 
fragments, arrd .. matare.-Only·data·on seeds·and mature fruits falling between 
January 1, 1987, and January 1, 1998, were used in this analysis (Wright and 
Calder6n 1995; Muller-Landau et al. 2002). 

On the three sides of each seed trap away from the nearest trail, and there
fore away from the narrow path used to reach the seed trap, seedling census 
plots were established in January-March 1994. Each seedling-plot was 1 x 1 m, 
and 2 m distant from its associated seed trap. All seedlings <50 cm tall were 
identified, measured, and marked. Seedling censuses were repeated in January
March in 1995, 1996) J 997, and 1998. During each seedling census all previously 
marked seedlings were remeasured, and all new recruits into the seedling plots 
were marked, measured, and identified. 

Soil Seed Samples and Seedling Plots for Miconia argentea 

The seeds of Miconia argentea are smaller than the mesh size of the seed traps, so 
an unknown proportion pass through the traps undetected. We therefore present 
data from a separate study conducted to examine seed rain and seed survival 
specifically in this species) as well as in Cecropia insignis (Cecropiaceae) (Dalling 
et al. 1997, 1998b, 2002). Soil samples were taken at two locations below the 
crown) and at 5, 10, 20, and 30 m from the crown edge along each of four tran
sects radiating from the crown center of four Miconia trees and from four other 
points ( Cecropia trees), for a total of 192 sampling sites (fig. 20.lb). Samples were 
taken using a 10.3-cm diameter, 3-cm deep soil corer, yielding a 250-cm3 soil 
sample at each site. Survival of ungerminated Miconia seeds in the soil was de
termined by comparing samples taken in May 1993, shortly after the end of the 
fruiting season, with those from February 1994, shortly before the start of the 
following fruiting season. Soil samples were placed in a greenhouse and the viable 
seed density estimated from counts of seedlings that emerged over the following 
6 weeks. 
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Since Miconia recruits exclusively in gaps, its seedlings are poorly represented 
in the 600 m2 of regularly placed seedling plots described above, most of which 
are in the understory. Mortality data are, however, available for young Miconia 
seedlings 10-50 cm tall that were censused in March 1996 and again in March 1997 
in 53 gaps that formed between 1993 and 1995 (Dalling et al. 1998a). Seedlings 
were mapped to the nearest meter and marked. 

Seed Production and Dispersal Analyses 
We used the data on the location of and number of seeds in seed traps or soil seed 
samples and on sizes and locations of adults within the Forest Dynamics Plot to fit 
the probability of seed arrival as a function of distance from an adult tree and to 
fit fecundity as a function of tree size. Starting from a set of parameters specifying 
these functions, we calculated expected seed rain into a given trap as the sum of 
contributions from conspecific adult trees on the plot, with those contributions 
determined by their distances from the trap and their sizes, according to the 
parameter values. We then searched for parameter values that produced the best 
fit to the observed seed rain, using maximum likelihood methods (Ribbens et al. 

1994; Clark et al. 1999). 
Dispersal kernels-functions giving the probability density of seeds at different 

distances from the parent-were fitted using the 2Dt model introduced by Clark 

et al. (1999): 

f(x) = ( x')p+l 
JTU 1+-; 

p 

where f(x) is the probability density of seeds at a distance x from a parent tree, 
and p and u are fitted parameters; that is, f(x) dA is the expected proportion of 
the total seed fall to be found in an area dA a distance x from the parent tree. This 
model provided a better fit than exponential or Gaussian models, which were also 
tested. Since the parameters of this model are not easily interpretable, we present 
median dispersal distances, in addition to parameter values, for the best-fit curves 
(see the appendix for the formula). Contributions to seed rain from trees off the 
plot were estimated by assuming a uniform density of adult trees there equivalent 
to that found on the plot, and again weighting by distance ( e.g., for Trichilia, we 
assumed 2.05 cm2 of reproductive basal area on every square meter of land). 

Fecundity was assumed to be proportional to basal area, with a single fitted pa
rameter fJ for seed production per square centimeter of basal area. Adult size data 
from the 1985, 1990, and 1995 censuses were used, as appropriate; sizes were inter
polated between census years using the assumption of constant absolute growth 
rates. Since no data were available on exactly which adults were reproductive dur
ing the time of the study, or in the case of Trichilia, on which were even females, 
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all ~dults were i~cluded as potential parents. On the basis of data collected by S. J. 
Wnght (unpublished), adults were defined as trees having diameters greater than 
2/3 of the adult cutoff originally estimated by Robin Foster (unpublished); that 
is1 we included Trichilia trees greater than 20 cm, and Miconia trees greater than 
6.67 cm. We further used our estimates of seed production per unit basal area to 
estimate_ total se~d pro_duction of each species on the plot, simply by multiPlying 
the spec1es-spec1fic estimates of seed production per unit basal area f3 by the total 
basa1 area of adults on the Forest Dynamics Plot. 

The distribution of observed values for seed rain into traps around expected 
values was assumed to follow a negative binomial distribution (Clark et al. 1999). 
The overdispersion parameter k of the negative binomial was thus the fourth and 
final fitted parameter. Low values of k correspond to high variances in observed 
values around the expected values, reflecting clumping of seed rain. 

For Trichilia, dispersal kernels and seed production functions were fitted to the 
counts of seed equivalents falling into seed traps; seed equivalents were defined 
a~ the number of seeds plus 1.7 times the number of unopened mature fruits, 
smce the me_an seed-to-fruit ratio for Trichilia is 1.7 (S. J. Wright, unpublished 
data). (Fractional values for trap contents were rounded to the nearest integer.) 
Best fits were found both for all years combined and separately for each calendar 
year when possible (sample sizes proved too small for reliable estimates in 1993 
and 1996). Since fruit production and seed fall in Trichilia occur in the months 
A~gus~-Nove~ber, separate calendar years represent distinct fruiting seasons. For 
Micon!a, functions were fitted to densities of viable seeds found in the soil samples 
taken m May 1993, at the end of the fruiting season. 

For each analysis, we used a likelihood ratio test to compare the best-fit model 
against a null model that assumed uniform expected seed rain across the plot 
(Rich 1988). For illustration of the goodness of fit, we also present Pearson's r 2 

values for the fit of model predictions of seed densities to actual seed densities. 
For calculations of these correlations, densities were first transformed as log (seed 
number+ 1), to reduce deviations from normality (Zar 1974). 

Survival Analyses 

We examined the dependence of survival at three stages upon several measures of 
local conspecific density. For Trichilia, three dependent variables were examined:· 
the ~eed-to-seedling survival rate, the first-year seedling survival rate, and the 
survival of saplings 1-1.9 cm in diameter between 1990 and 1995. The seed-to
seedling survival rate was calculated for each trap by dividing the total number 
of new seedlings-in the three l-m2 plots associated with a seed trap in 1995-98 
by the ~u~ber of seeds estimated to have fallen in those plots in 1994-97 given 
seed ram mto the nearby seed trap. The estimated number of seeds was taken to 
be 6 times the total number of seeds falling into the nearby 0.5-rn2 seed trap in 

i ,, 
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1994-97, where the multiplier 6 corrects for the different areas of the seedling 
plots and seed traps. First-year seedling survival probability was calculated for 
each trap using pooled data for seedlings new in 1995, 1996, 1997, and 1998, 
weighting all seedlings equally. For Miconia, the three dependent variables were 
survival of seeds from May 1993 to February 1994, the survival of seedlings 10-
50 cm tall from March 1996 to March 1997, and the survival of saplings 1-1.9 cm 
in diameter between 1990 and 1995. 

We examined the relationship of seed and seedling survival to several measures 
of local conspecific density. Total basal area, total reproductive basal area, total 
number of individuals, and total reproductive individuals of conspecifics within 
circles ofradius 5, 15, and 30 m were used, for a total of 12 independent variables 
(using the central seed trap as the basis for calculations for Trichilia seedlings). 
Because the results of these analyses were very similar, we present results only for 
the total basal area. For seed-to-seedling survival and seed survival, we also tested 

dependence upon local seed density. 
The dependence of survival upon local conspedfic density was first analyzed 

using logistic regression. Specifically, we assumed binomial errors and fit the 

function 

1 
P(survival) = ------

1 + exp(a + bX)' 

where Xis a measure oflocal conspedfic density. To fit the data on sapling survival 
over 5 years, this function was raised to the 5th power. Each seed, seedling, and 
sapling was treated as an independent data point. The effect of conspecific density 
was considered significant if the presence of the bX term significantly improved 
the fit for survival according to a log likelihood ratio test (a chi-square test on 
2 times the difference in the log likelihoods) (Hilborn and Mangel 1997). In 
cases where residual deviance exceeded the residual degrees of freedom, residual 
deviance was rescaled by the residual degrees of freedom and an F -test rather than 
a chi-square was used to test hypotheses ( Crawley 1993). Data were analyzed using 
JMP statistical software (SAS Institute, Inc':, Cary, NC) and the GLIM statistical 
package (Numerical Algorithms Group, Oxford, U.K.). 

Eleven sites at which Trichilia seedlings were found but no seeds had been 
recorded were excluded from the analyses of seed-to•seedling survival for Trichilia 
because they violated the assumptions of the logistic regression. Similarly, we 
excluded 13 Miconia sites where viable seeds were found in the February 1994 
samples even though no viable seeds were found in the May 1993 samples. In 
the three cases where the density of Trichilia seeds was less than the density of 
seedlings but still nonzero1 the survival probability was set to 1. These exclusions 
and changes bias our analyses against finding negative density dependence, since 
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s~rviv~l p~o?~bilities must have been high for seeds or seedlings to be found at 
sites with mttially low seed densities. 

. Where there are multi pl~ see~s or ~eedlings per trap or soil sample, the assump
t10n that each seed or seedlmg 1s an mdependent data point is more problematic 
than us~al. In these cases, we also tested the relationship using Spearman rank 
correlat10ns between the survival rate of seeds and the local density of consp~cifics. 
!h~s~ analyses treat seed traps, soil seed samples, and seedling plots, rather than 
md1v1dual seeds and seedlings, as independent data points. Since nearest neighbor 
s~mples ar~ an average ~f 19 and 6 m apart, for Trichilia and Miconia, respec• 
t1vely, we d~d not further mcorporate spatial autocorrelation in the analyses. (For 
an alternative approach that explicitly incorporates any spatial autocorrelation, 
see Hubbell et al. 2001.) 

Given that the various independent variables are also correlated, we conducted 
a post-hoc ?a~h analysis to separate the influences of seed density and adult 
bas~ are~ w1~m ~5 rn upon seed-to-seedling survival in Trichilia and upon seed 
survival m Miconza. In these analyses, as in the Spearman rank correlations, seed 
traps and seed s~ples were th: u~its of analysis. Because path analysis depends 
upon the data bemg normally d1stnbuted, we first applied an arcsine-square-root 
tran~f~rmation to survival probability, and log-transformed seed and basal area 
dens1t1es. The transformed variables were more normally distributed than the 
unt.ransformed ones; however, they still failed tests of normality (Kolmogorov
Smirnov.and Shapiro-:Nilks W tests, p < 0.05), and so the results of these analyses 
must be mterpreted with caution. 

Results 

Seed Production and Dispersal 

Miconia had more seed rain, higher estimated seed production per unit basal 
area, and longer estimated dispersal distances than Trichilia. A total of 28 276 
see~ equivalents of Trichilia were captured in the total IO0-m 2 area of seed t~aps 
durmg the 11 years of the study; for Miconia, 3527 viable seeds were recovered from 
3-cm deep soil seed samples covering a total area of 1.6 m 2 in May 1993, and 544 in 
Febru~ry ! 994 (fig. 20.1 ). Miconia seed densities must have been even higher, since 
there is ~1gh mortalit~ of seeds, especially below the crown where only 20% of 
seeds are m~orporated mto.the seed bank (Dalling et aJ. 1997). Estimated dispersal 
an~ fe.cun.d1ty ~o.d.els provided a good fit to the data, explaining 47% of the spatial 
v~nat1on m Trichilia, and 64:o i.~ Miconia (table 20.1 ). Estimated median dispersal 
dt~tan:es were 6.§ m for Trichzlia and 52 m for Miconia (fig. 20.2a). Because the 
Mic~ma. samples were of viable seeds in the soil, the dispersal distance for this 
species 1s better interpreted as the median distance of viable seeds from their 
parents. This is probably considerably higher than the median dispersal distance 
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Table 20.1. Parameters, Dispersal Distances, and Measures of Fit for Fitted Dispersal Models 

Fitted Dispersal Parameters 

~ Median 

No. (seeds cm-2 
" Distance 

Species Year seeds yr-I) p (m2) k (m) ,, p 

Mico11ia arge11tea 1993 3527 6109 0.16 39.9 1.76 51.5 .64 <0.0001 
0.73 6.5 .47 <0.000J Trichilia tuberculata All 28276 18.1 0.94 38.3 

1987 2165 14.6 0.84 31.9 0.37 6.4 .22 <0.000\ 
1988 3608 23.6 0.74 25.6 0.33 6.2 .26 <0.0001 
1989 1575 12.7 1.72 123.7 0.28 7.9 .20 <0.0001 

1990 1572 12.l 0.58 14.4 0.21 5.8 .17 0.0003 
1991 1844 12.2 0.95 46.0 0.32 7.0 .24 <0.0001 
1992 7067 50.3 0.92 26.9 0.47 5.5 .34 <0,000J 

1993 46 NS 
1994 2093 16.8 0.97 34.3 0.32 5.9 .30 <0.0001 

1995 956 7.7 0.51 18.9 0.31 7.4 .18 0.0003 

1996 421 NS 
1997 6936 52.2 0.94 32.8 0.43 5.9 .28 <0.0001 

Notes: No. seeds is the total number of seed equivalents captured in the traps in that year. /J is the fitted fecundity parameter, giving 
seed production in seeds per cm2 basal area of reproductively sized adults per year; .P an_d u a~ paramc~crs. of t~e fitted Clark 2Dt 
dispersal kernel (see methods); and k is the fitted dumping parameter of the negauv~ binomial error d1smbut1on (sma~er values 
reflect greater dumping). The median dispersal distance of the fi1ted dispersal kernels 1s also presc~ted_for case ~f companson: The 
, 2 values arc for Pearson correlationsofactual versus fitted log (seed number+ I); p-va!ues arc for likelihood rauo test compansons 
of the fitted dispersal kernels with the nonspatial null modds. 

owing to seed dormancy) which allows seeds from previous years) seed rain to 
persist for several years, and to the higher levels of seed mortality near adults 

(Dalling et al. 1997). 
Estimated seed production per unit basal area was 18 seeds per cm2 per year in 

Trichilia, while for Miconia it was 6100 seeds per cm2 per year. This corresponds 
to an average production of 12)000 seeds by a Trichilia tree with a diameter of 
30 cm, and 4.3 million seeds for a similarly sized Miconia tree. Since Trichilia is 
dioecious, and assuming that half the adults are female, this suggests a female of 
this size produces an average of 24,000 seeds. Again, the numbers for Miconia 
must be interpreted with more caution because they are based on samples that 
include some viable seeds dispersed in previous years and miss some dead seeds 

from the current year. 
Given a total basal area of Trichilia adults in the Forest Dynamics Plot of 75.5 m2 

in 1995, total seed production on the plot is estimated at 13.7 million seeds per 
year, or 27.3 seeds per m 2 of the plot per year. This corresponds well to the mean 
25.7 seeds per m 2 per year captured in the seed traps. For Miconia, total basal area 
was 2.09 m2, and thus total seed production is estimated at 128 million seeds per 
year, or an average of 255 seeds per m2 per year. Because Miconia samples were 
taken disproportionately under and near fruiting frees, the average seed density 
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pr:dict:d in the sample_s is expected to be considerably higher; it is 1350 seeds per 
m , which compares with the mean observed density of2200 seeds per m2• 

Considerable interannual variation in seed rain is evident; the coefficient of 
variation ( CV) for annual seed rain in Trichilia is 93%, with substantially higher 
seed fall in the El Nino years of 1992 and 1997 (Wright et al. 1999). When models 
were fitted to Trichilia seed rain data for single fruiting seasons, good fits were 
obtained for all years except the two with the lowest fruit set: 1993 and 1996 . 
In those years, the majority of sites near adult trees had low (often zero) seed 
densities, probably reflecting almost complete fruit failure of many trees. Despite 
the considerable interyear variation in seed production by Trichilia, the seed 
shadows were similar in shape across all years for which they were fitted, as 
reflected in similar median dispersal distances (table 20.1, fig. 20.26). 

Seed, Seedling and Sapling Survival 

Overall survival rates of Trichiliawere higher than those of Miconia in both stages 
where they c?uld be compared. The overall seed- to-seedling transition probability 
( encompassmg seed and early seedling survival) of Trichiliawas many times higher 
than th~t ~~ Miconta. In the seedling plots placed along trails, the mean density of 
new Tnch1lia seedlmgs observed was 1.01 seedlings per m 2 per year; for Miconia it 
~s 0.0033 per m 2 per year (just 8 seedlings total). Given the estimated seed input, 
this suggests mean transition probabilities of 3.7% for Trichilia, and 0.00079% 
for Miconia. Transition probabilities for Miconia were better in the gap plots) 
where seedling densities were 21 times higher than average, at 0.069 seedlings 
per m

2 
( 124 seedlings in 1800 m2

), but even so, the transition probability remains 
much lower than that of Trichilia, just 0.017%. Seedling survival rates for the 
two species in the datasets analyzed here are not comparable because the Trichilia 
seedlings were all in their first year, while the Miconia seedlings included older 
and la~ge: !ndividuals. The annual survival rate of 1-2 cm dbh saplings was 98.0% 
for Tnch1lia, and 84.4% for Miconia. 
. Surviv~l r~tes were found to be strongly negatively associated with conspe

c1fic dens_1ty m seeds and saplings, but weakly or not at all among seedlings. 
Sample sizes, and thus power, were lowest for the seedling analyses. Results 
were similar for total basal area, adult basal area, and number of adults; total 
tree number, however, was not significantly negatively associated with survival, 
and sometimes it was significantly positively associated (results not shown). Of 
the distance classes examined, conspecific density within 15 m was more con
sistently and more strongly associated with survival than was density within 5 
or 30 m. For seed survival, seed density itself was a more strongly associated 
factor. 

. Seed-to-seedling survival of Trichilia and seed survival in Miconia were nega
tively associated with conspecific density in most analyses (tables 20.2 and 20.3). 

I 
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Fig. 20.2. Estimated seed shadows for an adult tree of 30 cm dbh. (a) Comparison of MiconUI. and 
Trichilia. (b) Interannual variation in Trichilia; the top two lines are from the El Nifi.o years of 1992 

and 1997. 
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:7\,~ble 20.2. Parameters of the Logistic Regressions of Survival upon Conspedfic Basal Area Density within 5, 15, 
, and 30 m, and with Seed Density 

N N BA within 5 BA within 15 BA within 30 Seed Density 
sur1ival Individual Sites b±SE b ± SE b±SE b±SE 

Trichilia: 
Seed-to-Seedling 60,961 183 .35 ± .ozu"' .83 ± .04*** .08 ± .07 NS 1.26± .03°'"' 
First-Year Seedling 395 97 .02 ±.09NS .43 ± .18"' -.02 ±.38NS 

Micoia: 
Sapling 5,129 .09 ± .01"** .JO± .02••• .23 ± .04-"'U 

Seed 4,250 170 .28 ± .03~u .36 ± .04**• .17±.07* 1.13 ± .08°* 
Seedling 124 .75 ±.79 NS .23 ±.28NS -.37 ± .19"' 
Sapling 403 .11±.05* .09 ± ,02° .03 ±.03NS 

., ,Notes: (•) signifies p < 0.05, (•·) p < 0.01, and ( .. ") p < 0.001, NS and italics indicate regressions that are not significant at the 
o,05 level. Bold indicates that the indicated regressions explain more of the variation in survival for that stage and species than the 
other ones tested. 

Table20.3. Correlation Coefficients for the Spearman Rank Correlations of Survival upon Conspecific 
Density 

N BA within 5 BA within 15 BA within 30 Seed 
Survival Sites 

Trichilia: 
Seed-to-seedling 183 -.14 NS -.45 -.32 ... -.67 
First-year seedling 97 -.01 NS -.13 NS -.05 NS -.09 NS 

Miconia: Seed 170 .07 .17 .. .32 .12 NS 

Notes: (•) signifies p < 0.05, (••) p < 0.01, (• .. ) p < 0.001, NS not significant at the 0.05 level. 

For seed-to-seedling survival in Trichilia, both the Spearman rank correlations 
and the logistic regressions identified negative density-dependent effects. Both 
revealed a strong negative effect of conspecific seed density (tables 20.2 and 
20.3) and both suggested a negative relationship between seed-to-seedling sur
vival and local conspecific basal area; but in the latter case, the two methods 
differed in which distances were significantly associated. Logistic regression re
sults for seed-to-seedling survival need to be interpreted with caution, since the 
seed-to-seedling transition data were chronically overdispersed; under these con
ditions, p-values for hypothesis testing are not exact. Moreover, residual deviance 
was very high; independent variables explained, at most, 14% of total deviance. 
The post-hoc path analysis indicated that variation in seed density accounts for 
much more of the variation in survival rate than does variation in local basal area: 
the standard partial regression coefficient of survival rate upon seed density was 
-0.51, comparec!. with -0.08 for survival rate upon adult basal area density within 
!Sm. 

For seed survival in Miconia, the logistic regressions and Spearman rank cor
relations gave conflicting results as to the sign of density dependence. Logistic 
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regression showed a strong negative effect of local seed density, and weaker neg
ative effects of conspecific basal area (table 20.2). In contrast, the Spearman rank 
test indicated that seed survival rates were significantly positively correlated with 
conspecific densities within 30 m (table 20.3). These Spearman rank results were 
disproportionately influenced by sites having small numbers of seeds; yet at such 
sites, the estimate of seed mortality was poorer simply because there were fewer 
data. When sites with few seeds were excluded from the analysis (81 of 170 sites 
having 5 or fewer seeds initially), the Spearman correlation coefficients became 
negative (results not shown). With all sites included, the post-hoc path analy
sis showed a positive standard partial regression coefficient for the relationship 
between basal area within 15 m and survival, and a negative one between seed 
density and survival. 

Seedling survival showed little significant relationship to local conspecific den
sity in either species (tables 20.2 and 20.3). However, the power of these tests was 
low due to the small sample sizes, as is clearly evident in the large standard errors 
on the logistic regression parameter estimates (table 20.2). Slight overdispersion 
was evident in the data for Trichilia, so F-tests on rescaled deviances were used 

in place of chi-square tests. 
Sapling survival was negatively associated with conspecific basal area density 

in both species (table 20.2). The magnitude of this effect was smaller on .a per
year basis than among seeds and seedlings, as reflected in the lower estimates of 
the slope parameter b (table 20.2). For Trichilia1 the strongest relation was with 
total basal area within 30 m; for Miconia, total basal area within 15 m was best 

related. 

Discussion 

Seed and Seedling Biology of Trichilia and Miconia 

The abundant, small seeds of Miconia argentea travel much farther than the fewer 
and larger seeds of Trichilia tuberculata, more than half of which remain within 
11 m of the parent tree. Despite the fact that it is 30 times less common on the plot, 
Miconia is estimated to produce more than 10 times as many seeds as Trichilia 
there. Miconia's higher seed production and longer dispersal distance aid it in 
reaching its required and relatively rare regeneration habitat-gaps. Because of the 
longer dispersal distance and lower adult abundance, a much larger proportion 
of Miconia's seeds end up far from adults, where they may be able to escape 

Janzen-Connell effects. 
Seed and sapling survival were negatively density dependent in both species, 

suggesting the operation of Janzen-Connell effects at multiple stages. A previous 
study of somewhat larger seedlings of Trichilia found significant density
dependent effects on survival (Shamel 1998); the failure to detect· density 
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dependence among seedlings here most likely reflects the relatively low power 
of the analysis. Previous studies have also shown that density-dependent effects 
continue to at least 4-cm diameter saplings for Trichilia (Hubbell et al. 1990). 
Again, smaller sample sizes for the less abundant Miconia reduce the power to 
detect similar effects in that species. 

Density dependence in seed-to-seedling survival in Trichilia tuberculata and 
in seed survival of Miconia argentea appears to be mediated most direCi:Iy by 
the initial local density of seeds. Insofar as survival is also negatively correlated 
with basal area, this is due for the most part to the correlation between basal 
area density and seed density. This suggests that the agent of density-dependent 
mortality may be responding to local seed density. Dalling et al. ( 1998b) present 
evidence that fungal pathogens are responsible for much seed mortality among 
Miconia. 

Seedling survival in both species showed no strong or very significant density
dependent effects. The most significant of these weak relationships was between 
seedling mortality and local tree density in Trichilia. If this result holds for larger 
sample sizes, it would suggest that the agents responsible for density-dependent 
seedlingmortalityalso prey upon older individuals, particularly saplings (saplings 
dominate in the counts of tree numbers, while large adults dominate basal area 
measures). Saplings may pose an elevated risk of transmission of pests because 
their foliage and the associated pests and pathogens are in the understory, where 
seedlings too are located. Some studies suggest that there is strong stratum 
fidelity among phytophagous insects in neotropical forests and that the same 
plant species has different insect herbivores in the understory and in the canopy 
(Basset et al. 1999); however, a study of two tree species on Barro Colorado Island 
found that nearly the same suite of chewing insects attacked both juvenile and 
adult conspecifics (Barone 2000). In any case, it is not clear that insects are the 
agents responsible for Janzen-Connell effects at this stage in these species. Some 
of the older seedlings of Trichilia display a progressive die-back pattern leading 
to death that has the appearance of being caused by a pathogen (D. DeSteven, 
personal communication). Yet an intensive effort including field observations, 
cultures, and greenhouse experiments to find pathogens causing significant prob
lems on Trichilia seedlings and saplings, using methods that found diseases in 
virtually every other species investigated, yielded nothing (G. S. Gilbert, personal 
communication). 

The lower magnitude of density-dependent effects in Miconia relative to 
Trichilia (regression coefficients in table 20.1) is consistent with the idea that 
seedling surviv,al of pioneer species depends mainly upon light availability 
(Augspurger 1984). Studies by Augspurger (Augspurger 1983, 1984, Augspurger 
and Kelly 1984) indicate that local seedling density and distance to parent can in
fluence seedling mortality in general and disease-induced mortality in particular 
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in a manner consistent with Janzen-Connell effects. However, Augspurger and 
Kelly (1984) found that the effects of light and pathogens interact: within the 
shade, disease mortality was significantly higher in high density areas. Within 
the sunlight, by contrast, disease was not significantly associated with density. 
Thus, density-dependent effects should be less important at the seedling stage for 
light-demanding species whose seedlings survive only in high light conditions. If 
juveniles are more likely to encounter high light conditions near adults, because of 
the contagion of gap formation (Young and Hubbell 1991 ), then this may enhance 
survival near adults, potentially further countering any Janzen-Connell effects. 

Implications for Spatial Patterns 

Studies of the spatial patterns of adults and saplings within the plot have concluded 
that there must be strong density dependence in Trichilia at earlier life stages, just as 
was found in the current study. Hubbell and Foster (I 986) and Hubbell et al. ( 1990) 
both found the correlations between local densities of juveniles and of adults to 
be significantly negative. Given that dispersal is primarily local, we would expect 
local densities of juveniles of nonpioneers to be roughly proportional to those of 
adults in the absence of density-dependent effects. Condit et al. ( 1992)) found that 
the density of Trichilia recruits is significantly lower than average in sites within 
10 m of adults, higher than average betw'een 10 and 45 m from the nearest adult, 
and somewhat lower than average beyond 50 m (as would be expected based on 
limited dispersal distance). The results of this study, combined with our results 
on seed dispersal, suggest that density dependence before the 1-cm sapling stage 
is very strong in Trichilia-strong enough that it more than compensates for the 
higher density of seeds that fall near adults. 

Studies of plot spatial patterns have found no evidence of density dependence 
in Miconia. Because of its long dispersal distances, we would not expect a positive 
correlation between the local densities of adults and juveniles in the absence 
of density dependence, and thus, testing for such effects is more complicated. 
Condit et al. (1992) found significantly higher densities of Miconia recruits than 
the mean at sites within 40 m of the nearest adult, with significantly lower densities 
at distances greater than 55 m. This latter, result is consistent with the dispersal 
distances observed here, and the evidence that the differences in mortality seen 
in Miconia are smaller than the differences in seed density; thus, the density
dependent survival is masked by differences in seed arrival probabilities even in 
this very well dispersed species. 

Further studies should employ simulations of population dynamics to quan
titatively evaluate whether seed dispersal distances, habitat requirements, and 
Janzen-Connell effects at various stages, as documented here, adequately ex
plain spatial patterns in these species, and to test the relative importance of each. 
This will require combining models of growth, mortality, reproduction, and seed 
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dispersal, so that the amount of time spent in each stage, and the changing spatial 
pattern oflive adults, can be accounted for. Such an exercise will make it possible 
to examine the overall importance of effects at each stage. While the per-year 
impact of density dependence is largest at the seed stage, the many years spent in 
the sapling stage are likely to make the cumulative impact of density dependence 
among saplings more important. 

Conclusions 

Seed shadows, regeneration requirements, and Janzen-Connell effects contribute 
to spatial patterns in the 50-ha plot for both of the species examined here. ln 
Trichilia tuberculata, dispersal is relatively local, regeneration requirements are 
broad, and density-dependent effects are strong. Thus, there is a dearth of saplings 
in the immediate vicinity of adults where Janzen-Connell effects are strongest, 
a surplus of saplings at intermediate distances that are within dispersal distance 
and subject to lower density-dependent mortality, and a dearth of saplings at 
large distances to which dispersal does not typically reach. In Miconia argentea, 
dispersal distances are long, regeneration occurs only in gaps (which are rare), 
and density-dependent effects are weak. Because density-dependent mortality is 
weak compared with the decline in seeds arriving with distance from parent, there 
is no deficit of saplings near reproductive adults. Because dispersal distances are 
long, saplings are common even far from adults and the density of saplings drops 
only beyond 50 m (Condit et al. 1992). 

For the two species studied here, density-dependent effects are strongest at 
the seed stage. Local density of seeds themselves is the strongest correlate of seed 
mortality in Miconia and Trichilia, while local tree density within 15 and 30 m has 
small and marginally significant negative effects on seedling survival in Trichilia 
but not Miconia. It is clear that the strength of Janzen-Connell effects varies 
among species, and there is a need to examine in more detail how differences in 
life histories, seed and seedling traits, and phenology might influence the strength 
and timing of density-dependent effects. 

Studies of seed and seedling biology on the one hand and of large-scale pat
terns in larger size classes on the other provide complementary information on 
the strength and importance of density-dependent effects. In particular, studies 
of seed rain and seed and seedling survival within Forest Dynamics Plots make 
the analysis of seed production, dispersal distances, and density-dependent ef
fects easier and more powerful, since the locations of all nearby conspecific adults 
(possible parentl and pest reservoirs) are known. At the same time, the results il
lustrate that spatial and demographic patterns reflect multiple influences and that 
analyses of such patterns for density dependence must be informed by knowledge 
of dispersal strategies and habitat preferences. 
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General Implications 

• Information on seed and seedling biology of species, and of their natural history 
more generally, is needed to inform and correctly interpret analyses of Forest 
Dynamics Plot data. 

• Studies of seeds and seedlings within Forest Dynamics Plots make possible pow
erful analyses of dispersal and density dependence, and provide insight into 
important aspects of population ecology that cannot be examined with the For
est Dynamics Plot data alone. 

• The presence of Janzen-Connell effects and the importance of seed dispersal for 
escaping them have important implications for conservation and management. 
Dispersal curves represent the net effects of many dispersal agents. Selective re
moval of one or a few particularly efficacious dispersers (e.g., toucans, monkeys) 
might have a disproportionate impact on recruitment if remaining dispersers 
carry seeds shorter distances, to sites with higher conspecific seed densities, 
where seeds and seedlings will suffer higher mortality. 
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Appendix 

The formula for the median dispersal distance is obtained by solving for Xm in the 
following equation: 

Xm f 2rrxf(x)dx = ~ 
0 
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where f(x) is the dispersal kernel. For the Clark 2Dt dispersal kernel used in this 
paper, this is straightforward: 

Xm 

f 2pxdx I 
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x')p+l dx = 2 
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Distance- and Density-Related Effects in a 
Tropical Dry Deciduous Forest Tree Community 
at Mudumalai, Southern India 

Robert John and Ramam Sukumar 

Introduction 

Studying the interdependence of spatial distribution and dynamics in tree com
munities is crucial to our understanding of the coexistence of tree species in 

··tropical forests (Pacala 1997). Strong spatial patterns in mortality and recruit
ment have been demonstrated in many studies (Clark and Clark 1984; Condit 
et al. 1992; Okuda et al. 1997). These studies suggest that seedling survival in
creases with distance from the parent tree, in accordance with a model proposed 
by Janzen (1970) and Connell (1971). 0therstudies have shown that the spatial 
•distribution and density of trees can influence pest and pathogen attacks (Gilbert 
1-etal. 1995), and that strong density- and diversity-dependent effects can maintain 
species diversity (Wills et al. 1997; chap. 23 in this volume; Harms et al. 2000). It 

:I,s increasingly evident that many species have short dispersal distances and that 
·,itheir spatial scales of resource uptake are small, resulting in competitive effects 
that are largely local (Hubbell 1998). Thus, plants respond dramatically to local 
~ariations in spatial structure such as those caused by treefalls or other small-scale 
.isturbances (Pacala 1997) . 

.. -' While several studies have been carried out in tropical moist forests, few studies 
~have investigated spatial patterns in demographic parameters in highly seasonal 
i<Jryforests (Hubbell 1979; Murphy and Lugo 1986; Martijena and Bullock 1994). 
· _.ropical dry forests harbor fewer species1 are less complex in structure, and are 
··erhaps subject to greater environmental stress than moist forests (Murphy and 
ihgo 1986). However, it is not known if distance, density, and diversity effects on 
fe history parameters of tree species that are believed to be important in influenc-

,·,_g the diversity and dynamics of moist forests are also important in dry forests. 
1;1tuitively, it would seem that in such forests, large-scale natural disturbances 
·aused by droughts and fires could be more important in structuring the plant 
mmunitythan density dependence (Sukumar et al. 1992; Van Groenendael et al. 

, 96). • 

,..: ·we are carrying out a long-term study on forest dynamics in a 50-ha Forest Dy
amics Plot in a tropical dry deciduous forest in Mudumalai Wildlife Sanctuary, 
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