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SUMMARY

(1) Most individuals of Astrocaryum mexicanum, a monopodial neotropical under-
storey palm, endure treefalls that form gaps in the forest, by bending under falling trees
and limbs. After one year, a bent palm recovers vertical growth at its terminal meristem
and forms a permanent kink in its stem. Previous detailed demographic studies have
allowed us to determine with accuracy the passage of time, based on the age-constant rate
of stem elongation of the palm.

(2) Using this morphological feature of the palm, together with its high density (300-
1230 mature individuals ha~!) in a 5-ha tract of rainforest at Los Tuxtlas, Veracruz,
México, it was possible for the first time to apply a time scale to the study of gap formation
and regeneration dynamics of tropical rainforests. Surviving palms, after being knocked
down or bent by treefalls, record gap-forming events for up to 100 years. By using this
technique, the age structure of the forest mosaic was obtained at a scale of 25 m?.

(3) A high variation in both temporal turnover rates (mean + S.D. =47 145 years) and
spatial occurrence of treefall disturbances was found; more than 50% of the quadrats
suffered disturbance in the last thirty years and 28% suffered more than one disturbance in
the last seventy years. These results provide evidence that canopy disturbances capable of
promoting the release of suppressed seedlings and saplings of forest trees may occur at the
small scale of some tens of square metres.

(4) The long-term treefall patterns analysed (up to seventy years) show that canopy
disturbances are a permanent ecological factor in the rainforest environment. Annual
rainfall explains more than 50% of the annual variation of the proportion of forest opened
to gaps per year.

(5) The yearly disturbance does not indicate the gap availability for species regeneration:
for example, a year of high disturbance (e.g. 6-1% of the forest opened to gaps) may have a
similar number of sizeable gaps suitable for pioneer regeneration as a year of low
disturbance (e.g. 1:5% of the forest opened to gaps).

(6) The results obtained in this study show that the gap-formation process operating at
Los Tuxtlas forest promotes a strong temporally and spatially random variation in the
physical environment of plants. This heterogeneity may be one of the factors involved in
determining the high biological diversity found in most tropical rainforests.

INTRODUCTION

Treefall disturbances play a crucial role in the structure and dynamic processes of forest
communities (Whitmore 1975; Hallé, Oldeman & Tomlinson 1978; Pickett & White
1985). Current research is focused on the mechanisms involved in the so-called ‘patch
dynamics’ (Pickett & White 1985; Sarukhan, Pifiero & Martinez-Ramos 1986). Treefalls
generate gap dynamics in forest populations; these gap dynamics promote the expression
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of a floristic—structural mosaic of vegetation which may be subject, by virtue of repeated
disturbance events, to recurrent successional phases (Oldeman 1978; Bormann & Likens
1979; Brokaw 1985a; Martinez-Ramos 1985; Martinez-Ramos & Alvarez-Buylla 1986).
Although models of gap dynamics have been developed (e.g. Shugart & Darrel 1981),
predictive analyses of the patchwork of forest vegetation are pending. If the status of a
plant community at any given time is partly the result of disturbance and successional
events that have occurred in the past (Harper 1977), historical analyses are needed to
predict the future dynamics of forest communities.

In temperate forests, growth rings of fallen and gap-released trees may be used to
record treefall events, in order to study the influence of treefalls on the mechanisms
responsible for the structure and composition of the forest (Lorimer 1980; Runkle 1981,
1982). The virtual absence of chronologically regular and permanent vegetative structures
in tropical trees (e.g. growth rings) (Bormann & Berlyn 1981) has hindered the application
of such a method in tropical rain forests. In this paper we show that certain understorey
palms can be used to detect the temporal and spatial treefall regimes operating in these
communities. An application of this approach is made to investigate some patterns of gap
dynamics occurring in a tropical rain forest of south-eastern México.

METHODS

The dating device

The study was carried out in the tropical rain forest at the Los Tuxtlas Tropical Field
Station (Instituto de Biologia, Universidad Nacional Auténoma de México) (LTTS),
located in the State of Veracruz (18°36’N, 95°07'W), México. The mean annual rainfall at
LTTS is about 4500 mm and no month has less than 100 mm of rain. The forest in the 700-
ha reserve includes more than 200 tree species and the mean canopy height is about 30 m.
Detailed descriptions of the flora, vegetation and enviromental conditions occurring at
LTTS are given in Pifiero, Sarukhan & Gonzalez (1977), Estrada, Coates-Estrada &
Martinez-Ramos (1985), and Ibarra-Manriquez (1985).

Understorey plants of most tropical rain forests receive blows by the falling upper-
canopy trees and large branches. This is particularly noticeable in the case of the palm
Astrocaryum mexicanum Liebm., which represents 20-60% of all trees with diameters at
breast height (dbh) =33 cm in LTTS (Pifiero, Sarukhan & Gonzalez 1977). It occurs at
densities of 300-1230 mature plants (stems from 1-7 m in height) ha~' and is distributed
almost everywhere in the forest (Pifiero, Sarukhan & Gonzalez 1977). The annual
probability of a palm being hit by a falling tree or large branch is 0-0133, because forty-
four out of 345 mature individuals were observed to have been knocked or bent down by
treefalls in eight 20 m x 30 m permanent plots used for long-term demographic studies of
this species (Sarukhan 1978; Pifiero, Martinez-Ramos & Sarukhan 1984), in the period
1975-1985.

If the single apical meristem of 4. mexicanum is severely damaged or broken off by a
blow, the palm dies. In most cases, however, the cylindrical, slender (4-7 cm diameter),
woody stem simply bends downwards when hit. The high flexibility and resistance of the
trunk, and its firmly anchored root system keep the stem from either breaking or being
uprooted. Bent palms have a high chance of surviving. We estimated an annual
survivorship rate of 0-:9667 by following the fate of 110 bent palms (including recently-
bent mature individuals) in our permanent plots between 1981 and 1985.
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F1G. 1. Recovery sequence of Astrocaryum mexicanum: (2) stem is bent by a treefall creating a gap

(arrowed); (b) bent stem starts turning upwards at the tip of the terminal meristem within one year

of being blown down (arrowed); (c) a kink forms at this point (arrowed), and the stem continues

growing vertically; (d) L, estimates the age at which the palm was blown down and L, how long
ago the treefall occurred.
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FiG. 2. (a) Relationship between two consecutive measures of L, for mature bent palms growingin

eight 20 m x 30 m permanent plots. Data taken for a four-year period (1981-85) and transformed

to a one-year basis; the slope of the linear regression does not differ significantly from an expected

value of 10 (y=0-048+ 1-01 x, F'9;=78-33, r=0-9988, P <0-001) and confidence intervals are

+1-2 cm; variates are not autocorrelated (Durbin-Watson test=1-85; P>0-10). (b) The

predicted mean and confidence interval values of L,, representing the first ten years after the
recovery of a stem palm bent by a treefall.

Surviving bent palms start growing upwards at the tip of the stem within a year after
being hit. The bend thus becomes a permanent kink in the stem (Fig. 1). The length of the
new trunk formed after the kink (L, in Fig. 1) provides a good estimate of the time since
the plant was hit; the length of the trunk found before the kink (L;) estimates the age of the
palm when it was bent. Palms with L, > 1 m have an annual mean rate of stem elongation
of 4-8 cm (confidence interval=3-8-5-9 cm; P=0-05), independently of L, (Fig. 2a).
Given that the confidence intervals predicted for two consecutive annual growth values
did not overlap, an age-scale of L, on a one-year time basis could be obtained (Fig. 2b).
Palms need not be bent fully to the ground level for the dating technique to work.

Through its life span, a mature palm may be subjected to a maximum of four bending
events. We have assumed that mortality and growth rates of ‘mono-kinked’ (which
represent 89% of total bent palms) and ‘multi-kinked’ palms are the same. In multi-
kinked palms, the trunk length interval between two kinks estimates the time elapsed
between two consecutive disturbances in the same spot in the forest.

Bent palms with appreciable kinks result from treefalls or large branch falls that may
have created a gap in the canopy and therefore can be used to date such events. We have
estimated ages above the kink of up to ninety-nine years (4:8 m of Ly).

Using the dating tool to study gap dynamics

In September 1982 we selected a 5-ha study plot established as a transect 100 m wide
and 500 m long, extending from the edge into the inner part of the forest. In this plot the
following data were collected: (i) location in a staked grid system to the nearest 0-5 m of all
bent A. mexicanum palms; (ii) the lengths L, and L, for each bent palm to the nearest cm
(for multi-kinked palms, the lengths between kinks were also obtained); (iii) the area
occupied by gaps <one year old, according to the gap definition given by Brokaw
(1982a); (iv) location of all clearly distinguishable fallen trees (dbh > 10 cm) or large
branches, mapped at the scale of the grid system; fallen trees were grouped into three
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Fi1G. 3. Relationship between the number of recently bent palms (L, =0) found in one-year old
gaps and the gap size; y=11-4¢3%, F’3; =148-9, P <0-01, r2=0-822.

general types (snapped-off, uprooted and killed-standing); dbh (or diameter above
buttresses) and height of snap (where applicable) were also recorded.

RESULTS

A total of 1280 bent palms (L; >1 m) with appreciable kinks were recorded in the 5-ha
plot. Palms with one, two, three and four kinks represented 88-8, 10-0, 11, and 0-1%,
respectively, of the total bent palms. Only 7% of the plot area contained no palms. The
number of bent palms per gap increased with the size of the canopy opening (Fig. 3). No
bent palms were found in gaps smaller than 5 m2. One bent palm represented a median
gap area of approximately 25m? (mean+S.D.=26-79+15-22 m? range=>5-60
m?%; n=239). Of 112 fallen trunks (dbh > 10 cm) censused on the 5-ha plot, 22% were
large limbs of dying trees or growing canopy trees, and 78% were snapped or uprooted
trees. Of the eighty-three fallen trees, 26% were uprooted, 69% snapped and 5% died
standing. Trees were snapped at various points along the bole, with a tendency for the
point of breakage to occur at a height <2 m above ground (Fig. 4a). No significant
difference (Student’s f-test; P>0-10) was found in dbh between uprooted (mean+
S.D.=62-14+31-2, n=21) and snapped (56-4+37-5, n=>57) trees, and there was a wide
overlap of ranges (Fig. 4b).

Forest mosaic and age structure

In order to illustrate the spatial arrangement of forest patches disturbed at different
times, the study plot was divided into 2000 quadrats of 25 m? (the median gap area per
bent palm). The time since the last disturbance was calculated for each quadrat and each
of them was assigned to a five-year-old class (arbitrarily chosen for computing purposes,
based on the younger L, value of the bent palms found in it). Those mature forest squares
without bent palms were assigned an age equal to, or larger than, the tallest undamaged A4.
mexicanum stem found in it (=85 years). The quadrats without bent palms (only 6-8%)
but containing pioneer trees were assigned an age equal to the surrounding quadrats with
bent palms. Figure 5 is a diagram of the forest mosaic obtained. Although this method
provides a good visual idea of spatial heterogeneity of the treefall disturbances in the
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F1G. 4. Patterns of the dynamics of fallen trees at Los Tuxtlas rain forest: (a) snap-height
distribution of fallen trees censused on the 5-ha study plot; (b) dbh distributions of snapped (O)
vs. uprooted (M) fallen trees; bars represent percentage values of the total number of fallen trees.

forest, interesting underlying information about gap dynamics is not directly apparent.
For example, because the successional age of each quadrat only reflects the most recent
disturbance found in it, recurrent treefall events are ignored. A y*-analysis (using a
Poisson model) of the frequency of recurrent treefalls detected per quadrat
(mean+S.D.=0-46+0-93) showed that this type of disturbance has not a random spatial
distribution (x?>=800-3, P <0-001). The ratio S?/% (indicating patchiness when its value is
significantly higher than one) was 1-83 and shows that quadrats with recurrent treefalls
are clumped (1=12-6, P<0-001). This means that some areas of the forest are more
frequently disturbed (28% of the quadrats showed between two and seven different L,
ages) than others (72% of the quadrats showed one L, record).

On the other hand, because bent palms died in some quadrats, the frequency of
quadrats in the different age-classes is skewed towards old treefall records (46% were
older than eighty years) and, therefore, does not reflect an unbiased age structure of forest
gaps implicit in the mosaic (Fig. 6a). Taking into account the overlapping of treefalls, we
considered all bent palms and their survivorship rates to recalculate the age structure of
the patches using the function F, = G(B,/R*), where F, is the area (in m?) occupied by gaps
of 1, 2, 3, .., x years old; B, is the number of bent palms in the entire 5-ha plot indicating
treefalls of age x; R is the estimated mean annal probability of a bent palm of both
surviving and not being hit again (=0-9538) (for multi-kinked palms it was assumed that
an old treefall record is lost when a palm already bent is hit again); and G is the median gap
area per bent palm (=25 m?). The F, values obtained were grouped into five-year-old
classes and expressed as percentages of the total area of the study plot (Fig. 6b). Clearly,
the structure obtained is that of young forest because more than half of the plot area was
detected to have been disturbed within the last thirty years. This result suggests the
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Age of disturbance (years)

(] 20 40 60 80 100 m
F1G. 5. Representation of the spatial distribution of forest patches disturbed at different times in 5
ha of tropical rain forest at Los Tuxtlas. The squares represent 5 m x 5 m quadrats and the shades
of grey indicate the age of the last treefall detected in each quadrat. The scale on the right-hand
side of the figure is composed of ten categories of ten-year periods, starting from white, which
indicates gaps less than one year of age, and ending with black, for patches over eighty years old.
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FIG. 6. Age structure of 5 ha of tropical rain forest at Los Tuxtlas: (a) the percentage values for
each age category (in years) obtained from the forest mosaic; (b) the corrected age structure
estimated using the function F,= G(B,/R"): see text for explanation.

existence of a short rotation period (the mean time in which 100% of a forest area is
covered by gaps (Pickett & White 1985)) of the forest in the study plot. The total sum of
percentage values of the age structure obtained for treefalls of up to eighty years old
(150%) gives an estimate of the rotation period of about fifty-three years.

Long-term patterns

In order to investigate some temporal variations of the gap-formation regime operating
in the study plot, a second analysis was made. This was based on a plotless method
involving the use of all bent palms, and the use of different L, values of multi-kinked
palms as independent time estimators. Bent palms were classified in L, annual categories
(Fig. 2b). It is clear that a certain reduction of bent palms occurs with time, because not all
palms hit by falling tree or branch survive to the oldest recorded age (Fig. 7a). Age-
specific survivorship rates (Sy) were estimated in two ways: (i) from the age structure of L,
of the bent palms censused in the study plot, and (ii) using Sy = a*, where a=0-967, the
estimated annual survivorship rate of bent palms in the permanent plots. Both
estimations coincide fairly well for the first thirty years of L, (Fig. 7b), but no so later on;
apparently, some palms recording older treefalls in the 5-ha plot die at a higher rate than
that estimated for a four-year period in our permanent plots.

Estimations of the proportion of forest canopy area opened to gaps per year in the
period of seventy years (1912-82) were obtained by means of the function PGA,=[(B./
S.)G]/P, where B, is the number of surviving bent palms in year x, S, is the probability of
survival to that year (obtained from the age structure of L, (cf. Fig. 6b)), G is the median
gap area per bent palm (=25 m?) and P the total plot area (=50 000 m?). Clearly, both the
frequency and the intensity of disturbance vary with time (Fig. 8a). Peaks and valleys in
the histogram reflect years of high and low rates of gap formation, and are not affected by
the calculation of survivorship rates; for example, two years reflecting high forest
disturbance (1949 and 1971) are more than twenty years apart and have a similar number
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FI1G. 7. Long-term temporal components of the treefall-gap regime found with the aid of

Astrocaryum mexicanum as a dating device. (a) Number of surviving mature palms bent yearly

before 1982. (b) Age-specific survivorship rate (Sy) of bent palms; these probabilities were

obtained using: (i) the age structure (on the basis of ten-year-long age-classes) of L, values of the

bent palm population censused in the study plot and employing a vertical life-table technique
(-m=--- ), and (ii) using the exponential S, =0-967%( ).

of bent palms (Fig. 7a); therefore, we deduce that 1949 must have been a year with a
greater rate of disturbance than 1971 (Fig. 8a). On the other hand, fluctuations in
numbers of bent palms could result from variations in the size of the cohorts of palms
susceptible to bending each year. This is not the case, because population size and
structure of mature Astrocaryum mexicanum palms are at equilibrium (Pifiero, Martinez-
Ramos & Sarukhan 1984). The annual gap rates estimated are positively correlated with
the annual rainfall (Fig. 9). An autocorrelation analysis (Roughgarden 1975) showed that
the estimated annual gap opening rates fluctuated without a predictable temporal pattern.

The yearly estimated proportions of forest area opened to gaps are not normally
distributed (Fig. 8b). The inverse values of these proportions give a mean forest turnover
rate of 47+45 (mean+S.D.; n=70) years (median=34 years; coefficient of skew-
ness =336, P <0-05). A similar turnover rate is obtained for the last thirty years (1952-
82) using both S, =0-967* (44 + 17 years) and the age structure of L, values (42 + 16 years)
as the age-specific survivorship rates of bent palms (cf. Fig. 7b). It should be noted,
however, that the variance of the turnover rate estimation is larger for the sample of
seventy years. This means that (i) episodes of high and low disturbance have occurred for
long periods of time, or (ii) mortality of bent palms increases sample errors with time, or
both. The second possibility is remote because many late records (up to forty years before
1982) show the same or higher number of bent palms than more recent years (Fig. 7a).



M. MARTINEZ-RAMOS et al. 709

|.|| IIHI s

Years before 1982

0O-10
[ (o)

Q@
e}
@

Q

o}

)
T

Q
o
2

| "."””.Jm”'m

O-1
[0}

Q
o
o

Proportion forest opened to gaps per year

| “” |.'I,NGOI | nlnjb

50

(b)

Frequency (number of years)

Lamallll HHHHHD an

0 0-025 0-050 0075 0-100
Proportion of forest opened to gaps per year

FIG. 8. (a) The predicted yearly fraction (from 1912-82) of forest canopy area opened to gaps (gap

proportion) in the 5-ha plot studied; the values were obtained by means of the function

PGA,=[(By/Sx)G]/P (see text). (b) Frequency distribution of gap proportion values for seventy
years in the period 1912-82.

6

16000

2 004r 15000

5

B 0

. 44000 =

S 0-03f £

[ ~

s r 5
o

e 13000 £

- =

2 0-02} e

3 c

S 12000 &

(23

[

S

L ool

5 {1000

Q2

g o o,

& 1972 1974 I976 1978 1980  I982

Year

Fi1G. 9. Long-term patterns of rates of gap formation and rainfall in the Los Tuxtlas forest. The
annual rainfall values come from the available meteorological records at LTTS (Estrada, Coates-
Estrada & Martinez-Ramos 1985). Points are positively correlated (r>=0-51; P<0-01).



710 Treefall gap dynamics in a tropical forest

Yearly variability in the formation of gaps of different sizes

Spatial and temporal variation in gap formation may affect the relative abundances of
species in different regeneration guilds. In neotropical rainforests, large gaps (> 200 m?)
favour the regeneration of pioneer species while small gaps favour the regeneration of
persistent canopy species (Denslow 1980; Hartshorn 1980; Bazzaz 1984; Brokaw 1985a,b;
Martinez-Ramos 1985). We analysed the frequency distribution of gap sizes in years with
different degrees of disturbance to show the change in the availability of gaps of different
sizes through time (see Appendix for calculations). The distributions obtained (Fig. 10)
show that the gaps available to the different regeneration guilds change drastically
through time, even between years with similar degrees of treefall disturbance. This means,
for example, that years with low or high disturbance rates are not necessarily bad (Fig.
10d) or good years (Fig. 10a), respectively, for the regeneration of pioneer trees.

Frequency (number of gaps)
N
T

2- | |

O 2 1 ] | | l ) 1 J

12345678910 12345678910
Number of bent palms per gap (/+n)

FiG. 10. The gap-size frequency distribution predicted for years with high and low treefall

disturbance rates. High: (a) 1979, annual proportion of forest canopy opened to gaps

(APFG)=0-0335; (b) 1961, APFG=0-0608. Low: (c) 1977, APFG=0-0150; (d) 1958,

APFG=0-0179. The gap sizes (m?), estimated according to Fig. 3 for each i+n category, are:

1=15-24;2=27-41;3=47-70;4=78-122; 5=131-213; 6 =217-379; 7=357-676; 8 =583-1212;
9=951-2179; 10=1548-3926.
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DISCUSSION

Tropical rain forests are mosaics of disturbed patches for which an age structure exists. As
with the life-tables of populations of long-lived organisms, the dynamics of these mosaics
and the processes generating the age structure can be vertically analysed, if some time-
scale relevant to the ‘forest life-cycle’ is obtained. In this work we suggest a method for
obtaining such a pivotal time-scale in a tropical forest. The biological properties of
Astrocaryum mexicanum and the information available on this palm make it a suitable
tool for dating treefall disturbances. The continuous monopodial growth of the palm
shows little variation among individuals bent during temporal environmental changes, so
the length of the trunk gives an extremely good estimate of time (the total statistical error
being less than one year). Such a situation contrasts with growth in diameter of the trunk
of many tropical trees, which often varies greatly between individuals and between years
(Bormann & Berlyn 1981), and commonly leads to large inaccuracies in the age
determination of tropical trees using trunk diameters (e.g. Lieberman & Lieberman 1985;
Peralta et al. 1987). On the other hand, the high density of mature palms facilitates the
detection of gaps as small as 5 m?; all gaps larger than 50 m? had bent palms (Fig. 3). The
gaps without bent palms (those <25 m?) produced by falling branches represented only
22% of the area opened to gaps in 1982 in the study plot. These ephemeral gaps, quickly
closed by the lateral growth of the crown of surrounding trees, may only be important in
stimulating temporary seedling and sapling growth of shade-tolerant species (Whitmore
1975; Denslow 1980; Hartshorn 1980; Brokaw 1985b).

The possibility of ageing bent individuals and the fact that the population of mature
palms is in equilibrium, allowed an age-specific survivorship rate curve to be obtained for
bent palms. This kind of data is fundamental for making inferences about the long-term
treefall gap regimes using perishable time indicators. J. H. Fox (personal communication)
has developed a model to calculate the percentage of error in estimating a community
turnover rate using such indicators (in our case the palms): the model considers the annual
mean mortality rate of the indicators and the mean fraction of area disturbed per year.
According to his model, our turnover estimations have an accuracy greater than 80%.

Two major points emerge from the analyses outlined: (i) a strong spatial heterogeneity
exists for distrubance ages at a scale as small as 25 m?, and (ii) the turnover process of the
forest studied has a high degree of temporal variation. We do not know to what extent the
spatial heterogeneity found in disturbance ages corresponds to an environmental
heterogeneity. Certainly, newly formed gaps (<35 years) are environmentally different
from older forest patches (Denslow 1980; Chazdon & Fetcher 1984). Young gaps are the
sites in which recruitment by rapid growth of established seedlings or saplings of most
rainforest tree species takes place (Whitmore 1975; Denslow 1980; Hartshorn 1980;
Pickett 1983; Brokaw 1985a,b; Martinez-Ramos 1985). Moreover, considerable inter-gap
variation in environment may exist as a result of the different modes in which a treefall
occurs. Uprooted trees disturb both the soil and canopy microenvironment, snapped-off
trees alter mainly the above-ground conditions, and dead-standing trees open only small
gaps in the canopy (Whitmore 1975). These treefall types may affect differentially the gap-
regeneration mechanisms of tropical rain forest populations (Putz et al. 1983; Bazzaz
1984).

The long-term treefall patterns obtained (Fig. 5) show that canopy disturbances are a
permanent ecological factor in the forest environment. It would appear that treefall
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disturbances may be a selective agent with a potential to shape ecological and
evolutionary attributes of plant populations in tropical rainforests.

Annual rainfall was found to be a significant force in determining the rate of gap
formation. In Central American rain forests a strong relationship between treefall
occurrence and monthly rainfall has been detected (Brokaw 1982b). Assuming that higher
treefall rates increase recruitment probabilities for gap-dependent species, it has been
suggested that rainfall fluctuations may have a controlling role on the recruitment
processes of rainforest communities (Martinez-Ramos & Alvarez-Buylla 1986).

In mature temperate forests, the estimated mean proportion of gap area opened per
year varies within a narrow range (0-005-0-02) (Runkle 1985). It has been suggested that
the spatial and temporal regimes of treefall disturbance, and not the mean disturbance
rate, are the ecologically relevant features for the processes involved in community
organization (Runkle 1982, 1985). For example, the degree of temporal and spatial
variance in treefall rates could play an important role in generating diversity (Connell
1978).

The mean turnover rates obtained for tropical rain forests lie in the range of values for
temperate ones (Brokaw 1985a; Martinez-Ramos 1985). Therefore, the mean degree of
disturbance rate cannot be taken as a key element in understanding why plant diversity in
tropical rain forests is higher than in temperate ones. On the other hand, it has been
proposed that forests with very low or very high frequency of disturbance may both be
conducive to low diversity, because small groups of either fugitive, fast-growing species or
highly competitive slow-growing species are, respectively, selected in each situation
(Connell 1978; Hubbell 1979). Yet two forests with equal levels and frequencies of treefall
disturbance might differ in diversity, because the range and frequencies of the gap sizes
produced could differ both spatially and temporally. A high temporal and spatial
variance in gap availability implies that regeneration of different species will be favoured
in different years, and therefore diversity could increase. In contrast, a low variance would
imply that the regeneration of a similar group of species will be favoured year after year,
and therefore diversity could remain constant.

The above situation may take place if propagule production of species is maintained
constant through time. Pioneer species tend to produce seeds regularly both between and
within years, but many long-lived persistent species produce fruits in short periods of time
and in several cases the fruiting occurs irregularly among years (Janzen 1978; Carabias &
Guevara-Sada 1985); these persistent species, however, maintain long-lived seedling
banks that stand waiting for gaps to open and stimulate their growth (Martinez-Ramos
1985; Martinez-Ramos & Alvarez Buylla 1986). High diversity may be favoured in
communities where strong interspecific differences in the seeding schedules and seedling
bank dynamics operate coupled with a high variability in rates of gap formation (Chesson
& Warner 1981; Orians 1982).

Apart from our data, there is no information available at present on the long-term
temporal regime of treefall disturbances occurring in tropical rain forests. Based on the
spatial and temporal variance of gap formation observed at LTTS, we can state two
general hypotheses: (i) species diversity is higher in tropical rainforests in part because
both the temporal and spatial variance of disturbance in these communities is higher than
it is in temperate forests, and (ii) within the tropics, forests with different disturbance
variances must differ in species diversity. Year-long favourable growth conditions, niche
differentiation, specific plant-animal relationships, biogeographic refuges, and several
other phenomena have been postulated as the reason for such highly diverse communities
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in the tropics (Leigh 1982; Prance 1982); none of these hypotheses is exclusive, and a
combination of factors may be the source of high biological diversity in the wet tropics.

The dating method used for the LTTS forest permits an exploration of the history of a
given gap-formation regime and an understanding of its relationship with the structure
and dynamics of a tropical rainforest. How generally applicable may this age dating
method be? To what extent can understorey palms of other tropical rain forests be used as
dating tools? This depends on the population density and the demographic information
available on the species. In Mexican and Cental American rainforests, individuals of
several palm species (of genera such as Chamaedorea, Bactris and Geonoma, and of other
species of Astrocaryum) have treefall kinks in their stems (M. Martinez-Ramos, personal
observation). However, other palm species might not have the same population attributes
(high abundance, longevity, low variance in growth rate and high survivorship rates)
found in A. mexicanum in LTTS and other areas of south eastern Mexico (Vite 1985). In
such situations the use of ecologically similar groups of understorey palm species, whose
population and demographic attributes are well known, could be used as multispecies
treefall dating tools. Besides the understanding of community structure and dynamics of
the tropical rainforests, information such as we have obtained in this study may be
important in the design and protection of tropical forest reserves, and may offer a basis for
the future manipulation of forest diversity and composition through controlled
disturbances.
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APPENDIX

Calculation of gap-size distributions using bent palms

The gap-size frequency distributions were obtained as follows: (i) the locations of bent
palms were plotted in a coordinate system,; (ii) neighbouring bent palms of the same L, age
found in a radius of 12 m were grouped (12 m is the mean length of a large fallen limb or
tree forming a canopy gap at the LTTS (M. Martinez-Ramos, unpublished data); (iii) the
frequency of groups with 1, 2, 3,.., i neighbour bent palms was obtained; (iv) using the age-
specific survivorship rate (S,) (Fig. 7b), the binomial distribution P;,,=S,+[1 —(S,)]+"
[(i+n)'SX1 — S,)7]/i'n! was employed to calculate the probabilities for each group to come
from an original one composed of i+0, i+ 1, i+2, ---, i+n bent palms, assuming that the
probability of losing a treefall record is independent of the loss of another one (this is, in
our case, an approximation of 90%, because the multi-kinked palms were included in the
analysis, in which case the probability is not independent); (v) the frequency of groups
with i bent palms were multiplied by their respective standardized P; ., probabilities, and
the products which resulted for each i +n value were added; (vi) the predicted frequency of
groups with no survivors (i=0) were added to the frequencies obtained for each group
composed by i+ # individuals. Further details are given in Table 1.

TABLE 1. Predicted frequency of gaps formed in 1979 containing i+ » bent palms
(bottom row, in entire values). The left column indicates the frequency of groups (in
parentheses) with i survivor bent palms found in 1982 in the 5-ha study plot at Los
Tuxtlas. The elements of the matrix were generated by a binomial model and
indicate the frequency of groups coming from an original one composed of i+n
bent palms (in parentheses are the probabilities given by the model for each i+n
value). The frequencies were calculated by multiplying i by their respective
standardized probabilities. Excepting the first row, which indicates the predicted
frequency of i+n groups with no bent palm survivors, the sum of the probabilities
in each row is 1-106. Only values of frequencies larger than 0-1 are shown.

Number of bent palms per gap (i+n)

i 1 2 3 4 5 6 7 8
0 1
(0-0959)
1 (18) 14-7 28 0-4 01
(0-9041) (0-1734) (0-249) (0-0032)
2 M 52 14 0-3 01
(0-8174) (0-2352) (0-0451) (0-0072)
3 (5 33 13 0-3 01
(0-7390) (0-2835) (0-0680) (0-0130)
4 (1) 06 03 01
(0-6681) (0-3204) (0-0922)
5 (0
6 (0)
7 0-5 0-4

(0-4938) (0-3788)
Total number of gaps 16 8 5 2 1 0 1 0



