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Climate-induced annual variation in canopy tree growth
in a Costa Rican tropical rain forest
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Summary

1 Annual growth was measured over eight consecutive years (1984-92) for saplings
and adults of a diverse group of nonpioneer tree species in a lowland neotropical rain
forest (La Selva Biological Station, Costa Rica). The study species included five

emergents and one canopy species.

2 Adult diameter increments varied markedly from year to year for all species. In the
year of highest growth for individual species, mean increments were 25-112% greater
than in the year of least growth. These among-year differences were significant for

five of the six species.

3 The variation in adult growth rates showed strong temporal concordance across
species. For all six species, mean adult diameter increments were higher than average
in 1985 and were lower than average in 1986 and 1988.

4 Marked year to year growth differences were also shown by juvenile trees of these
species. In the class >50cm tall and <1cm in diameter, mean diameter increments
were 3—10 times greater in the year of highest growth than in the year of least growth.
In each of the other two juvenile size classes (1-10 cm and 10-30 cm in diameter),
two species showed highly significant among-year growth variation.

5 Within all three juvenile size classes, the year to year growth variation showed
significant temporal concordance across species. As for adults, 1985 and/or 1984 were

among the two highest growth years.

6 That these patterns of interyear growth differences were shared across tree species
and between saplings and adults demonstrates significant impacts of climatic varia-
bility on the productivity of this ‘equable’ ecosystem.

7 Annual rainfall was not correlated with the annual growth patterns. Although the
two years of highest overall growth, 1984 and 1985, were exceptionally dry, adult
trees of two species showed their greatest growth in one of the highest rainfall years

(1990).

8 Recent studies suggest that photosynthetically active radiation (PAR) controls
productivity of tropical wet forests. Recent data from La Selva show strong year to
year variation in monthly PAR. Demonstration of a causal relationship will, however,
require concurrent measurement of tree growth, PAR, and other climatic factors.

9 Marked temporal variation in tree growth in tropical wet forests will have pervasive
consequences for many processes in these complex ecosystems. Moreover, the degree
of climatic sensitivity found in this study indicates that tropical rain forests could be

strongly affected by global climate change.
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Introduction

Traditional views of tropical rain forests as static com-
munities functioning under optimal climatic con-
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ditions have given way to recognition that these sys-
tems are dynamic and unpredictable. Disturbances at
many scales, from branchfalls to river meanders and
hurricanes, have pervasive effects on these forests
(Salo etal. 1986; Denslow 1987; D. B. Clark 1990).
The trees have notably high community-wide mor-
tality rates, on the order of 1-3% year™' in American
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and Asian tropical moist forests (Swaine et al. 1987;
Hubbell & Foster 1990; Lieberman et al. 1990). In this
paper we present findings from a neotropical rain
forest that reveal a new dimension to this dynamism:
large year to year differences in tree growth, at the
community level.

Little is known about the temporal patterns and
climatic responses of tree growth in tropical wet
forests. Because most species do not form reliable
annual rings in their wood (Bormann & Berlyn 1981),
repeated measurements are required for evaluation of
stem increments over time. The few published long-
term (> 4 years) datasets on tree growth in old-
growth tropical moist or wet forests (Whitmore 1974;
Swaine & Lieberman 1987; Hubbell & Foster 1990;
Primack & Hall 1992) are based on long (2-13 years)
or irregular intervals between measurements. It has
therefore not been possible to evaluate the degree to
which tree growth, and therefore forest productivity,
might vary over time in these ecosystems. Perhaps
because of this lack of baseline information, little
attention has also been given to the climatic controls
of tree growth in tropical moist or wet forests.

The present study is based on findings from a long-
term demographic study of six canopy tree species in
a Costa Rican lowland rain forest. Precise annual
growth measurements over an 8-year interval have
revealed strong, concordant patterns of among-year
variation in growth of both adult trees and saplings
of these species. In this paper we analyse this temporal
growth variation, its patterns in different life history
stages and the existing evidence concerning potential
causal factors. We then discuss the iinplications of
these findings for current and future studies of eco-
logical processes in tropical rain forests.

Materials and methods ,

The study site was the La Selva Biological Station of
the Organization for Tropical Studies (OTS). La
Selva, a 1510 ha reserve, is in the Atlantic lowlands
of Costa Rica (10°26'N, 84°00'W), at 37-150 m a.s.1.,

and is classified in the Holdridge life zone system as
tropical wet forest (Hartshorn & Hammel 1994).
Mean annual rainfall is 3859 mm, with all months
averaging at least 100 mm of rain (unpublished OTS
records). La Selva’s soils, which include relatively fer-
tile entisols and inceptisols as well as extensive areas of
ultisols, span a broad fertility gradient (exchangeable
cations, phosphorus; Sollins etal. 1994). The flora
includes over 320 tree species (Hartshorn & Hammel
1994).

The six focal species of this study (Table1) are
long-lived primary forest trees (non-pioneers, sensu
Swaine & Whitmore 1988). A diverse sample of La
Selva’s canopy and emergent trees, they represent
three contrasting life history patterns as evidenced by
differential association of juveniles with high-light or
gap microsites, the relation of sapling mortality to
small gradients in irradiance, and sapling morphology
(Clark & Clark 1992). The species are from five plant
families or major subfamilies (Table 1) and contrast
in such characteristics as deciduous/evergreen, dio-
ecious/hermaphroditic, and soil/topographic affin-
ities within La Selva (D.A. Clark & D.B. Clark,
unpublished data).

The long-term demographic study of these species
began in 1983. The population samples comprise all
postseedling stages (small saplings to adults) and are
distributed over more than 150 ha of old-growth for-
est (excluding swamps). Details on the species and
methods, and data from the first 6 years are presented
elsewhere (Clark & Clark 1987a,b, 1990, 1992; Ober-
bauer ez al. 1988, 1989).

Trees > 30 cm in diameter at the beginning of the
study period (1984) were classified as ‘adult.” This size
limit corresponds approximately to the observed size
at first reproduction of these species at La Selva (28—
41 cm for the six species; D. A. Clark & D. B. Clark,
unpublished data). At > 30 cm in diameter, trees of
these species have reached canopy level in the La Selva
primary forest (mean crown illumination indices of
3—4; Clark & Clark 1992). In this paper, the terms
‘sapling’ and ‘juvenile’ are used interchangeably to
refer to trees in the three smaller size classes (< 1 cm

Table 1 The six species of canopy and emergent trees under study since 1983 is tropical wet forest at La Selva Biological
Station, Costa Rica. Voucher numbers are for reference specimens in the Costa Rican National Herbarium

Canopy or
emergent
Species Family Voucher number as adult
MG Minquartia guianensis Aubl. Olacaceae G. Herrera 2250 Canopy
LA Lecythis ampla Miers Lecythidaceae R. Robles 2208 Emergent
HM Hymenolobium mesoamericanum Lima* Papilionaceae R. Aguilar 19 Emergent
DP Dipteryx panamensis (Pittier) Record & Mell Papilionaceae R. Robles 1199 Emergent
PE Pithecellobium elegans Ducket Mimosaceae B. Hammel 17319 Emergent
HA Hyeronima alchorneoides Allemao} Euphorbiaceae Alemao T. Chacon 751 Emergent

* Hymenolobium pulcherrimum in Clark & Clark (1987a).

tPithecellobium pedicellare in Clark & Clark (1987a), Oberbauer et al. (1989).

tHyeronima oblonga in Clark & Clark (1987a).
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in diameter and > 50 cm tall; > 1 — <10 cm in
diameter; and > 10 — < 30 cm in diameter).

Diameter growth was assessed annually for all
trees in the study. For saplings < 4 cm in diameter,
calipers were used to measure, to the nearest 0.1 mm,
the maximum stem diameter, at a point below the
lowest branch and away from stem irregularities.
Small individuals were measured at the highest of the
following three points which fulfilled the above-
mentioned criteria: at or close to the stem base, at 40
cm above the ground, or at 130 cm above the ground.
The measurement site was permanently marked on
the stem with enamel paint. For trees > 4 cm in diam-
eter, bole diameter was measured to the nearest mm
(rounding down) by passing a diameter tape under
any vines or roots on the bole surface. The measure-
ment was at 130 cm when the tree lacked buttresses
or major stem irregularities at this height; otherwise,
the measurement site was above such irregularities,
often 5-7 m above the ground. The measurement site
was permanently marked by an aluminium nail 10 cm
higher on the bole. In years when buttresses or other
stem irregularities were found to have developed near
the measurement point, diameter was measured both
at the current point and at a new one placed higher
on the stem; this procedure allowed calculation of
growth for both the current and subsequent years.
Accuracy of diameter data was evaluated by re-mea-
suring a series of trees at intervals of 2-11 days; the
mean difference between measurements on the same
individual was + 0.3 mm (Clark & Clark 1992).

Each year trees were measured in the same
sequence during January—June. Annual diameter
growth was calculated as the difference between two
yearly diameter measurements at the same point on
the stem, divided by the quantity (days between
measurements/365). Because parts of two calendar
years were included in each annual growth interval,
for clarity in this paper we will identify growth years
by the first (predominant) calendar year in the
measurement interval. Although a subset of trees were
measured in 1983, analyses presented here are based
on the larger samples measured over the period 1984—
92.

Before analysis, the growth data were detrended
in those species-size classes (8 of 22) in which > 20%
of the individuals showed a significant (P < 0.05,
Spearman’s R,) monotonic trend in annual increments
through the 8-year period. For trees with such a trend,
predicted annual increment (calculated from the sig-
nificant least squares regression) was subtracted from
each year’s actual increment. For the remaining trees,
the individual’s 8-year mean annual increment was
subtracted from each year’s actual increment. Then,
to test for across-year growth variation within a
species-size class, Friedman two-way ANOVAs were
performed on the residual increments (the value left
after either detrending or subtracting the 8-year mean
from each annual increment).

Daily photosynthetically active radiation (PAR) in
a clearing at La Selva was measured over different
intervals during the study period. PA R was measured
with a LiCor Li-190 quantum sensor, recorded on a
Campbell 21X micrologger, and integrated between
05.00 and 19.00 hours.

Results

GROWTH VARIATION, MATURE TREES

Adult diameter increments showed a clear pattern
of ‘high growth’ and ‘low growth’ years within the
relatively brief period 1984-92 (Fig.1). For all six
species, adult growth was higher than average in 1985
and lower than average in 1986 and 1988. The inter-
year variation in adult growth rates was large (for the
six species the largest mean annual increment was 25—
112% greater than the lowest). These among-year
differences were significant for five of the six species
(Table 2).

GROWTH VARIATION, JUVENILE TREES

Growth of the smallest saplings (= 50 cm tall, < 1
cm in diameter) also varied markedly from year to
year (Table 2). There were very large relative differ-
ences in mean diameter increments between the years
of greatest and least growth (3-10 times greater
growth in the highest than in the lowest year). The
interyear differences were highly significant for the
three species with adequate samples. Although the
mean annual growth rates (Fig.2) of these smallest
saplings in 1984-1992 show an overall decline through
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Fig.1 Annual variation in mean diameter growth rates of
adult trees (> 30 cm in diameter) of six canopy and emergent
species in primary forest at La Selva, Costa Rica. Data for
each species are each year’s mean annual adjusted increment
(averaged over all individuals after detrending or subtracting
the 8-year mean diameter increment from each tree’s annual
increment; see Methods), given as a percentage deviation
from the species’ overall mean diameter increment over the
8-year period. Abscissa labels indicate the calendar year
beginning each measurement period. Species abbreviations
are as in Table 1. Sample sizes and tests of year to year
variation are given in Table 2.
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