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ABSTRACT OF THE THESIS
DYNAMICS OF CANOPY COVER IN A WET FOREST IN COSTA RICA
by
Carolina Brinez
Florida International University, 2005
Miami, Florida
Professor Steven F. Oberbauer, Major Professor

I examined the effects of soil and slope conditions on canopy dynamics in terms of
openness and leaf area index through time as measured by hemispherical photography.
Specifically, I compared alluvial versus residual soil and slope versus plateau and flat
plots in an old-growth tropical wet forest in Costa Rica. No significant effects of slope
were found for any estimator of canopy coverage in any analysis. Soil type approached
significance as a single factor and several soil*year interactions were highly significant.
In addition, I found highly significant inter-annual variation in all analyses that was
concordant on all plot types. This is the first long-term study to document substantial
inter-annual variation in canopy cover for a tropical wet forest. These patterns are a
combination of seasonal changes in leaf area, forest dynamics resulting from gap
formation and closure, and inter-annual variation in leaf area coverage caused by climate

variation.
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INTRODUCTION

Forest canopy openings are a critical requirement for regeneration of many canopy tree
species (Schemske & Brokaw 1982, Orians 1982, Bazzaz 1983, Marquis et al 1986,
Denslow 1990, Harshorn 1980), and provide one of the few rain forest habitats for many
pioneer species (Garwood et al 1979, Uhl & Murphy 1982, Putz 1983, Clark & Clark
1990). According to Valverde (1997), gaps provide a permanently recurring source of
environmental heterogeneity, which allows the coexistence of species with different life
histories and ecological requirements thus increasing community diversity. Gap
dynamics involves a disturbance-regrowth cycle, which is of ecological interest in itself
(Denslow 1988). Because of the importance of gaps for sapling regeneration and
therefore the ability of a species to persist in an area, the study of gap-phase regeneration
provides insight into species adaptations and overall patterns of forest species
composition and growth (Runkle and Yetter 1987). In fact, Brokaw (1985) argued that to
interpret forest composition and dynamics one must study regrowth in gaps of different
sizes. At La Selva, Costa Rica as many as 75% of canopy tree species are thought to be
dependent on canopy openings of various sizes for successful regeneration (Hartshorn
1980).

The ways in which trees die cause different types of gaps. When trees die
standing, they cause small gaps that favor shade-intolerant species or branch extension
from neighboring trees (Krasny & Whitmore 1992). Trees that uproot or snap often fall
onto their neighboring trees and cause large gaps Brokaw (1985) and favor pioneer or

shade intolerant species.



As argued by Lieberman & Lieberman (1995), studies of gap dynamics and
changes in canopy closure conditions over time are essential to evaluate the responses of
trees in terms of growth and mortality. Understanding which are the variables that limit
tree growth over different spatial and temporal scales is important for understanding the
mechanisms that determine species distributions. Canopy dynamics until recently have
been largely treated as a static property of forests, but there is no a priori reason to think
that large differences in spatial and temporal variation do not occur.

For instance, recent studies have noted important differences in tropical forest
structure and composition in response to soil type and slope position (Clark & Clark
2002, Clark et al 2004). The forest tract at La Selva Biological Station in Costa Rica
includes both rich alluvial soils and poor residual soils. More fertile soils have been
linked with shallower roots contributing to increased frequency of tree fall gaps (Grubb
1977, Kapos 1990, Ostertag 1998). The moisture content and cohesive properties of the
different soil types may also have important effects on the dynamics of a forest. Slopes
as opposed to flat and plateau conditions may also have an effect on tree canopy
dynamics, because tree roots and buttresses on slopes are positioned at an angle,
potentially making them less stable.

Most canopy studies have been short term; none of the previous studies have
followed dynamics of individual gaps for more than 5 years. The 7-year study presented

here should be very helpful in understanding temporal variation in forest dynamics.



OBJECTIVE AND HYPOTHESES

The objective of this study was to examine the effects of soil and slope conditions on
canopy dynamics in terms of openness and leaf area index (LAI) through out time as
measured by hemispherical photography. Specifically, I compared alluvial versus
residual soil and slope versus plateau and flat plots in an old-growth tropical wet forest in

Costa Rica. Within this framework I tested the following hypotheses:

HYPOTHES 1

Canopy cover will be more dynamic on slopes compared to flat plots. Greater canopy
dynamics should be apparent both as higher average canopy openness (and lower LAI) as
well as greater temporal variation.

Trees are in a less stable position on slopes than on flat terrain, and landslips are
also more common on steep slopes. At La Selva, plots had a higher density of small
stems on slopes compared to flat terrain, suggesting that turnover rates are highest on
slopes (Clark & Clark 2000). As water and nutrients move downhill, trees near the
bottom of slopes may have lower investment in roots than trees on plateaus or upper

slopes.

HYPOTHES 2

Canopy cover will be more dynamic on alluvial rather than on residual soils. Recent
studies suggest that in rich soils lower biomass is allocated to roots. Shallow rooting on
rich soils increase the likelihood of treefalls, while the rich soil conditions promote more

rapid growth of colonizing trees and shrubs.



BACKGROUND
In the broad sense canopy dynamics refers to the changes in canopy cover on many scales
of space and time. In general usage, canopy dynamics refers to gap formation following
a disturbance and gap closure as recovery from the disturbance occurs. However,
seasonal forests such on Barro Colorado Island, Panama, canopy coverage changes
substantially as dry season deciduous species lose their leaves for extended periods. In
less seasonal forests such as La Selva, dry season declines in canopy cover may be less
apparent and highly variable. Finally, canopy coverage may vary from year to year

although, there is currently no data for or against large inter-annual variation.

GAPS

Forest disturbances create gaps that can be classified as fine and coarse scale
(Spies & Franklin 1989). Coarse scale disturbances which include wildfire, wind and
volcanic eruptions typically create gaps of 0.1 to >100,000 ha in the forest while fine
scale events include lightning, windthrow and single tree death, create gap openings of
less than 0.1 ha. Mean gap size in canopies in old growth forest at La Selva is 161 m*
(Sanford et al 1986) and both proximity to existing gaps and bigger crown size are
associated with larger gap sizes (Hubbell & Foster 1986, VanderMeer 1996a). Gap
closure may be due to growth of trees from the sides of the gap or by growth from the
understorey.

Models of gap regeneration have been important tools for understanding forest

composition, distribution and succession under existing climate conditions and have been



applied in many systems (Shugart 1998). Above ground growth and competition have

been the most well-developed aspect of gap models (Bugmann 2001).

GAPS AND REGENERATION

Low light levels predominate in the forest understorey but they quickly change
into higher light levels when a tree or a branch falls. Gaps caused by the death of one or
more canopy trees in a forest change the light environment drastically (Chadzon &
Fetcher 1984, Canham et al 1990, Chazdon and Pearcy 1991, Whitmore et al 1993;
Bazzaz and Wayne 1993, Denslow et al 1998, Van Pelt and Franklin 1999, McGuire et al
2001), 1in a mosaic first recognized by Aubreville (1938).

Light penetration depends on the intensity of incident light and upon the number,
size, as well as the spatial distribution of canopy openings (Anderson 1964, Reifsnyder et
al 1971, Hutchinson & Matt 1977, Brokaw 1985, Brokaw & Busing 2000). Crown traits
such as leaf area determine the carbon gain of the whole plant, in interaction with light
levels received by leaves and the ability to convert light to plant assimilates. Thus, crown
traits responses and light fluctuations associated with gap opening and closing might
influence future growth and survival of understorey seedlings and saplings (Canham &
Marks 1985, Norman & Martin 1993, Sterck et al 2001).

Four life history patterns characterize the 45 most abundant tree species > 10 cm
dbh in the La Selva permanent plots (Lieberman et al 1985, Lieberman & Lieberman
1995): (1) slow maximum growth and short life-spans (understory tree species), (2) slow
maximum growth and longer life spans (subcanopy species), (3) rapid maximum growth

and long life-spans (canopy and subcanopy species), and (4) very rapid maximum growth



and very short life-spans (canopy and subcanopy species). “The range of growth
behavior among species may thus be considered a bivariate continuum based upon
growth and projected life-span” (Lieberman et al. 1985). These growth patterns are
related to patterns of shade tolerance, and hence the study of gap dynamics via changes in
LAI canopy closure is of great importance. Furthermore, as seen in Clark & Clark
(1994), photosynthetic active radiation (PAR) differs significantly within and among
years at La Selva. Ecosystem productivity studies in South America imply that PAR
controls productivity of wet forests, and additional study of growth, and survivorship and
distribution are needed to determine if species utilize light in a different manner at La

Selva.

GAP DYNAMICS

Gap formation

Topography Slope appears to play an important role in changes in canopy cover over
time. In the lowland wet forest of La Selva, Costa Rica, Hartshorn (1980) found
differences in gap area among plateau, steep slopes and rolling slopes. Clark et al (1998)
found that certain species preferred the ridge tops (flat terrain) and lower parts of the
slope rather than the base of the slopes. In three Bornean rain forests, Gale (2001)
examined factors determining tree growth and death and found slope position (valley,
mid-slope, upper slope or ridge) was related to mode of tree death in all three forests. In
addition, he concluded that the proportion of trees dying standing was highest in the

valleys and lowest on the ridge tops, while uprooting had the opposite relationship. Slope



position, though, had little effect on the proportion of snapped trees. In the Hoja Blanca
Hills, western Ecuador, Gale (1999) studied tree death at a lowland rain forest and using
regression analysis found that slope strongly related to mode of death. It was concluded
that uprooting and snapping resulted from the steep terrain and high precipitation. The
distribution of uprooted and snapped trees was found to be clumped while trees that died
standing were distributed at random. In their study of canopy gaps in primary forest at
Nouragues, French Guiana, Van der Meer and Bongers (1996b) found that uprooting of
trees was related to the shallow soils found on slopes. Many other trees fell when a tree
uprooted, independent of the diameter of the uprooted tree. Also, in a tropical moist
forest of the Ivory Coast, Poorter et al (1994) found larger gaps on the upper and middle
slope and mean gap density and percentage area significantly larger at upper slope
positions compared to the valley bottom. They suggested that wind could also play a
disturbance role and interact with slope since wind is more effective at an upper portion
of the slope than in a valley. They also argued that trees were larger on the higher slope
and thus that the size of the treefall gaps were as well. Ashton (1995) found that
understory survival was less on the ridgetop than on the valley and midslope sites. He
argued that seedling survival in gaps was associated with a greater predisposition to
drought because of the drier soils found on the ridgetop. He speculated that the largest
and most frequent disturbances occur in valleys and lower slopes due to multiple
windthrows, while single tree deaths due to lightning or droughts are more common on
ridgetops. In addition, Aiba (2004) found mean growth rates at 10-40 cm diameter and

size distributions of species were not related to topographic associations.



Soil type Soil physical and chemical properties are known to be an important factor
responsible for canopy changes in cover including gap formation (Hartshorn 1980,
Brokaw 198, Denslow 1986). In a 200-m mountain slope in a temperate deciduous
forest, Tateno & Takeda (2003) found differences in soil nitrogen and light availability
between the upper and lower parts of a slope. They maintain the valley (lower part of
slope) may be light limited while the ridge (upper part of slope) may be soil N limited. At
the University of California Sedgwick Natural Reserves, Gessler et al (2000) argued that
convex slopes are more infertile than concave slopes and found that soil conditions such
as soil fertility and moisture in slope conditions might affect convex sites even more than
light conditions. In an old growth subtropical evergreen forest in south-western Japan
Enoki & Abe (2004) assumed slope steepness corresponded to surface soil stability, and
identified sites preferences along a gradient from unstable fertile sites to stable infertile
sites.

According to Kapos (1990), soil type may affect gap formation through effects
on the effectiveness of root systems for anchoring trees. Furthermore, La Selva primary
forest in Costa Rica, Ostertag (1998) found differences between infertile and fertile soil
types in the amount of root length and biomass and in root proliferation responses. These
results suggest that the consequences of gap formation may be dependent on background
levels of soil fertility. Vitosek and Denslow (1986) found that at very dynamic primary
forests such as La Selva, Costa Rica and Barro Colorado, Panama, gap sites are most
commonly found on nutrient rich alluvial soils. On the other hand, Grubb (1977) found
that at areas with low occurrences of gaps, such as montane rain forests, gaps tend to

occur in poorer soils.



Gap closure

Gap closure occurs via regeneration either by trees of the same species, by succession
when trees occupying the gaps are of different species and by branch extension of
surrounding trees. Colonists of a forest gap either disperse into it or are already present
when the disturbance opens the canopy. If a gap is produced by a very intense
disturbance that removes all organisms including buried seeds, then all colonists must
originate from outside the gaps. On the other hand with less intense disturbances such as
treefalls, buried seeds, seedlings, saplings, and trees are able to survive the disturbance
(Connell & Lowman 1989). In addition as per Denslow (1987), being present on a site
before or soon after a gap is created results in a large advantage over later arrivals, For
instance, Uhl et al (1988) found gap closure to occur by regrowth of trees that survived
treefalls or by lateral expansion of nearby trees. In his study of vegetation dynamics of an
old growth forest in Venezuela, he observed that 4 years after gap formation, 87% of the
trees >1 m tall in small gaps originated from seedling banks. He also found that in
treefall gaps, shorter plants grew much slower than taller ones and suggested newly
established seedlings originating from buried and dispersed seeds were less likely to be a
significant component of the trees occupying the gaps. In addition, Brokaw (1985)
found that successful stems were all established prior to or within 1 to 3 years following
gap formation. As stated in Whitmore (1989), it seems that the great majority of tropical
forest species are present before gaps form (Hubbel and Foster 1986, Brokaw 1989).
Satake et al (2004) suggested that gap closure is affected by neighboring gap sites. If
gaps are near trees instead of other gap areas there is a greater chance that surrounding

trees may extend big branches and fill the gap. Schlich and Iwasa (2004) also found gap



recovery depends on the neighborhood trees at Barro Colorado Island, Panama. Horvitz
& Schemske (1986) estimated it takes about 10 years for full canopy closure to occur and
Cipollini et al (1993) reported an estimate of 8 years for full canopy closure to occur.
Runkle (1981) argued the maximum time needed for a gap to close is 1040 years, a
combination of the maximum time required for saplings to reach 10-20 m in height and
the time needed for lateral extension by adjacent trees. Most importantly, gap formation
as well as canopy closure have important consequences by imposing times and rates on

ecological processes, as argued by Brokaw (1982), Busing (1996) and Valverde (1997).

LAI AND CANOPY OPENNESS

The most common estimates of canopy coverage are leaf area index (LAI) and
Openness. LAI, defined as the amount leaf area per unit ground area, is an important
example of canopy crown architecture information that helps to link canopy structure and
function. Leaf area is the main factor controlling light absorption by plant canopies
(DeLucia et al 2002), and according to Beer’s law there is an exponential decrease of
light with increasing LAIL. Hence, accurate measurements of forest LAI are essential to
estimate light at the ecosystem level. LAI is the most common and possibly, the most
valuable comparative measure of foliage quantity (Waring 1985, Parker 1995) over time,
under different environmental conditions or among species. In fact, Waring (1985)
suggested that LAI is a useful structural characteristic to monitor for detection of early
symptoms of natural and anthropogenic stresses on forest ecosystems. The amount of
foliage contained in plant canopies is one basic ecological characteristic indicating the

integrated effect of factors such as microclimate conditions and nutrient dynamics (Asner
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et al 2003). LAI is thus a critical parameter in physiology-based models of forest
responses to global environmental change (Potter et al 1993, Sellers et al 1995, Kimball
et al 1997, Running et al 2000, Nemani et al 2003). Many studies have measured spatial
and temporal variations in LAI (mzle:af/m2 ground) and leaf characteristics in forest
ecosystems (Pierce and Running 1988, McWilliam et al 1993, Reich et al 1999). LAI
varies greatly among ecosystems, ranging from less than 1 in arid ecosystems, up to 20
m? in some conifer stands (Kozlowski et al 1991). LAI also varies within ecosystems
depending on site conditions.

Openness also known as canopy cover is defined as the total amount of open sky
over a given part on the forest floor. Canopy openness is commonly used for tree
survivorship studies as seen in Kobe et al (1995, 1996, 1997) and similar to LAI the
results are comparable to long-term sensor measurements (Rich et al 1993, Comeau et al
1998). LAI as well as other light parameters are linearly or logarithmically related to
openness so it can be used when LAI information is lacking. Openness, similar to LAIL is
not influenced by the location of study site and is not identical to vegetation cover, which

is a horizontal projection of plant cover.

MEASUREMENT OF CANOPY DYNAMICS

Hemispherical photography has been extremely useful for measuring changes over time
in forest light environments (Anderson 1964, Chadzon and Field 1987, Pearcy 1989,
Canham et al 1990, Rich et al 1993, Whitmore et al 1993, Palik et al 1997, Comeau et al
1998) by the estimation of canopy parameters such as canopy openness and percent

transmission. Estimates are comparable with long-term quantum sensor measurements
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(Rich et al 1993, Comeau et al 1998). The technique involves taking photographs
looking upward from beneath a canopy through a 180° lens, which permits direct
measurement of canopy openings and estimation of light transmittance. Light penetration
through the canopy depends on the intensity of incident light and upon the number, size,
and spatial distribution of canopy openings (Anderson 1964, Reifsnyder et al 1971,
Hutchinson & Matt 1977, Brokaw 1985, Brokaw & Busing 2000). Consequently,
hemispherical canopy photographs can be used to quantify both the status of the canopy
and light levels for a particular understory location. In this study I used leaf area index
(LAID) and canopy openness from hemispherical photographs as metrics of canopy
change.

Direct measurements of LAI involve destructive harvesting, which is undesirable
in protected areas and in long-term studies. Semi-direct methods require allometry based
on physical dimensions such as stem diameter at breast height and using species or stand
specific relationships. Indirect methods include photosensitive instruments and
transformation into LAI by a calibrated relationship. Several instruments, such as the
Sunfleck Ceptometer and ACCUPAR (Decagon Devices, Pullman, WA, USA), LAI-
2000 Plant Canopy Analyzer (LI-COR, Lincoln, NE, USA), and DEMON (CSIRO,
Center for Environmental Mechanics, Canberra, Australia), TRAC (Tracing Radiation
and Architecture of Canopies), MVI (Multi-band imager) and hemispherical photography
use canopy light interception to estimate leaf area optically, thereby speeding LAI
determination and avoiding destructive tree harvests. All these instruments assume
foliage is randomly distributed in the canopy and the canopy gap or sky fraction can be

measured over a range of zenith angles (Fassnacht et al 1994; Chen et al 1997). The
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Ceptometer and DEMON require numerous measurements at different zenith angles,
while the other instruments obtain multiple measurements of the extinction coefficient at
different angles simultaneously (Welles 1990; Chen and Cihlar 1995; Chen et al 1997,
Kucharik et al 1997). The TRAC and the MVI are sufficiently complex that most
scientists are not likely to use them routinely (Gower et al 1999).

Hemispherical photography is the most widely applied method to calculate LAI
indirectly. Multitemporal satellite derived data is the latest technique to assess these
parameters but disadvantages include that satellites cannot measure how tall the
vegetation is, cannot be used in cloudy days and are extremely expensive. Synthetic
aperture radar (SAR) overcomes some of these disadvantages but the footprint size is not
appropriate for fine scale structures. Remote sensing technology such as light detection
and ranging (LIDAR) are able to detect vegetation structure with great detail (Ritchie et
al 1993), and small foot-print multiple-return LIDAR systems should be able to detect the
horizontal and vertical distributions of forest canopies (Means 2000). Parker (2005) has
recently developed an upward-looking backpack LIDAR system that holds great promise.

Estimates of LAI derived from optical instruments can suffer from two sources of
error: 1) nonrandom distribution of foliage in the canopy and 2) radiation interception by
wood elements (Gower et al, 1999). Some debate has taken place on whether the canopy
total woody area values should be subtracted from LAI estimates derived with optical
instrumentation (Deblonde et al 1994; Chen et al 1997). Tree stem and branches may or
may not contribute significantly to the interception of light in canopies, depending on the
forest species and stage of leaf-out, senescence or defoliation due to disease (Gower et al

1999).
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LAI AND OPENNESS FROM HEMISPHERICAL PHOTOS

There are several software programs that estimate LAI as well as openness, such
as Gap Light Analyzer (Sallaway, Victoria, British Columbia) and WINPHOT (Ter Ter
Steege, Georgetown, Guyana), HEMIVIEW (Dynamax, Dallas, Texas), SCANOPY
(Regent Instruments, Cananda) among others. Photosyntheis and other indirect
measurements of LAI are based on the determination of gap fractions in the foliage
(Norman & Campbell, 1989; Welles & Norman, 1991). The program assumes leaves are
small, randomly distributed, have no azimuthal preference and do not transmit light. In
this study, WINPHOT (Ter Ter Steege 1996) was used to estimate LAI and canopy
openness from canopy photographs. Because the basic calculations of all the programs
are similar below I describe the functions of WINPHOT as a representative example.

“WINPHOT estimates LAI values up to 4 excellently; values up to 6 well with a
slight underestimation, but values up to 8 are strongly underestimated. Some corrections
should also be made for stem and branch area on the photos. Comparing LAI during
leafy periods vs. leafless periods could help estimating the error as well as comparing
tropical forests of similar stand structure (Ter Steege 1992). “WINPHOT calculation of
openness is prone to the least ambiguities of all parameters and the program calculates
openness precisely up to a canopy cover of 99.5% providing the images are of good
quality (Ter Steege 1996).” LAl is determined from the gap fractions in the foliage. The
gap fraction in the zenithal view angle z can be related to LAL In addition, WINPHOT
considers that the vegetation consists of (n) small layers of horizontal leaves which all
make an equal part of the total LAL. Each layer has a partial leaf area of L=LAI/n and the

chance of a light beam not being intercepted by such layer is 1-L so after n layers the
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chance of light not being intercepted becomes (1-L)" or the total light intensity relative to
that above the canopy after n layers is:

I(n)=I (0)*(1-L)" (Eq 1]
which in exponential form is:

1()=1(0)*e!™ """ [Eq 2]
or in the form of Monsi & Saeki (1953)

I(1)=e*AD [Eq 3]

The gap fraction at a given angle is highly dependent on the leaf angle
distribution. Vegetation with nearly vertically arranged leaves will show a high gap
fraction at z=0 degrees, while vegetation with horizontally arranged leaves and a similar
LAI will show a much lower gap fraction at this angle. The gap fraction (T) at z=67.5
degrees is little affected by leaf angle (Bonhomme & Chartier 1972, Norman & Campbell
1989, Welles & Norman 1991) and is related to LAI (Bonhomme & Chartier 1972) as:

LAI=1.1 * -In[T(67.5)] [Eq 4]

Openness is a measure of the total cover of the sky hemisphere. WINPHOT
considers the projection of the sky hemisphere to consist of 90 concentric rings, dividing
the main radius (R) in 90 parts and each ring corresponds to a circular sphere segment in
the sky hemisphere with an arc of 1 degree. However, because the first ring may include
a part of the circle that identifies the image boundary WINPHOT uses 89 circles instead
of 90. To obtain canopy cover from a hemispherical photograph cover is calculated for
each of the 90 rings with corrections for the actual area of that segment on the sky
hemisphere. The area [A] on a sphere segment defined by a lower angle al and an upper

angle a2 is given by:
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Aal-a2) = 2pi * R2Gina2-sinal [Eq 5]
Since the total hemisphere has an area of 2pi*R2, the fraction of the sky given by
each of the rings is given by:
A(a) = sin(a + 0.5) - sin(a - 0.5) [Eq 6]
The total canopy cover of a site is obtained by the sum of the cover fractions [C(a)] per
circle multiplied by their part in the sky fraction as:

Canopy cover = Sum[C(a) * A(a) / A(tot)] [Eq 7]

METHODS

STUDY SITE

The study took place at the primary tropical wet forest at the Organization for
Tropical Studies La Selva Biological Station in northern Costa Rica located at 10°26” N,
84°00° W (Holdridge et al 1967, Hartshorn 1983). The mean monthly temperature at this
Atlantic lowland site is 25.8 °C and annual precipitation is 3900 mm/yr with no month
averaging less than 100 mm (Sandford et al 1994). Elevation ranges from 36 to 135 m
with some slopes approaching 70% (Hartshorn 1983). Approximately 130 tree species
are found in the canopy of the mature forest, which is comprised of 30-40 m tall trees and
some reaching 55 m (Hartshorn 1983).
SAMPLE DESIGN

Within the old-growth forest at La Selva, 18 0.5 ha plots (50 x 100 m) were

established by the Carbono project (www.carbono.org) in 1997 in a stratified random

design using the soils (Sancho & Mata 1987) and topography (OTS unpublished data)

coverages of La Selva (Figure 1). The study site included six plots on flat alluvial
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conditions (A for alluvial plots), six plots on flat residual sites (L for Loma plots) and six
plots on slope residual sites (P for Pendiente). Three of the plots on slopes are located in
a NW aspect, and the remaining three plots on SE aspect. Plot size was based on the
results of preliminary sampling to estimate the relation between plot area and variance in

total basal area (Clark and Clark 2000, www.carbono.org). Plot size of 5000 m? is far

greater than the average gap size.

The 18 plots are gridded every 10 m with permanent rebar markers. Using these
grid points, six points per plot were randomly selected without replacement as the
positions for the time series of hemispherical photographs. Edge points were included.
A total of 18 x 6 points = 108 were photographed in each sampling period. Because tree
mortality is 2-4% at La Selva (Liebermann et al 1994, Clark et al unpublished data) and
the plots have 200-300 trees > 10 cm dbh, that means an average of 4-12 trees die each
year per plot, many of them as treefalls. Consequently, a large number of gaps were
encountered within the sample points over the study period. Dry season photographs

were taken in January to April and wet season photographs in June to August.

PHOTOGRAPHIC METHODS

Canopy photographs were taken twice a year during the wet and dry seasons from
1998 to 2004 following the same techniques each sampling period. Photos were taken
using a Nikon FM2 camera with databack using Kodak TRI-X 400 film and red filter
with an 8 mm Nikon fisheye lens. The camera was mounted horizontally on a tripod at
1.5 m height over the rebar grid stakes for stakes less than 1.5 m and adjacent to the rebar

when the stakes are taller than 1.5 m. In those cases, the grid post was positioned north
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of the camera. The tripod was leveled with a bubble level. Focus was set to infinity and
the F-stop usually at 2.8. Shutter speed varied from 1/125th at optimal light conditions,
to 1/60th and 1/4th of a second). If speeds greater than 1/125™ were possible, the F-stop
was increased. Two photos were taken for each of the grid points at camera exposures 0
and + respectively. The photos were oriented north by sighting across the middle of the
fisheye lens using a white mark on the south side and a red high-output LED at the north
end. The camera was oriented such that the magnetic north is located at the top of
photographs. Pictures were taken during overcast skies to avoid direct sunlight that
causes bright reflections on foliage, making them indistinguishable from the sky. Each
photograph was logged in a notebook and any observations about the site, such as new

gap formation, were recorded.

PHOTOGRAPHIC ANALYSIS

The photographic images were scanned using an Olympus slide scanner at 640 x
400 pixels. Photos were saved in color BMP format and modified using Image Tool
Software. The images were first converted to gray scale (256 scales, 8bpp) and then to
binary (black and white pixels) using a manual threshold and comparing the result with
the photographic image. The images were opened side by side and the threshold adjusted
to optimize canopy openings and distinguishing leaves from sky while viewing the entire
image. The threshold estimation was done independently two times to avoid bias and the
binary image was saved to the average threshold. The images were changed to PCX
format and analyzed for canopy and light parameters using WINPHOT (Ter Steege

1996). Using the program configuration for La Selva, which includes latitude, longitude
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among other geographical parameters, the program calculated LAI and Openness values,
which were saved on an MS-Excel spreadsheet for the statistical analysis.

DATA ANALYSIS

When more than one photo per site was taken, the canopy openness and LAI values from
the photos taken at optimum exposure (0 reading on the light meter) were used in the
analysis. A small number of data points were missing in the analysis because of
problems during film development or missing grid points. Because the sample design
was based on repetitive sampling of the same points, Repeated Measures Analysis of
Variance (RMANOVA) was used for all analysis within the PROC MIXED module of
the SAS statistical software package (SAS 9.1.3, SAS Institute, Cary, NC). Three major
analyses were performed. First, the effect of topography (flat vs. slope) and soil type
(alluvial vs. residual) on the seasonal measurements of plot canopy openness and LAI
values (static values) were tested separately for each season (wet and dry). Second, to
test for changes from one sample period to the next, the difference in canopy openness
and LAI (dynamic values) from the dry season to wet season within a year was compared
using the RMANOVA. Finally, the plot canopy openness and LAI values were tested for
seasonal differences (wet vs. dry) using the full data set. For all analyses, values were
tested for normality and transformed when necessary and the residuals carefully
inspected. Canopy openness was log-transformed for all analyses except for the dynamic

comparison.
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RESULTS

GENERAL PATTERNS

For both the dry and wet seasons, the means of openness and LAI for the residual soil
plots L and P were more similar to each other than to the alluvial plots A (Figure 2). The
similarity of residual soil plots was particularly strong in the dry season. For all three
plot types, strong year to year differences were apparent (Figure 2). For example, the
canopy was more open in the A plots in 1999 and 2002, in the L plots in 1998 and 2001,
and in the P plots in 2000, 2003 and 2004 (Figure 2). For the wet season, the canopy was
the least open in the A plots from 1998 to 2004, and most open for the L plots in 1998,
2000, and 2003 and for the P plots in 1999, 2001, 2002, and 2004 (Figure 2).
Furthermore, strong seasonality effects were apparent (Figure 3). For example, openness
values (seen as mirror images of LAI) were higher during the dry season compared to the
wet season on the A plots in 1998, 1999, and 2002, on the L plots in 1998 and 1999, and

on the P plots on 1998, 1999, 2000, and 2003.

TOPOGRAPHICAL AND SOIL EFFECTS
Static Comparisons

Neither Openness nor LAI differed between slope conditions (flat versus slope) in
either season (Table 1, Figure 4). The effect of soil types (alluvial versus residual) was
also not significant (Table 1, Figure 5), though in the wet season P values were much
lower than in the dry season. In terms of both Openness and LAI the slope x year
interaction was not significant. However, for both openness and LAI the soil x year

interaction was highly significant (P<0.0001) for the dry season but not for the wet
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season. This interaction indicates that temporal patterns of the soil types were different
as can be seen in Figure 5. For the dry season the canopy was more open in the residual

soils for years 1998, 2000, 2001, and 2003 but not for years 1999, 2002 and 2004.

Dynamic Comparisons

The changes in canopy openness and LAI from wet season to dry season over the period
1998-2004 were estimated by calculating the differences between wet and dry season
values. Repeated measures ANOVA for change in openness and LAI did not differ
between flat and slope conditions or between alluvial and residual soils. The effect of
soil approached significance with P<0.1. For openness there was a significant two-way
interaction between soil and year, again showing an effect of soil type on the temporal

pattern (Figure 6, Table 2).

SEASONAL COMPARISONS

Openness and LAI comparisons between the dry and wet seasons were close to
significant (P=0.089 for openness and P=0.063 for LAI, Table 3). For both openness and
LAI there were significant two-way interactions between soil and year and between
season and year (P<0.001), and three-way interactions between season, soil, and year.
Similarly, in terms of LAI, there was a significant two-way interaction between soil and
year (P=0.0010) and between season and year (P<0.001), and a three-way interaction

between season, soil, and year (P=0.0001, Table 3).
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INTERANNUAL VARIATION

Virtually all comparisons showed highly significant inter-annual variation for both
openness and LAI, including static wet season only and dry season only comparison as
well as the dynamic comparison (Figure 7, Tables 1-3). Peaks of openness were
noticeable in the dry season of 1999 and both seasons of 2001. This variation was not
directly attributable to simple climate variation. Plots of LAI with dry and wet season
rainfall did not show significant relationships between LAI and rainfall (Figure 8).
Likewise, no relationships were apparent between LAI and seasonal maximum and

minimum temperatures (Figure 9).

DISCUSSION

The patterns seen in this data set are caused by a combination of seasonal changes in leaf
area coverage, forest dynamics resulting from the gap formation and closure, and inter-
annual variation in leaf area coverage due to variation in climatic factors. Consequently,
interpretation of topographic and soil type effects was complicated by the interaction of
these sources of variation, which may or may not be acting in concert. The forest
dynamics include differences in canopy cover between the wet and sporadic dry seasons
as well as differences due to temperature and precipitation variation among years,
causing LAI and openness to vary inter-annually and intra-annually as well. In addition,
different species respond to environmental stresses and opportunistic events (gap
formation) that start new building phases in different manners creating the forest mosaic

observed at La Selva.
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TOPOGRAPHY

[ had hypothesized that topography would have strong effect on canopy openness and
LAI and within-year change in these parameters. Instead, the effect of slope did not
approach significance in any single factor or two factor analysis. This result was
unexpected given the issues of topographic effects on wind, slope stability, forest
structure, and soil moisture discussed previously. Given the similarity between the L and
P plots, yet the differences from the A plots and the close temporal concordance among
residual plots over time, the question as to whether the technique was sufficiently
sensitive to detect differences in slope seems moot. I have to conclude that the absence
of a topographic effect is real.

Why was there no effect of topography? The forest at La Selva and this data set
has some characteristics that might overwhelm any expected slope effects. The La Selva
forest is known for its dynamic nature with high gap formation rates (Denslow 1986).
While down-slope water and nutrient movement leads to lower root biomass in lower
slope, root biomass is similar to that of the ridgetop for much of the slope (Espeleta et al,
unpublished data). The high rainfall at La Selva may overcome topographic soil
moisture effects most of the time, but should increase landslip conditions. However,
landslides at La Selva are rare. In fact, during this seven year study, there were no
occurances of landslips in the study plots. In addition, the heavy epiphyte loads at La
Selva may be a more important driver of tree and branch falls than wind or soil stability
(Strong 1977). Damaging winds at La Selva are typically a result of downdrafts from

convection storms and thus would not be strongly affected by topography. While the
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forest structure and species composition along slopes and plateaus tend to be different
(Clark and Clark 2000), the forest structural differences may be counteracting.

Different species have different attributes such as LAI and how much they
allocate to roots. They differ in their response to disturbance, water, temperature,
nutrient and epiphyte load stresses. In different forests, species distribution may or may
not be different at different topographical conditions. For instance, Kubota (2004) in a
subtropical forest in Okinawa found species richness increased from the valley via slopes
to the ridges, while Ashton (1995) found the understory survival was less in the ridge top
than the valley and midslope sites. In a tropical montane forest in Borneo, Aiba (2004)
found mean growth rates at 10-40 cm diameter and size distributions of species were not
related to topographic associations. In a temperate mixed forest in Japan, (Nagamatsu et
al 2003) found the upper hillslope area had higher tree densities and larger basal areas
than the lower hillslope. However, the authors do not rule out the possibility of this
effect being because of the longer lifespans of trees in the upper hillslopes. In addition,
one important way topography affects tree distributions is through soil water contents.
Plateaus (L plots) are generally drier compared to Alluvial plots, but in fact 4 m deep soil
pits were constructed at La Selva and during heavy rain higher water tables accumulate in
the L plots making their water content similar to the A plots. The plateau and slope plots
may not be that different in terms of water content compared to the alluvial plots. Basnet
(1992) in two adjacent watersheds of the Luquillo Experimental forest in Puerto Rico,
found ridgetops and slopes had a more similar tree distribution than valleys. The species
similarities and their interaction with the microenvironment may have masked any

differences between the slope and flat conditions.
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SOIL EFFECTS

The effects of soil type approached significance as single factor and the interaction
between soil and year was significant in several analyses. These results indicate that as
hypothesized, soil type influences estimates of canopy coverage; however on a temporal
basis. The basis for soil effects can arise from several factors: 1) differences in water
holding capacity of soil (higher for alluvial, E. Veldkamp, unpublished data), 2)
differences in soil moisture (higher in alluvial, D. Clark et al, unpublished data), 3)
differences in root biomass (higher on low nutrient soils, J. Espeleta et al unpublished
data), and 4) differences in species composition. Interestingly, aboveground biomass is
similar among the plots in different soil types (Clark and Clark, 2000).

The significant soil x year interactions indicate that the soil type response of
canopy coverage parameters differed with time. This study included two ENSO periods
1997-1998, 2002-2003, and one La Nifia period (1998-1999). ENSOs at La Selva are
associated with drier dry seasons and warmer nighttime temperatures which is associated
with increased tree mortality (Clark et al 2003, unpublished data). A key question is
which of the properties mentioned above influences canopy cover response to these

events.

SEASONAL EFFECTS

Differences in openness and LAI between the dry and wet seasons were close to
significance and the season by year interactions were highly significant. During the dry
season canopies open as trees shed their leaves, and during the wet season the canopy

closes as dry season deciduous and leaf exchanging species releaf. However, this
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expected seasonal pattern was not observed in all years on all plots. In fact variation in
the strength of the dry season interacted with inter-annual variation in coverage to make a
more complex pattern in which some years, the dry season had higher coverage than the
wet season (Figure 7). On the A, L, and P plots, the canopy closed (lower openness and
higher LAI) from the dry season to the wet season and opened from wet season to dry
season from dry season 1998 to wet season 2000. However, in all plots the canopy
closed from wet season 2000 to dry season 2001 and opened from dry to wet season
2001. From 2002 wet season to wet season 2004 the canopy closed for all plots. These
results could have occurred for several reasons. Different species have different
attributes such as differences in LAI, leaf phenology, and in how much they allocate to
roots as well as different resistance to disturbances and environmental stresses such as
water, temperature, nutrients and epiphyte loads, and these factors are different among
years. In addition, the seasonality effects may have been masked during certain years due
to differences in the strength and length of the dry season. As seen in previous studies,
length of the dry period may have a strong effect on leaf dynamics, plant growth and
survival in tropical rain forests (Poorter & Hayashida-Oliver 2000, Chazdon 2005).

For instance, during wet dry seasons, deciduous species are leafless for less time and
evergreen species retain leaves longer causing the LAI to be different from the expected

seasonal pattern.

INTERANNUAL VARIATION
I found highly significant interannual variation in all analyses that was concordant on all

plot types (Figure 7, Tables 1-3). As mentioned above, this data set spanned two ENSO
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and one La Nifia events, which had significant effects on tree growth and mortality (Clark
and Clark 1994, Clark et al 2003, Clark et al wunpublished data. They found higher
mortality and substantially lower growth in ENSO years. The peak in openness in 1999
followed an unprecedented high mortality rate in 1998. Clark et al (unpublished data)
and Espeleta et al (unpublished data), found similar large inter-annual variation of root
biomass in the same plots over the same period. In addition, during ENSO events (1998-
1999 and 2002-2003) when it is hotter and drier in the dry season, trees usually drop
leaves prematurely contributing rich litter into the soil. However, with the 1998 ENSO
wet season and the 1999 La Nifia (Figure 8) when conditions were wetter, this flush of
nutrients may have been leached away (Wood et al 2005). Consequently, at the La Selva
forest, leaf litter nutrient concentration varies inter-annually (Wood et al 2005), likely as
a result of the interaction between the timing and intensity of leaf fall and the timing and
intensity of subsequent rainfall. This variation in available nutrients undoubtedly affects
leaf area development in following years (Lodge & McDowell 1994) and may in part
explain why a peak in openness was observed in 1999 following the 1998 ENSO event.
Events such as ENSO and La Nifia clearly affect soil properties such as soil moisture and
soil nutrients and these events vary inter-annually. Inter-annual variation is a function of
both seasonal leaf dynamics and leaf area differences from climate. In drier years trees
shed their leaves more than in wetter years so LAI will be lower for drier years. Other
factors that can vary among years also may affect LAL. These include stand age,
radiation input and interception, development of current year foliage and loss of previous
year’s foliage. Furthermore, stresses such as reduced nutrient supply, drought or

temperature stress may reduce canopy LAI sufficiently to stimulate branch retention and
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leaf growth in the lower crown (Vose and Swank 1990, Asner et al 2003). In addition,
trees are constantly falling and being replaced by new species creating a mosaic of ages
(building phase, mature, old growth) as a result of the gap regeneration cycle. However,
Souza & Martins 2005) argue that the gap dynamic regime is less important for changes
in openness than the effect of the dynamics of understory shrubs, saplings, subcanopy

and canopy growth.

LAI VERSUS OPENNESS

For the most part there was a good correspondence between openness and LAI in the
analyses. However, there were some instances where openness and LAI significances
were different (Table 2). For example, for the soil factor in canopy dynamics LAI
measurements were almost significant while canopy openness measurements yielded no
significance. Differences may have occurred for several reasons. LAI and openness in
this data set were curvilinearly related (Figure 10). While LAI is the more meaningful of
the two variables for physiological and ecosystem studies, it is an inverted measurement
of openness. In contrast openness is a measure of the space that leaves are not
occupying. Openness spans a wide range of values and is less likely to saturate at high
cover values than LAI. At LAI of >6 the photographic method of determining LAI has
serious limitations. Furthermore, photos taken beneath large gaps violate the assumption

of random distribution of leaves for determination of LAI
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CONCLUSIONS
The patterns observed in this study are a result of a combination of seasonal changes in
leaf area coverage, forest dynamics resulting from the gap formation and closure, and
inter and intra-annual variation in leaf area coverage due to variation in climatic factors.
As hypothesized, I found significant soil type influences on estimates of canopy cover,
but in the form of soil type*year interactions. The direct effect of soil type was not large
enough to be significant, but the interactive effects of soil type on temporal patterns were
very strong. Perhaps most surprising was what was not found; a significant effect of
slope on any estimator of canopy coverage in any analysis. Seasonal differences in cover
parameters were expected due to changes in leaf area cover between wet and dry seasons,
but interestingly, the effect was not one of consistently low coverage in the dry season.
Instead, variation in the strength of the dry season interacted with inter-annual variation
in coverage to make a more complex pattern in which some years, the dry season had
higher coverage than the wet season. Also unexpected was the magnitude of the year-to-
year differences in canopy cover parameters. This is the first long-term study to
document substantial inter-annual variation in canopy cover for a tropical wet forest.
This variation in canopy cover was apparent as a result of strong climatic differences
driving both individual tree leaf area coverage and forest dynamics (gap formation and
closure). These new insights add a new dimension to our understanding of the complex
interactions within canopy of one of the most eutrophic and clearly most dynamic

tropical forests.
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Table 1. Results from Repeated Measures ANOVA for annual (static) dry and wet
season measurements of canopy openness and leaf area index (LAI).

Canopy openness Leaf Area Index (LAI)
Effect DF F P F P
DRY SEASON
Slope 15 0.56 0.4660 0.00 0.9551
Soil 15 0.01 0.9266 0.22  0.6437
Year 710 66.32 <0.0001 64.46 <0.0001
Soil*Year 710 5.66 <0.0001 7.49  <0.0001
Slope*Year 710 0.58 0.75030 0.71  0.6418
WET SEASON

Slope 15 0.45 0.5102 0.00  0.9507
Soil 15 0.90 0.3566 262  0.1262
Year 709  80.16 <.0001 78.37 <.0001
Soil*Year 709 0.68 0.6671 042 0.8675
Slope*Year 709 0.59 0.7355 091 0.4869
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Table 2. Results from Repeated Measures ANOVA for differences (dynamics) from dry
to wet season measurements of canopy openness and leaf area index (LAI).

Canopy openness Leaf Area Index (LAI)
Effect DF F P F P
Dry to Wet Season

Slope 15 0.07 0.8000 0.58 0.4597

Soil 15 1.50 0.2396 3.12 0.0977

Year 699 89.57 <0.0001 68.07 <0.0001

Soil * Year 699 7.02 <0.0001 4.09 0.0005

Slope*Year 699 1.32 0.2449 0.73 0.6223
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Table 3. Results from Repeated Measures ANOVA comparing wet versus dry season
measurements of canopy openness and leaf area index (LAI).

Canopy openness Leaf Area Index (LAI)

Effect DF F P F P
Season 30 3.09 0.0889 3.72 0.0632
Slope 30 1.01 0.3221 0.01 0.9351
Soil 30 0.53 0.4728 2.14 0.1541
Year 1419 43.70 <0.0001 44.24 <0.0001
Soil * Year 1419 3.68 0.0013 3.77 0.0010
Slope*Year 1419 0.70 0.6511 0.74 0.6212
Season * Year 1419 65.02 <0.0001 65.95 <0.0001
Season*Soil*Year 1419 2.73 0.0081 3.82 0.0004
Season*Slope*Year 1419 0.41 0.8992 0.76 0.6202
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Figure 1. Location of study plots within soil types at La Selva, Costa Rica. Inceptisol
terraces are alluvial soils and Oxisols (in some treatments considered Ultisols) are
residual soils.
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Figure 2. Mean values of canopy openness (upper panels) and leaf area index (lower
panels) for the three plot types studied in old-growth forest in Costa Rica for dry season
(left panels) and wet season (right panels). Alluvial are flat inceptisol plots, Loma are
flat ultisol plots, and slope are sloped ultisol plots. Representative error bars shown in
upper panel are standard errors of the mean (n = 6).
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Figure 3. Canopy openness (left panels) and leaf area index (right panels) for wet and
dry season for the three plot types described in Figure 2.
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Figure 4. Mean values of canopy openness (upper panels) and leaf area index (lower
panels) for the flat vs slope relationship for dry season (left panels) and wet season (right
panels).
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Figure 5. Mean values of canopy openness (upper panels) and leaf area index (lower
panels) for the alluvial vs residual relationship for dry season (left panels) and wet season

(right panels).
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Figure 6. Mean values of canopy openness (upper panels) and leaf area index (lower
panels) for the flat vs slope relationship for dry season (left panels) and the alluvial vs
residual relationship (right panels).
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Figure 8. Mean seasonal LAI and rainfall in dry and wet seasons from 1998-2004
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Leaf Area Index and Annual Temperature
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Figure 9. Mean seasonal LAI and maximum (upper) and minimum (lower)
temperature in dry and wet seasons from 1998-2004
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