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Abstract

The balance between photosynthesis and plant respiration in tropical forests may
substantially affect the global carbon cycle. Woody tissue CO, efflux is a major
component of total plant respiration, but estimates of ecosystem-scale rates are uncertain
because of poor sampling in the upper canopy and across landscapes. To overcome these
problems, we used a portable scaffolding tower to measure woody tissue CO; efflux from
ground level to the canopy top across a range of sites of varying slope and soil
phosphorus content in a primary tropical rain forest in Costa Rica. The objectives of
this study were to: (1) determine whether to use surface area, volume, or biomass for
modeling and extrapolating wood CO, efflux, (2) determine if wood CO, efflux varied
seasonally, (3) identify if wood CO, efflux varied by functional group, height in canopy,
soil fertility, or slope, and (4) extrapolate wood CO, efflux to the forest. CO, efflux from
small diameter woody tissue (<10 cm) was related to surface area, while CO, efflux from
stems >10 cm was related to both surface area and volume. Wood CO, efflux showed no
evidence of seasonality over 2 years. CO, efflux per unit wood surface area at 25° (F,) was
highest for the N-fixing dominant tree species Pentaclethra macroloba, followed by other
tree species, lianas, then palms. Small diameter F5 increased steeply with increasing
height, and large diameter F, increased with diameter. Soil phosphorus and slope had
slight, but complex effects on F,. Wood CO, efflux per unit ground area was
1.34 + 0.36 pmol m *s ™", or 508 + 135gCm *yr . Small diameter wood, only 15% of
total woody biomass, accounted for 70% of total woody tissue CO, efflux from the forest;
while lianas, only 3% of total woody biomass, contributed one-fourth of the total wood
CO, efflux.
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Introduction

The balance between photosynthesis and plant respira-
tion in tropical forest ecosystems has the potential to
impact global carbon balance. Tropical forests account
for more than one-third of global plant carbon uptake
(Saugier ef al., 2001), and at least half of this carbon is
released back into the atmosphere each year in plant
respiration (Edwards et al., 1981; Chambers et al., 2004).
The overall balance between carbon uptake and release
remains unclear for tropical forests, because of inade-
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quate knowledge of variation across landscapes and
over time, and very limited measurements of respira-
tion rates for tropical trees.

Woody tissue releases a proportion of total assimi-
lated CO, back into the atmosphere, but estimates vary
widely for tropical forests. The majority of recent esti-
mates are in the range of 7-14% (Odum, 1970; Ryan
et al., 1994; Meir & Grace, 2002; Chambers et al., 2004),
while some earlier estimates are ~25% (Yoda, 1967;
Whitmore, 1984), to as high as 50% (Miiller & Nielson,
1965). Early wood CO, efflux studies performed in
tropical rain forests were based on detached samples
(Miiller & Nielson, 1965; Yoda, 1967, 1983; Whitmore,
1984), which may have introduced errors associated
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with rapid diffusion of CO, upon excision (Teskey &
McGuire, 2005), or other methodological biases. More
contemporary studies in tropical forests measured
wood efflux in situ, but only from lower boles (Ryan
et al., 1994; Nepstad et al., 2002; Chambers et al., 2004).
Several authors have agreed on the importance of
measuring branch CO, efflux high in the canopy
(Sprugel, 1990; Ryan et al., 1996; Damesin et al., 2002;
Vose & Ryan, 2002), but until now this has not been
attempted in a tropical forest.

Many recent studies in temperate systems have esti-
mated wood CO, efflux in terms of maintenance vs.
growth respiration (Ryan, 1990; Ryan et al., 1995;
Sprugel et al., 1995; Maier, 2001; Damesin et al., 2002).
Separating maintenance from growth respiration in
tropical rain forests is difficult because they have no
dormant season. Seasonality in wood CO, efflux has
been found in tropical forests with distinct dry seasons
(Nepstad et al., 2002; Chambers ef al., 2004), but no
seasonal study has yet been done in a tropical forest
with a less pronounced dry season. We devised a novel
approach to both measuring and extrapolating wood
CO; efflux throughout the canopy, and also conducted a
separate study to address the question of seasonality in
woody tissue CO, for a tropical forest without a dor-
mant season or a pronounced dry season.

Access has generally been the limiting factor for
efforts to understand how woody tissue CO, efflux
varies with canopy structure and across landscape
gradients in tropical rain forests. This study presents
results from an intensive 2-year field campaign where
we measured bole and branch CO, efflux using a
portable scaffolding tower to access wood from forest
floor to canopy top across gradients of soil fertility and
slope in a primary tropical rain forest in Costa Rica. We
also were able to estimate small diameter wood biomass
and surface area distribution using the wood harvested
from the tower transects, which greatly improved our
ability to extrapolate wood CO, efflux to the forest.

This study had four objectives. First, we sought to
better understand the physiological sources of woody
tissue CO, efflux by determining whether efflux mea-
surements were related to wood volume or surface area.
These units are also important for modeling exercises
and extrapolation, because preferred units (volume or
area based) determine what stand-level information
will be needed in order to estimate wood CO, efflux
for the forest. For the second objective, we investigated
seasonal variation in wood CO, efflux, and whether or
not this variation tracked changes in rainfall, tempera-
ture, or light. The third objective was to characterize the
sources variation in wood CO, efflux. For this, we
constructed competing analysis of covariance (ANCOVA)
models with both structural variables (height, diameter,

plant functional group, branch, or stem) and landscape
variables (slope, soil phosphorus). The final objective
was to estimate net woody tissue CO, exchange for the
forest with estimates of wood biomass, surface area,
and CO, efflux rates stratified by canopy height, dia-
meter, and plant functional group.

Materials and methods

Study site

La Selva Biological Station is located in the Caribbean
lowlands of northern Costa Rica (10°20’N, 83°50'W), at
37-150m above sea level. La Selva is classified as
premontane tropical wet forest in the Holdridge life-
zone system (Hartshorn, 1983). The mean annual rain-
fall is approximately 4m, and the mean annual tem-
perature is 26 °C. We sampled within La Selva’s 515 ha
of primary (old growth) forest. The average canopy
height for the primary forest, including gaps, is ap-
proximately 20 m, and emergent trees range from 30 to
60m (Clark et al., 1996, 2004). The basal area of the
primary forest is approximately 24 m?ha~!, with about
500 treesha™ !, and a quadratic mean diameter of 24 cm,
based on an inventory of woody stems >10cm in
diameter (Clark & Clark, 2000a). Detailed information
about La Selva soils and plant communities can be
found in McDade et al. (1994).

Sample design: tower sites

We designed our study to test whether any landscape
patterns in soil phosphorus or slope caused differences
in woody CO; efflux. Phosphorus, rather than nitrogen,
is likely limiting in this system (McDade et al., 1994),
and previous studies of the primary forest at La Selva
found fewer and larger trees in fertile flat sites, while
a higher density of smaller trees were found on steep
slopes (Clark & Clark, 2000a). We used a stratified
random sample to locate sites across the landscape,
with three slope x three soil phosphorus classes. A soil
phosphorus map of the primary forest area of La Selva
with cells of 10m x 10m was created by krigging
data of phosphorus concentrations from the top 10cm
of soil sampled at a resolution of 50m x 100m. A
digital elevation map provided slope for the same
10m x 10m cells. The landscape was stratified into
nine slope x phosphorus classes of equivalent area,
using Arc’s SLICE command (ArcGIS, Environmental
Systems Research Institute, Redlands, CA, USA). Se-
venty-two possible tower sites were selected to the
nearest meter using eight random coordinates from
each of the nine classes, excluding swamps, permanent
plots (to avoid disturbing long-term research), soils
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near streams, and sites close to trails. The 72 randomly
selected sites were visited to assess the feasibility of
tower construction, and 27 of these were discarded,
approximately half because of wet or rocky terrain,
and half because of large stems [>10cm diameters at
breast height (DBH)] inside the tower footprint. Ulti-
mately, 45 primary forest tower sites were selected in
this manner, five sites in each of the nine slope x
phosphorus classes. Before each tower was con-
structed, we measured slope with a clinometer at the
center of each tower site as the mean of two point
measurements, taken 90° from one other. We used
these slope data for all further analyses, rather than
slope derived from the digital-elevation map.

Because our original stratification did not capture any
forest gaps, we selected 10 of the original 45 sites as
starting points for a procedure to locate 10 additional
‘low canopy height’ sites. At each of these 10 sites, we
selected one low canopy height tower site as the first
location along a randomly oriented 50 m transect that
had vegetation less than 16 m in height. At each new
site, we measured slope and used the krigged soil map
to estimate soil phosphorus level.

At each original and low canopy tower site, an
aluminum walk-up scaffolding tower (Upright Inc.,
Dublin, Ireland) was constructed to the top of the
canopy. These wood CO, efflux data represent sampling
from 41 of the original 45 tower sites (including at least
three towers in each of the nine slope x phosphorus
classes), and eight of the 10 low canopy height tower
sites for a total of 49 towers. The wood biomass and
wood surface area data used to estimate CO, efflux for
the forest represent sampling from all 45 original tower
sites, but no low canopy height sites, (because they did
not represent the forest). While this paper focuses only
on woody tissue net CO, exchange, the towers sam-
pling design and construction were part of a larger
project where we sought to characterize canopy struc-
ture and function in a tropical rain forest.

Towers were constructed one section at a time, and all
biomass within a section was harvested as each tower
was built. Each section was 2.45m x 1.86m x 1.86 m
(L x W x H), with a footprint area of 4.56 m?. The num-
ber of sections for each tower varied with canopy
height, ranging from one section (1.86 m) to 24 sections
(44.64 m). Harvested woody material was measured for
length and diameter. After completing tower construc-
tion and harvesting, we measured CO, efflux on all
intact woody species accessible from the side of the
tower. Care was taken to avoid sampling near cut ends
of stems or branches. We then dismantled the tower and
moved it to the nearest preselected random site. Each
tower site was sampled only once, and tower construc-
tion and sampling occurred continuously from June

© 2006 The Authors

2003 to June 2005. These data represent 1226 wood
CO; efflux measurements: two replicate measurements
each of 613 individual branches or stems. Efflux sam-
ples represent over 110 species, 90 genera, and 52
families. We separated woody species into four func-
tional groups: trees, palms, lianas, and Pentaclethra
macroloba, a leguminous tree species with 37% of the
above-ground biomass (Clark & Clark, 2000a). Palm
rachises measured in this study were woody and were
included as branches.

The sampling scheme was not designed to take an
unbiased sampling of wood biomass, surface area or
CO, efflux for stems or branches >10cm in diameter,
because the tower could not be constructed within 1m
of large trees, or where large branches passed through
the tower column. Therefore, large diameter stems and
branches in the upper canopy were difficult to reach
from the tower. To capture CO; efflux for large diameter
wood, we measured efflux at approximately breast
height on all woody stems surrounding the tower that
had foliage represented anywhere in the tower foot-
print.

Sample design: seasonal measurements

To detect any seasonal changes in woody tissue net CO,
exchange, an additional 10 trees (five from each of two
plots), were selected from long-term 0.5ha plots in the
primary forest landscape of La Selva (Clark & Clark,
2000a). We randomly chose canopy-level trees that
represented five families, five genera, and six species,
with above-buttress diameters ranging from 34 to 56 cm
(Table 1). These 10 trees were located in the same stand
of primary forest, but were independent of the tower
sampling sites. We sampled each tree once a month for
23 months from July 2003 to May 2005, with no mea-
surements in December 2004 or January 2005 because of
flooding. CO, efflux was measured in two locations on
each tree, at heights ranging from 1.3 to 4.0 m, depend-
ing on buttress height.

CO; efflux measurements

Woody CO, efflux was measured using LCA-3 and
LCA-4 open-system infrared gas analyzers (IRGA,
Analytical Development Company, Hoddeson, UK).
Woody tissue net CO, flux may be considered the
sum of three terms: woody tissue respiration (+ flux),
bark photosynthesis (—flux), and CO, dissolved in the
xylem sap (+if diffusing out, — if transported away;
Cernusak & Marshall, 2000; McGuire & Teskey, 2004;
Bowman et al., 2005). We used unshielded clear poly-
carbonate custom-made chambers that allowed bark
photosynthesis in an attempt to measure the sum of
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Table 1 Species, family, and diameter of 10 trees measured each month for the stem CO, efflux seasonal study

Above-buttress Number of

Species Family diameter (cm) trees measured
Virola sebifera Myristicaceae 441 1
Virola koschnyi Myristicaceae 34.6 1
Apeiba membranaceae Malvaceae 49.4 1
Cespedesia spathulata Ochnaceae 46.7 1
Laetia procera Flacourtiaceae 49.0 1
Pentaclethra macroloba Fabaceae 36.7,42.0,49.4, 53.7, 55.6 5

Each tree was measured once a month for 23 months.

all three terms, throughout the vertical canopy transect.
Chambers had neoprene gaskets and were clamped to
stems or branches for measurements. Four chamber
sizes were used, depending on the diameter of the
woody material. Wood surface areas inside the four
chambers were 7, 15, 16, and 22 cm?, and sampled wood
ranged from 0.7 to 90.0 cm in diameter. Chamber areas
were calculated as the area enclosed by the neoprene
gasket + half the area of the gasket (assuming half the
CO; from the area under the gasket would diffuse
inside the chamber and half would diffuse outside
the chamber). Small 9V battery-operated fans were
installed to stir the air inside all but the smallest
(7cm?) chambers. Air-flow rates through the chambers
ranged from 223 to 297 pmol s~ ! and chamber seals were
checked with a flowmeter. Stable reference air CO,
concentrations were maintained by drawing air through
a 19L mixing chamber. The difference in CO, concen-
tration between the reference and the chamber was
recorded after it had been stable for at least 2 min. We
measured CO, efflux twice on each stem and branch,
with measurements ~90° from one another, and repli-
cates were averaged before analysis. Diameter was
measured at the center point of chamber attachment.

At each CO, efflux measurement site, surface wood
temperature was taken with a thermocouple thermo-
meter. All fluxes were corrected to a reference tempera-
ture of 25 °C using a Q1o of 2.0. Ryan et al. (1994) found
stem respiration Qj¢ values of 2.1 and 2.2 for two tree
species at La Selva, and Meir & Grace (2002) found
mean stem respiration Qs values of 1.6 and 1.8 for two
tropical rain forests in Brazil and Cameroon.

We randomly selected subsamples of the harvested
woody material for specific gravity measurements to
calculate CO, efflux rates per unit biomass. Wood
sample volume was measured by water displacement,
and sample mass was measured after oven drying to
constant mass at 60 °C. Stems measured for CO, efflux
from the ground, where the wood was not representa-
tive of wood harvested in the tower footprint, were

assigned specific gravity based on published values by
species (Hidayat & Simpson, 1994; Brown, 1997; Segura
& Kanninen, 2005). When species were unknown or
specific gravity values were not found in the literature
for a particular species, a La Selva stand-level mean
specific gravity was used, 0.53gcm ® (Muller-Landau,
2004).

Levy—Jarvis analyses: woody CO; efflux per surface area
vs. volume

We used a graphical technique to discern the best units
for expressing wood CO, efflux and for extrapolating to
the forest (Levy & Jarvis, 1998). If the CO, efflux rate is
proportional to surface area, measured CO, efflux per
unit volume will be positively and linearly correlated
with the reciprocal of diameter. If the CO, efflux rate is
proportional to volume (or biomass), measured CO,
efflux on an area basis should be positively and linearly
correlated with diameter. We examined the volume vs.
surface area components for four canopy height classes:
bottom 2 m (0-2 m), lower canopy (2-15m), mid canopy
(15-25m), and upper canopy (25+ m).

Statistical analyses: seasonal changes in wood CO; efflux

The 10 tree boles measured once a month for 2 years
were analyzed with a repeated measures ANOVA in SAS
Version 9.1 (SAS Institute Inc., Cary, NC, USA) with
individual tree as the ‘subject.” We tested for differences
in month, species, or their interaction on CO, efflux
corrected to 25°C. Monthly stem CO, efflux rates for
individual species and averaged over all species were
regressed against total monthly rainfall, mean monthly
day and night temperature, and mean monthly photo-
synthetically active radiation (PAR) from the La Selva
Biological Station long-term weather station data base
(Organization for Tropical Studies; http://www.ots.
duke.edu/).
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Statistical analyses: sources of variation in CO, efflux
across canopy and landscape gradients

We constructed an a priori set of candidate ANCOvA
models with structural and environmental variables to
describe both area-based wood CO, efflux corrected to
25°C (Fa: umolm’zs’l), and mass-based wood CO,
efflux corrected to 25°C (Fy: nmolkg 's™!). Models
were developed for two purposes: (1) to investigate the
primary sources of variation in woody tissue CO, efflux
and (2) to estimate efflux rates and errors for extrapo-
lating rates to the forest. For each purpose, the most
appropriate units were used as determined by the
Levy-Jarvis analysis. The predictor variables consid-
ered were: natural log of diameter (InD: continuous
variable, cm); slope (S: continuous variable, degrees);
plant functional group (G: liana, P. macroloba, tree or
palm); soil phosphorus class (P: low P range: 0.65-
0.86mg g_l; medium P range: 0.88-1.11mg g_l; high P
range: 1.12-1.57 mg g '); canopy height class (H: bottom
2m = 0-2m; lower canopy = 2-15m; mid canopy = 15-
25m; upper canopy 25+ m); and wood type (WT:
branch or stem). Diameter, F5, and Fy; were natural
log-transformed to account for nonnormal distributions
and heteroscedasticity in the residuals.

We evaluated competing models using Akaike’s Infor-
mation Criterion (AIC), which penalizes a model based
on its number of parameters. The best statistical model
minimizes the value of AIC (Burnham & Anderson,
1998). For each candidate model, maximum likelihood
estimates of model parameters and AIC were calculated
using Proc Mixed Method = ML in SAS Version 9.1 (SAS
Institute Inc.). Normally distributed errors were verified
by examining residuals after model fitting.

The best-fit models for both In Fo and In Fy; as
determined by the lowest AIC values, were used in all
further analyses. Least-squares means for all interac-
tions in the selected best-fit model were calculated for
class variables and for specified values of continuous
variables. Antilogs of least-squares means were plotted
to make graphs easier to read, and only values within
the range of diameters sampled for each class variable
were plotted.

Estimating woody tissue CO, efflux for the forest

We estimated wood CO, efflux for wood <10cm dia-
meter using surface area, and for wood >10cm using
biomass, based on the results from the Levy-Jarvis
analysis (Fig. 1). We used a two-part approach to
assemble the biomass and surface area data needed
for forest level estimates of wood CO, efflux, because
the tower sampling was not designed to provide an
unbiased estimate of wood >10cm diameter (we could
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not locate our tower over large stems). We used tower
sample estimates of surface area for wood <10cm
diameter, and woody biomass from the eighteen 0.5 ha
plots measured by Clark & Clark (2000a) for wood
>10cm in diameter. Biomass from the tower samples
for wood <10cm diameter was subtracted from the
total biomass calculated from the 0.5ha plot data to
estimate biomass for wood >10cm in diameter. We
used mean wood CO, efflux rates for different diameter
classes, height classes, and functional groups paired
with the appropriate biomass or surface area estimates
to calculate total flux per unit ground area. As wood
CO, efflux rates differed little with slope and soil
phosphorus, we did not use that information in our
estimates.

For wood <10cm diameter, CO, efflux per surface
area (F,) and wood surface area per ground area
estimates were stratified by functional group (trees,
lianas, palms and P. macroloba), height class (bottom
2m, lower canopy, mid canopy, and upper canopy), and
diameter class (0-2, 2-5, and 5-10cm). Least-squares
means and 95% confidence limits were calculated for
each group, height class, and at diameters 1, 3.5, and
7.5 cm (class mid-points) using the best-fit model for Fa.
Means and confidence limits were then back trans-
formed and used with corresponding surface areas to
estimate woody CO, for the forest for wood <10cm
diameter.

For wood >10cm, CO, efflux per biomass (Fyy) and
biomass per ground area were estimated by diameter
class (10-20, 20-30, 30-40, 40-60, 60-80, 80-100, and
100+ cm), and functional group (trees, lianas, palms,
and P. macroloba). Height was not used for these esti-
mates because almost all of the large diameter efflux
measurements were taken in the first 2m. Efflux rates
for wood >10cm were calculated for diameter class
midpoints from the best-fit model for Fy; in a similar
manner to that used for wood <10 cm. Woody biomass
was estimated from eighteen 0.5ha plots, established
through stratified random sampling in the primary
forest of La Selva. Above-buttress bole diameters were
measured on all trees >10 cm in diameter in each 0.5 ha
plot in 2004 (for more information on how plots were
designed and sampled, see Clark & Clark, 2000a). We
calculated total biomass for each tree, palm and P.
macroloba in the 18 plots using the following allometric
equation from Chave et al. (2005):

TAGB =p x exp(—1.239 4+ 1.980(In D)

+2.207(In D)? — 0.0281(In D)*), M

where TAGB is the total above-ground biomass (kg), p
the wood specific gravity (gcm ), and D the above-
buttress diameter (cm). Specific gravity (p) used for
trees = 0.53 gcnf3 (Muller-Landau, 2004), for P. macro-
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Fig. 1 Inthe upper, mid, and lower canopy, the relationship between the reciprocal of diameter and efflux per unit volume (a—c) and the
lack of relationship between diameter and efflux per unit area (e-g) indicate that wood CO, efflux for all wood above 2m was primarily
dependent on surface area, and not volume. Unlike canopy rates, wood CO, efflux in the bottom 2 m was dependent on both volume and
surface area (d and h). Wood CO, efflux measurements were corrected to 25 °C and expressed on a volume basis vs. the reciprocal of
diameter (a—d), and on an area basis vs. diameter (e-h). Data are also separated by canopy class: upper canopy, mid canopy, lower

canopy, and the bottom 2 m.

loba =0.60 gcm ™ (Segura & Kanninen, 2005), and for
palms = 0.31 gcm73 (Baker et al., 2004). We used a
different allometric equation for lianas from Gehring
et al. (2004)

TAGB = exp(—7.114 + 2.276(In D)). (2)

Mean plot total biomass (kg m~2) estimates by group
were assumed to include small branches, but not small
stems (only stems >10cm were measured in the 0.5 ha
plots). We subtracted the small branch biomass esti-
mated from the tower footprint data from total biomass
for each group to get the percent of total biomass by

group that consisted of large diameter wood. Plot
means and standard errors were calculated for large
diameter wood biomass per ground area (kg m~?) by
plant functional group and diameter class.

Results
Levy—Jarvis analysis: CO; efflux per surface area vs.
volume

In the upper, mid, and lower canopy, the analysis
showed that CO, efflux was related to surface area
(Figs la—c), and not to diameter (Figs le-g). In the
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bottom 2m, the analysis showed that CO, efflux was
related to both volume and surface area (Figs 1d and h).

Seasonal changes in wood CO, efflux

Stem F, did not vary with month (P =0.90), species
(P =0.18), or their interaction (P = 0.34). Neither aver-
age Fo (Fig. 2a) nor Fa by species showed any trends
with rainfall, temperature, or PAR (Figs 2b—d).

Model selection results

Six predictor variables and all of their interactions could
yield hundreds of possible models, so we limited the set
of candidates before model selection. Using a limited set
of a priori candidate models also reduces the effects of

2.5

5 051 —=— Stem CO; efflux
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Fig. 2 No clear seasonality in wood CO; efflux is evident in this
system. The effect of ‘month’ was not significant in a repeated
measures ANOVA; and no correlations were found between
monthly mean CO, efflux and rainfall, temperature or photo-
synthetically active radiation (PAR). Permanent plot mean
monthly stem CO, efflux at 25°C (a), total monthly rainfall (b),
mean monthly daytime and nighttime temperatures (c), and
mean monthly PAR (d) are shown over 23 months. Error bars
represent standard error (some error bars may be hidden by
symbols).
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overfitting and erroneous correlations (Burnham &
Anderson, 1998). Preliminary full-model fits showed
five of the six predictor variables to be highly signifi-
cant, therefore all subsequent candidate models con-
tained these five variables (In D, G, P, H, and S); while
WT was found to be redundant and dropped from
further analysis. Both In F, and In Fy; were modeled
with linear combinations of the following predictor
variables: In D, G, P, H, and S; the two-way interactions
In DxG, In DxP, In DxH, In DxS, GxP, GxH,
GxS,PxH,PxS,and H x S; and the three-way inter-
actionsInDxGxP, InDxGxS,and InD x P x S. The
final a priori model set contained 143 models with 8-18
parameters. Surprisingly, the best-fit models with the
lowest AIC values for predicting both In F5 and In Fy
were exactly the same (Table 2). Model-derived least-
squares means and 95% confidence limits of Fo and Fy
are displayed for all height classes at five representative
diameters (Table 3).

Sources of variation in wood CO; efflux

Because the Levy-Jarvis analysis showed that wood
CO, efflux was related to surface area at all heights
and diameters (Figs la—d), we used efflux per unit
surface area to investigate variation across canopy and
landscape gradients. F5 increased with increasing slope,
with greater effect in small diameter wood (Fig. 3a) and
low soil P (Fig. 3d). The dominant tree species of this
ecosystem, P. macroloba, had the highest F5 at all
diameters (Fig. 3b). Liana Fa sharply decreased with
diameter, and the highest liana rates were comparable
with high rates for P. macroloba at the smallest diameters
(Fig. 3b). None of the lianas sampled were greater than
9 cm in diameter, and at this maximum diameter, lianas
had lower F4 than all dicot tree species (Fig. 3b). Palms
had the lowest overall F, for all diameters, and showed
little overall change in F5 with diameter (Fig. 3b). Fa of
wood in the bottom 2m increased with increasing dia-
meter (Fig. 3c). F5 of small diameter wood in the canopy
was much greater than F, of small diameter wood in the
bottom 2m, and F4 of wood less than 15 cm in diameter
increased sharply with height, given the same diameter
(Fig. 3c). Our CO; efflux rates for large diameter wood
could be biased toward lower heights because 82% of
our CO; efflux measurements from wood greater than
10cm, and 92% of measurements from wood greater
than 20 cm were taken <2m from the ground.

Small diameter wood biomass and surface area
distribution

Biomass of all woody tissue <10cm in diameter, in-
cluding both branches and small stems, was 2.4kg m~2.

Journal compilation © 2006 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2006.01269.x
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Table 2 Predictor variables, their P-values, and model R? values for the best-fit model predicting both the natural log of area-based
woody CO; efflux at 25 °C (In Fa), and the natural log of biomass-based woody CO, efflux at 25 25°C (In Fyy)

Coefficient Coefficient

P-values P-values

for model for model
Predictor variable Abbreviation predicting In Fa predicting In Fy Factors or units (if applicable)
In (diameter) In D 0.10 <0.0001 Continuous (cm)
Plant functional group G 0.01 0.03 Pentaclethra. macroloba, tree, liana, palm
Soil phosphorus P <0.0001 <0.0001 Low P, medium P, high P
Height class H <0.0001 <0.01 Bottom 2 m, lower canopy,

mid canopy, upper canopy

Slope S <0.0001 <0.0001 Continuous: degrees
In (diameter) x group (In D x G) 0.02 0.04 NA
In (diameter) x slope (In D x S) 0.02 0.05 NA
In (diameter) x height (In D x H) <0.0001 <0.0001 NA
Phosphorus x slope (P xS) <0.01 <0.01 NA
R? of best fit model 0.29 0.75

Table 3 Least-squares means, lower 95% confidence limits (LCL), and upper 95% confidence limits (UCL) for area-based (Fa,
pmolm~?s") and mass-based (Fy;, nmolkg 's~") CO, efflux rates corrected to 25°C in four canopy height classes at each of five

representative diameters

Bottom 2 m (0-2 m);

Lower canopy (2-15m);

Mid canopy (15-25m); Upper canopy (25+ m);

Diameter F4 (LCL, UCL; Fa (LCL, UCL; Fa (LCL, UCL; Fa (LCL, UCL;
(cm) pmol m2s7Y) pmol m2s71) pmol m2s1) pmol m2s1)
1 0.42 (0.33, 0.53) 0.93 (0.77, 1.12) 0.86 (0.68, 1.08) 0.87 (0.58, 1.29)
0.54 (0.48, 0.60) 0.64 (0.57, 0.72) 0.79 (0.67, 0.93) 1.37 (0.98, 1.92)
10 0.60 (0.53, 0.68) 0.54 (0.46, 0.64) 0.76 (0.58, 0.99) 1.67 (0.93, 3.01)
40 0.75 (0.59, 0.94) - - -
80 0.83 (0.62, 1.12) - - -
Bottom 2 m (0-2 m); Lower canopy (2-15m); Mid canopy (15-25m); Upper canopy (25+ m);
Diameter Fy (LCL, UCL; Fum (LCL, UCL; Fyv (LCL, UCL; Fy (LCL, UCL;
(cm) nmol kg’l s7h nmol kg*1 s7h nmol kg’l s7h nmol kg*1 s7h
1 447 (350, 570) 854 (701, 1041) 784 (585, 957) 669 (438, 1022)
106 (94, 119) 112 (99, 127) 140 (118, 166) 249 (175, 355)
10 57 (50, 64) 47 (39, 56) 68 (52, 90) 163 (88, 303)
40 16 (13, 21) - — _
80 9 (6, 12) - - _

Least-squares means and confidence limits were calculated as the antilogs of values from best-fit model results. Means were not
extrapolated beyond the diameters actually sampled in each canopy class, resulting in empty cells.

A little over half of this total consisted of tree wood,
while lianas, palms, and P. macroloba contributed about
15% each (Figs 4a-d). Surface area of woody tissue
<10 cm in diameter was 1.1 m>m 2. Trees contributed
a little less than half to the total surface area (Fig. 4f),
lianas contributed almost one-third to the total (Fig. 4h),
and palms and P. macroloba contributed about 13% each

(Figs 4e and g). About 40% of tree small diameter
biomass and surface area were in the lower canopy
(2-15m), with a fairly even distribution in the rest of the
height classes (Figs 4b and f). Over three-fourths of both
P. macroloba and liana small diameter biomass and sur-
face area were found above 15m, in the mid and upper
canopy (Figs 4a, e, d, and h), while palms accounted for

© 2006 The Authors
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Fig. 3 The effect of increasing CO, efflux with increasing slope was greatest in small diameter wood (a), and at low soil P (d). CO, efflux
increased with diameter for trees and Pentaclethra macroloba (b). For diameters less than 10 cm, CO, efflux increased steeply with height
(). Plots show least-squares means for significant interactions in the best-fit ANCOVA model (see Table 2) predicting wood CO, efflux per
unit surface area at 25 °C in response to changes in diameter, plant functional group, soil phosphorus, slope, and canopy height. Antilogs
of both In (CO, efflux) and In (diameter) are displayed. Least-squares means of interactions with slope (a and d) were calculated at the
means of the upper-, middle-, and lower-thirds of the data set (steep slope = 23.1°; medium slope = 12.4°; shallow slope = 4.2°). Least-
squares means of interactions with the variable diameter (a-c) were calculated for the range of the diameters observed for each specific

category over a possible range of 1-80 cm.

virtually no biomass or surface area above 15m (Figs 4c
and g). Total biomass for all wood <10cm was dis-
tributed evenly among diameter classes, with about
one-third per class (Figs 4a—d). In contrast, the smallest
diameter class (02 cm) accounted for 70% of the total
<10 cm wood surface area (Figs 4e-h). Both total small
diameter biomass and total surface area were distri-
buted similarly by canopy height, with approximately
10% in the bottom 2m, and about 30% in each of the
lower, mid and upper canopy levels.

Large diameter wood biomass distribution

Small branches (<10cm) were 11% of woody biomass
for trees, 7% for P. macroloba, 17% for palms, and 49% for
lianas, based on the small branches harvested from the
tower transects and the 0.5ha plot estimates of total
woody biomass. Based on these percentages and the

© 2006 The Authors

total biomass calculated from the 0.5ha plot data, the
total aboveground biomass of wood >10cm diameter
was 13.8kgm 2 The contribution of trees to this total
was 59%, while P. macroloba contributed 35%, palms
only 6%, and lianas less than 1% (Fig. 5a). The largest
proportion (31%) of woody biomass >10cm was in the
40-60 cm diameter class (Fig. 5a). The rest of the dia-
meter classes were fairly evenly distributed with about
15% of the biomass each, except for 80-100cm and
100 + cm, which accounted for only about 5% of the
total large diameter biomass each (Fig. 5a).

Forest estimates of wood CO, efflux

Wood CO; efflux per unit ground area for woody tissue
<10cm in diameter was 0.95 + 0.31 pmolm 25!
(359 + 118 gCm 2yr ). Of this total, about 40% was
from trees, 30% from lianas, 20% from P. macroloba, and

Journal compilation © 2006 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2006.01269.x
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Fig. 4 Small diameter (<10 cm) wood biomass distribution (a—d), wood surface area distribution (e-h), mean CO, efflux rates at 25 °C
per unit wood surface area (i-1), and total CO, efflux rates per unit ground area (m—p) by functional group, canopy height class, and
diameter class. Lianas contributed a substantial portion of the total small diameter wood CO, efflux in the upper and mid canopy (p)

because of their large surface area (h). The greatest proportion of tree biomass (b), surface area (f), and total CO, efflux (n) was in the
lower canopy. Wood biomass and surface area per ground area were calculated as the mean tower small diameter wood biomass and

surface area in each category. Error bars for (a—h) represent standard

errors of the means among towers. CO, efflux per surface area

values and errors were calculated as the antilogs of least-squares means and 95% confidence limits from the best-fit model, resulting in
asymmetrical error bars for (i-1). Mean tower wood surface area per ground area and standard errors were multiplied by CO, efflux per
surface area model-derived means to yield CO, efflux per unit ground area values and errors (m-p).

10% from palms (Figs 4m-p). The upper, mid and
lower canopy height classes each contributed about
30% each, while only about 10% of the small
diameter wood CO, efflux came from the bottom 2m
(Figs 4m-p). Over 70% of the CO, efflux for wood
<10 cm came from the 0 to 2 cm diameter class, about
20% from the 2 to 5 cm class, and only about 10% from

the 5 to 10 cm class (Figs 4m—-p). Because of their large
surface area (Fig. 4h), lianas contributed a substantial
portion of the total small diameter wood CO; efflux in
the upper and mid canopy (Fig. 4p). The greatest
proportion of tree biomass (Fig. 4b), surface area
(Fig. 4f), and total CO, efflux (Fig. 4n) was in the lower
canopy (2-15m in height).

© 2006 The Authors
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Fig. 5 Large diameter (>10cm) wood biomass distribution (a), mean CO; efflux rates at 25 °C per unit biomass (b), and estimated CO,
efflux rates per unit ground area (c) by functional group and diameter class. The largest proportion of Pentaclethra macroloba CO, efflux
was from diameters in the 40-60 range, while the largest proportion of tree CO, efflux was from diameters in the 10-20 cm range (c). In
the large diameter range, lianas contributed essentially no CO; efflux (c), because very few lianas were greater than 10 cm in diameter (a).
Large diameter biomass was calculated as mean plot biomass per category from eighteen 0.5 ha plots, minus small diameter branch
biomass per category as calculated from towers transects (error bars in (a) represent standard errors of the mean plot data). CO, efflux
per surface area values and errors were calculated as the antilogs of least-squares means and 95% confidence limits from the best-fit
model, resulting in asymmetrical error bars (b). Mean plot large diameter wood biomass area per ground area and standard errors were
multiplied by CO; efflux per biomass model-derived means to yield CO, efflux per unit ground area values and errors (c). Means were
not extrapolated beyond the diameters actually sampled for each functional group, resulting in empty cells for palms and lianas.

CO; efflux per unit ground area from wood >10cm
in diameter was 0.39 £ 0.05pmolm2s~! (149 +
17gC m~? yr’l). Of this total, about 60% was from trees,
30% from P. macroloba, 10% from palms, and <1% from
lianas (Fig. 5c). Diameter classes (in centimeters) and
their approximate percent contributions to total large
diameter wood CO, efflux per unit ground area were
as follows: 10-20=30%, 20-30=15%, 30-40=15%,
40-60 = 25%, 60-80 = 10%, and the largest two classes
had less than 2% each (Fig. 5¢). The largest proportion
of P. macroloba CO, efflux was from diameters in the 40—
60 range, while the largest proportion of tree CO, efflux
was from diameters in the 10-20 cm range (Fig. 5¢).

Total wood (all diameters) CO, efflux per unit ground
area for this system was 1.34 + 0.36 umolm *s™'
(508 + 135ng72 yrfl). Trees contributed 47% of the
total, P. macroloba contributed 20%, lianas contributed
24%, and palms only contributed 9% (Table 4). Wood
that was <2 cm in diameter contributed half of the total
efflux, and wood that was <10 cm accounted for 70% of
total woody CO, efflux (Table 4). Less than 2% of the

© 2006 The Authors

total woody efflux was from wood that was >80cm
(Table 4).

Discussion

Levy-Jarvis analysis: CO; efflux per surface area vs.
volume

The best units for expressing and extrapolating woody
CO; efflux depend on whether the primary sources of
CO, are surface area-based (Linder & Troeng, 1980;
Matyssek & Schulze, 1988; Meir & Grace, 2002;
Chambers et al., 2004), or volume/biomass-based (Yoda,
1983; Ryan, 1990; Bowman et al., 2005). Some studies
conclude that a mixture of several units and extrapolat-
ing procedures may be desirable (Lavigne et al., 1996;
Damesin et al., 2002). One of the main issues for the use
of one method over another is the attempt to partition
maintenance vs. growth respiration sources. Generally,
growth respiration is estimated using stem diameter
growth data, while maintenance respiration may be

Journal compilation © 2006 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2006.01269.x
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Table 4 Total wood CO, efflux estimates (standard errors in parentheses) per unit ground area for the forest

Total wood CO, efflux

Percent of total wood CO, efflux from each category

Estimate + SE Units Functional group Diameter class
1.34 +0.36 pmol CO,m s~ Trees 47% 0-2cm 50% 30-40 cm 4%
508 + 135 gCm2yr ! P. macroloba 20% 2-5cm 15% 40-60 cm 7%
Lianas 24% 5-10cm 5% 60-80 cm 3%
Palms 9% 10-20cm 9% 80-100 cm 1%
20-30 cm 5% 100 + cm <1%

Percent contributions to efflux by functional group and diameter class are displayed. Small diameter wood (<10 cm) was only 15%
of total woody biomass, but accounted for 70% of total woody CO; efflux. Lianas were only 3% of the total woody biomass, but

contributed one-fourth of the total woody CO, efflux.

estimated using sapwood volume and/or measure-
ments taken when trees are dormant (Ryan, 1990;
Sprugel, 1990; Ryan & Waring, 1992; Ryan et al., 1994,
1995; Sprugel et al., 1995). These well-documented
methods of measuring growth and maintenance re-
spiration were not feasible in this study, because we
had neither growth nor sapwood volume data.

According to Levy & Jarvis (1998), if the rate of CO,
efflux is proportional to wood volume, efflux primarily
reflects sapwood xylem parenchyma cell maintenance
respiration; while a relationship with surface area re-
flects growth respiration of cambium and phloem cells.
These divisions may not be useful for tropical forests,
however, because separating growth vs. maintenance
respiration is difficult when there is no dormant season.
Therefore, an increase of CO, efflux with volume could
result from faster growth of larger diameter wood and/
or a larger sapwood maintenance component. Whether
CO, dissolved in xylem sap diffuses radially out of the
bark, or is transported up the xylem stream could also
be affected by both xylem volume and surface area for
diffusion (Teskey & McGuire, 2002). As a result of these
confounding factors, we will discuss volume and sur-
face area CO, efflux sources, but not infer growth or
maintenance respiration from their source.

In the upper, mid, and lower canopy, the relationship
between the reciprocal of diameter and CO, efflux per
unit volume (Figs la—c) and the lack of relationship
between diameter and efflux per unit area (Figs le-g)
indicate that wood CO, efflux for all wood above 2m
was primarily dependent on surface area, and not
volume. These results contradict the findings of Yoda
et al. that respiration of small diameter wood was
proportional to mass, while respiration of large dia-
meter wood was proportional to surface area (Yoda
et al., 1965; Yoda 1967). Unlike canopy rates, wood
CO; efflux in the bottom 2m was dependent on both
volume and area (Figs 1d and h). This is likely the result
of the larger trees growing faster (Clark & Clark, 2000b)

and more sapwood volume in larger trees. By simple
geometry, the proportion of sapwood volume per unit
surface area in large diameter wood is much greater
than that of small diameter wood. These patterns in
volume vs. area-based measurements are consistent
with other studies of large diameter wood measured
near the ground (Damesin et al., 2002; Meir & Grace,
2002).

Seasonal changes in wood CO; efflux

Woody CO, efflux has been shown to vary seasonally
in temperate forests (Sprugel, 1990; Ryan et al.,
1997; Damesin et al., 2002; Vose & Ryan, 2002), where
there are definite growing season and dormancy dy-
namics. Increased rates of stem CO, efflux (Nepstad
et al, 2002; Chambers et al., 2004) and ecosystem
respiration (Goulden et al., 2004) were found during
the wet season in Brazilian rain forests, but the
wet/dry season dynamics in our Costa Rican study
site are not as pronounced. In the ecosystem of La
Selva, there is documentation of seasonality in litterfall
nutrient dynamics (Wood et al., 2005), soil respiration
(Schwendenmann et al., 2003), and tree ring data
(Fichtler et al., 2003). Trees in this system grow year-
round, and while some tree species show seasonal
patterns in growth (Hazlett, 1987), the phenologies of
all species are not synchronized the way they are in
temperate forests or tropical forests with dry seasons.
In this tropical rain forest, neither temperature, PAR,
nor precipitation varied enough to affect woody CO,
efflux rates of all species sampled. These results greatly
simplify carbon balance modeling for this system.

Sources of variation in CO, efflux across canopy and
landscape gradients

The best-fit model for In Fy; accounted for 75% of the
variation in CO, efflux (Table 2), but this is likely

© 2006 The Authors
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because Fy; is autocorrelated with diameter (diameter
is used to calculate Fy). The best fit model for In Fu
only accounted for 29% of the variation in CO, efflux
(Table 2), likely because over 110 identified species and
dozens more unidentified species were sampled. Never-
theless, we may still make general inferences based on
the results of the models that will help us understand
system processes, and how wood CO; efflux varies with
canopy structure and landscape gradients.

Effects of slope and phosphorus

Initially, we believed woody CO, efflux would increase
with increasing soil P, based on evidence that P is likely
limiting in this system (McDade et al., 1994) and the
evidence that more nutrient-rich sites tend to have
larger trees (Clark & Clark, 2000a). The situation is not
this simple, however, as the effect of P seems to depend
on slope, and the trend of higher F5 with higher slope
(Figs 3a and 5d) is most likely confounded with nutrient
availability. The shallow slopes at La Selva tend to be
inceptisols with higher available soil P, and the steeper
slopes tend to be more acidic ultisols with less P
available (McDade et al., 1994). At La Selva Biological
Station, Schwendenmann et al. (2003) found higher rates
of soil respiration where there were low levels of soil P,
likely because more biomass of fine root mycorrhizae
would be found in these sites, resulting in higher
respiration rates from root/mycorrhizae complexes.
Higher rates of tree root respiration where P is less
available (steep, acidic ultisols) may have resulted in
higher rates of measured aboveground woody CO,
efflux. R. O. Teskey and M. A. McGuire (personal
communication) recently found evidence that much of
the CO, dissolved in stem xylem sap likely comes from
root respiration and is transported upward in the xylem
stream. The idea that tree root respiration rates affect
aboveground woody CO, efflux rates is supported by
the {slope x phosphorus} interaction plot, in which the
slope effect is only at low total P, where the effect of pH
on P availability is likely to be more biologically im-
portant (Fig. 5d).

Effects of functional group

Whatever competitive advantage that allows P. macro-
loba to be dominant in this extremely diverse system
also likely contributes to higher growth rates and, thus,
higher woody respiration rates. CO, efflux rates of
P. macroloba and all other tree species increase with
increasing diameter on average (Fig. 5b), probably
because growth (Clark & Clark, 2000b), and likely
growth respiration also increase with diameter in this
ecosystem.

© 2006 The Authors

The decrease in liana CO, efflux rates with increasing
diameter (Fig. 5b) could be the result of both higher
growth rates and greater xylem CO, diffusion in liana
branches, and lower maintenance respiration in liana
stemwood. Lianas rely on the support of neighboring
trees to reach the top of the canopy. Once there, they put
proportionally more energy into producing leaf area
than stem growth (Putz, 1983). Thus, growth respiration
rates of fine liana branches would likely be higher than
liana stem growth respiration rates. Lianas have larger
diameter xylem vessels than trees on average (Ewers &
Fisher, 1991; Fisher & Ewers, 1995), and have been
documented to transport more water than trees of
similar diameters (Restom & Nepstad, 2001). It would
follow that lianas have the capacity to transport more
dissolved CO, per unit surface area to the top of the
canopy than the average tree, resulting in greater CO,
diffusion out of small branches. Lianas also tend to have
smaller stems than trees (Putz, 1983), and thus a smaller
volume contribution of stem maintenance respiration.
The high rates of small diameter liana branches would
not have been revealed if only lower stem measure-
ments had been taken.

Palms in this ecosystem are generally located in the
lower canopy; they rarely reach the upper canopy,
where the highest overall efflux rates were found
(Fig. 5¢). Slower growth rates would also likely lead to
lower woody growth respiration rates. The lower CO,
efflux rates for small diameter palm parts may be
explained by the fact that measured palm ‘branches’
were actually palm frond rachises, which were usually
green and, thus, likely refixing respired CO,.

Effects of canopy position

WT (branch vs. stem) did not explain significant varia-
tion when both diameter and height were included in
the model, indicating branches and stems of the same
size and in the same location had similar CO, efflux
rates. In this tropical forest, where most trees have
deliquescent morphology, the concept of stem wvs.
branch is more of a continuum, and often difficult to
determine. Although Sprugel (1990) asserts that branch
respiration may be qualitatively different from stem
respiration, our subjective decisions of stem vs. branch
were not as important to CO, efflux rates as the dia-
meter and height of the woody tissue itself.

Wood CO, efflux in the bottom 2 m, which increased
with increasing diameter (Fig. 3c), largely consisted of
stems. Large diameter stems likely have both greater
growth respiration and greater maintenance respiration
rates per unit surface area than smaller diameter
stems. Several studies of tropical trees also found an
increase of stem CO, efflux on a surface area basis with
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increased stem diameter (Ryan et al., 1994; Meir &
Grace, 2002; Nepstad et al., 2002).

Wood in the upper canopy had much higher CO,
efflux rates than wood of the same diameter lower in
the canopy (Fig. 3c). Conversely, Yoda et al. (1965) found
stems to have higher rates than branches, given the
same diameter. Yoda ef al. measured CO, efflux on
detached wood in enclosed chambers, where the diffu-
sion effect of dissolved CO, in the xylem would be
negligible, as the xylem CO, had likely already escaped
before measurement. Indeed, the rapid increase in
woody CO, efflux after excision is likely the result of
rapid diffusion, as opposed to an increased respiration
rate from wounding (Teskey & McGuire, 2005).

Several possible driving mechanisms may be causing
the trends of increasing CO, efflux with height for small
diameter wood. First, within-tree woody respiration
may increase closer to the leaves (higher in the canopy)
because of the increased energy cost of both growing
new cells, and loading and unloading carbohydrates
into and out of the phloem from the xylem parenchyma
cells (Sprugel, 1990). This effect may also be amplified
by the fact that leaves in full sun (higher in the canopy)
have higher photosynthetic capacity and net photo-
synthesis than shade leaves (Ellsworth & Reich, 1993;
Dang et al., 1997; Carswell et al., 2000; Wilson et al., 2000;
Hubbard et al., 2002). Second, wood respiratory poten-
tial, which is independent of xylem CO, diffusion, has
been found to increase with increasing height in Dacry-
dium cupressinum (Bowman ef al., 2005) and Pseudotsuga
menziesii (Pruyn et al., 2002). A third possible explana-
tion for higher CO, efflux rates of small branches high
in the canopy is that they are growing faster. Small
branches lower in the canopy may be older and have
nearly stopped growing, while branches of the same
size higher in the canopy may be younger and still
growing rapidly. Finally, diffusion of CO, out of the
xylem sap may also increase with increasing height and
decreasing diameter as a result of the upward move-
ment of dissolved CO, during the day and thinner bark
closer to the leaves. In several studies, diffusion of CO,
dissolved in the xylem stream was found to be the
primary source of measured CO, efflux (Teskey &
McGuire, 2002; McGuire & Teskey, 2004; Bowman
et al., 2005). Further study is necessary to tease apart
all of these possible reasons as to why woody tissue
CO;, efflux rates are so high at the top of the canopy.

Wood surface area and biomass distribution

To our knowledge, no other dataset explores small
diameter woody biomass and surface area distribution
throughout the vertical canopy transect within a tropi-
cal rain forest. These data were crucial for extrapolating

small diameter wood CO, fluxes, as surface area high in
the canopy had a large effect on our estimate of total
efflux (Figs 4e-h and m-p).

The total woody biomass by our estimation was
162kgm 2, with wood >10cm contributing 13.8
kg m~2, and wood <10cm contributing 2.4 kg m ™2 This
corresponds almost exactly with a previous estimate of
total aboveground biomass for the primary forest of La
Selva, 16.1kg m~2 (Clark & Clark, 2000a). Perhaps this
is not too surprising, considering the same eighteen
0.5ha plot diameters were used in this study, however,
Clark et al. used different allometric equations and did
not take small vs. large diameter wood into account in
their analysis.

Our study also provided a novel way to estimate total
liana biomass: 0.44 kg m~2, or 3% of the estimated total
woody biomass. When using plot-level above-buttress
stem diameter data that only included stems >10cm
to estimate biomass, lianas were essentially lost from
the system (Fig. 5a). Using the same 0.5ha plot data,
Clark & Clark (2000a) estimated liana biomass as
0.06 kg m~2, or only 0.4% of the total biomass, under-
estimating liana biomass sevenfold. In a lowland tropi-
cal rain forest in the Amazon, Phillips et al. (2005)
accounted for all diameters and estimated total liana
biomass as 1.43 kg m 2. This estimate is over three times
our estimate for a Costa Rican rain forest, possibly
because the Amazonian forest had a much greater
proportion of lianas that were >10cm, which ac-
counted for 80% of the total liana biomass (Phillips
et al., 2005).

Forest-level estimates of wood CO, efflux

Our estimate of total woody tissue CO, efflux rate
(508 + 135gCm 2yr '), is approximately 40% of the
estimated soil CO, efflux rate for the primary forest of
La Selva (1027-1613 g C m 257!, Schwendenmann et al.,
2003), and approximately 20-30% of the estimated
nighttime CO, net ecosystem exchange (1741-
2668gCm s '), as estimated by the eddy covariance
technique at La Selva from 1998 to 2000 (Loescher et al.,
2003). Our total woody tissue CO, efflux rate estimate
for this stand is almost twice the previous estimate of
woody CO; efflux at La Selva (Ryan et al., 1994), which
was only based two tree species. Our estimate is also
about 20% higher than a recent estimate of woody tissue
CO; efflux in an Amazonian tropical rain forest, which
concluded that wood CO, efflux accounted for 20%
of autotrophic respiration and about 14% of the total
carbon assimilated by photosynthesis (Chambers et al.,
2004). Both of these woody tissue efflux estimates were
extrapolated solely based on stem measurements taken
from the ground. In our study, we would have missed a
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large portion of CO, flux had we not measured small
diameter wood high in the canopy, especially lianas.
Small diameter wood (<10cm) was only 15% of total
woody biomass, but accounted for 70% of total woody
CO; efflux (Table 4). Lianas were only 3% of the total
woody biomass, but contributed one-fourth of the total
woody CO; efflux (Table 4).

Uncertainties associated with these forest-scale woody
CO; efflux estimates fall into two categories: uncertain-
ties in the rates themselves and uncertainties in the data
used to extrapolate these rates to the ecosystem. Three
possible sources of error in the efflux rates per unit
biomass or surface area are: (1) the lack of large diameter
wood measurements high in the canopy, (2) the lack of a
correction for seasonal temperature differences, and (3)
the lack of nighttime measurements. The fact that we
could not easily measure large branches or stems from
the tower may not greatly bias our estimates of large
diameter wood CO, efflux because, while small diameter
wood efflux has been found to increase with height,
efflux rates of large diameter wood tend to remain
unchanged with height (Sprugel, 1990; Ryan et al.,
1996; Damesin et al., 2002). The lack of a correction for
seasonal temperature variation is also not likely to cause
large errors, because the base temperature to which all
CO, efflux rates were corrected (25°C) was within a
degree of the average annual temperature, and tempera-
ture shows only a small diurnal and seasonal amplitude
(Agren & Axelsson, 1980). If our measurements had been
taken only at the bases of stems, we may have under-
estimated actual rates by 30% or more by only measuring
during the day, because much of the respired CO, is
transported up the xylem stream with the sapflow
(Teskey & McGuire, 2002; McGuire & Teskey, 2004;
Bowman et al., 2005). In our study, we have attempted
to capture this ‘lost’ respired CO, by measuring the full
vertical transect of the canopy. During the day, when
sapflow is at its peak, CO, in the xylem stream must
eventually diffuse out of the tree, most likely high in the
canopy where branch bark is thinnest.

Uncertainties in biomass and surface area estimates
are likely to cause greater errors in ecosystem rates
because of multiplicative effects and uncertainties in
allometric equations. Even though our surface area
estimates for all woody tissue <10 cm in diameter were
based on direct harvesting rather than allometry, they
still could lead to substantial error if our towers sam-
pling scheme did not adequately represent the forest
with respect to small diameter wood distribution. Of
the original randomly located set of possible tower sites,
37% were discarded because of rocky terrain or large
stems, therefore, it is reasonable to assume our tower
sites are representative of at least 63% of the landscape.
The allometric equations we used to estimate biomass

© 2006 The Authors

for wood >10cm in diameter could also be large
sources of error, especially in diameter ranges >80cm
(Clark & Clark, 2000a). Less than 2% of the total woody
CO, efflux came from wood that was >80 in diameter,
however (Table 4), so this is likely not a huge source of
error in our ecosystem estimates of wood CO, efflux.

Main conclusions

e Stem CO; efflux showed no evidence of seasonality
over a span of 2 years.

e Stem and branch CO, efflux rates per unit surface
area at 25° (F,) increased with woody tissue dia-
meter for all dicot tree species, did not change with
diameter for palms, and decreased with diameter
for lianas.

e F, was highest for the N-fixing dominant tree spe-
cies P. macroloba, followed by other dicot tree spe-
cies, lianas, and finally palms.

e Small diameter wood (<10 cm) F4 increased steeply
with increasing canopy height.

o Total woody tissue net CO, exchange for this pri-
mary tropical rain forest was estimated as
1.34 + 0.36 umolm 25" (508 + 135gCm 2yr ).

e Small diameter canopy wood is a substantial source
of total woody CO; efflux, especially lianas.

Acknowledgements

We thank the Organization of Tropical Studies (OTS) and the
Ministry of the Environment and Energy of Costa Rica (MINAE)
for providing logistical support. We gratefully acknowledge the
work of Paulo Olivas, Harlyn Ordofiez, and the dedicated and
industrious tower crew for their work constructing the towers
and collecting field data continuously for 2 years. We thank Dan
Binkley for a thoughtful review, and David Clark and Deborah
Clark for their guidance and for the use of their 0.5 ha plot data.
This project was funded by the National Science Foundation,
ATM-0223284.

References

Agren GI, Axelsson B (1980) Population respiration — a theore-
tical approach. Ecological Modelling, 11, 39-54.

Baker TR, Phillips OL, Malhi Y et al. (2004) Variation in wood
density determines spatial patterns in Amazonian forest bio-
mass. Global Change Biology, 10, 545-562.

Bowman WP, Barbour MM, Turnbull MH et al. (2005) Sap flow
rates and sapwood density are critical factors in within- and
between-tree variation in CO, efflux from stems of mature
Dacrydium cupressinum trees. New Phytologist, 167, 815-828.

Brown S (1997) Estimating Biomass and Biomass Change of Tropical
Forests. Food and Agriculture Organization of the United
Nations: A Primer, Rome.

Journal compilation © 2006 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2006.01269.x



16 M. A. CAVALERI etal

Burnham KP, Anderson DR (1998) Model Selection and Inference: A
Practical Information-Theoretic Approach. Springer-Verlag, New
York, USA.

Carswell FE, Meir P, Wandelli EV et al. (2000) Photosynthetic
capacity in a central Amazonian rain forest. Tree Physiology, 20,
179-186.

Cernusak LA, Marshall JD (2000) Photosynthetic refixation in
branches of Western White Pine. Functional Ecology, 14, 300-311.

Chambers JQ, Tribuzy ES, Toledo LC et al. (2004) Respiration
from a tropical forest ecosystem: partitioning of sources and
low carbon use efficiency. Ecological Applications, 14, S72-588.

Chave ], Andalo C, Brown S et al. (2005) Tree allometry and
improved estimation of carbon stocks and balance in tropical
forests. Oecologia, 145, 87-99.

Clark DB, Clark DA (2000a) Landscape-scale variation in forest
structure and biomass in a tropical rain forest. Forest Ecology
and Management, 137, 185-198.

Clark DB, Clark DA (2000b) Tree growth, mortality, physical
condition, and microsite in old-growth lowland tropical rain
forest; Ecological Archives E081-003. Ecology, 81, 294.

Clark DB, Clark DA, Rich PM et al. (1996) Landscape scale
evaluation of understory light and canopy structure: methods
and application in a neotropical lowland rain forest. Canadian
Journal of Forest Research-Revue Canadienne De Recherche Forest-
iere, 26, 747-757.

Clark ML, Clark DB, Roberts DA ef al. (2004) Small-footprint
lidar estimation of sub-canopy elevation and tree height in a
tropical rain forest landscape. Remote Sensing of Environment,
91, 68-89.

Damesin C, Ceschia E, Le Goff N et al. (2002) Stem and branch
respiration of beech: from tree measurements to estimations
at the stand level. New Phytologist, 153, 159-172.

Dang QL, Margolis HA, Sy M et al. (1997) Profiles of photo-
synthetically active radiation, nitrogen and photosynthetic
capacity in the boreal forest: implications for scaling from leaf
to canopy. Journal of Geophysical Research-Atmospheres, 102,
28845-28859.

Edwards NT, Shugart HH Jr, McLaughlin SB et al. (1981) Carbon
metabolism in terrestrial ecosystems. In: Dynamic Properties of
Forest Ecosystems (ed. Reichle DE), pp. 499-536. Cambridge
University Press, Cambridge, New York.

Ellsworth DS, Reich PB (1993) Canopy structure and vertical
patterns of photosynthesis and related leaf traits in a decid-
uous forest. Oecologia, 96, 169-178.

Ewers FW, Fisher JB (1991) Why vines have narrow stems:
historical trends in Bauhinia (Fabaceae). Oecologia, 88, 233-237.

Fichtler E, Clark DA, Worbes M (2003) Age and long-term
growth of trees in an old-growth tropical rain forest, based
on analyses of tree rings and C-14. Biotropica, 35, 306-317.

Fisher JB, Ewers FW (1995) Vessel dimensions in liana and tree
species of Gnetum (Gnetales). American Journal of Botany, 82,
1350-1357.

Gehring C, Park S, Denich M (2004) Liana allometric biomass
equations for Amazonian primary and secondary forest. Forest
Ecology and Management, 195, 69-83.

Goulden ML, Miller SD, da Rocha HR et al. (2004) Diel and
seasonal patterns of tropical forest CO, exchange. Ecological
Applications, 14, S42-554.

Hartshorn GS (1983) Plants. In: Costa Rican Natural History
(ed. Janzen DH), pp. 118-157. University of Chicago Press,
Chicago.

Hazlett DL (1987) Seasonal cambial activity for Pentaclethra,
Goelthalsia, and Carapa Trees in a Costa Rican lowland forest.
Biotropica, 19, 357-360.

Hidayat S, Simpson WT (1994) Use of green moisture content
and basic specific gravity to group tropical woods for kiln
drying. Research Note FPL-RN-0263, pp. 1-39. USDA Forest
Service, Forest Products Laboratory, Madison, W1

Hubbard RM, Bond BJ, Senock RS et al. (2002) Effects of branch
height on leaf gas exchange, branch hydraulic conductance
and branch sap flux in open-grown ponderosa pine. Tree
Physiology, 22, 575-581.

Lavigne MB, Franklin SE, Hunt ER et al. (1996) Estimating stem
maintenance respiration rates of dissimilar balsam fir stands.
Tree Physiology, 16, 687-695.

Levy PE, Jarvis PG (1998) Stem CO, fluxes in two Sahelian shrub
species (Guiera senegalensis and Combretum micranthum). Func-
tional Ecology, 12, 107-116.

Linder S, Troeng E (1980) Photosynthesis and transpiration of 20-
year old Scots pine. Ecological Bulletins, Stockholm, 32, 165-181.

Loescher HW, Oberbauer SF, Gholz HL et al. (2003) Environ-
mental controls of net ecosystem-level carbon exchange and
productivity in a central American tropical wet forest. Global
Change Biology, 9, 396—412.

Maier CA (2001) Stem growth and respiration in loblolly pine
plantations differing in soil resource availability. Tree Physiol-
ogy, 21, 1183-1193.

Matyssek R, Schulze ED (1988) Carbon uptake and respiration in
above-ground parts of a Larix decidua leptolepis tree. Trees, 2,
233-241.

McDade L, Bawa K, Hartshorn G et al. (1994) La Selva: The Ecology
and Natural History of A Neotropical Rainforest. Chicago Press,
Chicago.

McGuire MA, Teskey RO (2004) Estimating stem respiration in
trees by a mass balance approach that accounts for internal
and external fluxes of CO,. Tree Physiology, 24, 571-578.

Meir P, Grace J (2002) Scaling relationships for woody tissue
respiration in two tropical rain forests. Plant, Cell and Environ-
ment, 25, 963-973.

Miiller D, Nielson J (1965) Production brute, pertes par respira-
tion et production nette dans la foret ombrophile tropicale.
Forstl Forsggsvaes Dan, 29, 69-160.

Muller-Landau HC (2004) Interspecific and inter-site variation in
wood specific gravity of tropical trees. Biotropica, 36, 20-32.
Nepstad DC, Moutinho P, Dias MB et al. (2002) The effects of
partial throughfall exclusion on canopy processes, above-
ground production, and biogeochemistry of an Amazon forest.

Journal of Geophysical Research-Atmospheres, 107, 1-18.

Odum HT (1970) Summary: an emerging view of the ecological
system at El Verde. In: A Tropical Rainforest: A Study of Irradia-
tion and Ecology and El Verde, Puerto Rico (eds Odum HT,
Pidgeon RF), pp. 191-289. US Atomic Energy Commission,
Washington, DC.

Phillips OL, Martinez RV, Mendoza AM et al. (2005) Large lianas
as hyperdynamic elements of the tropical forest canopy. Ecol-
ogy, 86, 1250-1258.

© 2006 The Authors

Journal compilation © 2006 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2006.01269.x



TROPICAL RAIN FOREST WOOD CO, EFFLUX 17

Pruyn ML, Gartner BL, Harmon ME (2002) Within-stem varia-
tion of respiration in Pseudotsuga menziesii (Douglas-fir) trees.
New Phytologist, 154, 359-372.

Putz FE (1983) Liana biomass and leaf-area of a tierra firme forest in
the Rio-Negro basin, Venezuela. Biotropica, 15, 185-189.

Restom TG, Nepstad DC (2001) Contribution of vines to the
evapotranspiration of a secondary forest in eastern Amazonia.
Plant Soil, 236, 155-163.

Ryan MG (1990) Growth and maintenance respiration in stems of
Pinus contorta and Picea engelmannii. Canadian Journal of Forest
Research, 20, 48-57.

Ryan MG, Gower ST, Hubbard RM et al. (1995) Woody tissue
maintenance respiration of 4 conifers in contrasting climates.
Oecologia, 101, 133-140.

Ryan MG, Hubbard RM, Clark DA et al. (1994) Woody-tissue
respiration for Simarouba amara and Minquartia quianensis,
two tropical wet forest trees with different growth habits.
Oecologia, 100, 213-220.

Ryan MG, Hubbard RM, Pongracic S et al. (1996) Foliage,
fine-root, woody tissue and stand respiration in Pinus
radiata in relation to nitrogen status. Tree Physiology, 16, 333—
343.

Ryan MG, Lavigne MB, Gower STetf al. (1997) Annual carbon cost
of autotrophic respiration in boreal forest ecosystems in rela-
tion to species and climate. Journal of Geophysical Research
Atmospheres, 102, 28871-28883.

Ryan MG, Waring RH (1992) Maintenance respiration and stand
development in a sub-alpine lodgepole pine forest. Ecology, 73,
2100-2108.

Saugier B, Roy ], Mooney HA (2001) Estimations of global
terrestrial productivity: converging toward a single number?
In: Terrestrial Global Productivity (eds Roy ], Saugier B, Mooney
HA), pp. 543-557. Academic Press, New York.

Schwendenmann L, Veldkamp E, Brenes T et al. (2003) Spatial
and temporal variation in soil CO, efflux in an old-growth
neotropical rain forest, La Selva, Costa Rica. Biogeochemistry,
64, 111-128.

© 2006 The Authors

Segura M, Kanninen M (2005) Allometric models for tree volume
and total aboveground biomass in a tropical humid forest in
Costa Rica. Biotropica, 37, 2-8.

Sprugel DG (1990) Components of woody-tissue respiration in
young Abies amambilis (Dougl.) Forbes trees. Trees, 4, 88-98.
Sprugel DG, Ryan MG, Brooks JR et al. (1995) Respiration from
the organ level to the stand. In: Resource Physiology of Conifers
(eds Smith WK, Hinckley TM), pp. 255-299. Academic Press,

Inc, San Diego.

Teskey RO, McGuire MA (2002) Carbon dioxide transport in xylem
causes errors in estimation of rates of respiration in stems and
branches of trees. Plant, Cell and Environment, 25, 1571-1577.

Teskey RO, McGuire MA (2005) CO, transported in xylem sap
affects CO, efflux from Liquidambar styraciflua and Platanus
occidentalis stems, and contributes to observed wound respira-
tion phenomena. Trees-Structure and Function, 19, 357-362.

Vose JM, Ryan MG (2002) Seasonal respiration of foliage, fine
roots, and woody tissues in relation to growth, tissue N, and
photosynthesis. Global Change Biology, 8, 182-193.

Whitmore TC (1984) Tropical Rain Forests of the Far East. Clar-
endon Press, Oxford, UK.

Wilson KB, Baldocchi DD, Hanson PJ et al. (2000) Spatial and
seasonal variability of photosynthetic parameters and their
relationship to leaf nitrogen in a deciduous forest. Tree Physiol-
ogy, 20, 565-578.

Wood TE, Lawrence D, Clark DA et al. (2005) Variation in leaf
litter nutrients of a Costa Rican rain forest is related to
precipitation. Biogeochemistry, 73, 417-437.

Yoda K (1967) Comparative ecological studies on three main
types of forest vegetation in Thailand III. Community respira-
tion. Nature and Life in Southeast Asia, IV, 83-148.

Yoda K (1983) Community respiration in a lowland rain forest
in Pasoh, Peninsular Malaysia. Japanese Journal of Ecology, 33,
183-197.

Yoda K, Shinozaki K, Ogawa H et al. (1965) Estimation of the
total amount of respiration in woody organs of trees and forest
communities. Journal of Biology Osaka City University, 16, 15-26.

Journal compilation © 2006 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2006.01269.x



