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a b s t r a c t

Live aboveground biomass (AGB) is an important source of uncertainty in the carbon balance from the
tropical regions in part due scarcity of reliable estimates of live AGB and its variation across landscapes
and forest types. Studies of forest structure and biomass stocks of Neotropical forests are biased toward
Amazonian and Central American sites. In particular, standardized estimates of aboveground biomass
stocks for the Brazilian Atlantic forest are rarely available. Notwithstanding the role of environmental
variables that control the distribution and abundance of biomass in tropical lowland forests has been
the subject of considerable research, the effect of short, steep elevational gradients on tropical forest
structure and carbon dynamics is not well known. In order to evaluate forest structure and live AGB
variation along an elevational gradient (0–1100 m a.s.l.) of coastal Atlantic Forest in SE Brazil, we carried
out a standard census of woody stems ≥4.8 cm dbh in 13 1-ha permanent plots established on four
different sites in 2006–2007. Live AGB ranged from 166.3 Mg ha−1 (bootstrapped 95% CI: 144.4,187.0) to
283.2 Mg ha−1 (bootstrapped 95% CI: 253.0,325.2) and increased with elevation. We found that local-scale
topographic variation associated with elevation influences the distribution of trees >50 cm dbh and total
live AGB. Across all elevations, we found more stems (64–75%) with limited crown illumination but the
largest proportion of the live AGB (68–85%) was stored in stems with highly illuminated or fully exposed
crowns. Topography, disturbance and associated changes in light and nutrient supply probably control
biomass distribution along this short but representative elevational gradient. Our findings also showed
that intact Atlantic forest sites stored substantial amounts of carbon aboveground. The live tree AGB of the
stands was found to be lower than Central Amazonian forests, but within the range of Neotropical forests,

in particular when compared to Central American forests. Our comparative data suggests that differences
in live tree AGB among Neotropical forests are probably related to the heterogeneous distribution of large
and medium-sized diameter trees within forests and how the live biomass is partitioned among those
size classes, in accordance with general trends found by previous studies. In addition, the elevational
variation in live AGB stocks suggests a large spatial variability over coastal Atlantic forests in Brazil,
clearly indicating that it is important to consider regional differences in biomass stocks for evaluating

d trop
the role of this threatene

. Introduction
Biomass is a key property of ecosystems (Chapin et al., 2002;
ahey and Knapp, 2007) that results from the mass balance between
ates of gain due to productivity and losses due respiration and
ortality (Keeling and Phillips, 2007a). In tropical forests, the live
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ical biome in the global carbon cycle.
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aboveground biomass (AGB) pool plays an important role in the
global carbon cycle, accounting for a significant fraction of the total
carbon pool and nutrient stocks (Brown and Lugo, 1984; Dixon et
al., 1994; Brown et al., 1995; Phillips et al., 1998). AGB estimates
are still an important source of uncertainty in the carbon balance
from the tropical regions in part because of a scarcity of reliable

estimates of live AGB and its variation across landscapes and for-
est types (Houghton, 2007; Saatchi et al., 2007; Houghton et al.,
2009). Therefore, improved local and regional AGB estimates pro-
vide essential data that enable the extrapolation of biomass stocks
to ecosystems or biome-wide carbon cycle modeling, as well as
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o allow reliable emission estimates from land use change scenar-
os (Urquiza-Haas et al., 2007; Houghton et al., 2009; Loarie et al.,
009).

Tropical South America represents the greatest concentration
f tropical rain forest in the world, extending over the Amazo-
ian region (885 million hectares), and extra-Amazonian areas in
he Pacific coast of Colombia and Ecuador, and the Atlantic coast
nd Iguaçu and Paraná River valleys of Brazil (85 million hectares)
FAO, 2000). The Atlantic Forest Domain (Morellato and Haddad,
000; Oliveira-Filho and Fontes, 2000), considered as one of the
lobal centers of vascular plant diversity and endemism (Mutke
nd Barthlott, 2005; Guedes-Bruni et al., 2009; Murray-Smith et
l., 2009), and one of the most threatened tropical forest regions
n the world (Myers et al., 2000; Laurance, 2009), still covers about
4 million hectares (Galindo-Leal and Camara, 2003), or 16,5% of
he total extra-Amazonian tropical rain forest in South America.
espite its extent, forest carbon pools and fluxes of the Atlantic
orest have seldom been studied, and standardized estimates of
boveground stocks of live and dead biomass are rarely available.
he only comparable studies published to date are those of Tiepolo
t al. (2002) and Rolim et al. (2005) that reported aboveground car-
on stocks (Tiepolo et al., 2002) and changes (Rolim et al., 2005) for
wo Atlantic Forest sites.

Live aboveground biomass stocks vary widely among Neotropi-
al forests due to regional differences in stem size distribution, soil
ertility and topography, as well as disturbance (Clark and Clark,
000; DeWalt and Chave, 2004; Vieira et al., 2004; Rolim et al.,
005; Sarmiento et al., 2005; Castilho et al., 2006; Malhi et al.,
006; Muller-Landau et al., 2006; Urquiza-Haas et al., 2007). Differ-
nces in live aboveground biomass among Neotropical forests may
lso be related to local canopy height variation as well as average
ood density and forest composition (Baker et al., 2004; Chave et

l., 2005; Vieira et al., 2008; Nogueira et al., 2008). Understanding
he role of environmental variables that control the distribution
nd abundance of biomass in tropical lowland forests has been the
ubject of considerable research (Clark and Clark, 2000; DeWalt and
have, 2004; Vieira et al., 2004; Baker et al., 2004). Nonetheless, the
ffect of short (<2000 m elevational range), steep elevational gra-
ients on tropical forest structure and carbon dynamics is not well
nown (Lieberman et al., 1996; Bruijnzeel and Veneklaas, 1998;
aide et al., 1998; Takyu et al., 2002, 2003; Leuschner et al., 2007;

ach et al., 2010).
Depending on latitude and regional climate, the elevational rate

f change in vegetation structure with elevation varies greatly,
esulting in short (<2000 m) or long (>2000 m) gradients (Grubb,
977; Bruijnzeel and Veneklaas, 1998; Bruijnzeel, 2002). In short
levational gradients vegetation zonation can be compressed
“Massenerhebung” effect; Richards, 1996) allowing the appear-
nce of cloud montane forests in lower elevations (Grubb, 1977).
hort elevational gradients in tropical regions may display stronger
daphic discontinuities over short distances due to steep topog-
aphy and microclimate variation than long elevational gradients
Ashton, 2003; Silver et al., 1999; Daws et al., 2002; Takyu et al.,
003). Air temperature, solar radiation and atmospheric pressure
ariability are primarily a function of elevation (Korner, 2007), but
ther environmental conditions, including light availability (photo-
ynthetically active radiation), soil moisture and temperature, and
utrients are expected to co-vary along short elevational gradi-
nts in the tropics due to steep topography (Proctor et al., 1983;
ilver et al., 1999; Daws et al., 2002; Takyu et al., 2003; Aiba et
l., 2004); biotic factors such as rates of microbial decomposition

re likely to reflect these features (Lieberman et al., 1996; Abril
nd Bucher, 2008). Therefore, differences in forest structure and
iomass stocks may be found among sites over short distances. The
eneral trends for long tropical elevational gradients are a decline
n forest stature and live aboveground biomass while stem density
nagement 260 (2010) 679–691

increases with elevation (Grubb, 1977; Raich et al., 1997; Tanner
et al., 1998; Waide et al., 1998; Aiba and Kitayama, 1999; Kitayma
and Aiba, 2002; Moser et al., 2007). This pattern has been explained
as a result of climatic constrains on photosynthesis and transpira-
tion and nutrient uptake with increasing elevation (Bruijnzeel and
Veneklaas, 1998; Kitayma and Aiba, 2002; Raich et al., 2006).

Our study is focused on a geologically and topographically com-
plex region located along the Serra do Mar mountain range covered
by a floristically diverse old-growth, tropical Atlantic moist for-
est (Oliveira-Filho and Fontes, 2000; Murray-Smith et al., 2009) in
SE Brazil. Given the limited information about live aboveground
biomass stocks for the Atlantic Forest, our goals are: (1) to quantify
how biomass is spatially distributed along the elevational gradient;
(2) to evaluate the spatial pattern of biomass distribution within
the landscape in relation to environmental gradients including cli-
mate, soil moisture and chemical properties; and (3) to compare
this estimate obtained for a large-scale network of permanent plots
to those observed across Neotropical forests. To the best of our
knowledge no prior studies have investigated the effect of eleva-
tional gradients on forest structure and live aboveground biomass
in the Atlantic Forest. Therefore, quantifying the complex three-
dimensional forest structure of this threatened tropical forest is
the first step to understand aboveground biomass partitioning and
carbon dynamics (Broadbent et al., 2008).

2. Materials and methods

2.1. Study site and sampling design

We assessed forest structure and live aboveground biomass
(AGB) variation at four sites along an elevational gradient
(0–1000 m asl) of tropical moist forest in São Paulo state, SE
Brazil. The elevational gradient includes a network of 13 1-ha per-
manent plots established in 2005–2006 to study forest diversity
and dynamics, and ecosystem functioning of the Brazilian Coastal
Atlantic Forest (Joly et al., 2008). The plot network is located within
the Serra do Mar State Park (PESM) (23◦34′S and 45◦02′W; 23◦17′S
and 45◦11′W; 0–1200 m asl) that overlaps with other relevant area,
the Serra da Bocaina National Park. Together, the region comprises
more than 100,000 ha, one of the largest protected Atlantic Forest
remnants in Brazil (Ribeiro et al., 2009). The predominant vege-
tation type is tropical moist evergreen forest (Holdridge, 1947) or
lowland to lower montane rainforest, following Oliveira-Filho and
Fontes (2000), with a tall canopy stratified into lower, canopy and
emergent layers, and abundant epiphytes, ferns, bromeliads, and
lianas (Morellato and Haddad, 2000).

The geological and topographic complexity of the Serra do Mar
mountain range (Suguio and Martin, 1978) has resulted in extreme
habitat and microclimate heterogeneity along the Atlantic coast
of São Paulo and Rio de Janeiro states. The region was shaped
by tectonic activity in the Tertiary and by sea-level changes at
low elevations associated with glacial cycles in the Quaternary
(Suguio and Martin, 1978; Souza et al., 2005; Pierre-Ledru et
al., 2009). This complex landscape has likely played important
roles in the current distribution of habitat heterogeneity and biota
(Carnaval and Moritz, 2008; Fitzpatrick et al., 2009), and even
possibly promoting gradients of soil fertility and water availabil-
ity (nutrients, soils, hydrology, dynamics). Therefore, we selected
four sites to sample the range of elevational conditions at local
and regional scales within the north coastal Atlantic Forest in São

Paulo (Table 1). Each site corresponded to distinct elevations, also
representing four different forest types or physiognomies accord-
ing to the Brazilian National Classification System for Vegetation
(IBGE; Veloso et al., 1991): seasonally flooded coastal forest at
sea level (also known as restinga, a vegetation mosaic growing
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Table 1
Stand site and physical–chemical characterization of the surface soil layer (0–5 cm) sampled at four sites along the elevational gradient of tropical moist forest (Atlantic
forest, Brazil). Mean values (±standard errors; n = 32). Adapted from Martins et al. (in review).

Site parameter Forest type

Restinga (seasonally flooded forest) Lowland Submontane Montane

Plot code A B, C, D, E G, H, I, J K, L, M, N
Plots (1 ha) 1 4 4 4
Elevation (m a.s.l.) 0–50 50–100 100–500 500–1200
Topography Flat (0–10◦) Gentle (10–30◦) Steep (>30◦) Steep (>30◦)
Soil type Quartzipsamment Inceptisols Inceptisols Inceptisols

Soil texture (%) 88.1% sandy 60.4% sandy 66.7% sandy 57.4% sandy
6.1% clay 31.5% clay 16.4% clay 20.3% clay

Soil pHa 3.4 3.6 3.6 3.5
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CEC (mmolc kg ) 111.6
P (mg kg−1) 11.5
SB (mmolc kg−1) 4.2

a pH expressed in CaCl.

n poor sandy soil along the Brazilian coast (Joly et al., 1999;
carano, 2002); lowland (100 m); submontane (400 m); and mon-
ane forest (1000 m) (Table 1). Each forest type has been previously
istinguished by their underlying forest diversity and composition
Sanchez et al., 1999; Sanchez, 2001; Joly et al., unpublished data).

yrtaceae, Rubiaceae, Fabaceae, and Lauraceae are the richest fam-
lies (Joly et al., unpublished data). Common canopy tree species

ith dbh > 30 cm include: Hieronyma achorneoides, Virola bicuhyba,
riotheca pentaphylla, Sloanea guianensis, Cryptocaria mandiocanna,
cclinusa ramiflora, Licania hoehnei, and Chrysophyllum viride. Lianas
re particularly abundant in gaps at lowland forest sites (Alves et
l., unpublished data).

The seasonally flooded coastal forest at sea level (herein
estinga) has undergone some hydrologic disturbances due to the
onstruction of a highway in the late 1960s (SMA-Secretaria do
eio and Ambiente, 1998). The steep topography and remote loca-

ions of the permanent plots >100 m have partially limited human
mpacts on the vegetation. However, recent signs of illegal palm
eart harvest and hunting of small game have been observed. The

owland plots are located near (∼1 km) areas of long-term settle-
ent and slash and burn agriculture, but no signs or reports of

and-use within the plot area have been detected, except the pres-
nce of a historical trail (SMA-Secretaria do Meio and Ambiente,
998).

For lowland, submontane, and montane forest sites, we estab-
ished four 1-ha plots (100 m × 100 m) with the aim to represent the
orest heterogeneity (Table 1); the minimum distance among plots
ithin each site was 50 m. One additional 1-ha plot was established

t the restinga forest (Table 1) due to its limited representative-
ess within the Park limits. Because the topography is complex
ver short geographical distances at mid- and high-elevation (hilly
nd undulating terrain to steeply dissected slopes, including scars
f landslides), all plots were demarcated and surveyed with an
letronic theodolite (total station) every 10 m. All plots have the
ame area when projected to the horizontal plane. The most com-
on slope classes ranges from flat (0–10◦) to gentle (10–30◦) at

estinga and lowland forests plots, respectively, to steep (>30◦) at
ubmontane and montane (Table 1).

The elevational gradient consists of two parent material types.
rystalline basement with predominance of gneiss, migmatite and
ranite underlay the lowland, submontane and montane sites
IPT-Instituto de Pesquisas Tecnológicas, 2000), and sedimentary

ocks lay beneath the restinga forest (IPT-Instituto de Pesquisas
ecnológicas, 2000). Soils at 100, 400 and 1000 m are predomi-
antly Inceptisols, without significant difference in soil depth with
levation, still poor soils in terms of nutrients, but less sandy and
elatively nutrient rich compared to soils in the restinga forest
138.4 193.2 163.0
17.6 12.9 21.2
12.9 22.5 15.8

(Quartzipsamment) (Martins et al., in review; Table 1). Moisture
content, total nitrogen and carbon, and ammonium and nitrate soil
concentrations increase with elevation while decomposition rates
of organic matter and soil N2O and CO2 emissions to the atmo-
sphere decrease with elevation (Sousa Neto, 2008).

Complex topography and the proximity to the ocean control the
distribution of rainfall on the coast of São Paulo state (Silva-Dias et
al., 1995). The region receives ca. 2500 mm of rainfall annually, and
monthly average temperature range from 19.1 to 25.5 ◦C (Sentelhas
et al., 1999). The climate is humid subtropical with hot summers
(Cfa type in Köppen), typically with one month per year with
<50 mm rainfall, and up to three months per year (June–August)
with <100 mm rainfall (Sentelhas et al., 1999). Frequent cloud cover
and drizzle brought by ocean winds reaches the submontane and
montane sites (Silva-Dias et al., 1995); at higher altitudes, air and
soil temperatures are lower, with a high incidence of low level
clouds and fog formation that reduce annual irradiance (Sousa Neto,
2008).

2.2. Inventory protocol

In 2006 and 2007; we performed a standard forest census (fol-
lowing Clark, 2002; Phillips and Baker, 2001) for each 1-ha plot
of the permanent network. We measured to the nearest 1 mm the
diameter at 1.3 m height (dbh) or above any buttresses or stem
irregularities of all live stems ≥ 4.8 cm, including trees, palms, and
tree ferns. We marked all stems with numbered aluminum tags
with plot code, and mapped them to the nearest 10 cm. We checked
diameter records on a tree-by-tree basis; treatment of outliers
and measurement problems followed standard procedures (Condit,
1998; Chave et al., 2003). We categorized stems by life form (trees,
palms and tree ferns), and canopy position or crown illumination
index (CII) (Clark and Clark, 1992). This index, when well-calibrated
among observers, provides a rapid and simple method to esti-
mate individual canopy light environment integrated over long
periods for tropical trees (see Clark and Clark, 1992; Keeling and
Phillips, 2007b for details), with strong correlations found between
CII and canopy openness and light site factors (Clark and Clark,
1992; Davies et al., 1998; Keeling and Phillips, 2007b). For tree
and palm stems, we estimated total height by applying fitted
height–diameter allometric equations developed by Scaranello et
al. (unpublished data) for each site along the elevational gradi-

ent. From the entire survey database, Scaranello et al (unpublished
data) randomly selected 431 trees and 142 palms stratified by dbh
class (<10, 10–30, 30–50 and >50 cm) and by site to perform height
measurements using a handheld laser range finder (Impulse-200LR,
Laser Technology Inc., Englewood, Colorado) or a telescoping rod.
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Table 2
Allometric equations used to estimate stem AGB dry biomass (Mg ha−1) at four sites along the elevational gradient of tropical moist forest (Atlantic
forest, Brazil). DBH: diameter at breast height, H: total height, �: wood density (g cm−3).

Life form Allometric equation Source
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Trees exp (−2.977 + ln(� × DBH2 × H)
Palms exp(((57.236 + 0.9285ln(DBH2)) ×
Tree ferns −4266348/(1 − (2792284 exp(0.3

eight was modeled as a function of diameter using a non-linear
eibull model for trees and a linear model for palms (see Appendix

; Appendix A). For tree ferns, total height was estimated visually
y a single observer.

.3. Allometric equations to estimate live aboveground biomass
AGB)

We used the census data (tree, palm, and tree fern stems
4.8 cm) from the permanent plots (2006–2007) to estimate the

ive aboveground biomass (AGB). For regional-scale comparisons
f AGB estimates, an allometric equation that incorporates envi-
onmental, compositional, and forest structural traits that vary
ignificantly at regional scales, is required (Brown, 1997; Baker et
l., 2004). As there are no available allometric equations developed
estructively for old-growth Atlantic forest sites encompassing a
ange of tree diameters suitable for this study (Vieira et al., 2008;
ut see Burger and Delitti, 2008 for a secondary-growth Atlantic
orest site), we applied a pantropical allometric model developed
y Chave et al. (2005) for tropical moist forests to estimate the AGB
or live trees 4.8 cm dbh (Table 2). Chave’s et al. (2005) allomet-
ic equations can be used to estimate forest biomass and carbon
tocks across a wide range of tropical forest types (Gibbs et al., 2007;
sner et al., 2009) including the coastal Atlantic forest (see Vieira
t al., 2008). The model in Chave et al. (2005), calibrated based on
estructive data for stems 5–156 cm dbh (n = 2410), expresses AGB

n kg as a function of diameter at breast height (dbh), total tree
eight, and average wood density. To estimate total tree height

rom dbh, we applied stand-specific allometric equations devel-
ped by Scaranello et al. (unpublished data), as described above.
ecause a complete list of tree species sampled across the per-
anent plots is not yet available, we compiled a list of 402 tree

pecies with its respective abundance (stems ha−1) from previous
orest inventories carried out in the same region (Tabarelli, 1997;
anchez, 2001; see Appendices B and C). We used these data to esti-
ate a weighted average wood density (�weighted) values for each

levation (restinga, lowland, submontane, and montane forests):

weighted =
∑

i

(Si × �i)
NStems

where Si is the number of stems ha−1 of species i, �i is the wood
ensity value for the species i, and NStems is the total number of
tems ha−1 sampled by site. We updated genera and species names
isted in those inventories using the Tropicos database from the

issouri Botanical Garden (http://www.tropicos.org/). Additional
orrections were made to conform families to the Angiosperm Phy-
ogeny Group (APG II, 2003). Wood density values at genus and
pecies level were obtained in Chave et al. (2006) and comple-
ented with national data sources (Mainieri and Chimelo, 1989;

arvalho, 1994). For species lacking data on wood density, we used
verage values for genus, because a large proportion (ca. 74%) of
pecies-level wood density variation for Neotropical forests can

e explained at this taxonomical level (see Chave et al., 2006).
e obtained wood density data at genus and species level for

5% and 26% of 402 taxa sampled in those previous inventories,
espectively (Appendix B). Weighted average wood density values
�weighted) calculated by elevation are shown in Appendix C. For
Chave et al. (2005)
001)/103 Nascimento and Laurance (2002)
7 × H))) Tiepolo et al. (2002)

palms (≥4.8 cm dbh), we converted dbh data to AGB using the equa-
tion developed by Hughes (1997; apud Nascimento and Laurance,
2002) (Table 2). For tree ferns, we estimated the AGB by following
the allometric equation provided in Tiepolo et al. (2002) based on
destructive sampling (Table 2).

2.4. Statistical analysis

In order to evaluate forest structure and biomass variation along
the elevational gradient, we calculated the following variables by
plot: total stem density (≥4.8 cm and ≥10 cm dbh) and stem den-
sity by size class (< 10, 10–30, 30–50, ≥50 cm dbh), and estimated
total live stem biomass (AGB) and AGB by size class. We pooled
stems and AGB into wide size classes to facilitate comparison with
similar studies on biomass and forest structure in the Neotropical
region (as in Vieira et al., 2004; Pyle et al., 2008). Each 1-ha perma-
nent plot was considered a replicate within each forest type (n = 4),
except for the restinga forest that has very limited representation
in the region because of beachfront development. For this forest
type, the 1-ha plot was split into four 50 × 50 m (0.25 ha) sub-plots
(the minimal sample size for tropical forest inventories; e.g., Chave
et al., 2004, 2008) that although pseudo-replicated (sensu Hurlbert,
1984), allowed us to perform consistent analyses across the eleva-
tional gradient including this forest type. Previously, we checked
that the contiguous 0.25 ha subplot estimate for the restinga forest
was not biased by spatial autocorrelation (Legendre and Legendre,
1998) at that scale (data not shown). We represented sampling
effort uncertainty for our field-based estimates of mean live AGB
and stem density with 95% confidence intervals calculated using a
non-parametric bootstrap analysis (Efron and Tibshirani, 1993); a
similar approach was adopted by Chave et al. (2008), and Pyle et al.
(2008). Bootstrap samples of 1-ha plots (and quarter-hectare sub-
plots for the restinga forest) were drawn 1,000 times to generate
estimates of 95% confidence intervals around mean live AGB and
stem density using the bootstrap bias-corrected and accelerated
(BCa) method (Efron, 1987; Efron and Tibshirani, 1993; all analyses
performed in R. 2.10.1). This is an efficient and accurate method to
generate bootstrap confidence intervals because it adjusts for both
bias and skewness in the bootstrap distribution (Efron, 1987). We
inferred whether there were significant differences among forest
types by checking for non-overlapping confidence limits. We also
performed a non-parametric analysis (Spearman’s rank correla-
tion) to assess if individual canopy light environment (CII) and size
(dbh) were correlated within forest types across elevational sites.
We contrasted differences in canopy height among forest types by
plotting estimated height against dbh of all tree and palm stems
≥4.8 cm.

As stem density and local topography can vary widely among
plots even within the same elevation (see Appendices D and E),
we applied multiple-regression models with stepwise backward
selection of variables to examine the combined effects of site ele-
vation (average elevation in meters asl at 1-ha plot scale), local

topography (elevational range in m asl, estimated as the difference
between the minimum and maximum elevation values within 1-
ha plot), and stand size structure (tree density by size class) on
total stand live aboveground biomass variation (n = 13; the restinga
plot not sub-divided for this analysis). To check the significance

http://www.tropicos.org/
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of multicollinearity in our data (Graham, 2003; Gotelli and Ellison,
2004), we first performed a Pearson’s product–moment correla-
tion test with Bonferroni’s correction for multiple comparisons
(Dunnett, 1955). This analysis was performed in SYSTAT version
9 (Wilkinson, 1999). We observed only one strong correlation
(r > 0.70 and P < 0.001) between local topography and site eleva-
tion (rPearson = 0.85, P < 0.001). Thus, we eliminated site elevation
as an exploratory variable in our model as this variable provided
no additional explanatory effect beyond those variables already
included in the model, and we then run the model with the other
five remaining variables. The models were judged by comparison of
root mean squared error (RMSE), coefficient of determination (R2)
and slope (b) for model-predicted AGB vs. independent variables.
We set P = 0.10 for each variable as the probability to enter and
to leave the model. We performed this analysis using JMP version
7.0.2 (SAS Institute, 2007).

2.5. Comparison with other neotropical forests

To compare our data on live AGB and tree density (≥10 cm
dbh) with other studies in Neotropical forests, we synthesized
results from selected published studies throughout Central and
South America. We extracted data collected from studies conducted
at old-growth tropical forests of the Neotropical region without
pronounced seasonality (five or less months with average precipi-
tation < 100 mm), spanning from lowland to upper montane moist
and wet forests, and that reported data on AGB and stem density
for trees with dbh ≥ 10 cm. Those criteria include most of the pre-
viously published studies on forest structure and live AGB of this
region using standardized methods for permanent plots.

3. Results

3.1. Forest structure and live aboveground biomass (AGB)
distribution

On average, we sampled 1576 stems ≥4.8 cm dbh per hectare
(bootstrapped 95% CI: 1446, 1707; see Appendix C) distributed
across different life forms: trees (83%), palms (16%), and tree ferns
(1%). For stems ≥10 cm dbh, we sampled 759 stems ha−1 (boot-
strapped 95% CI: 693, 822). Trees were the dominant life form
across all forest types, comprising 72–89% of stems and 96–98%
of live AGB ≥ 4.8 cm; and 71–98% of stems and 97–99.5% of live
AGB ≥ 10 cm dbh (Table 3). The contribution of palms was highest
in the montane forest (24.4% and 25.8% of all stems ≥4.8 cm and
≥10 cm dbh, respectively), but accounted for less than 5% of the
total live AGB (Table 3) because few palms (n = 13) had dbh > 30 cm
across all plots. Tree ferns showed a minor contribution to the total
number of stems as well as to the live AGB along the elevational
gradient (Table 3).

We found a progressive increase in stem density and live AGB
with elevation (Table 3). The number of stems and live AGB dif-
fered significantly among forest types: stem density and estimated
AGB were higher in submontane and montane forests than in other
forest types. Total stand AGB ranged from 166.3 Mg ha−1 (boot-
strapped 95% CI: 144.4, 187.0) in restinga forest to 283.2 Mg ha−1

(bootstrapped 95% CI: 253.0, 325.2) in montane forest. Biomass for
stems ≥10 cm dbh was also greater at higher elevations, exceeding
250 Mg ha−1 at the two highest sites (Table 3).

The distribution of stem density and live AGB by diameter size

class showed a contrasting pattern across the elevational gradient
(Fig. 1). In general, the smaller size classes held most of the stems
and a small fraction of the live AGB. However, the restinga forest
had more small stems (<30 cm) and a higher fraction of the total
AGB stored in these size classes (61.6%) than any other forest type
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ig. 1. Distribution of (a) number of stems (ha ) and (b) biomass (Mg ha ) by size
lass (dbh cm) on different forest types along the elevational gradient of tropical
oist forest (Atlantic forest, Brazil). Values are means ± 95% CI; n = 4. Note log scale

sed for the number of stems (ha−1).

Fig. 1). Large (30–50 cm) and very large (≥50 cm) stems were more
bundant at submontane and montane forests, accounting for more
han 68% of the total live AGB in these sites (Fig. 1).

The height–diameter relationship changed among forest types
bove 30 cm dbh with the restinga forest displaying a smaller
anopy stature (17.7 m; 99th quantile) than other forest types

23–25 m; 99th quantile) (Fig. 2). For all forest types, the individual
rown illumination index (CII) was positively and significantly cor-
elated with diameter (dbh) (rSpearman = 0.51–0.59; P < 0.001 for all
orrelations). Across all elevations, we found more stems (64–75%)

ig. 2. Log-fitted allometric relationships between diameter and height of stems
4.8 cm dbh sampled along the elevational gradient of tropical moist forest (Atlantic

orest, Brazil).
Fig. 3. Proportion of total stems ≥4.8 cm dbh and live biomass stored by crown
illumination index class (a) and biomass (b) on different forest types along the
elevational gradient of tropical moist forest (Atlantic forest, Brazil).

with limited crown illumination (CII class 3; Fig. 3a), but the largest
proportion of the live AGB (68–85%) was stored in stems with highly
illuminated crowns or crowns fully exposed to light (CII classes
4 and 5; Fig. 3b). The proportion of the biomass stored in stems
with CII 4 and 5 increased with elevation, reaching 85% of the live
biomass in the montane forest (Fig. 3b) or 239.6 Mg ha−1.

3.2. Effects of forest structure, elevation and topography on
biomass variation

We found no multifactor model where all factors were signifi-
cant (Table 4) but a simple two-factor model explained 91% of the
variance in total stand-level live AGB along the elevational gradient;
the main factors were the abundance of large stems ≥50 cm dbh
and the elevational range at plot scale. AGB variation of very large
stems ≥50 cm dbh was also explained by the same factors, plus
the negative effect of the abundance of stems 30–50 cm (Table 4).
A multi-factor model taking account of site local topography and
stem abundance explained 98% of the variance in AGB of stems
30–50 cm dbh. The model explaining 82% of the AGB variation of
stems 10–30 cm dbh included only a positive abundance of stems.
The abundance of stems < 10 cm dbh and a negative effect of the
abundance of large stems (30–50 cm) explained 92% of the variabil-
ity in AGB of stems < 10 cm along the elevational gradient (Table 4).

3.3. Comparison of Atlantic forest biomass and structure with
other neotropical forest sites

Our estimated average of trees ≥10 cm dbh per hectare across
the elevational gradient of Atlantic forest (654 trees ha−1; boot-
strapped 95% CI: 602, 729) was higher than published studies
for neotropical forests (Table 5; 502 trees ha−1; bootstrapped 95%
CI: 458, 557), but the estimated AGB obtained along the gradient

−1
(213.6 Mg ha ; bootstrapped 95% CI: 188.6, 235.8) is within the
range of values reported for other Neotropical forests (Table 5;
259.6 Mg ha−1; bootstrapped 95% CI: 230.3, 283.6). The live tree
biomass of submontane and montane Atlantic forest types is com-
parable to the biomass of more seasonal forests of Central America
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Table 4
Summary of multiple-regression models with stepwise backward selection of variables to examine the combined effects of local topography (elevational range), and stand
size structure (tree density by size class) on total live aboveground biomass variation, and on live AGB variation of different stem size classes. RMSE: root mean square error.

Biomass component Predictor variablesa F RMSE R2 P

Local topography Stand size structure

Stems < 10 Stems 10–30 Stems 30–50 Stems > 50

Total AGB 1.51 NS NS NS 2.29 52.69 14.52 0.91 <0.0001
AGB stems > 50 0.57 NS NS −0.53 2.75 50.92 9.09 0.94 <0.0001
AGB stems 30–50 0.42 NS −0.03 0.68 NS 172.86 2.65 0.98 <0.0001
AGB stems 10–30 NS NS 0.09 NS NS 22.46 5.31 0.82 <0.001
AGB stems < 10 NS 0.01 NS −0.03 NS 54.85 0.63 0.92 <0.0001

a Values represent the standard coefficient (b) associated with each predictor variable that contributed significantly to the model at P < 0.05; n = 13.

Table 5
Live aboveground biomass (Mg ha−1, trees ≥ 10 cm dbh) of several tropical moist and wet Neotropical forests. Sites arranged by biomass.

Site MAP
(mm y−1)

MAT (◦C) Elevation
(m asl)

Dry months
(<100 mm)

Trees
(ha−1)

Tree AGB
(Mg ha−1)

Reference

Neotropical forests
Lowland seasonally dry forest, Mexico 1650 24 6 4 – 109.0 Vargas et al. (2008)
Lowland wet forest, La Selva, Costa Rica 4000 26 30 0 367 148.7 Clark and Clark (2000)
Montane wet forest, Venezuela 3000 11 2820 – – 157.0 Delaney et al. (1997)
Montane moist forest, Venezuela 2400 15 2400 – – 173.0 Delaney et al. (1997)
Lowland moist forest, Venezuela 2500 26 270 – – 179.0 Delaney et al. (1997)
Lowland moist forest, BCI, Panama 2600 27 140 4 377 179.1 DeWalt and Chave (2004)
Lowland wet fores, La Selva, Costa Rica 4000 26 30 0 471 203.2 DeWalt and Chave (2004)
Lowland forests, SW Amazonia (Bolivia, Peru) – – <500 – – 206.7 Baker et al. (2004)
Lowland forests, NW Amazonia (Peru, Ecuador) – – <500 – – 220.8 Baker et al. (2004)
Submontane semideciduous forest, La Chonta, Bolivia 1580 25 400–600 4 129 236.6 Broadbent et al. (2008)a

Lowland wet forest, Manaus, Brazill 2650 26 50–100 3 654 240.2 DeWalt and Chave (2004)
Lowland moist forest, Rio Branco, Brazil 1940 24 214 4 467 244.1 Vieira et al. (2004)
Lowland moist forest, BCI, Panama 2600 27 140 4 461 260.2 Chave et al. (2003)b

Lowland forests, Central & Eastern Amazonia (Brazil) – – <500 – – 277.5 Baker et al. (2004)
Lowland moist forest, Santarem, Brazil 1909 25 175 5 460 281.2 Vieira et al. (2004)
Lowland semideciduous forest, Roraima, Brazil 2083 25 100 – 364 292.1 Nascimento et al. (2007)
Lowland moist forest, Santarem, Brazil 1920 25 175 5 498 294.8 Rice et al. (2004)
Lowland moist forest, Santarem, Brazil 1909 25 175 5 441 298.0 Pyle et al. (2008)
Lowland moist forest, Rondonia, Brazil 2300 25 61–310 – 450 306.8 Cummings et al., 2002
Lowland wet forest, Manaus, Brazil 2650 26 50–100 3 518 307.6 Castilho et al. (2006)b

Lowland wet forest, Nouragues, French Guiana 2757 26 50 2 534 317.0 Chave et al. (2001)
Lowland wet forest, Manaus, Brazil 2650 26 50–100 3 623 325.5 Nascimento and Laurance

(2002)
Lowland moist Cocha Cashu, Peru 2165 26 300–400 3 666 332.8 DeWalt and Chave (2004)
Lowland wet forest, Manaus, Brazil 2650 26 50–100 3 621 334.0 Pyle et al. (2008)
Lowland wet forest, Manaus, Brazil 2650 26 50–100 3 626 360.2 Vieira et al. (2004)

Atlantic Forest, Brazil
Lowland semideciduous forest, Linhares, Brazil 1200 22 28–65 5 – 334.5 Rolim et al. (2005)
Seasonally flooded forest (Restinga), Ubatuba, Brazil 2640 24 10 3 763 154.0 This study
Lowland moist forest, Ubatuba, Brazil 2640 24 100 3 543 198.4 This study
Submontane moist forest, Ubatuba, Brazil 2640 24 400 3 721 239.3 This study

1

a
(
l
a
e
a
A

4

4
d

w
A

Montane moist forest, Ubatuba, Brazil 2640 24

a Minimum of 20 cm dbh.
b Include palms.

nd Western Amazonia, lowlands of Peru, Ecuador, and Colombia
250–300 Mg ha−1; see Malhi et al., 2006; Saatchi et al., 2007), but
ower than Central Amazonian and Guyana forests (Table 5). The
mount of live biomass stored in trees of restinga and lowland for-
st types at our study sites fall in the low end, similar to transitional
nd seasonal forests of the southern and northwestern edges of the
mazon basin (100–200 Mg ha−1; Saatchi et al., 2007).

. Discussion

.1. Forest structure and live aboveground biomass (AGB)

istribution

Despite has been shown that the aboveground biomass declines
ith increasing elevation (Raich et al., 1997; Waide et al., 1998;
iba and Kitayama, 1999; Kitayma and Aiba, 2002; Moser et al.,
000 3 589 262.7 This study

2007; Leuschner et al., 2007) we found an opposite pattern for
this short elevational gradient of tropical Atlantic moist forest in
Brazil. In the cited studies, soil supply of nutrients became pro-
gressively more limiting relative to plant demands at higher, cooler
sites thereby limiting forest productivity and biomass accumula-
tion (Raich et al., 1997, 2006; Kitayma and Aiba, 2002). In general
decreasing availability of nutrients, especially nitrogen, has been
suggested to limit tree height and biomass stocks with increasing
elevation (Grubb, 1977; but see Tanner et al., 1998). However, the
elevational gradient that we investigated does not follow this clas-
sical pattern of nutrient-availability (see Martins et al., in review),

providing a notable exception to the pattern of tropical elevational
gradients as forest biomass and abundance of large trees increased
with elevation.

We identified relations between local topography and forest
structure in our study sites explaining a large part of the variation in
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iomass distribution along the elevational gradient. We note that
he maximum elevation of our short gradient is below or exactly on
he lower limit of lower montane forests in the tropics, typically at
bout 1000–1500 m a.s.l. (Grubb, 1977; Bruijnzeel and Veneklaas,
998) and a major shift in climate might not be expected (but see
ruijnzeel, 2002) At least three non-mutually exclusive hypotheses

or positive increase in aboveground biomass stocks with elevation
an be raised here: (1) soil texture and drainage; (2) disturbance
egimes; (3) local topographic variation and nutrient supply.

.2. Soil texture and drainage

At the lower end of the elevational gradient, the poorly drained
nd extremely poor soils under restinga forest are primary fac-
ors inhibiting plant growth (Palm et al., 2007), ultimately limiting
igher biomass accumulation in this forest type. Canopy variation
mong restinga and other forest types also contributed to explain
ifferences in live AGB (Fig. 3). Frequent summer flooding and

ower fertility are stressors that probably limit the total biomass
nd carbon stocks in restinga. Thus, the major differences between
he restinga and other forest types seem to be driven by differences
n soil texture, drainage, and fertility (Table 1; Martins et al., in
eview).

.3. Disturbance regimes

Tropical forests are composed by mosaics of stands differing in
ge and species composition (Whitmore, 1984) and its forest struc-
ure is sensitive to canopy disturbance regime and local conditions.
ast human disturbance is also an important factor affecting for-
st structure variation and biomass accumulation among tropical
orests (Hughes et al., 1999; Marín-Spiotta et al., 2007; Urquiza-
aas et al., 2007; Clark et al., 1995; Clark, 2007). In the present

tudy, past forest use by local populations in the lowlands may
xplain part of the heterogeneity in total live AGB among sites.
owland and restinga forests are located closer to the Park’s edges,
nd are more likely to have experienced selective logging, hunt-
ng and other land uses. According to Negrelle (2002) the lowlands
nd coastal plain forests have suffered most from anthropogenic
isturbances along the Brazilian coast due to ease of access and
he high real-estate value of coastal properties. The lower biomass
nd higher density of small stems (<30 cm dbh) in the lowland
nd restinga forests suggest that the structure at lower elevations
<100 m) of the Atlantic forest may reflect differences in past human
isturbance and recovery processes. At high elevations access has
een constrained by the steep topography.

High rates of gap formation (natural or anthropogenic) may
ccelerate the establishment of many small individuals as a
esponse to improved light and competition conditions (Hubbell
t al., 1999; Rüger et al., 2009). Recruitment into small sapling size
lasses may to be favored by more open forest canopy conditions
t the restinga forest and by the high rates of gap formation in the
owlands. The lowland forest supported more lianas with higher
iomass than any other forest type (Alves et al., unpublished data).
his observation suggests that lowland plots may be still recover-
ng for past disturbance, as high light availability provided by old
aps is one of the strongest drivers of liana dominance (Schnitzer,
005).

.4. Local topographic variation and nutrient supply
Recovery from past disturbance is unlikely to be the only driver
or our observations of live AGB variation among Atlantic forest
ypes. Differences in biomass accumulation rates and productiv-
ty among lower and higher elevations may also contribute to the
bserved pattern. Key factors for understanding the elevational
nagement 260 (2010) 679–691

change in live AGB in the Brazilian Atlantic forest are a substan-
tial increase in the contribution of very large stems to the total live
AGB, and the importance of local topographic variation (Table 4).
In some sense, it seems that local topography (plot slope) controls
the abundance of large trees so steeper slopes support more large
trees with higher biomass than flat and gentle areas. This fact may
be related to the existence of a fine-scale topo-edaphic gradient
within high elevation forest sites, as noted by Paoli et al. (2008) in
South East Asian forests.

Among the factors controlling the distribution of large size
trees in tropical forests, vertical and horizontal gradients in light
availability along the canopy mediated by local topography and
stand-level disturbance are likely to have a large effect in the
Atlantic forest. Along elevational gradients of tropical forests,
different sun trajectories across the day and the year create con-
trasting types of light microhabitats, also exerting influence on
several other microclimatic variables, such as soil and air tem-
perature and ground evaporation (Korner, 2007). On steep slopes
canopy height are expected to be more variable and the verti-
cal distribution of light more asymmetric than in flat areas; steep
topography may also promote the increase of sunlight penetration
into lower forest levels. High elevation sites probably are exposed
to more sunlight for longer periods of time than low elevation
sites. Therefore, the density-topography variation of the larger size
classes of stems, notably trees, may be a consequence of favoring
conditions promoting growth and fast recruitment into larger size
classes on steeper terrains.

In a model simulation, Robert (2003) showed that on steep
slopes, the high incidence of tree falls mainly affected the survival
of trees 20–30 cm diameter with asymmetrical crowns, leading to
a regulation of the spatial structure of trunks as well as crowns.
Trees with more symmetric and stable crowns would display higher
growth rates on steep slopes as a consequence of better access of
canopy trees to space and light resources (Robert, 2003). Our obser-
vations agree with this model. Trees with more exposed crowns (CII
4 and 5) hold most of the live biomass and shade a large number
of stems but a small part of the forest biomass in submontane and
montane forests, the sites holding the highest biomass stocks and
topographic variation.

A positive interaction between soil moisture and nutrient sup-
ply could also be driving the biomass accumulation process in high
elevation forest sites, as local topography may be an important fac-
tor controlling nutrient distribution and soil drainage (Silver et al.,
1994; Scatena and Lugo, 1995; Daws et al., 2002; Luizão et al., 2004;
Castilho et al., 2006). Soil P and exchangeable bases were positively
and significantly related to the abundance of large trees in a low-
land forest in SW Borneo (Paoli et al., 2008). While all of the soils
along the elevational gradient are strongly dystrophic, with lower
pH, higher aluminum concentration and lower base saturation as
compared to dystrophic Amazon soils, Martins et al. (in review) also
observed greater nutrient availability in submontane and montane
sites. Therefore, it is possible that the relatively higher soil fertility
of submontane and montane forest sites contributed to live AGB
variation along this gradient.

4.5. Comparison of Atlantic forest biomass and structure with
other neotropical forests

Palms and tree ferns are structurally important elements of the
Brazilian Atlantic forest (Henderson et al., 1995; Negrelle, 2002),
and variation among different life forms in abundance and richness

is a useful tool to characterize different forest formations and suc-
cessional stages among Neotropical forests (Gentry, 1988; Negrelle,
2002; Schmitt and Windisch, 2005, 2007). Our study showed that
palms and tree ferns tend to attain the maximum density in the
montane forest, changing the forest structure in terms of life form
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Fig. 4. Distribution of (a) number of stems (ha−1) and (b) biomass (Mg ha−1) by size
class (dbh cm) for Atlantic selected Neotropical forests. Atlantic forest (this study):
Af1 (restinga), Af2 (lowland), Af3 (submontane), Af4 (montane). Amazonia: Am1,
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istribution. In particular, Euterpe edulis Mart., one of the most
bundant species along the coastal Atlantic forest of Brazil (Reis
t al., 2000; Scudeller et al., 2001; Martini et al., 2007; Fantini and
uries, 2007) can represent as much as 25% of the stems ≥4.8 cm
bh per hectare in our montane Atlantic forest stand. Those results
re in agreement with others that have shown the effects of topo-
raphic gradients controlling palm species distribution in tropical
owland and montane forests (Kahn and Castro, 1985; Clark et al.,
995; Frangi and Lugo, 1998; Svenning, 1999; Vormisto et al., 2004;
venning et al., 2009).

Despite their abundance in terms of stem number, palms and
ree ferns have a relatively low contribution to live AGB stocks (<5%)
n the Atlantic forest, similar to other Neotropical forests (Scatena
t al., 1993; Sarmiento et al., 2005; but see Frangi and Lugo, 1985,
998 for a flood plain palm forest). For instance, in Central Ama-
onia, palms represent less than 1% of the total biomass (Castilho
t al., 2006), and in primary premontane tropical moist forests in
olombia, palms can reach up to 5% of total AGB (Sierra et al., 2007);
similar contribution was found by Clark and Clark (2000) for

alms in Costa Rican tropical wet forests (5-7%). Thus, even exclud-
ng palms and tree ferns, tree biomass increases with elevation,
ttaining the maximum value in the montane forest. This pattern is
ikely the result of the small maximum diameter and the low carbon
ontent of palms and tree ferns. Morphological and physiological
onstrains on height and diameter increment for those life forms
re well known (Niklas, 1993), limiting its maximum size attained
nd, consequently, their carbon accumulation potential.

The mean total AGB of the stands studied was found to be lower
han Central Amazonian forests, but within the range of Neotropical
orests, in particular when compared to Central American forests,
uch as Barro Colorado Island (Panama), and La Selva (Costa Rica)
Table 5). Our data suggest that the Brazilian Atlantic Forest is dif-
erent from the Brazilian Amazon Forest in terms canopy height
18–25 m), height–diameter relationships, and tree density. In gen-
ral, the Brazilian Atlantic forest had smaller canopy stature than
orests in Central, Eastern and Southern Amazon (Asner et al., 2002;
ogueira et al., 2008). For very large trees (>100 cm dbh), this differ-
nce can reach 75% when compared with trees of central Amazon
Scaranello et al., unpublished data). Thus, the application of inap-
ropriate allometric equations can overestimate the live biomass
f Atlantic forest stands, as discussed by Vieira et al. (2008). For
xample, the higher biomass values found by Rolim et al. (2005)
or a lowland Atlantic forest in SE Brazil might reflect structural
ifferences between sites, or the application of an allometric equa-
ion developed by Chave et al. (2001) for a French Guiana forest
ith taller and higher wood density trees than the coastal Atlantic

orest. Considering trees from the lowland Atlantic forest with
0, 30, 50 cm dbh and applying Chave et al. (2005) and Chave et
l. (2001) models, the estimated live AGB was: 31.1, 508.9 and
783.3 kg for the Chave et al. (2005) pan-tropical equation, and
8.8, 633.0, 2313.6 kg for the allometric equation developed by
have et al. (2001) for a French Guiana forest. Those values rep-
esent an increase of 24–30% in the estimated AGB.

Even taking into account differences in tree height and wood
ensity, variation in forest structure seems to be one of the major
rivers affecting the live biomass estimates in tropical forests
Sarmiento et al., 2005). We provided a comparison of tree stem and
iomass distribution by major dbh classes among Neotropical sites
ith available data (Fig. 4). Tree stem density (≥10 cm dbh) in the
tlantic forest is higher than Terra Firme forests in Amazon and Cen-

ral America (Table 5), but the proportion of the live biomass stored

n stems ≥50 cm dbh (32–40%, except for restinga forest) is below
he threshold (>40%) found for Amazon forests with relatively long
ry season (Vieira et al., 2004). Our comparative data suggest that
ifferences in live tree biomass among Neotropical forests are prob-
bly related to the heterogeneous distribution of large (≥50 cm)
Manaus (Castilho et al., 2006); Am2, Manaus (Vieira et al., 2004); Am3, Santarém
(Vieira et al., 2004); Am4, Rio Branco (Vieira et al., 2004); Am5, Rondônia (Cummings
et al., 2002). Central America: CtAmer1, Panamá (Chave et al., 2003).

and medium-sized (≥30–50 cm) diameter trees within forests and
the partitioning of live biomass among those size classes, in accor-
dance with general trends found by previous studies (Brown and
Lugo, 1992; Delaney et al., 1997; Clark and Clark, 2000; Vieira et al.,
2004; Chambers et al., 2007; Pyle et al., 2008).

4.6. Uncertainties in sampling biomass in the Brazilian Atlantic
forest

Wood density and total tree height are important predictive
parameters to improve estimates of tropical forest biomass stocks
because these traits vary among species, forest types and age, and
soil fertility (Muller-Landau, 2004; Chave et al., 2006; ter Steege et
al., 2006; Swenson and Enquist, 2007; Nogueira et al., 2008). While
development of destructive site-specific allometric equations for
the Atlantic forest would reduce uncertainties in regional estimates
of biomass stocks, the incorporation of average wood density and
tree height estimates in the pantropical allometric equation devel-
oped by Chave et al. (2005) for tropical moist forest has been shown
to improve AGB estimates for tropical forests in general (Baker et
al., 2004; Gibbs et al., 2007; Nogueira et al., 2007, 2008) and par-
ticularly for the coastal Atlantic forest (Vieira et al., 2008). Thus,
uncertainties caused by regional floristic and canopy height dif-
ferences among sites were minimized in our study by including
average wood density values and an estimate of stem height in the
pantropical allometric equation.

While our sample size by forest type was relatively small, our
overall estimate of sampling error (95% confidence interval) for

live AGB stocks (≥4.8 cm dbh) with a sampling effort of four 1-ha
plots per forest type is less than 20% (8%, 7%, and 11% for lowland,
submontane, and montane forests, respectively), providing a rea-
sonable precision (Keller et al., 2001). The spatial distribution of



6 nd Ma

l
h
1
s

5

a
s
i
i
o
f
a
f
i
b
I
a
c
e
t

m
(
a
o
O
a
A
A
a
b
t
w
K
2

a
v
r
s
I
m
c
g
o
e
G
t
p
v
o

A

R
F
M
V
a
b
fi

88 L.F. Alves et al. / Forest Ecology a

ive AGB within the Atlantic forest types studied was relatively
omogenous, despite the observed topographic heterogeneity. If
0%, sampling uncertainty is desired, we estimate that four plots
hould be added to the montane Atlantic forest type.

. Conclusion

We provide the first extensive, landscape-scale estimate avail-
ble for live AGB in the Brazilian Atlantic forest by evaluating forest
tructure variation along an elevational gradient. The high capac-
ty of intact Atlantic forest sites for carbon storage aboveground
n live biomass stocks for the Atlantic forest is within the range
f other Neotropical forests, but is lower than central Amazonian
orests. Large and very large trees comprised the most important
nd most variable live biomass pool, similar to other Neotropical
orests; topography and associated changes in light distribution
mposed strong controls on biomass distribution along this short
ut representative elevational gradient of coastal Atlantic forest.

n addition, the elevational variation in live AGB stocks suggests
large spatial variability over coastal Atlantic forests in SE Brazil,

learly indicating that it is important to consider regional differ-
nces in biomass stocks for evaluating the role of this threatened
ropical biome in the global carbon cycle.

Ground-based measurement is one of the most important
eans to understand and evaluate forest biomass and structure

Clark and Clark, 2000; Gibbs et al., 2007). Forest inventory data
re required to enable spatial mapping of estimated forest biomass
ver a range of scales (Gibbs et al., 2007; Houghton et al., 2009).
ur study is the first one to provide relevant information on AGB
nd forest structure along an elevational gradient of representative
tlantic forest types. The results of our study should improve total
GB estimates for the entire biome when combined with other field
nd remotely sensed data sets. Future estimates of total AGB for this
iome will require more extensive spatial sampling and the addi-
ion of important components of forest biomass including coarse
ood debris (necromass) and litterfall stocks (Clark et al., 2001;
eller et al., 2004; Rice et al., 2004; Sierra et al., 2007; Palace et al.,
008).

Understanding Atlantic forest structure variation and live
boveground biomass distribution patterns associated with ele-
ational gradients is important if one considers that most of the
emnants of this hotspot are located in areas of difficult access,
uch as steep hills and montane areas (SOS Mata Atlântica and
NPE, 2009; Ribeiro et al., 2009). In the coming decades, long-term

onitoring of permanent forest plots will be crucial to quantify
hanges in carbon stocks of the Atlantic forest, to evaluate forest
rowth response to climate and land use change, and to be a source
f quality reference data for international mechanisms to reduce
missions from deforestation and forest degradation (i.e., REDD;
ibbs et al., 2007). Our data also corroborate that habitat protec-

ion of a network of state and national parks as well as conservation
lanning and sustainable management of forest remnants in pri-
ate lands of the Atlantic Forest should be of high priority because
f its importance as carbon stocks in this region.
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