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Abstract

Dynamic vegetation models forced with spatially homogeneous biophysical parame-
ters are capable of producing average productivity and biomass values for the Ama-
zon basin forest biome that are close to the observed estimates, but are unable to
reproduce the observed spatial variability. Recent observational studies have shown5

substantial regional spatial variability of above-ground productivity and biomass across
the Amazon basin, which is believed to be primarily driven by soil physical and chem-
ical properties. In this study, spatial heterogeneity of vegetation properties is added
to the IBIS land surface model, and the simulated productivity and biomass of the
Amazon basin are compared to observations from undisturbed forest. The maximum10

Rubisco carboxylation capacity (Vcmax) and the woody biomass residence time (τw)
were found to be the most important properties determining the modeled spatial varia-
tion of above-ground woody net primary productivity and biomass, respectively. Spatial
heterogeneity of these properties may lead to a spatial variability of 1.8 times in the
simulated woody net primary productivity and 2.8 times in the woody above-ground15

biomass. The coefficient of correlation between the modeled and observed woody pro-
ductivity improved from 0.10 with homogeneous parameters to 0.73 with spatially het-
erogeneous parameters, while the coefficient of correlation between the simulated and
observed woody above-ground biomass improved from 0.33 to 0.88. The results from
our analyses with the IBIS dynamic vegetation model demonstrate that using single20

values for key ecological parameters in the tropical forest biome severely limits sim-
ulation accuracy. We emphasize that our approach must be viewed as an important
first step and that a clearer understanding of the biophysical mechanisms that drive the
spatial variability of carbon allocation, τw and Vcmax are necessary.
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1 Introduction

Tropical forests play an important role in the global carbon cycle, accounting for about
one third of the global net primary productivity and 55 % of total global forest carbon
(Pan et al., 2011; Malhi, 2010). The Amazonia hosts about 50 % of the world’s tropi-
cal forests (Pan et al., 2011). It is highly diverse in terms of climate, soil physical and5

chemical properties, and species composition (Davidson et al., 2012; Quesada et al.,
2011; Fyllas et al., 2009; Phillips et al., 2004). However, most global vegetation models
represent Amazon rainforests through a single set of parameters which do not vary in
space and thus fail to represent its complex spatial diversity. Dynamic Global Vege-
tation Models (DGVMs) are powerful tools for understanding past and potential future10

carbon fluxes and stocks. An accurate representation of the spatial heterogeneity and
the temporal variability of the forest biophysical properties are essential for useful pre-
diction of the future carbon cycle of Amazon forests. In this work we investigate the im-
portance of representing spatial heterogeneity in vegetation properties in a commonly
used DGVM.15

Field observations from undisturbed old-growth Amazonian forest plots have recently
reported on the regional variation of many forest geomorphological attributes such
as: geological history (Higgins et al., 2011), soil properties (Quesada et al., 2011),
foliar physiological properties (Fyllas et al., 2009; Lloyd et al., 2010), above-ground
live biomass (Malhi et al., 2006; Baker et al., 2004b), above-ground wood productivity20

(Malhi et al., 2004), net primary productivity (Aragão et al., 2009; Malhi et al., 2009),
and vegetation turnover rates (Phillips et al., 2004; Galbraith et al., 2012). These anal-
yses have shown a general east-to-west gradient of tree structure and dynamics in
Amazonian forests. Forests in the west tend to have higher above-ground productiv-
ity and lower above-ground biomass, while those in the East and Central Amazon are25

slower growing with higher above-ground biomass (Quesada et al., 2012; Malhi et al.,
2004; Baker et al., 2004a). Although the spatial variation in biomass and productiv-
ity has been measured and described, the underlying mechanisms are still not well
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understood (Malhi, 2012). The east-west gradient appears driven by soil fertility and
soil physical properties rather than by climate (Quesada et al., 2011), the soil proper-
ties in turn appear to be related to geological history and the exposure of more fer-
tile Miocene-age marine or lacustrine sediments in Western Amazonia (Higgins et al.,
2011).5

There are some mechanisms that have been discussed in literature to address the
spatial variability of woody net primary productivity. The large spatial variability in wood
productivity could be directly related to a shift in the balance of carbon allocation be-
tween roots and wood and or the respiration rate (Malhi et al., 2004). NPPw spatial
variability could be driven by a variability in gross primary productivity (GPP) due to10

a potential limitation of photosynthesis by soil P availability (Quesada et al., 2012; Mer-
cado et al., 2011; Lloyd et al., 2001, 2010). Malhi et al. (2004) data analyses also sug-
gest that carbon use efficiency (CUE=NPP/GPP) is higher in the west, which means
that besides a potentially higher GPP in the western region there is also a potentially
higher autotrophic respiration rates in the lower fertile soils of Central Amazonia, mak-15

ing the CUE less efficient there. The direct effect of climate factors such as temperature,
short wave radiation and precipitation have been argued to be too small to explain the
observed variability in the productivity (Malhi et al., 2004; Senna et al., 2009; Quesada
et al., 2012; Galbraith et al., 2012).

The spatial variability of above-ground biomass across the Amazon basin has also20

been addressed in the literature. Field data have indicated the importance of wood den-
sity, canopy height and plant allometry in the biomass estimates (Baker et al., 2004b;
Malhi et al., 2006; Feldpausch et al., 2011). Plant turnover rates have been suggested
to be important factor for better representation of above-ground biomass in vegetation
models (Delbart et al., 2010). This is because field data show that the fast-growing25

forests in the Western Amazon have lower wood density, lower residence time and
therefore lower above-ground biomass than the slow growing forest in Central and
Eastern Amazonia (Phillips et al., 2004). The mechanisms that determine the spatial
variability in plant residence time are still unresolved (Galbraith et al., 2012), it may
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be extrinsic factors such as soil physical properties, or disturbance, such as landslides
and erosion on steep slopes, or climate directly affecting tree mortality rates, or in-
trinsic factors such as high growth rates intensifying light competition and associated
tree mortality. Residence time is strongly correlated with soil physical properties, and
forest growth rates are strongly related to available soil P and climate. However the5

large-scale variation in biomass appears not to be explained by any of the edaphic
properties alone (Quesada et al., 2012).

Dynamic global vegetation models tend to characterize the Amazon forest as a sin-
gle plant functional type (PFT). A PFT is characterized by a set of parameters that
is invariant in space and time. There is a growing awareness that such an approach10

is unable to capture spatial variations (Senna et al., 2009; Delbart et al., 2010; Fyl-
las et al., 2012). In this paper we present a novel spatial varying parameterization
to simulate the biomass dynamics of Amazonia. In a first step we use the Integrated
Biosphere Simulator (IBIS) DGVM with a number of Amazonian sites observational es-
timates of key biophysical parameters (woody biomass residence time (τw), maximum15

Rubisco carboxylation capacity (Vcmax), NPP allocation to wood). In a second step we
evaluate which parameters are most important for simulating the spatial variability of
above-ground woody net primary productivity and biomass. Finally we create basin-
wide raster data sets of the key parameters from the site-specific heterogeneous pa-
rameterizations and evaluate their impact on basin-wide simulations of above-ground20

woody productivity and biomass.

2 Material and methods

The study area is the Amazon region (Fig. 1). The spatial analyses applied here are at
1◦ ×1◦ grid cell horizontal resolution. In this section we describe: (1) the IBIS dynamic
vegetation model used; (2) the field data used in calibration and validation; and (3) the25

sequence of model setup and simulations exercises.
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2.1 IBIS 2.6. – Integrated Biosphere Simulator

The Integrated Biosphere Simulator (IBIS) is a comprehensive model of terrestrial bio-
spheric processes (Foley et al., 1996; Kucharik et al., 2000). The model uses an inte-
grated framework based on land surface biophysics (canopy and soil physics, plant
physiology), vegetation phenology, vegetation dynamics and competition, terrestrial5

carbon and nutrient cycling. IBIS has been validated and applied to the Amazon (Senna
et al., 2009; Delire and Foley, 1999; Foley et al., 2002; Coe et al., 2008). Detailed de-
scriptions of the model can be found in the above publications.

The land surface module was derived from the land surface transfer model (LSX)
(Thompson and Pollard, 1995a,b). Land surface processes are represented by two10

vegetation layers (woody and herbaceous plants), and six soil layers (to simulate the
diurnal and seasonal variations of heat and moisture in the total soil depth). The dy-
namics of soil volumetric water content are simulated for each layer. The soil water
infiltration rate is based on the Green–Ampt formulation (Green and Ampt, 1911; Li
et al., 2005, 2006). The model has 12 plant functional types (PFT) that compete for15

light and water using different ecological strategies, while nutrient competition is not
currently included. The model allows the coexistence of one or more PFTs per grid cell
that combined define a vegetation type. The PFT varies from tropical trees, temperate
trees, boreal trees, shrubs through grasses. IBIS represents the Amazonian Forest as
a single vegetation type (tropical broadleaf evergreen forest) with spatially homoge-20

neous parameters for key processes. The goal of this study is to clarify the importance
of using more detailed spatially-varying parameters within the single plant functional
type.

2.2 Field observation database and basin-wide extrapolations

We have assembled a wide range of published data from field observations on sev-25

eral sites across the Amazon basin (Fig. 1). The sites are all in undisturbed old-growth
forest, with most of them being part of the RAINFOR network (“Rede Amazónica de
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Inventarios Forestales”, Amazon Forest Inventory Network; http://www.rainfor.org). The
RAINFOR project is an international effort to monitor structure, composition and dy-
namics of the Amazonian forest in order to better understand their relationship to soil
and climate (Malhi et al., 2002; Peacock et al., 2007). The RAINFOR field data are in
general based on one hectare plots (see references for more detailed information). In5

this study these plot data are aggregated to the one by one degree resolution used in
this work in IBIS.

There are few plot measurements of carbon allocation to stems, roots, and leaves
reported in the literature. Malhi et al. (2011) compiled a carbon allocation database for
tropical forests worldwide. They report the partition of carbon between wood, fine roots10

and leaves for 10 plots in the Amazonian basin that represent 6 sites at the 1◦ ×1◦

grid cell resolution of the model (Table 1). The authors showed that in general there is
close-to-equal allocation of new carbon between wood, leaves and fine roots. Aragão
et al. (2009) suggested that the C allocation partition appears not related to soil fertility
but to soil texture. The authors identified that the allocation of carbon to roots is sig-15

nificantly correlated and decreases with increasing soil clay content. They argue that
this happens because, in a sandy soil, roots grow with less resistance from the soil
and have faster water absorption in fast-draining sandy soils. For similar reasons and
following similar analyses, we observed a high correlation between carbon in fine roots
with soil sand percentage and also carbon in leaves with soil sand percentage, shown20

in Fig. (2) and respective equations (Eq. 1 in Table 1). The carbon allocation between
wood, leaves and fine roots for the whole basin are estimated based on the regressions
(Eq. 1, Table 1) applied over the soil texture map (Quesada et al., 2010). The correla-
tions between carbon allocation and soil texture are limited to a small number of sites,
and may be limited by other factors that are still not well known, or not well represented25

by this limited database. Considering this hypothesis, that carbon allocation would be
related to soil texture, the estimated woody carbon allocation map varies predominantly
from 30–40 % carbon allocated to wood and does not reproduce the amplitude of the
site specific measurement of carbon allocation (25–50 %) (Fig. 5a). This means that
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the effect of assuming this hypothesis is not going to critically affect the final results
(Supplement, Table B).

Tree turnover rate has been estimated from field measurements and a strong spatial
variability has been reported (25–100 yr) (Phillips et al., 2004). Spatially varying woody
biomass residence time (τw) is included as an input parameterization in the model.5

In this work we use the compiled data on τw from Galbraith et al. (2012), which is in
terms of carbon residence time more appropriate for this study. The dataset comprise
analyses of 129 plots across Amazonia for 5–25 yr time series between 1971–2011
(Table 1) (Galbraith et al., 2012). There are 34 1◦ ×1◦ grid cells associated with these
sites (Fig. 1). There are strong indications that the τw is correlated to soil physical10

properties (Quesada et al., 2012); however the mechanisms that would explain the
spatial variability of τw are not completely understood (Quesada et al., 2012, Galbraith
et al., 2012). For this reason we opted to scale up the τw to the entire basin using
simple kriging interpolation of the field data points (Fig. 5b).

Phosphorus (P) is known to be a limiting factor for productivity of mature tropical15

forests (Vitousek, 1984; Lloyd et al., 2010; Mercado et al., 2011) therefore it is used in
this study to represent soil fertility limitation in our model. The total available P in this
work is used to estimate the maximum carboxylation capacity of Rubisco. Quesada
et al. (2010) performed extensive collection and analyses of soil data at 71 sites with
varying soil properties throughout Amazonia. The 71 sites are grouped into 26 1◦ ×1◦

20

grid cells (Table 1, Fig. 1). Based on field database (Quesada et al., 2010, 2011) we
defined a relationship between total soil P measured (average to depth from 0 to 0.3 m)
at the site level and the respective soil class (Fig. 3).

Quesada et al. (2011) presented a map of basin wide-distribution of soil coverage for
each Reference Soil Group. Based on the relation derived in Fig. 3 and the soil class25

map, we created a spatial map of total soil P content (average to depth from 0 to 0.3 m)
of each 1◦ ×1◦ grid cell in the Amazon (Fig. 4). Due to the large variability of soil types
within the grid cell we expect to see discrepancies between the site level measurement
and the upscaled P obtained for the grid cell based on the soil class. The derived
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total soil P map qualitatively reproduces the east (100 mgkg−1) to west (450 mgkg−1)
increase in fertility as observed in the independent site level measurements. Lowest
total P soil values occur in Northern Brazil and Southern Venezuela that coincides
where the soil sand content is highest (Fig. 4). Total derived P values are estimated to
exceed 300 mgkg−1 in a portion of Central Amazonia but there are no observations to5

corroborate these values. Lacking further field measurements to validate our map, we
use it cautiously in this study as a means of understanding the sensitivity of simulated
biomass to fertility variation.

Maximum carboxylation capacity of Rubisco (Vcmax) and Specific Leaf Area Index
(SLA) are important properties for simulating photosynthesis. We collected the existing10

data on these to explore their spatial distribution in the Amazon Basin to be used as
input parameterization in the model. Fyllas et al. (2009) analyzed leaf properties at 62
RAINFOR plots across the Amazon Basin. These data, when averaged to our grid cell
of 1◦ ×1◦, represent 22 data points (Fig. 1, Table 1). The authors present data for leaf
mass per unit area (the inverse of the specific leaf area, SLA), and leaf concentration15

of the main growth limiting nutrients such as N and P. Their analyses showed that,
among various environmental components, soil fertility is one of the most important
predictors for observed higher nutrient concentration in leaves. Mercado et al. (2009)
noted a correlation between Vcmax observed from the field and the concentrations of P
in leaves. Following the Mercado et al. (2009, 2011) procedure we performed a similar20

regression equation but between Vcmax and total P concentration in soil instead of the
P concentration in leaves (Fig. 3b, Eq. 2 in Table 1).

The advantage of this empirical regression with respect to soil P is the ability to es-
timate Vcmax for the whole basin based on Eq. (2) (Table 1) and the map of total soil P
concentration (Fig. 4). The Vcmax spatial distribution shows the same spatial structure25

as the P map since the Vcmax has been estimated as a linear function of P, with a gra-
dient from west to east (Fig. 5c). There is in general a good agreement between field
estimates of Vcmax (Mercado et al., 2009) and the estimated map in this work (Fig. 5c).
The San Carlos do Rio Negro (SCR, Venezuela) site represents a significant outlier,
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as the observed Vcmax at this site (ranging around 65 µmolm−2 s−1, Mercado et al.,
2011) is considerably higher than that estimated value based on soil P content (rang-
ing around 35 µmolm−2 s−1, Fig. 5c). This may be due to the large differences between
foliar P (Fyllas et al., 2009) and soil P for this specific site (Quesada et al., 2010). The
reason for this difference is not clear. The limitation of the linear regression between5

Vcmax and total soil P hypothesis is that it does not reproduce the saturation in Vcmax
due to high levels of P content. One example of this is the high Vcmax value estimated
in Cuzco Amazonico (CUZ, Peru) (Fig. 5c) due to the elevated total soil P in this site
(Fig. 4). Mercado et al. (2011) have suggested the use of a modified photosynthesis
model that includes both P and N limitation of the main photosynthetic parameters,10

as described in Domingues et al. (2010). More detailed physiological analyses are im-
portant for a better definition of the relation between Vcmax and the P limitation. There
are no clear relationships between SLA and other biophysical properties, therefore we
interpolated the site values to the entire basin using the kriging interpolation method
(Fig. 5d).15

The above-ground wood net primary productivity (NPPw) field database is used in
this work for comparison to the simulated NPPw. IBIS, like many other ecosystem mod-
els, simulates a generic woody biomass pool which does not differentiate between
above-ground and belowground components. Therefore, to facilitate comparison with
the field data, which is above-ground woody productivity only, the simulated woody net20

primary productivity was divided by 1.21 to remove the below ground coarse root frac-
tion of the simulated NPP wood in the model as suggested in Houghton et al. (2001).
Malhi et al. (2004) present a large data set on above-ground coarse wood produc-
tivity in 104 neotropical forest plots, all located at an elevation lower than 1000 m, in
mixed-age old-growth humid forest, and with no human disturbance. These data are25

aggregated to the 1◦ ×1◦ grid cell resolution for the studied area of this work, repre-
senting 25 grid-points across Amazonia available for comparison with our simulation
results (Fig. 1, Table 1). There is high productivity in the west and low productivity in
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Central and Eastern Amazonia, varying in space from 0.15 up to 0.55 kgCm−2 yr−1,
that represents an overall variability of 260 % (or 0.55/0.15 = 3.6 times) (Fig. 6a).

Malhi et al. (2006) present a synthesis of data on woody above-ground live biomass
of old-growth lowland tropical forest for 227 plots across South America. This data was
rescaled to the one-degree grid resolution resulting in 71 sites for comparison with5

our simulation results (Fig. 1, Table 1). The spatial distribution of biomass shows high
biomass in the slow growing Central Amazonia forest and Guyanas, with low biomass
in the western faster growing forests and the dryer southern and eastern margins. The
observed woody biomass ranges from 9 up to 20 kgCm−2 within the average of plots
in a grid cell that represent a spatial variability of 120 % (or 20/9 = 2.2 times) among10

forest sites (Fig. 6b).

2.3 Model configuration setup

In order to quantify the response of IBIS to spatially varying parameters based on ob-
served data we performed a suite of simulations in 4 different exercises categories
(Table 2). The first category is a simulation over the entire Amazon basin that uses the15

original configuration of the IBIS model. This simulation serves as a reference to the
other experiments and is referred to as the control simulation (CA). The second simu-
lation assumes the original configuration CA but alters the allocation of NPP to wood,
foliage and roots so that it is more consistent with observations, allocating one third for
each component (34 %, 33 %, 33 % respectively) (SA3a) (Malhi et al., 2011). In these20

tests, constant parameter values are assigned fixed in space for the entire Amazon
basin (homogeneous parameterization). The SA3a simulation was done to be better
comparable to field data. The third simulation category referred to as the site-level sim-
ulation (SS) tests the importance of using the spatially heterogeneous field data to
represent the fundamental parameters. In these simulations the model is run only at25

the site-level with the parameters from our database (Fig. 5, dots and Table 1). Com-
parison of these simulations (SS) with CA and SA3a and with observations provides
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an understanding of the ability of the model to simulate the productivity and biomass
at individual locations. The fourth simulation category uses the basin-wide spatially
varying parameter values (Fig. 5, background map and Table 1) derived in this study.
The results of this exercise (referred to as RS) when compared to CA, SA3a and the
observations, quantify the value of using best estimates of basin-wide parameters to5

derive productivity and biomass values. The specific parameter values and simulation
runs are summarized in Table 2. We considered spatial variation in carbon allocation to
wood, leaves and fine roots, woody biomass residence time, maximum carboxylation
capacity of Rubisco (Vcmax) and specific leaf area (SLA) (Table 2).

The model was forced by prescribed climate based on the Sheffield et al. (2006)10

database, which is a combination of global observation-based datasets with reanalysis
data from the National Center for Environmental Prediction – National Center for Atmo-
spheric Research (NCEP-NCAR). The dataset is available from 1970 to 2008 (39 yr),
has one-degree spatial resolution and 3 h time resolution that was linearly interpolated
to one hour.15

The model simulations were run for a total of 680 yr (1329–2008). The long simu-
lation was required to allow the slow carbon pools to come to equilibrium. There was
an initial spin-up of 386 yr (from 1329–1715) under constant pre-industrial atmospheric
CO2 values (278 ppm). The spin-up simulation started from near bare ground until soil
carbon, vegetation structure and biomass achieved an equilibrium state. The runs were20

continued from 1715 up to 2008 with increasing prescribed atmospheric CO2 concen-
trations (from 278 to 386 ppm). During the entire 680 yr run the prescribed climate was
applied cyclically.

Soil texture data was based on the IGBP-DIS global soil and Quesada et al. (2010)
dataset. The control simulation (CA) and regional simulation (RS) uses the regional25

map of texture while the site level simulations (SS) consider soil texture site level in-
formation from Quesada et al. (2010). The soil depth is considered homogeneous with
10 m in all simulations. There are 6 soil layers with thicknesses from the top layer to the
bottom of 0.25, 0.375, 0.625, 1.25, 2.5, 5 m depth.
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No land use changes or other disturbances (e.g. fire) were incorporated in the sim-
ulations. Therefore, the results are for potential vegetation conditions (the vegetation
in equilibrium with the prescribed soil and climate). Potential vegetation simulations
were chosen because they should be most comparable to the field data, which were
collected in undisturbed old-growth tropical forest plots5

2.4 Statistical analyses

The simulated variables are averaged for the last 10 yr of simulation (1999–2008) and
compared to the field data within a grid cell, which represent an average of the pe-
riod of sampling. Besides the correlation coefficient and linear regression usual to the
comparison between data series we use the suggested statistics described in detail10

by Willmott (1982). We include the index of agreement, which is complementary to the
correlation coefficient to verify the level of agreement between two data series (Will-
mott, 1982). The index of agreement provides information on how correlated and how
distant the simulated data points are from the reference (observation) (while the corre-
lation coefficient might have a high value just because the data are well correlated but15

not necessarily are close in absolute values). The index of agreement varies from 0 to
1 where 0 means a very poor agreement and 1 the maximum agreement.

3 Results

3.1 Comparison of simulations and field observations

We performed a series of sensitivity analyses with the model and they pointed out the20

potential factors affecting the spatial variability of IBIS simulated wood productivity and
biomass (Supplement A and B). The sensitivity analyses pointed out maximum Ru-
bisco as an important factor that has to be well represented in space to better simulate
of NPPw by the numerical models (Table B). The woody residence time was identi-
fied as the most relevant factor for reproducing the spatial variability in above-ground25
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biomass in the numerical models (Table B). In this section we quantify the use of the
combined effect of all site-specific observed parameter information (SS, Table 2) on
simulated productivity and biomass in contrast to the previous homogeneous param-
eter assumption (CA and SA3a, Table 2). The heterogeneous parameterization sim-
ulation results (SS) is compared to observations available for wood productivity and5

above-ground biomass (Fig. 7).
The control simulation (CA) shows a systematic overestimation of NPPw when com-

pared to observations (Fig. 7a, dark square). This is mainly because of the assumption
of 50 % allocation of carbon to wood. Although many DGVMs use this 50 % alloca-
tion rule, carbon allocation measurements in sites across Amazonia show that this as-10

sumption is unrealistic and leads to a large bias in simulated wood productivity. When
allocation to wood is set to 34 % (SA3a) simulated NPPw is in better agreement with
the average observation values (Fig. 7a, dark triangles).

Similar results are shown for the above-ground biomass comparison (Fig. 7b). The
simulated biomass in the control (CA) does not reproduce the spatial variability but av-15

erage values are similar to those from observations (Fig. 7b, dark square). However the
good agreement of biomass with observations in CA simulation is for the wrong rea-
sons since the model parameterizations in CA overestimate the total carbon allocated
to wood (woody carbon allocation 50 %) and underestimate τw, residence time 25 yr),
and these two factors compensate each other. If only one of the parameterizations is20

corrected, for example carbon allocation (SA3a, dark triangle), the estimated biomass
deviates strongly from the observations (Fig. 7b), which is consistent with results with
the DVM ORCHIDEE (Delbart et al., 2009).

In summary, the homogenous parameterizations applied in the CA and SA3a exper-
iments are capable of improving mean biomass estimates (sometimes due to compen-25

sation of errors). However, as can be noticed in Fig. 7a, b, the homogeneous param-
eterizations clearly fail to reproduce the spatial variability of observed productivity and
biomass. The next results show the combined effect of all heterogeneous parameteri-
zations based on the site-level field observations (Fig. 7, red and black).
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The NPPw analyses are made for two series of data, one with only the series of data
points where there are available field estimates of Vcmax (Fig. 7a, c, in red), hereinafter
Series A. Another data series is defined where the Vcmax are extrapolated to all other
locations where there are NPPw measurements available (Table 1), hereinafter Series
B (Fig. 7c, in black). The full set of NPPw that include sites with known Vcmax from field5

and extrapolated Vcmax in this work is called Series A+B (Fig. 7c, in red and black).
The NPPw simulation SS with heterogeneous parameterization (Fig. 7a, red circles)
shows better agreement with the observations when compared to the previous homo-
geneous assumption SA3a (Fig. 7a, triangles). The coefficient of correlation improves
from 0.10 to 0.71, the regression slope (error) improves from −0.04(0.03) to 0.6(0.2)10

and intercept (error) from 0.35(0.05) to 0.16(0.07) (Table 3, Series A). The slope coeffi-
cient improves but is still low, showing that the NPPw from locations with low observed
values is overestimated by the model (Fig. 7a). The NPPw simulated by IBIS with the
new spatial parameterization better reproduces the observed spatial variability as con-
firmed by the high values of the index of agreement (Fig. 7a, Table 3); from 0 (SA3a15

Series A) to 0.7 (SS Series A). In summary it showed improved agreement between
simulations and observations when heterogeneous observations-based parameteriza-
tions are used compared to the simulations with homogenous parameters (Table 3,
Series A).

The comparison of the extrapolated parameterization is done in Series B (Table 3,20

Fig. 7c in black only). The comparison of results of Series B in simulation RS with SA3a
shows that some simulations are closer to the observations (index of agreement 0.4
compared to 0.3) but is not better correlated (correlation coefficient 0.66 compared to
0.79). This means that, as expected, the procedure for regionalization of parameter
data is not as good as field estimates. However the conclusions for the regionaliza-25

tion of NPPw are still limited to a validation against only 10 data points that are not
representative of the entire basin.

Similar to NPPw, AGBw comparisons were made for two series: one with only the
data points where woody residence time estimates are known (Fig. 7b, in red) referred
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to as Series C; another data series is defined where the woody residence time is ex-
trapolated to all other AGBw data collection points, called Series D (Fig. 7d, in black).
The full set of simulated AGBw values derived from both direct measurements of res-
idence time and the extrapolatoins, is called Series C+D (Fig. 7d, in red and black).
The heterogeneous woody residence time data has the strongest influence on simu-5

lated AGBw spatial variability (Fig. 7b, red circles). The data series SS captures the
spatial variability of the AGBw much better than the SA3a simulation with homoge-
neous parameterizations (dark triangles). The coefficient of correlation of simulated
woody above-ground biomass improves from 0.22 with homogeneous parameteriza-
tion (SA3a, Series C) to 0.80 with spatial varying parameters (SS, Series C). The re-10

gression analyses shows a significant improvement of the slope(error) from 0.05(0.05)
to 1.06(0.18), and intercept(error) from 6.5(0.8) to −2.8 (2.8) (Table 4, Series C). The
index of agreement in Series C improved from 0 with homogeneous parameterization
(Table 4, Series C, SA3a) to 0.8 with heterogeneous parameterization (Table 4, Series
C, SS). Some outliers were identifyed and are discussed in detail in the Supplement D.15

The statistical analyses of AGBw from Series D (with the extrapolated woody res-
idence time) provides a measure of the value of extrapolation adopted in this work
(Table 4, Series D). The results shows improvement on all statistical parameters com-
paring the regional simulation (RS, Series D) to the homogeneous assumption (SA3a,
Series D). The correlation coefficient improved from −0.006 to 0.52 and the index of20

agreement from 0 to 0.6. As expected, the results derived from extrapolated parame-
ters (RS, Series D) are in poorer agreement with the results derived from SS-Series C
where residence time is site measured, with a lower slope (0.44) and intercept of 6.9
and larger variance of the distribution differences (6.5 compared to 3.3 in Series C).

3.2 Regional simulation analyses (RS)25

In this section we present the basin-wide simulated woody above-ground productivity
and biomass (simulation RS), based on our maps of spatially varying parameters (Ta-
ble 1, Fig. 5). Quantitative validation of simulated NPPw and AGBw was discussed in
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Sect. 3.1 (Table 3, Series B, Table 4, Series D) at the specific locations in the basin.
Qualitatively, analyzing the simulation for the entire basin there is much greater spatial
variation of the NPPw and AGBw in the RS simulation (Fig. 8c, d) compared to CA
(Fig. 8a, b).

The NPPw RS map (Fig. 8c) follows the spatial variability given by the soil total5

phosphorus map (Fig. 4). There is higher productivity in the west where the fertility
is higher and also in Central West Amazonia where P content is higher and the soil
is silt. The productivity decreases in Central and East Amazonia and increases again
in the northeast of the region. There is a low region of NPPw in the north of Brazil
and south of Venezuela due to the low estimated soil fertility in that area. A qualitative10

comparison of this simulation with published satellite derived map of NPP in Amazonia
(Nunes et al., 2012) seems to reproduce similar spatial variability. A detailed analysis of
the comparison of these simulations including land use change and other disturbances
and comparison with satellite products is in progress (Castanho et al., 2012).

The biomass map shows the pattern observed from field data with the west to east15

trend of higher biomass in Central and North Eastern Amazonia (RS, Fig. 8d). The in-
creased spatial variability is governed by the woody residence time map. The biomass
map (Fig. 8d) can be compared to the estimated biomass map from Malhi et al. (2006).
There is relatively good agreement of higher biomass covering the central and extend-
ing to the northeast of Amazonia forest. In the observed data set the highest biomass20

values in the Central Amazon are clustered around the sites of measurement, which
is most likely an effect of extrapolation from the few data points available (Malhi et al.,
2006). There is an agreement between both maps, with lower biomass in the west and
south. The gradient of biomass in the transition to the “cerrado” region diverges in the
absolute values from the observational estimates. This is a region where there are few25

field data, which makes the validation difficult.
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4 Discussion and Conclusions

1. Homogeneous parameterizations and climate alone do not capture the spa-
tial variability of woody above-ground productivity (NPPw) and biomass (AGBw)
present in the field data.

The model homogeneous parameterization simulation driven by climate and soil physi-5

cal (water) properties does not capture the observed spatial variability of NPPw (260 %,
the highest value is 3.6 times higher than the lowest value, Malhi et al., 2004) and AGBw
(120 % highest value is 2.2 times higher than the lowest value, Malhi et al., 2006) across
the Amazon basin (Fig. 7a, b dark square).

The spatial scale and diverse topography of the Amazonian basin allows a large10

variability of climatological scenarios for a single tropical forest. However, field data
analyses have shown poor correlation between climate variables and large-scale vari-
ation of productivity and biomass patterns in the basin (Malhi et al., 2004; Quesada
et al., 2012; Galbraith et al., 2012). In analyses of spatial patterns of productivity, Malhi
et al., (2004) found no obvious relationship between the spatial distribution of wood15

productivity and precipitation, dry season length, or radiation, but the authors did find
some decline in woody productivity with increasing temperature. However, the lower
temperature in the Western Amazonia is indirectly correlated to the higher soil fertility
in that region, making it difficult to directly correlate temperature and productivity given
the strong correlation between productivity and soil fertility. In analyses of basal area20

spatial patterns Malhi et al. (2006) found some correlation with dry season length and
precipitation. The decline in basal area however was evident only in extreme water
stress for longer dry season length (more than 4 months).

In this study we found that, for IBIS, the spatial variation of climate in the Amazon
basin imparts productivity and biomass variation of 35 % and 45 % from the basin min-25

imum (Table B). IBIS and most numerical models underestimate or do not explicitly
consider mortality rates due to short or long term disturbances due to temperature
extremes, drought or flooding (Phillips et al., 2010; Galbraith et al., 2012). However,
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because the observed data were collected at sites specifically chosen to be free of
recent disturbance, lack of climate-stress mortality is not a factor in the simulated low
sensitivity to climate variation. Therefore, the low variability by climate in the IBIS sim-
ulations appears to be a robust indication of the scale of the actual variability imparted
by climate.5

2. Maximum carboxylation capacity of Rubisco activity (Vcmax) as a function of soil
fertility is the primary variable controlling the simulated variation of woody above-
ground productivity across the Amazon.

Observations suggest that soil fertility plays an important role in creating spatial vari-
ation of productivity across the Amazon basin but little is known about the specific10

pathways (Quesada et al., 2012; Aragão et al., 2009, Malhi et al., 2004). Some of the
possible factors that have been explored are for example differences in gross primary
productivity, respiration rates, and carbon allocation between carbon pools.

Malhi et al. (2004) suggest that carbon allocation may alternatively be related
to the spatial variability of NPPw, due to shifts in allocation to roots in less fertile15

soils. Alternatively the authors data analyses also suggest that carbon use efficiency
(CUE=NPP/GPP) is higher in the west, that means that beside a potential higher GPP
in the higher fertility soils western region there is also a potential higher autotrophic res-
piration rates in the lower fertility soils of Central Amazonia. We found that changes in
GPP and autotrophic respiration imparted by changes in leaf photosynthetic capacity20

(related to maximum carboxylase capacity of Rubisco) is the strongest candidate to
explain the spatial variability of productivity. The sensitivity tests show that a spatial
variability in Rubisco (from 75–40 µmolCO2 m−2 s−1, SA5, Table A) leads to simulated
change in NPPw of 60–80 % (Table B). A shift in woody carbon allocation from 50 %
to 25 % imparts a change of 60 % in NPPw (Table B). Our analyses suggest that Vcmax25

driven by soil fertility plays a stronger role than carbon allocation in the spatial variability
of NPPw.
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3. Heterogeneous parameterizations of key biophysical properties based on site
specific data improves the simulated woody above-ground productivity compared
to homogeneous parameterizations.

Based on the established correlation between Vcmax and leaf P content (Mercado et al.,
2009; Mercado et al., 2011), and knowing that leaf nutrients are directly related to soil5

nutrients (Fyllas et al., 2009), we estimated the maximum carboxylation capacity of
Rubisco scaled according to site observed total soil P from Quesada et al. (2010).
The spatial heterogeneity of other parameters of minor effect in the NPPw calculation,
such as carbon allocation, residence time, and specific leaf area were also obtained
based on published site field data. The simulated NPPw with IBIS numerical model10

using heterogeneous parameterization was compared to NPPw field data (Malhi et al.,
2004).

As presented in the Results (Sect. 3) the use of heterogeneous parameterizations
in IBIS based on field data significantly improved the simulation of NPPw (correlation
coefficient −0.1 to 0.71, respectively for the homogeneous and heterogeneous param-15

eterization, Table 3). The simulated NPPw values at the lower end of the observations
were not well captured by the model as indicated by a slope of 0.58±0.20 and an off-
set of 0.16±0.07 (Table 3). This could be due to an overestimation of the Vcmax for low
fertility sites or by other factors that are not captured by the model. For example, low-
land areas may have higher respiration rates than what the model predicts, due to the20

higher temperatures and/or the higher respiratory costs due to slower growing plants
in less fertile soils (Malhi et al., 2004). These effects may not be fully represented in
IBIS and may contribute to the overestimation of the low end of NPPw, in Central and
East Amazonian sites. A detailed analyses of field data information on the respiration
rates, available biomass in decomposition state and how the model reproduce these25

processes needs to be carefully addressed in the future. A factor that may be contribut-
ing to a general overestimation of NPPw is the simulated LAI. The LAI in the model is
systematically higher than the observations, which would cause an increase in sim-
ulated NPP. The exaggerated increase in the LAI in time is a response to increasing
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atmospheric CO2. Each year there is more carbon to allocate and the allocation in the
model is constant in time as is the residence time of the leaves. Therefore, the LAI in
the model increases with time. The assumption of constant allocation and residence
time is probably too simplistic but the right balance of changes in carbon allocation
between the plant components in space and time is poorly known.5

In our analyses we observed that the difference of simulated NPPw from the observa-
tions do not appear to be related to misrepresentation of carbon allocation. For exam-
ple, if we define woody carbon allocation to a value that minimizes the NPPw error then
the carbon allocation to wood would have to be unrealistically low (between 0.15–0.25
compared to the observed values 0.25–0.5). Therefore, there are most likely other un-10

known factors contributing to the lack of good agreement, including shorter time-scale
variability of parameter response to drought, fertility and disturbance for which we do
not yet have data. Further improvements of these parameters are clearly required and
are discussed in suggestion for future work below.

4. Woody residence time is the most important mechanism affecting the magnitude15

and spatial distribution of simulated AGBw.

Our results of the IBIS sensitivity analyses agree with the analyses of Senna
et al. (2009) and Delbart et al. (2010) suggesting that woody residence time is the
most important mechanism affecting the magnitude and spatial distribution of simu-
lated AGBw. Results from IBIS simulations show that with a spatial variation of woody20

residence time within the range of 25 to 100 yr, AGBw changes by 180 % from the basin
minimum (Table B).

5. Heterogeneous parameterizations of key biophysical properties based on site
specific data improves the simulated woody above-ground biomass when com-
pared to homogeneous parameterizations.25

Given the importance of the woody residence time in the simulated AGBw, we used
field data available for 21 sites across the Amazon basin to represent the spatial het-
erogeneity of woody residence time (Phillips et al., 2004; Galbraith et al., 2012). The
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spatial variability of other parameters of minor effect in AGBw as carbon allocation,
Vcmax, and specific leaf area index were also included in the simulation of AGB in the
model.

The comparison of the simulated AGBw with observation showed an improvement in
coefficient of correlation from 0.22 in the homogeneous experiments (SA3a) to 0.80 in5

the heterogeneous ones (SS) (Table 4). The regression fit is much closer to the 1 : 1
relation. The good agreement comes from two factors, one is that the AGB simulated
by the model was based on residence times from field data, the other one is that most
of the sites for comparisons of biomass come from direct measurement of individual
trees (Baker et al., 2004b). So both model and field measurement methodologies used10

the most accurate information available.

6. The regional maps of key parameter values developed in this study significantly
improve simulated AGBw compared to simulations using homogeneous parame-
terization assumptions.

The quality of the upscaled maps of the physiological properties depends on two fac-15

tors: (1) the number of site level data points available and how representative these
sites are of the larger scale; and (2) how well we understand what drives the spa-
tial variability of these properties. Unfortunately there are relatively few field data sites
(Table 1) and the processes that govern the spatial variability are not completely un-
derstood, which makes our upscaling exercise somewhat speculative. We developed20

a set of extrapolations of the observed field data to the entire Amazon basin in order to
obtain greater heterogeneity in the simulations of NPPw and AGBw.

The Vcmax was extrapolated to the entire basing using a soil map of P and the re-
gression equation between field based Vcmax and P (Table 1, Fig. 5c). The comparison
of simulated NPPw (with the extrapolated Vcmax) with observation was represented by25

a few location points (n = 9). Although the simulation results for some of the individual
data points were improved, it was not significant (p > 0.5) considering the small size of
the sample.
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We estimated woody residence time for the entire basin based on a simple kriging
interpolation (Fig. 5b). The large scale spatial variability appears to be well defined,
showing a trend of higher turnover rate in the west then in the Central East Ama-
zonia, that is in qualitative agreement with the observations. The comparison of the
basin-wide simulations suggests that this first attempt at spatially varying biophysical5

parameters improves the simulations. For example, the coefficient of correlation of sim-
ulated AGBw with observations at 46 locations increased (0.52, RS) compared to the
more standard homogeneous parameters (∼0, CA) (Table 4). The results show that
the proposed map of woody residence time, despite its uncertainties, is a better option
than a homogeneous assumption for the entire basin.10

Giving the importance of the residence time in simulating the AGBw it is fundamen-
tal to understand the factors that govern the spatial distribution of woody residence
time. However there is no single mechanism that is known to control geographic pat-
terns of it. Many authors have explored this topic including Quesada et al. (2012) who
have argued that stem turnover is correlated with soil physical properties such as soil15

depth, soil structure and topography. However, residence time has also been found to
be well correlated with soil fertility within the Amazon (Phillips et al., 2004; Galbraith
et al., 2012). There are several physically adverse soil conditions, such as rooting depth
limitations, low drainage capacity, poor soil structure, topography position, that might
affect woody residence time and are difficult to account for (Quesada et al., 2012).20

Delbart et al. (2010) presented an alternative solution of dynamic estimation of woody
residence time as a function of NPP, whereby the function was defined based on the
empirical correlation between them. This NPP based assumption is however only valid
for a forest in equilibrium and the NPP needs to be well estimated by the model. This
combination of poorly known governing factors makes it difficult to mechanistically de-25

termine residence time across the Amazon. We believe that our prescribed approach
using a simplified interpolation (of woody residence time) of the site level data is a good
starting point to address the spatial variability, although we cannot asume residence
times will be remain unchanged under current future scenarios of atmospheric change.
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7. Simulated total live above-ground biomass (73 PgC) is comparable to the mean
of published estimates.

One of the main goals in improving model representation of net primary productiv-
ity, residence time, carbon allocation, and photosynthetic capacity is to provide greater
confidence of biomass estimates in the Amazon. Based on the simulated above-ground5

biomass in this work, we estimate the corresponding total above-ground biomass car-
bon content (TAGB) in the Amazon basin. The TAGB for an area of 5.65×106 km2 of forest
in our control run (CA) and final regional heterogeneous parameterization simulation
(RS) differed by only about 3 %, with 71 PgC and 73 PgC, respectively. The difference
is not large in the regional total but is significant in the spatial distribution across the10

basin, as presented in the regional simulation section (Fig. 8).
We compare our simulated TAGB to estimates derived from four published stud-

ies. Exact comparison is difficult because the areas of summation, methodologies
and assumptions vary among the estimates. For example, the IBIS simulated values
and the Malhi et al. (2006) forest inventory estimates are based on old growth forest15

biomass only, while the satellite based estimates e.g. (Saatchi et al., 2011; Baccini
et al., 2012) explicitly include disturbed forests, secondary forests and different thresh-
olds in the tree cover fraction are assumed. As a result, the satellite estimates will
be less than the estimates derived from models or native forest inventories. Despite
these differences a comparison is qualitatively instructive (Fig. 9). The seven estimates20

of above-ground biomass presented by Houghton et al. (2001) scaled to our area of
study 5.65×106 km2give a range of 42–100 PgC (Fig. 9). Malhi et al., (2006) estimate
TAGB (rescaled to our studied area of 5.65×106 km2) of 89–92 PgC (including trees
less than <10 cm dbh and lianas). The two new satellite estimates of biomass are
68 PgC (Baccini et al., 2012) and 54 PgC (Saatchi et al., 2011) in an equivalent area25

of 5.65×106 km2. The IBIS simulated TAGB is greater than the satellite based values
which include disturbances and less than the Malhi et al. (2006), which are for old-
growth undisturbed forests only.
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8. Further improvement of regional simulations is limited by lack of data.

Our exercise in up-scaling the sparse site-specific data to the entire Amazon basin
improved the simulations compared to heterogeneous simulations. However, accurate
regional simulation is still limited by data scarcity of field data information.

The improvement in the upscaling method could be achieved in the future by:5

1. Expanding the network of field data monitoring to a better characterization of the
basin. Given the new knowledge that the current field sites have provided, an ex-
pansion of the field network to strategic representative locations could bring more
clarity to extrapolation methods of forest biophysical properties. As for example
measures of soil P in Central Amazonia. The soil P extrapolations would suggest10

that as a region rich in P and that would affect significantly the productivity in that
region as a result of our analyses.

2. Better understanding of the physiological processes that govern the spatial vari-
ability of the main parameterizations. Some progress has been made in respect
to better understanding the different forest physiological processes, as for exam-15

ple the relation between Vcmax and Phosphorus or other nutrients in leaves (Malhi
et al., 2009; Fyllas et al., 2009; Domingues et al., 2005). These finding were cru-
cial to our estimates of Vcmax in space, but more information on how Phosphorus is
distributed across the region would also be important. Our results showed also the
importance of the woody residence time on the simulation of the AGBw in space.20

A fuller understanding of what causes the residence time variability in space is
essential to an accurate simulation of biomass across the basin. It is also neces-
sary to better understand the allocation of carbon to wood, leaves and roots, as
the current data base is very limited in space.

3. Developing new satellite and airborne measurements of key biophysical proper-25

ties and mechanisms. The Amazon forest is large and heterogeneous, thus satel-
lite and airborne measurement are very useful to help characterize the large areas
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complementary to field data. The Carnegie Airborne Observatory (CAO), that has
been remotely monitoring tropical canopy chemistry, diversity and structure (As-
ner et al., 2010), uses a combination of LiDAR and spectrometer that are able
to characterize large areas with high spatial resolution. This technology would be
able to characterize the P content in leaves and therefore the Rubisco capacity5

of the vegetation across large spatial scales, besides total above ground biomass
estimates.

4. Improving model physical processes. For example, photosynthetic response to
nutrient limitation is an important factor determining biomass productivity however
most DGVM’s do not include it. Tree mortality as a function of drought stress is10

another important process not considered in most models.

5. Including land use change from deforestation and fire in the simulation is an
important next step. This would facilitate comparison with satellite products of
biomass and a validation of biomass spatial variability simulated by the model
(Baccini et al., 2012; Saatchi et al., 2011).15

6. A final area of improvement is the representation of the temporal variability of
fundamental parameters. Field studies have shown that the Amazonian forest
is not only spatially heterogeneous but also temporally dynamic (Phillips et al.,
2004; Chave et al., 2010). Changes in structure, dynamics and composition of
the forest are not restricted to specific local events but respond to long-acting and20

widespread environmental stimulations. The IBIS dynamic vegetation model, as
with most other models, could represent time-varying dynamics of properties that
are currently constant in time (e.g. Rubisco, residence time, carbon allocation) but
appropriate data are required.

Supplementary material related to this article is available online at:25

http://www.biogeosciences-discuss.net/9/11767/2012/
bgd-9-11767-2012-supplement.pdf.
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Table 1. List of field data used in this study with the respective reference in literature. The
original number of plots from each study is presented in column A, the respective number of
grid cells at 1◦ ×1◦ resolution is presented in column B. The methods for upscaling and the
regression equations used are presented. The table is divided into field data used for input
parameterization in the model and field data of woody net primary productivity and woody
above-ground biomass used for model output validation (shaded cells).

Property (unit) Paper # plots # grid cells Method of Regression Equations
(A) in studied Upscaling

region (B)

Model Parameterization

Carbon allocation Malhi et al., 2011; 10 6 Based on Sand Fraction Equation (1)
to wood, leaves Aragão et al., 2009 from Quesada et al., 2010 Croot = 0.0039 ·Sand(%)+0.137;
and roots (fraction) Soil Texture Map R2 = 0.97; p < 0.004

Cleaf = −0.0025 ·Sand(%)+0.44;
R2 = 0.69; p < 0.04
Cwood = 1−Croot−Cleaf

Woody Biomass
Residence Time (yr)

Galbraith et al., 2012 129 34 Kriging Interpolation -x-

Soil Total Phosphorus
Content (P) (mgkg−1)

Quesada et al., 2010 71 26 Based on Quesada et al., 2011 (Soil total P site level)× (Soil Class Site Level)

Soil Class Map Fig. 4
Maximum carboxylation Fyllas et al., 2009 62 22 Based on Soil total Equation (2)
capacity of Rubisco (Phosphorus leaf site) Phosphorus Map (above) Vcmax = 0.1013 ·P(mgkg−1)+30.037;
(Vcmax) (µmolCO2 m−2 s−1) R2 = 0.77; p < 0.005
Specific Leaf Area Index
(SLA) (m2 kg−1)

Fyllas et al., 2009 62 22 Kriging Interpolation -x-

Model Output Validation data

Woody Net Primary
Productivity

Malhi et al., 2004 104 25 -x- -x-

NPPw

(kgCm2 yr−1)
Woody Above-ground Malhi et al., 2006 227 69 -x- -x-
Biomass AGBw

(kgCm−2)
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Table 2. Summary of the parameterization setup for each of the simulation experiments: the
control simulation (CA) with the original IBIS prescribed homogeneous parameterization; the
SA3a with corrected carbon allocation, with homogeneous parameterizations in space; site-
level simulation (SS) with heterogeneous parameterizations represented; and the regional sim-
ulation (RS) with the upscale of the respective parameters.

Homogeneous Parameterization Heterogeneous Parameterizations
(CA)
Control Simulation
IBIS original setup

(SA3a)
(CA) with Change
in C allocation

(SS)
Site-level Simulation Site observa-
tion data

(RS)
Regional Simulation Regional
estimated data

Carbon Allocation to wood,
leaves and roots

% Fixed space
50 % Wood,
30 % Leaves,
20 % Roots

Fixed space
34 % Wood,
33 % Leaves,
34 % Roots

Site function of Soil Texture Que-
sada et al. (2010)

Map Estimated Function Soil
Texture map

Woody Biomass Residence
Time

years Fixed space
25

Fixed space
25

Site data from Galbraith et al. (2012) Map Kriging interpolation
Site data from Galbraith
et al. (2012)

Maximum carboxylation
capacity of Rubisco (Vcmax)

µmolCO2 m−2 s−1 Fixed space
75

Fixed space
75

Site estimate from Mercado et al.,
2009

Map Estimated Function Soil
Phosphorus Map

Specific Leaf Area Index
(SLA)

m2 kg−1 Fixed space
25

Fixed space
25

Site data from Fyllas et al. (2009) Map Kriging interpolation Site
data from Fyllas et al. (2009)
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Table 3. Statistical summary of the comparison of woody net primary productivity between IBIS
simulated results and field estimates. The table presents the number of data points within the
studied area, mean and standard deviation, regression slope, intercept and correlation coeffi-
cient, and index of agreement (d ). The statistical analyses were made for all sites excluding
four outliers (JEN, CAQ, SCR, CUZ, discussed in Supplement D). The statistical analyses was
divided in groups of data point as: Series A and B represent the series of all data points that
have available NPPw field information where Series A: represent the series of data where the
Vcmax was estimated based on field information; Series B: represent all other data points where
NPPw field was known and Vcmax was extrapolated based on the methodology described in this
work.

Woody NPP # data poits Mean a slope b intercept Correlation d index of agreement
(kgCm−2 yr−1) (Stdev) (Stdev) (Stdev) Coefficient R Willmott et al. (1982)

Observed Series A 10 0.31 (0.06)
Observed Series B 9 0.27 (0.04)
SA3a Series A 10 0.34 (0.03) −0.04 (0.15) 0.35 (0.05) −0.1 0
SA3a Series B 10 0.36 (0.03) 0.49 (0.14) 0.22 (0.04) 0.79 0.3
SS Series A 9 0.34 (0.05) 0.58 (0.20) 0.16 (0.07) 0.71 0.7
RS Series B 9 0.34 (0.04) 0.62 (0.30) 0.17 (0.08) 0.66 0.4
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Table 4. Statistical summary of the comparison of wood above-ground biomass between IBIS
simulated results and field estimates. The table presents the number of data points within the
studied area, mean and standard deviation, regression slope, intercept and correlation coeffi-
cient, and index of agreement (d ). The statistical analyses were made for all sites excluding
three (CUZ, CHN and AMB, in Supplement D). The statistical analyses was divided in groups
of data point as: Series C and D represent the series of all data points that have available AGBw
field information where Series C: represent the series of data where the woody residence time
was estimated based on field information; Series D: represent all other data points where AGBw
field was known and woody residence time was extrapolated based on the methodology de-
scribed in this work.

Woody AGB # data points Mean A slope B intercept Correlation d index of agreement
(kgCm−2) (Stdev) (Stdev) (Stdev) Coefficient R Willmott et al. (1982)

Observed Series C 21 15.4 (2.3)
Observed Series D 42 14.3 (2.8)
SA3a Series C 21 7.3 (0.5) 0.05 (0.05) 6.5 (0.8) 0.22 0
SA3a Series D 42 7.6 (0.6) −0.002 (0.050) 7.6 (0.8) −0.006 0
SS Series C 21 13.7 (2.3) 1.06 (0.18) −2.8 (2.8) 0.80 0.8
RS Series D 42 13.1 (2.6) 0.44 (0.71) 6.9 (1.1) 0.52 0.6
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Fig. 1. Locations of the main field observation data: woody above-ground biomass (Malhi et al.,
2006); woody net primary productivity (Malhi et al., 2004); maximum carboxylation capacity of
Rubisco and specific leaf area index (Fyllas et al., 2009); soil total Phosphorus (Quesada et al.,
2010); woody carbon allocation (Malhi et al., 2011); woody residence time (Galbraith et al.,
2012). Shaded areas include the Amazonian sensu sctricto (Amazon basin below 700 m asl,
light gray) with an estimated area (∼ 5.65×106 km2); Amazon River basin (light gray includ-
ing southeast Planalto and Western Andes, dark gray) and tropical forest areas in the north
(Guiana, dark gray) (Eva et al., 2005). Each field site that provided data is marked by a hexagon,
which is divided into 6 wedges. Each wedge corresponds to a particular variable (see key in
lower right). If a particular field variable is available at a site the wedge corresponding to it is
black. For example if woody above-ground biomass (AGBw) was collected at a particular site
the lower left wedge is black.
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Fig. 2. The relationship between fraction of NPP allocation to fine roots and percentage of sand
in soil (a), same for carbon allocation to leaves and percentage of sand in soil (b) (Malhi et al.,
2011; Quesada et al., 2010).
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Fig. 3. (a) Total soil phosphorus agregated by soil type, based on field data from Amazonia, it
is shown the average and standard deviation for each soil class; (b) regression between Vcmax
(Mercado et al., 2009) and total soil P (average depth from 0 to 0.3 m); Quesada et al. (2010),
excluding CUZ and SCR field site (Supplement D).
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Fig. 4. Estimated total soil phosphorus map in mg/kg (average depth from 0 to 0.3 m). The
dots represent averaged field plot measurements in one-degree grid cells (Quesada et al.,
2010). The total soil phosphorus map (background) is derived based on soil class map and the
relationship between site level total soil P content and soil class (Fig. 3).
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a) b)

c) d)

Fig. 5. Site specific field data (dots) and the extrapolated map (background): (a) carbon al-
location to wood [fraction], where the extrapolated map is based on sand fraction map; (b)
woody biomass residence time in years where the extrapolation is by kriging interpolation of
site data; (c) maximum carboxylation capacity of Rubisco (µmolCO2 m−2 s−1), where the ex-
trapolation method is based on total soil P map; (d) specific leaf area index (m2 kg−1), where
the extrapolation is by kriging interpolation of site data.
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a) b)

Fig. 6. (a) Estimated wood net primary productivity (NPPw) (kgCm−2 yr−1) and (b) wood live
above-ground biomass (AGBw) (kgCm−2), based on field data by Malhi et al. (2004, 2006),
respectively. Dots represent the average from measurement plots averaged to 1◦ ×1◦ grid cell.
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Fig. 7. Comparison of IBIS simulated values with field observations. Figures on the left (a, c)
are comparisons of woody above-ground net primary productivity. Figures on the right (b, d)
are comparisons of woody above-ground live biomass. Figures (a) and (b) are IBIS simulated
results, only for grid cells where the Vcmax (Series A) and woody residence time (Series B) are
known; while, (c) and (d) are the IBIS simulated results for the full series of data where NPPw
and AGBw field data are available (Series A+B and C+D).
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a) b)

c) d)

Fig. 8. Woody above-ground net primary productivity (left column) and the woody above-ground
live biomass (right column). The first row presents the regional simulation under the control
scenario (CA). The second row presents the IBIS simulated map based on the up scaled pa-
rameterization (RS).
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Fig. 9. Estimates of above-ground live biomass (including trees lower 10 cm dbh and lianas) in
the Amazon tropical forest scaled to the 5.65×106 km2 area of this study. The estimates are
derived from satellite (Saatchi et al., 2011; Baccini et al., 2012; Houghton et al., 2001), field
estimates (Malhi et al., 2006; Houghton et al., 2001) and numerical modeling simulation (IBIS,
in this study). The numbers shown represent the above-ground biomass density estimated in
each study (total C on above-ground biomass divided by the forest area) multiplied by our study
area of 5.65×106 km2.
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