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[1] Partitioning of gross primary production (GPP) to aboveground versus belowground,
to growth versus respiration, and to short versus long‐lived tissues exerts a strong
influence on ecosystem structure and function, with potentially large implications for the
global carbon budget. A recent meta‐analysis of forest ecosystems suggests that carbon
partitioning to leaves, stems, and roots varies consistently with GPP and that the ratio
of net primary production (NPP) to GPP is conservative across environmental gradients.
To examine influences of carbon partitioning schemes employed by global ecosystem
models, we used this meta‐analysis‐based model and a satellite‐based (MODIS) terrestrial
GPP data set to estimate global woody NPP and equilibrium biomass, and then compared
it to two process‐based ecosystem models (Biome‐BGC and VISIT) using the same
GPP data set. We hypothesized that different carbon partitioning schemes would result
in large differences in global estimates of woody NPP and equilibrium biomass.
Woody NPP estimated by Biome‐BGC and VISIT was 25% and 29% higher than the
meta‐analysis‐based model for boreal forests, with smaller differences in temperate and
tropics. Global equilibrium woody biomass, calculated from model‐specific NPP estimates
and a single set of tissue turnover rates, was 48 and 226 Pg C higher for Biome‐BGC and
VISIT compared to the meta‐analysis‐based model, reflecting differences in carbon
partitioning to structural versus metabolically active tissues. In summary, we found that
different carbon partitioning schemes resulted in large variations in estimates of global
woody carbon flux and storage, indicating that stand‐level controls on carbon partitioning
are not yet accurately represented in ecosystem models.
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1. Introduction

[2] The partitioning of assimilated carbon from gross
primary production (GPP) by woody plants into leaf, stem,
and root tissues has a strong impact on the carbon balance
and life strategy of individual plants [Johnson and Thornley,
1987], ecosystem structure and functioning [Ryan, 1991;
Ryan et al., 2004; Litton et al., 2007; Litton and Giardina,
2008], and, ultimately, global terrestrial carbon cycling
[Friedlingstein et al., 1999]. The plasticity of carbon parti-
tioning (carbon flux as a fraction of GPP; Figure 1) provides

a mechanism for plants to improve resource acquisition in
an environment where multiple aboveground and below-
ground resources can simultaneously limit plant production
[Iwasa and Roughgarden, 1984]. Moreover, the ratio between
NPP andGPP, carbon use efficiency, plays an important role in
controlling forest carbon balance [DeLucia et al., 2007; Litton
et al., 2007; Zhang et al., 2009]. Across larger scales, shifts in
partitioning by plants exert a large influence on regional and
global carbon balance, but our understanding of how this
balance will respond to changes in climate, and correspond-
ing assumptions driving partitioning schemes in ecosystem
models, remain poorly constrained.
[3] Ecosystems dominated by woody vegetation are

responsible for 69–76% of global NPP and 77–82% of carbon
storage in plant biomass (calculated from Prentice et al.
[2001]). Given the large influence of woody biomes on the
global carbon cycle, an accurate understanding of carbon
partitioning in woody ecosystems is essential for model-
ing the potential impact of environmental change on the ter-
restrial carbon balance. For example, based on a resource
optimization theory [Iwasa and Roughgarden, 1984],
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Friedlingstein et al. [1999] modified carbon partitioning
to woody plant tissues (shoot versus root) as a dynamic
function of resource availability and demonstrated that the
subsequent global estimate of plant biomass was reduced
by 10% when compared to a fixed partitioning scheme.
However, despite the important role of carbon partitioning
in ecosystem carbon balance, a unified theory describing
carbon partitioning and the underlying empirical frame-
work are conspicuously lacking [Reynolds and Chen,
1996; Enquist and Niklas, 2002; DeLucia et al., 2007;
Litton et al., 2007]. As a result, model treatment of carbon
partitioning has potentially large implications for regional
and global estimates of carbon flux and storage.
[4] From a meta‐analysis of 63 field studies ranging from

tropical wet to boreal forests, Litton et al. [2007] reviewed
and analyzed carbon partitioning in forest ecosystems, referred
to here as the “meta‐analysis‐based partitioning scheme.”
This analysis predicts constant partitioning of GPP to foliage
(0.26 ± 0.03 SE; SE calculated from the meta‐analysis data
set, n = 29), while partitioning of GPP to stems increases
linearly with GPP and partitioning to roots decreases line-
arly with GPP. The meta‐analysis‐based partitioning scheme
also predicts that stand carbon use efficiency, defined as the
ratio between NPP and GPP, is constant across a wide range
of forest types (mean ecosystem carbon use efficiency of
0.43 ± 0.02 SE; n = 23). The meta‐analysis‐based parti-
tioning scheme also identified that carbon use efficiency
does vary by component with carbon use efficiencies of
0.36 (±0.02 SE), 0.60 (±0.03 SE), and 0.41 (±0.03 SE)
for foliage, stems (aboveground metabolically active and
inactive woody tissues), and roots (coarse and fine roots),
respectively. Critically, these values represent central ten-
dencies; for yet to be determined reasons, variation within
and across sites can be quite high. For example, stand car-
bon use efficiency varied from 0.29 to 0.58 across all studies
analyzed by Litton et al. [2007], in line with findings of
Amthor [2000], who reported that the potential range of
carbon use efficiency is 0.20–0.65 in individual plants over
long periods.

[5] Global vegetation models are widely used to study
interactions between terrestrial ecosystems and global change
[Moorcroft, 2006]. For example, vegetation models are reg-
ularly coupled to general circulation models [e.g., Cox et al.,
2000; Kawamiya et al., 2005] to reproduce land‐atmosphere
feedbacks in biogeochemistry (e.g., carbon cycling dynam-
ics) and biophysics (e.g., albedo and hydrological cycles).
Despite the effects of carbon partitioning algorithms on
model output, only Friedlingstein et al. [1999] has system-
atically studied the impacts of partitioning scheme on a global
terrestrial ecosystem model. Since many models calculate
maintenance and growth respiration separately [Ryan, 1990]
and assume positive temperature sensitivity for respiration
rates, modification of these processes by the meta‐analysis‐
based partitioning scheme has the potential to significantly
alter estimates of carbon storage and flux by terrestrial veg-
etation models.
[6] The first objective of this study was to estimate woody

plant NPP and equilibrium biomass (where NPP and tissue
turnover equilibrate) using the meta‐analysis‐based parti-
tioning scheme applied to a MODIS‐derived global GPP
data set [Running et al., 2004]. Our second objective was
to compare woody NPP and equilibrium biomass from this
approachwith twowidely used process‐basedmodels: Biome‐
BGC [Running and Hunt, 1993; Running et al., 2004; Zhao
et al., 2005] and VISIT [Ito and Oikawa, 2002; Ito, 2005].
Our goal in this comparison was to test whether differences in
model treatment of carbon partitioning significantly impact
estimates of global carbon flux and storage in live woody
biomass. We hypothesized that different model treatments of
carbon partitioning would result in large differences in global
estimates of woody NPP and equilibrium biomass. Since all
three approaches relied on the same GPP data set to esti-
mate NPP and equilibrium biomass, any observed differences
would be a direct consequence of the different carbon parti-
tioning algorithms employed. We also explored how carbon
use efficiency (NPP:GPP) estimates vary across the differ-
ent modeling approaches, and how this variation, along with
component‐specific (foliage, stem, and roots) efficiencies,
impacts global equilibrium woody biomass estimates.

2. Materials and Methods

[7] Global GPP was obtained from the MODIS (MOD17)
database, and woody plant NPP was then estimated with the
three different carbon partitioning algorithms (meta‐analysis‐
based partitioning scheme, Biome‐BGC, and VISIT). Both
Biome‐BGC and VISIT rely on constant fractions to partition
GPP into foliage, stem, and roots (Tables 1 and 2). In the
meta‐analysis‐based partitioning scheme approach, however,
only partitioning to foliage is a constant fraction of GPP,
while partitioning to stem and roots varies linearly with GPP
[Litton et al., 2007]. Partitioning to production versus respi-
ration also varies across the three models. Biome‐BGC and
VISIT calculate carbon use efficiency based on temperature
and biomass, while the meta‐analysis‐based partitioning
scheme approach estimates partitioning of GPP to respiration
based on component‐specific constants (carbon use efficien-
cies of 0.36, 0.60, and 0.41 for foliage, stems, and roots,
respectively). Once partitioning to component tissues and
production versus respiration has been quantified in each
model, the global distribution of equilibrium woody biomass

Figure 1. Schematic diagram of the partitioning of GPP in
terrestrial ecosystems (modified from Ryan [1991]). GPP is
allocated to six fluxes: NPP and autotrophic respiration of
foliage, stems, and roots (NPPf, Rf, NPPs, Rs, NPPr, and Rr).
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is estimated from model output of NPP and a data set of
plant tissue turnover rates from VISIT. Importantly, the
same woody plant GPP and plant tissue turnover rates were
used in each model run, such that differences in model
estimates of global woody NPP and equilibrium biomass are
a direct consequence of model‐specific carbon partitioning
schemes.

2.1. GPP From MODIS

[8] The MODIS GPP (MOD17 for 2001–2006, ∼1 km
resolution, 8 day mean [Running et al., 2004; Zhao et al.,
2005; Turner et al., 2006]) was obtained from LP DAAC
(http://edcdaac.usgs.gov/). This is an 8 day composite at
1 km spatial resolution in validated stage 3 (very low com-
mission error) that employs a linear temporal gap‐filling
technique to replace missing data. Annual GPP was simply
calculated by aggregating the 8 day means. The original data
set in a ∼1 km sinusoidal projection was converted into
the 0.5° Mercator projection (Figure 2). The GPP estimate
by MODIS comes from a simple empirical model that is a
function of the fraction of photosynthetically active radia-
tion absorbed by vegetation, leaf area index (obtained from
MOD15A2 [Knyazikhin et al., 1998, 1999]), vapor pressure
deficit, and daily minimum air temperature. The mean GPP
reported here (76.3 Pg C yr−1 for 2001–2006) is only for
biomes dominated by woody vegetation, and thus it is ∼30%
lower than that estimated for all terrestrial vegetation reported
by Zhao et al. [2005] (109 Pg C yr−1 for the mean of 2001–
2003). We do not contend that this global GPP data set
represents an improvement over other global estimates, but
rather use this data set to address our objectives of modeling
carbon partitioning, flux and storage from a single GPP data
set. Thus, this global data set of MODIS‐derived GPP was
used in each of the three models to calculate global woody
NPP and equilibrium biomass on the same 0.5° grid.

2.2. Global Woody NPP

[9] Both process‐based models (Biome‐BGC and VISIT)
calculate maintenance and growth respiration terms sepa-
rately, while the meta‐analysis‐based partitioning scheme
directly estimates total autotrophic respiration based on sta-
tistical relationships from the meta‐analysis presented by
Litton et al. [2007]. The process‐based models calculate
respiration as functions of tissue biomass and temperature
with fixed carbon partitioning coefficients. In contrast, Litton
et al. [2007] found that for forest ecosystems, carbon parti-

tioning is not well correlated with living biomass and, thus,
the meta‐analysis‐based partitioning scheme calculates res-
piration by tissue component as a direct proportion of GPP
based on a synthesis of empirical relationships developed for
diverse forest sites (see section 4).
[10] The meta‐analysis‐based partitioning scheme uses

statistical relationships to partition GPP into 3 biomass com-
partments (foliage, stem, and roots), and then calculates NPP
versus autotrophic respiration separately for each compart-
ment. Annual woody GPP (g C m−2 yr−1) partitioning to
foliage (GPPf), stem (GPPs), and root (GPPr) components
was calculated from total GPP (g C m−2 yr−1) determined
from MODIS as:

GPPf ¼ 0:258� GPP ð1Þ
GPPs ¼ ðcs � GPP þ ciÞ � GPP ð2Þ

GPPr ¼ ð�cs � GPP þ 1� 0:258� ciÞ � GPP ð3Þ

where cs = 5.06 × 10−5 and ci = 0.194. As shown here, parti-
tioning of annual woodyGPP to stem versus roots is a function
of GPP, while partitioning to foliage is constant. NPP (g Cm−2

yr−1) for foliage (NPPf), stem (NPPs), and roots (NPPr) was
calculated from GPPf, GPPs, and GPPr, respectively, with
component‐specific carbon use efficiency constants:

NPPf ¼ 0:360� GPPf ð4Þ
NPPs ¼ 0:589� GPPs ð5Þ
NPPr ¼ 0:410� GPPr ð6Þ

[11] Biome‐BGC [Running and Hunt, 1993; White et al.,
2000; Running et al., 2004; Zhao et al., 2005] is a widely

Table 1. Carbon Partitioning Parameters and Tissue Turnover Rates Summarized From VISIT

Parameter Symbol Unit Tropical Forest Temperate Forest Boreal Forest Sparse Woodland

Foliage maintenance respiration kmf yr−1 1.40 × 100 1.38 × 100 1.25 × 100 1.40 × 100

Stem sapwood maintenance respiration kmss yr−1 5.30 × 10−2 5.55 × 10−2 5.04 × 10−2 7.05 × 10−2

Root sapwood maintenance respiration kmrs yr−1 2.07 × 10−1 2.28 × 10−1 2.06 × 10−1 3.57 × 10−1

Stem heartwood maintenance respiration kmsh yr−1 2.57 × 10−3 3.50 × 10−3 3.18 × 10−3 6.37 × 10−3

Root heartwood maintenance respiration kmrh yr−1 1.47 × 10−2 1.78 × 10−2 1.52 × 10−2 3.02 × 10−2

Partitioning to foliage ff
a fraction of carbon surplus 0.193 0.198 0.134 0.235

Partitioning to stem (see Appendix A) fs
a fraction of carbon surplus 0.517 0.500 0.500 0.232

Foliage growth respiration kgf fraction of carbon surplus 0.500 0.498 0.466 0.505
Stem growth respiration kgs fraction of carbon surplus 0.127 0.145 0.118 0.187
Root growth respiration kgr fraction of carbon surplus 0.227 0.243 0.214 0.282
Foliage tissue turnover tf yr−1 1.33 1.08 0.702 0.904
Stem tissue turnover ts yr−1 0.0342 0.0234 0.0108 0.0342
Root tissue turnover tr yr−1 0.385 0.288 0.137 0.385

aPartitioning to roots ( fr) is calculated as a residual term in VISIT (i.e., any carbon left over after partitioning to leaves and stems goes to roots).

Table 2. Carbon Partitioning Coefficients for Biome‐BGC,
Calculated From White et al. [2000], Which Assumes Constant
Partitioning of Carbon to Leaves, Stems, and Roots That Vary
With Forest Type

Partitioning
Fractions

Evergreen
Needleleaf
Forest

Deciduous
Needleleaf
Forest

Deciduous
Broadleaf
Forest Shrubland

Evergreen
Broadleaf
Forest

Leaf 0.19 0.21 0.20 0.44 0.30
Stem 0.42 0.47 0.45 0.10 0.30
Root 0.39 0.32 0.34 0.47 0.39
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used ecosystem model that simulates ecophysiological pro-
cesses of vegetation and soil biogeochemical cycles. Parti-
tioning of GPP into plant tissues is based on partitioning
constants that vary with vegetation type (Table 2). NPP esti-
mated by Biome‐BGC is calculated by subtracting mainte-
nance and growth respiration from GPP that is simulated by
a Farquhar‐type ecophysiological model. Maintenance respi-
ration has a temperature dependency (Q10 = 2.0), and growth
respiration is a constant fraction of carbon partitioned to each
component. Details of the Biome‐BGC NPP calculation are
given by Running and Coughlan [1988], Running and Gower
[1991], and Zhao et al. [2005]. The NPP product calculated
by Biome‐BGC is distributed as a part of the MOD17
product. The annual NPP data set (2001–2006) is available
from http://www.ntsg.umt.edu/modis/.
[12] VISIT [Ito, 2005] is based on the ecosystem model

Sim‐CYCLE [Ito and Oikawa, 2002] and has vegetation
ecophysiology submodels and ecosystem models of plant
production and soil biogeochemistry. Partitioning of GPP
into plant tissues is based on partitioning constants that vary
with vegetation type (Table 1). VISIT estimates maintenance
respiration and growth respiration of foliage, stem, and roots
separately. The maintenance respiration is proportional to
biomass and also has a dependence on temperature (Q10 = 2.2
at 5°C, Q10 = 2.0 at 15°C, and Q10 = 1.8 at 25°C), taking into
account size dependence (i.e., sapwood/heartwood ratio) and
temperature acclimation. Growth respiration of each tissue
(i.e., foliage, stem, and roots) is a constant fraction of par-
titioned carbon (Table 1). A set of simplified equations from
the original VISIT was applied to this study (see Appendix A)
to estimate partitioning to respiration for NPP estimates.

2.3. Global Equilibrium Woody Biomass

[13] Equilibrium biomass of woody plants from each
model was calculated based on model‐specific NPP esti-
mates and a simple tissue turnover model employed by VISIT
(Table 1). The use of a single calculation algorithm to obtain
the equilibrium biomass from the NPP output for each model
allowed us to explore how the carbon partitioning scheme for
each model impacts terrestrial carbon storage in live biomass.
VISIT assigns vegetation‐specific turnover rates for foliage,
stems, and roots (Table 1). The vegetation type of each grid
cell was obtained from an existing global vegetation map
[Hansen et al., 1998], and the grid was then assigned to the

most closely corresponding biome type used in VISIT. From
13 land cover types of GLCF UMD Global Land Cover
Classification [Hansen et al., 1998], we summarized woody
vegetation into 3 categories: (1) tropical and subtropical
forest, (2) moist temperate forest and second‐growth forest
following anthropogenic land use, and (3) boreal forest.
These categories included open woodlands such as semiarid
woodland and savanna. The amounts of equilibrium biomass
in foliage, stem, and roots (Cef, Ces, and Cer, respectively)
were calculated by solving the following differential equa-
tions for equilibria:

dCf

dt
¼ NPPf � kf � Cf ð7Þ

dCs

dt
¼ NPPs � ks � Cs ð8Þ

dCr

dt
¼ NPPr � kr � Cr ð9Þ

and gives:

Cef ¼ NPPf

kf
ð10Þ

Ces ¼ NPPs

ks
ð11Þ

Cer ¼ NPPr

kr
ð12Þ

where kf, ks, and kr are tissue turnover rates of foliage, stem,
and roots, respectively, that are constant through time but
vary by biome (Table 1). We assumed no internal variability
in tissue turnover rates in each vegetation type.

2.4. Sensitivity Analysis

[14] To understand the sensitivity of modeled NPP and
equilibrium biomass to partitioning assumptions, we con-
ducted a sensitivity analysis of carbon partitioning parameters
for the meta‐analysis‐based partitioning scheme by system-
atically varying ci (“intercept” parameter in equations (2) and
(3)) for all modeled forest types. From the default value of the
meta‐analysis‐based partitioning scheme (ci = 0.194), ci was
either increased or reduced by 20% to vary stem to root
partitioning. Since stem and roots have different carbon use
efficiency and tissue turnover time, the resultant NPP and
equilibrium biomass are also affected. In addition, cs (“slope”
parameter) was also changed by doubling (cs = 1.01 × 10−4)
and zeroing cs (cs = 0) to explore the effect of productivity
(GPP) on stem to root partitioning.

3. Results

[15] Because a single GPP data set was used for all three
modeling analyses, the three analyses reproduced similar
large‐scale patterns in NPP including a strong latitudinal
gradient in NPP (Figure 3) with the highest NPP values in
moist tropical regions. However, model‐specific differences
were also apparent for many regions. For example, the meta‐
analysis‐based model estimated higher NPP for the Amazon

Figure 2. Global woody plant GPP (g C m−2 yr−1) from
MODIS (mean of 2001–2006).
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basin than the process‐based models (lower modeled res-
piration costs compared to Biome‐BGC and VISIT). On the
other hand, boreal forest productivity, especially in Canada,
was lower in the meta‐analysis‐based scheme (higher mod-
eled respiration costs).
[16] Within a given biome, estimates of NPP differed sig-

nificantly across models (Table 3). Due to the temperature
sensitivity of maintenance respiration, the process‐based
models (Biome‐BGC and VISIT) estimated NPP in boreal
forests to be 25% and 29% higher, respectively, than the
meta‐analysis‐based partitioning scheme ( p < 0.01, Tukey’s
HSD).Model NPP estimates fromVISIT agreed well with the
meta‐analysis‐based partitioning scheme for temperate and
tropical forests. However, Biome‐BGC estimates of global
woody NPP were 6–8% lower in tropical forests and 16%
higher in temperate forests compared to the other twomodels.
[17] Since the temperature dependence of maintenance res-

piration lowered carbon loss in cold regions (see equation (A1)
in Appendix A), it also reduced the latitudinal gradient of
NPP predicted by the process‐based models (Figure 4). On
the other hand, NPP estimated by the meta‐analysis‐based
partitioning scheme reflected the latitudinal gradient of GPP
directly. Moreover, NPP estimated with Biome‐BGC for
tropical wet forests in the Amazon and central Africa tended
to be lower than the other two models but was higher in
savanna and subtropical regions (Figure 4), likely because
the temperature sensitivity of respiration in Biome‐BGC
was the highest among the models.
[18] Different carbon partitioning schemes employed by

the three models affected global equilibrium woody biomass
estimates (Table 3 and Figure 5). VISIT had higher esti-
mates than the meta‐analysis‐based partitioning scheme and
Biome‐BGC in tropical forests by 27% and 41%, respec-
tively (Figure 6). In temperate and boreal forests, the meta‐
analysis‐based partitioning scheme had significantly lower
biomass estimates than the process‐based models (p < 0.01),
while that of VISIT was significantly higher than Biome‐
BGC in both regions (p < 0.01). Importantly, differences in
estimates of biomass originated solely from the different
carbon partitioning schemes employed by each model. For
example, greater partitioning to stems, which have a lower
tissue turnover rate (Table 1), will result in larger equilib-
rium biomass. Across cover types, the meta‐analysis‐based

Figure 3. Global woody plant NPP (g C m−2 yr−1) from
(a) Biome‐BGC, (b) the meta‐analysis‐based partitioning
scheme, and (c) VISIT (mean of 2001–2006).

Table 3. Summary Output of Gross Primary Productivity, Net Primary Productivity, and Equilibrium Biomass for Global Woody
Vegetationa

Variable Region Unit Biome‐BGC Meta‐Analysis VISIT

GPP tropical g C m−2 yr−1 2113 ± 27 2113 ± 27 2113 ± 27
temperate g C m−2 yr−1 899 ± 11 899 ± 11 899 ± 11
boreal g C m−2 yr−1 550 ± 17 550 ± 17 550 ± 17
woody biome total Pg C yr−1 108.7 ± 1.3 108.7 ± 1.3 108.7 ± 1.3

NPP tropical g C m−2 yr−1 870 ± 28 (a) 950 ± 27 (b) 928 ± 13 (b)
temperate g C m−2 yr−1 455 ± 8 (a) 393 ± 5 (b) 392 ± 5 (b)
boreal g C m−2 yr−1 297 ± 11 (a) 238 ± 7 (b) 308 ± 10 (a)
woody biome total Pg C yr−1 50.5 ± 1.1 (a) 48.1 ± 0.6 (b) 43.8 ± 0.5 (c)

Equilibrium biomass tropical kg C m−2 11.6 ± 0.4 (a) 12.8 ± 0.2 (b) 16.3 ± 0.2 (c)
temperate kg C m−2 8.5 ± 0.2 (a) 6.5 ± 0.1 (b) 9.7 ± 0.1 (c)
boreal kg C m−2 12.9 ± 0.5 (a) 7.7 ± 0.3 (b) 16.4 ± 0.5 (c)
woody biome total Pg C 797 ± 17 (a) 749 ± 11 (b) 975 ± 15 (c)

aGPP, gross primary productivity; NPP, net primary productivity. Values are means for 2001–2006 (±1 SE). Different letters denote statistical significant
differences determined with a Tukey’s HSD post hoc test at a = 0.05.
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partitioning scheme estimate of equilibrium woody biomass
was 15% lower than the process‐based models.
[19] We compared our equilibrium biomass (Table 3)

estimates with Luyssaert et al. [2007] by calculating arith-
metic means of their estimates of total forest biomass (above-
ground and belowground) for tropical, temperate (humid,
semiarid, and Mediterranean), and boreal (humid and semi-
arid) regions (14.3 ± 3.1, 12.7 ± 2.1, and 7.5 ± 0.9 kg C m−2,
respectively). For tropical forests, their estimate is in the
range of all three of the approaches used here. For temperate
forests, results from three models obtained here are 24–49%
lower than their estimate. For boreal forests, their estimate is
within 3% of that from the meta‐analysis‐based partitioning
scheme, but 42–54% lower than Biome‐BGC and VISIT.
These differences in equilibrium woody biomass, especially
for temperate forests, may be due to the impacts of anthro-
pogenic disturbances and land use. The observation sites in
the work of Luyssaert et al. [2007] are almost exclusively
from intact forests, but our input data (MODIS‐based GPP)
covers the entire terrestrial surface dominated bywoody plants,
including many areas where human impacts have signifi-
cantly reduced forest productivity and standing biomass.
While the data sets used by Litton et al. [2007] and Luyssaert
et al. [2007] contain some overlap, the latter synthesis was
based on a significantly larger data set (n = 513; compare to
n = 29 in the work of Litton et al.) because it included

carbon budget estimates from eddy covariance techniques
and simulation models in addition to field‐based methods.
[20] Carbon use efficiency (NPP:GPP) values differed

across models and biomes (Figure 7). While Biome BGC
and VISIT relied on carbon use efficiency values that varied
with temperature, carbon use efficiency of the meta‐analysis‐
based partitioning scheme remained nearly constant through-
out the entire biome gradient (0.43–0.45), where the small
differences were the result of component specific partition-
ing of GPP to autotrophic respiration in foliage, stems, and
roots. While carbon use efficiency was very similar across
all models for tropical regions (0.41–0.45), Biome‐BGC
and VISIT estimated a higher carbon use efficiency than the
meta‐analysis‐based partitioning scheme for colder biomes
(0.54–0.56). Moreover, a large shift in carbon use efficiency
for Biome‐BGC occurred between tropical and temperate
forests, while that for VISIT occurred between temperate and

Figure 4. Difference in NPP (g C m−2 yr−1) estimated by
Biome‐BGC (MODIS) versus (a) the meta‐analysis‐based
partitioning scheme and (b) VISIT (mean of 2001–2006).
Note that the NPP estimate by Biome‐BGC is used only
as a reference, and this does not imply that Biome‐BGC is
more accurate than the other models.

Figure 5. Total equilibrium biomass (kg C m−2) from
(a) Biome‐BGC, (b) the meta‐analysis‐based partitioning
scheme, and (c) VISIT (mean of 2001–2006).
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boreal forests. Of the three models, the pattern of carbon use
efficiency for tropical, temperate, and boreal forests reported
by Malhi et al. [1999] was closest to that of Biome‐BGC.
Differences between the meta‐analysis based partitioning
scheme andMalhi et al. [1999] are likely due to the number of
stands examined: Litton et al. [2007] who utilized 29 avail-
able stand‐level carbon budget studies, including the three
stands (one stand from each biome) examined byMalhi et al.
[1999].
[21] Sensitivity analyses of stem to root partitioning

parameters in the meta‐analysis‐based partitioning scheme
indicated that, due to differences in carbon use efficiencies of
stem and root components, changes in ci or cs affected NPP
estimates (Table 4). These differences in NPP were further
propagated in equilibrium biomass due to the difference
in tissue turnover time of stem versus roots (see Table 1).
The response to the sensitivity analysis concerning ci was
monotonic, where higher ci increased NPP and equilibrium
biomass. This result directly reflected differences in stem and
root parameters of carbon use efficiency and tissue turnover.
In contrast, the sensitivity test on cs demonstrated a hetero-
geneous response with respect to biome type. Since cs con-
trols stem to root partitioning as a function of productivity
(GPP) in the meta‐analysis‐based partitioning scheme, trop-
ical forests, a biome with overall high productivity, were the
most impacted by choice of model. Changes in cs caused
a significant difference in equilibrium biomass estimates of

tropical forests while variation in temperate and boreal forests
was minimal.

4. Discussion

[22] Comparing the three models, we found that the dif-
ferent algorithms employed for partitioning GPP to compo-
nent tissues (foliage versus stems versus roots) and fluxes
(respiration versus production) can significantly alter pre-
dictions of terrestrial carbon flux and stock in woody eco-
systems, and thus the global carbon budget. In contrast to
the process‐based models, the meta‐analysis‐based model
assumed no temperature dependence for respiration and dis-
played nearly constant carbon use efficiency for all forest
types. Moreover, the process‐based models calculate main-
tenance respiration rates as a function of living biomass while
the meta‐analysis‐based partitioning scheme assumes no bio-
mass dependency because Litton et al. [2007] did not identify
a correlation between biomass and carbon partitioning across
forest ecosystems. This difference in carbon use efficiency
assumptions resulted in wide variations in global estimates
of equilibrium woody biomass and NPP, as we had hypoth-
esized. Because all models relied on the same MODIS
GPP data set, variation across models resulted entirely from
differences in model structure and starting assumptions.
Notably, accurately modeling woody NPP and equilibrium
biomass depends on correctly capturing both carbon parti-
tioning patterns as well as estimating GPP. Here, we focused
on the former because our aim was to highlight the model
difference in carbon partitioning. However, future studies are
needed to address the full suite of factors, including GPP, that
control ecosystem carbon balance.
[23] Based on a literature review, Prentice et al. [2001]

reported regional means and global totals of NPP and car-
bon stock in living biomass. The reported range of woody
plant NPP from this prior study was 41.1–47.5 Pg C yr−1,
and outputs from all models in this analysis fall close to this
range (Table 3). The range for woody plant carbon stock
reported by Prentice et al. [2001] was 359–536 Pg C, with
all three NPP estimation methods utilized here yielding
higher estimates of woody plant biomass (Table 3). However,
the plant carbon stock reported in this study is modeled to an
equilibrium condition, even though a large fraction of ter-
restrial vegetation during the observation period (2001–2006)
was below equilibrium values because of land use activities.
Although GPP and NPP are also affected by anthropogenic
activities, GPP and NPP generally have much shorter recovery
times after disturbance compared to woody biomass [Kashian
et al., 2006]. Thus, the results from all methods employed
here inherently overestimate the terrestrial plant carbon stock.
As before, our objective was not to provide a new global
estimate of equilibriumwoody biomass, but rather to test how
different carbon partitioning algorithms impact global esti-
mates of woody biomass.
[24] Themeta‐analysis‐based partitioning scheme assumes

that ecosystem carbon use efficiency is constant across forest
types, while Biome‐BGC and VISIT vary carbon use effi-
ciency as a function of biomass and temperature. A better
understanding of environmental and physiological depen-
dencies of carbon use efficiency is critical, as NPP:GPP has
important ramifications for the flux and storage of carbon in
terrestrial ecosystems. The meta‐analysis‐based partitioning

Figure 6. Difference in estimates of equilibrium biomass
(kg C m−2) from Biome‐BGC (MODIS) versus (a) the
meta‐analysis‐based partitioning scheme and (b) VISIT
(mean of 2001–2006). Note that the NPP estimate by
Biome‐BGC is used only as a reference, and this does not
imply that Biome‐BGC is more accurate than the other
models.
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scheme relies on a central tendency for carbon use efficiency
of 0.43 (±0.02 SE). This tendency is in line with findings
of previous studies [Ryan et al., 1996; Waring et al., 1998;
Amthor, 2000; Gifford, 2003; Curtis et al., 2005] and sug-
gests that carbon use efficiency does not vary with stand age,
resource availability, aboveground biomass, or competition.
In this analysis only central tendencies were considered in
the parameterization as Monte Carlo type sensitivity analyses
for all three outputs was beyond the scope of this study.While
we relied on central tendencies, the carbon use efficiencies
reviewed by Litton et al. [2007] ranged from 0.29 to 0.58
across diverse forest ecosystems, indicating that our current
understanding of carbon use efficiency in forests is uncertain.
In contrast to Litton et al. [2007], several studies, including
two recent efforts, have documented that carbon use effi-

ciency can vary with forest type within a biome and with
stand development [Ryan et al., 1997;Makela and Valentine,
2001; DeLucia et al., 2007; Zhang et al., 2009].
[25] Whether NPP:GPP varies predictably with temper-

ature, forest type, or stand age has important implica-
tions for modeling global carbon dynamics. DeLucia et al.
[2007] used a database of carbon use efficiency calculated
at 51 individual forest sites around the globe and found that
carbon use efficiency was lowest in boreal forests (0.32),
intermediate in tropical forests (0.46), and highest in tem-
perate deciduous forests (0.59). In contrast, Zhang et al.
[2009] used global estimates of GPP from MODIS and
NPP derived from the temperature dependence of autotrophic
respiration and found that the lowest values of carbon use
efficiency were associated with broadleaf evergreen and

Table 4. Results of a Sensitivity Analysis on the Meta‐Analysis‐Based Partitioning Scheme for Carbon Partitioning of Stems Versus
Rootsa

Variable Region Unit Default

ci cs

Minus Plus Minus Plus

NPP tropical g C m−2 yr−1 950 ± 27 0.99 ± 0.01 1.02 ± 0.01 0.97 ± 0.01 1.03 ± 0.01
temperate g C m−2 yr−1 393 ± 5 0.98 ± 0.01 1.02 ± 0.01 0.99 ± 0.01 1.01 ± 0.01
boreal g C m−2 yr−1 238 ± 7 0.98 ± 0.03 1.02 ± 0.03 1.00 ± 0.03 1.00 ± 0.03
woody biome total Pg C yr−1 48.1 ± 0.6 0.99 ± 0.01 1.02 ± 0.01 0.99 ± 0.01 1.02 ± 0.01

Equilibrium biomass tropical kg C m−2 12.8 ± 0.2 0.90 ± 0.02 1.10 ± 0.02 0.81 ± 0.01 1.19 ± 0.02
temperate kg C m−2 6.5 ± 0.1 0.86 ± 0.02 1.12 ± 0.02 0.95 ± 0.02 1.05 ± 0.02
boreal kg C m−2 7.7 ± 0.3 0.87 ± 0.03 1.14 ± 0.04 1.04 ± 0.04 0.97 ± 0.04
woody biome total Pg C 749 ± 11 0.88 ± 0.01 1.12 ± 0.02 0.92 ± 0.01 1.09 ± 0.02

aThe “intercept” parameter (ci in equations (2) and (3)) was shifted by 20% above (plus) and below (minus) the default value of 0.194. The “slope”
parameter (cs) was doubled (plus) and zeroed (minus) from the default value of 5.06 × 10−5. Here NPP and equilibrium biomass are reported as relative
fractions (perturbed/default values).

Figure 7. Carbon use efficiency (NPP/GPP) of woody plants by forest biome and for all forests globally.
Values are means for 2001–2006.
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deciduous forests growing in warm andwet sites (i.e., tropical
forests; ∼0.46–0.49) and that highest values were associated
with needleleaf evergreen forests growing in cold and dry
sites (i.e., boreal forests; ∼0.58). In our study, the meta‐
analysis‐based partitioning scheme estimates of carbon use
efficiency varied minimally by forest type, as it was assumed
to be constant by tissue component across all sites. For both
the Biome‐BGC and VISIT estimates, carbon use efficiency
was highest in boreal forests (0.54–0.57) and lowest in
tropical forests (0.43–0.44). In both of these models, as with
Zhang et al. [2009], variability in carbon use efficiency across
forest types was the result of the temperature dependence of
autotrophic respiration. Clearly, this is an area that warrants
further research, as global model estimates of forest carbon
cycling often do not agree with the limited empirical data that
is available from the few forest stands where carbon use
efficiency has been estimated [e.g., Litton et al., 2007; Ise and
Sato, 2008].
[26] To quantify the effect of temperature dependence

on autotrophic respiration, we experimentally simulated car-
bon use efficiency of tropical, temperate, and boreal forests
in VISIT with temperature data from temperate forests. We
selected grids that contained Manaus, Brazil (tropical), Duke
Forest, United States (temperate), and Thompson, Manitoba,
Canada (boreal). The default carbon use efficiencywas 0.428,
0.436, and 0.568, respectively. We then used the tempera-
ture data from Duke Forest for all sites and obtained carbon
use efficiencies of 0.496, 0.436, and 0.408. These results
demonstrate that, without a temperature dependency of auto-
trophic respiration, carbon use efficiency tends to be higher in
tropical forests and lower in boreal forests, as tropical trees
allocate more carbon to structural components. However, as
with the default carbon use efficiency, VISIT estimated lower
carbon use efficiency for tropical forests due to the strong
temperature dependency of autotrophic respiration.
[27] The relationships derived for the meta‐analysis‐based

partitioning scheme were based primarily on empirical data,
which demonstrated that carbon partitioning to stems and
roots is dynamic in response to resource availability. This
provides a potentially useful framework for designing a car-
bon partitioning scheme that is responsive to environmental
change, as conventional algorithms often assume that above-
ground versus belowground partitioning is constant. However,
some components of the meta‐analysis presented by Litton
et al. [2007] were based on studies that made important
assumptions about one or several components of carbon
cycling. For example, most of the studies reviewed that
estimated aboveground and belowground autotrophic res-
piration did so with gas exchange measurements and scal-
ing techniques based on temperature and/or tissue nitrogen
content, or similar gas exchange measurements and scaling
techniques for maintenance respiration and growth respira-
tion assuming a construction cost of 25% of net tissue pro-
duction. In addition, major forest types of the various biomes,
from tropical to boreal, were not equally represented in the
meta‐analysis on which the meta‐analysis‐based partitioning
scheme was based. As a result, the simple statistical regres-
sions used by the meta‐analysis‐based partitioning scheme
may contain biases due to differences in data availability.
We also highlight that the global patterns presented by Litton
et al. [2007] may not be applicable for determining carbon
partitioning coefficients for individual sites, as within‐site

variability was large when resource availability was experi-
mentally manipulated [e.g., Ryan et al., 2004]. For individ-
ual sites reviewed by Litton et al. [2007] that manipulated
resource availability, within‐site changes in partitioning
always agreed in direction but were typically much larger in
magnitude than expected from the global, across‐site rela-
tionship between GPP and partitioning employed here.
[28] In this study, we found that differences in how carbon

partitioning is treated in terrestrial ecosystem models have
an important influence on global woody NPP and equilib-
rium biomass estimates. Although our analysis was only for
woody plants, this physiognomy type exerts a dominant
influence on global terrestrial carbon cycling. More stand‐
level empirical studies on carbon partitioning are clearly
needed to narrow uncertainties in carbon partitioning pat-
terns and carbon use efficiency in woody plants, as are mod-
eling studies that incorporate well studied carbon partitioning
schemes. Importantly, the development and application of
carbon partitioning schemes that consider environmental
and plant taxonomic/functional variability are needed. In the
interim, a simple and robust carbon partitioning scheme such
as the meta‐analysis‐based partitioning scheme utilized here
that is based on the best available data has the potential
to greatly improve process‐based models, with important
implications for capacity to model and understand the role
of terrestrial ecosystems in a rapidly changing world.

Appendix A

[29] VISIT estimates NPP from GPP, by subtracting main-
tenance respiration and growth respiration separately. First,
the maintenance respiration has a temperature dependency
(td ):

td ¼ exp
Tair � 15

10
� ln 2� e�0:009�ðTair�15Þ

� �� �
ðA1Þ

where Tair is monthly mean air temperature obtained from
the Climate Research Unit database [New et al., 2000]. The
maintenance respiration is proportional to biomass of woody
plant tissue (Cf, Cs, and Cr for foliage, stem, and biomass,
respectively) with the temperature modifier td.

Rmf ¼ kmf � td � Cf ðA2Þ

Rms ¼ kms � td � Cs ðA3Þ

Rmr ¼ kmr � td � Cr ðA4Þ

While the respiration coefficient for foliage (kmf) is constant
(Table 1), that for stem (kms) and root (kmr) are functions of
the ratio of heartwood and sapwood.

kms ¼ kmss � ss þ kmsh � Cs � ss
Cs

ðA5Þ

kmr ¼ kmrs � sr þ kmrh � Cr � sr
Cr

ðA6Þ

where kmss and kmsh are maintenance respiration fractions
of stem sapwood and heartwood, respectively, and kmsr and
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kmsr are maintenance respiration fractions of root sapwood
and heartwood, respectively. The mass of sapwood for stem
(ss) and root (sr) are:

ss ¼ Cs
^ 1� Cs

3 � ð50þ CsÞ
� �

ðA7Þ

sr ¼ Cr
^ 1� Cr

3 � ð50þ CrÞ
� �

ðA8Þ

Thus, EPP, the amount of assimilated carbon available
for growth processes (new biomass production and growth
respiration) is calculated.

EPP ¼ GPP � Rmf � Rms � Rmr ðA9Þ

ThenEPP is partitioned intoEPPf,EPPs, andEPPr, the growth
partitioning to foliage, stem, and root, respectively.

EPPf ¼ EPP � ff ðA10Þ

EPPs ¼ EPP � EPPf

� �� fs ðA11Þ

EPPr ¼ EPP � EPPf � EPPs ðA12Þ

EPPf is proportional to the growth allocation coefficient for
foliage ( ff). The rest of EPP is partitioned into EPPs and EPPr
by the growth allocation coefficient for stem ( fs). Finally, NPP
of foliage, stem, and root (NPPf,NPPs, andNPPr, respectively)
are obtained by subtracting fractions of growth respiration for
foliage, stem, and root (kgf, kgs, and kgr, respectively).

NPPf ¼ ð1� kgf Þ � EPPf ðA13Þ

NPPs ¼ ð1� kgsÞ � EPPs ðA14Þ

NPPr ¼ ð1� kgrÞ � EPPr ðA15Þ

[30] Acknowledgments. This study was funded by the Innovative
Program of Climate Change Projection for the 21st Century (KAKUSHIN
Program) of the Ministry of Education, Culture, Sports, Science and Tech-
nology, Japan; the USDA Forest Service, Institute of Pacific Islands
Forestry; and the National Science Foundation (Ecosystem Science Cluster,
DEB‐0816486). The manuscript benefited greatly from comments provided
by two editors and one anonymous reviewer.

References
Amthor, J. S. (2000), The McCree‐de Wit‐Penning de Vries‐Thornley
respiration paradigms: 30 years later, Ann. Bot., 86, 1–20.

Cox, P. M., R. A. Betts, C. D. Jones, S. A. Spall, and I. J. Totterdell (2000),
Acceleration of global warming due to carbon‐cycle feedbacks in a
coupled climate model, Nature, 408, 184–187.

Curtis, P. S., C. S. Vogel, C. M. Gough, H. P. Schmid, H. B. Su, and B. D.
Bovard (2005), Respiratory carbon losses and the carbon‐use efficiency
of a northern hardwood forest, 1999–2003, New Phytol., 167, 437–455.

DeLucia, E. H., J. E. Drake, R. B. Thomas, and M. Gonzalez‐Meler (2007),
Forest carbon use efficiency: Is respiration a constant fraction of gross
primary production?, Global Change Biol., 13, 1157–1167.

Enquist, B. J., and K. J. Niklas (2002), Global allocation rules for patterns
of biomass partitioning in seed plants, Science, 295, 1517–1520.

Friedlingstein, P., G. Joel, C. B. Field, and I. Y. Fung (1999), Toward an
allocation scheme for global terrestrial carbon models, Global Change
Biol., 5, 755–770.

Gifford, R. M. (2003), Plant respiration in productivity models: Conceptu-
alisation, representation and issues for global terrestrial carbon‐cycle
research, Funct. Plant Biol., 30, 171–186.

Hansen, M., R. DeFries, J. R. G. Townshend, and R. Sohlberg (1998),
UMD global land cover classification, 1 kilometer, 1.0, Dep. of Geogr.,
Univ. of Md., College Park. (Available at http://www.landcover.org/)

Ise, T., and H. Sato (2008), Representing subgrid‐scale edaphic heteroge-
neity in a large‐scale ecosystem model: A case study in the circum-
polar boreal regions, Geophys. Res. Lett., 35, L20407, doi:10.1029/
2008GL035701.

Ito, A. (2005), Climate‐related uncertainties in projections of the twenty‐
first century terrestrial carbon budget: Off‐line model experiments using
IPCC greenhouse‐gas scenarios and AOGCM climate projections, Clim.
Dyn., 24, 435–448.

Ito, A., and T. Oikawa (2002), A simulation model of the carbon cycle in
land ecosystems (Sim‐CYCLE): A description based on dry‐matter pro-
duction theory and plot‐scale validation, Ecol. Modell., 151, 143–176.

Iwasa, Y., and J. Roughgarden (1984), Shoot root balance of plants—
Optimal‐growth of a system with many vegetative organs, Theor. Popul.
Biol., 25, 78–105.

Johnson, I. R., and J. H. M. Thornley (1987), A model of shoot‐root parti-
tioning with optimal‐growth, Ann. Bot., 60, 133–142.

Kashian, D. M., W. H. Romme, D. B. Tinker, M. G. Turner, and M. G.
Ryan (2006), Carbon storage on landscapes with stand‐replacing fires,
BioScience, 56, 598–606.

Kawamiya, M., C. Yoshikawa, T. Kato, H. Sato, K. Sudo, S. Watanabe,
and T. Matsuno (2005), Development of an integrated earth system
model on the Earth Simulator, J. Earth Simulator, 4, 18–30.

Knyazikhin, Y., J. V. Martonchik, R. B. Myneni, D. J. Diner, and S. W.
Running (1998), Synergistic algorithm for estimating vegetation canopy
leaf area index and fraction of absorbed photosynthetically active radia-
tion from MODIS and MISR data, J. Geophys. Res., 103, 32,257–32,275.

Knyazikhin, Y., et al. (1999), MODIS leaf area index (LAI) and fraction of
photosynthetically active radiation absorbed by vegetation (FPAR) prod-
uct (MOD15) algorithm, theoretical basis document, NASA Goddard
Space Flight Cent., Greenbelt, Md.

Litton, C. M., and C. P. Giardina (2008), Below‐ground carbon flux and
partitioning: Global patterns and response to temperature, Funct. Ecol.,
22, 941–954.

Litton, C. M., J. W. Raich, and M. G. Ryan (2007), Carbon allocation in
forest ecosystems, Global Change Biol., 13, 2089–2109.

Luyssaert, S., et al. (2007), CO2 balance of boreal, temperate, and tropical
forests derived from a global database,Global Change Biol., 13, 2509–2537.

Makela, A., and H. T. Valentine (2001), The ratio of NPP to GPP: Evi-
dence of change over the course of stand development, Tree Physiol.,
21, 1015–1030.

Malhi, Y., D. D. Baldocchi, and P. G. Jarvis (1999), The carbon balance of
tropical, temperate and boreal forests, Plant Cell Environ., 22, 715–740.

Moorcroft, P. R. (2006), How close are we to a predictive science of the
biosphere?, Trends Ecol. Evol., 21, 400–407.

New, M., M. Hulme, and P. D. Jones (2000), Global 30‐year mean monthly
climatology, 1961–1990 data set, Distributed Active Arch. Cent., Oak
Ridge Natl. Lab., Oak Ridge, Tenn. (Available at http://www.daac.
ornl.gov)

Prentice, I. C., G. D. Farquhar,M. J. R. Fasham,M. L. Goulden,M. Heimann,
V. J. Jaramillo, H. S. Kheshgi, C. Le Quéré, R. J. Scholes, and D. W. R.
Wallace (2001), The carbon cycle and atmospheric carbon dioxide, in
Climate Change 2001: The Scientific Basis, Contribution of Working
Group I to the Third Assessment Report of the Intergovernmental Panel
on Climate Change, edited by J. T. Houghton et al., pp. 99–181,
Cambridge Univ. Press, New York.

Reynolds, J. F., and J. L. Chen (1996), Modelling whole‐plant allocation in
relation to carbon and nitrogen supply: Coordination versus optimization:
Opinion, Plant Soil, 185, 65–74.

Running, S. W., and J. C. Coughlan (1988), A general model of forest
ecosystem processes for regional applications I. hydrologic balance,
canopy gas exchange and primary production processes, Ecol. Modell.,
42, 125–154.

Running, S. W., and S. T. Gower (1991), FOREST‐BGC, a general‐model
of forest ecosystem processes for regional applications 2. Dynamic car-
bon allocation and nitrogen budgets, Tree Physiol., 9, 147–160.

Running, S. W., and E. R. Hunt Jr. (1993), Generalization of a forest eco-
system process model for other biomes, BIOME‐BGC, and an applica-
tion for global‐scale models, in Scaling Physiological Processes: Leaf
to Globe, edited by J. R. Ehleringer and C. B. Field, pp. 141–158,
Academic, New York.

Running, S. W., R. R. Nemani, F. A. Heinsch, M. S. Zhao, M. Reeves, and
H. Hashimoto (2004), A continuous satellite‐derived measure of global
terrestrial primary production, BioScience, 54, 547–560.

Ryan, M. G. (1990), Growth and maintenance respiration in stems of Pinus
contorta and Picea Engelmannii, Can. J. For. Res., 20, 48–57.

ISE ET AL.: C PARTITIONING SCHEME IN GLOBAL MODELS G04025G04025

10 of 11



Ryan, M. G. (1991), A simple method for estimating gross carbon budgets
for vegetation in forest ecosystems, Tree Physiol., 9, 255–266.

Ryan, M. G., R. M. Hubbard, S. Pongracic, R. J. Raison, and R. E.
McMurtrie (1996), Foliage, fine‐root, woody‐tissue and stand respiration
in Pinus radiata in relation to nitrogen status, Tree Physiol., 16, 333–343.

Ryan, M. G., M. B. Lavigne, and S. T. Gower (1997), Annual carbon cost
of autotrophic respiration in boreal forest ecosystems in relation to
species and climate, J. Geophys. Res., 102, 28,871–28,883.

Ryan, M. G., D. Binkley, J. H. Fownes, C. P. Giardina, and R. S. Senock
(2004), An experimental test of the causes of forest growth decline with
stand age, Ecol. Monogr., 74, 393–414.

Turner, D. P., et al. (2006), Evaluation of MODIS NPP and GPP products
across multiple biomes, Remote Sens. Environ., 102, 282–292.

Waring, R. H., J. J. Landsberg, and M. Williams (1998), Net primary
production of forests: A constant fraction of gross primary production?,
Tree Physiol., 18, 129–134.

White, M. A., P. E. Thornton, S. W. Running, and R. R. Nemani (2000),
Parameterization and sensitivity analysis of the BIOME‐BGC terrestrial
ecosystemmodel: Net primary production controls, Earth Interact., 4, 1–85.

Zhang, Y. J., M. Xu, H. Chen, and J. Adams (2009), Global pattern of NPP
to GPP ratio derived from MODIS data: Effects of ecosystem type, geo-
graphical location and climate, Glob. Ecol. Biogeogr., 18, 280–290.

Zhao, M. S., F. A. Heinsch, R. R. Nemani, and S. W. Running (2005),
Improvements of the MODIS terrestrial gross and net primary production
global data set, Remote Sens. Environ., 95, 164–176.

C. P. Giardina, Institute of Pacific Islands Forestry, Pacific Southwest
Research Station, Forest Service, U.S. Department of Agriculture, Hilo,
HI 96720, USA.
T. Ise, Research Institute for Global Change, Japan Agency for Marine‐

Earth Science and Technology, 3173‐25 Showa‐machi, Kanazawa‐ku,
Yokohama, Kanagawa 236‐0001, Japan. (ise@jamstec.go.jp)
A. Ito, National Institute for Environmental Studies, Tsukuba, Ibaraki

305‐8506, Japan.
C. M. Litton, Department of Natural Resources and Environmental

Management, University of Hawai‘i at Mānoa, Honolulu, HI 96822, USA.

ISE ET AL.: C PARTITIONING SCHEME IN GLOBAL MODELS G04025G04025

11 of 11



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


