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Abstract. The carbon isotope composition (d13C) of terrestrial vegetation and soils is required for a

diverse set of research, including carbon cycle studies that utilize global atmospheric CO2 and d13C data, as

well as studies of animal migration and food web dynamics where the d13C of plants and soils is imparted

to animal tissues. We present d13C maps for South America that correspond roughly to the year 2000, based

upon predictions of the abundance and distribution of C3 and C4 vegetation, along with empirical

measures of the d13C of plant leaf and soil endmembers. Our approach relies upon the near-universal

restriction of C4 photosynthesis to the herbaceous growth form and the differing performance of C3 and C4

grasses in various climates, along with land-cover and crop-type distributions. Specifically, we predict the

percentage cover of C3 and C4 vegetation in each 5-minute grid cell (;10 km) based on input gridded

layers of vegetation growth form fractional cover, crop-area/crop-type distributions, and a high spatial

resolution climate data. We develop a consistent set of rules to harmonize the different data layers. The

d13C of vegetation in South America is then estimated based on the C3/C4 composition in each land grid

cell, assuming constant mean values for closed C3 tropical forest (�32.3%), open C3 forest ecosystems

(�29.0%), C3 herbaceous cover (�26.7%) and C4 herbaceous cover (�12.5%). In addition to using the mean

isotope values, we also incorporate the measured standard deviation for each category. Soil d13C is

estimated for the C4-favored climate regions of South America using two, largely independent approaches:

one that is derived from our vegetation d13C prediction and one that is based on a previously published

relationship between fractional woody cover and the d13C of soil organic carbon. Finally, we present

preliminary maps of relative uncertainty in the estimates of vegetation growth form, generated by

integrating global measures of accuracy with local measures of neighborhood variability. These maps

demonstrate that the highest uncertainty is found in savanna ecosystems, which contain the most

heterogeneous vegetation cover and structure along with a high percentage of C4 grass cover.
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INTRODUCTION

The stable carbon isotope composition (d13C)
of terrestrial plant tissue and soil organic matter
has been measured in ecosystems around the
world for a wide variety of applications. On a
local scale, d13C measurements contribute to our
understanding of plant ecophysiology, e.g., how
plants respond to water stress or differences in
light availability, as well as canopy-level CO2

gradients and exchanges (Buchmann et al. 1996,
Buchmann et al. 1997, Dawson et al. 2002, Coletta
et al. 2009). At continental and global scales, d13C
provides critical information about sources and
processes of biosphere-atmosphere CO2 ex-
change (Lloyd and Farquhar 1994, Bowling et
al. 2002, Ehleringer et al. 2002, Suits et al. 2005).
Stable carbon isotopes are used to assess the
relative contribution of C3/C4 plants to total
primary productivity (Still et al. 2003a, Suits et
al. 2005), as well as to predict source material of
aerosols and gases from biomass burning emis-
sions (Martinelli et al. 2002, Randerson et al.
2005).

Naturally occurring d13C in vegetation is
reflected with some modification in the stable
isotope composition of animal tissue, and isoto-
pic signatures can be used to identify the
connectivity of migratory species, e.g., to assign
breeding origin location for migratory bird
populations based on the isotopic composition
of feathers (e.g., Wunder et al. 2005, Hobson et al.
2012). Stable carbon isotopes are also used to
identify diets or to partition trophic niches for
individuals or populations, e.g., insects (Mag-
nusson et al. 1999), birds (Hobson 2011), bovids
(Cerling et al. 2003), primates (Crowley 2012),
and humans (Nardoto et al. 2011). Stable carbon
isotopes in ancient plant and soil material have
also been used for a wide variety of paleoecology
investigations. For example, the d13C of fossilized
herbivore teeth has been used to reconstruct the
relative C3/C4 composition of ancient grasslands
(Cerling et al. 1997), as well as to infer past
climatic conditions (Fenner and Frost 2009). The
d13C of organic matter in soil is also used to
reconstruct past environments in terms of chang-
es in plant communities (Victoria et al. 1995,
Pessenda et al. 1998, Sanaiotti et al. 2002), shifts
in the relative composition of woody and
herbaceous vegetation (Cerling et al. 2011), and

changes in soil carbon dynamics as a result of
recent land-cover conversion (Rhoades et al.
2000). Thus, a baseline understanding and
prediction of the spatial distribution of ecosystem
(leaf and soil) d13C values is necessary to advance
a range of ecological and environmental science
questions.

The spatial representation of ecosystem d13C
values (i.e., the d13C isoscape) provides estimates
for regions where no observations exist and can
facilitate multi-scale investigations of plant phys-
iological or ecological questions (Bowen 2010,
Still and Powell 2010). Spatial variation in plant
leaf d13C values is driven principally by varia-
tions in photosynthetic carbon isotope discrimi-
nation (D); in non-boreal regions with at least
some grassy ground cover, spatial variation in
plant d13C is a function of both the relative cover
and productivity of plants with differing photo-
synthetic pathways (C3 vs. C4), as well as within-
pathway variations in photosynthetic fraction-
ation (see Still and Powell 2010 for detailed
references). Although all terrestrial higher plants
discriminate against 13CO2 during photosynthe-
sis, plants using the C3 photosynthetic pathway
display larger D values (typically by a factor of 5
or more) and larger D variability as compared to
plants using the C4 pathway (Farquhar et al.
1989).

The range of D for woody C3 plants is ;14% to
28% and is strongly related to mean annual
precipitation and to biome type, which partly
reflects the influence of canopy structural attri-
butes and growth forms on plant tissue d13C
values (Kaplan et al. 2002, Diefendorf et al. 2010);
by contrast, the typical range of D for C4 plants,
many of which are herbaceous, is smaller, from
;3% to 5% (Farquhar et al. 1989, Peisker and
Henderson 1992). As a result of these intrinsic D
differences related to photosynthetic pathway
biochemistry and anatomy, C3 leaves have d13C
values that fall broadly in the range of �20% to
�35%, while C4 leaves fall broadly within the
range of �11% to �15% (Dawson et al. 2002).
The d13C of ecosystem carbon pools, such as
wood and soil organic matter, are systematically
offset from leaf biomass due to post-photosyn-
thetic isotope fractionations (Bowling et al. 2008).
Thus, for producing large-scale isotope distribu-
tions, the d13C of leaf biomass, which is closely
related to the d13C of photosynthetic assimilates
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that provide the ultimate source of carbon in
ecosystems, can be used to predict the d13C of
other ecosystem carbon pools. However, in order
to specify the d13C of leaf biomass, the fractional
coverage of C3 and C4 plants, as well as the
variable growth forms of C3 plants in different
biomes, must be known in order to predict the
first-order spatial distribution of leaf d13C values.

The photosynthetic pathway composition (C3/
C4 fraction) of vegetation is a fundamental
physiological and ecological distinction in trop-
ical and subtropical, as well as in many temper-
ate, savannas and grasslands. C4 plants have
higher photosynthetic rates at high temperatures
and under high light conditions (Collatz et al.
1992), along with higher water-use efficiency,
than do comparable C3 plants (Pearcy and
Ehleringer 1984, Sage and Monson 1999). The
C4 photosynthetic pathway occurs predominant-
ly in grasses, and in general, C4 grasses grow
faster and out-compete C3 grasses and other
herbaceous plants in high-temperature and high-
light environments when sufficient moisture is
present to support an herbaceous layer. The
relative photosynthetic rates of C3 and C4 plants
vary with CO2 concentration and temperature.
For a given CO2 concentration, the threshold
temperature at which C4 grasses out-compete C3

grasses is known as the ‘‘crossover temperature’’
(Ehleringer et al. 1997), and it is determined by
intrinsic and well-understood biochemical differ-
ences between the two pathways (Collatz et al.
1998).

The crossover temperature can be used to
classify land grid cells as favorable to C3 or C4

grasses, regardless of what plants are growing
there (Collatz et al. 1998). By including a
minimum precipitation constraint that screens
desert and Mediterranean climate regions where
insufficient rain falls during the warm season, a
‘‘climatic theoretical maximum’’ area of C4

herbaceous cover can be determined and used
as a baseline for establishing the total potential
geographical area populated by C4 plants (Col-
latz et al. 1998, Still et al. 2003a, Still and Powell
2010). The distribution of C4 plants can then be
predicted by quantifying the abundance of
herbaceous vegetation located in the area that is
climatically favorable to C4 plants (Still et al.
2003a). However, to accurately represent the C3

and C4 vegetation fraction on the land surface,

the percentage of C3 and C4 crops must also be
incorporated, as the planting of crop types does
not always follow the climate rules used to
predict C3 and C4 dominance in natural grass-
lands. For example, C4 corn is one of the top
three agricultural crops in the world (Leff et al.
2004), but it is often planted in C3 climate zones;
conversely, C3 crops such as soy can be planted in
areas that once were covered by C4 grasslands.

The goals of this paper are to present a
methodology to predict the relative cover of C3

and C4 vegetation by integrating well-under-
stood theories of plant biochemistry with satellite
observations and other global-scale spatial data-
sets and, subsequently, to generate plant and soil
stable carbon isoscapes based on empirical d13C
values reported in the literature. Additionally, we
present methods for quantifying the spatial
uncertainty of the predicted photosynthetic
pathway of vegetation by combining global
accuracy measures with local measures of spatial
heterogeneity. We conclude with a discussion of
potential opportunities for ecological research
that could emerge from the integration of d13C
isoscape predictions and observational data.

DATA AND METHODS

We predict the relative C3/C4 composition of
vegetation within each 5-min (;10 km) grid cell
of the South American continent by partitioning
vegetation growth form data into herbaceous,
shrub, and tree components; classifying grid cells
as favorable to C3 or C4 herbaceous (which we
assume to be principally grass cover) vegetation
based on the cross-over temperature and precip-
itation criteria (Collatz et al. 1998); and incorpo-
rating datasets that include cropland area and
crop type distribution. Input datasets used to
generate C3 and C4 vegetation layers are sum-
marized in Table 1, and the processing steps we
applied are summarized in Fig. 1. The d13C
content of vegetation is estimated from the
relative abundance of C3 and C4 vegetation and
biomass d13C values reported in the literature for
tropical rainforest leaves, other woody C3 vege-
tation (including shrub and savanna tree leaves),
C3 grass leaves, and C4 grass leaves. We compare
two methods of estimating the d13C content of
soil in C4-climate zones, the first based on a fixed
offset from the d13C leaf isoscape, and the second
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Table 1. Summary of input datasets used to predict percent C3 and C4 vegetation layers.

Description Dataset Year
Spatial

resolution Citation

Vegetation life form MODIS Vegetation Continuous Fields Yearly
L3 Global Collection 3 (MOD44B)

2001 500 m Hansen et al. 2003

IGBP Land Cover
Classification

MODIS Land Cover Type Yearly L3 Global
Collection 5 (MOD12Q1)

2001 500 m Friedl et al. 2010

Gridded temperature and
precipitation

CRU 2.0 Climatology 1961–1990 10 min New et al. 2002

Cropland area Agricultural Lands in the Year 2000 (M3-
Cropland Data)

2000 5 min Ramankutty et al. 2008

Crop type Harvested Area and Yields of 175 Crops (M3-
Crops Data)

2000 5 min Monfreda et al. 2008

NDVI MODIS Vegetation Indices Monthly L3 Global
Collection 5 (MOD13A3)

2000 1 km Solano et al. 2010

Fig. 1. Flowchart of methods to generate the intermediate percent vegetation cover layers by life form and

photosynthetic pathway. Vegetation layers shaded in green are assigned to the C3 photosynthetic pathway, while

layers shaded in orange are assigned to the C4 pathway.
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based on an empirical relationship with the
woody cover fraction. Finally, we present per-
pixel estimates of the uncertainty associated with
the maps of predicted abundance and distribu-
tion of C3 and C4 vegetation cover.

Step 1: Estimate %woody and %herbaceous
vegetation cover

Vegetation growth form fields are adapted
from the MODIS Vegetation Continuous Fields
(VCF) Collection 3 product for the year 2001
(Hansen et al. 2003). The 2001 VCF product
includes layers that are taken to represent the
mean percent tree cover, percent herbaceous
cover, and percent bare surface for every 500-m
grid cell of land surface. However, the tree-cover
layer represents woody vegetation with a height
of 5 m or greater (DeFries et al. 1998, Hansen et
al. 2003); thus, the VCF data do not discriminate
between woody shrubs and grasses, a distinction
that is critical for accurately estimating C3 and C4

vegetation cover (Still et al. 2003a). Additionally,
the VCF tree layer represents the mean percent
canopy cover per grid cell (i.e., the amount of
skylight obstructed by tree canopies), rather than
the percent crown cover, or total ground area
under the tree crown (Hansen et al. 2003). This
results in overestimation of the herbaceous layer
because the canopy cover rarely exceeds 80%. We
address both of these shortcomings in an attempt
to better represent the true herbaceous cover.

Step 1a: Convert VCF %tree canopy cover to %tree-
crown cover.—Following guidelines provided by
Hansen et al. (2003), we convert the VCF percent
tree cover to percent crown cover by dividing
each grid cell by 0.8. Maximum tree crown cover
is truncated at 100%, and a new non-tree
vegetation layer is generated by adjusting the
original VCF herbaceous values so that the sum
of tree crown cover and non-tree vegetation
cover is equivalent to the sum of the original VCF
vegetation layers, i.e., the total percent vegetation
cover per grid cell does not change from the sum
of the original MODIS percent tree cover and
percent herbaceous cover products. This step
results in the final tree crown cover layer (%tree-
crown) (Fig. 1), while the non-tree vegetation
layer is further partitioned into herbaceous,
shrub, and crop layers.

Step 1b: Partition %non-tree vegetation layer into
shrub and herbaceous layers.—The adjusted percent

non-tree vegetation layer is partitioned into
shrub and herbaceous cover using the 17-class
International Geosphere-Biosphere Programme
(IGBP) classification (Loveland and Belward
1997), which is included in the MODIS 500-m
Global Land Cover Type product for the year
2001 (Friedl et al. 2010). Each IGBP class
description includes specific information about
expected percent canopy cover for trees and/or
shrubs, depending on the class (FAO 2000). We
classify each IGBP land-cover class as shrub-
dominated, grass-dominated, or mixed grass-
shrub based on these class descriptions (Fig. 2,
Table 2).

For grid cells assigned to IGBP classes consist-
ing predominantly of continuous shrub and tree
cover, the corresponding %non-tree values are
reassigned to a new %shrub cover layer. Like-
wise, for grid cells assigned to IGBP classes
dominated by herbaceous cover, as well as
predominantly barren classes, %non-tree values
are retained as %herbaceous cover. Three IGBP
classes are identified as including a mix of
understory shrubs and grasses (‘‘open shrub-
land,’’ ‘‘woody savanna,’’ and ‘‘savanna’’). We
experimented with two sets of rules to partition
the %non-tree values into %shrub and
%herbaceous layers based on the minimum and
maximum percent canopy cover indicated in the
class description. Based on visual interpretation
of Google Earth imagery, we broadly surveyed
the mixed classes and concluded that rules
favoring maximum canopy cover better repre-
sent the vegetation life form proportions. Rules
applied to partition the mixed shrub-herbaceous
classes are presented in the Appendix (Fig. A1).

Results from this step include preliminary
%shrub and %herbaceous layers. These layers,
along with the %tree-crown layer (Step 1a), are
spatially aggregated to 5-min spatial resolution
(;10 km), and all further processing is applied at
this resolution for two principal reasons: (1)
information on crop type and crop distribution
(Step 2) are available at 5-min spatial resolution,
and (2) the process of averaging vegetation cover
fractions reduces the variance, i.e., estimates of
mean percent cover values over larger spatial
units (in this case, 5-min resolution) are expected
to be more accurate than predictions for fine-
resolution grid cells (Woodcock and Strahler
1987).
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Step 2: Incorporate managed agro-ecosystems
Step 2a: Partition herbaceous layer into %natural-

herbaceous and %crop.—The photosynthetic path-
way of the natural herbaceous layer is deter-
mined by climatic constraints as described above,
while the pathway of crop cover depends on the
planted crop type. Using a global dataset of the
geographic distribution of croplands, hereafter
referred to as Cropland 2000 (Ramankutty et al.
2008), we partition the %herbaceous layer (Step
1b) into %natural-herbaceous and %crop cover.
The Cropland 2000 dataset specifies the portion
of each 5-min grid cell that is cropland; we make

the simplifying assumption that cropland con-
tains only herbaceous vegetation. We also as-
sume that the %tree-crown layer (Step 1a) is a
more accurate product than the %herbaceous
and %shrub layers (Step 1b) because of the
uncertainties introduced by the land-cover parti-
tioning. Thus, the algorithm to reconcile the
Cropland 2000 and the %herbaceous layers does
not allow the %tree-crown value to change for
any grid cell, but the %herbaceous, %shrub, and
%crop values can be adjusted (rules are present-
ed in the Appendix: Fig. A2). Outputs from this
step are new %crop and %natural-herbaceous

Fig. 2. Generalized MODIS IGBP land-cover classification, corresponding to the year 2001 (see Table 2 for

generalized class descriptions).
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layers, and the final %shrub layer (Fig. 1).

Step 2b: Harmonize crop-type (C3/C4) with crop-

land area.—We incorporate a second global data-

set on crop type in order to partition the %crop

layer into the percent area planted in C3 and C4

crops (Monfreda et al. 2008). For a given grid cell,

however, crop-type percent cover may differ

from the Cropland 2000 percent cover for two

reasons: (1) multi-cropping may result in the sum

of C3 crops and C4 crops exceeding 100%, and (2)

some of the area in the Cropland 2000 dataset

may correspond to fallow fields or cultivated

grasslands, in which case the sum of C3 crops

and C4 crops may be less than 100% (C.

Monfreda and N. Ramankutty, personal commu-

nication). To harmonize the two crop datasets, we

apply the following rules (for details see Appen-

dix: Fig. A3): (1) When the sum of C3 and C4

crops from the crop-type dataset is equivalent to

the %crop value (Step 2a), the crop layer is

partitioned accordingly. (2) In the case of multi-

cropping, the %crop layer is partitioned by C3 or

C4 crop cover normalized by the total area

planted in crops across the year in a given cell.

(3) The percent cover of fallow fields or cultivat-

ed grasslands is reassigned to the %natural-

herbaceous layer, as we assume that the C3/C4

partition of these areas will follow the same

climate rules as natural grassland. The results of

Step 2 are final %C3-crop and %C4-crop layers, as

well as an intermediate data layer, the %natural-

herbaceous-adjusted layer, which serves as input

to Step 3 (Fig. 1).

Step 3: Partition natural herbaceous layer
into C3 and C4 grass layers
based on climate rules

Step 3a: Generate monthly C4 climate masks.—A
climate mask of regions considered favorable to
C4 vegetation is generated from a high-spatial
resolution (10-min), 30-year (1961–1990) monthly
average terrestrial climatology (New et al. 2002).
Each 10-min grid cell (;20 km) that simulta-
neously satisfies the two C4-bioclimatic con-
straints (mean temperature �228C and mean
precipitation .25 mm) is identified for each
month, regardless of what existing vegetation
occupies that grid cell (Fig. 3A). Grid cells that
meet C4 constraints for at least 6 months per year
are classified as C4-only; grid cells that fail to
meet the C4-climate constraints for any month of
the year are classified as C3-only. Grid cells with
intermediate C4 climates are classified as mixed-
C3/C4 climate, where C3 and C4 grasses are
expected to coexist (Collatz et al. 1998, Still et al.
2003a).

Step 3b: Partition mixed grasslands.—To partition
the herbaceous layer in the mixed C3/C4-climate
zone, we weight the herbaceous fraction using the
MODIS normalized difference vegetation index
(NDVI) product (Huete et al. 2002). Following Still
et al. (2003a), we assume that the C4 biomass (and
corresponding percent cover) of a grid cell is
proportional to the ratio of vegetation productiv-
ity in the C4-climate months to total growing
season (GS) vegetation productivity. The ratio of
C4-to-GS productivity is estimated as the sum of
the NDVI across C4-favorable months to the sum

Table 2. Summary statistics of MODIS VCF tree-crown-corrected percent cover (Data and Methods: Step 1a) by

IGBP land-cover class (500-m spatial resolution). ‘‘Non-tree class’’ represents the group to which each IGBP

class was assigned based on maximum canopy cover specified by each class description (FAO 2000): shrub-

dominated, grass-dominated, or mixed grass-shrub. ‘‘Max woody fraction’’ is the maximum woody fraction

allowed based on the FAO 2000 class descriptions.

IGBP class name Class no. % land pixels Non-tree class
Max woody
fraction

%tree-crown %non-tree vegetation

Mean SD Mean SD

Closed forest/shrub 1–6 44.6 shrub 1.0 80.5 29.7 16.6 25.3
Open shrubland 7 9.0 mixed 0.6 4.0 8.5 42.1 24.7
Woody savanna 8 7.1 mixed 0.6 36.4 21.7 61.3 21.6
Savanna 9 13.7 mixed 0.3 26.7 15.7 70.6 14.7
Grassland 10 8.4 herbaceous 0.0 16.6 15.3 69.1 22.1
Wetlands 11 1.3 herbaceous 0.0 47.2 39.1 36.0 36.1
Croplands 12 4.8 herbaceous 0.0 13.6 13.1 84.7 14.7
Crop/natural mosaic 14 8.4 herbaceous 0.0 31.1 21.9 67.2 22.1
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of NDVI across the entire growing season; the
latter is defined as all months receiving at least 25
mm of precipitation, as most grassland ecosys-
tems require at least this amount of precipitation
to grow (Collatz et al. 1998).

Step 3c: Partition natural herbaceous data.—For
grid cells classified as having a C4-only climate,
the %natural-herbaceous-adjusted layer (Step 2b)
is assigned to the C4 photosynthetic pathway,
and where grid cells are classified as C3-only
climate, the %natural-herbaceous-adjusted layer
is assigned to the C3 pathway. Where the climate
grid cells are classified as mixed-C3/C4, the
%natural-C4-herbaceous cover is generated by
multiplying the C4-to-GS weight (Step 3b, above)
by the %natural-herbaceous-adjusted value. The
%natural-C3-herbaceous cover is the difference
between the %natural-herbaceous-adjusted value
and the estimated %natural-C4-herbaceous value
(Fig. 1).

Step 4: Generate final layers of vegetation
life form by photosynthetic pathway

The final %woody cover layer is generated by
combining the %tree-crown (Step 1a) and
%shrub (Step 2a) layers. Vegetation in this layer
is assumed to be exclusively C3. The final %C3-
grass layer is generated by combining the
%natural-C3-herbaceous (Step 3c, above) and
%C3-crop (Step 2b) layers; the final %C4-grass
layer by combining the %natural-C4-herbaceous
(Step 3c) and %C4-crop (Step 2b) layers. Each of
these final layers represents the percent area
within each 5-min grid cell covered by the
respective vegetation type. The spatial distribu-
tion of each vegetation layer is presented in Fig.
4. Note that the sum of the %C3-grass, %C4-grass,
and %shrub layers (Fig. 4A, C) is equivalent to
the %non-tree vegetation layer (Step 1a), while
the %tree layer (Fig. 4D) is equivalent to the
%tree-crown layer (Step 1a).

Fig. 3. Number of months that each 5-min grid cell meets C4-climate constraints (mean temperature �228C and

mean precipitation .25 mm). White grid cells represent C3-only climate zones (A). Tropical forest mask

generated by intersecting the IGBP ‘‘evergreen broadleaf forests’’ class (subset of the ‘‘Forest’’ class in Fig. 2) with

a C4-only climate mask, i.e., grid cells in panel A that meet C4-climate constraints for at least 6 months (B).
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Fig. 4. Estimated vegetation percent cover for C4 herbaceous (A), C3 herbaceous (B), shrubs (C), and trees (D).

The herbaceous layers include both natural grasses and crops.
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Step 5: Estimate d13C content of vegetation
(leaf ) and surface soil organic matter (SOM)

Leaf d13C.—Leaf d13C content for each grid cell
is estimated from the relative abundance of
woody, C3 herbaceous, and C4 herbaceous
vegetation, using endmember d13C values corre-
sponding to four groups of vegetation with
distinct d13C values taken from the literature
(Table 3): (1) C4 herbaceous (naturalþ crops), (2)
C3 herbaceous (natural þ crops), (3) woody
vegetation in tropical closed-canopy forest, and
(4) woody vegetation in all other biomes,
including shrubs and savanna trees. A large
body of previous work has noted that leaf d13C
values in tropical forest environments are isoto-
pically depleted compared to other forest types, a
phenomenon attributed to structural attributes of
these forests: low light penetration through much
of the high leaf area canopy (shade leaves
typically have depleted d13C values due to very
high ratios of chloroplast CO2 to ambient CO2

concentrations), as well as the assimilation by
shade leaves of already depleted, biogenically
respired CO2 (e.g., Buchmann et al. 1997,
Martinelli et al. 1998, Ometto et al. 2006). Thus,
two values of leaf d13C are used for woody
vegetation. Because the IGBP land-cover classifi-
cation does not include a ‘‘tropical closed-canopy
forest’’ class, we generate a tropical rainforest
mask (Fig. 3B) by intersecting grid cells classified
as ‘‘evergreen broadleaf forests’’ with the C4-only
climate mask (i.e., grid cells with C4-favorable
climate � 6 months; Fig. 3A).

To estimate leaf d13C, percent cover layers from
Step 4 are converted to percent vegetation layers
(i.e., the percent of total vegetation composed of
a particular vegetation type in a given grid cell).
Percent vegetation differs from percent cover
when bare soil cover is greater than zero, as
sparsely vegetated areas may have low total

vegetation cover, yet the relative fraction of a
given vegetation type, such as C4 grasses, may be
very high. The distribution of vegetation stable
carbon content (d13C) is estimated for each grid
cell as a linear mixture of reported mean d13C
values for each vegetation type (Table 3),
weighted by the respective percent vegetation
composition, as follows:

Leaf d13C ¼ fC4 3ð�12:5Þ þ fC3 3ð�26:7Þ

þ fwc 3
ð�32:3Þ for TF ¼ 1

ð�29:0Þ for TF ¼ 0

�
ð1Þ

where fC4 and fC3 are the fractions of C4 and C3

herbaceous vegetation, respectively, fwc is the
fraction of woody vegetation (tree þ shrub) and
TF is the tropical rainforest mask. Additional
layers corresponding to mean d13C 6 1 SD (l 6

1r) are also computed by substituting the mean
values for each vegetation type in the equation
above with ljþ 1rj and lj� 1rj, where j refers to
the vegetation type.

Soil d13C.—The d13C content of surface soil
organic matter was estimated using two different
approaches. The first method simply adds a
constant offset of þ2% to the leaf d13C estimates
for each grid cell, as the mean value of soil
organic carbon content is generally enriched by
that value relative to the mean value for leaves in
a wide variety of ecosystems (Bowling et al.
2008). The second method is essentially indepen-
dent of our leaf d13C estimates. Cerling et al.
(2011) derived an empirical relationship between
the woody-cover fraction ( fwc) and the d13C
content of surface soil organic matter across a
range of tropical sites in Africa, Asia, Australia,
and South America, as follows (Cerling et al.
2011: Fig. 2):

Soil d13C ¼ �9:02arcsinð
ffiffiffiffiffiffi
fwc

p
Þ � 14:49: ð2Þ

Table 3. Values from the literature used as endmembers to estimate leaf d13C values for each grid cell based on

relative vegetation cover type.

Vegetation type
Leaf d13C (%)

(l 6 1r) Source No. samples Location

C4 herbaceous (grasses) �12.5 6 1.1 Cerling et al. 1997 � global
C3 herbaceous (grasses) �26.7 6 2.3 Cerling et al. 1997 � global
Woody C3 vegetation (Amazon forest) �32.3 6 2.5 Ometto et al. 2006 756 4 Amazon forest sites
Woody C3 vegetation (all other woody

vegetation types)
�29.0 6 1.7 Saniotti et al. 2002 195 7 Amazon savanna sites

� d13C values estimated from 825 modern plants; the number of C3 versus C4 grasses is not specified.

v www.esajournals.org 10 November 2012 v Volume 3(11) v Article 109

SPECIAL FEATURE: ISOSCAPES POWELL ET AL.



Because the relationship only holds in tropical
and subtropical ecosystems, we applied it to the
estimated woody-cover fraction (Step 4) for those
grid cells in C4-only climate zones, i.e., grid cells
that meet the C4 climate criteria for at least 6
months (Step 3a).

Step 6: Spatially represent uncertainty in
%woody and %herbaceous estimates

Input data for generating C3/C4-vegetation
layers come from multiple sources at various
spatial resolutions. While each input data layer
contributes to the overall uncertainty associated
with the estimated C3/C4 vegetation distribu-
tions, we focus only on two main sources of
uncertainty: the MODIS VCF products and the
MODIS IGBP land-cover classification.

MODIS VCF products.—Assuming that tree
cover and non-tree cover are a dichotomous
event occurring at a grid cell, the uncertainty
associated with the presence of tree cover is
equivalent to that of non-tree cover occurrence at
that location. We interpret standard error (SE) as
a measure of the errors in the estimated tree
cover percentage because higher SE implies that
there is a greater chance of observing larger
discrepancies between true tree cover and the
VCF estimate for a specific class of tree canopy
cover. The SE values alone are not sufficient to
describe the uncertainty associated with local
VCF estimates, but inform the relative degree of
errors in the VCF estimates per class of tree
canopy cover. We normalize the SE values by
dividing each value by the total across all classes
to create standardized error indices (Table 4),
which range between zero and one and sum to
equal one. A map of standardized error index per
tree canopy class is shown in Fig. 5A. Here, we
use the SE reported for the training data (src:
http://landval.gsfc.nasa.gov/) rather than for the
validation data because of the global sampling
strategy used for training data (DeFries et al.
1998, Hansen et al. 2003).

MODIS IGBP land-cover map.—The other major
source of uncertainty associated with our final
vegetation cover layers is the 500-m MODIS
IGBP land-cover map (Fig. 2). In the absence of
publically available training or validation data,
the reported confusion matrix is the only
available resource to describe land-cover map
quality. In remote sensing, an error matrix

reports the overall measure of classification
accuracy, summarizing how well image-derived
classes fit reference-derived classes at a set of
validation pixels (Congalton 1991). One of the
error indices that can be derived from the error
matrix is user’s accuracy, obtained by calculating
the proportion of locations where the reference
class label (k 2 1, . . . , K ) corresponds to image-
derived class (k0 2 1, . . . , K ), which is equivalent
to a conditional probability of observing k-class,
given that the pixel is currently classified as k0-
class. User’s accuracy itself is not a spatially
explicit measure of classification errors, but its
alternative interpretation as a conditional prob-
ability p(V(u); k)¼ ProbfV(u) 2 kg of observing k
class at each pixel V(u) centered at u ¼ (x, y)
allows mapping error indices for each class k per
pixel. Each pixel takes the value based on the
class determined on the classified map, which is
referred to as a ‘‘soft label’’ hereafter.

Previous studies (e.g., King et al. 2005) have
reported that land-cover classes derived from
remote sensing imagery tend to be spatially
autocorrelated, which has several implications
for the use of land-cover data. For example, we
consider the presence of strong spatial autocor-
relation in the distribution of the IGBP land-cover
classes as an indication of minimum errors in
classification because any spatial cluster com-
prised of the same class is less likely to contain
classification errors. The size of spatial clusters is
empirically determined, but large enough to
distinguish significant spatial clusters from ran-
domly aggregated ones. Any center pixel of such
spatial clusters is then labeled as a hard datum,
which is assumed to have zero classification
error. Given the nearby hard and soft class labels
(info), we update the conditional probabilities to
classification probabilities defined as

p�ðVðuÞ; kjðinfoÞÞ ¼ Prob VðuÞ ¼ kjðinfoÞf g: ð3Þ

By combining K classification probabilities at
each pixel, we calculate a local index of map
quality, termed the confusion index (Kyriakidis
and Dungan 2001), as follows:

(1) The original 17 IGBP land-cover classes are
merged into six classes (groups) as pre-
sented in Table 5. These groups are based
on the land-cover partition rules applied in
Step 1b (Table 1), as well as our relative
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Table 4. Standard error for the VCF training data (src: http://landval.gsfc.nasa.gov/)

and the corresponding error index per class of tree canopy cover.

%tree cover ,10% 11–40% 41–60% .60%

SE 10.3 17.6 18.3 14.5
Error index 0.17 0.29 0.30 0.24

Fig. 5. Error index, reflecting the relative degree of errors in the MODIS VCF estimate of percent tree cover (A),

and confusion index for the 2001 IGBP land-cover classification, representing the probability that a pixel is

incorrectly classified (B). For both maps, high values indicate high confusion (low confidence), while values near

zero indicate high confidence (low confusion).

Table 5. Regrouped IGBP land-cover classes based on relative confidence in the land-cover partition rules (Data

and Methods: Step 1b).

New classes (groups) Description IGBP classes

1 closed canopy forest / shrubland 1–6
2 herbaceous grassland, permanent wetlands, urban, and barren 10–13, 16
3 open shrubland 7
4 woody savanna 8
5 savanna 9
6 cropland/natural vegetation mosaic 14
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confidence in the partition rules; for exam-
ple, we have very low confidence in
partitioning of the herbaceous layer for
the ‘‘cropland/natural vegetation mosaic’’
class, and therefore keep it as a separate
class for the uncertainty analysis.

(2) User’s accuracy reported for the 17 IGBP
classes are re-calculated for the newly
defined six class groups, and the result is
summarized in Table 6. We merge the
confusion matrix for 17 classes based on
cross-validation (Friedl et al. 2010: Table 4)
to a new confusion matrix for the six newly
defined groups, and recalculated the user’s
accuracy using the marginal total for rows.
Based on the image-derived class and the
corresponding user’s accuracy in Table 6,
the map of conditional probabilities is
generated per class, where the conditional
probability is updated if the pixel is
collocated with any hard data. A pixel is
identified as a hard datum if adjacent
pixels whose centroids are located within
21 3 21 pixels (;5-min window) share the
same image-derived class.

(3) We calculate a confusion index at each
pixel by combining K conditional proba-
bilities. The confusion index at a pixel is
calculated using classification probabilities
for K classes as

cðVðuÞÞ ¼ K

K � 1
½1� pmaxðVðuÞÞ� ð4Þ

where pmax(V(u)) ¼ argmax p*(V(u);
kj(info)) for k ¼ 1, . . . , K denotes the
maximum probability among the K classi-
fication probabilities at any pixel. The
maximum probability is obtained by com-
bining a non-spatial (i.e., global) and class-
specific statistics (user’s accuracy) and a

measure of spatial homogeneity of class
labels at the local scale. When the maxi-
mum probability is equal to one (i.e., the
conditional probability for any pixel to be
classified correctly is equal to one), there is
no classification confusion left at that pixel,
i.e., c(V(u)) ¼ 0. Similarly, the confusion
index is maximum, i.e., c(V(u)) ¼ 1, if the
classification probability is the same for all
K classes pmax(V(u)) ¼ 1/K for k¼ 1, . . . , K.
A map of the confusion index is presented
in Fig. 5B.

Uncertainty map based on two major sources.—We
combine both uncertainty maps to calculate a
local index of uncertainty associated with the
distribution of C3/C4 vegetation. Because the
VCF error index ranges between 0.18 and 0.3
and the confusion index ranges between 0 and 1,
a simple arithmetic average may not reflect the
contribution of VCF errors properly. As an ad-
hoc approach to address this issue, we multiply
the VCF error index by a factor of 3 and then
calculate the average of two uncertainty maps.

Scaling up.—Last, we scale up the combined
uncertainty map from its native resolution (500
m) to the coarser resolution (5 min ’ 10 km) at
which the C3/C4 vegetation layers are generated
by averaging the uncertainty values. Scale
discrepancy between incompatible spatial units
is another major source of uncertainty in output
(Atkinson and Tate 2000), but we assume the
summary statistics of the uncertainty measures at
finer resolution sufficiently represent uncertainty
at the coarser resolution.

RESULTS

Geographic distribution of leaf d13C
The spatial patterns of vegetation stable carbon

isotope composition (i.e., leaf d13C) directly

Table 6. User’s accuracy for regrouped land-cover classes; these values are used to map the conditional

probability that a grid cell is correctly classified.

Image class

Reference class

1 2 3 4 5 6

1 0.78 0.08 0.05 0.07 0.01 0.00
2 0.02 0.88 0.07 0.01 0.02 0.00
3 0.10 0.12 0.76 0.01 0.01 0.00
4 0.20 0.11 0.02 0.37 0.26 0.03
5 0.08 0.14 0.03 0.31 0.41 0.02
6 0.16 0.13 0.02 0.14 0.13 0.42
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follow from the relative distributions of vegeta-

tion life form and photosynthetic pathway (Fig.

6A). Mean of leaf d13C predictions are summa-

rized by IGBP land-cover class in Table 7, along

with the relative composition of each vegetation

type (from Fig. 4) and the relative composition of

the original VCF layers. Note that the IGBP land-

cover classification is aggregated to 5-min spatial

Fig. 6. Estimated mean leaf d13C (%) per 5-min grid cell (A) and range of d13C values within 61 SD of the

mean (B).

Table 7. Summary statistics for the MODIS VCF tree-crown-corrected (Step 1a) and land-cover corrected (Step 1b)

percent vegetation and estimated leaf d13C values by IGBP class (5-min spatial resolution). Tree%vg and

nonTr%vg refer to tree and non-tree percent vegetation, respectively. Shrb%vg, C3gr%vg, and C4gr%vg refer

to shrub, C3 grass, and C4 grass percent vegetation cover; the sum of these components is equivalent to the

percent of vegetation classified as non-tree.

IGBP class name

VCF tree-crown-corrected layers IGBP land-cover corrected layers

Leaf d13C (%)Tree%vg nonTr%vg Tree%vg Shrb%vg C3gr%vg C4gr%vg

Closed tropical forest 91.1 8.9 91.1 5.6 0.4 2.8 �31.2
Other forest/ shrubland 49.8 50.2 49.8 27.5 9.6 12.9 �26.6
Open shrubland 7.1 92.6 7.1 77.0 12.5 3.1 �28.1
Woody savanna 37.0 63.0 37.0 18.3 10.3 34.3 �23.1
Savanna 29.9 70.1 29.9 11.3 5.4 53.4 �20.1
Grassland 22.1 77.7 22.1 17.5 31.5 23.7 �23.5
Wetlands 60.4 38.6 60.6 11.9 8.0 18.4 �26.8
Croplands 17.0 83.0 17.0 7.7 47.4 27.8 �23.3
Crop/natural mosaic 35.6 64.2 35.6 11.4 15.8 37.0 �22.7
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resolution by assigning the majority class to each
pixel, so the resulting summary statistics inher-
ently reflect mixes of multiple classes. The most
isotopically depleted vegetation occurs in tropi-
cal rainforest, a result of the d13C endmember
used for tropical closed-canopy forest and the
almost exclusive presence of woody vegetation in
that region. The most isotopically enriched
regions are the C4-dominated savannas and
grasslands, while mixed C3/C4 grasslands and
croplands encompass a wide range of d13C
values depending on their relative composition.
Shrub-dominated areas are somewhat more
enriched than the forest vegetation, indicating
presence of C4 grasses and/or crops in most grid
cells.

Fig. 6B summarizes the spread of expected leaf
d13C values based on the range of values within 1
SD of the mean (i.e., values derived from grids
representing lþ1r and l� 1r for each pixel, not
shown here). The greatest spread (;5%) occurs
in the tropical forest region; several mechanisms
have been proposed to explain the high degree of
variability of leaf d13C values in this biome: (1)
high biodiversity results in high variability of leaf
d13C values; (2) dense foliage and structural
variability results in a gradient of light availabil-
ity in the canopy and understory, and thus
variable leaf d13C values; and (3) CO2 may be
recycled through the canopy layers, and there-
fore leaves may be depleted due to assimilation
of biogenically respired and thus isotopically
depleted CO2 (Martinelli et al. 1991, Martinelli et
al. 1998, Ometto et al. 2006). The smallest range
in expected d13C values occurs in regions with
the highest proportion of C4 vegetation, a direct
result of the narrow range of d13C values for C4

plants. In contrast, values for C3 plant leaf d13C
can vary several parts per thousand due to
differences in isotope discrimination (Farquhar
et al. 1989, Cerling et al. 1997), and predicted leaf
d13C values for mixed grasslands and C3-domi-
nated grasslands reflect this wider range of
variability.

Comparison of d13C estimates for surface SOM
The estimated d13C content of surface SOM

calculated from fractional woody cover ( fwc)
with the relationship established by Cerling et al.
(2011) is presented in Fig. 7A. We compare this
estimate to a second soil d13C layer generated by

adding a constant offset of þ2% (Bowling et al.
2008, not shown) to the estimated leaf d13C
values (Fig. 6A); the difference map between the
two estimates is presented in Fig. 7B. Differences
range between�15.2% andþ5.25% with a mean
difference of 0.16%. The spatial distribution of
the differences indicates that disagreements
between the two methods are related to vegeta-
tion composition. The largest absolute disagree-
ments occur where grid cells contain less than
100% vegetation cover, e.g., grid cells on land-
water boundaries; as a consequence, percent
woody-cover values (input to fwc prediction)
may be small, while the relative percent of C3

vegetation (input to the constant-offset predic-
tion) remains high.

We extract predicted soil d13C values at evenly
spaced intervals along a ;2,000-km transect that
extends across a gradient of C3/C4 vegetation,
from the Amazon forest biome to a grass-
dominated region in the Brazilian savanna (the
cerrado) biome (Fig. 7A). Soil d13C values are
plotted as a function of percent C3 vegetation
cover (n ¼ 24); values for the constant-offset
predictions include error bars corresponding to
61r (Fig. 8). When percent C3 vegetation is
greater than 40, the predictions based on the
woody cover fraction ( fwc) tend to fall within 1r
of the constant-offset predictions. When the
percent of C3 vegetation is less than 40, the fwc

predictions are substantially more depleted than
the constant-offset predictions. Possible sources
of this disagreement are that (1) the fwc relation-
ship is better suited for predictions in mixed
grass-woody environments and does not work
well in grass-dominated systems, and/or (2) our
prediction of C3/C4 vegetation distribution over-
estimates the abundance of C4 grasses, and the
constant-offset predictions are biased towards
more enriched values.

Evaluation of results against
independent datasets

Few, if any, datasets exist for validating the
distribution of leaf or soil d13C content or the
predicted distribution of C3 and C4 vegetation on
a continental scale (Winslow et al. 2003). One
exception is a compilation of vegetation surveys
in Argentina that report relative composition of
C3/C4 grasses and, in some cases, percent shrub
cover (Paruelo et al. 1998: Table 1). We compare
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the reported survey data with our predictions of
%C3-grass, %C4-grass, and %shrub cover by
averaging predicted values over a 0.58 3 0.58

area co-located with the field surveys. We plot
modeled versus measured values for relative
percentage of C4 grasses and percent shrub cover
(Fig. 9); agreement between the two datasets can
be roughly assessed in terms of the slope and R2

of a linear regression line. For percent of C4

grasses, the slope of the best-fit line was 1.1 with
an R2 of 0.53 (n¼ 17; 3 sites consisted of 99–100%
C4 grasses, and 3 sites, 100% C3 grasses). For
percent shrub cover, the slope was 0.66 with an
R2 of 0.40 (n ¼ 17; not all samples overlapped
with the percent grass cover samples). Given the
relatively high degree of uncertainty in the
spatial location of field sites, the coarse spatial
sampling unit used to extract modeled values,

and the change in time between field studies and
remote sensing datasets (up to 35 years), the
resulting agreement between datasets is encour-
aging and should provoke discussion of the need
for future similar vegetation surveys across this
sparsely sampled continent.

Quantifying uncertainty
Despite the limited availability of independent

validation data for our final products, we
generate spatial representations of uncertainty
associated with the two input layers most critical
to predicting the spatial distribution of C3/C4

vegetation cover: the MODIS VCF product and
the MODIS IGBP land-cover classification. Im-
portantly, we accomplish these uncertainty rep-
resentations with very limited information
concerning the accuracy of these global-scale

Fig. 7. Predicted value of d13C for surface soil organic matter based on the fraction woody cover ( fwc)

regression relationship (A), as determined by Cerling et al. (2011) and difference between the fixed-offset (leaf

d13Cþ 2%) method to estimate soil d13C (Method 1; Bowling et al. 2008) and the fwc-estimate in panel A (Method

2) (B). The ;2,000-km transect plotted in panel A captures the full range of values in C3 vegetation; soil d13C
estimates were systematically sampled along this transect in order to compare the two methods (Fig. 8).
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datasets, as we did not have access to spatially
explicit training or validation data. Spatial
patterns of the error index (Fig. 5A), which
characterizes the relative magnitude of predic-
tion accuracy for the MODIS VCF tree-cover
product, and the confusion index (Fig. 5B), which
characterizes uncertainty in the MODIS IGBP
land-cover classification product, are similar. For
both indices, low values occur in areas corre-
sponding to highly homogeneous land cover
(e.g., large continuous tracts of forest, shrubland,
or grassland), and high values correspond to
areas that are composed of heterogeneous land-
cover components (e.g., savanna, cropland/natu-
ral mosaic). These spatial patterns are not
surprising, as we would expect higher accuracy
in areas that are more homogeneous in structure
and growth form.

We note that previous work by McIver and
Friedl (2001) also reported the land-cover classi-
fication confidence at the pixel scale. Their
approach was based on a non-parametric ma-
chine learning algorithm (‘‘boosting’’) and de-
pended on availability of training data, not
commonly available to users of global-scale data
products. While the classification ‘‘confusion
index’’ that we generate is similar to their
‘‘confidence index,’’ our work involves at least

two key differences: (1) our methodology does
not require access to training data; rather we rely
on commonly reported measures of global error
(i.e., the confusion matrix), and (2) in addition to
per-pixel probability of correct classification, our
measure includes information about neighbor-
hood heterogeneity, a property that is inversely
related to classification confidence.

The uncertainty index is a summary estimate
of per-pixel error for the vegetation life-form
layers (Fig. 4), based on the combination of the
error index and the confusion index. The fine-
resolution (not shown) and coarse-resolution
maps of the uncertainty index (Fig. 10A) display
similar spatial patterns, implying that most
variation in the uncertainty index is at a coarser
spatial scale than the 5-min grid cell, and only a
small amount of variation is removed due to the
spatial aggregation process. At the fine spatial
resolution (500 m), the confusion index values
range between 0.255 and 0.952, with a continen-
tal average (61r) of 0.584 6 0.211. At the coarse
spatial resolution (5 min), these descriptive
statistics are almost identical; index values range
between 0.255 and 0.943, with an average of
0.582 6 0.173. To preserve more of the informa-
tion available at 500-m resolution (the native
spatial resolution of the input data layers), we

Fig. 8. Plot of estimated soil d13C values versus percent C3 vegetation for evenly spaced samples extracted

along the transect plotted in Fig. 7A (n¼ 24). Soil d13C values are estimated using the fwc-regression relationship

and the fixed-offset method; error bars plotted for the latter represent 61r (Fig. 6B).
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calculate ‘‘within-block’’ (i.e., 5-min grid cell)

standard deviation of the uncertainty index (Fig.

10B). The standard deviation tends to be directly

related to the magnitude of the 5-min uncertainty

index value; i.e., smaller ‘‘within-block’’ variabil-

ity is associated with a lower uncertainty index,

and vice versa. This confirms our earlier finding

that homogeneous neighborhoods have smaller

uncertainty indices.

DISCUSSION

We merge multiple freely available, global-

scale datasets to generate maps of the spatial

Fig. 9. Location of vegetation surveys compiled by Paruelo et al. (1998) (A), field survey values versus

predicted values for C4 relative grass cover (n ¼ 17) (B), and field survey versus predicted values for percent

shrub cover (n ¼ 17) (C).
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distribution of C3 and C4 vegetation on the South
American continent, a prerequisite for predicting
the spatial variability of the d13C composition of
vegetation and surface soil organic matter. Our
methodology integrates a well-established un-
derstanding of leaf-level photosynthetic differ-
ences between C3 and C4 plants with spatially
continuous characterizations of land cover de-
rived from satellite remote sensing. The resulting
isoscapes capture first-order terrestrial d13C
variations at a continental scale. In addition, we
develop strategies to ‘‘spatialize’’ relative uncer-
tainty in our estimates of C3/C4 vegetation cover
by integrating overall accuracy measures of
global-extent datasets with local information
about neighborhood homogeneity. This repre-
sents a first step in assessing how the combina-
tion of different data sources at multiple spatial
scales affects confidence in local estimates for the
final isoscapes. Such confidence measures can

also aid in comparisons of our large-scale
predictions with data collected during ecological
measurement campaigns.

A primary goal of these isoscape models is to
provide a continuous representation of the
spatial variation in terrestrial d13C, and thereby
provide estimates of leaf/soil d13C values where
no measures currently exist (Bowen 2010). Maps
of terrestrial d13C composition will support a
variety of questions related to the biogeography
and ecology of C3 and C4 plants, as well their
relative contributions to biosphere-atmosphere
carbon and energy exchanges. This constraint on
relative carbon cycling by these plant types is
due to their differing d13C content. In biomes
such as the Brazilian cerrado, our estimate of
relative C3 and C4 cover combined with a plant
productivity model can be used to predict the
fraction of productivity due to C3 trees and
shrubs versus C4 grasses and can be compared

Fig. 10. Mean uncertainty index (500-m estimates aggregated to 5-min spatial resolution) (A), representing

relative confidence in the estimated tree cover layer (Fig. 4D) and standard deviation of 500-m uncertainty index

per 5-min block (B).
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with empirical measurements such as those from
Miranda et al. (1997) and Lloyd et al. (2008). In
mixed C3/C4 grassland ecosystems, we can
advance our understanding of plant physiology
and functional ecology by exploring how well
theoretical predictions of cross-over temperature
correspond to field observations of the relative
productivity of C3/C4 grasses such as those made
by Lai et al. (2003) and Still et al. (2003b).
Discrepancies between our predictions and mea-
surements of relative C3 and C4 productivity can
help to estimate the range of variability in cross-
over temperatures as a function of edaphic
controls and climatic variations, such as seasonal
water availability. On a continental scale, d13C
isoscapes allow us to assess the magnitudes of C3

and C4 grass primary productivity, along with
their spatial and temporal variability, and there-
by better situate the role of terrestrial vegetation
on the South American continent in the context of
the global carbon cycle. We may also assess how
large-scale land-cover change and biomass burn-
ing may affect terrestrial carbon stocks and
fluxes, as exchanges of forest (C3) vegetation
with pasture (C4) grasses will affect the d13C of
these ecosystems.

We note that the d13C isoscapes presented here
remain highly generalized because of their static
nature and because the underlying conceptual
model ignores local-scale variability. The current
isoscapes should be treated as time-averaged
representations of annual plant/soil d13C compo-
sition, roughly corresponding to mean annual
conditions in the year 2000 and smoothing all
intra- and inter-annual variability in vegetation
distribution and productivity. Another limitation
of the current isoscapes is that they are based on
30-year mean climatological data (1961–1990),
rather than data that more closely reflect the
meteorological conditions for the year 2000.
While these isoscapes capture first-order varia-
tion in d13C due to the largest driver of carbon
isotope variation (i.e., the differences in the
magnitude and range of D values between C3

and C4 plants), the diversity of mean d13C values
between plants using only the C3 pathway from a
range of biomes (Diefendorf et al. 2010) and
across environmental gradients within the same
biome are ignored (Martinelli et al. 1991).

While these limitations may challenge the
ability of researchers to directly link observation-

al data (collected at fine spatial resolutions and
corresponding to particular moments in time) to
these d13C isoscapes, identifying gaps between
field observations and isoscape predictions pro-
vides an opportunity to explore ecological
questions that can lead to a better understanding
of ecological and biogeochemical processes and
how they vary at scales not typically addressed
in ecological studies; at the same time, advance-
ment of such theoretical understandings can
inform the development of more accurate iso-
scape models (Bowen 2010). For example, in our
model, only four different leaf d13C values were
assigned to broad vegetation groupings for the
entire continent. However, it is well documented
that ‘‘within both C3 and C4 plant categories,
genetic and environmental factors cause more
subtle variability in the carbon isotopic compo-
sition’’ of vegetation (Martinelli et al. 1991, see
also Farquhar et al. 1989, Peisker and Henderson
1992, Buchmann et al. 1996).

The spatial representation of stable carbon
isotope composition facilitates exploration of
relationships between abiotic variables and leaf
carbon isotope discrimination (Dleaf ), e.g., gradi-
ents of mean annual precipitation (Bowling et al.
2002, Diefendorf et al. 2010). In a global survey,
Diefendorf et al. (2010) identified mean annual
precipitation (MAP) as the most important
environmental predictor of Dleaf values for C3

woody plants, with a weaker relationship be-
tween altitude and Dleaf. Other studies have
demonstrated relationships between seasonal
distribution of rainfall/seasonal water availability
and the relative abundance of C3/C4 grasses
(Paruelo and Lauenroth 1996, Paruelo et al. 1998,
Winslow et al. 2003, Murphy and Bowman 2007).
Yet another study demonstrated that the intensi-
ty of biogenic CO2 recycling in the Amazon
floodplain varies systematically with distance
from the ocean, and this, in turn, results in a
distinct gradient of leaf d13C values for both
terrestrial and aquatic plants (Martinelli et al.
1991). A refinement of the current d13C isoscape
would be to incorporate such predictive relation-
ships to better predict variation in plant d13C on
large spatial scales. In turn, comparing such
predictions to independent observations would
contribute to our understanding of the relative
importance of climatic and edaphic factors and
plant attributes on continental- to global-scale
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patterns of leaf d13C values (Diefendorf et al.
2010).

Better representations of large-scale variations
in leaf and soil d13C values, therefore, have great
potential to improve our estimates of the
magnitude and distribution of terrestrial carbon
sources and sinks (e.g., Still et al. 2003a), our
understanding of plant physiology and its
interaction with climate and edaphic factors,
and our ability to interpret and reconstruct ‘‘past
changes in climate and ecology recorded in
ancient terrestrial sedimentary organic carbon’’
(Diefendorf et al. 2010). Finally, these isoscapes
can be used as baseline predictions against which
biogeochemical models (and the processes em-
bedded in their model structure) can be com-
pared. For example, simulated global-scale
ecosystem d13C values from a land surface
biochemical model coupled to a climate model
(e.g., Suits et al. 2005) can be compared to our
d13C isoscapes, which are derived using largely
independent approaches and are more closely
tied to empirical data on leaf and soil d13C
values.
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SUPPLEMENTAL MATERIAL

APPENDIX

Fig. A1. Rules to partition the non-tree vegetation layer into shrub and herbaceous components for mixed

shrub-herbaceous classes. The %non-tree vegetation layer (from Data and Methods: Step 1a) is partitioned into

preliminary %shrub (%shrubpre) and %herbaceous (% herbpre) layers (Data and Methods: Step 1b) for the following

IGBP land-cover classes: open shrubland, woody savanna, and savanna. Other IGBP classes were taken as

dominated by either woody cover or herbaceous cover. Rules are based on comparing the %tree-crown layer

(from Data and Methods: Step 1a) to a woody threshold (WTH), the maximum canopy cover value specified in the

IGBP land-cover class descriptions (see Table 2).

Fig. A2. Algorithm to reconcile the Cropland 2000 dataset and the percent herbaceous layer. The preliminary

%herbaceous layer (%herbpre from Fig. A1 and Data and Methods: Step 1b) is partitioned into %natural-herbaceous

(%nat-herb) and %crop layers (Data and Methods: Step 2a). For each grid cell, Crop2000 refers to the percent area in

cropland (Ramankutty et al. 2008), %shrubpre is the preliminary %shrub layer (from Fig. A1), and %shrub

represents the final %shrub layer.
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Fig. A3. Rules to partition the %crop layer (from Fig. A2) into area planted in C3 and C4 crop types (Data and

Methods: Step 2b). For each grid cell, %crop refers to the area designated as cropland, %C3tot and %C4tot refer to

the total area of the grid cell planted as C3 or C4 crop type across the entire annual cycle (which may include

multi-cropping and fallow croplands; Monfreda et al. 2008), %C3-crop and %C4-crop refer to the expected area of

the grid cell planted in each crop type averaged across the year, %nat-herb refers to the area designated as

%natural-herbaceous cover (from Fig. A2), and %nat-herb-adj refers to the %natural-herbaceous-adjusted layer,

which accounts for fallow croplands.
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