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2100. For case 2, the net GHG balance is +57 Pg
CO2eq through 2050 and +679 through 2100.
We estimate that by the year 2100, biofuels
production accounts for about 60% of the total
annual N2O emissions from fertilizer application
in both cases, where the total for case 1 is 18.6 Tg
N yr−1 and for case 2 is 16.1 Tg N yr−1. These
total annual land-use N2O emissions are about
2.5 to 3.5 times higher than comparable estimates
from an earlier study (8). Our larger estimates re-
sult from differences in the assumed proportion of
nitrogen fertilizer lost as N2O (21) as well as dif-
ferences in the amount of land devoted to food and
biofuel production. Best practices for the use of ni-
trogen fertilizer, such as synchronizing fertilizer ap-
plication with plant demand (22), can reduceN2O
emissions associated with biofuels production.

The CI of fuel was also calculated across
three time periods (Table 1) so as to compare
with displaced fossil energy in a LCFS and to
identify the GHG allowances that would be
required for biofuels in a cap-and-trade program.
Previous CI estimates for California gasoline
(3) suggest that values less than ~96 g CO2eq
MJ–1 indicate that blending cellulosic biofuels
will help lower the carbon intensity of California
fuel and therefore contribute to achieving the
LCFS. Entries that are higher than 96 g CO2eq
MJ–1 would raise the average California fuel
carbon intensity and thus be at odds with the
LCFS. Therefore, the CI values for case 1 are
only favorable for biofuels if the integration
period extends into the second half of the century.
For case 2, the CI values turn favorable for
biofuels over an integration period somewhere
between 2030 and 2050. In both cases, the CO2

flux has approached zero by the end of the century
when little or no further land conversion is oc-
curring and emissions from decomposition are
approximately balancing carbon added to the soil
from unharvested components of the vegetation
(roots). Although the carbon accounting ends up as
a nearly net neutral effect, N2O emissions con-
tinue. Annual estimates start high, are variable
from year to year because they depend on cli-
mate, and generally decline over time.

One of the perplexing issues for policy ana-
lysts has been predicting the dynamics of the CI
over different integration periods [supporting on-
line material (SOM) text]. If one integrates over a
long enough period, biofuels show a substantial
greenhouse gas advantage, but over a short pe-
riod they have a higher CI than fossil fuel (3).
Drawing on previous analyses (5, 23), we argue
that a solution need not be complex and can avoid
valuing climate damages by using the immediate
(annual) emissions (direct and indirect) for the CI
calculation. In other words, CI estimates should
not integrate over multiple years but rather sim-
ply consider the fuel offset for the policy time
period (normally a single year). This becomes
evident in case 1. Despite the promise of even-
tual long-term economic benefits, a substan-
tial penalty—in fact, possibly worse than with
gasoline—in the first few decades may render

the near-term cost of the carbon debt difficult to
overcome in this case.

In case 2, in which there is less willingness
to convert land, the economics of biofuels would
be favorable sooner. Greater measures to protect
forests could make the economics and CI of
biofuels even more favorable because improved
management on low-quality or degraded land
can lead to carbon accumulation in the soil rather
than a carbon loss (fig. S3). Our results suggest
that tropical regions that are currently suffering
substantial amounts of deforestation may also be
the most competitive producers of biofuels. Our
suggested strategy of not integrating over future
fuel offsets increases the near-term CI of biofuels
unless forested lands globally are better protected.
Success in avoiding deforestation will be reflected
in lower estimates of indirect emissions and
lower carbon penalties.
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Elevated CO2 Reduces Losses of Plant
Diversity Caused by Nitrogen Deposition
Peter B. Reich

The interactive effects of rising atmospheric carbon dioxide (CO2) concentrations and elevated
nitrogen (N) deposition on plant diversity are not well understood. This is of concern because both
factors are important components of global environmental change and because each might
suppress diversity, with their combined effects possibly additive or synergistic. In a long-term
open-air experiment, grassland assemblages planted with 16 species were grown under all
combinations of ambient and elevated CO2 and ambient and elevated N. Over 10 years,
elevated N reduced species richness by 16% at ambient CO2 but by just 8% at elevated CO2.
This resulted from multiple effects of CO2 and N on plant traits and soil resources that altered
competitive interactions among species. Elevated CO2 thus ameliorated the negative effects
of N enrichment on species richness.

Two global change factors likely to have
widespread influence on plant communi-
ties are nitrogen (N) deposition and rising

atmospheric carbon dioxide (CO2) levels (1–7).
Levels of N deposition and CO2 have risen in
recent decades and are expected to increase fur-
ther (8). Because increased CO2 and N supply

often drive plant stoichiometry in opposite direc-
tions but productivity in the same direction, and
as plant resources are primarily available above-
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ground versus below ground, there are many pos-
sible ways in which competitive or other biotic
interactions that influence biodiversity might be
affected (2–7, 9–11). Although increasing N sup-
ply frequently results in declining species diver-
sity (1, 6, 7, 9), there has been less research about
(4, 5, 10), and no consensus regarding, how rising
CO2 levels will influence species diversity. Even
less is known about the influence of rising CO2 on
the effects of N deposition on diversity (4, 5).

Experimental and observational studies in ter-
restrial ecosystems have typically shown that in-
creases in N availability increase productivity and
decrease plant diversity, and this has been explained
by a variety of mechanisms (1, 6, 7, 9, 12–16).
Investigations in different study systems have pro-
vided evidence that a decline in diversity under
elevated N can result from resource preemption
(i.e., from either belowground resource or light
competition) and associated competitive exclusion,
shifts in competitive intensity aboveground versus
belowground, alterations of soil acidity, a switch
from one limiting resource to another, and/or a
shift in niche dimensionality (1, 6, 7, 9, 12–16).
Therefore, although the suppression of diversity
by increasing N availability is almost ubiquitous,
no single mechanism is universally responsible.

In contrast, evidence and theory about CO2

effects on species richness are less well devel-
oped. Much like enriched N, elevated CO2 could
result in decreasing species richness as it also
commonly increases productivity (2, 17–19), po-
tentially leading to competitive exclusion follow-
ing resource preemption. Alternatively, as rising
CO2 levels change plant stoichiometry (17, 20),
potentially resulting in greater relative limitations
by other dominant resources such as N (18, 19, 21),
elevated CO2 could reduce competitive exclu-
sion and lead to increased species richness. Evi-
dence of CO2 effects on species richness is scarce
(4, 5, 10, 22) and shows mixed results, with pos-
itive, neutral, and negative responses seen in the
few published reports.

Equally important to impacts of multiple glob-
al change agents is whether their effects are inter-
active (2–4, 18, 19), as it will bode poorly for
future biodiversity conservation if rising CO2

exacerbates the considerable negative impacts of
N deposition on community-scale species rich-
ness (1, 6, 7, 13, 14). However, a plethora of
possible mechanisms suggests that synergistic,
additive, or antagonistic interactive outcomes of
joint CO2 and N effects are plausible (23).

To address the issues raised above, species
richness was measured in 48 experimental grass-
land plots (each 2m by 2m) planted in 1997with
16 perennial species and treated since 1998 with
all combinations of ambient and elevated atmo-
spheric CO2 (ambient and +180 mmol mol−1

delivered by means of a free-air CO2 enrichment
technique) and ambient and enriched N (ambient
and +4 g N m−2 year−1 delivered as ammonium
nitrate in three equal doses each year) (11, 19, 23).
This experiment, called BioCON, is conducted in
an ecosystem co-limited by CO2 and N (11, 19)

and dominated by belowground interactions
(24, 25). Although wet and dry N deposition to
terrestrial ecosystems is primarily of atmospheric
origin, the effects are largely mediated through
belowground processes, because uptake by soil
microbes and plant roots generally begins the in-
corporation of this N into the plant biogeochem-
ical cycle. Species richness (the number of species
observed in a plot), belowground and aboveground
biomass, root C/N ratio, soil solution N concen-
tration, percent soil water content, and percent
light transmission were measured in each plot
in all years from 1998 to 2007 (23) and used to
evaluate treatment effects on species richness and
the underlying mechanisms (Tables 1 and 2).

From 1998 to 2007, there were significant
main effects of N treatment (P < 0.001) and year
(P < 0.0001) on species richness, and a signifi-
cant interaction between CO2 and N treatments
(P= 0.02) (Tables 1 and 3). On average, enriched
N supply reduced species richness by 16% under
ambient CO2, but only by 8% under elevated
CO2 (Table 3 and Fig. 1). The N effect was con-
sistently smaller under elevated than under am-
bient CO2 from the second to tenth year of the
experiment (Fig. 1). From the CO2 effect perspec-
tive, elevated CO2 had minimal impact (−2%) on
observed species richness at ambient N, whereas
at enriched N, elevated CO2 modestly increased
species richness by 7% (Table 3). The CO2 × N
interaction was more pronounced once the exper-
imental plots were well established. For example,
during the most recent 7 years, enriched N supply
reduced species richness by 15% under ambient
CO2, but only by 5% under elevated CO2.

What accounts for the more consistently neg-
ative effect of added N than of elevated CO2 on
species richness, and what caused the observed
CO2 × N interaction? To address these questions,
it is useful to focus on elements of plot-scale
structure or function that might be influenced by
CO2 and N and contribute to effects on species
richness, asking (i) which plot-scale attributes were
related to species richness, (ii) how did CO2 and

N treatments influence those attributes, and (iii)
were such responses consistent with observed
treatment effects on species richness? Relevant
measures (6, 7, 12, 13, 15, 24–26) include (i)
total root biomass, an indication of productivity
and potentially of capacity to preempt (compet-
itively obtain) soil resources; (ii) soil solution N,
an indication both of resource supply and of re-
source preemption; (iii) root C/N, which is an
indication of species differences in root chemical
stoichiometry and hence of both relative physi-
ological limitation byN and of treatment-induced
differences in soil N availability; (iv) percent soil
water content, an indication both of resource sup-
ply and of resource preemption; and (v) percent
light transmission, which can indicate variation
in the level of asymmetric competition for this
aboveground resource.

These five measures were not closely related
among plots (23) and thus, in theory, each could
serve to independently drive species richness. In
bivariate relations, species richness was negatively
related (P < 0.001) to increased soil solution N and
root biomass, and positively related to root C/N
ratios (P < 0.001) and percent soil water content
(P < 0.05) (Fig. 2, A to D), but unrelated (P >
0.50) to percent light transmission. Moreover, all
five of these attributes were significant predictors
of species richness in multiple regression models
(Table 2 and table S1), with residual plots from
the full model (Fig. 2, E to H) similar to those for
the bivariate relationships for the four belowground
attributes (Fig. 2, A to D). This similarity indicates
that the associations seen in bivariate relations are
also significant (and in the same direction) once
the effects on species richness of other important
driving variables are accounted for. The question
then is whether these attributes responded to CO2

and N treatments in ways that would “drive” spe-
cies richness in the observed patterns.

Table 1. Repeated-measures analysis of var-
iance of CO2 and N effects on species richness.
Effects of year, CO2, and N, and all interactions,
on species richness (the number of species ob-
served in a plot during sampling) are shown.

Variable
Whole-plot

species richness
F value P > F

Whole-model R2 0.70 <0.0001
Effect
CO2 0.23 0.655
N 49.43 <0.0001
Year 66.83 <0.0001
CO2 × year 0.66 0.741
N × year 2.49 0.0089
CO2 × N 5.61 0.0228
CO2 × N × year 0.27 0.896

Table 2. Species richness of the plant community
as a function of total root biomass, root C/N ratio,
soil solution N concentration, percent soil water
content, and percent light transmission. Data are
mean values for species richness, biomass, C/N ratio,
soil solution N concentration, percent soil water
content, and percent light transmission for each of
48 plots measured over 10 years (26). Model was
selected based on Akaike’s Information Criteria from
a suite of models involving these variables and all
possible interactions.

Variable
Whole-plot

species richness
F value P > F

Whole model R2 0.65 <0.0001
Effect
Root biomass 9.85 0.0031
Root C/N 6.06 0.0182
Soil solution N 13.91 0.0006
Soil water 3.12 0.0850
Light transmission 6.09 0.0176
Root biomass × soil water 9.11 0.0044
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Total root biomass, root C/N, soil solution N,
and percent soil water content were influenced by
CO2, N, and their combination in ways that were
consistent with CO2 and N effects on species
richness, and with soil and root factor relations
with species richness (Tables 1 to 3 and Figs.
1 and 2), whereas percent light transmission was
not (23). For example, enriched N increased soil
solution N concentration and root biomass, and
decreased root C/N and percent soil water content
(Table 3), all of which are consistent with de-
creased species richness given relations shown in
Figs. 1 and 2. Treatments that made plants N-rich
or productive, and soils N-rich or dry, also reduced
diversity. Moreover, joint effects of CO2 and N on
biomass, C/N, and soil solution N mirrored their
joint effects on species richness (i.e., enriched N
effects were smaller at elevated than in ambient
CO2 treatments, significantly so for soil solution
N; Table 3). Hence, the main and interactive ef-
fects on species richness of CO2 and N in this ex-
periment were apparently the result of impacts of
CO2 and N on several belowground drivers of spe-
cies richness, perhaps, most importantly, soil solu-
tion N (Figs. 1 and 2 and Table 1), which itself
showed a significant CO2 ×N interaction (Table 3).

The changes in species richness under CO2

and N can also be viewed through the lens of
individual species and functional group re-
sponses (4, 5, 10), given that all plots were ini-
tially planted with four species from four functional
groups (11). The relative abundance of C3 grasses

increased markedly with N enrichment (by 69%)
and was associated with a modest increase (+8%)
in C3 grass species richness (Table 3). In contrast,
with enriched N, two of the three other functional
groups had large decreases in relative abundance,
and all three had lower species richness (Table 3),
with this suppression more modest at elevated
than at ambient CO2, especially for the C4 grasses
(P = 0.0006 for the CO2 × N interaction). Addi-
tionally, changes in species richness in response
to CO2 and N and their interaction were little
influenced by changes in frequency (fraction of
plots in which they are present) of either the rarest
or most frequent species; instead, a set of species
of intermediate frequency and abundance played
the major role in this regard (23).

These results suggest that changes in eco-
system attributes and in functional group relative
abundances together explain the main and inter-
active effects on CO2 and N on species richness
in this system. The decreasing species richness
under enriched N likely resulted from competitive
exclusion of other functional groups by increasing-
ly abundant C3 grasses, and was associated with
greater root biomass, lower root C/N, greater soil
solution N, and lower percent soil water content
under enriched N. At this site, increased C3 grass
biomass under N enrichment can reduce soil water
availability, leading to increased mortality of other
species (26), and the BioCON C4 grasses show
reduced relative abundance in simulated drought
treatments (23). These enriched N effects were

somewhat muted under elevated compared to am-
bient CO2, because enriched N-induced increases
in root biomass, decreases in root C/N, and espe-
cially increases in soil solution N were smaller in
the enriched CO2 treatment (Table 3). Given the
relations of species richness to each of these po-
tential drivers (Fig. 2), the smaller responses of
these attributes to enriched N (in elevated than in
ambient CO2) likely contributed to the smaller N-
induced declines in species richness (Tables 1 to 3
and Figs. 1 and 2) in elevated than in ambient CO2.

In summary, elevated CO2 had modest effects
on species richness (compared to N enrichment),
in part because CO2 effects on key drivers of
species richness were smaller and sometimes
offsetting. For instance, CO2-induced increases
(Table 3) in root C/N and percent soil water con-
tent, which were linked to increases in species
richness, counteract biomass productivity effects
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Fig. 1. (A) Species richness (TSE among plots) of
experimental plots (n = 48), under four combina-
tions of CO2 and N (n = 12 plots for each), av-
eraged from 1998 to 2007. (B) The percent effect
of enriched N treatment on species richness under
ambient CO2 (filled circle) and elevated CO2 (open
circle) conditions from 1998 to 2007. (C) Mean
species richness (TSE) and soil solution N (mg/kg,
0 to 20 cm depth) (TSE) from 1998 to 2007 for
ambient and elevated CO2-treated plots under am-
bient and enriched N conditions. Relevant statistics
for all panels are shown in Tables 1 to 3 and the text.

Table 3. Percent response (average, 1998 to 2007) of community and ecosystem variables to elevated
CO2 at both ambient and enriched N, as well as to enriched N under both ambient and elevated CO2 levels.
Variables include species richness, root biomass, root C/N ratio, soil solution N, percent soil water content,
percent light transmission (all at plot scale), and species richness and relative abundance of each func-
tional group (defined as the fraction of total aboveground biomass). Also shown is whole-model R2 and
significance levels for analysis of variance for each variable in relation to CO2, N, and their interaction.

Variable
CO2 effect
(% change) Significance N effect

(% change)
Whole-
model R2

Ambient
N

Enriched
N CO2 N CO2 × N Ambient

CO2
Elevated
CO2

Species richness (plot) −2.2 +6.9 *** * −15.9 −8.1 0.64
Root biomass (plot) +11.0 +19.6 ** *** +33.3 +23.7 0.47
Root C/N (plot) +4.0 +9.7 † *** −10.4 −5.4 0.31
Soil solution N (plot) +37.7 −29.2 *** ** +391.1 +152.5 0.60
Percent soil water content +10.0 +11.3 ** * −6.8 −5.6 0.24
Percent light

transmission (plot)
−1.2 −2.1 *** +17.1 +16.1 0.31

Species richness, C4 grass −11.7 +11.1 *** *** −32.7 −15.4 0.78
Species richness, C3 grass −1.7 +1.9 *** +5.7 +9.6 0.40
Species richness, N fixer −6.2 +0.4 *** −26.4 −21.1 0.66
Species richness, forb +25.5 +31.1 † * −18.4 −14.8 0.39

Relative abundance, C4 grass −12.3 −8.4 * −28.3 −25.2 0.48
Relative abundance, C3 grass −3.2 −6.6 *** +72.0 +65.9 0.77
Relative abundance, N fixer +6.3 +12.4 *** −42.5 −39.2 0.25
Relative abundance, forb +1.0 +11.0 −1.9 +7.8 0.69

†P < 0.10; *P < 0.05; **P < 0.01; ***P < 0.001.
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(which decrease species richness) (Fig. 2). In
contrast, enriched N has a consistent negative ef-
fect on species richness because its effects on
productivity, soil solution N, soil moisture, and
root C:N ratio all individually suppress species
richness (Fig. 2). Moreover, because the effects
of CO2 and N on the drivers of species richness
differ depending on the particular combinations
of levels of CO2 and N, the joint effects of en-
riched CO2 and enriched N were nonadditive, i.e.,
could not be predicted from knowledge of each
alone. These results for a temperate perennial
grassland contrast with results of a study of mul-
tiple global change effects in annual Mediterranean
grassland, where such impacts were predictable
from knowledge of each alone (4). Competition
for soil N, for which soil solution N may be a
surrogate, and for soil water may be particularly
important in BioCON, as (i) there were CO2 × N
interactions on soil solution N as well as on spe-
cies richness, (ii) enriched N and CO2 treatments
drove percent soil water content in opposite
directions, and (iii) competition for N and water
have been shown to influence the outcomes of
competition of these species and functional groups
at Cedar Creek (7, 23–25). Indeed, when averaged
over the entire experiment for the four contrasting
CO2 and N levels, the correspondence between
species richness and soil solution N was pro-
nounced (Fig. 1)—with treatments diverging along
a single species richness and soil solution N axis.

Results of this study have important implica-
tions for natural ecosystems under global change,
because they demonstrated that within 2 years and
persisting for 10, altered CO2 and N regimes had
significant, interactive, impacts on species diver-
sity. From a biodiversity conservation perspective,
there was no evidence to support the worst-case

scenario in which rising CO2 and N deposition
each suppresses diversity and jointly do so addi-
tively or synergistically. Instead, their joint inter-
action ameliorated the diversity loss due to N
enrichment that occurs under ambient CO2. How-
ever, in viewing the possible implications of these
results at broad scales and in other ecosystems, it
is uncertain whether rising CO2 and N deposition
will generally cause changes in plant biomass,
plant or soil stoichiometry, soil chemistry, or soil
moisture or other drivers of biotic interactions in
ways that lead to the same nonlinear interactive
effect on species richness. Regardless, the sensitiv-
ity of species richness to factors that themselves
were sensitive to CO2 and N suggests that predict-
ing responses of species richness at local commu-
nity scales may be challenging, as responses to
multiple global change drivers are perhaps not gen-
erally predictable from the responses to each alone.
Given that humankind is enriching the biosphere in
both CO2 and N (8) and that species diversity is a
key ecological attribute providing ecosystem ser-
vices, such uncertainty further contributes to our
concern about systemic impacts of global environ-
mental change on Earth’s ecological sustainability.
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Fig. 2. The relation of mean species richness per plot versus root biomass
(0 to 20 cm, g m−2), root C/N ratio, soil solution N (mg/kg, 0 to 20 cm depth),
and percent soil water content (0 to 20 cm depth) for all plots (n = 48), each
averaged over 10 years [(A to D), all relations significant P < 0.05], as well
as the partial residual relationship (E to H) for each of these from the full

multiple regression model. The arrows show directional effects of enriched N
(+N) or elevated CO2 (+CO2) on both species richness and the ecosystem
attribute shown in each panel. Confidence intervals (95%) for the model fit
are shown with the dotted lines. Multiple regression model details are
provided in Tables 1 and 2.
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 CORRECTIONS & CLARIFICATIONS

www.sciencemag.org    SCIENCE    ERRATUM POST DATE    12 FEBRUARY 2010 

ERRATUM
Reports: “Elevated CO2 reduces losses of plant diversity caused by nitrogen deposition” 
by P. B. Reich (4 December 2009, p. 1399). The 0.70 and 0.65 values and corresponding 
<0.0001 values in the first row of Tables 1 and 2, respectively, are the R2 values and sig-
nificance values for the whole models (and should not have been placed in the columns 
labeled “F value” and “P > F,” respectively). 
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