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In C; plants, CO, concentrations drop considerably along mesophyll
diffusion pathways from substomatal cavities to chloroplasts where
CO, assimilation occurs. Global carbon cycle models have not explic-
itly represented this internal drawdown and therefore overestimate
CO, available for carboxylation and underestimate photosynthetic
responsiveness to atmospheric CO,. An explicit consideration of
mesophyll diffusion increases the modeled cumulative CO, fertiliza-
tion effect (CFE) for global gross primary production (GPP) from 915
to 1,057 PgC for the period of 1901-2010. This increase represents
a 16% correction, which is large enough to explain the persistent
overestimation of growth rates of historical atmospheric CO, by
Earth system models. Without this correction, the CFE for global
GPP is underestimated by 0.05 PgC/y/ppm. This finding implies that
the contemporary terrestrial biosphere is more CO, limited than
previously thought.

mesophyll conductance | CO, fertilization | carbon cycle |
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To reach Rubisco, the carboxylating enzyme of the Calvin
cycle, CO, molecules must diffuse through two consecutive
segments of a continuous pathway in leaves of C; plant species.
The first segment connects leaf intercellular air space with ambient
air and is controlled by stomata; the second one consists of
mesophyll layers from intercellular air space to stroma of chloro-
plasts where Rubisco resides (1, 2). These two stages differ in the
media through which CO, moves. Diffusion in the first segment
(stomatal diffusion) is through gases only; that in the second
segment (mesophyll diffusion) occurs in a variety of media in-
cluding liquids and lipids, i.e., cell walls, plasmalemma, cytosol,
chloroplast envelope membranes, and stroma. The path length
of this mesophyll diffusion is generally shorter than that of sto-
matal diffusion (2). However, diffusion of CO, through liquids
is several orders of magnitude slower than it is through gases;
diffusion through lipids in membranes is even slower than it is
through liquid water (3), although it may be facilitated by
aquaporin-like channels (4). Consequently, mesophyll layers con-
stitute a major barrier for CO, movement inside leaves (5-9).
However, the importance of this mesophyll diffusion limitation
for photosynthesis has yet to be reflected in carbon cycle mod-
eling. Current large-scale carbon cycle models (10, 11) have ex-
plicitly considered stomatal diffusion but not mesophyll diffusion.
Most carbon cycle models use some form of the biochemical
model of Farquhar, von Caemmerer, and Berry (FvCB) for
modeling photosynthesis (12). In theory, the FvCB model should
use the CO, concentration at the site of carboxylation inside the
chloroplast (C.). Nevertheless, most modelers have knowingly or
unknowingly applied it directly to the CO, concentration inside
the substomatal cavity (C;). Since C, can be much smaller than C;,
because of the mesophyll resistance to CO, diffusion, a com-
pensating adjustment is needed to correct for this overestimate
of CO, available for carboxylation, an adjustment that has been
provided by the use of phenomenological, rather than actual,
values of fundamental photosynthetic parameters. These param-
eters include the maximum carboxylation rate (Vmax), maximum
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electron transport rate (J;max), and triose phosphate utilization rate
(TPU) and have typically been estimated from leaf gas exchange
measurements commonly known as A/C; curves obtained under
carefully controlled environmental conditions (13, 14). The pa-
rameter estimation procedures used in such efforts have treated
mesophyll conductance (g,,) as if it were infinitely large, even
though laboratory studies indicate that it is finite and that the
mesosphyll diffusion limitation on photosynthesis can be sub-
stantial (1-9, 15, 16).

Without explicit consideration of mesophyll diffusion, funda-
mental photosynthetic parameters inferred from A/C; curves are
significantly underestimated (7, 15, 17). Vomax i particularly sen-
sitive to g,, and is underestimated by as much as 75% if g,, is
assumed infinite (15). Therefore, the phenomenological parame-
ters used in current carbon cycle models substantially undervalue
the actual biochemical capacities of the photosynthetic machinery.

Will this underestimation of actual biochemical capacities of
photosynthetic apparatus compensate for the overestimation of
CO; available for carboxylation in determining the long-term
terrestrial fertilization effect of anthropogenic CO, emissions
estimated by carbon cycle models? Photosynthesis is more sen-
sitive to changes in CO, at low CO, than at high CO, concen-
trations because the photosynthetic response to CO, as an
enzyme-catalyzed reaction is a saturating curve. Consequently an
overestimation of CO, at the carboxylation site leads to an un-
derestimation of photosynthetic sensitivity to variations in am-
bient CO, concentration. The degree of this underestimation is
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not constant; rather, it will dynamically vary with all environmental
factors that affect photosynthesis. As a result, it may be difficult
for this dynamically varying bias to be compensated for by the use
of a few phenomenological parameters tuned to a limited number
of measurements made under narrow environmental conditions. If
so, lacking explicit consideration of g,, represents an inherent
structual deficiency that may prevent carbon cycle models from
adequately simulating the long-term responses of global photo-
synthesis to historial and future changes in atmospheric CO, con-
centration due to anthropogenic emissions.

To evaluate the consequence of this deficiency, we examine
the simulated responses of global annual gross primary pro-
duction (GPP) to the increase in atmospheric CO, concentration
since the beginning of the last century. We focus on GPP because
it is the first step of the terrestrial carbon cycle and is affected
directly by mesophyll diffusion of CO,. Our interest is in the
long-term trend of global GPP, rather than in its absolute mag-
nitude for a particular year or the mean GPP over a period. For
short-term applications, the model structural deficiency can be
easily compensated for by a tuning of model parameters, i.e.,
Vemax and/or Jy.x can be adjusted so that a carbon cycle model
lacking g,,, will give the same GPP as estimated by a model in-
cluding g, e.g., for the first year of a 100-year period alone, or
for that matter, for the last year alone; however, it is considerably
more difficult to match these two models all the way from the
first to last year for atmospheric CO; that keeps rising during this
100-year period. Thus, focusing on the long-term trend is an
effective way to quantify the effects of model structural defi-
ciencies and their potential consequences.

We developed an empirical global g, model for C; plant
species based on a synthesis of data in the literature (SI Text) and
implemented it into the state-of-the-art Community Land Model
4.5 (CLM4.5) (18, 19). This implementation allows us to contrast
simulations that either consider or omit the mesophyll diffusion
limitation. We refer to these simulations as the g,,-including and
gm-lacking simulations, respectively.

To enable a correct comparison between the g,,,-including and
gn-lacking simulations, a matching correspondence must be es-
tablished between the original phenomenological photosyn-
thetic parameters in CLM4.5 (denoted thereafter as the g,-lacking
parameters) and the fundamental photosynthetic parameters that
reflect the actual capacities of the photosynthetic machinery
(denoted thereafter as the g,,-including parameters). This match-
ing correspondence was achieved via a parameter conversion
function that was developed from a global leaf gas exchange
dataset collected by LeafWeb (leafweb.ornl.gov) (15, 20). The de-
velopment of this conversion function was based on the CLM4.5
formulation of the FvCB model (SI Text). Other measures have
also been taken to ensure that any difference in the trend of GPP
between simulations can be attributed unambiguously to the me-
sophyll diffusion treatments (SI Text).

We ran CLM4.5 including or lacking g, from 1901 to 2010
with historical climate in conjunction with either observed or
constant atmospheric CO, concentrations (SI Text). In a given
year t, the CO, fertilization effect [CFE, in units of petagram
(10"g) carbon (PgC) per year] on GPP of the historical an-
thropogenic carbon emissions was quantified relative to a base-
line reference (GPP,s), set to be the average of annual GPP of
1901-1910 from simulations with constant CO, (296 ppm)

CFE(t) = GPP(t) — GPPy. [1]

We examined the impact of accounting for mesophyll diffusion
via the difference in CFE (ACFE) between the g,,-including and
gm-lacking simulations. If both models were to predict the CO,
fertilization effect equally well, there would be no long-term
trend in ACFE.
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We also applied the so-called Keeling’s p factor to measure
divergence in the degree of CO, fertilization between the g,,,-
including and g,,,-lacking simulations. The p factors for these two
types of simulations were compared through their ratio R

R(t) — ﬁ](t) — [GPPI(t) - GPPI.ref] GPPL,ref 2]
[GPPL(t) = GPPp 1et|GPPy ret’

where the subscripts / and L denote the g,,-including and g,,-
lacking simulations, respectively. The denominators of f; and By,
share a common logarithmic CO, term, which cancels in the
expression of R. Because R is the ratio of two B factors, its dy-
namic behavior (e.g., in response to changes in ambient CO,) will
be different from those of the p factors themselves. If models
including and lacking g,, were to predict the same effect of
CO, fertilization on GPP, then R should be close to 1. A value
R > 1 indicates that the g,,-lacking model underestimates the CO,
fertilization effect compared with the g,,,-including model; R < 1
indicates the opposite.

Results and Discussion

The ACFE for global GPP between the g,,-including and g,,-
lacking simulations increases from 1901 to 2010 (Fig. 14). A
relatively gentle pre-1950 increase in ACFE is followed by an
upsurge after 1950. This pattern closely matches that of the rising
atmospheric CO, over the same period (Fig. 14) such that there
is a strong positive linear relationship between ACFE and at-
mospheric CO, (Fig. 1B). These results indicate that the global
GPP modeled without explicit consideration of mesophyll dif-
fusion substantially underestimates the long-term fertilization
effect of anthropogenic CO, emissions on global photosynthesis.
Globally, this underestimation is 0.05 PgC/y/ppm (Fig. 1B).

From 1901 to 2010, the fertilization of the anthropogenic fossil
CO, emissions stimulates a cumulative total of 915 PgC (the time
integration of Eq. 1) to the global GPP of the entire period in the
gmn-lacking simulations. In the g,,-including simulations, however,
the cumulative anthropogenic stimulation is estimated to be 1,057
PgC. Thus, with the baseline reference CO, of 296 ppm, an ex-
plicit consideration of mesophyll diffusion increases the modeled
cumulative CFE on global GPP by 16% by 2010.

Climate variability affects the magnitude of underestimation of
the CO, fertilization effect by the g,,,-lacking simulations, which is
seen as interannual variations in ACFE (Fig. 1 A and B). The
relationship between ACFE and CO, also varies spatially (Fig. 1
B and C). The global trend is mostly contributed by the tropics
(15°S to 15°N) and the boreal and arctic regions (>45°N). How-
ever, essentially all regions with vegetation activity have a positive
relationship between ACFE and CO,, suggesting that the need
for representing mesophyll diffusion to correctly model the CO,
fertilization effect is universal.

The results based on the analysis of R likewise indicate that
models lacking g, underestimate the degree of CO, fertilization.
R is consistently larger than 1 for the globe as well as for all lat-
itudinal bands in northern and southern hemispheres (Fig. 2). It is
larger for the boreal and arctic regions, indicating that in a relative
sense, the simulated CO, fertilization effect in high latitudinal
regions is more sensitive to the consideration of mesophyll diffu-
sion than in lower latitudinal regions. This latitudinal trend in R
can be explained by the generally lower temperatures and in-
creased presence of needleleaf evergreen trees in higher latitudes,
both factors leading to smaller mesophyll conductance (S Text and
Fig. S1) and therefore larger sensitivity of modeled CO, fertil-
ization to the representation of mesophyll diffusion.

This identification of elevated importance of mesophyll dif-
fusion in the tropics and the boreal and arctic regions over the
midlatitudes highlights the necessity of using both ACFE and R
in our evaluation. ACFE provides an absolute measure of the
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Fig. 1. Temporal and spatial variations of the dif-
ference in the CO, fertilization effect (ACFE, PgCly)
on annual gross primary production simulated with
CLMA4.5 between including and lacking explicit con-
sideration of mesophyll conductance (g,,). (A) His-
torical trends in ACFE (blue curve, left ordinate) and
in atmospheric CO, concentration (ppm, red dots,
right ordinate) from 1901 to 2010. (B) The variation
of the global and latitudinal ACFE with atmospheric
CO, concentration. The global curve (red) is fitted
with a line (y = —13.55 + 0.05x, 2 = 0.98). (C) The
spatial variation in the slope (gC/m?/y/ppm) of the
linear regression of the grid-based ACFE as a func-
tion of atmospheric CO, concentration. The increase
of ACFE with time and atmospheric CO, concentra-
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impact of mesophyll diffusion on estimated land CO, fertiliza-
tion in carbon flux units. Consequently, it scales with vegetation
productivity and total baseline GPP. In contrast, R is calculated
from relative changes in GPP. As a result, it is suited for sensi-
tivity comparison across climate regions and vegetation types
which may differ in productivity. Thus, ACFE and R complement
each other by revealing different aspects of the importance of
mesophyll diffusion for modeling long-term global and regional
CO, fertilization effects. The importance of representing meso-
phyll diffusion for modeling tropical photosynthesis lies in the
region’s high productivity and large contribution to global GPP,
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Fig. 2. Changes with atmospheric CO, concentration of the global and
latitudinal ratio (R) of the p factors calculated with CLM4.5 between including
and lacking explicit consideration of mesophyll conductance (g,,). R fluc-
tuates erratically for the first half of the 20th century when the atmospheric
CO, is close to the baseline reference of 296 ppm in 1901, causing the de-
nominator of R to vary around zero. Therefore, values of R when the at-
mospheric CO; is less than 320 ppm are not shown. The dashed line atR =1
separates the underestimation (R > 1) from the overestimation (R < 1) of the
CO, fertilization effect on gross primary production by CLM4.5 lacking g,
compared with CLMA4.5 including g,.
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tion demonstrates that carbon cycle models without
explicit representation of mesophyll diffusion un-
derestimate CO, fertilization effect.
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whereas for the boreal and arctic regions, the importance comes
from the increased photosynthetic sensitivity associated with their
relatively high mesophyll diffusion limitation.

Our results imply that Earth system models (ESMs) will over-
predict the long-term growth rate of atmospheric CO, concentra-
tions due to anthropogenic carbon emissions when their terrestrial
carbon cycle modeling components do not consider mesophyll dif-
fusion explicitly. Most ESMs investigated by the fifth phase of the
Coupled Model Intercomparison Project (CMIP5) show persistent
high bias in their predictions of historical atmospheric CO,, and it
has been suggested that weak ocean uptake could contribute to this
high bias (21, 22). We analyzed the outputs of CMIP5 for our sim-
ulation period of 1901-2010 and found that in 14 of 17 ESMs, the
prognostically computed atmospheric CO, grows too fast compared
with the observations (Fig. 3). Relative to the 1901 value, the over-
predictions of these 14 ESMs range from 10 to 25 ppm by 2010.

By how much can their lack of explicit representation of meso-
phyll diffusion help explain the overpredictions of historical at-
mospheric CO, growth by ESMs? To answer this question simply,
we assume that net primary production is half of GPP (23) and half
of the CO, released into the atmosphere stays in the atmosphere
(24). With these two empirically supported assumptions, we esti-
mate that a quarter of the underestimated cumulative CO, fertil-
ization effect by models lacking explicit representation of mesophyll
diffusion will be reflected in an overpredicted growth of the at-
mospheric CO, concentration. For the period from 1901 to 2010,
the underestimated cumulative CFE is 1,057 — 915 = 142 PgC,
which corresponds to an overprediction of 17 ppm in atmospheric
CO, by 2010 [142/(4 x 2.123) ~ 17 ppm; 1 ppm = 2.123 PgC], a
value right in the middle of the range of overpredictions by cur-
rent ESMs. This 17-ppm bias is significant because it almost
equals the observed increase in recent decades from intensive
fossil CO, emissions and occurs over a period with a 100-ppm
increase in atmospheric CO; (i.e., a 17% overestimation). The
lack in the ESMs of an explicit representation of mesophyll dif-
fusion provides a plausible explanation to their atmospheric CO,
prediction bias, as an alternative to weak ocean uptake.

A rigorous evaluation of the question posted above would be
much more complicated and require detailed global carbon
budget accounting and expensive simulations in a costly ESM

Sun et al.
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Fig. 3. Growth biases of atmospheric CO, concentrations prognostically
computed by emission-driven ESMs in the fifth phase of CMIP5. The growth
bias in a given year t is calculated as Cp,(t) — C,,(1901) — [Co(t) — Co(1901)],
where C is atmospheric CO, concentration and the subscripts m and o de-
note model and observation, respectively. The reference baseline year is
1901 for which the growth bias is forced to be zero, allowing a focus on the
long-term trend. The thick black bar indicates our estimated bias (~17 ppm)
caused by lacking explicit representation of mesophyll diffusion. Details
about these ESMs and CMIP5 can be found elsewhere (21, 22).

framework for carbon-climate feedbacks. Biomass carbon resi-
dence time will need to be considered as not all net primary
production once fixed remains with vegetation for very long
(25). Also, recent studies found that plant respiratory CO, may
be transported upward via a transpiration stream in xylem and
then be refixed (26), reducing direct dependence of carboxyla-
tion on ambient CO,. However, as all carbon in plant organs
must ultimately originate from CO, moving through mesophyll,
the refixation of xylem-transported respiratory CO, will unlikely
substantially diminish the impact of the mesophyll diffusion
limitation on photosynthesis.

Other model deficiencies besides lack of explicit representa-
tion of mesophyll diffusion, for example, inadequate consider-
ation of nitrogen deposition and land use and land cover change
(27), could also explain much of the overprediction of the growth
rate of historical atmospheric CO, by current ESMs, assuming
the cause of their overprediction does reside over land. However,
because mesophyll diffusion affects the first step of terrestrial
carbon cycle, it is important for its effect to be accounted for so
that impacts of other factors can be evaluated more reliably.

Although our g,,, model is based on empirical data from a large
number of species (SI Text), its global application, as in any such
effort, is bound to have uncertainties. We therefore conducted a
leaf-scale uncertainty analysis with the global LeafWeb database
of leaf gas exchange measurements. In this leaf-scale analysis, no
g» model was needed; instead, actual parameters optimized from
leaf gas exchange measurements were used directly. We calculated
leaf-scale R (Eq. 2) for about 130 C; species covering all major
plant functional types of the world from herbaceous temperate
plants to woody tropical species (15). This obtained leaf scale R is
consistent with our global analyses with CLM4.5 (Fig. 4). The
results show that under nonsaturating levels of photosynthetic
photon flux density (typically PPFD < 1,000 pmol/m?/s; Fig. 4 A-
(), the leaf scale R, which is averaged across all species, is signif-
icantly larger than 1 across a wide range of intercellular CO, for all
temperature levels examined (intercellular instead of ambient
CO, was used in this leaf-scale calculation to avoid uncertainties
associated with modeling stomatal conductance). For a given
nonsaturating PPFD level, the averaged leaf scale R tends to in-
crease with decrease in temperatures, consistent with the trend of
latitudinal R in the northern hemisphere simulated by CLM4.5.
Only under conditions similar to the measurement conditions of

Sun et al.

the original A/C; curves (i.e., saturating light levels and high tem-
peratures) is the averaged leaf-scale R close to 1 (Fig. 4D).

Why do carbon cycle models without explicit representation of
mesophyll diffusion underestimate the degree of CO, fertiliza-
tion, even when their key photosynthetic parameters have been
fitted against A/C; curves? Why does R vary so much with envi-
ronmental conditions? The answers are not straightforward but
can be most clearly understood through demonstrations with the
Excel spreadsheet-based Tool for Evaluating Mesophyll Impact
on Predicting Photosynthesis (TEMIPP), which is provided as
part of SI Text.

The key to understanding these two questions lies in a combi-
nation of two factors: (i) the way A/C; curves are measured and (i)
the unique structure of the highly nonlinear FvCB model. A/C;
curves are generally made under a saturating level of PPFD (typ-
ically >1,000 umol/m?/s) and fixed temperature (e.g., 25 °C) and
thus represent measurements in one dimension (4 vs. CO, con-
centrations). This strict control of measurement conditions at
saturating PPFD and fixed temperature is necessary for obtaining
data about key biochemical processes of photosynthesis (13, 14). In
contrast, carbon cycle models have to run for natural environ-
mental conditions in a 3D space with PPFD, temperature, and
CO; concentrations all varying simultaneously. Thus, model appli-
cations fall outside the ranges of conditions used for parameter
calibration. This mismatch is of concern because the highly non-
linear FvCB model consists of three distinct submodels (Rubisco-,
RuBP regeneration-, and TPU-limited carboxylation rates) whose
respective applicable domains vary dynamically with environmental

22 {A B

2.0 F

1.8 --/%
164 e ——m e e ] Ll
PR T T T A A ———————

Average A/C, measurement conditions:

Temperature: 26 (5)°C
PAR: 1255 (323) umol mi’s

Ratio R of g, -including to g, -lacking  factors

PAR: 400 umol m’s”

300 400 500 600 700 300 400 500 600 700

Intercellular CO, concentration (ppm) Intercellular CO, concentration (ppm)

Fig. 4. Changes with intercellular CO, concentration of the averaged ratio
(R) of the B factors for leaf net photosynthetic rates calculated with a leaf
photosynthetic model between including and lacking explicit consideration
of mesophyll conductance (g,,). Each curve in each plot represents an aver-
age of >1,000 R ratio curves. For each nonsaturating level of photosynthetic
photon flux density (PPFD = 100, 200, and 400 pmol/m?/s, respectively, for A,
B, and (), five levels of temperature (10, 15, 20, 25, and 30 °C) are used.
Calculations are also done at the original leaf gas exchange (A/C) mea-
surement conditions which vary somewhat from measurement to measure-
ment (D). The averaged PPFD for the leaf gas exchange measurements is
1,255 + 323 pmol/m?/s and the averaged temperature is 26 + 5 °C. The 95%
confidence interval is shown for the mean R ratio curve at 30 °C (A-C) and at
the measurement conditions (D; although barely seen due to a large volume
of samples). This figure demonstrates that, although photosynthetic models
with and without g,, show similar leaf-level CO, fertilization effects for the
conditions used in measurements, this similarity degrades with increasing
distances from the measurement conditions.
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conditions that affect photosynthesis. When mesophyll diffusion is
not considered explicitly, the condition mismatch discussed above
will cause the submodel domains to be incorrectly identified, which
results in carboxylation rates being determined by wrong submodels.
Hence, even if A/C; curves were fit apparently well, predictions
under naturally varying conditions will be still problematic.

Fig. S7 demonstrates the points made above with two measured
and one simulated examples of leaf photosynthetic response to
changes in intercellular CO, concentration. An unlimited number
of cases can be generated with TEMIPP. In Fig. S7, the data were
obtained over a range of CO, concentrations but at a constant
saturating PPFD and a fixed temperature, following the common
practices in A/C; curve measurements that are used for tuning
model photosynthetic parameters. On a first look, both the g,,-
lacking and g,,-including models fit the original data very well.
Such an apparent good fit to data even by g,,-lacking models is
very common in the literature of 4/C; curve analyses and probably
has contributed to the underappreciation by carbon cycle mod-
elers of the importance of mesophyll diffusion for modeling
photosynthesis. However, the residual plots (the Insets in Fig. S7)
reveal biases easy to miss in visual examination: there are always
systematic differences in the predicted photosynthetic rate be-
tween the two models, depending on CO, concentrations. More
importantly, when the fitted parameters are used to predict
photosynthetic rates at other values of PPFD and temper-
atures, the difference between them enlarges. The magnitude
of this enlargement depends on levels of CO; concentration. At
extremely high values of CO, that saturate photosynthesis, the
limiting effect of mesophyll diffusion diminishes and the g,,-
lacking and g,,-including curves tend to merge, regardless of
specific values of PPFD and temperature. However, within the
intermediate range of CO,, the g,,-lacking curves are always
above the corresponding g,-including curves, indicating that the
gm-lacking model approaches photosynthetic saturation faster and
at a lower CO, than does the g,,-including model.

The reason for this faster approach to photosynthetic satura-
tion by the g,,-lacking model is that it overestimates CO, con-
centrations available at the site of carboxylation and therefore
underestimates photosynthetic sensitivity to variations in ambi-
ent CO, concentration. Although this underestimation of sensi-
tivity to CO, is minimized when model parameters are tuned
against measurements, the effectiveness of the tuned parameters
is limited to the narrow PPFD and temperature conditions under
which the measurements for parameter tuning are made. When
the natural environmental conditions deviate from these param-
eter tuning conditions, the tuned parameters become less effective
as the applicable domains of the highly nonlinear FvCB submodels
are misidentified and wrong submodels are applied to calculate
carboxylation rates. Thus, a lack of explicit consideration of me-
sophyll diffusion represents an inherent structural deficiency for
carbon cycle models, a structural deficiency that cannot be com-
pensated for by the use of phenomenologically obtained photo-
synthetic parameters.

In addition to providing a potential explanation for the cause
of the overprediction of historical atmospheric CO, growth by
ESMs, our study has identified a common mechanism that could
help resolve several other important issues. A recent inventory
and field observation-based report showed that, contrary to ex-
pectation, the world’s forests have continued to serve as a large
persistent carbon sink (28), consistent with our finding that ter-
restrial ecosystems may have responded to historical anthropo-
genic CO, emissions more strongly than models have indicated.
Also, carbon cycle models generally underestimate the long-term
trends in the seasonal amplitude of atmospheric CO, (29) and
in forest ecosystem water use efficiencies (30). These under-
estimations could be explained by the underestimation by carbon
cycle models of the long-term response of net ecosystem pro-
ductivity to the increase in atmospheric CO, concentration, which
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in turn could be explained by our finding that models lacking ex-
plicit consideration of mesophyll diffusion underestimate the CO,
fertilization effect. Furthermore, in the northern hemisphere,
the increase in the seasonal amplitude of atmospheric CO, has
been larger in high latitudes than in low latitudes and sub-
stantially larger than simulated by carbon cycle models (31),
which agrees with our finding that the estimated CO, fertil-
ization effect in the regions of >45°N is particularly sensitive to
the consideration of mesophyll diffusion (Fig. 2).

Our results at the global scale are a logical extension of what
has long been known at the leaf scale by plant physiologists.
Numerous studies have reported that mesophyll and stomatal
conductances have similar magnitudes and are equally important
in controlling CO, concentrations available for photosynthesis
(1-9, 15-17, 20). The drawdown of CO, from substomatal cav-
ities to chloroplasts may reduce photosynthesis by 25-75%,
depending on species (32). Differences in g,, may even have the
potential to alter the balance in species competitiveness as plant
communities respond to rising atmospheric CO, because an at-
mosphere enriched in CO, may favor species with lower g,,, such
as needleleaf evergreen trees and others (2, 6). Thus, mesophyll
diffusion can play a crucial role in our understanding and pre-
dicting photosynthetic responses to the increase in atmospheric
CO, concentration from leaf to global scales.

An uncertainty in estimating the long-term impact of meso-
phyll diffusion on global land CO, fertilization is the acclimation
of biochemical capacities of photosynthetic machinery to ele-
vated atmospheric CO, concentrations. Photosynthetic accli-
mation has been observed in many free-air CO, enrichment
(FACE) experiments of C; plant species (33). Typical acclima-
tion involves down-regulation of V.« and Jy,.x to balance re-
source allocation to reactions controlling photosynthesis. Our
leaf-level analysis indicates that mesophyll diffusion plays similar
roles in controlling CO, availability at the site of carboxylation
regardless of leaf productivity, which can be seen by comparing
Fig. S7 A and B with C. Thus, it is unlikely that photosynthetic
acclimation to elevated CO, will qualitatively change the findings
reported here.

A related issue is how limited availability of nutrients, par-
ticularly nitrogen and phosphorous, interacts with the impact of
mesophyll diffusion on the CO, fertilization effect. Model sim-
ulations have shown that explicit representations of nitrogen and
phosphorus limitations generally result in reduced response of
the terrestrial carbon sink to historical increases in atmospheric
CO,; concentrations (27, 34, 35). Thus, nutrient limitations may
reduce the impact of mesophyll diffusion on estimated CO,
fertilization effect. However, if the main effect of nutrient limi-
tations is to reduce V,y.x and Ji.g, then our argument made
above on photosynthetic acclimation also applies to nutrient
limitation. Furthermore, it is possible that an explicit consider-
ation of mesophyll diffusion would influence model evaluations
of nutrient limitations on terrestrial carbon cycle. Given the
unequivocal fact that mesophyll diffusion limits CO, availability
at the site of carboxylation, an interesting question is as follows:
will explicit representation of mesophyll diffusion delay the de-
velopment of nutrient limitation in the terrestrial carbon cycle in
response to increase in atmospheric CO, concentrations? With
improved representations of nutrient limitation and mesophyll
diffusion, this question may be answerable in the near future.

In summary, the terrestrial biosphere may be more CO, limited
and therefore absorb more carbon per unit increase of atmo-
spheric CO, than previously thought. Over the period investigated
in this study (1901-2010), atmospheric CO, only started to rise
rapidly after the 1950s. If the current trend of increasing atmo-
spheric CO, continues, the underestimation of the CO, fertiliza-
tion effect by models lacking explicit representation of mesophyll
diffusion should grow to well above the 16% determined for the
period of 1901-2010. Although mesophyll conductance increases
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with warming, this increase does not keep pace with the increased
carboxylation capacity of Rubisco and thus mesophyll diffusion
may become even more limiting for photosynthesis at high tem-
peratures (i.e., as measured by ACFE) (4). To adequately predict
long-term effects of anthropogenic emissions and carbon-climate
interactions, carbon cycle models should explicitly consider me-
sophyll resistance to CO, diffusion. As we demonstrated with
our global mesophyll conductance model (S Text), this con-
sideration does not add substantial computational burden or
excessive new parameterization. Carbon cycle models that lack
explicit representation of mesophyll diffusion will underestimate
historical and future terrestrial carbon uptake. Consequently, they
will overestimate historical and future growth rates of atmo-
spheric CO, concentration due to fossil fuel emissions, with
ramifications for predicted climate change.

Methods

The global g, model was developed by synthesizing the latest advances in
plant physiological literature. Large-scale carbon cycle models generally use
the concept of plant functional types (PFTs) to simulate carbon, water, and
energy fluxes in terrestrial ecosystems. Our global g,, model is likewise based
on the PFT concept so that it is consistent with current large-scale modeling
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philosophy and applicable broadly to different vegetation types, rather than
to particular ecosystems. In the g, model, leaf structures, which differ
among PFTs, determine the maximum attainable g,,, whereas temper-
ature and moisture stress factors and within-canopy environmental
gradients modify this maximum value (S/ Text). The global g,, model and
the conversion function that establishes the gpn-lacking to gn-including
parameter correspondence are all of the structural elements that we
have added to CLMA4.5. A series of global simulations were conducted
to verify the internal consistency and validity of the modified CLM4.5
(SI Text). All simulations are offline experiments driven by the CRU/NCEP/
NCAR reanalysis (www.cru.uea.ac.uk/cru/data/ncep/) and transient land
use. The historical atmospheric CO, concentrations, which are used in all
simulations except in constant CO, runs, are derived from ice cores and
atmospheric observations. A detailed description on methods is available
in S/ Text.
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