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The global mass and average rate of rubisco
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Photosynthetic carbon assimilation enables energy storage in the
living world and produces most of the biomass in the biosphere.
Rubisco (p-ribulose 1,5-bisphosphate carboxylase/oxygenase) is re-
sponsible for the vast majority of global carbon fixation and has been
claimed to be the most abundant protein on Earth. Here we provide
an updated and rigorous estimate for the total mass of Rubisco on
Earth, concluding it is ~0.7 Gt, more than an order of magnitude
higher than previously thought. We find that >90% of Rubisco en-
zymes are found in the ~2 x 10" m? of leaves of terrestrial plants,
and that Rubisco accounts for ~3% of the total mass of leaves, which
we estimate at ~30 Gt dry weight. We use our estimate for the total
mass of Rubisco to derive the effective time-averaged catalytic rate of
Rubisco of ~0.03 s~! on land and ~0.6 s~ in the ocean. Compared
with the maximal catalytic rate observed in vitro at 25 °C, the effec-
tive rate in the wild is ~100-fold slower on land and sevenfold slower
in the ocean. The lower ambient temperature, and Rubisco not work-
ing at night, can explain most of the difference from laboratory con-
ditions in the ocean but not on land, where quantification of many
more factors on a global scale is needed. Our analysis helps sharpen
the dramatic difference between laboratory and wild environments
and between the terrestrial and marine environments.

Rubisco | primary productivity | quantitative biology

he joint action of the photosynthetic machinery and the

Calvin—Benson carbon fixation cycle controls the global
carbon cycle and produces the vast majority of the organic carbon
present in the biosphere (1). The fixation of atmospheric CO, in
the Calvin—Benson cycle is enabled by the activity of the Rubisco
enzyme, which as such has a pivotal role in the global carbon cycle.
Almost 40 y ago, shortly after the discovery of Rubisco, Ellis
crowned it the most abundant protein on Earth (2). This statement
was derived in only a single paragraph of a much longer paper
detailing Rubisco’s role in primary productivity, based on carbon
fixation in terrestrial environments and the turnover number of the
Rubisco enzyme measured in the laboratory.

The brief analysis by Ellis was instrumental in emphasizing the
important role of Rubisco in the environment, as well as the
power of using back-of-the-envelope calculations as a tool to es-
timate the abundance of proteins in the biosphere. The actual
robustness of this estimate is unclear, however. To demonstrate
the uncertainty surrounding the estimate of the total mass of
Rubisco, we note that Ellis arrived at approximately 0.04 gigatons
(Gt = 10" g) of protein. This can be compared with collagen, the
most abundant protein in the human body, which accounts for
~30% of the ~10 kg of total protein mass in an adult human (3, 4).
Collagen is found not only in humans, but also in livestock.
Considering the collagen present in livestock, we arrive at a global
mass of collagen of ~0.05 Gt, higher than the total mass reported
for Rubisco. In addition, we note that the original estimate by Ellis
did not take into account marine carbon fixation, which supports a
similar flux to terrestrial carbon fixation (5).

The aim of the present work was to use an independent
methodology to construct a rigorous estimate for the total mass
of Rubisco worldwide. We found that the global mass of Rubisco
is ~0.7 Gt, more than an order of magnitude higher than the
previous estimate reported by Ellis. We use this independent
estimate to probe the average global rate of Rubisco and find
that in terrestrial environments, this corresponds to ~1% of its
characteristic K.,;.
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Results

To estimate the total mass of Rubisco proteins, we estimate the
total mass of terrestrial and marine Rubisco separately (Fig. 1).
For terrestrial Rubisco, we use a two-step approach. We first
estimate the global dry mass of leaves. We then estimate a
characteristic mass fraction of Rubisco out of this dry mass. By
multiplying these two components, we arrive at an estimate for
the total mass of Rubisco, as shown in Fig. 1.

Estimating the Total Mass of Leaves Globally. To estimate the global
mass of leaves, we rely on two independent methods. The first
method arises from an estimate of the total biomass of terrestrial
plants (6). This estimate of ~450 Gt of carbon translates to ~900
Gt of dry weight, assuming ~40-50% carbon content in dry
weight (7). To convert this total plant dry weight to the total mass
of leaves, we use a meta-analysis of the mass fraction of different
plant compartments across different biomes (8, 9). We use the
average leaf mass fraction across biomes, weighted by the fraction
of plant biomass in each biome (10) (step 1 in Fig. 1). Overall, this
approach yields an estimate of ~50 Gt dry leaf weight, which is
~6% of the total mass of plants (full calculation at https://bit.ly/
2RYH74Kk).

Our second approach to estimate the global mass of leaves is
based on first estimating the total area of leaves on land and then
converting it to mass using an estimate of the mass of leaves per
unit leaf area (step 4 in Fig. 1). To estimate the total area of
leaves, we rely on both field measurements (11) and remote-
sensing (12) of the leaf area index (LAI = total area of leaves
per unit land area) across the entire globe. (Details on the
construction of the LAI maps are provided in Methods.) We thus
generate two maps of leaf area, one based on field measurements
of LAI and the other based on remote sensing of LAI. We sum the
leaf area across the entire terrestrial surface of Earth and arrive at
two independent estimates for the global area of leaves. As our
best estimate, we use the geometric mean of the two estimates
(step 2 in Fig. 1), which is #2 x 10'* m? (https://bit.ly/2GtzbkN).
This is equivalent to 200 x 10° km?, or approximately twice the

Significance
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global ice-free land area. We use our two independent estimates
for the global area of leaves (one based on remote sensing and the
other based on ground measurements) to evaluate the uncertainty
associated with our estimate of the total leaf mass (https://bit.ly/
2WnDxzr). We project the uncertainty (akin to a 95% multiplicative
confidence interval) to be approximately twofold (Methods).

To convert the total area of leaves to the total mass of leaves,
we multiply our estimate of the global leaf area by an estimate of
the mass of leaves per unit area. We rely on two separate proce-
dures for calculating the mass of leaves per unit area. The first
procedure relies on a global database of plant traits (13), while the
second relies on a recently generated map of the distribution of
plant traits (14). Combining these two data sources (stage 3 in Fig.
1; detailed in Methods) yields an estimate of ~100 g dry weight per
square meter of leaf area (https://bit.ly/2Tjx8Dq). By multiplying
the average leaf mass per leaf area by the total area of leaves (step
4 in Fig. 1), we arrive at an estimate of ~20 Gt for the global mass of
leaves (https://bit.ly/2Tjx8Dq). This value also includes crops, which
are a relatively small fraction (~2%) of the biomass of plants due to
their high turnover rate relative to trees (6).

Our two methods for estimating the mass of leaves are based
on independent datasets, each with its own assumptions and
caveats. Thus, the relatively modest difference between the leaf
mass fraction method (50 Gt) and the leaf area method (20 Gt)
for estimating the global mass of leaves suggests a relative
robustness of our estimate. As a best estimate for the total
mass of leaves, we use the geometric mean of the estimates
from both approaches (step 5 in Fig. 1), corresponding to ~30 Gt.
We use our two independent estimates to evaluate the uncertainty
associated with our estimate of the total leaf mass. We project the
uncertainty (akin to the 95% multiplicative confidence interval) to
be approximately twofold (https://bit.ly/2RpopxC).

Estimating the Mass Fraction of Rubisco Proteins Out of Leaf Dry
Mass. We next estimate the average fraction of Rubisco out of
the total leaf mass (highlighted in red in Fig. 1). We rely on a
recent meta-analysis that characterized several physiological
parameters across a wide variety of plant species (15). We sup-
plement this dataset with data on C4 plant species (13, 16-19).
The first parameter we use for our analysis is the amount of
nitrogen in Rubisco per unit leaf nitrogen. We convert the
amount of nitrogen in Rubisco per unit leaf nitrogen to the total
mass of Rubisco per unit leaf nitrogen by using of the fact that,
similar to other proteins, nitrogen accounts for ~#15% of the total
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total mass of
terrestrial Rubisco

0.7 Gt

and estimating the mean mass fraction Rubisco out of
the dry leaf mass. Our methodology for estimating the
mass of marine Rubisco is based on an estimate of the
total biomass of marine autotrophs, as well as on re-
ports on the fraction of Rubisco out of the dry weight of
autotrophs.

@

mass of Rubisco (20). The second parameter that we use is the
concentration of nitrogen in leaves. By multiplying these two
numbers, we obtain an estimate for the mass of Rubisco per unit
of dry leaf mass (step 6 in Fig. 1). Our dataset contains mea-
surements for woody plants as well as herbaceous C3 and C4
plants. For each, we calculate the geometric mean of the mass
fraction of Rubisco out of the dry leaf mass. We estimate that
Rubisco accounts for ~2% of the dry leaf mass in woody plants,
~5% of the dry leaf mass in herbaceous C3 plants, and ~1% of
the dry leaf mass in herbaceous C4 plants. We estimate that leaves
of woody plants account for ~70%), leaves of C3 herbaceous plants
account for ~20%, and leaves of C4 herbaceous plants account for
~10% of the total mass of leaves (Methods). We apply the char-
acteristic fraction for each growth form on its fraction of the total
leaf mass. Overall, we estimate that Rubisco accounts for ~2.5%
of the global mass of leaves (Fig. 2) (which, on a soluble protein
basis, would be in line with the several tens of percent measured in
the literature). Combining our estimates for the global leaf mass
and the mass fraction of Rubisco in leaves (step 7 in Fig. 1), we
estimate that the total mass of terrestrial Rubisco is 0.7 Gt
(https://bit.ly/2UssG5A). We propagate our uncertainties for each
parameter used to estimate the total mass of Rubisco to evaluate
the uncertainty associated with our best estimate of the mass of
terrestrial Rubisco. We project an uncertainty of approximately
threefold associated with our estimate of the global mass of Rubisco
(https://bit.ly/2Ust9ES).

One potential caveat in our analysis is that measurements of leaf
mass can also include leaf tissues that are not photosynthetic, such
as the petiole and midrib. These tissues account for #20% of the
total leaf nitrogen (21), meaning that even if the inclusion of these
tissues causes an overestimate of the mass of Rubisco, this is small
in relation to the uncertainty that we project for our estimate.

Estimating the Mass of Marine Rubisco Proteins. Approximately one-
half of global net primary productivity occurs in the oceans (5),
and thus one would expect the global mass of Rubisco proteins in
the marine environment to be significant. We estimate the total
mass of Rubisco proteins in the marine environment by combining
an estimate for the total biomass of marine autotrophs with esti-
mates of the Rubisco content of marine autotrophs (highlighted in
blue in Fig. 1). We recently estimated the total marine autotrophic
biomass at ~#1 Gt C (6). Assuming that carbon constitutes ~50%
of the dry biomass, we estimate the total biomass of marine
autotrophs as ~2 Gt. We focus on microalgae, which are likely to
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Fig. 2. The distribution of the fraction of Rubisco out of the dry mass of
leaves. Each color denotes a different category of plant growth form, with
dark-green values representing woody plants and the lighter-green values
representing C3 herbaceous plants. The vertical line indicates the average
fraction for each growth form used for the analysis.

dominate over macroalgae and seagrass as ocean autotrophs (6).
Microalgae usually have a protein content of ~50% of dry mass (22).
Therefore, we estimate ~1 Gt of proteins in marine autotrophs.
We next estimate the mass fraction of Rubisco proteins out of
the protein mass of marine autotrophs. We rely on previous
reports (23-33) of values of 0.1-20% for different species of
microalgae and cyanobacteria. We use the geometric mean of
the measured proteome fraction of Rubisco for each group
of phytoplankton. We use data on the relative biomass of each
taxonomic group (6) to calculate the weighted global mean
proteome fraction of Rubisco. We estimate that in marine
phytoplankton, Rubisco accounts for ~3% of the total protein
mass. Multiplying our estimate of ~1 Gt proteins in marine
autotrophs by our estimate that Rubisco accounts for ~3% of
the total cellular protein (step 8 in Fig. 1), we estimate a total
mass of marine Rubisco proteins of ~0.03 Gt, which is <10% of the
total mass of Rubisco (https:/bit.ly/2RWZkiV). We use different
estimates for the biomass of marine autotrophs, as well as the

global rate of carbon
fixation (GPP) [gC/yr] (

total flux of all Rubisco
enzymes [reactions/s]

O

global mass unit total number of
of Rubisco [g] conversion Rubisco active sites
B
terrestrial Rubisco
unit convesion
global reaction rate
1.2x10%7 gC \‘

variability in measurements of the proteome fraction of Rubisco in
marine autotrophs, to evaluate the uncertainty associated with our
estimate of the total mass of marine Rubisco. We project an un-
certainty of approximately fourfold associated with our estimate
(https://bit.ly/2G8ni3t).

Estimating the Effective Rate of Terrestrial and Marine Rubisco. In
contrast to the method used by Ellis, our approach for estimating
the total mass of Rubisco is not based on the rate of Rubisco.
Therefore, we can use our estimate for the total mass of Rubisco to
estimate its average effective rate of carbon fixation. In this sec-
tion, we calculate the effective rate of both terrestrial and marine
Rubisco. Our methodology is similar to recent efforts to quantify
in vivo rates of enzymes (34). Namely, we estimate the total flux
(reactions per unit time) that is supported by the combined action of
all Rubisco proteins in a given environment (terrestrial or marine).
We then divide the total flux by an estimate of the total number of
Rubisco active sites, which we derive from our estimates of the total
mass of Rubisco. By dividing the total flux by the number of protein
active sites that support this flux, we get an estimate for the average
catalytic rate of a single Rubisco enzyme (Fig. 34).

For the terrestrial environment, gross primary productivity
(GPP), which incorporates all carbon fixation, including the
amount respired by the organism, is estimated at ~120 Gt C y ™!
(35). This value represents the total flux of carbon fixed on land
each year, and although the exact value remains a matter of
debate, it is estimated to be accurate to better than twofold (36),
which is sufficient for the purposes of our analysis. We use the
terrestrial GPP as a measure of the total flux that is supported by
the combined action of all terrestrial Rubisco proteins. To cal-
culate the average effective rate of Rubisco, which is measured in
reactions per second, we convert the estimate of terrestrial GPP
to units of molecules of CO, fixed per second. Because each CO,
molecule contains one carbon atom, which has a molecular weight
of 12 Da, we can express the global GPP flux in units of carbon
atoms fixed per second. Because each year has 3 x 10 s, the
total flux of terrestrial carbon fixation is ~2 x 10** carbon atoms
(and thus CO, molecules) per second, as derived in Fig. 3B.

We convert our estimate for the total mass of terrestrial
Rubisco proteins into an estimate of the total number of Rubisco
active sites by using the molecular weight of a Rubisco active site,

effective rate
of Rubisco [1/s]

Fig. 3. Estimating the effective rate of an average
Rubisco. (A) We use estimates for the total annual

1 year y ~ 2x1032 [1/s] ~  0.03[1/s] rate of carbon fixation—the gross primary pro-
7x1014 g Rubisco 6x1033 ductivity—in the terrestrial and marine environ-
[' ments, in conjunction with our estimates of the total

number of Rubisco mass of Rubisco in those environments. We convert

active sites the units of the total rate of carbon fixation to re-

C actions per second using the fact that each reaction
marine Rubisco of Rubisco fixes one carbon atom, which has a mass

of 12 Da. We also convert our estimates for the total

global reaction rate mass of Rubisco into the number of active sites by

1017 gC dividing the total mass by the molecular weight of an
“1vyear 1.5%1032 [1/s] active site. By dividing the total amount of reactions
X N — 0.6 [1/s] that all the active sites are performing each second

3x1013 g Rubisco

(- 3x1032

number of Rubisco
active sites

4740 | www.pnas.org/cgi/doi/10.1073/pnas.1816654116

by the total number of active sites, we get an esti-
mate of the average rate of a single active site. B and
C show the calculations for terrestrial and marine
Rubisco, respectively.
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which is ~70 kDa [one large and one small subunit in type I
Rubisco (37)]. We calculate that the total number of Rubisco
active sites is ~6 x 10** (or ~10* Rubisco L8SS octamers).
Dividing the total rate of all Rubisco enzymes by the total number
of Rubisco enzymes, we calculate that the average catalytic rate of
a single Rubisco is ~0.03 s7, as depicted in Fig. 3C (https:/bit.ly/
2DG4GpY). We propagate our projections for the estimate of
the total mass of Rubisco, as well as the uncertainty associated with
the estimate of the terrestrial GPP, to evaluate the uncertainty
associated with the estimate of the time-average rate of terrestrial
Rubisco. Overall, we project an uncertainty of approximately
fourfold associated with our estimate of the time-average rate of
terrestrial Rubisco (https://bit.ly/2MJauly).

For the marine environment, two independent lines of evi-
dence suggest that GPP is approximately twice the net primary
productivity. First, measurements of autotrophic respiration,
photorespiration, and dissolved organic carbon secretion imply
that roughly 50% of the carbon fixed by photosynthesis is lost by
these processes (38, 39). Second, measurements of the gross
oxygen production (the total mass of oxygen produced by pho-
tosynthesis) are approximately 2.7-fold higher than the measured
net primary productivity (38). Not all oxygen produced by pho-
tosynthesis is coupled to carbon fixation; some processes, such as
the Mehler reaction and additional terminal oxidases (40), use
the electrons produced in water splitting for other purposes. These
processes usually account for 20-25% of the gross oxygen pro-
duction (41). This means that the remaining 75-80% is coupled to
carbon production, which dictates that the gross carbon pro-
duction (the GPP) is approximately twofold higher than the net
primary productivity. The global net marine primary productivity
is estimated as ~50 Gt Cy ' (5), and thus the global gross marine
primary productivity is ~100 Gt C yL. As with the terrestrial en-
vironment, we convert the GPP into units of reactions per second
and arrive at an estimate of ~1.5 x 10** carbon atoms (and thus
CO, molecules) fixed per second. Our estimate of the total mass of
marine Rubisco is ~0.03 Gt, which corresponds to ~3 x 10°* marine
Rubisco active sites. Dividing the total rate of all marine Rubisco
enzymes by the total number of Rubisco active sites, we calculate
that the average catalytic rate of a single Rubisco in the marine
environment is ~0.6 s, roughly an order of magnitude higher than
Rubisco in the terrestrial environment (https://bit.ly/2DG4GpY).
We follow the same error propagation procedure as for terres-
trial Rubisco and project an uncertainty of approximately fourfold
associated with our estimate of the time-averaged rate of marine
Rubisco (https://bit.ly/ZRSVyXA).

To validate our results, we compare our global estimates for
the rate of Rubisco with measurements of productivity and
producer biomass at several different locations on land and in
the ocean. Calculating the rate of Rubisco across 20 locations
yields numbers well within the uncertainty we report for our
global estimate, which increases our confidence in the validity of
the approach (SI Appendix).

Discussion

Our work provides a methodology for estimating the total global
mass of Rubisco. Whereas Ellis used the in vitro catalytic rate of
Rubisco to estimate the total amount of Rubisco, we rely on
mass fractions of the total autotrophic biomass. We estimate that
the total mass of Rubisco enzymes is ~0.7 Gt in the terrestrial
environment and ~0.03 Gt in the marine environment. Our es-
timate is more than an order of magnitude higher than the long-
standing estimate of ~0.04 Gt (2). Relying on measured mass
fractions allows for much better constraints on the parameters
used to estimate the total mass of Rubisco, resulting in the large
difference from previous values. The large difference between our
estimate and the estimate of Ellis demonstrates that his original
claim stating that Rubisco is the most abundant protein on Earth
was not well established. Even with our much higher estimate, it is
not clear that Rubisco is indeed the most abundant protein in the
biosphere. A comprehensive comparison of the mass of Rubisco
with the mass of other ubiquitous proteins is required to substantiate
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this claim. This is a research direction beyond the scope of this pa-
per, but one that we are currently investigating.

One additional benefit of our methodology is that because it is
not based on the catalytic rate of Rubisco, we can use our esti-
mate to infer the effective time-averaged rate of Rubisco. We
find that the effective rates of terrestrial and marine Rubisco are
~0.03 s and ~0.6 s, respectively. How does this rate compare
with the maximal catalytic rate of Rubisco in plants? Using a
collection of kinetic parameters of Rubiscos g42), we estimate the
characteristic k., of terrestrial plants is 3 s~ at 25 °C (https://bit.
ly/2CNq6j2). Thus, the effective catalytic rate of Rubisco in wild
terrestrial environments is ~#1% of its maximal rate. The charac-
teristic k., of marine autotrophs is not significantly different from
that of terrestrial plants, even though that of cyanobacterial Rubisco
is usually faster (42), and we estimate it at ~4 s~ (https://bit.ly/
2CNq6j2). As such, the effective catalytic rate of Rubisco in the
marine environment is ~#15% of its maximal rate at 25 °C.

There are two trivial factors that help explain part of the
difference between our estimates and the in vitro measured Ay,
values. The first factor is that the flow of solar energy that drives
carbon fixation is limited to daytime, so we expect our annual
mean rate to be twofold lower than the rate of fixation in day-
time (or, more accurately, ~1.9-fold for the marine environment
due to productivity being mostly in summer at high latitudes with
long daytime; https://bit.ly/2CSY5qB). The second factor is the
temperature at which carbon fixation occurs. Usually, the maximal
rate of Rubisco is measured in vitro at 25 °C, but the fixation rate
is dependent on the temperature at which the enzyme is working,
so if in nature Rubisco is working at lower temperatures, we would
expect its maximal rate to be lower than the in vitro measured
rate of ~3-4 s™1. We use global maps of mean temperatures and
primary productivity to estimate the average temperatures at
which carbon fixation is occurring on land and in the ocean. We
estimate that Rubisco is operating on average at ~24 °C on land
and at ~10 °C in the ocean (https://bit.ly/2ZHGIAXYV). Using data
on the temperature dependence of Rubisco k., (32), we esti-
mate a maximal Rubisco rate of ~3 s™ on land and ~1 s™" in the
ocean at the ambient average temperatures. For the marine en-
vironment, these two factors explain most of the difference between
the time-averaged rate of Rubisco and the maximal rate mea-
sured in vitro, implying that Rubisco is working near its k¢, in
phytoplankton (32). On land, however, even when these factors
are taken into account, Rubisco is still more than an order of
magnitude beneath its k¢

Many factors could explain the lower effective catalytic rate of
Rubisco. The rate of Rubisco may be limited by abiotic factors,
such as the availability of solar radiation (e.g., when leaves are
shaded in the canopy), CO, concentration to which Rubisco
enzymes are exposed, water supply, nutrient supply, temperature,
and others. It could also be caused by physiological processes like
photorespiration, regeneration of RuBP, activation state of Rubisco,
and others. This is only a partial list of factors that should be
explored quantitatively in the future and compared between the
terrestrial and marine environments.

Another way of phrasing the question of inefficiency is to consider
why we see a large number of Rubisco enzymes operating at a
submaximal rate as opposed to a smaller amount of Rubisco working
faster. There are several possible explanations for this conundrum,
which we touch on briefly. One line of argument suggests that
excess Rubisco enables plants to respond more quickly to changing
environmental conditions, such as alterations in illumination
conditions (e.g., sun flecks). This is akin to the suggested excess
ribosomal pool in carbon-limited bacteria (43). Another possible
hypothesis is that Rubisco has a role in storage of nitrogen in plant
tissues. In terms of elemental stoichiometry, plants have an abun-
dant supply of carbon from the atmosphere but are limited by the
supply of other crucial elements, such as nitrogen and phosphorus.
Proteins have elemental stoichiometry suited for storing nitrogen
when carbon is abundant without the requirement of phosphorus,
which would be required for storage in nucleic acids. Thus, plants
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can use protein as reservoirs of nitrogen, and as an abundant pro-
tein within plants, Rubisco could fulfill this role.

Our analysis of the effective rates of Rubisco enzymes in the
terrestrial and marine environments exposes a strong difference
between the two environments, with marine Rubisco enzymes
operating at an order of magnitude greater rate than that on
land. Why are marine Rubisco enzymes so much faster in the
ocean? A partial explanation for this difference is CO, under-
saturation on land. Most of the photosynthesizing organisms in the
marine environment—cyanobacteria and eukaryotic phytoplankton—
are equipped with carbon-concentrating mechanisms that increase
the local concentration of CO, in the vicinity of Rubisco, help-
ing reduce CO, subsaturation and its associated limitations (44).
We believe that the results presented here motivate a dedicated
analysis using detailed measurements to rigorously analyze the
drivers for the overall quantitative difference between the marine
and terrestrial environments.

Overall, our analysis sheds light on the distribution of Rubisco
in the natural environment and provides a didactic framework
for evaluating the effects of different plant traits on the abun-
dance of Rubisco. We use the estimated total mass of Rubisco to
show that on average, Rubisco is operating far below its maximal
rate. Further studies will reveal the relative importance of factors
that contribute to limiting the rate of Rubisco and explore the
extent to which Rubisco might play additional roles besides its
catalytic function.

Methods

A full description of our analysis, including the data sources and the code
used to generate our results, can be found at https:/github.com/milo-lab/
rubisco_mass/.

Calculating the Total Area of Leaves. To estimate the total area of leaves, we
construct two maps of the distribution of leaf area across the globe. The first
map is the GLASS LAI product map (12), which is based on remote sensing.
Since the number of leaves changes throughout the year due to deciduous
plants, we use monthly composite maps and calculate the annual average of
the total leaf area. We chose to use the composite map with a total leaf area
closest to the annual mean.

As remote sensing of LAl can become saturated at high LAl values (45), we
use ground-measured values of LAl in different biomes as an independent
source (11). The average ground-measured LAl values for each biome rep-
resents the amount of leaf area per vegetated land surface, but in many
biomes (e.g., deserts), most of the land surface is not vegetated. We use a
recent study that produced a global map of vegetation coverage (46). For
each location, we multiply the fraction of land that is vegetated (either by
trees or by short vegetation) by the average LAI measured in the specific
biome in which the location resides (step 9 in Fig. 1). Ground-based mea-
surements of LAI are likely to overestimate of the annual mean LAl in de-
ciduous biomes, as LAl values of 0 are not usually reported. By combining
remote-sensing— based estimates, which likely underestimate the actual leaf
area, as well as ground-based measurements, which are likely overestimates,
we make our estimate of the total leaf area more robust.

Estimating the Mass of Leaf per Unit Leaf Area. To estimate the characteristic
mass of leaves per unit area, we rely on two methodologies. Our first
methodology is based on a global database of plant traits. This database
includes measurements of leaf dry weight per unit leaf area for ~2,000 plant
species (13). We calculate the geometric mean of leaf mass per unit leaf area
across all species and arrive at an estimate of ~100 g m™2.

Our second methodology relies on a recently generated map of the dis-
tribution of plant traits (14). This map details the mass of leaves per unit leaf
area in each location. We calculate the average of all the pixels in this map
weighted by the area of leaves in each pixel. When estimating the total area
of leaves, we generate two maps of leaf area, one based on remote sensing
and the other based on field measurements. This generates two estimates
for the average mass of leaves per unit leaf area, one average weighted by
the remote sensing-based leaf area map and the other weighted by the
field-measured leaf area map. We use the geometric mean of these two
estimates, which is ~100 g m~2, as our best estimate for the mass of leaves
per unit leaf area based on the trait map reported by Butler et al. (14).

As our best estimate for the characteristic leaf mass per unit leaf area, we
use the geometric mean of the estimate based on the species database and
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the estimate based on the plant trait maps (step 3 in Fig. 1). Our best estimate
for the mass of leaves per unit leaf area is ~100 g m~2.

Estimating the Fraction of the Total Leaf Area in Woody and Herbaceous Plants.
Our analysis generated an estimate of the total mass of leaves. Because
different plant types, such as woody plants and C3 and C4 herbaceous plants,
contain different characteristic amounts of Rubisco per leaf dry weight, we
need to estimate the fraction of each plant type out of the global mass of
leaves. To arrive at our estimate, we follow two steps: (i) estimating the
fraction of the global leaf mass in woody plants and (ii) dividing the her-
baceous leaf mass between C3 and C4 plants.

To estimate the fraction of the global leaf mass in woody plants, we use the
same two methodologies that we use to estimate the total mass of leaves: one
based on leaf mass fractions out of plant mass and the other based on leaf
area. In each method, we divide the leaf mass estimate to woody or her-
baceous leaves based on the biome in which the leaf is located. We define
leaves as belonging to herbaceous plants if they are located in grasslands of
croplands and consider the remaining biomes to belong to woody plants. Each
methodology yields estimated fractions of the global leaf mass in woody and
herbaceous plants. We use the geometric mean of the two estimates as our best
estimate of the fraction of the global leaf mass in woody and herbaceous
plants: 70% and 30%, respectively (https:/bit.ly/2HQJ7gX).

We next estimate the fraction of the herbaceous leaf mass in C3 and C4
plants. To generate our estimate, we estimate the fraction of leaf mass in C4
plants in croplands and in nonagricultural herbaceous biomes separately . For
croplands, we rely on crop distribution maps for ubiquitous C4 crops (sug-
arcane, maize, and sorghum) from published sources (47). We combine the
distribution maps for all these crops and generate a map of the fraction of
land that contains C4 crops. We then overlay this map with our maps esti-
mating the global distribution of leaf mass and integrate across the entire
plant to estimate the total mass of leaves in C4 crops. For nonagricultural
herbaceous plants, we rely on a map of the global distribution of C4 plants
(48). This map quantifies the fraction of land dominated by C4 plants. We
exclude C4 plants in croplands from this map, because we calculated their
mass separately in the previous section. We overlay the natural C4 plant
distribution map with our maps estimating the global distribution of leaves
and integrate across the entire planet to estimate the total mass of leaves in
natural C4 herbaceous plants. The global distribution map of C4 plants in-
dicates that C4 plants are also dominant in such biomes as savanna and
shrubland, which contain woody plants. This is because C4 grasses can be
found in the understory of those biomes.

Because it is not clear how much of the mass of leaves in these biomes is
herbaceous, we generate two estimates based on the distribution of natural
C4 plants, one including only grasslands and the other including also savannas
and shrublands. In each case, we estimate the total mass of leaves of non-
agricultural C4 plants. We use the geometric mean of the two estimates as our
best estimate for the mass of leaves of natural C4 plants. We sum our esti-
mates of the total mass of leaves of C4 crops and nonagricultural C4 plants to
estimate the total mass of leaves of C4 plants. We divide the total leaf mass of
C4 plants by our best estimate of the total leaf mass based on leaf area
estimates to generate an estimate of the fraction of the total leaf mass that is
in C4 plants. Overall, we estimate the ~10% of the global leaf mass is in C4
plants, which leaves ~20% of the total leaf mass in C3 herbaceous plants
(https:/bit.ly/2FWZgsL).

Uncertainty Analysis. Along with describing the procedures leading to the
estimate of parameters used to derive the global mass and rate of Rubisco, we
quantitatively survey the main sources of uncertainty associated with each
parameter and calculate an uncertainty range for each. We follow the same
methodology described by Bar-On et al. (6). We choose to report uncer-
tainties as representing, to the best of our ability given the many constraints,
what is equivalent to a 95% confidence interval for the estimate of the
mean. Uncertainties reported in our analysis are multiplicative (fold change
from the mean) and not additive (+ change of the estimate). We chose to
use multiplicative uncertainty because it is more robust to possible outliers in
the underlying data and because it is a natural way to report uncertainty
associated with the geometric mean of a sample. To estimate the total mass
of terrestrial and marine Rubisco, we first estimate several quantities, such as
the total mass of leaves and the Rubisco content in leaf mass (Fig. 1). Each of
those quantities is calculated as a geometric mean of several data sources or
of estimates from independent methods. We rely on the difference between
independent methods for estimating the same quantity, or of the variabil-
ity in the data on which we base our estimate, as the source for evaluat-
ing the uncertainty associated with our estimate. We then propagate the
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uncertainty in each quantity to our final estimate of the total mass of ter-
restrial and marine Rubisco and their time average rates.

We calculate the uncertainty of each quantity around the geometric mean
of the data used to estimate it (the data sources or estimates based on in-
dependent methods) by taking the logarithm of the values reported either
within studies or from different studies. Taking the logarithm moves the
values to log-space, where the SE is calculated (by dividing the SD by the
square root of the number of values). We then multiply the SE by a factor of
1.96, which will give the 95% confidence interval if the transformed data are
normally distributed. Finally, we exponentiate the result to get the multi-
plicative factor in linear space that represents the confidence interval (akin to
a95% confidence interval if the data are lognormally distributed). When data
are ample, the uncertainty around the geometric mean will be low (as we
base our uncertainty of SE in log-space). Nevertheless, this type of uncertainty
does not consider the possibility that the distribution of values in the sample
data does not represent the natural environment faithfully. To take this into
account in our uncertainty projection, we generate an additional multiplicative
uncertainty based on the SD and not on the SE in log-space. We consider the SE-
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uncertainty (because it does not include the decrease in uncertainty due to
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compromise for deriving a robust uncertainty estimate.
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