
The flows of carbon are central to the cycles of life.  Any story on the biosphere
must include a thorough description and understanding of the carbon cycle
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These are some general big questions. Can you think of others pertaining to the 
carbon cycle and your interests
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Let’s start with carbon assimilation by leaves.  

Leaves have many sizes and shapes, but their jobs are essentially the same: to be a 
vehicle for housing chloroplasts and chlorophyll, act as organs that intercept 
sunlight, while providing an architecture that facilitates the diffusion of CO2 to the 
site of carbon fixation, yet provide structures, like waxy cuticle and stomatal pores 
that prevent water to be lost to the atmosphere
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There are 3 major biochemical pathways for fixing CO2 by plants. The most 
abundant is the C3 pathway which uses the Calvin-Benson cycle (developed here at 
Berkeley, for which Melvin Calvin won a Nobel Prize, and Andrew Benson did 
not).

The C4 pathway is associated with many tropical grasses and is most efficient in 
warmer temperatures and during periods with low O2.  It evolved about 10 Million 
years ago

CAM pathway is associated with cactus and pineapple.  It is an efficient path to 
conserve water as stomata remain closed during the day while the plant captures 
light energy, then dark reactions proceed at night when the transpiration demand is 
less.
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An example of the stoichiometry of the photosynthetic carbon reduction (PCR) and 
the photosynthetic carbon oxidation (photorespiration cycles). In this case, it is 
scaled with in an input of 3 CO2 molecules

The enzyme ribulose-1,5-bisphosphate carboxylase (Rubisco) catalyzes the reaction
between gaseous carbon dioxide and ribulose-1,5-bisphosphate (RuBP). 

Product of the reaction are two molecules of 3-phosphoglyceric acid for each CO2 
molecule

C5O3H8(PO4
2-)2 + CO2 -> 2 C3O3H4PO4

2-

Chemical Energy (NADPH & ATP) is used to regenerate 
RUBP

Resource: von Caemmerer. 2000. Biochemical models of leaf 
photosynthesis, CSIRO Publishing
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We can observe the structure of Rubisco with X ray chrystallography.  It has an 
affinity to either CO2 or O2. 

The enzyme RuBisCO comprises 16 subunits: 8 small and 8 large units.  The small 
units influence the stability and specificity of the large units, whereas the large units 
are the actual production sites. The interconnectivity affects catalysis, either in 
specificity or catalytic rate. (source: http://xray.bmc.uu.se/~michiel/research.php)

Plants invest large amounts of nitrogen in Rubisco; it comprises more than 50% of 
leaf protein in C3plants
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RUBISCO has an affinity for both CO2 and O2, with the later 
leading to photorespiration, a loss of CO2. The rate of 
competitive oxygen fixation is a proportional to the oxygen 
concentration time the ratio of oxygenation (Vo) to 
carboxylation (Vc).  At ambient conditions Vo/Vc is about 0.27 
(2 times the CO2 compensation point divided by CO2; ~ 2 x 
38/280).  In practice for each CO2 consumed by carboxylation 
0.5 CO2 times Vo/Vc are lost by photorespiration; hence the 
amount of photorespiration decreases as CO2 concentrations 
increase.

Theta is the ratio of the oxygenation (Vo) to carboxylation (Vc) 
rates.
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C4 leaves have a unique anatomy, bundle sheaths
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The enzyme PEP Carboxylase catalyzes a reaction between CO2 and 
phosophenolpyruvate (PEP) to form a C4 compound, OAA

The C4 compound is transported into the specializes cells, the bundle sheaths, and is 
decarboxylated

CO2 is released into a low oxygen environment and photosynthesis is completed via 
the C3 cycle 

Photorespiration is low; RUBISCO favors CO2 in this environment because the ratio 
between CO2:O2 is high
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Photosynthesis responds to changes in light and CO2 because it is a balance 
between Supply and Demand
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Under ample light, the carboxylation rate is limited by CO2 and follows the RuBP-
saturate rate of Michaelis-Menton enzyme kinetics.

Under ample CO2, the carboxylation rate is limited by light, which provides the 
electrons to ATP and NADPH to regenerate RuBP.
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The response curve between photosynthesis and CO2 experiences several key states 
and a non-linear, saturating response.



The response curve between photosynthesis and light also experience a non-linear 
response and key states
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Explains why C4 grasses advanced during the ice age..
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This lecture will cover material spanning ideas on how leaves assimilate carbon and 
how we produce integrated information at the ecoystem scale and how this 
integrates to over year and across the globe
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Classic carbon balance of an ecosystem. Know sources and sinks of carbon
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Key terms to understand regarding gross and net carbon fluxes and their sources and 
sinks
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What the terms mean. Know the difference between autotrophic respiration 
(respiration by self-feeders, like plants) and heterotrophic respiration (respiration by 
microbes, fungi, animals)
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Visual graphic of the flows of carbon in and out of the biosphere.  The thickness of 
the arrows gives you relative sense of the magnitudes of the in and out fluxes.
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Temperature drives soil respiration, but so do other factors like leaf area, metabolic 
activity
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Soil dryness reduces soil respiration
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Soil respiration scales strongly with C inputs, eg NPP.  Most productive systems 
have the greatest soil respiration
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Carbon pools and fluxes, circa 2013 from state of art reviews .  

Key points. There is more carbon in the atmosphere than in vegetation (871 vs 650 
Pg-C).  There is 10x more carbon in the ocean than in the soils (3000 vs 38,000 
PgC).

New data show the C pool of soil microbes is about 15 PgC

In general half of GPP is lost as autotrophic respiration and the other half is lost by 
heterotrophic respiration.  A small residual can account for a growing carbon sink 
due to many effects like N deposition, elevated CO2,  land use change and 
ecological succession.

Oceans are a small (2 PgC/y) net sink, which is leading to acidification of the 
oceans.

We must consider volcano emissions on Geological time scales.

Sources of carbon to the atmosphere from human activities include fossil fuel 
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combustion, production of cement and deforestation.

Pan et al show forests are a sink of 2.4 +/- 0.4 PgC per year over 1990-2007.  But we are 
losing 2.9 PgC/y year from deforestation; this is compensated by 1.6 PgC/y regrowth.  So net 
effects of forests from enhanced growth minus deforestation is a sink of 1.1 +/- 0.8 PgC/y

Friedlingstein, P. et al., 2010. Update on CO2 emissions. Nature Geoscience, 3(12): 811-812.

Pan, Y. et al., 2011. A large and persistent carbon sink in the world's forests. Science, 
333(6045): 988-93.

Le Quere, C., Raupach, M.R., Canadell, J.G. and Marland et al., G., 2009. Trends in the 
sources and sinks of carbon dioxide. 2(12): 831-836.
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It is important to try and think about these huge numbers in human context, both 
globally and locally.

These numbers are important because they help us understand how we may have 
released about 500 Million tons of carbon since the industrial age.  The new IPCC is 
urging us to target a total global emission of 1 trillion tons of carbon
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Circa 2015, Global Carbon Project, http://www.globalcarbonproject.org/
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Circa 2014, CDIAC and Global Carbon Project.   It is a bit depressing that we are 
NOT Flattening, or reducing our carbon consumption. When I first started teaching 
this class, around 2008, we were emitting about 8-9 PgC y-1.  Now we are 
exceeding 10 Pg-C.  This has to be a wake up call.  This rate of carbon emissions 
are NOT Sustainable.
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Why is there CO2 lost from cement production?

CO2 is produced as limestone, CaCO3, is converted to lime, CaO, and by direct 
fossil fuel combustion in the process as CaCO3 is heated.

Calera is trying to produce low carbon cement

Worrell, E., Price, L., Martin, N., Hendriks, C. and Meida, L.O., 2001. CARBON 
DIOXIDE EMISSIONS FROM THE GLOBAL CEMENT INDUSTRY1. Annual 
Review of Energy and the Environment, 26(1): 303-329.

Why is CO2 produced by cement production
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All values in billion tonnes of carbon per year (GtC/yr), for the globe. For values in 
billion tonnes of carbon dioxide (GtCO2) per year, multiply the numbers below by 
3.664. Note: 1 billion tonnes C = 1 petagram of carbon (10^15 gC) = 1 gigatonne C 
= 3.664 billion tonnes of CO2 All uncertainties represent ± 1 sigma error (68 % 
chances of being in the range provided) Emissions from fossil fuel combustion 
and cement production (uncertainty of ±5% for a ± 1 sigma confidence 
level): Emissions from land-use change (uncertainty of ±0.5 
GtC/yr): The atmospheric CO2 growth rate (variable uncertainty 
averaging 0.18 GtC/yr during 1980-2011) is estimated directly from 
atmospheric CO2 concentration measurements, and provided by the US 
National Oceanic and Atmospheric Administration Earth System Research 
Laboratory (NOAA/ESRL).  
http://www.esrl.noaa.gov/gmd/ccgg/trends/global.html The ocean sink  
(uncertainty of ±0.5 GtC/yr) was estimated a combination of global ocean 
biogeochemistry models. How to cite: Le Quéré et al. 2013 (see Summary) The 
land sink (uncertainty of ±0.8 GtC/yr on average) was estimated from the 
residual of the other budget terms: land_sink = fossil_fuel + land_use_change -
atm_growth - ocean_sink.  How to cite: Le Quéré et al. 2013 (see Summary) 
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Fortunately only part of the CO2 emitted into the atmosphere remains there.  
Looking at data from 2008, for example, we see that the world emitted up to 9 PgC
y-1. But between 3 and 4 PgC y-1 remained in the atmosphere.  How many ppm per 
year will [CO2] change by?

Note society has emitted about 500 Million tons of carbon since the industrial 
revolution ~ 2.2 (400ppm-280ppm) x 2..the factor of 2 accounts for the airborne 
fraction of emitted CO2 that remains in the atmosphere vs what is emitted.

If we continue to emit carbon at a rate of about 10 PgC/y we will emit the next 500 
Million tons (Pg-C) in the next 50 years, your lifetime.



CDIAC and Global Carbon Project, circa 2014
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Both the land and ocean are effective sinks for carbon.  Lately the land has been taking up 2 
to 4 PgC y-1 and the ocean is taking up about 2 Pg-C y-1



2015 Figures from CDIAC
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The map was based on an integration of the global flux networks, satellite remote 
sensing and empirical models to fill gaps in time and space and paint numbers for 
regional GPP at high spatial resolution.  In my opinion this is one of the better 
products since it is data based.
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Despite all the science that has been conducted over the past 30 years, our ability to 
know global primary productivity remains highly uncertain and poorly constrained.  
We need to do better to close the carbon budget and understand the net effects of 
deforestation, stimulation and inhibition of plant growth to a changing world and to 
set policy on C emissions from human activities.

Point to be made, if the high GPP numbers were true we would not be having a CO2 
problem.  C emissions from combustion would not remain in the atmosphere.
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Tropical forests and savannas are the largest C sinks.  They possess long growing 
seasons, large area, high leaf area
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NPP is the difference between GPP and carbon lost as autotrophic respiration. 

As you can see there has been an evolution in the values of global NPP over the 
decades and Century. Today the grand mean is narrowing to about 56 PgC.  Since 
NPP is about ½ of GPP, this would be consistent with a GPP value of about 112 
PgC/y, or more to the point values less than 120 Pg-C/y
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510 e12 m2 surface area of the globe….about 100k years to decrease, about 10k to 
increase!!
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Most carbon in vegetation is in the tropical and boreal forests of the world
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Global microbial C pool is 14.6 Pg-C
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Hotspots of soil carbon are the great grasslands and the peat soils of the northern 
wetlands and tundra

http://www.fao.org/fileadmin/templates/nr/images/resources/images/Maps/geonetw
ork/cp_t.png
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Here is why I want you to be able to work back and forth between units of ppm 
CO2 in the Atmosphere and stores of carbon in terms of PgC.  Changes in these 
pools tell us how CO2 concentrations will change.
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