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G436 Biogeochemistry

Assoc. Prof. A. Jay Kaufman

The terrestrial carbon cycle

Ultimately in this course we want to understand how biological and geological processes affect the modern and ancient carbon cycle, which may be linked to climate change through modulation of greenhouse gases in the atmosphere.  Greenhouse gases warm the planet by trapping infra-red radiation emitted from the surface.
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Earlier we discussed the various greenhouse gases (i.e. CH4 and CO2) that may have been extant on the early Earth.  Now we want to consider in detail the various processes that can modulate these greenhouse gases on different time scales.

For the most recent records of atmospheric gases direct measurements in Hawaii have been made since the 1950s.  The seasonal wax and wane of CO2 concentrations in both hemispheres are the consequence of net photosynthesis and respiration, which result in up to 6 ppm changes each year.
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It is important to note that the atmosphere contains more carbon than all living vegetation, most of which resides in soils.  Prior to direct measurements CO2 concentrations have been estimated by carbon isotope measurements of C4 plants.
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And even further back into the Pleistocene, CO2 concentrations have been quantified by measurements of ice cores.
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Reservoirs and fluxes of carbon in the global carbon cycle are shown in the following diagrams.  
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Figure 11.1 The present-day global carbon cycle. All pools are expressed in units of 10¥ g
C and all annual fluxes in units of 10¥ g C/yr, averaged for the 1980s. Most of the values
are from Schimel et al. (1995); others are derived in the text.
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Focusing on the terrestrial carbon cycle, let’s first consider aspects of net primary productivity (NPP), which is defined as the net flux of carbon from the atmosphere into green plants (through photosynthesis) per unit time (~1015 g C/year).  NPP is a fundamental ecological variable, not only because it measures the energy input to the biosphere and terrestrial carbon dioxide assimilation, but also because of its significance in indicating the condition of the land surface area and status of a wide range of ecological processes.
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Mean Mean
plant Carbon in  net primary Net primary
Area biomass vegetation  production productivity
Ecosystem (10" m?) (kg C/m?)  (10°g) (g C/mi/yr)  (10Y g C/yr)
Tropical wet and 10.4 15 156.0 800 8.3
moist forest
Tropical dry forest 7.7 6.5 49.7 620 4.8
Temperate forest 9.2 8 73.3 650 6.0
Boreal forest 15.0 9.5 143.0 430 6.4
Tropical woodland 24.6 2 48.8 450 11.1
and savanna
Temperate steppe 15.1 3 43.8 320 4.9
Desert 18.2 0.3 5.9 80 1.4
Tundra 11.0 0.8 9.0 130 1.4
Wetland 29 2.7 7.8 1300 38
Cultivated land 15.9 1.4 21.5 760 12.1
Rock and ice 0 0.0 0 0.0
Global total 145.2 558.8 60.2

“From Houghton and Skole (1990).




Since C3 plants represent ~ 87% of all plant species and ~ 80% of NPP

As we have discussed, one determinant of the rate of photosynthesis is stomatal conductance – controlled primarily by the availability of water to the plant and the internal concentration of CO2.  There is a trade-off in photosynthesis, when stomates are open water diffuses out to the atmosphere (transpiration).  Large water losses are noted in most systems – rate of water loss vs. photosynthesis is expressed as water-use efficiency

WUE = mmoles of CO2 fixed/moles of H2O lost

WUE is higher at lower stomatal conductance.  Higher pCO2 allows same rate of photosynthesis at lower stomatal conductance, thus increasing WUE.  Long term WUE can be estimated by carbon isotope measurements.  Discrimination between 12C and 13C during photosynthesis is greatest when stomatal conductance is high 
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Figure 5.2 Relationship between the content of *C in plant tissues (expressed as §°C) and
stomatal conductance for a variety of plant species in western Nevada. Modified from DeLucia
et al. (1988).




If stomata are opened widely, the plant imports CO2 easily (maximize P), but loses more H2O.  If the stomata are constricted, the plant retains water, but limits access to CO2.  When stomates are closed almost all internal CO2 reacts with RuBP.  Hence less isotope fractionation (a carbon limited system) is noted.

A quantitative relationship can be established by recalling that in higher plants:

P = t + (Pi/Pa)(f – t) and Pi/Pa = (p - t/f - t)

so that:

WUE = (1 - () [Pa (1- Pi/Pa)/1.6 (]

Where:

( is defined as the loss of CO2 by respiration

1.6 ( is a function of water conductance in the plant during evaporation

Pi/Pa is determined from observed isotope fractionations (see Wong, 1979, Nature v. 282, p. 484)

Clearly WUE and P = f (Pi/Pa) are important component of agricultural research.

The rate of photosynthesis is analogous to NPP where, GPP – plant respiration = NPP (a measurable and quantifiable characteristic of the biosphere).  The rate of photosynthesis can be estimated by satellite measurements, through differential absorption of light by chlorophyll and other leaf pigments.  
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From a theoretical viewpoint, NPP incorporates most of the annual carbon flux from the atmosphere to the biosphere and is considered to be a primary driver of seasonal fluctuations in atmospheric CO2 concentrations.  NPP of forests is greatest in the tropics and declines with increasing latitude. 
What is the residence time of C in the terrestrial biosphere?

= M/(

where

M = 558.8 x 1015g

( 60.2 x 1015g/yr 

so = 9.28 years

What are the human impacts on NPP?

1) Consumption (6% of NPP)

2) Deforestation (and reforestation)

3) Combustion (burning of fossil fuels) – net transfer of carbon from biomass to CO2
The latter two factors may decrease NPP by 25-40%.  We can monitor human impacts through measurements of atmospheric 13C (-0.034‰/year).  CO2 fertilization may stimulate photosynthesis.  Theoretically a 40% increase in photosynthesis may occur with a doubling of CO2 concentrations -- this would also increase WUE.
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Effect of changes in CO, concentration on the photosynthetic rate of typical plants. Photosynthetic rates are rela-
tive to the value for today’s atmospheric CO, level. Inset represents the negative feedback loop that results from
this dependence.
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