
Chapter 9
Carbon Isotope Effects in Relation
to CO2 Assimilation by Tree Canopies

Lucas A. Cernusak and Nerea Ubierna

Abstract The carbon atoms deposited in tree rings originate from the CO2 in the
atmosphere to which the tree’s canopy is exposed. Thus, the first control on the stable
carbon-isotope composition of tree rings is by δ13C of atmospheric CO2. There has
been an inter-annual trend of decreasing δ13C of atmospheric CO2 over the past
two centuries as a result of combustion of fossil fuels and land-use change. Atmo-
spheric CO2 is, for the most part, well mixed, but the sub-canopy air space can
become depleted in 13C due to inputs from soil and plant respiration when turbulent
exchange with the troposphere is hindered, for example by a high leaf area index
at night. This is less likely to occur during daytime when turbulence is higher and
photosynthesis takes place. Discrimination against 13C (�13C) occurs upon assimi-
lation of atmospheric CO2 by C3 photosynthesis. Trees using the C3 photosynthetic
pathway comprise the overwhelmingmajority of all trees. The primary control on the
extent of discrimination during C3 photosynthesis is the drawdown in CO2 concen-
tration from the air outside the leaf to the site of carboxylation in the chloroplast.
Part of this drawdown is captured by ci/ca, that is, the ratio of intercellular to ambient
CO2 concentrations. The ci/ca represents the balance between the CO2 supply by
stomata and its demand by photosynthesis. It can be related to water-use efficiency,
the amount of CO2 taken up by photosynthesis for a given amount of water loss to the
atmosphere, assuming a given evaporative demand. To predict time-averaged ci/ca
from wood �13C, a simplified, linear model can be employed. In this linear model,
the slope is determined by b, the effective enzymatic discrimination. The value of b
can be estimated by comparing wood �13C to representative measurements of ci/ca.
The b was originally estimated from observations of leaf tissue to have a value of
27‰. We compiled data for woody stem tissue here, and our analysis suggests that
a lower b should be used in the simplified model for wood (b = 25.5‰) than for
leaves (b = 27‰). This is also consistent with widespread observations that woody
tissues are enriched in 13C compared to leaves.
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9.1 Introduction

The abundance of the heavier stable carbon isotope, 13C, in plant material is modu-
lated both by its environment and by plant metabolism. The ratio 13C/12C is typically
expressed as δ13C, which is the relative deviation of the ratio in the sample of interest
from that of an internationally accepted standard, Vienna Pee Dee Belemnite (Craig
1957; Coplen 2011). With respect to plant metabolism, stable isotopes have the
unique feature of integrating plant responses over time and space. Thus, they offer a
powerful tool to investigate photosynthetic processes and responses to environmental
change from the leaf to the ecosystem. In this chapter, we focus on δ13C in tree rings
and how it is related to assimilation of CO2 by the tree’s canopy.

Tree rings have the potential to provide a time-structured archive of information
related to a tree’s growth environment and its physiological responses to changes
in that environment (Fritts and Swetnam 1989; Briffa et al. 2004). Tree ring anal-
yses have provided an indispensable tool in efforts to understand how the terrestrial
biosphere is responding to the accelerating impacts of the Anthropocene (Saurer
et al. 2004; Peñuelas et al. 2011; Frank et al. 2015; van der Sleen et al. 2015). One
of the more tractable analyses that can be conducted on tree rings is to measure the
δ13C of the wood that comprises the individual rings or sequences of rings. This
represents an integration of carbon laid down over a period of time. For annual rings,
this is taken as the course of a growing season (Chap. 14), or the full year in the
case of tropical trees without distinct non-growing seasons (Chap. 22). In the latter
case, there may also be a lack of clear annual rings. It is assumed that the majority
of carbon will have originated from canopy photosynthesis in that same time period,
although there can also be a contribution from stored carbon produced in previous
years (Monserud and Marshall 2001; Drew et al. 2009; Belmecheri et al. 2018).

The carbon isotope ratio of the photosynthate produced by a tree’s canopy is deter-
mined primarily by two factors: the δ13C of the atmospheric CO2, which provides the
substrate for photosynthesis, and the discrimination against 13C (�13C) which takes
place during conversion of gaseous CO2 into carbohydrates through the process of
photosynthesis. When these two factors are sufficiently understood, one can use the
measured δ13C in a tree ring tomake inferences about how the process of 13C discrim-
ination responded to climatic and other environmental changes. Also, because the
�13C is responsive to climate, there exists the possibility to reconstruct climate from
measured changes in �13C once a calibration relating the two has been developed
(McCarroll and Loader 2004; Hartl-Meier et al. 2015). Perhaps the most widespread
use of tree ring analyses of δ13C has been to reconstruct changes in intrinsic water-
use efficiency, the ratio of photosynthesis to stomatal conductance to water vapour,
over the course of a tree’s adult life in response to climatic change, mainly rising
atmospheric CO2 concentration (Francey and Farquhar 1982; Saurer et al. 2004;
Peñuelas et al. 2011; Frank et al. 2015; van der Sleen et al. 2015). This is possible
because there is a reliable relationship between �13C, as recorded in plant biomass,
and the ratio of intercellular to ambient CO2 concentrations, ci/ca, which in turn is
related to the intrinsic water-use efficiency (Farquhar et al. 1982a, b; Farquhar and
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Richards 1984). The latter represents an index of the amount of carbon that a tree took
up by photosynthesis relative to its potential for releasing water to the atmosphere
through transpiration (see Chap. 17). If the atmospheric vapour pressure deficit is
known, then the intrinsic water use efficiency can be converted to an actual water
use efficiency in terms of molar or mass units of water exchanged for carbon. More
detailed physiological conclusions can be drawn when the δ13C values are combined
with δ18O from the same sample (e.g. Chap. 16).

9.2 The δ13C of Atmospheric CO2

Prior to the industrial revolution, the δ13C of atmospheric CO2 fluctuated between
about−7.5 and−6.2‰for the previous 160,000 years (Fig. 9.1). These data are based
on analysis of air that was trapped in ice cores. The onset of industrial activity saw
increasing combustion of fossil fuels,made up of plant carbon deposited in geological
reservoirs millions of years ago. This fossil carbon carries a δ13C signature reflecting
photosynthetic discrimination against 13C, and has δ13C roughly similar to C3 plants
of today, with global emissions having a weighted mean δ13C of ~−28‰ in recent
decades (Andres et al. 1996, 2000). The CO2 released from combustion of fossil
fuels associated with the industrial revolution began to accumulate in the atmosphere
after the mid-18th Century, and the atmospheric CO2 concentration increased from a
pre-industrial value of ~280 μmol mol−1 to ~407 μmol mol−1 in 2018. Associated
with this, the δ13C of atmospheric CO2 began to decline (Fig. 9.1).From about 1960
onwards, it declined at a steeper rate, reaching −8.5‰ in 2018 (Table 9.1). This was
associated with an acceleration in the rate of fossil fuel emissions around this time
(Andres et al. 2012). The depletion in 13C of atmospheric CO2 caused by the addition
of CO2 from combustion of fossil fuels during the industrial period is referred to as
the 13C Suess Effect (Keeling 1979), by analogy to the decrease in 14C of CO2

discovered by Hans Suess (1955).
Both the atmospheric CO2 concentration and its δ13C show an intra-annual, or

seasonal, cycle associated with photosynthesis in summer months and respiration
in winter months in the northern hemisphere (Fig. 9.1). This seasonal cycle is most
pronounced at high latitudes in the northern hemisphere, less pronounced at tropical
latitudes, and essentially absent at high latitudes of the southern hemisphere, where
there is very little land mass and therefore little terrestrial productivity (Keeling et al.
2005). In addition to this latitudinal and hemispheric gradient in the seasonal cycle
of CO2 concentration and isotopic composition, there is also an interhemispheric
gradient in seasonally adjusted values for these variables; that is, their values when
the seasonal cycle has been statistically removed. The interhemispheric gradient is
such that the atmospheric CO2 concentration is higher in the northern than in the
southern hemisphere, and this concentration difference has been increasing since
direct atmospheric measurements commenced around 1960 (Keeling et al. 2011). It
is accompanied by a difference in seasonally adjusted atmospheric δ13C of CO2 on
the order of 0.1‰, in which δ13C of CO2 in the northern hemisphere is more negative
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Fig. 9.1 The stable isotope composition (δ13C, panels a to c) and CO2 concentration ([CO2],
panels d to f) of atmospheric CO2 over the last ~160,000 years. Time is in years before present (yrs
BP), where zero corresponds to the year 1950 of the current era (CE). In panels c and f both yrs
BP and CE scales are presented. Data are from studies reporting both δ13C and [CO2] in either ice
cores or atmospheric air samples. For each data series the information presented next corresponds
to the number in the legend—symbol—time span (Kyrs BP or CE)—sample origin (ice core drilling
location or atmospheric station)—reference. Data series: 1—White circles—156.3 to 104.3 Kyrs
BP—European Project for IceCoring in Antarctica (EPICA) Dome C (EDC) and Talos Dome—
Schneider et al. (2013); 2—Black triangles—151.7 to 125.2 Kyrs BP—EDC—Lourantou et al.
(2010); 3—Red circles—149.5 to 1.5 Kyrs BP – EDC, Talos Dome and EPICA Dronning Maud
Land (EDML) –Eggleston et al. (2016); 4—Blue triangles—46.4 to 10.9Kyrs BP—TaylorDome—
Bauska et al. (2016, 2018); 5—Black circles—24.4 to 0.5KyrsBP—EDCandTalosDome—Schmitt
et al. (2012); 6—White triangles—22.0 to 8.8 Kyrs BP—EDC—Lourantou et al. (2010); 7—Blue
circles—27.1 to 1.3 Kyrs BP—Taylor Dome—Indermuhle et al. (1999); Smith et al. (1999); 8—Red
triangles—1.8 to −0.04 Kyrs BP—Law Dome—Rubino et al. (2019); 9—White squares—1.2 to
−0.01 Kyrs BP—WAIS Divide—Bauska et al. (2015); 10 – Green horizontal lines – air samples at
Mauna Loa and South Pole – 1960 to 2018 CE—Keeling et al. (2001, 2017), Table S3 in Supple-
mental Materials). Series 10 shows seasonally detrended monthly records while Series 11 (Green
line in the inserts of panels c and f) show the seasonal trends for δ13C (Keeling et al. 2001) and [CO2]
(NOAA ESRL-Global Monitoring Division) in air samples from Mauna Loa. The Blue line (12) is
theMonte Carlo spline fitted to the δ13C data in series 1, 3 and 5 by Eggleston et al. (2016). TheGrey
lines (13) are the splines fitted to Law Dome ice core records of δ13C and [CO2] by Rubino et al.
(2019). Online resources: 1. https://doi.pangaea.de/10.1594/PANGAEA.817041 2. ftp://ftp.ncdc.
noaa.gov/pub/data/paleo/icecore/antarctica/epica_domec/edc2010d13co2-t2.txt 3. https://doi.org/
10.1594/PANGAEA.859209, https://doi.org/10.1594/PANGAEA.859179 4. https://www1.ncdc.
noaa.gov/pub/data/paleo/icecore/antarctica/taylor/taylor2018d13co2.txt 5. https://doi.org/10.1594/
PANGAEA.772713 6. ftp://ftp.ncdc.noaa.gov/pub/data/paleo/icecore/antarctica/epica_domec/edc
2010d13co2.txt 7. ftp://ftp.ncdc.noaa.gov/pub/data/paleo/icecore/antarctica/taylor/taylor_co2-lat
equat.txt 8 and 13. https://doi.org/10.25919/5bfe29ff807fb 9. ftp://ftp.ncdc.noaa.gov/pub/data/
paleo/icecore/antarctica/wais2015d13co2.txt and ftp://ftp.ncdc.noaa.gov/pub/data/paleo/icecore/
antarctica/wais2015co2.txt 10. https://scrippsco2.ucsd.edu 11. https://scrippsco2.ucsd.edu/assets/
data/atmospheric/stations/flask_isotopic/daily/daily_flask_c13_mlo.csv and ftp://aftp.cmdl.noaa.
gov/products/trends/co2/co2_mm_mlo.txt 12. http://www1.ncdc.noaa.gov/pub/data/paleo/icecore/
antarctica/eggleston2016d13co2.txt. The age chronologies are: AICC2012 (Bazin et al. 2013) for
series 1 and 3, EDC3_gas_a according to the 4th scenario (Loulergue et al. 2007) for series 2 and
6, LDC 2010 (Lemieux-Dudon et al. 2010) for series 5, Baggenstos et al. (2017) for series 4, and
st9810 (Steig et al. 1998) for series 7

https://doi.pangaea.de/10.1594/PANGAEA.817041
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/icecore/antarctica/epica_domec/edc2010d13co2-t2.txt
https://doi.org/10.1594/PANGAEA.859209
https://doi.org/10.1594/PANGAEA.859179
https://www1.ncdc.noaa.gov/pub/data/paleo/icecore/antarctica/taylor/taylor2018d13co2.txt
https://doi.org/10.1594/PANGAEA.772713
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/icecore/antarctica/epica_domec/edc2010d13co2.txt
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/icecore/antarctica/taylor/taylor_co2-latequat.txt
https://doi.org/10.25919/5bfe29ff807fb
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/icecore/antarctica/wais2015d13co2.txt
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/icecore/antarctica/wais2015co2.txt
https://scrippsco2.ucsd.edu
https://scrippsco2.ucsd.edu/assets/data/atmospheric/stations/flask_isotopic/daily/daily_flask_c13_mlo.csv
ftp://aftp.cmdl.noaa.gov/products/trends/co2/co2_mm_mlo.txt
http://www1.ncdc.noaa.gov/pub/data/paleo/icecore/antarctica/eggleston2016d13co2.txt
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Table 9.1 Annual values for δ13C (‰) and CO2 concentration (ppm) of atmospheric CO2 for the
period 1850 to 2018. Data from 1850 to 1979 are the splines fitted by Rubino et al. (2019) to ice
core records from LawDome, Antarctica. Data from 1980 to 2018 are the average of annual records
of atmospheric samples collected at Mauna Loa, Hawaii and the South Pole Observatory (Keeling
et al. 2001)

Year δ13C [CO2] Year δ13C [CO2] Year δ13C [CO2] Year δ13C [CO2]

1850 −6.71 285.5 1893 −6.78 293.5 1936 −6.98 308.4 1979 −7.54 334.9

1851 −6.71 285.6 1894 −6.78 293.5 1937 −6.98 309.0 1980 −7.56 337.9

1852 −6.71 285.6 1895 −6.78 293.6 1938 −6.98 309.6 1981 −7.58 339.2

1853 −6.71 285.5 1896 −6.78 293.8 1939 −6.99 310.1 1982 −7.57 340.2

1854 −6.72 285.4 1897 −6.78 294.0 1940 −6.99 310.5 1983 −7.65 341.9

1855 −6.72 285.2 1898 −6.78 294.3 1941 −6.99 311.0 1984 −7.70 343.5

1856 −6.72 285.0 1899 −6.79 294.7 1942 −7.00 311.4 1985 −7.66 344.8

1857 −6.72 284.9 1900 −6.79 295.1 1943 −7.00 311.7 1986 −7.64 346.2

1858 −6.72 285.0 1901 −6.79 295.5 1944 −7.01 311.9 1987 −7.70 348.0

1859 −6.72 285.0 1902 −6.80 296.0 1945 −7.01 311.8 1988 −7.77 350.3

1860 −6.73 285.1 1903 −6.81 296.4 1946 −7.02 311.7 1989 −7.80 351.7

1861 −6.73 285.2 1904 −6.81 296.9 1947 −7.02 311.6 1990 −7.82 353.1

1862 −6.73 285.3 1905 −6.82 297.3 1948 −7.03 311.6 1991 −7.80 354.4

1863 −6.73 285.5 1906 −6.83 297.6 1949 −7.03 311.6 1992 −7.81 355.4

1864 −6.73 285.7 1907 −6.84 297.9 1950 −7.04 311.8 1993 −7.78 356.1

1865 −6.73 286.0 1908 −6.84 298.1 1951 −7.05 312.1 1994 −7.83 357.6

1866 −6.73 286.3 1909 −6.85 298.3 1952 −7.06 312.4 1995 −7.85 359.5

1867 −6.74 286.6 1910 −6.86 298.5 1953 −7.06 312.9 1996 −7.91 361.3

1868 −6.74 287.0 1911 −6.87 298.8 1954 −7.07 313.4 1997 −7.91 362.4

1869 −6.74 287.4 1912 −6.88 299.3 1955 −7.08 313.9 1998 −8.01 365.1

1870 −6.74 287.7 1913 −6.89 299.9 1956 −7.09 314.4 1999 −8.02 366.9

1871 −6.74 288.1 1914 −6.90 300.6 1957 −7.10 314.8 2000 −8.03 368.4

1872 −6.74 288.4 1915 −6.90 301.2 1958 −7.11 315.0 2001 −8.04 369.8

1873 −6.74 288.7 1916 −6.91 301.9 1959 −7.13 315.2 2002 −8.06 371.8

1874 −6.75 288.9 1917 −6.92 302.6 1960 −7.14 315.5 2003 −8.12 374.3

1875 −6.75 289.1 1918 −6.92 303.2 1961 −7.15 316.0 2004 −8.16 376.0

1876 −6.75 289.2 1919 −6.93 303.7 1962 −7.17 316.9 2005 −8.20 378.2

1877 −6.75 289.1 1920 −6.93 304.1 1963 −7.19 317.8 2006 −8.21 380.1

1878 −6.75 289.1 1921 −6.94 304.5 1964 −7.20 318.6 2007 −8.22 382.1

1879 −6.75 289.1 1922 −6.94 304.8 1965 −7.22 319.4 2008 −8.23 384.0

1880 −6.76 289.1 1923 −6.94 304.9 1966 −7.24 320.1 2009 −8.24 385.6

1881 −6.76 289.3 1924 −6.95 305.0 1967 −7.27 321.0 2010 −8.27 387.8

1882 −6.76 289.5 1925 −6.95 305.1 1968 −7.29 321.9 2011 −8.28 389.7

(continued)
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Table 9.1 (continued)

Year δ13C [CO2] Year δ13C [CO2] Year δ13C [CO2] Year δ13C [CO2]

1883 −6.76 289.8 1926 −6.95 305.2 1969 −7.31 322.9 2012 −8.30 391.8

1884 −6.77 290.0 1927 −6.95 305.5 1970 −7.33 324.1 2013 −8.35 394.8

1885 −6.77 290.3 1928 −6.96 305.9 1971 −7.36 325.3 2014 −8.35 396.9

1886 −6.77 290.6 1929 −6.96 306.1 1972 −7.38 326.6 2015 −8.39 399.2

1887 −6.77 291.1 1930 −6.96 306.3 1973 −7.40 327.9 2016 −8.47 402.3

1888 −6.77 291.6 1931 −6.96 306.5 1974 −7.43 329.2 2017 −8.49 404.6

1889 −6.77 292.1 1932 −6.97 306.8 1975 −7.45 330.4 2018 −8.50 406.9

1890 −6.78 292.5 1933 −6.97 307.1 1976 −7.47 331.6

1891 −6.78 292.9 1934 −6.97 307.4 1977 −7.49 332.7

1892 −6.78 293.3 1935 −6.97 307.9 1978 −7.52 333.8

than that in the southern hemisphere. These interhemispheric gradients largely reflect
the greater intensity of fossil fuel emissions in the northern hemisphere compared to
the southern hemisphere. However, there is also a natural gradient that can be seen if
fossil fuel emissions are statistically removed; this appears to be related to oceanic
transport processes (Keeling et al. 2011).

Despite these complexities, it is still true from a broader perspective that in the
troposphere, the concentration of CO2 and its δ13C are generally well mixed. For
example, the interhemispheric gradient in δ13C of CO2 of ~0.1‰ is of the same
order of magnitude as the measurement uncertainly for δ13C in wood samples. Thus,
it is probably not relevant for tree ring studies. However, at the land surface, in
ecosystems where vegetation canopies are dense and fluxes of carbon into and out
of vegetation and soils are large, the air CO2 concentration and δ13C can become
partly uncoupled from the free troposphere above. This uncoupling should be most
pronounced where carbon cycling is vigorous and leaf area indices are high, such as
in tropical rainforests. An example of the air CO2 concentration and its δ13C for a
tropical rainforest in French Guiana is shown in Fig. 9.2. There is a notable build-up
of CO2 beneath the canopy at night, with the highest values near the forest floor fed by
respiration from soils that are relativelywarm andmoist, and have large root biomass.
The build-up of CO2 shifts the δ13C toward that of C3 plants, because the additional
CO2 comes from respiration fuelled by carbohydrates captured in photosynthesis
and decomposition of dead plant material. As a result, the δ13C of atmospheric CO2

in the forest understory can be as low as −12‰ (Buchmann et al. 1997; Pataki et al.
2003). However, such pronounced build-up of respired CO2 is generally limited to
night time conditions when there is little atmospheric turbulence and therefore less
effective mixing of air beneath the canopy with that above.

Under photosynthetic conditions, when the sun shines, the land surface heats
causing turbulence, and atmospheric mixing is therefore more effective. Buchmann
et al. (1997) estimated that at 2 m height in a tropical rainforest the daytime δ13C of
CO2 weighted by the top of canopy photosynthetically active radiation was only
about 1‰more negative than the free tropospheric value. In contrast to this relatively
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Fig. 9.2 The CO2 concentration (a) and its δ13C (b) measured in a tropical rainforest in early
morning, before the onset of turbulent mixing, and at midday, when the canopy air space is typically
well mixed. The more negative δ13C of CO2 in the understory is also reflected in the δ13C of leaf
dry matter (c), explaining part of the gradient in leaf dry matter δ13C from top of canopy to the
understory. Comparison of panels b and c shows that other factors in addition to δ13C of CO2 must
be driving the reduction in δ13Cplant from canopy top to understory, with reduction in light likely
the most important of these. The figure is redrawn from Buchmann et al. (1997), using data they
presented for the dry season

modest daytime shift in δ13C of atmospheric CO2 with canopy depth, the gradient
in δ13C of leaf biomass (δ13Cp) from upper canopy to understory can be up to 5‰
(Fig. 9.2c). The much steeper gradient in leaf δ13Cp compared to that in daytime
δ13C of CO2 suggests that physiological effects predominate in driving the changes
in leaf biomass δ13C (Le Roux et al. 2001; Buchmann et al. 2002; Duursma and
Marshall 2006; Ubierna and Marshall 2011). These physiological effects are likely
driven by the reduction in light with canopy depth. The amount of photosynthetically
active radiation in the understory of a forest with leaf area index of 8, for example,
can be as little as 1% of that above the canopy (Duursma and Mäkelä 2007). Such
strong gradients in light result in lower chloroplastic CO2 concentrations at top of
the canopy than at depth, and therefore lower photosynthetic 13C discrimination in
sun than in shade foliage.

For trees that grow with their crowns in the forest canopy or in communities
with lower leaf area indices, the δ13C of atmospheric CO2 that forms the source for
photosynthesis can be assumed similar to that of the free troposphere (Buchmann
et al. 2002). For treeswith their crowns near the forest floor in communitieswith dense
canopies, Buchmann et al. (2002) provide a relatively simple, empirical approach to
estimating the daytime depletion of δ13C of atmospheric CO2 as a function of canopy



298 L. A. Cernusak and N. Ubierna

height. This is most relevant to the lowermost 2 m of the canopy air space near the
forest floor.

Typically for tree ring studies, an annually averaged value for the δ13C of CO2

in the troposphere is needed. This can be compiled for years prior to 1980 based on
ice core data, and for years after 1980 from flask measurements of atmospheric CO2

that can be accessed online (https://scrippsco2.ucsd.edu/data/atmospheric_co2/sam
pling_stations.html), with details of the measurements described in Keeling et al.
(2001). In Table 9.1, we compile annually averaged values which are updated since
the values given by McCarroll and Loader (2004). The ice core δ13C record was
revised recently (Rubino et al. 2019), such that the value in 1850 is best estimated as
~−6.7‰, rather than about ~−6.4‰ at the time that McCarroll and Loader (2004)
compiled their table. In Table 9.1, we list the spline fitted data from Rubino et al.
(2019) for the years 1850 to 1979, because the directly measured ice core data are
not annually resolved. For years from 1980 to 2018, we list the average of flask
measurements from Mauna Loa and South Pole (Graven et al. 2017; Keeling et al.
2017). The interhemispheric gradient in δ13C of CO2 between Mauna Loa and South
Pole is small, less than 0.1‰ for most years, and the continuity with the ice core
record at the changeover point from 1979 to 1980 is good (Table 9.1). An alternative
to using spline fitted data is to use separate regression equations for prior to 1960
and following 1960, an approach favoured by McCarroll and Loader (2004). For
comparison to their values, we provide such regression equations in Fig. 9.3. Note,
however, that the annual values listed in Table 9.1 are not from these regression
equations, but rather from the sources described above. During preparation of this
book chapter, Belmecheri and Lavergne (2020) also published a new up-to-date
compilation of atmospheric CO2 concentrations and δ13C for use in tree ring studies.
Although they used different datasets for their compilation than we did for Table
9.1, the two compilations agree to within 1.6 ppm for [CO2] and 0.1‰ for δ13C for
individual years, with mean differences of 0.5 ppm and 0.03‰ for [CO2] and δ13C,
respectively.

9.3 Photosynthetic Discrimination Against 13C

Once an estimate for the δ13C of the air that a plant was exposed to (δ13Ca) has been
obtained, and the δ13C of plant tissue measured (δ13Cp), the 13C discrimination of
the plant tissue (�13Cp) can be calculated (Farquhar et al. 1989),

�13Cp = δ13Ca − δ13Cp

1 + δ13Cp
(9.1a)

The delta values are typically expressed in per mil, which means that they will
have been multiplied by 1000. When Eq. (9.1a) is scaled to per mil, the left side of
the equation and the terms in the numerator of the right side will be multiplied by

https://scrippsco2.ucsd.edu/data/atmospheric_co2/sampling_stations.html
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Fig. 9.3 Alternatively to values given in Table 9.1, annual δ13C and CO2 concentration can be
estimated from fitted functions. In this case, two time periods are considered as distinct (McCarroll
and Loader, 2004): from 1850 to 1960 (Period 1), and from 1961 to 2018 (Period 2). Data used for
Period 1 are the original ice core records from Rubino et al. (2019) (black circles in panels a and
b), which differ from the spline fitted values displayed in Table 9.1. Data used for Period 2 are a
combination of ice cores (clear circles, from 1961 to 1979, Rubino et al. 2019 original values) and
atmospheric CO2 records (clear triangles, from 1980 to 2018, Keeling et al. 2001). The grey shaded
areas around each fitted line represent the 95% prediction limits. Functions for δ13C are: Period 1)
δ13C = (0.3217 ± 0.4487) − (−0.0038 ± 0.0002)*Year, R2 = 0.83, P < 0.0001, df = 51; Period 2)
δ13C = (39.7336 ± 0.7971) – (0.0239 ± 0.0004)*Year, R2 = 0.99, P < 0.0001, df = 51. Functions
for [CO2] are: Period 1) [CO2] = (-299.7999 ± 9.8124) – (0.3140 ± 0.0051)*Year, R2 = 0.96, P <
0.0001, df = 158; Period 2) [CO2] = (43,217 ± 2120.2725) – (44.6794 ± 2.1335)*Year + (0.0116
± 0.0005)*Year2, R2 = 1, P < 0.0001, df = 68
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the factor 1000. Therefore, if the δ13Ca and δ13Cp are already expressed in per mil,
Eq. (9.1a) will be written as,

�13Cp(
0/00) = δ13Ca(

0/00) − δ13Cp(
0/00)

1 + δ13Cp(
0
/00)

1000

(9.1b)

Thus, the 13C discrimination essentially expresses the difference between the δ13C
of atmospheric CO2 and that of plant tissue, with the denominator on the right side
of the equation typically increasing that value by a factor of 1.02 to 1.03.

For C3 plants, which include the vast majority of all tree species, the �13Cp can
then be related to ci/ca according to the theoretical model of Farquhar et al. (1982b).
In its simplest form, this model can be expressed as,

�13Cp ≈ as + (
b − as

) ci
ca

(9.2)

Here, as is the 13C/12C fractionation that takes place during diffusion of CO2

through static air, such as in the stomatal pore. The as has a theoretical value of
4.4‰.The termb represents discrimination against 13CO2 by carboxylating enzymes,
mainly Rubisco. In this simplified form of the model, the term b also encompasses
some other known sources of variation in δ13Cp, such as the diffusion resistance from
the intercellular air spaces to the sites of carboxylation in the chloroplasts (Ubierna
and Farquhar 2014). The value that is commonly assumed for b is 27‰. This estimate
was first based on comparison of instantaneous measurements of ci/ca from leaf gas
exchange with �13Cp measured in leaf tissue (Farquhar et al. 1982a). Subsequent
measurements of instantaneousgas exchange and leaf tissue δ13Cp have alsogenerally
supported a value for b of 27‰ with respect to leaf dry matter (Farquhar et al. 1989;
Cernusak et al. 2013; Cernusak 2020).

The objective for tree ring studies is often to retrieve an estimate of ci/ca from
measurements of �13Cp. For this, Eq. (9.2) can be rearranged,

ci
ca

≈ �13Cp − as
b − as

(9.3)

Finally, the intrinsic water use efficiency, A/gs, where A is net photosynthesis and
gs is stomatal conductance to water vapour, can be calculated as,

A

gs
≈

ca
(
1 − ci

ca

)

1.6
(9.4)

The factor of 1.6 in the denominator represents the ratio between the stomatal
conductance to water vapour and that to CO2. Note that Eq. (9.4) ignores both
boundary layer resistance and ternary effects, and is thus a reasonable simplification
of a more precise treatment (von Caemmerer and Farquhar 1981).
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As noted above, Eq. (9.2) represents a simplified version of amore elaboratemodel
for �13C during C3 photosynthesis (Farquhar et al. 1982b; Farquhar and Cernusak
2012; Busch et al. 2020),

�13C ≈ 1

1 − t

(
ab

ca − cs
ca

+ as
cs − ci
ca

)
+ 1 + t

1 − t

(
am

ci − cc
ca

+ b
cc
ca

− e
Rd

A

cc
ca

− f
�∗

ca

)

(9.5)

Here, ab is the 13C/12C fractionation during diffusion of CO2 through the boundary
layer (2.9‰), and am is that for dissolution and diffusion from the intercellular air
spaces to the sites of carboxylation in the chloroplasts (1.8‰). The term b represents
fractionation by Rubisco (~29‰), e is fractionation during day respiration, and f is
fractionation during photorespiration. The fractionation factor assigned for e should
take into account both respiratory fractionation, estimated at between 0 and 5‰
(Tcherkez et al. 2010, 2011) and any offset between δ13C of respiratory substrate
and the substrate currently being produced by photosynthesis (Wingate et al. 2007;
Busch et al. 2020). Estimates of fractionation for photorespiration, f , range from 8
to 16‰ (Gillon and Griffiths 1997; Lanigan et al. 2008; Evans and von Caemmerer
2013). The Rd is the rate of day respiration, and �* is the CO2 compensation point in
the absence of day respiration. The terms cs and cc represent the CO2 concentrations
at the leaf surface and at the sites of carboxylation, respectively. The term t is a ternary
correction factor, defined approximately as t≈E/2gc, where E is transpiration rate
and gc is stomatal conductance to CO2 (Farquhar and Cernusak 2012). For further
description of the terms in Eq. (9.5), the reader is referred to Ubierna et al. (2018).

The reader will notice that the value taken for b, discrimination by Rubisco, in
the more complete model, Eq. (9.5), is typically 29‰, whereas the value taken for b
in the simple model, Eq. (9.2), for leaf tissue is smaller at 27‰. Below we discuss
an even smaller value that should be used in the simple model for woody tissue.
The difference arises because b becomes something of a catch all for several less
important terms that are in Eq. (9.5), but neglected from Eq. (9.2). A hierarchical
approach to removing these terms was provided by Ubierna and Farquhar (2014),
from which the impacts can be explored. Interestingly, such a bottom up approach
suggested that the expected value for b is actually less than 27‰, and the estimate of
27‰ likely includes developmental effects in leaf tissue δ13C (Cernusak et al. 2009a;
Vogado et al. 2020) and possibly other post-photoysnthetic processes (Ubierna and
Farquhar 2014). The largest impact on the difference between b and b comes from the
drawdown in CO2 concentration between the intercellular air spaces and the sites of
carboxylation in the chloroplasts. This is the effect of a finite mesophyll conductance
to diffusion of CO2. An additional term that could be of interest in tree ring studies
is the photorespiratory fractionation, f (�*/ca). Over large changes in atmospheric
CO2 concentration, there is a discernible impact on �13C from changes in �*/ca,
independent of impacts caused by changes in ci/ca (Schubert and Jahren 2012, 2018;
Porter et al. 2019).

Equation (9.5) is thought to include all processes that impact upon discrimination
against 13C in photosynthetic CO2 uptake by C3 photosynthesis. Even so, there
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are further modifications that could take place depending on the arrangement of
mitochondria with respect to chloroplasts (Tholen et al. 2012; Ubierna et al. 2019),
and the model does not address allocation of the products of photosynthesis, for
example to starch versus export from the chloroplast (Tcherkez et al. 2004). Post
photosynthetic fractionation is discussed further in Chap. 13. Equation (9.5) requires
several additional parameters compared to Eq. (9.2) which are difficult to estimate
retrospectively, aswould be required for application to tree rings. Therefore, Eq. (9.2)
represents a good compromise between mechanistic representation and tractability
with respect to parameterisation. For situations where other parameters can also be
measured or where accompanying datasets are available, application of the more
complete model to tree rings could yield more subtle, but important, insights about
past climate, leaf gas exchange, and carbon allocation dynamics within trees (Ogee
et al. 2009). However, there remain challenges in understanding time integration and
post-photosynthetic fractionation with respect to the δ13C signal in tree rings, and
these create additional complexities for knowing how and when Eq. (9.5) can be
applied effectively.

9.4 Relating the δ13C of Wood to Leaf Gas Exchange

As mentioned above, the value originally estimated for b in Eq. (9.2) of 27‰ was
based on comparison of instantaneous measurements of ci/ca by leaf gas exchange
with δ13Cp measured in leaf tissue (Farquhar et al. 1982a). At the same time, it
has long been recognized that δ13Cp of wood is typically less negative than that of
the leaf tissue which supplies it with photosynthate (Craig 1953; Leavitt and Long
1982; Francey et al. 1985; Leavitt and Long 1986; Badeck et al. 2005; Cernusak
et al. 2009a). Differences are typically such that δ13Cp of leaves is more negative
than that of stem or branch wood by about 1 to 3‰. A number of hypotheses have
been suggested to account for this difference, none of which are mutually exclusive
(Cernusak et al. 2009a). Part of the explanation involves a depletion in leaf δ13Cp that
takes place during leaf expansion, such that when leaves mature, they export carbon
less negative in δ13C compared to their structural carbon (Evans 1983; Francey et al.
1985;Cernusak et al. 2009a;Vogado et al. 2020). There are likely additional processes
during the transfer of photosynthate from chloroplasts to newly differentiatingwoody
tissue that could contribute (Offermann et al. 2011;Gessler et al. 2014; Bögelein et al.
2019), with further discussion in Chap. 13.

Although it is difficult to define the exact processes involved, it would nevertheless
seem reasonable that the value of b assigned for woody tissue in Eq. (9.2) could be
less than that which would be assigned for leaf tissue. In Fig. 9.4, we compile data
for 33 woody plant species in which ci/ca was measured by leaf gas exchange and the
δ13Cp was measured in both leaves and woody stem tissue. We present the data for
individual plants, rather than as species averages, because in many cases treatments
were imposed within a species that resulted in a within species range of ci/ca and
δ13Cp. The full dataset is available in a Dryad Digital Repository (https://doi.org/10.

https://doi.org/10.5061/dryad.jm63xsjct
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Fig. 9.4 Carbon isotope discrimination (�13C) measured in leaf biomass a and in stem biomass
b plotted against the ratio of intercellular to ambient CO2 concentrations (ci/ca) measured by
instantaneous gas exchange in 33 woody plant species. Further details of the measurements can be
found in the original publications (Cernusak et al. 2007, 2008, 2009b, 2011; Garrish et al. 2010;
Cernusak 2020). The data are available in a Dryad Digital Repository (https://doi.org/10.5061/
dryad.jm63xsjct). Dashed lines show regression lines fitted with the intercepts fixed at 4.4‰. The
inset equations show the regression slopes applied to the simplifiedmodel of Farquhar et al. (1982b)

5061/dryad.jm63xsjct). The fitted value for b for the leaf tissue dataset, with as fixed
at 4.4‰, was 26.9 ± 0.1‰ (coefficient ± SE; R2 = 0.52, n = 451). This estimate is
consistent with previous estimates of b = 27‰ for leaf tissue. On the other hand, the
estimate of b for stem tissue was 25.5 ± 0.1‰ (R2 = 0.63, n = 449), consistent with
the idea that wood is less negative in δ13Cp than leaves of the same plant. Therefore,
we recommend that if one aims to reconstruct ci/ca from leaf δ13Cp, a value for b

https://doi.org/10.5061/dryad.jm63xsjct
https://doi.org/10.5061/dryad.jm63xsjct
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of 27‰ should be used in Eq. (9.3), as is typically done. On the other hand, if one
aims to reconstruct ci/ca from woody tissue, as is the case for tree rings, one should
use a value for b of 25.5‰. The difference in ci/ca estimates will vary depending on
the measured δ13Cp, but will be on the order of 0.05 in ci/ca. Thus, the difference
is not large, but at the same time it will better align estimates of ci/ca from leaf
and woody tissue with each other. Also, when carried through to the calculation of
intrinsic water-use efficiency, the proportional change is larger, about 17% decrease
in estimated A/gs when ci/ca shifts from 0.7 to 0.75, for example. Note that if some
parameters fromEq. (9.5) are brought in to Eq. (9.2), but Eq. (9.5) is not adopted in its
entirety, then bwill need to be adjusted. This would create a challenge in merging the
empirically determined value of b from organic material analyses with parameters
drawn from other contexts, and should be approached with caution (Vogado et al.
2020).

In order to test for species specificity in the value of b for woody tissues, we
constructed a mixed effects model for wood �13C as a function of ci/ca with a fixed
intercept of 4.4‰; species × ci/ca was additionally taken as a random effect. The
model thus allowed us to test for different slopes among species (indicating different
b among species). The random effect was shown to be significant, with 14 out of 33
species having a slope significantly different than the overall mean slope, suggesting
that b can indeed vary among species. Thus, the value for b for woody stems of
25.5‰ is a cross-species average value. However, the situation is entirely analogous
to taking b = 27‰ based on the average estimate for leaf tissue, as this is also a
cross-species average and varies by species, as shown in Fig. 9.4a. Thus, we are
suggesting moving the average from 27 to 25.5‰ for woody tissues, to correct for
the overall average difference between leaf and wood�13C, but this does not address
the variance around this average due to species or environment. It is an incremental
step, but nonetheless seems an easy and appropriate one to take.

Often for tree-ring studies, investigators prefer to extract cellulose prior to isotopic
analysis,which has both advantages anddisadvantages (McCarroll andLoader 2004).
The δ13C of cellulose is typically less negative than that of whole wood by about 1‰
(Leavitt and Long 1982; Loader et al. 2003; Harlow et al. 2006). We recommend
that if cellulose is analysed for δ13C, that an approximation of the offset between
this and whole wood δ13C be subtracted from the cellulose δ13C before application
of Eq. (9.3) with b = 25.5‰, since this value of b was determined for whole wood.

9.5 Conclusions

In this chapter, we have reviewed the primary influences on the δ13C of carbon
captured by photosynthesis in C3 plants. The first control is the δ13C of atmo-
spheric CO2 that the plant canopy was exposed to. The δ13C of atmospheric CO2

has decreased since the onset of the industrial revolution due to release of carbon
from geological reservoirs. The δ13C of atmospheric CO2 inferred from ice cores
was recently revised down slightly, so that the value in 1850 is now estimated at
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~−6.7‰. The mean value for 2018 was −8.5‰. The δ13C of CO2 beneath forest
canopies can be more negative than that in the free troposphere above due to the
influence of soil and plant respired CO2. This decrease in δ13C occurs mainly at
night, and is most pronounced in forests with high leaf area indices. During daytime
when photosynthesis takes place, turbulent exchange of canopy air with that in the
troposphere diminishes this effect. Thus, forest respiration can reduce the δ13C of
the CO2 that forms the source for photosynthesis of understory plants and small
statured trees, but the decrease is probably not more than about 1‰ under photo-
synthetic conditions. A simplified model provides a means of calculating ci/ca, the
ratio of intercellular to ambient CO2 concentrations, from measurements of δ13C of
plant tissues and an inference of the δ13C of atmospheric CO2 at the time when the
plant tissue was formed. The long standing observation that woody tissues are less
negative in δ13C than the leaves that supply them with photosynthate suggests that
the coefficient relating ci/ca to δ13C should differ for the two tissue types (see also
Chap. 13). We used a dataset comprising measurements in 33 woody plant species to
estimate that the coefficient b should be taken as 27‰ in the simplifiedmodel for leaf
tissue, and as 25.5‰ for woody tissue, including tree rings. While the difference in
estimated ci/ca using the two coefficients is not large, the revision will aid in aligning
ci/ca inferred from tree rings with that which would be measured by instantaneous
gas exchange.
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