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The broad altitudinal range of Muhlenbergia richardsonis at

high elevations provides an opportunity to better understand

how variation in temperature and atmospheric CO2 affect the

photosynthetic ecology of C4 plants and provides a reference

for better understanding how these factors affect C3 plants.

Two sides to the coin…

• How can this C4 plant persist under this cold Alpine

climate?

• Is there any advantage to being C4 in these low CO2

atmospheres at high elevations?



• Is there any advantage to being C4 in these low CO2

atmospheres at high elevations?

1. Which is increasing faster in the mountains, growing

season temperature (which might favor Alpine C4

photosynthesis) or pCO2 (which might favor Alpine C3

photosynthesis)?

2. Is there evidence for differential upslope migration of M.

richardsonis and co-occurring C3 plants in recent years?

3. Do C4 leaves respond to changing elevations differently

from C3 plants?



Archival atmospheric CO2 data for Mauna Loa, Hawaii and growing season (June, July and

August) air temperature data for Barcroft field station (3780 m) in California’s White

Mountains



Average decadal atmospheric CO2 (open circles with solid line) and temperature (solid

diamonds with dashed line) relative to initial observations made during the late 1950s.

Growing season temperatures appear to be increasing faster than

atmospheric CO2.



Achnatherum pinetorum (C3) Elymus elymoides (C3)

Koeleria macrantha (C3)
Muhlenbergia richardsonis (C4)

Herbarium records for four graminoid species from seven mountainous counties in central eastern California.

Consortium of California Herbaria (http://ucjeps.berkeley.edu/consortium/); accessed Sept 2007

Only M. richardsonis (C4) appears to be moving upslope.



Representative values for several leaf characteristics associated with photosynthetic

function in C3 plant species taken from plants in different elevation classes. (Data

adapted from Körner 2003).
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Widely proposed explanations for these general observations;

•Increases in stomatal density help compensate for diffusion-limited

photosynthesis at high elevations

•Increases in leaf N represent increases in photosynthetic enzymes to help

compensate for diffusion-limited photosynthesis at high elevations

•Increases in leaf �13C indicate that photosynthesis remains diffusion-limited

at high elevations

C4 photosynthesis should not be diffusion-limited in these low-

pCO2 atmospheres.  These foliar traits are expected to be

insensitive to elevation in M. richardsonis.



Stomatal density summed for both leaf surfaces in Muhlenbergia richardsonis

(open circle) and Koeleria macrantha (square) from six sites, for the 2006 growing

season. (Other species were not amenable to this analysis but the observed

changes for Koeleria macrantha are common for C3 species.)

Elevation dependent changes in SD in C3 spp but not in C4 spp.



Leaf nitrogen concentration at different elevations in graminoid species from the

White Mountains in 2005 (a) and 2006 (b).

Sampled species in 2005 were C3 plants Achnatherum pinetorum (triangle), Carex sp. (diamond) Koeleria macrantha

(square), and the C4 plant Muhlenbergia richardsonis (open circle).  Sampled species in 2006 were Koeleria macrantha and

Muhlenbergia richardsonis. All linear fits were significant for 2005 (Table 2) but not for 2006 (Table 3). The lines that best

describe the association between elevation and leaf nitrogen for 2005 are given as; leaf nitrogen = 0.0003*elevation -1.123

(R = 0.631) for A. pinetorum, leaf nitrogen = 0.0003*elevation -1.686 (R = 0.817) for Carex sp., leaf nitrogen =

0.0002*elevation -0.129 (R = 0.587) for K. macrantha, and leaf nitrogen = 0.0001*elevation -0.294 (R = 0.613) for M.

richardsonis.

Elevation dependent changes in %N differed between years but was

similar for both photosynthetic types.



Leaf � 13C at different elevations in C3 graminoid species from the White

Mountains in 2005 (a) and 2006 (b).

Sampled species in 2005 were C3 plants Achnatherum pinetorum (triangle), Carex sp. (diamond), and Koeleria macrantha

(square).  Among the C3 species, only Koeleria macrantha was sampled in 2006.  All linear fits were significant or

marginally significant (K. macrantha in 2005) in 2005 (Table 2) and 2006 (Table 3).

Elevation dependent change in isotopic composition seen in C3 spp…



Leaf � 13C at different elevations in Muhlenbergia richardsonis (C4) from the

White Mountains in 2005 (a) and 2006 (b).

Linear fits were not significant for either 2005 or 2006.

…but not in the C4 spp.



• Is there any advantage to being C4 in these low CO2

atmospheres at high elevations?

1. Which is increasing faster in the mountains, growing season temperature

(which might favor Alpine C4 photosynthesis) or pCO2 (which might favor

Alpine C3 photosynthesis)?

Temperature is changing faster implying that high elevation conditions are

becoming increasingly favorable for C4 species.

2. Is there evidence for differential upslope migration of M. richardsonis and co-

occurring C3 plants in recent years?

Limited evidence from herbarium records suggest that M. richardsonis is moving

upslope which was not true for the reference C3 species.

3.  Do C4 leaves respond to changing elevations differently from C3 plants?

Elevation effects on SD and �13C differed between M. richardsonis and the

reference C3 species suggesting that these are indeed CO2 diffusion effects

in C3 plants.  Elevation effects on leaf %N were the same for C3 and C4

plants alike suggesting that this response reflects other elevation variables

(e.g. temperature) which affects C3 and C4 species similarly.



C4 species appear to be pre-

adapted to the low pCO2

conditions of high altitudes

and are probably absent from

contemporary Alpine

communites due to low

temperatures.

C4 species are predicted to

become more frequent in

high-elevation vegetation as

temperature rise.
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420,000 year temperature & carbon dioxide 

record from the Vostok ice core
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New

territory?

Source: Petit, J.R., et al., 2001, Vostok Ice Core Data for 420,000 Years, IGBP PAGES/World Data Center for

Paleoclimatology Data Contribution Series #2001-076. NOAA/NGDC Paleoclimatology Program, Boulder CO, USA.



Source: Rundel et al., 2005 



Source: Sage, 2002



Source: Sage, 2002



Source: Sage, 2002



Source: Sage, 2002



Source: Sage, 2002


