Do C3'and C4 plants respond the similarly to climate change?
Comparative studies with the C4 grass Muhlenbergia
richardsonis at high elevations in California’s White
ountains
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Fig. 2. Scatter diagram of forest plant species (n = 171 optimum elevation (i.e., altitude value at
maximum probability of presence) for the perods 1905—1985 and 1986—2005. Each point represents
one speces: Species showing nonoverdapping 5% Cls around the optimum elevation between perods
are displayed as solid triangles (&) in = 46), whereas species with overlapping 5% Cls are displayed as
solid circles () {n = 125) (see tables 51 and 52 for details) (23). (Inset) The distibution of the species
differences in optimum elevation between periods. The vertical dotted line marks zero shift, and the
vertical solid line marks the median shift. The arrow describes the direction of the shift.
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Fig. 3. Changingvegetation distribution from 1577 to 2006-2007. Elevation
distribution of the mean normalized vegetation coverage of the ten most
widely distributed species in 1977 and 2006 -2007.

Santa Rosa Mountains,
Southern California

Source: Lenoir et al., 2008; Kelley & Goulden, 2008
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Figure 1

Schematic of the (#) C; and (¥) C4 plant physiology and biochemical pathways. Both C; and
C4 plants possess the Calvin-Benson cycle; however, the unique physiclogy of the Cs plants
provides a spatial separation between carbon assimilation and CO; fixation.

Source: Tipple & Pagani, 2007
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Fig. 1. Relative grass species composition and coverage along an

elevationai gradient in Hawaii Volcanoces National Park. Data

adapted from Newell [1968)
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Fig. 2 Net assimilation rate measured under ambient growth con-
ditions for Abutilon theophrasti (C,) (open circles) and Amaran-
thus retroflexus (C,) (closed squares) after 22-26 days at 15, 27,
35 or 70 Pa CO,. Values are means + SEs (n=3)
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Fig. 1 Total biomass as a function of plant age and CO, partial
pressure for Abutilon theophrasti and Amaranthus retroflexis
Svimbals represent means and ervor bars representt] SE (note dif-
ference in scale between graphs)

Source: Dippery et al., 1995; Tissue et al., 1995
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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 CO, 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 CO,
atmospheres at high elevations?



* Is there any advantage to being C4 in these low CO,

1.

atmospheres at high elevations?

Which is increasing faster in the mountains, growing
season temperature (which might favor Alpine C4

photosynthesis) or pCO, (which might favor Alpine C3
photosynthesis)?

Is there evidence for differential upslope migration of M.
richardsonis and co-occurring C3 plants in recent years?

Do C4 leaves respond to changing elevations differently
from C3 plants?
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Change realtive to late 1950's
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Decade beyond the 1950s

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



Leaf character Lowland plants Alpine plants
(500-600 m) (2500-3000 m)

Stomatal density 80 101

(mm=2)

Leaf nitrogen 2.1 3.0

(% dry mass)

Leaf 8'3C (%o) -29.0 -26.5

Representative values for several leaf characteristics associated with photosynthetic
function in C3 plant species taken from plants in different elevation classes. (Data
adapted from Kdrner 2003).



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 8'3C indicate that photosynthesis remains diffusion-limited
at high elevations

C4 photosynthesis should not be diffusion-limited in these low-
pCO, atmospheres. These foliar traits are expected to be
iInsensitive to elevation in M. richardsonis.
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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.
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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.
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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...
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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 CO,
atmospheres at high elevations?

1. Which is increasing faster in the mountains, growing season temperature
(which might favor Alpine C4 photosynthesis) or pCO, (which might favor
Alpine C3 photosynthesis)?

Temperature is changing faster implying that high elevation conditions are
becoming increasingly favorable for C4 species.

2. s 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 &'3C differed between M. richardsonis and the
reference C3 species suggesting that these are indeed CO, 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 pCO,
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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FIGURE 1. Regional location of the White Mountains in eastern
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elevation are shown by the stippled area.



Fig. 1 White Mountains study
site, showing the location of
the Nello Pace lab (arrow), the
summit of Mt. Barcroft (dark
arrowhead), and numerous
study mounds (white arrow-
heads). The peak in the back-
ground 1s White Mountain
Peak (4.342 m)

Source: Sage, 2002
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Fig. 2 View of the prostrate
growth form of Muhlenbergia
richardsonis (in foreground,
indicated by the letter "M™) and
the bunch grass morphology of
Koeleria macrantha (indicated
by arrows). Elevation 1s ap-
proximately 3.800 m

Source: Sage, 2002
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Table 1 Height and leaf tem-

perature of Muhlenbergia rich-

ardsonis and Koeleria macra-
ntha 1n the alpine zone of the
White Mountains, Califorma,
i August 1998 (mean +5D,
n=5-10). Superscripts indicate
statistically significant groups
at a measurement site at
P<=0.05 by Student’s #-test

Location and time (hours) Canopy height (mm) Leaf temperature (°C)
Muhlenbergia  Koeleria Muhlenbergia  Koeleria
Open flats, 3,800 m, 1230 21+32 5970 30+132 18x4P
Open flats, 3,800 m, 1300 25+62 56=x100 27122 15+30
Rocky enclosure, 3. 800 m, 1330 21+5a 40+7b 34+2a 23+3b
Open flats, 3,750 m, 1400 37172 58x16° 25x4a 1520
All sites 25x82 55100 29+4a 1840

Source: Sage, 2002



