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PHOTOSYNTHETIC RESPONSES OF PLANTS FROM
HABITATS WITH CONTRASTING THERMAL
ENVIRONMENTS

COMPARISON OF PIHOTOSYNTHETIC
CnaracrerisTics or InTacr PLANTS
Olle Bjorkman, Harold A. Mooney,
and James Ehleringer

Last year we reported on the responses
of growth and development of a number
of species native to habitats with con-
trasting thermal regimes in our experi-
mental stations on the hot desert floor of
Death Valley and the cool oceanic bluff
of Bodega Head (Year Book 73, p. 748).
On the basis of their growth response
under adequate water supply in the
Death Valley garden, the 17 species
tested could be separated into three main
categories: (1) those which are unable
to survive the hottest period of the year,
(2) those which are able to survive this
period but do not grow, and (3) those
whose growth mainly occurs during the
hottest part of the year. All of the spe-
cies native to cool oceanie habitats and
several of those native to warm-temper-
ate environments, including both C; and
Cy species, fall in the first category. All
species native to the floor of Death Val-
ley, except Tidestromia oblongifolia, fall
in category 2. This C, speeies which is
summer active and winter deciduous in
its native Death Valley habitat, is the
only one that falls into category 3. This
plant exb™ited a very fast growth rate
under the extreme summer heat in the
Death Valley garden.

In contrast, all of the species tested,
except 7', oblongifolia, were able to grow
in the cool Bodega Head garden, Here
{"1e species native to cool coastal habi-
fals such as Atriplex glabrivscula (C,)
and A. sabulosa (C,) had the lighest
productivities.

On the basis of these transplant ex-
periments Atriplex  glabrivseula  (cool
coastal C,), A. sabulosa (cool coasial
Cy)y A hymenelytra (Death Valley ever-
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green C), and idestromia oblongifolia
(Death Valley summer active C,) were
selected for further delailed comparative
studies of productivity under contrast-
ing controlled thermal regimes and for
investigation of the photosynthetic and
other  physiological mechanisms  that
underlie the striking differences in the
ability of plants fo grow in contrasling
natural thermal environments. The com-
parative growth experiments in which
temperature was the only variable and
in which other stress factors, including
atmospherie drought, were completely
eliminated clearly show that the widely
different abilities of these species to grow
in the contrasting habilats of Bodega
Head and the Death Valley floor are
primarily due to intrinsie differences in
their response to temperature (Year
Book 78, p. 757). For example, under a
16°C day/10°C night regime, simulat-
ing a cool coastal environment, the daily
growth rates of coastal A, glabriuscula
and A. sabulosa were as high as 0.16
g 'day " or 65% 1o 75% of the maxi-
mum  growth rate which occurred at
about 25°C day/17°C night. T. « Hlongi-
folia proved to be incapable of sustained
growth under the 16°/10°C regime. In
contrast, under a very hot 45°C day/31°
C night regime, simulating a {ypical
sumimer day in Death Valley, T'. oblon-
gifolia is very mnear its optimum tem-
perature for growth and under these con-
ditions its growth rate was a record high
of 026 g~ day?, i, this extraordi-
nary plant doubled ils dry matter con-
tent in Jess than 3 days. This high {em-
perature regime is lethal to both of the
coastal species. A, hymenelylra grew un-
der both of these extremes of tempera-
ture, but the growth rates were Jower
than those of the coastal species under
the cool regime and el Jower {lan
that of 7. oblongifolia uwnder the hot
regime.
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Our growth analyses further show that
although temperature has a marked in-
fluence on the growth habits and other
morphological characteristics, the strik-
ingly different temperature dependences
of dry matter production among the four
species analyzed in detail cannot even in
part be due to differences in the alloca-
tion of carbon to the leaves in relation
to nonphotosynthetic organs. These re-
sults indicate that the contrasting inter-
speeifie responses of dry matter produc-
tion o {emperature must be the result
of intrinsie differences in the tempera-
ture dependence of primary growth proce-
esses. During the year detailed studies
of the pholosynthetic and respiratory
characteristics of the four species have
been conducted both in the field and on
plants grown under controlled tempera-
fure regimes in the laboratory. Since
processing of the field data was not yet
completed when this report was prepared
(May 1975) the results presented here
will concentrate on the characteristics
of material grown under controlled con-
ditions. It is evident, however, that these
resulls are consistent with the field data.

The photosynthetie performances of
the different species discussed in the fol-
lowing section, are compared under simi-
lar conditions of irradiance, CO, and O,
concentrations, waler vapor pressure,
stomatal conductance, and plant water
status. These results, therefore, refleet
intrinsie characteristics of the photosyn-
thetie apparatug. A detailed account of
these studies will be published elscwhere.

The striking differences that can exist
in the photosynthetic temperature de-
pendence of higher plants native to habi-
tats with contrasting thermal regimes
are illustrated in Fig. 1. The curve for
T. oblongifolia was obtained at the peak
of summer heat in Death Valley, while
that for coastal A. glabriuscula was
measured on a plant grown under a
thermmal regime simulating a coo) oceanie
environment,

The coastal C; species, A. glabrius-
cula, and the coastal C, species, A. sabu-
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Ilig. 1. Temperature dependence of photo-
synthesis in Tidestromia oblongifolia and Atri-
plez glabriuscula at a high light infensity of
160 nanoeinsiein em~see™, a COs partial pres-
sure of approximately 320 pbar, and an Os
concentration of 21%. Stomatal conductance
values were almost identical in the {wo species.

losa (not shown), are capable of high
photosynthetic rates at low and moder-
ate temperatures but the rates do not
increase with increased temperature be-
yond 25° to 30°C; they decline above
35°C and rapidly fall to zero at 45°C.
The photosynthetic performance of T.
oblongifolia is in sharp conirast with
the coastal plants. When grown in a hot
temperature regime cither in Death Val-
ley or under controlled conditions in the
laboratory, the photosynth.iic ratle is
poor at low and moderate temperalures
but increases steeply with increased
temperature to reach a very high maxi-
mum rate at about 45°C, and cven at
50°C the rate excceds that of A. gla-
Uriuscula at its optimum temperature,
Total inhibition of photosynthesis in 7.
oblongifolia does not occur until 52° to
54°C.

Both curves shown in Fig. 1 were de-
termined at a high light intensity of 160
nanoeinstein em—2sec™?, which is ap-
proximately equal to 80% of .maximum
noon sunlight. This light intensity is
rate-saturating for A. glabriuscula but
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is insufficient to provide maximum pho-
tosynthetic rate at the temperature op-
timum .for T. oblongifolia. The latier
species is thus capable of even higher
photosynthetic rates. Rates in excess of
5 nanomole CO, cin—2sec ! (80 mg CO,
dm=?hr=') are not uncommon for 7.
oblongifolia.

The temperature regime under which
the plants are grown markedly affects
the temperature dependence of photo-
synthesis in all of the gpecies examined.
Comparisons of the different species
grown al a temperature regime simulat-
ing the summer in Death Valley cannot
be made, since this is lethal o the coas-
tal plants. The comparisons were there-
fore carried out under 40°C day/30°C
night and 16°C day/11°C night, the
highest and lowest temperature regime
at which all four species are able to sur-
vive. As shown in Table 1, growth at
40°C results in strikingly reduced pho-
tosynthetic rates both at high and low
temperatures in the two coastal species.
In 7. oblongifolia, on the other hand,
growth at the low temperature regime
causes a drastie reduction in photosyn-
thetic capacity. This low temperature
inhibition of photosynthesis is present at
low, intermediate, and high tempera-
tures, irradiances, and CO, concen-
trations.

Atriplex hymenelytra (C,) is capable
of a wider range of photosynthetic ac-
climation to temperature than cither the
two coastal Atlriplex species or 1. ob-
longifolia. Growth under the cool tem-

TABLE 1,

Photosynthesis at 16°C

A: Grown B.Grown

Species at 16°C  at 40°C
A, glabriuseula 2.20 0.73
A. sabulosa 2.80 0.70
A, hymenelytra 1.62 110
T. oblongifolia 042 1.70
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perature regime results in a somewhat
ligher photosynthetic capacity at low
temperature than does growth under the
hot regime and vice versa. However, the
photosynthictic capacily of this gpecies
is lower than the capacity of the coastal
plants when grown under a Jow tempera-
ture regime and greatly inferior to that
of T. oblongifelia when grown under a
hot regime. Although A. hymenelylra
can tolerate higher temperatures than
the coastal Atripleres without perma-
nent damage, it is less extreme in this
respeet than T. oblongifolia and it is in-
capable of sustained net pholosynthesis
above 47°C,

These and other results show that the
responses of photosynthesis to different
temperatures are quite similar to those
of overall growth rates and thus provide
further evidence that the temperature
dependence of dry matter production is
closely linked to the temperature de-
pendence  of photosynthetic  capacity.
Also, the genetically determined range
of environmentally induced photosyn-
thetic acclimation to lemperature is
strikingly different among the study
species. This undoubtedly refleets pro-
found adaptive differentiations of the
photosynihetic machinery to ihe con-
trasting tl.ermal regimes of the respee-
tive native environments and indicatles
that these adaplations are major deler-
minants in the different abilities of the
plants to grow and succced in their
widely diverse habitats. The results fur-
ther suggest that excellence in photosyn-

Effect of Temperature for Growth on Photosynihetic Rates*

Pi.otesynthesis at 40°C

C. Grown D, Grown

Ratio

Ratio
A/B at 40°C  at 16°C C/D
3.01 1.01 1.80 0.56
4.00 1.54 280 0.55
147 241 218 1.11
0.25 500 042 11.90

* Rates measured at a high light intensity of 150 nanoeinsiein emsec”, 320 microbar COs,

and a water vapor pressure deficit = 15 mnillibar, Rales are given in nznomole CO; ¢m™%see™,
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thetic performance in one extreme may
preclude excellence in the opposite ex-
treme,

The superior photosynthetic perform-
ance of T, oblongtfolia at high fempera-
ture is not caused by differences in
stomatal conduetance to CO, diffusion.
Figure 2 shows the relationship between
the photosynthetic and stomatal con-
ductance at 40°C leaf temperature of
plants grown at this temperature. The
data are derived from experimental de-
terminations of the rate of CO, uplake
as a function of the CO, concentration
in the intercellular spaces in the leaf. It
is clear that T. oblongifolia is superior
to A, hymenelytra at any stomatal con-
ductance al which either plant is capable
of a substantial rate of CO, uptake. Re-
cent. field measurements on these two
species in Death Valley show that the
responses are similar to those of the lab-
oratory grown material but the differ-
ences between the two gpecies are some-
what greater with even higher rates for
T. oblongifolia and lower rates for A,
hymenelytra. The rates of the coastal Cq
plant A. glabriuscula are lower than
those of the other species at any stoma-
tal conductance. Clearly, the interspe-
cific differences in photosynthetic per-
formance are unr lated to differences in
stomatal eharacteristics.

From the results presented in Fig. 2
it also follows that for any given photo-
synthetic rate and any given wate. va-
por pressure difference  between the
leaves and the air, the photosynthetic
water use cfficiency (CO. fixed/waler
transpired) is considerably greater in
Tidestromia than in A. hymenelytra and
much greater than in the voastal C, spe-
cies. It is interesting to note (hat the
stomatal  conductance values usually
found under optimal conditions in the
two Death Valley speeies are so adjusted
that they permit a near maximum photo-
synthetie water use efficiency together
with a high photosynthetie rate. A fur-
ther increase in stomatal conductance
would lead {o a proportional increase in
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TFig. 2. Rate of net pholosynthesis as a func-
tion of stomatal conductanee to water-vapor
diffusion in T. oblongifolia, A. hymenelytra,
A. sabulosa, and A, glabriuseula. Light intensily
was 160 nanoeinstein em ™ sec™, the CO; partial
pressure of the external air was 325 pbar, and
leaf temperature was 40°C.- The plants were
grown at a 40°C day/30°C night regime. The
relationship was determined from measure-
ments of CO; uplake as a funclion of CO.
concentration at known stomatal conduetances.
Arrows indicate the stomatal conductance
values usually found in 77 oblongifolia and A,
hymenelytra under oplimum conditions hoth in
the field and in the laboratory.

water loss but a much smaller increase
in photosynthesis. A decrease in con-
ductance would, on the other hand, re-
sult in a decreased photosynihetic rate
with little improvement in water use
cfficiency.

There is now little doubt that C, pho-
tosynthesis is an important mechanism
underlying the capacity for a high pho-
tosynthetic water use efficiency. Photo-
synthetic gas exchange studies on a great
number of C; and C, plants including
the heat-adapted 1. oblongifolia and
the cool-adapted A. sabulosa show with-
out exception that C, photosynthesis is
markedly superior in utilizing low CO,
concentrations in the leaf intercellular
spaces. This is illusirated in Fig, 3 which
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Fig. 3. Photosynthesis as a function of the CO, partial pressure in the intercellular spaces
for di‘ﬁ'vrer_at. Cs and C; species, Measurements were made at a high light intensity of 160
nanocinstein em™see?, an Q. concentration of 21%, and two different Jeaf temperatures,

40°C and 16°C.

shows the rate of photosynihesis as a
function of intercellular space CO, con-
centration in the four species grown a.ad
measured at 40°C and at 16°C. At the
high temperature the C, species are
greatly superior to the Cy plant. With
the exception of T. oblongifolia, which
docs not tolerate extended periods at low
temperatures, this difference between C,
and C, plants is also present at 16°C al-
though it is not as pronounced as at the
higher {temperature.

One would thus prediet that the C,
pathway would confer an adaptive ad-
vantage under any condition where pho-
fosynthesis in the absence of this path-
way would he markedly limited by the
intereellular space CO, concentration.
Where this concentration exerts no ef-
feet or only a small effeet, as is the case
at Jow light intensities or low tempera-

tures, the advantage would of course be
at best marginal, but there is no reason
to assume that C, photosynthesis per se
would be disadvantageous in any ter-
restrial environment. All of our experi-
mental results to date are in full agree-
ment with viese predictions, Conversely,
one would also prediet that the ad-
vantages of the C, pathway would be
maximal under conditions where photo-
synthesis is limited largely by the inter-
cellular CO, concentration. Such condi-
tions are present when photosynthesis is
operating at high light inlensities and
temperatures and in particular when
stomatal conduetance to the exchange of
CO, and water vapor is low, Thus, for
a given high lght intensity and leaf
tomperature and a given rate of water
loss, a C, plant should have a higher
phiotosynthetic rate and, consequently, a
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higher water use cfficiency. However,
this can only be realized if other cssen-
tial adaptations are also present. For ex-
ample, the high thermal stability of the
photosynthetic apparatus of 7. oblongi-
Jolia permits a full expression of the
adaptive advantage of C, photosynthe-
sis at very high temperatures. In Atri-
plex sabulosa, which lacks this thermal
stability, the photosynthetic rate at high
temperatures 1s limited by factors other
than intercellular CO, concentration,
and the potential advantage of C, pho-
tosynthesis cannot be fully realized.

TrerMaL StapiaTy oF THE PHoTo-
SYNTHETIC APPARATUS IN
INTACT LLEAVES

Olle Bjirkman

In the preceding pages we reported on
the dramatic differences that exist in
the temperature dependence of photo-
synthesis among plants from habitats
with contrasting thermal regimes. It
scems evident that the truly remarkable
performance at high temperatures and
normal air of Tideslromia oblongifolia
is dependent on the presence of the C,
pathway of photosynthesis but  that
other independent adaptations, such as
an unusually high thermal stability of
the photosynthetic apparatus, must also
!> present. This year several studies
have been initiated in an effort to un-
cover the Dbiochemical and biophysical
mechanisms that underlie the differences
among our study specics in their geneti-
cally determined abilities to photosyn-
thiesize and grow at extreme tempera-
tures, as well as the changes induced by
the temperature under which a given
genotype is grown, Brief accounts of
some of the early results are given here
and in the following reports.

Measurements of CO, and water va-
por exchange rates clearly show that in
none of the four species analyzed is the
decline in photosynthetic rate at high
temperatures due to a decrcased con-
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ductance of the stomata o CO, diffu-
sion. On the contrary, conductances
reached their maximmnm values at the
highest measurement temperatures,

Temperature  dependence  curves  of
photosynthesis determined at rate-satu-
rating CO, concentrations in the leaf
intercellular gpaces rather than in nor-
mal air show that high CO, does not
prevent high-temperature inhibition in
any of the four species. Although, as ex-
pected, high CO, greally incrcases the
absolute photosynthetic rate at high but
noninhibiting temperatures in the C;
species, Atriplex glabriuscula, and litlle
or not at all in the three C; speeies, there
is searcely any effeet of CO; concentra-
tion on the leaf temperature at which a
rapid high-temperature-induced decline
of photosynthesis sets in. For plants
grown at 40°C day/30°C night regime
these critical temperatures are; A, gla-
briuscula, 36°-37°C; A. sabulosa, 37°-
38°C; A. hymenelytra, 41°-42°C; and
T. oblongifolia, 46°-47°C. For plants
grown under 16°C day/10°C night
regime these temperatures are 2° to 3°C
lower.

These results show that the high-tem-
perature-induced decline in pholosyn-
thesis is unrelated to changes in the dif-
fusive transport of CO, fixation sites
inside the parenchyma cells. Further ex-
periments show that a reduction of the
oxygen concentration from the usual
21% 1o 2% al normal almospherie CO,
concentration did  not  sgnificantly
change the temperature at which ther-
mal inhibition occurred in the C; or in
the C, species. This indicates that fac-
tors associated with the O, inhibition of
CO, fixation, catalyzed by RuDP car-
boxylase, and the O,-stimulated photo-
respiratory CO, release via the glycolate
pathway are not responsible for high-
femperature inhibition of photosynthe-
sig. (T4 <hould be noted, however, that in
A. glabriuscula and other C; plants,
these factors are almost certainly partly
responsible for the relatively low net
photosynthetic rates in normal air at



