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Abstract. The importance of reduced leaf conductance (sto-
matal and boundary layer) in limiting photosynthetic rates
during water stress was studied in Encelia frutescens, a
drought-deciduous leaved subshrub of the Mohave and
Sonoran Deserts. Light-saturated CO, assimilation rales
of greenhouse grown plants decreased from 42.6+ 1.6 pmol
CO, m ?s ! (X+se) to 1.7+ 1.7 umol CO, m ? s ' as
leaf water potential decreased [rom —1.5MPa to
—4.0 MPa, The dependence of light saturated CO, assimi-
lation rate on leafl intercellular CO, concentrations between
60 and 335 pl 1! was also determined as leaf water poten-
tial declined. This enabled us to compare the clfects of
leaf water potentials on limitations to carbon assimilation
imposed by leal conductance and by intrinsic photosyn-
thetic capacity. Both leaf conductance and intrinsic photo-
synthetic capacity decreased with decreasing leal water po-
tential, but the decrease in leal conductance was propor-
tionately greater. The relative stomatal limitation, deflined
as the percent limitation in photosynthetic rale due to the
presence ol gas-phase diffusional barriers, increased from
1142 (x4s.c.) to 41 4 3% as water potentials became more
negalive. Since both leaf conductance and intrinsic photo-
synthetic capacity were severely reduced in an absolute
sense, however, high photosynthetic rates could not have
been restored atl low leaf water potentials without simulta-
neous increases in both components.

Introduction

Encelia frutescens (Gray) is a drought-deciduous leaved
subshrub of the Mohave and Sonoran Deserts. Over ils
distribution, the amount and timing of precipitation are
highly unpredictable on both a seasonal and annual basis.
In response, E. frutescens is opportunistic, exploiling peri-
ods of high soil moisture whenever they occur. Under favor-
able soil moisture conditions, E. frutescens is characterized
by high growth rates and copious Mowering. While the ex-
haustion of soil water reserves eventually leads to leaf ab-
scission and dormancy, leaves ol . frutescens may also
experience varying degrees ol intermittent water stress dur-
ing the time that the plants bear leaves, because of the
unpredictable nature of additional rainfall. The effect of
decreasing leaf water potentials on the photosynthetic be-
havior of E, frutescens should, therelore, be of greal impor-
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tance in understanding how net carbon gain is regulated
over Lthe growing scason.

A reduction in photosynthetic rate with decreasing leaf
waler potential has been observed in virtually all plants
(Isiao and Acevedo 1974). The rate at which photosynthe-
sis declines as leaf water potential () becomes more nega-
tive, however, differs widely (Odening et al. 1974; Lawlor
1976; Ludlow 1976, Mooney et al, 1976; O’'Toole et al.
1977; Bjorkman et al. 1979; Ehleringer 1983 ; Forseth and
Ehleringer 1983). Similarly, leal conductance (stomatal +
boundary layer) to water vapor (g) also decreases with de-
creasing y,, but as with photosynthetic rates there is consid-
erable variation in the rate of decline depending on species
and pretreatment (Ilsiao and Acevedo 1974; Ludlow 1980),
I the intrinsic photosynthetic capacity of the leal is unaf-
[ected by decreasing w,, then the decreases in photosyn-
thetic rate with decreasing y, will be due to decreases in
g. However, proportional decreases in g and intrinsic photo-
synthetic capacitics would mean that stomatal behavior is
only partially responsible for decreased photosynthetic rate
at low y,. The relative decreases in g and intrinsic photosyn-
thetic capacities seem to vary between plants (Boyer 1970
Redshaw and Meidner 1972; Osonubi and Davies 1980;
Forseth and Ehleringer 1983).

Ifarquhar and Sharkey (1982) suggest that stomatal lim-
itations to photosynthesis during water stress have generally
been overestimated. This can result [rom comparing g to
a residual CO, conductance, often referred to as the meso-
phyll or carboxylation efficiency conductance (Ku and Ed-
wards 1977), which describes the efficiency with which CQO,
in the leaf intercellular air spaces diffuses o and is incorpo-
rated in carboxylation reactions. The error lies in assuming
that, if the intercellular CO, concentration (¢;) were to in-
crease due to increases in stomatal conductance, then pho-
tosynthetic rate (A) would also increase in a linear manner.
If the relationship between 4 and ¢; deviates greatly from
linearity becoming concave at high ¢;, then comparisons
of g and carboxylation efficiency determined at low ¢; be-
come dilficult to interpret.

The purpose of this study was to determine the stomatal
and non-stomatal limitations to photosynthesis as plants
were subjected to progressively lower soil waler potentials
over a period of several weeks. To do this, we measured
the dependence of photosynthesis on ¢; [or leaves of Encelia

Srutescens. Stomatal and non-stomatal limitations to photo-

synthesis will be discussed relative Lo one another at specilic
water polentials and absolutely in respect to the overall
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decline in photosynthetic rate with decreasing w,. The re-
sulting photosynthetic behavior is discussed relative to plant
performance and potential adaptive value in the native hab-
itat.

Methods

Field collected seeds of Encelia fruteseens were planted and
grown in the greenhouse al the University of Utah, Sall
Lake City, Utah. When the plants were six months old,
and two months prior to beginning measurements, the
plants. were transplanted into 40 liter peat pots. The rela-
tively large soil volume was desirable for controlling soil
and plant water potential during the drought phase of the
experiment. Plants were grown in a naturally lit greenhouse
supplemented with HID lamps to create daily photon irra-
diance totals of 40-50 mol m~? (400-700 nm), Daily tem-
perature ranges were approximately 35/25° C and midday
relative humidity was approximately 10%. At the time pho-
tosynthetic measurements were taken, the study plants were
0.4-0.5 m in height and 0.5-0.6 m in diameter,

The potting soil consisted of two parts vermiculite, two
parts perlite, two parts peat moss, lour parts redwood com-
post, one part sand, and four parts autoclaved soil. Phos-
phate was available in the form of superphosphate present
in the potting soil. Nitrogen was administered as potassium
nitrate, calcium nitrate and urea (2%, dissolved in the water
supply once a week at a total concentration of 150 ppm.
Plants undergoing a drought treatment were watered with
deionized water supplemented every 4-6 days with Hoag-
land’s solution.

Leal water potentials were measured with a Scholander
pressure chamber. The leal water potential (y,) was as-
sumed to be equal to the xylem pressure potential of whole
twigs including the uppermost 4 (o 6 leaves. Reported
values are averages of three replicates taken at midday when
leaf water polentials were most negative, The leal waler
potential is a function of both the predawn leal’ walter poten-
tial and the transpiration rate, and should be cxpected to
[luctuate diurnally, However, in our experiments the mid-
day leaf water potential was effectively constant throughout
most of the day, because of the constant environmental
conditions in the glasshouse. At high w,, the maximum
diurnal variation was about 1.0 MPa, and at low w, aboul
0.3 MPa.

Water stress was induced by decreasing the [requency
of and amount given in watering. , of experimental plants
was monitored on a daily basis and study plants were wa-
lered as necessary to maintain desired soil water potential
values. This meant that the extent of walering ranged (rom
saturating the entire soil volume every other day, in order
Lo maintain the highest soil water potentials, to providing
only 1.4 | water every Lwo to three days in order to maintain
the lowest soil waler potentials. At least three to four days
elapsed between decreased in the amount of waler provided
and measurements of photosynthetic parameters at the re-
sultant, lowered w,. w, decreased from —1.5 to —4.0 MPa
over a period of several weeks under the stepwise decreasing
watering regime used during the drought cycle. The maxi-
mum difference between predawn and midday y, was about
1.0 MPa, Diurnal fluctuations in i, of up to 1.0 MPa also
occurred immediately after watering when plants were at
low w,, but decreased to about 0.3 MPa within 1-2 days
thereafter. Pholosynthetic measurements of water stressed

plants were not taken until several days after the plants
received supplemental watering. Plants at high , exhibited
no increase in y, following watering.

Gas exchange measurements were conducted on an
open gas-cxchange system as described by Ehleringer
(1983). Due to the small size of individual leaves
(100-250 mm?), whole twigs with the uppermost four or
live attached leaves were used for gas exchange measure-
ments. Gas exchange by stem Ussues was negligible com-
pared to that of the leaves and was ignored in all calcula-
tions.

To observe the effect of growth temperature on the tem-
perature dependence of photosynthesis, plants were grown
in controlled environments with 14 h/10 h day/night tem-
perature regimes ol 20/15° C and 35/25° C. Plants grown
in the two differenl lemperature regimes, unfortunately, ex-
perienced somewhat different light intensities during growth
and this effected the absolute photosynthetic rates, There-
fore, these data are presented as relalive photosynthetic
rates. The procedures lollowed for measurements of the
temperature dependence of photosynthesis were similar to
those of IForseth and Ehleringer (1983),

For simultancous measurement of photosynthetic rale
(A )y leal’ conductance (stomatal+ boundary layer) (g),
and intercellular CO, concentration (¢;), attached leaves
were sealed into a cuvette with an irradiance of 1.8 mmol
photons m * s~ ! (400-700 nm), ambient CO, concentra-
tion of 335 pl 171, 21% O,, leaf temperature at 30° C (the
thermal optimum), and a Aw of 21 mbar bar ', Measure-
ments of A, g, and ¢, were taken as the values obtained
following a one to two hour period of adjustment by the
leafl to the cuvette conditions,

The dependence of photosynthesis on ¢; was determined
on the same leaves alter measurements ol 4, .. The same
light level, Aw, and leal temperature were used as during
measurement of 4, .. The ¢; was controlled by altering
the ambient CO, concentration in the cuvette. 4, was
the first point on this response curve. Ambient CO, concen-
tration was then increased in steps of 100-200 ul I ', High
¢; values were difficult to obtain at very low w, because
ol stomatal closure. After measuring rates of photosynthe-
sis al high ¢, ambient CO, concentration was returned
to 335 ul 17! and the leaves were given 0.5 1.0 h to recover
before proceeding with measurements. There was a decrease
in g at high ambient CO, concentralions, which often failed
to lully recover when ambient CO, concentrations were
reduced. The leaves were considered to have recovered suffi-
ciently if photosynthetic rates were the same al the same
¢; previously measured for 4,,,,. Ambient CO, concentra-
tions were then decreased in steps of 100 pl 1 " to measure
photosynthetic rates at low ¢;. The initial slope of A4 vs
¢; was caleulated from points with ¢; between 60 and 150 pl
=2

In calculaling Aw, the partial pressure of water vapor
in the intercellular airspaces of the leaf was assumed to
be in equilibrium with the leal water potential. This resulted
in an intercellular relative humidity of 97% rather then
100% at leaf water polentials of —4.0 MPa (Nobel 1974).
The caleulation ol ¢, included a correction for the effect
of transpiration rate on the diffusion of CO, into the leal
(von Caemmerer and Farquhar 1981).

All of the work reported here was done at the University
ol Utah al an elevation of 1,460 m. Total ambient pressure
averages 86 kPa compared to 101.3 kPa at sea level. When



presenting the dependence of photosynthelic rate on ¢,
CO, concenlrations may be expressed cither as absolute
partial pressures in pascals or as fractions of the total atmo-
sphere in pl | ', As total atmospheric pressure declines,
both the partial pressures of CO, and O, decline propor-
tionately. Decreases in the CO, partial pressure cause de-
creases in photosynthetic rates by substrate limitation, but
these are partially compensated for by decreased competi-
tive inhibition by oxygen in RuBP carboxylase. Because
of these simultaneous and opposing elfects ol decreasing
total atmospheric pressure on photosynthetic rates, neither
measurements of CO, in pascals nor pl I ' provides per-
fectly comparable results when measurements are made at
different atmospheric pressures, The model of Farquhar
et al. (1980) was said to estimate the effect of low atmo-
spheric pressure on the reported relationships between net
photosynthesis and ¢;, assuming constant RuBP saturation
and a constant RuBP carboxylase activity, This model en-
abled us lo compare the photosynthetic rate at a particular
¢; for measurements made at an atmospheric pressure of
101.3 kPa and those made on the same leal al an atmo-
spheric pressure of 86 kPa while holding all other parame-
lers constanl. The initial slope of 4 vs ¢, measured at 86 kPa
atmospheric pressure will appear to be either about 4%
greater or 11% less than those made at sea level depending
on whether ¢, is expressed in pascals or jl 1, respectively.
Neither unit avoids slight problems in comparing data sets
measured at dilferent elevations and atmospheric pressures,
We have chosen to express ¢; in pl |! because 1) it is
advantageous for graphical manipulations and 2) the initial
slope of the response curve relating photosynthesis as a
function of ¢; (04/0¢; in this paper, and the mesophyll con-
ductance ol many authors) then has the same unils as leal
conductance (mol m ? s '), The 84/d¢; values reported
here are therefore expected to be slightly less than those
of a comparable data set measured at sea level and ex-
pressed in the same units.

All regressions discussed in the (ext were significant al
the 0.005 level or better. Regression equations, »#* values
and significance levels for the slopes are given in figure
legends. Conlidence intervals given in the {ext are +1 stan-
dard error.

Results

Before analyzing the response to drought, the temperature
dependence of photosynthesis was determined at leal tem-
peratures ranging between 15 and 48° C. To assess the abili-
ty of E. frutescens to acclimate Lo changing environmental
temperatures, plants were grow in growth chambers with
contrasting temperature regimes, and the effect of growth
conditions was then measured by comparing the photosyn-
thetic performance of plants from both treatments under
common conditions. Leaves of E. frutescens showed a pat-
tern consistent with observations in other Encelia specics;
there was no change in either the temperature optimum
or the relative rates at which photosynthesis declined at
temperatures above or below the optimum in response to
~different thermal growth conditions (IFig. 1). The thermal
optimum lor plants from both high and low temperature
treatments was approximately 30° C. Photosynthetic rates
remained in excess of 80% of maximum between 18 and
41° C, bul declined steeply outside this range. All subse-
quent work during the drought experiments was done using

243

100 /‘(’;ﬁ_-n_—

g !

&
E_: + et

i

; 1] ¥ lempurature \

g / grawth i

= o samperad i

e

o

2 ¢ \

- |

w \

wn

@

=

< A4 Enicefin (iutescans 4

w

= A !

2 o 20/I5 \
=] ® A0/72Y
=

(=] \
@
2 \
| I

| 20 18] 40 540
Leat temperaiure, C

Fig, 1. The effect of growth temperature on the temperature depen-
dence ol photosynthesis in Encelia frutescens. Plants were grown
in controlled environments al day/night temperature regimes of
20/15° C and 35/25° C. Curyes are relativized for comparison ol
temperature optima. Arrows indicate ambicent temperatures during
growth
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Fig. 2. The elfect of deercasing minimum daily leaf water potential
() on net photosynthesis (A4,,,,) in pmol CO, m ?s ' measured
at an irradiance of 1.8 mmol photons m™? s~ (400700 nm), leaf-
air vapor pressure difference (Aw) ol 21 mbar bar ', leaf tempera-
ture of 30° C, ambient CO, concentration of 335 pl 17! (=28.8 Pa),
and an oxygen concentration of 21% (=18 kPa). The equalion
ol the regression line is A4, =15.9 % y,+65.5 (r:=0.905, P<
0.001)

[[FE

leal temperatures within +0.2° C of the 30° C thermal opti-
mum,

Photosynthetic characterislics were very responsive (o
changes in leal water potential () measured at its midday
minimum. The net photosynthetic rate (4,,,,) under favor-
able conditions of high irradiance, moderate leaf-air water
vapor pressure gradients (Aw), and optimal leal tempera-
ture, was measured on leaves of plants subjected to decreas-
ing soil water availablility over a period ol several weeks.
Aoy decreased linearly with decreasing i, with a slope of
1594 1.1 pmol CO, m * s ' MPa ' (P<0.001) (Fig. 2).
Photosynthetic  rates decreased from 41.641.6 1o
1.7+1.7pmol m % s ' as g, decreased from —1.5 to
—4.0 MPa. Midday w, remained atl —1.5 MPa in potted
plants that received watering every other day and were sub-
jected Lo an environment with high irradiance and high
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Fig, 4. The dependence ol net photosynthesis (A} in pmol CO,
m 2 s ', on intercellular CO, concentration (¢;) in pl 17" at four
different values of leal’ water potential (). Ambient conditions
in the cuvelte were the same as those defined for Fig. 2, only ambi-
ent CO, was varied to control ¢;. Arrows indicale the ¢; measured
simultancously with A_ . when plants were at the four respective
values of w,

mux

evaporative demand during growth, Field observations (Eh-
leringer unpublished data) suggest that midday y, for E.
frutescens are rarely higher than —1.5 MPa at any lime
of the year, '

Decreases in A,,,, were associated with decreases in leal
conductance to water vapor (g). Values of g measured si-
multaneously with A, declined in a curvilinear fashion
as y, decreased (I'ig. 3). g decreased rapidly with decreases
in g, when i, was high, bul approached zero asymptotically
as , became very negalive.

The relationship between net photosynthesis (A4) and
the intercellular CO, concentration (¢;) was determined at
different values of w, (representative curves in Fig, 4). As
w, became more negative, there was a decrease in both
the initial slope at low ¢, (04/d¢;) (often referred to as the
carboxylation efficiency) (Fig. 5) and the maximum photo-
synthetic rate at high ¢; (Fig. 6). Using linear regressions
from the data in Figs. 5 and 6, we estimated lel 0A[0¢;
and the photosynthetic rate at a ¢; of 335 pl 17 dBLlthLd
by 78% and 86%, respectively, from their original values
as y, decreased from —1.5 to —4.0 MPa.

Encella frutescens
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Fig. 5, The carboxylation elliciency or slope of the initial, lincar
region of the ¢; dependence curve for net photosynthesis (043 ¢;)
in mol m™* s~ ! as a lunction ol decreasing minimum daily leal
water potential (y,). T|‘Ib equation of the regression line is f‘A#'h =
0.679 # y,+0.320 (r*=0.733, P<0.001)
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Fig. 6. The net photosynthetic rate (A4,) when ¢; equals the ambient
CO, concentration (335 pul 17"y used during the measurement of
A,y Ay is shown as a function of decreasing minimum daily
leal water potential (y,). A, was laken from ¢; dependence curves
of photosynthesis such as those shown in Fig. 4. The equation
of the regression ling is A, =16.18 # y,+71.46 (+*=0,863, P<
0.001)

Kjeldahl nitrogen was determined in all experimental
leaves immediately following photosynthetic measurements.
A linear relationship (#?=0.38; P <0.005) was observed be-
tween @4/@e¢; and Kjeldahl nitrogen (Fig. 7). If diffusional
limitations to CO, movement between the intercellular
spaces and the sites of carboxylation are small relative to
the limitation to photosynthesis imposed by the carboxyl-
ation step itsell (which appears to be the case, Farquhar
and Sharkey 1982), then @4/8¢; should be directly propor-
tional to the activity of RuBP carboxylase in the leaf (Col-
latz 1977; Farquhar et al. 1980; von Caemmerer and Far-
quhar 1981). Since RuBP carxoylase has been found to
be a large and consistent fraction of total leaf protein (Jen-
sen and Bahr 1977), and since both total leal protein and
RuBP carboxylase have been found to be well correlated
with Kjeldahl nitrogen in many species (Seemann et al.
1980D), the relationship between Kjeldahl nitrogen and 04/
de; is consistent with the interpretation that the decrease
in 84/0¢, was associatled with a linear decrease in RuBP
carboxylase,

The ¢; observed in leaves of L. frutescens at the time



o
!

Encelia frutescens

o
my

mol me s

o

o L | L
|0 20 30 40

Kjeldahl nitrogen, mg g’

Carbexylation efficiency, (847 dc; ],

Fig, 7. The carboxylation cfficiency or slope ol the linear portion
of the ¢; dependence curve (84/0¢;) in mol m™2 s~ as a function
of Kjeldahl nitrogen in mg g~ ', The equation of the regression
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Fig. 8. The intercellular CO, concentration {(¢;) measured under
the conditions defined in Fig. 2. ¢; is shown as a [unction of mini-
mum daily leal waler polential (). The quation of the regression
line is ¢;=3.12 # y,+274.8 (r*=0.683, P<0.001)

of measuring A_.. (Fig. 8) depends on both the conduc-
tance to CO, diffusion (g¢o,=g/1.0) into the leal’ and the
capacity of the leaf to utilize internally available CO, for
photosynthetic carboxylations. The arrows on Fig, 4 indi-
cate the observed ¢; under the ambient conditions of A
at four y; values, It is evident that ¢; measured at 4,
is on or just slightly above the linear region described by
@A/ ¢;. This meant that the most important factors respon-
sible for determining ¢; were g and 84/0¢,. If the inherent
capacity of Lhe leaf for CO, assimilation and the conduc-
tance to CO, diffusion decreased in a perfectly proportional
manner as y, decreased, then ¢; should have remained con-
stant (Farquhar and Sharkey 1982). Instead of a balanced
decrease in these parameters and a constant ¢;, we observed
that in leaves of E. frutescens, ¢; decreased as w, became
more negative. This indicated that g decreased relatively
more than 0A4/0¢;.

Water Use Efficiency (WUE) was calculated as the ratio
of pmol CO, [ixed/mmol H,O transpired during measure-
ment of A, ... Although leal temperature and Aw were held
constant throughout the experiment, WUE increased from

max
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Fig, 9. Walter use efficiency (WUE), measured under cuvette condi-
tions of constant leaf temperature and vpd as defined in Fig, 2.
WUL is shown as a function of decreasing minimum daily leaf
water potential (). WUE is caleulated as the ratio of the photo-
synthetic and (ranspiration rates, jumol CO,/mmol H,0. The equa-
tion of the regression line is WUE = —0.899 # y, 4 1.87 (r*=0.475.
P<0.005)

a2

=

B a T ! i

5 (518 Encello trutescens

[ 335l 1 (28.8 Pa CO,)

g 1.8 mmal photons m s’ S .

= 21 mbar bar”

o 40 300C /

x -

(=] L ]

= °

&

=

LEz) -

o =4

=

o

©

o O L L - 4 —
1.6 -2.0 -30 40

Minimum leaf water potential, MPa

Fig. 10, Relative stomtal limitation as a function of minimum daily
leal’ water potential (). Values are calculated as the percent differ-
ence between net photosynthesis with infinile conductance, A,
and the actual rate measured as A4, . The equation ol the regres-
sion line is aresin (£/100)= —0.848 * log(y,) +0.184 (+*=0.742,
P<0.001)

3.240.32 to 5.4+ 0.35 umol mmol ' as w, decreased [rom
— 1.5 to —4.0 MPa (Fig. 9). The observed 59% increase
in WUL was a consequence of the decrease in ¢; and was
caused by the disproportionately large decreases in g com-
pared to 84 /d¢;.

Farquhar and Sharkey (1982) proposed a measure of
relative stomatal limitation, /., defined as the percent reduc-
tion in photosynthesis below the rate which would occur
if stomatal conductance were infinite.

ff|fiiﬂﬂu]*1mt

The photosynthetic rate at infinite stomatal conductance
(4,) is the photosynthetic rate when ¢; is equal to ambient
CO, concentration (335pul 171, 28.8 Pa) on the A vs. ¢;
dependence curve, if we ignore boundary layer conduc-
tance, which lor a small leaved shrub like E. frutescens
will be quite large. Caleulating /, for leaves of L. frutescens
under increasing water stress (Fig. 10), revealed an increase
in / from 10.742.2 to 40.943.2% as y, decreased from
—1.5 lo —4.0 MPa.
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Discussion

The relative stomalal limitation to photosynthesis. /. takes
into account the changing nature of the dependence ol pho-
tosynthesis on ¢;. Thus, /, depends on many factors and
increases in /, can be caused by 1) decreases in g, 2) de-
creases in 9A/d¢;, or 3) increases in A, (increases in RuBP
regeneration capacity). An increase in /, could mean that
0A/O¢; has decreased relatively more than A,. IHowever,
our data (Figs. 5, 6) indicated that 4, has actually de-
creased more rapidly than 94/0¢; as water stress developed.
The decrease in /. was due to disproportionately larger de-
creases in g rather than a change in the shape of the A
vs. ¢; dependence curve as y, became more negative.

We may lurther ask Lo what degree the absolute decline
in photosynthesis with decreasing y, is attributable to chan-
ges in g vs. changes in intrinsic capacities. This may be
seen by examining A vs. ¢; curves at high and low w,, and
using the notion of supply functions (Farquhar and Sharkey
1982; Jones 1973; Raschke 1979) (Fig. 11). The slope of
a supply function is equal to a specified leaf conductance
Lo gascous CO, dilfusion (mol m 2 s ). The supply func-
tions describe the photosynthetic rates permitted by CO,
diffusional limitations. The intersection of a supply [unction
with an A vs. ¢ response curve gives the photosynthetic
rate and ¢; which would be realized for those conditions.

Two supply functions are shown in Fig, 11 representing
the highest and lowest leal conductances (g) observed dur-
ing the drought experiment. The lowest measured value of
A e 18 indicated by the intersection ol the supply function
g=0.041 mol m~? s ' with the 4 vs. ¢; dependence curve
measured when y, was —4.0 MPa. One of the highest mea-
sured values of A4, during the experiments is given by
the intersection of the supply function g=0.82 mol m 2
s~ ! with the 4 vs. ¢; dependence curve determined when
w; was — 1.9 MPa. IT the intrinsic photosynthetic capacity
had decreased (as was observed) with decreasing leal water
potential, but leaf conductance had remained the same (as
in unstressed plants), then the photosynthetic rate which
would have occurred is found by taking the intersection
of supply function g=0.82 mol m 2 s ! and the 4 vs. ¢
dependence curve determined at a y, of —4.0 MPa. From
this analysis, only 6% of the absolute decrease in photosyn-
thetic rate associated with decreased w, could have been
prevented by maintaining a high g while the intrinsic photo-
synthetic capacity declined. Similarly, we can ascertain what
the photosynthetic rate would have been il values ol A,
and 84/8¢; had remained high, but g had decreased (as
observed). Taking the intersection of supply function g=
0.041 molm %5 ' with the A vs. ¢; dependence curve deter-
mined when y; was —1.9 MPa and comparing this hypo-
thetical value with the same minimum and maximum ob-
served rates described above, we calculate that only 4%
of the total decrease in photosynthesis associated with water
stress could have been prevented by relaining high values
of 4, and 8A4/0¢; while g declined. Thus, while the relative
limitation imposed by stomates increases substantially at
low w,, the absolute decrease in photosynthesis can be at-
tributed almost equally to both stomatal closure and de-
creased intrinsic photosynthetic capacity. Under water
stress conditions, high photosynthetic rates cannot be
achieved by increasing either component alone.

Unlike many desert species, leaves of £, frutescens show
no increase in photosynthetic stability at high temperatures
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Fig, 11, Representative photosynthesis — ¢; dependence curves (so-
lid lines) lor the highest and lowest leal water potentials and supply
functions (dashed lines) with slopes proportional to the highest
and lowest conductances (mol m % s ') (g) observed during (he
drought cycle. The intersection of a supply lunction and a pholo-
synthesis ¢, response curye predicts the photosynthetic rate which
would be obscrved for a leaf with specified value of g and photosyn-
thesis vs. ¢; response curve
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Fig, 12, The relative rate of decline in photosynthesis with decreas-
ing leal waler potential as a function of the calculated photosyn-
thetic rale under optimal conditions of a leal” water potential of
(0 MPa for desert species grown under high irradiances. Data are
[rom several sources: ! Encelia frutescens (this study), 2 Lncelia
farinosa (Ehleringer and Cook 1983), 3 Amaranthus palmeri (Ehler-
inger 1983), 4 Larrea divaricata (Mooney 1980), 5§ Malvastrum ro-
tndifolivm (Forseth and Ehleringer 1983), 6 Lupinus arizonicus
(Forseth and Ehleringer 1983), 7 Nerium oleander (Bjorkman et al.
1980)

in response to higher growth temperatures. This trend, how-
ever is consistent with what has been observed in other
Encelia species (Ehleringer and Bjorkman 1978). Photosyn-
thetic rate reached 50% of maximum at about 43° C and
decreased precipitously with [urther increases in tempera-
ture. This is comparable to the upper limit of thermal stabil-
ity observed in most winter annual species growing under
early spring conditions (Seeman et al. 1980a; orseth and
Ehleringer 1982a). It is below the range of maximum lem-
peratures tolerated by desert evergreen perennials or sum-
mer annuals (Downton et al. 1980), and it is below the
range of many desert winter annuals when acelimated to
end of season conditions (Forseth and Ehleringer 1982a),
This observed photosynthetic tlemperature dependence sug-
gests that leaves of £ frutescens must ulilize periods of
moderate temperatures for photosynthesis and growth or,



under high air temperatures, utilize high g Lo achieve high
rales of evaporative cooling.

E. frutescens had an intermediate ability to maintain
positive photosynthetic rates at low i, when compared to
other sympatric deserl species. 4,,, in annual species [rom
these deserts decreases Lo zero al y, ranging from —1.6
lo —3.85 MPa (Mooney 1980; Ehleringer 1983; Forseth
and Ehleringer 1983). FFor other desert perennials A, de-
creased to zero al w, ranging from —2.1 to —8.0 MPa
(Odening et al. 1974; Bjorkman et al. 1980; Mooney 1980;
Ehleringer and Cook 1983).

There are sulficient data sets now for warm desert spe-
cies that we can ask whether or not the decline in photosyn-
thesis (A4,,,,) with leal water potential is a function of the
maximum photosynthetic rate under optimal conditions or
iff other factors influence the rate of decline of photosynthe-
sis. I'rom the data cited above, we have plotled the calcu-
lated rate of decline of A, with decreasing lcal water po-
tential as a function of A, , under optimal conditions
(Fig. 12). In all of the above cited studies, the decline in
Ay With leal’ water potential was linear, but the minimum
leal water potential in the studies was not identical. There-
fore, Lo place the data on a common basis, we calculated
what the photosynthetic rate (A, o) would have been at
a leal water potential of 0 MPa, and called this the optimal
condition. Although the data clearly Fall into two groups,
it appears that there are small, but significant increases

in the rate of photosynthetic decline with decreasing leal

waler potential as a function of increasing photosynthelic
capacity. By lar though, the major lactor aflecting the de-
cline in 4,,, with leal’ water potential is whether or not
the leaves are capable of active osmotic adjustment in re-
sponse to decreasing soil water availability. Leaves of both
species in the upper curve of Fig. 12 show no osmotic ad-
Justment in response Lo declining soil water availability,
whereas leaves ol all live species in the lower curve of
Fig. 12 exhibit active osmotic adjustment in response 1o
decreasing soil water availability. That the decline in 4,
with leal water polential in leaves which osmotically adjust
is less than hall the rate of those which do not osmotically
adjust to decreased water availability clearly implies that
osmotic adjustment confers an adaplive advantage in water
limited habitats.

Another member of the genus Encelia, which is sympal-
ric with Eneelia frutescens over much of its range but occu-
pies drier sites. is Encelia farinosa Gray. E. farinosa occurs
on rocky slopes, while L. frutescens is generally restricted
to gullies and wash habilats where soil water is more plenti-
ful. The two species are similar in size and habit but difler
in leal' morphology and in photosynthetic response Lo water
stress (Ehleringer and Cook 1983). While E. frutescens
leaves are small (100-250 mm?), essentially glabrous, and
with high absorptances, L. farinosa leaves are larger
(150 1,500 mm?), pubescent, and have low absorptances,

The effect of decreasing v, on the photosynthetic behav-
ior of these two Encelia specics helps to explain the differ-
ences in their respective ecological niches. Although the
leaves of both species show very similar lemperature optima
(Ehleringer and Bjérkman 1978). and neither species is able
to photosynthetically acclimate or Lo tolerate very high leal
temperatures, . farinosa leaves exhibit features which will
allow greater tolerance to hotler, drier microsites than £,
[frutescens, As w, declines, A4, declines more rapidly in
L. frutescens than in I farinosa reaching values of 0 at
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w, of —4.1 and —5.1 for E. frutescens and L. farinosa,
respectively. However, the magnitude of the decline in A4, |
with 7, (umol m % s~ MPa 1) is 13.5% less in E. friutes-
cens than in £, farinosa. The rate of decline in 84/ ¢; with
w (mol m s ! MPa ') is 36% less in £. farinosa than
in £, frutescens. This means that the higher photosynthetic
rates in I farinosa leaves at low w, are due to greater stabili-
ty of intrinsic photosynthetic capacity rather than maintain-
ing higher values of g. As g decreases at lower y,, the
increasing reflectance of £, farinosa leaves helps to keep
leal’ temperatures from greatly exceeding the temperature
optimum, and the components of intrinsic photosynthetic
capacity, 4, and 8A/0¢,, are slow to decline. This allows
L. farinosa Lo inhabit the drier slopes where water availabili-
ly is most limited. The intrinsic photosynthetic capacily
of E. fruteseens on the other hand is more sensilive to de-
creasing w, and this is compounded by the lack of any
mechanism other than high transpiration rates to prevent
excessive leal temperatures when air temperature is above
the photosynthetic optimum. Thus, E. frutescens is found
restricted to the desert wash habitat where soil water is
most abundant.

Reduced soil water potentials may develop recurrently
during the periods when E. frutescens shrubs are active.
The ability of E. frutescens to tolerate moderately low leal
waler potentials while maintaining positive photosynthetic
rates will facilitate exploitation of this intermittent rainfall
regime. The increase in WUE under cuvetle conditions
caused by reduced g may represent a more conservalive
and efficient use ol water as , declines. The potential value
of such a conservalive response in lerms ol increasing whole
shrub seasonal carbon assimilation may be reduced or even
decimated. however, by the increased Aw associated with
higher air and leaf temperatures,

The decline in Ay 88 ¥ decreased was also accompa-
nied by reductions in total canopy cover. These were only
observed in a qudhmlm. manner in this study, but they
would be quite |mpm tant to whole plant photosynthetic
rates. Leal abscission became quile pronounced al very low

. Leal abscission commenced with the oldest leaves and
bccanw noticeably greater in stressed plants compared to
well watered controls as w, in the former decreased to

2.5 MPa. Total leall area was progressively reduced as
y, continued to decrease, because of increased leal abscis-
sion and reduced leaf production. These decreases in total
leal area would interact with the reported decreases in pho-
tosynthetic rate per leaf area in a multiplicative manner
to reduce whole plant carbon gain. The fraction ol the sca-
sonal carbon assimilation made under conditions of low
y; will therefore be rather small, but will depend on the
rate al which y, declines under field conditions. LEven re-
duced rates of photosynthesis late in the season may be
important for crucial functions such as the completion of
seed [illing. Detailed phenological data are therefore needed
for further evaluation of the ecological importance of Lhe
photosynthetic behavior of E. frutescens al low walter polen-
tials.
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