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ABSTRACT

Nocturnal CO, uptake by a Crassulacean acid metabolm succulent,
Agave deserd EageluL (Agavaceae), was measured so that the resstance
properties of the mesophyfl chorenchyma cells and their C02 concentra-
tions could be determi Two equivalents of acidity were p at
night per mole of CO% taken up. Tbe noctural CO0 uptake became light-
saturated at 3.5 mEinsteins cm-2 of photosyntheticaly active radation
(400-700 om) Incident during the p day; at least 46 Elnateis were
required per mole ofC02 fixed. Variations in the daytime leaf temperature
between 20 and 37 C had Uttle effect on nocturnal CO0 uptake. After the
first few hours in the dark, the leaf lquid phase C02 resistance ( r:,) ad
the C02 concentration in the cl yma ceis (c') both increased,
the latter usually reaching the ambint external C02 lvel at the end of the
dark periodx Increasing the leaf surface temerature above 15 C at night
markedly increased the stomatal resistance, r mw,ad c'.

Thbe mimum rCi", at night was about 1.6 seconds cm' . Based on the
ratio of chiorenchyma surface area to total leaf surface area of 82, this
rIiqrCo, corresponded to a cellhar resistance of approximately 130
seconds cm-', comparable to values for yl celis of C3 plants. The
contributio of the carboxylatlo reactio and/or other bhcal steps
to rcqo, may increase apprecably as the nlhtte temperature shifts a few
degrees from the optimum or after a few hours In the dark, both of which
caused large increases in rO%. This necessitates a large interad leaf area
for CO diffusio into the chlrechyma to support moderate nocturnal
C02 uptake rates by these succulent leaves.

Under optimal photosynthetic conditions the leaf liquid phase
resistance for CO2 uptake is generally considerably larger than the
gas phase resistance in series with it (5, 13), and so I1 2 is usually
the main determinant ofthe upper limit ofphotosynthetic capacity
of a leaf. In general, when the mesophyll region is thicker, the
area available for CO2 to diffuse into the cells is greater, and
consequently r?c"2 is then lower. A useful parameter quantifying
such an effect of leaf anatomy on photosynthesis is Ame8/A, the
surface area of the Chl-containing mesophyll cells exposed to the

' This investigation was supported by Energy Research and Develop-
ment Administration Contract EY-76-C-03-0012.

2Abbreviations: A/A: surface area of mesophyll chlorenchyma cells
per unit leaf area; CAM: Crassulacean acid metabolism; c,c0: CO2 con-
centration in chlorenchyma cells; co2: C02 concentration in mtercellular
air spaces just outside chlorenchyma cells; Jco,: net C02 influx into leaf;
PAR: photosynthetically active radiation; rco: cellular CO2 resistance
expressed on a chlorenchyma surface area basis; rc :gas phase C02
resistance; rco2: intercellular air space C02 resistance; ri2 liquid phase
CO2 resistance; rw,: water vapor resistance of leaf.

intercellular air spaces/unit leaf surface area (3, 18). The present
report deals with Agave deserti Engelm. (Agavaceae), whose suc-
culent leaves have an extremely large A"'e/A.

Succulent plants typically have a thick chlorenchyma and ex-
hibit CAM, which involves a diurnal fluctuation in tissue acidity
and nighttime stomatal opening (1, 24). The great thickness of the
photosynthetic tissue leads to a large A"'e/A, which can be 88 for
A. deserti (15) and 137 for the stem succulent Ferocactus acan-
thodes (16), far greater than the values of 5 to 25 on a total leaf
area basis generally observed for C3 and C4 plants (18). The large
surface area ofthe chlorenchyma should lead to a low liquid phase
resistance and hence favor a high rate of CO2 uptake. However,
CAM plants generally grow slowly and also have lower maximum
CO2 uptake rates than do C3 or C4 plants (1, 24). Here, the
photosynthetic consequences of the thick chlorenchyma or A.
deserti were examined and the properties of the cellular resistance
for CO2 uptake, about which little is known for any CAM plant,
were investigated.

MATERIALS AND METHODS

Plant Material. Mature plants of A. deserti Engelm. (Agava-
ceae) having 17 to 23 leaves were transplanted from the western
Colorado desert near Palm Desert, California, and then main-
tained in desert soil in growth chambers. Unless indicated other-
wise, the chambers provided 14-hr days with leaf temperatures of
26 ± 1 C, a water vapor concentration of 8 ± 1 ,ug cm-3, and a
daily average of 1.7 mE cm-2 of PAR in the planes of the leaf
surfaces. PAR (400-700 nm) was provided by warm-white flu-
orescent lights supplemented with tungsten-filament lamps and
was measured with a Lambda Instruments LI-190S quantum
sensor. For the 10-hr nights the leaf temperatures were 15 ± 1 C
and the water vapor concentration was 8 ± 1 ,ug cm-3. Soil water
potential was measured with a Wescor HR-33T dewpoint micro-
voltmeter using PT5 1-05 soil thermocouple psychrometers placed
10 cm below the soil surface; it averaged -3 ± 1 bar just before
the weekly watering with one-tenth Hoagland solution and -0.5
+ 0.2 bar a day later.
A`'S/A was calculated as described previously (18). To deter-

mine the reflectance of each side of the leaves, comparisons were
made with standards prepared using Minnesota Mining and Man-
ufacturing brand 202-A10 velvet white paint with a mean reflec-
tance of 0.91 to PAR and 101-C10 velvet black paint with a
reflectance of 0.02. Transmittance to normally incident PAR was
determined for leaf sections of various thicknesses; to minimize
the introduction of refractive index changes into the lightpath, the
cut tissue was placed directly onto a quantum sensor whose surface
had been lightly moistened. Samples for measuring the amount of
titratable acidity (4) in leaves were taken with a cork borer (1.35
cm inside diameter) at the beginning and end of the 10-hr dark
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period. For studies on leaf symmetry the cored samples were
divided at their midplane (leaves were about 0.9 cm thick at
midleaf) so that acidity changes on the adaxial and abaxial sides
could be separately determined.
Gas Exchange. Net rates of CO2 uptake and transpiration were

measured using a null-point system (8, 11). A Beckman 315B IR
gas analyzer (calibrated using standards prepared by Matheson
Gas Products) monitored the CO2 concentration and a Cambridge
Systems EG&G 880 dewpoint hygrometer measured the water
vapor concentration. Specific CO2 and water vapor concentrations
were maintained in the assimilation chamber using a Paige Instru-
ments dual proportional controller to meter compensating gases
that were dehumidified, CO2-free, or enriched in CO2. The rates
of flow through the compensating lines were measured with
Technology LFC linear mass flowmeters. Approximately 110 cm2
of total leaf area from the distal part of an attached leaf (about 26
cm long and 7 cm wide at midleaf) were sealed into the assimila-
tion chamber (inside dimensions of 21 cm x 53 cm). A fan in the
assimilation chamber provided an air flow past the leaf averaging
180 cm sec-'. Leaf surface temperature was measured with iron-
constantan thermocouples (0.008 cm in diameter) and was rou-
tinely maintained at 15.0 ± 0.2 C by thermoelectrically controlling
the air temperature using Peltier modules.

Except as noted below, gas exchange was measured for 15-min
periods when the CO2 uptake rate was fairly constant and maxi-
mal, e.g. I to 4 hr after the dark period began for a daytime PAR
of 1.7 mE cm-2. For experiments to be compared with those on
titratable acidity, the gas phase in the assimilation chamber was
334,u 1-' CO2 in air containing 7.0 ± 0.1 ,ug cm-3 water vapor.
To minimize respiration in experiments involving resistance anal-
ysis, 02 was only 1.2 ± 0.2% of the gas in the assimilation chamber,
which then consisted of various CO2 concentrations in N2 plus 7.0
± 0.1 ,ug cm-3 water vapor.

Resistance Analysis. The resistance for water vapor loss from
the leaves (r.,) was set equal to the water vapor concentration
drop from leaf to air (assuming that the water vapor concentration
in the leaf was the saturation value at the leaf surface temperature)
divided by the measured transpiration rate. When respiration and
photorespiration are relatively negligible as can occur at low 02
concentrations, the rate of CO2 uptake per unit total leaf area
(Jco2) is equal to the over-all CO2 concentration drop (Acco2)
divided by the total CO2 resistance (rco2):

0 ianAco (fJ- C~, C C-
Jco r= r 2o= 2+ C(2 AM +

i rhlq(1

where c'0 is the CO2 concentration in the assimilation chamber,
cC02 the concentration in the intercellular air spaces just outside
the chlorenchyma cells, and cC02 an internal CO2 concentration
in the chlorenchyma cells.
The gas phase CO2 resistance (r'2) was replaced by 1.56 r,,,

+ rCO2 where 1.56 represents the ratio of the diffusion coefficient
of water vapor to that of CO2 and rC2 is the resistance for CO2
diffusion from the major sites of water evaporation, presumably
near the inner side of the stomatal pores (2,9), to the chlorenchyma
cell walls where CO2 enters the liquid phase. This latter resistance,
which corrects for the differences in gas phase pathlength for C02
and water vapor and is particularly important for succulent plants
with their thick chlorenchyma, was calculated as follows. The
distance from the inner side of the epidermis to the middle of the
Chl distribution within the chlorenchyma (0.45 mm) was taken as
the mean distance for additional CO2 gas phase diffusion com-
pared to the water vapor pathway. Dividing this distance by the
measured volume fraction of the chlorenchyma that was intercel-
lular air space (0.23) gave a corrected distance. This corrected
distance divided by the CO2 diffusion coefficient equals r" (13),
which was estimated to be 1.2 sec cm-'. According to this simpli-
fied analysis, the calculated c'2 at the mid-Chl plane under

ambient conditions was within 3 ul 1- of that predicted using a
continuously varying C02 concentration within the chlorenchyma
(22). Using the factor 1.56 in the relation for rBc'a is a useful
approximation when the boundary layer resistance is low com-
pared to the stomatal resistance. Here, the stomatal resistance was
always at least 12 times greater than the calculated boundary layer
resistance (13) at the widest part of the leaf (0.4 sec cm-') as well
as the one measured using wet filter paper in the same general
shape as a leaf of A. deserti (0.5 sec cm-'); hence, ignoring the
different ratio of water vapor to CO2 resistance for the boundary
layer than for the stomates led to at most a 1% overestimate in
calculating rc2 for this part ofthe pathway (14). Another potential
error involves ignoring the frictional drag caused by collisions of
water vapor molecules leaving the leaf with CO2 molecules enter-
ing. Under usual conditions and for maximal nocturnal CO2
uptake, calculations showed that this effect caused the effective
rg2 to be underestimated by 2% (5). The percentage error in
rco, increased as Jco%, decreased, but the absolute error incc2, a
crucial parameter in the present analysis, decreased.
The liquid phase CO2 resistance (rliq), which like rc,` is

expressed on a total leaf area basis (both sides) for these succulent
leaves, includes the sum of the resistances to diffusion presented
by the cell walls, plasmalemmas, and cytoplasm. For the C3 and
C4 pathways of photosynthesis, the diffusive resistance of the
chloroplast membranes as well as the nondiffusive resistances
associated with the excitation and carboxylation aspects of pho-
tosynthesis are also generally included in rlc'2 (6), while the matter
is as yet unclear for CAM plants. In any case, rc2 is related to
the liquid phase resistance for CO2 fluxes expressed per unit of
exposed surface area of the mesophyll chlorenchyma cells, r',
as follows:

rc, = rcoI,/(Am18/A) (2)

To avoid complications caused by changes in stomatal resist-
ance, such as those which can be in response to CO2 itself, the net
uptake ofCO2 for various external CO2 concentrations was plotted
versus c:ro,. The latter concentration was calculated by subtracting
the C02 concentration drop across the gas phase (rcgm x J co2)
from the external CO2 concentration. As equation I indicates. the
reciprocal of the slope of Jco2 versus ci2 gives rq while the
intercept on the abscissa gives c 02. However, cc02 would be
expected to change as the external CO2 level varied. Consequently,
the intercept on the abscissa of the tangent to the
Jco2 versus cc02 curve for a c"2 corresponding to the ambient
CO2 level of 334 ,ul 1- was used to estimate c'002 Likewise, the
reciprocal of the slope of such a tangent was used to give an
rli2 appropriate to ambient conditions.

RESULTS AND DISCUSSION
Leaf Symmetry. The two sides of an A. deserti leaf are similar

in the extent of their mesophyll chlorenchyma and their absorp-
tance (Table I). The thickness of the chlorenchyma and its Ames/A
were measured to the depth where the chloroplasts covered less
than 5% of the cell surface area (the chloroplast layer occupied
about 40% of the cell surface area in the outer part of the
chlorenchyma). Table I indicates that about 25% of the PAR
incident on either side of a leaf was reflected and an additional
16% was absorbed by the cuticle, epidermis, and hypodermis,
since only 59% of the incident PAR was transmitted to the
underlying chlorenchyma (about 1% passed through the chloren-
chyma on either side of a leaf). The optical properties on the two
sides of a leaf were similar and led to similar diurnal changes in
acidity in response to a given PAR (Table I). The following
experiments describe the average properties of the abaxial and
adaxial sides of these apparently symmetrical monocot leaves.

Response to Daytime Radiant Flux. As the PAR incident on a
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Table I. Properties of the Two Sides of Agave deserti Leaves

Data on the chlorenchyma and optical properties are presented as
average 4 standard deviation (number of measurements). Acidity was
the average value for three leaves maintained under the indicated
radiant flux (same on the two sides) for 3 days; it was measured at
the beginning and end of the dark period (or the corresponding time
for plants maintained in the dark).

Adaxial Abaxial

Chlorenchyma thickness (mm) 1.24 * 0.10 (12) 1.25 * 0.09 (12)
Chlorophyll (jg cm2) 98 * 7 (10) 91 * 8 (10)
Ames/A 81 i: 3 (10) 82 4 4 (10)
Reflectance of PAR 0.23 * 0.03 (8) 0.27 o0.04 (8)
Transmittance of PAR o.60 * 0.02 (8) 0.58 * 0.02 (8)

to chlorenchyma

Acidity level (4&eq cm 2)

Adaxial Abaxial

Beginning End Beginning End

Dark -2 22.4 22.1 24.6 25.1
2.0 mEinsteins cm 10.4 46.1 10.4 47.0

0 1 2 3 4 5

Photosynthetically active radiation (m Einsteins cm2)

FIG. 1. Relationship between total daytime PAR and nocturnal in-
crease in titratable acidity for A. deserti. Leaves with approximately equal
radiant fluxes on the two sides were maintained for I week under each
condition before measurement. The change in acidity is expressed on a
total leaf area basis (both sides).

leaf during the daytime was raised, the acidity produced the
following night steadily increased (Fig. 1). The PAR, which was
equalized ±5% on the two sides of a leaf using neutral density
screens (cheesecloth) and aluminum foil reflectors, approached
light saturation of acid production near 3.5 mE cm-2. In compar-
ison, nocturnal CO2 uptake approached a maximum for about 2.6
mE cm 2 of daytime PAR for Bryophyllum daigremontianum (7)
and 3.0 mE cm-2 for F. acanthodes (16). The maximum daily PAR
incident on a horizontal plane in the summer in the native habitat
of A. deserti is approximately 7.5 mE cm-' (14). The summertime
maxima are about 4.4 mE cm-2 in the plane of the adaxial surface
and 2.4 mE cm 2 for the abaxial one for leaves analogous to those
used here. Thus, the saturation of nocturnal titratable acidity with
preceding incident PAR (Fig. 1) is well matched to the maximum
PAR that the two sides would receive in the desert.

Conversion of storage carbohydrate (e.g. starch) to malate via
glycolysis with the incorporation of CO2 should result in the
production of 2 eq of acid/mol of CO2 taken up. On this basis,
about 26 ,umol of CO2 cm 2 were fixed at night for daytime PAR
saturation (Fig. 1). The maximum slope in Figure 1 indicates that
a minimum of 40 E PAR were incident on the leaf/eq of acidity
produced. Since about 58% of the PAR incident on a leaf was
absorbed by the chlorenchyma, 23 E were absorbed there/eq of
acid produced. Thus, the absorption of at least 46 E was re-
quired/mol of CO2 fixed. This represents a considerably lower
efficiency of quantum use in CO2 fixation than for various horti-

cultural plants, where the minimum quantum requirement for
photosynthesis on an absorbed quantum basis ranges from 11 to
22 E/mol CO2 (21). For F. acanthodes in the field at least 68 E of
PAR were absorbed during the day/mol of CO2 fixed at night
(16). The physiological basis for the low quantum efficiency for
CO2 fixation by these CAM plants is unclear at present.
To verify the 2:1 ratio of acidity increase to CO2 fixed and to

study the kinetics of CO2 influx at night, the time course of CO2
uptake during the entire dark period was examined (Fig. 2). For
the usual daytime PAR of 1.7 mE cm2, the nocturnal CO2 uptake
rate approached a maximum of approximately 0.7 nmol cm-2
sec-' about 1 hr into the dark period, stayed near this level for 3
hr, and then gradually declined, becoming zero near the end of
the 10-hr dark period. Figure 1 indicates that the nocturnal
titratable acidity increase for this PAR is 31.0 ,ueq cm2, from
which the predicted nocturnal CO2 uptake would be 15.5 ,tmol
cm-2, quite close to the measured nocturnal CO2 uptake of 15.1
,umol cm-2 (area under the 1.7 curve in Fig. 2). When the daytime
PAR was reduced to 0.8 mE cm2, the net nocturnal CO2 uptake
(Fig. 2) was 5.4,mol cm-2 (compared to 5.1 ,mol cm-2 predicted
from Fig. 1) and for 3.7 mE cm-2 it was 25.8 ymol cm-2 (25.2
,umol cm-2 predicted). Thus, the change in titratable acidity from
the beginning to the end ofthe dark period is an accurate reflection
of the total nocturnal CO2 uptake by A. deserti, on the basis of 2
eq of acid/mol of CO2.
As the PAR was increased from 1.7 to 3.7 mE cm-2, the

maximum rate of nocturnal CO2 uptake increased only slightly
(Fig. 2). When Jca2 was maximal, the gas phase contributed over
70%o of the total CO2 resistance (rcoa, equation 1). For instance,
the minimum rw, under the conditions for Figure 2 was about 7
sec cm-1, for which r5c'a would be 12 sec cm-', while the minimum
rco2 was 17 sec cm' following the 1.7-mE cm-2 daytime PAR
and 16 sec cm-2 following 3.7 mE cm-2. As the PAR during the
daytime increased from 1.7 to 3.7 mE cm2, the period during
which the nocturnal CO2 uptake rate was near the maximum
became greater. Apparently, increases in the daytime PAR in-
creased the pool size of some factor(s) necessary for nocturnal
incorporation of C02, which caused the nocturnal CO2 uptake
rate to stay at its maximum value for a longer time.

Effect of Daytime and Nighttime Temperatures. Varying the
daytime leaf temperature from 20 to 37 C at a constant nighttime
temperature of 15 C caused relatively little change in the nocturnal
increase in titratable acidity, while above and below that range
the acidity increase was less (Fig. 3). A somewhat greater depend-
ency of nocturnal malic acid increase on daytime temperature has
been reported for Kalanchoe blossfeldiana (20). Similarly, in de-
tached leaves ofAnanas comosus the daytime decrease in titratable
acidity was markedly reduced below about 25 C, reflecting an
increase in activation energy for the decarboxylation reaction (10).

l

E OALCL

00

0 2 4 6 8 10
Time in dark (hr)

FIG. 2. Kinetics ofCO2 uptake in the dark. Plants were maintained for
5 days at the PAR indicated in mE cm2 next to the curves. Nocturnal leaf
surface temperature was 15.0 ± 0.2 C.
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FIG. 3. Influence of daytime leaf surface temperature on nocturnal
acidity increase. Plants were maintained for 7 days at 2.0 mE cm-2 under
each temperature before sampling at the beginning and end of the dark
period, for which the leaf surface temperature averaged 15 C.

For A. deserti the nocturnal CO2 uptake was influenced consid-
erably more by nighttime than by daytime temperatures. The
nocturnal CO2 uptake in air gradually increased as the leaf surface
temperature was raised from 5 to 16 C, and then progressively
decreased as the temperature was raised further (Fig. 4). When
the 02 concentration of the gas phase was lowered to 1.2%, the
CO2 influx had a maximum value near 17 C, remained higher
than the CO2 uptake in normal air above 17 C, and became zero

near 35 C. The greater net CO2 influx in the near absence of 02,
which became more apparent at the higher leaf temperatures (Fig.
4), presumably reflected reduced respiration. A similarly small
effect of 02 on dark CO2 uptake near 15 C has been observed for
Kalanchoe daigremontiana (19), while a substantial drop in CO2
uptake of B. daigremontianum as the temperature was raised above
15 C was evidently caused by increased respiration (7). The low
temperature optimum for nocturnal CO2 uptake (often near 15 C)
is a commonly observed characteristic of CAM plants (7, 12, 16).
As the nighttime leaf surface temperature was raised from 6 to

20 C, the water vapor resistance gradually increased, while further
elevation of the temperature caused steeper increases in r,, (Fig.
4). A similar stomatal temperature sensitivity has been observed
for this species in field studies (15) and also for Agave americana
(12) and F. acanthodes (16), e.g. increasing the temperature from
25 to 35 C caused at least a doubling in rwv for all three of these
succulents. The level of 02 (21% versus 1.2%) had no significant
influence on r1,,, for A. deserti, consistent with results on K
daigremontiana (19).

Liquid Phase Resistance and Internal CO2 Concentration. The
decrease in CO2 uptake as the nocturnal temperature was raised
above 20 C was only partly due to increases in stomatal resistance
(Fig. 4), as changes in the chlorenchyma played a more important
role. The slope of the CO2 uptake versus c" curve decreased as
the temperature was raised from 16 to 34 C (Fig. 5), indicating
that the liquid phase resistance increased. Also, the intercept on

the abscissa became progressively larger, signifying that the CO2
level in the chlorenchyma cells was rising. These important attri-
butes are seen more clearly in Figure 6, where rco.2 and c402 are
the values for the tangent to Jco2 versus c7 curves at intercellular
CO2 concentrations occurring for the ambient external CO2 con-

centration (334 ,l 1-'). At 35 C the CO2 concentration in the
chlorenchyma cells just exceeded the ambient external CO2 level,
and hence the net flux was then out of the leaf (Fig. 4).
The minimum value of 1.6 sec cm-' for r'LCO occurred near 16 C.

This resistance was twice as large at 10 C and 22 C and became 40
sec cm-' at 35 C (Fig. 6), indicating a very narrow range of
optimal temperatures for nocturnal CO2 fixation. The liquid phase
resistance for Opuntia basilaris had mean values of 10 to 50 sec

cm-', with occasional values approaching 2 to 3 sec cm-' (23).
The initial increase in Jco2 in the dark (Fig. 2) reflected a

decrease in rwv (Fig. 7), which was so large for the Ist hr or so that
accurate determinations of r'C were then not possible with the
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FIG. 4. Temperature dependence of nocturnal CO2 uptake and sto-
matal resistance of A. deserti. The same leaf was used in normal air (V,
A) and then in 1.2% 02 (El, 0) on consecutive nights. The water vapor
concentration drop from the leaf to the air was 5 + I jig cm-'.
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FIG. 5. Dependence ofnocturnal CO2 uptake on the C02 concentration

in the intercellular air spaces for the indicated leaf surface temperatures.

Measurements were made for 1.2% 02.
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FIG. 6. Effect of nighttime leaf temperature on the liquid phase resist-
ance and internal CO2 level. The tangents to curves such as those in Fig-
ure 5 were used to determine ri and c4 at the c corresponding to an

external CO2 concentration of34 p1plI.

present procedure. Following a daytime PAR of 1.7 mE cm-2,
rco,, and c603 apparently had their minimum values between I and
4 hr after the beginning of the dark period (Fig. 7). After 4 hr in
the dark the CO2 influx decreased markedly (1.7 curve in Fig. 2)
with little change in rw. (Fig. 7), indicating an increase in the
liquid phase CO2 resistance and/or in the internal CO2 concentra-
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Fii. 7. Changes in resistances and internal C0 concentration during

the night. The water vapor resistance(rod) was the average measured
value, whiler6and , andc(nd were calculated as in Figure 6 for conditions
otherwise like those for the 1.7 curve of Figure 2.

tion. In fact, both rg, and c'c*, increased steadily after about 4 hr
in the dark (Fig. 7). At the end of the 10-hr dark period, c fwas
the same as the external Co2 level and there was no net flux in
this particular case (1.7 curve in Fig. 2).
Minimum Cellular Resistance. The minimum value for the

liquid phase Co2 resistance of A. deserti was about 1.6 sec cm'
(Figs. 6 and 7). Considerable uncertainty exists in this estimate, in
part due to the large values of rwv (often over 7 sec cm') and the
oversimplification of equating the gas phase CO2 resistance to
1.56 wh+ r2. Uncertainties also exist in the appropriateness of
the measuredAmi/A of 82 (Table I), since about 20% of it
represents contributions from chlorenchyma cells where the chlo-
roplast layer does not extend over even 10% of the cell surface
and hence represents cells that are presumably not very active
photosynthetically (these cells are at the innermost part of the
chlorenchyma and would not receive much PAR). Moreover,
some of the initial carboxylating enzyme presumably exists in the
cells with very low Chl (not included in A"-e/A) and perhaps even
in the appreciable storage tissue in the center of these succulent
leaves. Still it is interesting to compare the minimum cellular

cela llae o :an A lns

resistance rcon, equation 2) for A. deserti with values obtained for
other plants. For an r2 of 1.6 sec cm-' and an Arne/A of 82,
at is 130 sec cm-', comparable to values for C3 plants. For
instance, rC02 can be 85 sec cm-' for Alsophila australis, 92 sec
cma for Adiantum decorum, 108 sec cm-' for Plectranthus parvi-
florus, 190 sec cm' for Mnium ciliare, and 203 sec cm-' for Hyptis
emoryi (14, 17). Thus, under optimal conditions the resistance for
CO2 diffusion from the intercellular air spaces across the cell wall,
plasmalemma, and any other barrier plus the resistance of the
carboxylating step can be about the same per unit chlorenchyma
cell wall area forCt i and CAM plants.

Consequences of Large Intermal Leaf Area. The liquid phase
resistance and internal Co2 concentration increased appreciably
at temperatures a few degrees from the optimum (Fig. 6) or after
a few hr in the dark (Fig. 7). Such increases could occur if there
were aCo2 source within the leaves that increased, but this is not
considered likely in 1.2% 02 under all of the conditions for Figures
6 and 7, viz, long periods in th-e dark, low temperatures, and high
temperatures. Since no major change would be expected in the
resistance for the part of the pathway where CO2 moves by
diffusion, the increase inrqu , may represent an increase due to
the carboxylation reaction and/or other biochemical steps. This
suggests that not only can enzymic reactions contribute to r liq

(althoug,h it may be questionable to treat such processes using

became rate-limiting, r"2 would increase, causing the internal
CO2 level to rise (Figs. 6 and 7), and the driving force for CO2
entry into the leaf would become less. Research is needed on how
the biochemical steps of CO2 fixation could cause such a severe
limitation on nocturnal CO2 uptake when the conditions shift only
moderately from the optimal ones.
Were it not for the extremely large A""'/A for A. deserti, then

the increase in rcl'.'t, as the conditions become suboptimal would
severely restrict CO2 uptake. To illustrate this, consider an A""'/A
of 82 for each side of a leaf, a typical rw, of 6 sec cm-', a c'1. of
70 pl I', and a suboptimal r"i'1, of 10 sec cm-'. The net CO2
uptake would then be 0.52 nmol cm-2 sec-', which is not far from
the maximum observed for A. deserti. If the A"eV/A were reduced
to 15, a typical value for each side of the leaf of a C: plant ( 18),
and the cellular resistance and CO2 concentrations were un-
changed, then the net CO2 uptake would be more than 3-fold
lower. Thus, the large Anes/A of A. deserti can keep the liquid
phase resistance reasonably low, an especially important consid-
eration when the temperature shifts a few degrees from the optimal
value or the leaves have been in the dark for more than a few hr.
Consequently, the large area for the chlorenchyma of both leaf
and stem succulents may well be necessary for such CAM plants
to maintain substantial rates of nocturnal CO2 uptake.
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