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Biomass accumulation and area expansion of newly initiated cladodes of Opuntia
ficus-indica were studied to help understand the high productivity of this Crassula-
cean acid metabolism species. In a glasshouse, both dry weight and area increased
more and more rapidly for about 30 days and then increased linearly with time up to
63 days. The relative growth rate averaged 0.12 day™', comparable to values for
productive C; and C, plants. New cladodes initiated on basal cladodes with 2-fold
higher initial dry weight grew twice as fast. Drought reduced biomass accumulation
and area expansion of new cladodes by 62 and 52%, respectively. A 70% reduction in
irradiation decreased biomass accumulation of new cladodes by 17% and their
thickness by 11%. In a growth chamber containing 720 umol CO, (mol air)™'.
biomass of newly initiated cladodes was 7% higher, area was 8% less, specific mass
was 16% higher and less carbohydrate was translocated from basal cladodes than for
360 umol CO, mol~'. The large capacity for storage of carbohydrate and water in
basal cladodes of O. ficus-indica apparently buffered environmental stresses, thereby
reducing their effects on growth of daughter cladodes.
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Introduction

Plant growth determines canopy development and crop
yield,- as can be analyzed using absolute growth rates
(dry weight increase per unit time), relative growth
rates (dry weight increase per unit dry weight per unit
time) and specific leaf mass (leaf dry weight per unit leaf
area; Hunt 1982). Relative growth rates and the concept
of plant life forms have also been used to understand
productivity of species in their natural environments
(Grime and Hunt 1975, Lambers et al. 1990). For exam-
ple, tall fast-growing species with extensive lateral ca-
nopy spread predominate in productive undisturbed
habitats, and short-lived species with high relative
growth rates usually colonize disturbed habitats. Stress-
tolerant plants characteristically have low relative
growth rates and small stature (Grime and Hunt 1975).

Carbohydrate assimilated by leaves generally consti-
tutes more than 90% of plant dry weight, so leaf growth
responses to the environment have been extensively
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investigated (Dale and Milthorpe 1983, Baker et al.
1985). Water availability plays a key role; for example.
leaf expansion is sensitive to water stress (Bradford and
Hsiao 1982). Also, leaves developing under high irradi-
ance tend to have small areas and high specific mass
(Bjorkman 1981, Schnyder and Nelson 1989). Studies
with Abutilon theophrasti, Amaranthus retroflexus, Cal-
listerphus chinensis and Glycine max indicate that spe-
cific leaf mass increases with increasing external CO.
concentration (Hughes et al. 1970, Bazzaz et al. 1989.
Vu et al. 1989).

The main organs for light interception and CO, up-
take by Opuntia ficus-indica, a highly productive and
commercially cultivated Crassulacean acid metabolism
(CAM) species, are its cladodes (flattened stem seg-
ments). Its maximal daily net CO, uptake rate on a
projected area basis is 1080 mmol m~2day~' (Nobel and
Hartsock 1983), similar to values for highly productive
C, and C, plants (Nobel 1991). Its water-use efficiency
over a 24-h period can be 10 mmol CO, (mol H,0)"'
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(Nobel 1988), about 10-fold higher than for C, plants
and 5-fold higher than for C, plants (Nobel 1991). When
water is not limiting, O. ficus-indica can have an annual
aboveground dry-weight productivity of 47 Mg (tonnes)
ha™! year™!, which is higher than for all other species
except a few C, species such as Pennisetum purpureum
and Saccharum officinarum (Nobel 1991). However,
cladode biomass accumulation and area expansion by
O. ficus-indica have not been systematically investi-
gated. Moreover, information about cladode growth
responses to various factors is essential for understand-
ing the productivity and adaptability of this species to
highly variable environments in arid and semi-arid re-
gions.

The present study was initiated to quantify biomass
accumulation, area expansion and specific mass of
newly initiated cladodes as affected by basal cladode
initial dry weight, light level, water availability and ex-
ternal CO, concentration. Basal cladodes of two differ-
ent initial dry weights were treated with two levels of
light and two levels of water in a glasshouse, and the
effect of CO, concentration on cladode growth was
studied in growth chambers. Nondestructive methods
were used to determine the time course of cladode
biomass accumulation and area expansion, which were
described by a combination sigmoidal-linear function.

Abbreviation - SCM, specific cladode mass.

Materials and methods

Plant material

Cladodes of Opuntia ficus-indica (L.) Miller about 35
cm long, 20 cm wide and 2 cm thick were obtained from
a commercial plantation. They were planted with ap-
proximately one-third of their surface area below the
soil surface in 5-1 pots containing a loamy sand. The
plants were maintained in a glasshouse at the University
of California, Los Angeles, for 6 or 18 months with
average daily maximum/minimum air temperatures of
27/16°C, daily maximum/minimum relative humidities
of 60/30%, and about 80% of ambient solar radiation.
The plants were watered twice weekly with 0.1-strength
Hoagland’s solution no. 1 supplemented with micro-
nutrients (Hoagland and Arnon 1950). The dry weight
of the basal (planted) cladodes averaged 83 + 5 g (mean
+ se) and 143 + 9 g for plants maintained in the glass-
house for 6 and 18 months, respectively, before use in
the experiments.

Glasshouse experiments

Biomass accumulation and area expansion for a single
daughter cladode growing on the basal cladode were
investigated for two levels for each of three variables
(initial dry weight, light level and water availability).
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After the first daughter cladode was initiated, subse-
quent daughter cladodes were periodically removed.
One week after the daughter cladodes were initiated,
the plants were well watered as usual or droughted (no
watering) and the total daily photosynthetic photon flux
density (PPFD) on a horizontal plane averaged 40 mol
photons (from 400 to 700 nm) m~2 day~' (measured with
LI-190S quantum sensors; LI-COR, Lincoln, NE,
USA) or reduced by 70% with neutral-density shade
cloth; the total daily PPFD in the planes of the daughter
cladodes averaged about 20 mol m~? day~! for the con-
trol and 6 mol m~2 day~! for the shaded condition. The
soil water potential in the root zone (measured with
PCT-55-05 soil thermocouple psychrometers; Wescor,
Logan, UT, USA) was above —0.3 MPa for the well-
watered plants and decreased below —1.5 MPa for the
droughted plants at 10 days after the cessation of water-
ing.

Growth-chamber experiment

To study the effect of external CO, concentration on
cladode growth, plants with the low initial dry weight
were placed in growth chambers with CO, concentra-
tions of 360 or 720 umol (mol air)"'. The plants were
well watered, and the day/night air temperatures were
25/15°C. The photoperiod was 12 h with a PPFD of 300
umol m~2 s7!, leading to a total daily PPFD similar to
the shaded treatment in the glasshouse.

Measurements of cladode biomass and area

Dry weight and surface area of cladodes were deter-
mined weekly for 2 months. For the glasshouse experi-
ment, the area (cm?) of both sides of a cladode (cla-
dodes are thick and hence opaque. so the two sides act
independently for PPFD absorption) was calculated
from 1.54 X length in cm X width in cm (r* = 0.99), a
relationship derived from the areas of 26 cladodes of
different sizes measured with a leaf area meter (Delta-T
Devices, Cambridge, UK). Dry weight (g) of a cladode
was determined from 0.0477 X length in cm X width in
cm X thickness in cm (r* = 0.93), a relationship derived
from 35 cladodes of different sizes dried in a forced-air
oven at 80°C until no further weight change occurred.
For the growth-chamber experiment, the relationship
between cladode surface area and the product of length
and width was the same as for the glasshouse experi-
ments, whereas dry weight of such cladodes was deter-
mined from 0.0413 X length X width X thickness (r* =
0.96), a relationship derived from 20 cladodes of differ-
ent sizes.

Cladode growth analyses

Biomass accumulation and area expansion of the new
daughter cladodes were described by a combination
sigmoidal-linear function:



W
o

C

[¢b)

o]

S 20 -

3] .

S -

“5 &

3 10 3

4]

£

S

@ 0 +—

> 0.8 i

©

2 06 7

[

S 04 1

.E J

§ 0.2

o |
0_0 | | - I | | L L |

O 10 20 30 40 50 0 10 20 30 40 50 O 10 20 30 40 50 60

Time (days)
Fig. 1. Time courses for biomass (dry weight) accumulation (A-C) and absolute growth rate (D-F) for new daughter cladodes of
Opuntia ficus-indica: (A, D) low or (B, E) high initial dry weight of basal cladode, showing influence of water availability and light

level; and (C, F) influence of ambient CO, concentration with low initial dry weight. Symbols represent mean + sg (n=

4), except

when the error bar is smaller than the symbol: O, control under wet unshaded conditions: O, droughted; A, shaded; O,
droughted and shaded; V, 360 umol CO, mol~!; and ¥, 720 umol mol~'. Lines in A-C represent fitted curves (Eq. 1) and in D-F

represent the corresponding time courses for growth rates (Eq. 2); —, control; ———, drought; - - - - - , shading; - - - - , drought
plus shading; —-—-— » 720 pmol mol~! CO,.
K at which cladode growth changed from sigmoidal to
- tat 1 linear(t,_,,, day) was estimated as -
1 +e"c o

where Y is the ¢ladode dry weight (g) or total surface
area for both sides (cm?); K, a, b and ¢ are empirical
parameters; and t is the time (day). Optimal values of
parameters were determined by a nonlinear least-
squares method (Press et al. 1989).

Cladode absolute growth rate (G), representing the
absolute biomass accumulation rate (g day™!) or the
absolute area expansion rate (cm? day™'), was calcu-
lated as follows:

dy a c(K+at)e"
C=Fr=TT—=t————= )]

The maximal absolute growth rate and the time of its
occurrence were calculated numerically with the Gold-
en-section search method (Press et al. 1989). The time
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b +4.595
b= —— ()

Aftert,,, the term e~ in Equation 2 approached zero,
so the absolute growth rate approached the constant a.
The relative growth rate (R, day™') in both the sig-
moidal and the linear phases was

Iny,—Iny,
R==—r— 4)
L—

where y, and y, are the cladode dry weight or surface
area at times t; and t,, respectively.

Specific cladode mass (SCM, g cm™?) was calculated
by dividing the cladode dry weight by the cladode sur-

face area. Four randomly chosen plants were used for
each treatment in all experiments.
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Tab. 1. Parameter values for biomass accumulation b
(DW), water availability, light level and ambient CO;c¢
coefficient of determination. G, is the maximal absolute biomass accumulati

time at which biomass growth changed from sigmoidal to linear; and R; and R,

linear phases, respectively.

y new daughter cladodes, as affected b
oncentration. Biomass accumulation w.

y basal cladode initial dry weight
as described by Equation 1; r? is the
on rate, which occurred at time {6 maxs s IS the
are the relative growth rates in the sigmoidal and

Experiment  Treatment Parameter values
K a b c r G toma  too R, R,
(g) (gday’’) - (day™) - (gday™) (days) (days) (day™') (day™"
Glasshouse DW  Water Light
low wet high 5.16 0.17 422 022 0998 0.56 21 40 0.131 0.013
low dry high 2.99 0.00 38 025 0.995 0.19 15 34 0.116 0.000
low wet low 2.37 0.16 462 019 0.984 0.40 28 50 0.106 0.029
low dry low 1.49 0.01 328 0.19 098 . 0.08 18 42 0.090 0.001
high  wet high 7.46 0.28 48 022 0.998 0.92 23 41 0.141 0.016
high  dry high 8.14 0.07 503 023 0993 0.60 22 41 0.128 0.005
high  wet low 3.85 0.28 488 0.19 0.993 0.70 29 50 0.119 0.018
high  dry low 5.60 0.08 476 0.19 0.994 0.41 26 48 0.100 0002
Growth CO, concentration
chamber (wmol mol™")
360 3.50 0.20 473 021 0999 0.54 25 45 0.130 0.016
720 470 020 510 022 0.997 0.63 75 44 N1 nnic
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Fig. 2. Time courses for area expansion of new daughter cladodes, as affected by basal cladode initial dry weight, water
availability, light level and ambient CO, concentration. Data are presented as for Fig. 1.
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Tab. 2. Parameter values for area expansion by new daughter cladodes, as affected by basal cladode initial dry weight (DW), water
availability, light level, and ambient CO, concentration. Data are presented as for Tab. 1.

Experiment  Treatment Parameter values
K a b c r Gmax tCu.max ts—d Rs RI
(em?) (em’day™) - (day™') -  (cm2day') (days) (days) (day™') (day™)
Glasshouse DW  Water Light
low  wet  high 282 3.21 402 022 099 20.5 19 39 0.143  0.007
low dry  high 127 0.21 3.19 023  0.997 7.5 14 34 0.140  0.000
low wet low 204 337 412 018 0.999 14.8 24 47 0.120  0.009
low dry low 85 0.32 3.09 020 0.985 4.6 16 39 0.110  0.002
high wet  high 403 5.39 526 026 0.999 36.6 21 37 0.182  0.009
high dry  high 343 1.58 456 023 0.998 22.4 20 40 0.143  0.002
high wet low 314 5.40 4.8 020 0.999 25.3 25 47 0.130  0.008
high dry  low 262 3.00 410 020 0.99% 18.1 21 42 0.143  0.003
Growth CO, concentration
chamber (umol mol™!)
360 375 5.90 442 021 1.000 29.9 22 42 0.153  0.009
720 416 4.34 536 025 0.998 342 22 40 0.152  0.008
Results or 58%, respectively, compared with the control (Fig.

Biomass accumulation of daughter cladodes

Biomass (dry weight) of new daughter cladodes initi-
ated from basal cladodes of Opuntia ficus-indica with
low initial dry weight in the glasshouse increased more
and more rapidly for about 30 days and then linearly
with time up to 63 days (Fig. 1A,D, Tab. 1).Under wet
unshaded conditions (the control), the maximal abso-
lute growth rate for biomass was 0.56 g day~! at 21 days;
the absolute growth rate in the linear phase was 0.17 g
day~'. The relative growth rate was 0.13 day™' in the
sigmoidal phase and 0.013 day™' in the linear phase
(Tab. 1). When plants were droughted, new cladodes
stopped growing at 34 days and biomass accumulation
was reduced by 81% at 63 days compared with the
control (Fig. 1A); the maximal absolute growth rate was
0.19 g day™' (Fig. 1D, Tab. 1). When plants were
shaded, biomass accumulation of new cladodes was
slow for the first 20 days and reached a maximal rate of
0.40 g day~' at 28 days, after which the rate was similar
to that of the control (Fig. 1A,D, Tab. 1). When plants
were both droughted and shaded, biomass accumula-
tion of new cladodes was reduced by 87% at 63 days
compared with the control (Fig. 1A).

Biomass accumulation for new cladodes initiated on
basal cladodes with high initial dry weight followed a
pattern similar to that of plants with low initial dry
weight (Fig. 1A vs 1B). However, under wet unshaded
conditions, the maximal absolute growth rate during the
sigmoidal phase was 0.92 g day™' and the constant
growth rate during the linear phase was 0.28 g day™!
(Fig. 1E, Tab. 1), both about 65% higher than for new
cladodes growing on basal cladodes with low initial dry
weight. When plants were droughted, shaded, or both,
biomass accumulation at 63 days was reduced by 50, 14
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1A vs 1B).

Biomass of new cladodes under both 360 and 720
umol CO, mol ™" in the growth chamber increased slowly
for the first 15 days, more rapidly for the following 20
days, and then linearly with time at about 0.20 g day™
(Fig. 1C,F). The relative growth rates were 0.13 day™'
in the sigmoidal phase and 0.016 day™' in the linear
phase for the two CO, treatments (Tab. 1). Biomass of
new cladodes under 720 umol CO, mol~' was 17.3 g at
63 days, 7% higher than for 360 pmol mol~' (Eig. 1C).

Area expansion of daughter cladodes

Surface area of new daughter cladodes initiated from
basal cladodes of O. ficus-indica with low initial dry
weight increased slowly for the first 10 days, more rap-
idly for the following 20 days, and then linearly with
time (Fig. 2A). Under wet unshaded conditions, the
maximal absolute expansion rate was 20.5 cm? day~' at
19 days; the constant rate after 40 days during the linear
phase was 3.2 cm? day™' (Fig. 2D). The relative growth
rate for area was 0.14 day™' in the sigmoidal phase and
0.007 day™' in the linear phase (Tab. 2). When the
plants were droughted, the area of new cladodes was
reduced by 71% at 63 days compared with the control
(Fig. 2A). When plants were shaded, new cladode ex-
pansion was slow for the first 15 days, at a maximal
absolute rate of 14.8 cm? day™' at 24 days, and then at a
rate slightly higher than that of the control (Fig. 2D.
Tab. 2). When plants were both droughted and shaded.
the area of new cladodes at 63 days was 78% less than
that of the control (Fig. 2A).

Area expansion of new cladodes initiated from basal
cladodes with high initial dry weight followed a pattern
similar to that of plants with low initial dry weight (Fig.
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Fig. 3. Time courses for specific cladode mass of new daughter cladodes. Data are presented as for Fig.

2A vs 2B). Under wet unshaded conditions, the maxi-
mal absolute expansion rate during the sigmoidal phase
was 36.6 cm® day™' and the constant absolute rate dur-
ing the linear phase was 5.4 cm? day™' (Fig. 2E, Tab. 2),
which were 79 and 31%, respectively, higher than new
cladodes on basal cladodes with low initial dry weight.
Droughting, shading or both reduced new cladode area
at 63 days by 40, 12 and 39%, respectively (Fig. 2B,
Tab. 2).

In the growth chamber with 360 umol CO, mol™!,
newly initiated cladodes expanded slowly for the first 15
days, more rapidly for the following 20 days with a
maximal absolute expansion rate of 29.9 cm? day™! at 22
days, and then linearly with time at about 5.9 cm? day™!
(Fig. 2C,F, Tab. 2). The area of new cladodes was 747
cm? at 63 days (Fig. 2C). In the chamber with 720 umol
CO, mol™', growth was slower in the linear phase and
new cladode area was 689 cm? at 63 days, 8% less than
with 360 pmol mol~'.

Specific cladode mass

Specific cladode mass (SCM) of new cladodes on basal
cladodes with low initial dry weight began at about
0.010 g cm™, increasing to 0.033 g cm™2 at 63 days
under wet unshaded conditions (Fig. 3A). When plants
were droughted, SCM increased to 0.021 g cm™ at 21
days and then remained fairly constant. Shading re-
duced SCM of new cladodes by 15% at 63 days. When
plants were both droughted and shaded, SCM increased
to 0.021 g cm™ at 42 days and then became constant
(Fig. 3A).

SCM of new cladodes on basal cladodes with high
initial dry weight also began at about 0.010 g cm~?,
increasing to 0.036 g cm™? at 63 days under wet un-
shaded conditions (Fig. 3B). When plants were
droughted, SCM increased to 0.026 g cm™2 at 35 days
and then became constant. When plants were shaded,

472

SCM was reduced about 10% at 63 days. When plants
were both droughted and shaded, SCM increased to
0.025 g cm™? at 63 days (Fig. 3B).

In the growth chamber with 360 pmol CO, mol™!,
SCM initially was 0.009 g cm™2, increasing to 0.022 g
cm™2 at 63 days (Fig. 3C). When plants were exposed to
720 pmol CO, mol™!, SCM increased to 0.025 g cm~2 at
63 days, which was significantly higher (P < 0.01) than
the SCM for 360 pmol mol~'.

Biomass changes of basal cladodes

In the glasshouse experiment under wet unshaded con-
ditions, the biomass of basal cladodes of plants with
either low or high initial dry weight increased during 30
days by 2.3 or 4.6 g, respectively, whereas no change in
biomass occurred when plants were droughted, shaded
or both. In the growth-chamber experiment, the bio-
mass of basal cladodes decreased by 21.7 g during 63
days at 360 pumol CO, mol~! and by 18.6 g at 720 umol
mol~'.

Discussion

The relative growth rates of daughter cladodes of Opun-
tia ficus-indica during the sigmoidal growth period
ranged from 0.09 day~! to 0.14 day~' under different
conditions of basal cladode initial dry weight, water
availability, light level and external CO, concentration,
and were comparable to the relative growth rates for C,
and C, plants. For example, the relative growth rates of
143 British herbaceous and woody species range from
0.03 t0 0.32 day™!, with an average of 0.16 day ! (Grime
and Hunt 1975). Relative growth rates are about 0.15
day~! for leaves of Vitis vinifera (Silk 1983) and increase
from 0.08 to 0.16 day™! as irradiance is raised for leaves
of Festuca arundinacea (Schnyder and Nelson 1989). At
700 umol CO, mol™!, the maximal relative growth rates
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are 0.24 day~! for the C; species Abutilon theophrasti
and 0.37 day~! for the C, species Amaranthus retroflexus
(Bazzaz et al. 1989).

The proposition that fast-growing species are associ-
ated with productive habitats and slow-growing plants
are from unproductive habitats (Grime and Hunt 1975)
does not apply to O. ficus-indica, which presumably is
native to semi-arid environments yet has a high growth
rate (Nobel 1988). It can have a high daily net CO,
uptake (Nobel and Hartsock 1983), a low root/shoot
ratio (Nobel 1988), and reduced specialized supporting
structure compared with trunks of trees or stems of
annual crops. The high water-use efficiency of O. ficus-
indica can lead to appreciable biomass production in
water-limited environments (Nobel 1988, 1991). More-
over, reserves of nonstructural carbohydrate as high as
20% of its dry weight (Nerd and Nobel 1991) can sup-
port the rapid growth of new daughter cladodes.

Growth of new cladodes of O. ficus-indica was sig-
moidal for about 30 days followed by a linear phase.
Determinate plants or organs usually follow sigmoidal
growth patterns, with growth ceasing when a maximum
is reached, e.g. rice-grain filling (Zhu et al. 1988) and
internode elongation of tree shoots (Brown and Som-
mer 1992). Plants or organs with indeterminate growth
have more complicated patterns. Shoots of some pines
and deciduous trees elongate linearly during growing
seasons of 5 months duration (Brown and Sommer
1992). Indeterminate growth of cladodes at fairly high
growth rates favors aboveground biomass accumulation
and high productivity when water and nutrients are
adequately supplied. Moreover, the growth pattern for
cladodes of O. ficus-indica may indicate that young
cladodes import carbohydrates from the basal cladodes
in the sigmoidal phase and export carbohydrates during
the linear phase. Based on the net CO, uptake of 0.48
mol CO, m™ day™' for O. ficus-indica under conditions
similar to those of the control (M. Cui and P.S. Nobel,
unpublished observations) and the measured surface
area of the daughter cladodes, their predicted daily
increase in dry weight became greater than the mea-
sured growth rate at about 28 days. At this stage, the
daughter cladodes of the control apparently switch from
being sinks for carbohydrate to being sources.

At 63 days the biomass and the area of new cladodes
initiated from basal cladodes with low initial dry weight
averaged half of those from basal cladodes with high
initial dry weight, indicating different mobilization of
carbohydrate reserves from basal cladodes to newly ini-
tiated daughter cladodes. Indeed, cladode excess dry
weight, which is the dry weight per cladode.above the
minimum value for a particular surface area (Garcia de
Cortédzar and Nobel 1992), was 42 and 93 g for basal
cladodes with low and high initial dry weight, respec-
tively. Fruit growth for O. ficus-indica also greatly va-
ries with cladode excess dry weight (Garcia de Cortazar
and Nobel 1992).

Biomass and area for the newly initiated cladodes of
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droughted plants at 63 days averaged 38 and 48%, re-
spectively, of those for the control. Although drought
profoundly influenced cladode growth, the succulence
of O. ficus-indica mitigated such effects compared with
C; and C, plants. Leaf enlargement of Zea mays, He-
lianthus annuus and Glycine max can be halted when
the leaf water potential decreases to only —0.4 MPa
(Bradford and Hsiao 1982). Leaf water potential at
noon on a sunny day can decrease below —1.0 MPa for
many C, and C, plants, even when the soil water poten-
tial is high (Jones 1983). In contrast, cladodes of O.
ficus-indica store a large amount of water, preventing
large diel changes in tissue water potential. Also, turgor
pressure in the chlorenchyma of well-watered plants of
O. ficus-indica is less than 0.15 MPa (Goldstein et al.
1991), much lower than the critical turgor pressure of
0.38 MPa for leaf elongation of Zea mays (Hsiao et al.
1985). After 3 months of drought, turgor pressure in the
chlorenchyma still reaches 0.12 MPa at dawn (Goldstein
et al. 1991). Moreover, stomata of O. ficus-indica can
fully open 2 weeks into drought and stomatal opening is
still one-third of maximal after 2 months of drought
(Acevedo et al. 1983, Nobel 1988). Such water relation-
ships greatly enhance cladode growth during drought.

Shading plants by 70% delayed biomass growth of the
daughter cladodes. For instance, maximal biomass accu-
mulation and area expansion occurred 6 and 5 days
later, respectively, than for unshaded plants. However,
biomass and area of daughter cladodes at 63 days were
reduced only 17 and 13%, respectively, suggesting that
more carbohydrate was imported from the basal cla-
dode under shaded conditions. Indeed, based on the
relationships between total daily PPFD and net CO,
uptake over 24-h periods for O. ficus-indica (Nobel and
Hartsock 1983, Nobel 1988), reducing the total daily
PPFD on the cladodes from 20 to 6 mol m~? day™
should decrease net CO, uptake by 91%. Moreover,
compartmental analysis of '“CO, tracer experiments
with O. ficus-indica predicts that nearly 3-fold more
carbohydrate from the basal cladode is incorporated
into the structural material of a daughter cladode over
42 days when plants are 70% shaded (Luo and Nobel
1992).

Specific cladode mass for shaded plants was 10 to
15% less than for unshaded plants. Similar responses to
low light levels occur for other succulent species (Tissue
and Nobel 1990), although the relative leaf mass can
vary more than 2-fold with light level for nonsucculent
plants (Bjorkman 1981, Sims and Pearcy 1992). When
O. ficus-indica was both droughted and shaded, drought
was the dominant limiter of cladode growth, especially
during the later stages.

Doubling the CO, concentration from the current
ambient value increased the biomass accumulation by
new cladodes at 63 days by 7% but with an 11% lower
area for the new cladodes. Furthermore, the biomass of
the basal cladodes decreased 3.1 g less with 720 pmol
CO, mol™' than 360 umol mol~!, indicating that less
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carbohydrate was translocated to the daughter cladode
for the elevated CO, condition. The combination of
more biomass and less area caused the specific cladode
mass to be 16% higher for the doubled CO, concentra-
tion. Doubling the CO, concentration increases specific
leaf mass of Callisterphus chinensis by 28% (Hughes et
al. 1970), Abutilon theophrasti by 60%, Amaranthus
retroflexus by 40% (Bazzaz et al. 1989) and Glycine max
by about 30% (Vu et al. 1989).

Newly initiated daughter cladodes grew at a high
growth rate, favoring aboveground biomass accumu-
lation and leading to the high productivity of this spe-
cies. Growth of new cladodes was markedly influenced
by the initial dry weight of basal cladodes, implying
enhancement of new cladode growth by carbon supplied
from the basal cladodes. Growth responses to envi-
ronmental changes of water availability, light level and
CO, concentration were accompanied by adjustments in
carbon partitioning and specific cladode mass that
would help maximize biomass accumulation under
stress conditions.
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