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Geranium plants were grown from seed in chambers maintained ar 350 or 1000 pL-L ' CO,. Phiopsynthesis as affected
by leall age and by leal position was determined. Elevated CO, enhanced photosynthesis 1o the greatest extent in middle-
aged leaves: very voung leaves exhibited hittle enhancement. and net photosynthesis in the oldest leaves was depressed by
clevated CO, Temporans mcreases in net photosynthesis (relative 1o leaves developed at high CO,) resulted when young
leaves grown at 350 ploL ' CO. were switched to 1000 uL-L ™' CO,. Leaves switched later in development exhibited
permanent enhancement. Middle-aged leaves exhibited a temporary depression followed by permanent enhancement. Leaves
developed ai high CO. and swiched 1o low CO, did not exhibit any photosynthetic depression relative 1o planis grown
continuously at low CO.. Similarly. leaves developed at low CO,. switched to high CO. for various lengths of time, and
returned 10 low CO. showed no photosynthetic depression. Leaves developed at low CO, and switched 1o high CO. exhibited
ncreases m specific leaf weight and leaf thickness. The increase in leaf thickness was proportional 10 length of time spent
at high CO,. High CO, depressed the rate at which stomata developed but did not affect final stomatal density. Results
suggest that photosynthesis at low CO. was limited by CO, regardless of developmental environment. whereas photosynthesis
at high CO. was limited by the developmental charactenstics of the leaf. Funther. both biochemical and structural modifi-
cations appear o be ivolved in this response. Because of the very different responses of voung versus old leaves. future
studies should be careful 10 consider leaf age in assessing response 1o clevated CO,

Kev words. carbon dioxide. elevated CO.. photosynthesis, geranium.
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Des plants de geranium ont été cultivés a partir de graines dans des chambres ois la teneur en CO, & 350 ou 1000 pL-L "'
de CO, . L'activité photosynthétique 3 é1¢ mesurée en fonction de |"age et de la position des fewilles. Une teneur élevée en
CO, augmente Je plus forement la photosynthése chez les feuilles d'age moyen: les trés jeunes feuilles ne montrent gue peu
d"augmentation. et la photosynthése nette chez les feuilles les plus apées diminue en présence de teneur élevée en CO,. On
observe une agumentation iemporair . de la photosynthése nefic (comparativement aux feuilles qui se sont developpées en
présence de CO, élevé) chez les jeunes feuilles formées en présence de 350 et transposées & 1000 pL-L ' de CO,. Les
feuilles transposées plus tard au cours de leur développement montrent une stimulation permanente. Les fevilles formées en
présence de CO. élevées et transposées & la teneur plus faible en CO, ne monirent aucune diminution photosynthétique
comparativement & celle des plantes continuellement maintenues en présence de CO, faible. De la méme fagon les feuilles
qui s¢ sont développées en présence de faible teneur en CO,, lorsqu'elles sont transposées  la forte teneur en 0,
des durées différentes et retournées & la faible teneur. ne montrent aucune diminution de la photosynihése. Les feuilles
formees avec peu de CO, et transposées avec beaucoup de CO. montrent une augmentation en épaisseur et en poids. L aug-
mentation de I"épaisseur de la feuille est proportionnelle 4 la durée passée en présence du CO. élevé. Le CO, élevé diminue
le taux de développement des stomates. mais n’affecte pas la densité finale de stomates. Les résultats snggérent que la
photosynthése en présence de peu de CO, est imité par la CO, indépendamment du milieu de développement. alors que la
photosynthese en présence d'une forie tencur en CO, est limitée par les caracténstiques du développement foliaire. De plus,
les modifications biochimigues aussi bien que structurales semblent impliquées dans cetie réaction, Compte tenu des réactions
tres différentes des jeunes feuilles par rapport i celles qui sont plus dgées. les études ultéricures devraient prendre en consi-
dération I'age des feuilles lorsqu’on ¢évalue la réaction des plantes aux teneurs accrues en CO.,.

Meais clés - bioxyde de carbone. CO. accru, photosynthése, péranium.
[Traduit par la rédaction]

Introduction to weeks, can resull in a subsequent decline in net carbon
assimilation (Kramer 1981). This response is correlated with
a number of changes in plant biochemistry and morphologs .
including decreases in stomatal density (Woodward 1987), the
formation of large starch granules in chloroplasts (Cave er al.
1981: Wulff and Strain 1982). increases in leaf thickness due
Author 10 whom all correspondence should be addre-sed to the formation of additional mesophyvll cells (Thomas and

One of the more striking conclusions of recent research has
been the transient nature of CO.-induced photosynthetic
enhancement. While short-term CO, ennichment typically pro-
moles net photosynthesis. long-term ennchment. lasting days
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Harvey 1983). a reduction in nbulose-1.5-bisphosphate car-
boxylase (RuBPCase) acuvity (Wong 1979). and increases in
allocation to nonphotosynthetic structures (Acock and Allen
1985). Though all or any of these changes may contribute to
the long-term decrease in photosynthetic response 1o elevated
CO, the relative importance of each has not been determined,

As developmental stage of a leaf is likely 1o influence the
extent to which biochemical and morphological changes may
take place. it is expected that leaf age will have a marked effect
upon response to photosynthesis to elevated CO,. This study
investigates three aspects of the relationship between leaf age
and response to elevated CO,. First, we examine how the rela-
tionship between photosynthesis and leaf age (Mooney er al.
1981) is influenced by development in a high-CO, environ-
ment. Although many studies have ¢xamined the response of
recently expanded leaves w0 CO,. there are few studies of how
young expanding leaves or older mature leaves respond. Sec-
ond, we examine the extent to which leaf age at time of expo-
sure to elevated CO, may influence the response of photosyn-
thesis. Given an understanding of developmental changes with
leaf age, such information is potentially useful in interpreting
the long-term response of photosynthesis to elevated CO.,.
Third, we determine to what extent exposure to elevated CO,
for various lengths of time may inhibit photosynthesis upon
retum to a low-CO, environment. The length of high-CO,
exposure necessary to cause inhibition al low CO, and the
duration of any inhibition provide information on the nature
of these inhibitory effects.

Materials and methods

Plant culture

Seeds of geranium (Pelargonium % hortorum Baily cv. Ringo
Rose) (Vesey's Seeds Lid., York. P.E.L) were planied in 10-cm
diameter plastic pots containing 0.4 L potting soil (Nova Mix
300-5, Annapolis Valley Peat Co.. Aylesford, N.S.). Soil was fer-
tihzed with controlled-release Nutncote 14:14:104, type 100
{4.5 kg/m"). and Nutritrace a micronutrient supplement (0.5 kg/m’)
{Chisso-Ashai Fertilizer Co.. Tokyo). Plants were held in controlled-
environment growth chambers (model GR-36. Enconaire Systems
Led., Winnipeg, Man.} under a 12-h photoperiod and a germinating
temperature of 20°C. Seven days afier planting, the night lemperature
was lowered 1o 15°C for the remainder of the experiment. Irradiance
{25% input watlage incandescent - 75% cool white fluorescent) was
initially maintained at 245 = 20 pmol-m s " incident photosyn-
thetic photon flux (PPF). Thirty-two days after planting. PPF was
increased 1o 330 = 30 pmol-m s '. During light periods, CO,
levels were maintained at 350 pl-L "' (low CO.) or 1000 pL-L"*
(high CO.,). Concentrations were monitored by an infrared CO, ana-
lyzer (Lira 3000) drawing 30-s samples on a 180-s cycle (Lander
Control Systems Inc.. Orangeville. Ont.) Supplemental CO, was
injected in 1o the chamber from a liquid CO, source. To minimize
spatial effects within a chamber. plants were mndomized weekly.
Planis and CO, treatmenis were aliemaied between chambers each
week to avoid confounding chamber effects with CO, treatments. All
pots were watered daily as required.

Experimenial design - - -

Plants were culled 1o uniform size (based on height and number of
leaves) to 108 plants in the low-C0. chamber and 12 plants in the
high-CO, chamber. Plants were grown under these conditions for a
period of 55 days, at which point switching treatments were initiated
(designated day 0). Plants were randomly assigned 1o | of 20 CO,
exposure treatments (Table | ). with six plants (rephications) per treat-
ment. One treatment at each CO, level served as controls (i.e., plants
were grown continpously at either 350 or 1000 pL-L°" CO.). To
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TasLe |. Summary of CO. exposure treatments

CO. treatments Day of swiich
Ceontrol 1000 —

Control 350 —_

1000 moved 1o 350 0

350 moved to 1000 0.4 7. 11, 14, 212833 42
1000 retumn to 350 4. 7000 08, 21, 28 35,40

Mot Plants wene grown continuously at einber 150 or PO el P00t the fir

53 days after seeding. At that point ides day 01, the 30.CO. ¢ M
ok i ignated day EEpRAry Heatmeti

examine the effect of development at high CO, on photosynthesis at
low CO.. a third treatment was switched from the high-CO. regime
to low CO, on day 0. To study photosynthetic acclimation 1o elevated
CO, and the effect of leaf age on this acclimation. additional trear.
ment groups were switched from low o high CO, on days 0, 4, 7.
11, 14, 21, 28, 35, and 42. The final eight wreatments groups were
switched from low to high CO. on day 0. Each reatment day (see
below) one of these groups was retumed 1o low CO.. By cxamining
the subsequent performance of these plants at low CO, we could
determine the effect of varying lengths of exposure 1o high CO, on
leaves developed at low CO,, i

Experimental measurements

Photosynthetic measurements were initiated on day 0 (i.e.. 55 days
after seeding). On day (). the youngest leaf on which it was practical
to make gas-exchange measurements was selected as the experimental
leal (single-leal series). The leaf plastochron index (LPI) (Erickson
and Michelini 1957) of experimental leaves was between 1 and 2
using a reference length of 30 mm, Gas-exchange measurements of
experimental leaves were made on days 0. 4, 7, 11, 14, 21, 35, and
42 {i.e.. each day plants were switched between CO. levels. with the
exception of day 28 owing to echnical difficulties).

At the end of the experiment (day 48), photosynthetic measure-
ments of all main-stem leaves on a single plant (single-plant series)
were made at final growth concentrations. Treatments measured were
continuous low-CO, control, continuous high-CO. control, switched
from low to high €O, on day 14, and switched from low 1o high CO,
on day 28,

Net photosynthesis was measured with a ponable gas exchange
system (model LCA-2, Analytical Development Co. Lid.. Hoddes-
don, England) under chamber conditions. Measurements on a given
day were initiaied 2 h after the stam of the light period and were
completed within a 4-h period, The system was calibrated daily using
a primary standard calibration gas (395 uL-L "' CO.). For photosyn-
thetic measurements at 1000 pL-L ™' CO.. a mixture of compressed
ambient air and 1200 pL-L~" CO, in air was supplied to the unit
through a gac proportioner. Water vapour was removed from supply
gases before mixing by passage through magnesium perchlorate. The
arca contained within the leaf chamber ws 6.25 cm”.

Early in the experiment (day 4) leaf tissue from the two CO. con-
trols was preparcd for observation with the scanning electron micro-
sope according to the procedure of Tanaka (1981) as modified by
Barnes and Blackmore | 1984), At the end of the experiment (day 50)
tissue from the two controls. in addition to treatments switched from
low to high CO, throughout the experiment. was prepared in identical
fashion. All prepared tissue from a single treatment was pooled. Sto-
matal density and leal density and leaf thickness on three subsamples
from cach treatment were measured under a Jeol field emission scan-
ning electron microscope at an accelerating voltage of 15 kV.

To determine differences in developmental rate among €O, ear-
ments. leal plastochron values of experimental leaves were remeas-
ured on days 9. 23, 33, and 40.

Plants were harvested on day 50. Leaf area was measured using a
LICOR leaf area meter (mode| Li-3000), and plant material was dnied
at 70°C for 48 h. Specific leaf weight (SLW; leal hiomass per unit
leaf area, giem’) was calculated for each treatment
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Data analysis

Data were analyzed by analysis of vanance using the General Lin-
ear Models (GLM) procedure of SAS (version 6. for personal com-
puters). The experimental design was completely random, and CO,
treatmient was the single factor in the analysis. Separate analyses were
conducted for 2ach measurement day. For the single-plant series. sep-
arate analyses were conducted for cach plastochron value. Leaf plas-
tochron indices were expressed 1o the nearcst 0.5 plastochron. All
tests of significance were based on the 0.05 level of probability. Ana-
tomical measurements obtained with the scanning electron micro-
scope were analysed by linear regression analysis. Regression was
used to describe the relationship between time a1 low CO, and leaf
thickness or stomatal density.

Results

Leaf ¢as exchange

Photosynthetic rate of plants grown in continuous high and
continuous low CO, did not differ early or late in the expern-
ment. but continuous high CO. had significantly greater pho-
tosynthetic rates from day 7 until 21 (Fig. 1A). Net CO,
exchange was negative in both treatments by day 42. In the

6).

single-plant series, the two oldest leaves measured (LP1 =
10.5 and 11.5) in both control regimes had negative CO,
exchange rates (Fig. 2A). In these leaves, net carbon loss was
greater in those grown continuously at high CO,. Only the four
youngest leaves (LPI = 1.5, 2.5. 3.5. and 4.5) of plants con-
tinuously grown at 1000 uL-L~' CO, possessed enhanced
photosynthetic rates.

Leaf development at high CO, did not result in photosyn-
thetic inhibition upon transfer to low CO,, whether measured
on day O or subsequently (Fig. 1B). In contrast. the comple-
mentary switch from low to high CO, on day 0 did reveal
significant differences (Fig. 1C). Subsequent switches 1o ele-
vated CO, revealed that the response to high CO, was depend-
ent upon developmental stage. Plants switched to
1000 pL-L "' €O, on day 7 responded identically to those
switched on day 0 (data not shown for switch on day 7). That
is. both switched treatments had significantly greater photo-
synthetic rates only on the day plants were switched. Plants
switched from low to high CO, on day 14 and 21 expenenced
lower photosynthetic rates than the high-CO, control (data not
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FiG. 2. Photosynthetic rates of leaf on the main stem of mature
plants grown continuously at 1000 wgl-L°"' CO, (@) or (A) grown
continuously at 350 uL-L™" CO, (C): (B) grown until day 14 at 350
ul-L ™" CO, before removal to 1000 pL-L™" CO, (T)); or (C) grown
until day 28 at 350 pL-L =" CO, before removal to 1000 pL-L" b o5 2
{4). Photosynthetic measuremenis were made at final growth con-
centration. Mean values = SE {n = 6).

shown for switch on day 21). Nevertheless. by the following
measurement day, rates for these two swilched treatments were
significantly greater than the continuous high-CO, treatment.
Unlike the photosynthetic response of younger leaves, these
rates remained greater than the high-CO, control over the entire
period of photosynthetic gain. After the rapid photosynthetic
decline in the high-CO, control, subsequent switches from low
to high CO, (days 35 and 42) possessed greater photosynthetic
rates immediately, retaining this advantage until senescence
(data not shown for switch on day 42).

The single-plant series revealed similar pattems. On plants
switched to high CO, on day 14, leaves with a final LPI of
8.5 and 9.5 had higher photosynthetic rates than plants grown
continuously at high CO, (Fig. 2B). At the time of switch these
leaves had an approximate LPI of 3 and 4, respectively (data
not shown). Likewise, plants switched to high CO, on day 28
had higher photosynihetic rates on leaves with a final LPI of

6.5.8.5, 9.5, 10.5, and 11.5 (Fig. 2C). On day 28 the LPIs
of these leaves were 4, 6. 7. 8, and 9. respectively (data not
shown). In both circumstances. only leaves that had developed
at least three plastochrons at low CO, possessed enhanced pho-
wsynthetic rates when switched from 350 to 1000 pL-L~"
CO,. This enhancement was retained until the end of the
experiment.

There was no reduction in photosynthetic potential in low-
CO, developed leaves temporarily exposed to high CO,
(Fig. 1D). Photosynthetic rates upon retum to low CO,. after
high CO, exposures of 4 to 35 days. did not differ from
ambient controls. The treaiment returned to low CO, on day
42 had a lower photosynthetic rate than the control (data not
shown): however. net photosynthesis was negative.

Leaf development

By design, experimental leaves initially had similar leaf
plastochron indices (I < LPI < 2). Subsequent comparisons
of LPI among treatments revealed that elevated CO, exposure”
had no effect on the rate of leaf unfolding (data not shown).
Continuous CO, enrichment did, however. significantly
increase specific leaf weight from 7.80 x 10°° gem’ at low
CO, 10 9.40 x 107 glem® at high CO,.
Leaves switched to high CO, shortly after expansion became
thicker than treatments switched later in development

(Fig. 3A). This was due. in part. to the response of the pali-
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TasLe 2 Stomaal density tmm 1 of leaves developed in ambient
or CO.-ennched atmospheres 1350 o 1000 pL-L " CO.) at an early
and lare stage of development
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sade layer, which increased thickness with lengthening expo-
sures to elevaied CO, (Fig. 3B)

Final stomatal density was not dependent upon total expo-
sure to elevated CO, (Table 21 However. tissue from the high-
CO. control examined at the beginning of the experiment did
have a lower stomatal density than either the low-CO, control
examined at the same time or the high-CO. control examined
at the experiment’s completion.

Di :
Leaf age response

In both the single-leaf and the single-plant series. middle-
aged leaves were the most responsive to CO, enrichment,
Indeed, in the single-leal senes. CO. enrichment did not
enhance photosynthesis of venn voung or very old leaves
(Fig. 1A). In the single-plant series. net gas exchange of the
oldest leaves of high-CO. plants was actually lower than that
of low-CO, plants by day 48. Few previous studies have exam-
ined the effect of leal age upon response to elevated CO,. but
Hicklenton and Jolliffe (1980) and Havelka er al. (1984) also
report that older leaves do not respond as well as young. fully
unfolded leaves.

Acclimation to CO, concentration

Plants switched from high to low CO. on day 0 failed 1o
show any significant photosynthetic depression. On the other
hand. the reciprocal swiich from low to high CO, produced
both rate enhancement and in the case of middle-aged leaves,
short-term photosynthetic depression. These findings suggest,
as others have (Tolbert and Zelitch 1983), that plants measured
at 350 plL-L "' CO, are limited by CO, concentration, regard-
less of developmental environment. Where photosynthetic
enhancement is shown at 1000 pL-L "' CO, by plants devel-
oped at low CO, it appears that leaves developed at high-CO,
were limited by the photosynthetic apparatus of the leaf rather
than by CO,. Tt is possible that leal physiology as well as
biochemical and structural modifications of the photosynihetic
apparatus plays a role in these responses. The rate depression
in middle-aged leaves switched from low to high CO, may be
due 1o shon-term stomatal closure. although it 15 nol clear why
young and old leaves do not show a similar response. Where
shon-term photosynthetic enhancement was evident (e.g..
plants moved to high CO. a1 day (: Fig. 1). biochemical rather
than structural adjustments are suggested. since structural
modifications would take longer than 4 days (Mauney er al
19790 On the other hand. long-term enhancement in older
leaves (eg., plants moved on davs 14, 21, 35, and 42: Fig. 1)
could also be due to permanent structural differences between
leaves developed at low and high CO.. The exact nature of
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these biochemical and structural modifications 15 bevond the
scope of this study. but the literature and the data suggest sev-
eral possibilinies.

It has been suggested that reductions in RuBPCase levels
with elevated CO. may be responsible for decreases in photo-
synthetic enhancement over time. Although three of five spe-
cies recently studied provide little evidence that RuBPCase
plays any role in the acclimation process, two weedy species
in the same study do not dismiss the possibility (Sage er al.
1989). if RuBPCase 1s more abundant at low CO, than at high
C0.. a higher photosynthetic rate at elevated CO, may result.
However. once a plant from low CO. is maintained at high
CO, for a penied of time. enzyme pools may reduce 1o the
level of plants developed in that environment. Thus. a transient
response of less than 4 days could be expected.

Many plant species accumulate starch in response w CO.
enrichment (Madsen 1968; Hofstra and Hesketh 1975: Nafziger
and Koller 1976: Cave eral. 1981; Wulff and Strain 1982;
Ackerson er al. 1984 DeLucia er al. 1985: Ehret and Jolliffe
1985; Sasek e al. 1985). Several studies have concluded that
excess starch is responsible for photosynthetic inhibition at ele-
vated CO, via disruption of chloroplast membranes (Cave
et al. 1981; Wulff and Strain 1982). end-product inhibition
(Wulll and Strain 1982: Sasek et al. 1985). or increases in
mesophyll resistance (Hofstra and Hesketh 1975). Although
clevaled starch levels in plants removed from CO, enrichment
may deplete within 3 days (Sasek er al. 1985 Hofsra and
Hesketh 1975). repair of chloroplast membrane damage would
likely tzke much longer. For this reason. photosynthetic
depression on return to low CO., was hypothesized 1o be pro-
portional to the duration of elevated CO. exposure. This. how-
ever, was not observed (Fig. 1). At no point duning active
photosynthesis were rates of groups retumned to low CO, com-
paratively lower. It is quite possible that during the |2-h dark
period. starch that had accumulated during the light period was
utilized, preventing a cumulative effect (Delucia er al. 1985).
If irradiance or photoperiod had been increased. quite different
responses may have resulted.

An increase in leal thickness with increasing CO, exposure
has ofien been observed (Madsen 1968; Hofstra and Hesketh
1975; Downton ef al. 1980: Thomas and Harvey 1983: Leadley
et al. 1987), though it is not umiversal (Ehret and Jolliffe
1985). Downton er af. (1980) speculate that increased diffu-
sional resistance. resulting from greater leaf thickness, is
responsible for photosynthetic differences between planis
grown @ high and low CO,. Umil day 14, switches of the
experimental leaf from low 1o high CO, produced, at most, a
temporary photosynthetic stimulation. Switching older leaves
resulled in permanent effects i(Fig. 1). The response of plants
switched n the single-leaf series was in accord with that of
the single-plant senies (Fig. 2). Only leaves that had developed
al low CO, for a period of at least three plastochrons main-
tained photosynthetic stimulation at high CO.. Although no
causal relationship was demonstrated in this study. the dura-
tion of enhancement may have been dependent upon leaf thick-
ness. As leaves that were switched later in development were
not as thick as leaves switched earlier (Fig. 3). mesophyll
resistance may have been reduced sufficiently to maintain a
photosynthetic advantage.

Leaf stomatal density does not respond to CO. in a pre-
dictable fashion. O'Leary and Knecht (1981) showed a sig-
nificantly lower stomatal density under high CO. on one leaf
surface but not on the other. Woodward (1987) found that sto-
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matal density did not respond to CO, levels exceeding the cur-
rent level. Others have observed inconsistent effects (Ford and
Thome 1967). In this study, no dependence of final stomatal
density upon exposure to high CO, was observed. Thus, sto-
matal density was not thought to contribute to the differential
photosynthetic responses observed among control and switch
treatments. There were, however, differences in stomatal den-
sity between controls at a young age. Previous studies show
stomata continue to differentiate for some time as the leaf
develops (Meidner and Mansficld 1968). Thus, elevated CO,
may possibly have postponed stomatal development. A tem-
porarily greater stomatal density at low CO, could possibly
promote the short-term photosynthetic enhancement of young.
low-C0, developed leaves moved to high CO,. assuming that
these leaves are limited by stomatal conductance at high CO,.

Conclusion

Our study reveals some important relationships between leaf
age and the response to elevated CO,. Under our growth con-
ditions, chloroplast damage resulting from starch accumulation
was probably not responsible for the long-term decrease in net
photosynthetic enhancement. We suspect moderate imadiance
prevented excessive starch buildup. The long-term decrease in
photosynthetic enhancement at high CO, appears to be the
result of acclimatory processes, as older leaves moved to high
CO, do not show this decrease. It is not clear what these accli-
matory changes are, but there are probably several judging
from that fact that middle-aged leaves have a different response
than both older leaves and younger leaves. Acclimatory
changes with leaf age may involve both biochemical and mor-
phological responses, such as leaf thickness, stomatal devel-
opment, and RuBPCase levels. Because of the very different
responses of young versus old leaves, future studies should be
careful to consider leaf age in assessing response to elevated
CO,.
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