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Abstract

Nonlinear responses of photosynthesis to the CO, concentration at which plants were
grown (Cg) have been often reported in the literature. This study was designed to
develop mechanistic understanding of the nonlinear responses with both experimental
and modelling approaches. Soybean (Glycine max) was grown in five levels of C, (280,
350, 525, 700, 1000 ppm) with either a high or low rate of nitrogen fertilization. When
the rate of nitrogen fertilization was high, the photosynthetic rate measured at C; was
highest in plants from the 700 ppm CO, treatment. When the rate of nitrogen fertilization
was low, little variation was observed in the photosynthetic rates of plants from the
different treatments measured at their respective C,. Measurements of CO,-induced
changes in mass-based leaf nitrogen concentration (n,, an index of changes in bio-
chemical processes) and leaf mass per unit area (h, an index of morphological properties)
were used in a model and indicate that the nonlinearity of photosynthetic responses to
C, is largely determined by relative changes in photosynthetic sensitivity, biochemical
downregulation, and morphological upregulation. In order to further understand the
nonlinear responses, we compiled data from the literature on CO,-induced changes in
n, and h. These compiled data indicate that h generally increases and n, usually
decreases with increasing Cg, but that the trajectories and magnitudes of the changes in
h and n,, vary with species and growth environments. Integration of these variables
(n, and h) into a biochemically based model of photosynthesis enabled us to predict
diverse responses of photosynthesis to C;. Thus a general mechanism is suggested for
the highly variable, nonlinear responses of photosynthesis to C; reported in the
literature.
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Introduction

When plants are grown at three or more CO, concentra-
tions (growth CO,, C,), nonlinear responses of physio-
logical processes have often been observed (Ackerley &
Bazzaz 1995; Korner 1995). For example, when Salix
dasyclados was grown in four levels of Cg, area-based
photosynthetic rates measured at Cg increased from the
300-500 ppm treatments, reached a peak in the 700 ppm
treatment, and then declined ™ 20% in the 1000 ppm
treatment (Silvola & Ahlholm 1992). Similarly, Ball et al.
(1994) found that the photosynthetic rates of field grown
Pinus ponderosa were higher in a 525 ppm treatment than
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that in either the 350 or the 700 ppm treatments by 75%
and 26%, respectively. Furthermore, Ackerley & Bazzaz
(1995) summarized 25 studies reporting plant growth
and reproductive responses to 223 separate three-level
CO, gradients and demonstrated that in 32 of the 223
cases biomass responded nonlinearly to Cq.

The nonlinearities of these CO, responses have
important implications for the extrapolation of experi-
mental results to predict plant and ecosystem responses
to global change in the natural world. Atmospheric CO,
has gradually increased from 280 ppm in the pre-
industrial time (Neftel et al. 1982; Friedli et al. 1986) to
360 ppm in 1995 (Keeling et al. 1995) and is expected to
reach 700 ppm in the next century (IPCC 1995).
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While plants in natural ecosystems are experiencing a
gradual increase in CO,, most experimental research on
plant and ecosystem responses are conducted at two
distinct levels of CO, (e.g. 350 vs. 700 ppm) due to
technical and economic limitations. Since plant and eco-
system responses to an incremental increase in CO, are
likely to gradually saturate, the choice of which two
CO,; concentrations to use may change the experimental
conclusions, not only on relative magnitude of the
response but also on directions (i.e. positive vs. negative)
of the CO, effects (Kérner 1995). In addition, nonlinear
responses at the individual plant level could translate into
dramatic consequences at the community and ecosystem
levels (Ackerley & Bazzaz 1995).

Despite the importance of nonlinear responses to Cg,
they have not been investigated carefully. Hunt et al.
(1991, 1993) did examine biomass responses in numerous
species to four levels of C, and analysed each species’
response by fitting a hyperbolic function to the
responses. However, the physiological mechanisms
causing the different responses are not clear. Similarly,
Ackerley & Bazzaz (1995) lumped plant responses to Cg
into four categories: positive responses (biomass increas-
ing across some portion of the three-level gradient), no
response (no significant difference in any segment of the
gradient); negative responses (biomass decreasing across
some portion of the gradient); and nonmonotonic
responses (biomass increasing in one segment and
decreasing in the other segment). Again, this category
method does not identify physiological mechanisms and
additionally has application limits to four or more levels
of Cy.

When plants are exposed to elevated CO,, photo-
synthesis, which is the focus of this study, initially
increases with CO, because carboxylation efficiency,
i.e. carboxylation rate per unit of photosynthetic
machinery, increases (Stitt 1991). Ribulose-1,5-bis-
phosphate carboxylase-oxygenase (Rubisco) has a rela-
tively low affinity for CO, and is substrate-limited at
current atmospheric CO, and O, concentrations. Carb-
oxylation is stimulated because increased CO, competes
with O, and decreases oxygenation. After plants have
been grown in elevated CO, for a few days, a suite of
leaf biochemical and morphological properties may be
adjusted. With increased carboxylation efficiency in
elevated CO,, photosynthesis tends to be limited by the
capacity to regenerate ribulose bisphosphate (RuBP) and
to recycle phosphate (P;) in the Calvin cycle (Sage 1990),
possibly resulting in a reallocation of resources within
the photosynthetic apparatus (Sage 1990; Stitt 1991;
Harley et al. 1992). The increased photosynthetic rate in
elevated CO, leads to more carbohydrate production
which may stimulate leaf mesophyll tissue growth (Vu
et al. 1989).

Luo et al. (1994) have developed a Photosynthetic
Acclimation to CO, (PAC) model and proposed that CO,-
induced changes in photosynthetic capacity result from
interactions between biochemical and morphological
adjustments. When plants are grown at elevated CO,,
biochemical regulation at several levels (e.g. gene expres-
sion, end-product inhibition, P; and RuBP regeneration)
tends to promote a decrease in photosynthetic capacity
(Sage 1990; Long 1991; Stitt 1991; Nie et al. 1995a, b). In
contrast, changes in leaf morphology (primarily increased
leaf mesophyll tissue growth) tends to increase photosyn-
thetic capacity (Vu et al. 1989). The PAC model suggests
that when the increase in photosynthesis resulting from
additional mesophyll growth exceeds biochemically
based reductions in CO, assimilation in elevated CO,,
photosynthetic capacity increases. Otherwise, photosyn-
thetic capacity decreases.

The objective of this study is to apply the PAC model
to understand nonlinear photosynthetic responses to
Cg. We conducted experiments with five levels of CO,
concentrations and two levels of nitrogen fertilization.
Photosynthetic responses to Cg, changes of mass-based
leaf nitrogen concentration (n,,) and mass per unit area
(h) with C; were measured. We also compiled data from
the literature on COp-induced changes in n;, and h of
plants grown in three or more levels of C,. Based on the
compiled data, we generalized three trajectory patterns
of changes in n;, and h with a continuous CO, increase.
The generalized changes in n; and h were integrated
into the PAC model to predict photosynthetic responses
to growth in rising atmospheric CO,.

Material and methods

Plant growth and measurements

Seeds of a non-nodulating variety of soybean, Glycine max
(line D68-0099, Soybean Production Research, Stoneville,
MS, USA), were planted in 8 L pots in a 50/50 v/v
mixture of fine sand and sandy loam topsoil. The pots
were placed in 5 naturally lit growth chambers inside a
greenhouse at the Desert Research Institute in Reno, NV,
USA. Temperature was controlled to 28 * 2 °C in the
daytime and 22 = 1 °C at night. Relative humidity at
midday was 66 * 7%. The CO, concentration in each
chamber was measured once every 6 min by an infrared
gas analyser (model 6262, LICOR Inc., Lincoln, NE, USA).
A datalogger (model CR10, Campbell Scientific, Logan,
UT, USA) collected the data and controlled the CO,
injection into the chambers on a 30 s cycle. The CO,
setpoints of 280, 350, 525, 700, and 1000 ppm were
maintained by switches between CO, injection and
scrubbing. CO, scrubber boxes (14 X 45 X 56 cm) were
constructed from plexiglass with two fans in the top and
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an open grill covered by screening in the bottom, CO, in
the air flowing through the boxes was absorbed by cooler
pads and soda lime (“Coolpad’ brand, Research Products
Corp., Avondale, AZ, USA). Photon flux density averaged
229 * 22 mol m?2 d! during the experiment. The
nutrient treatments were randomly arranged within the
CO, treatments. After seedling emergence, half of the
plants were watered once a day with 1/2 strength
Hoagland solution (7.5 mmol NO3 0.5 mmol PO, 3 mmol
K, 2.5 mmol Ca, 1 mmol Mg, 1 mmol SO4 0.067 mmol Fe-
EDTA, plus micronutrients), and the other half received a
modified 1/2 strength Hoagland solution with 1/10 of
the normal nitrogen concentration (0.75 mmol NOj3) with
other nutrients kept at the same level.

Photosynthesis was measured in open flow gas
exchange systems (model 6400, LICOR Inc., Lincoln,
NE, USA) and a modified system similar to the MPH-
1000 (Campbell Scientific Inc., Logan, UT, USA). The
MPH-1000 system used a nickel-plated chamber with a
glass window. CO, and O, concentrations in the air
entering the chamber were controlled by mixing pure O,
and N; with CO, in N, using mass flow controllers
(model 825, Edwards High Vacuum International,
Wilmington, MA, USA). Dew point of the air was
controlled by a dew point humidifier (model DPHO02,
Armstrong Enterprises, Palo Alto, CA, USA). When the
LICOR 6400 was used, the air supply was first mixed by
the MPH-1000 system. The light source for all measure-
ments was a tungsten halogen projector lamp (model
ENH, 120 V-250 W, Radiac Inc., Japan) reflected off a 45
degree cold mirror. After 6 weeks growth, photo-
synthesis was measured at light saturation, 1400-
1600 pmol m2 s 28 °C leaf temperature, and
30 = 2 mmol/mol water vapor concentration. Leaf disks
were collected from the same leaves used in the gas
exchange measurements. Prior to collection of the leaf
disks, the plants were returned to the growth chambers
for 1 day and then disks were collected in mid-afternoon.
Collection at a consistent time of day reduced variation
due to diurnal changes in carbohydrate content. Dry
mass (after drying for 48 h at 60 °C), and total nitrogen
content (model 2400 CHN analyser, Perkin Elmer,
Norwalk, CT, USA) were measured for all samples.

The photosynthesis model

We used the PAC model (Luo ef al. 1994) to examine
the physiological mechanisms underlying the nonlinear
responses of photosynthesis to a continuous increase in
growth CO, (Cg). The PAC model suggests that the
photosynthetic rate at a given Cg is determined largely
by three components: Rubisco sensitivity, biochemical
downregulation, and morphological upregulation (Fig. 1).
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Fig. 1 Schematic representation of three processes (sensitivity,
biochemical downregulation, and morphological upregulation)
regulating photosynthetic responses to CO, concentrations at
which plants are grown (growth CO,). As growth CO, increases,
enzymatic sensitivity of Rubisco to CO, consistently increases,
leading to higher photosynthetic rates. In response to an
increase in growth CO,, biochemical adjustments, including
gene expression, phosphorus regeneration, and end-product
inhibition, tend to reduce photosynthetic capacity whereas
morphological adjustments, primarily mesophyll growth, tend
to increase photosynthetic capacity. Relative changes in these
three components determine the net photosynthetic rate at a
given growth CO, concentration (see text for detailed
explanation).

The sensitivity of photosynthetic responses to CO, is
caused by competition between carboxylation and oxy-
genation of RuBP catalysed by Rubisco. When CO,
increases from 350 to 700 ppm, carboxylation efficiency
increases by 30-70% (Stitt 1991). If inorganic phosphorus
limits photosynthesis, however, photosynthetic sensitiv-
ity becomes zero or even negative (Sharkey 1985). Photo-
synthetic sensitivity is described by the Farquhar et al.
(1980) model and has recently been re-examined by Luo
& Mooney (1996) and Luo et al. (1996) in the context of
global extrapolation. Biochemical regulation is the result
of many processes including COy-induced inorganic
phosphorus limitation, end-product inhibition through
nonstructural carbohydrate (e.g. sugar), depressed gene
expression, and reduced rubisco amount and/or activity.
Regulation of these biochemical processes for plants
grown in elevated CO, generally results in lower photo-
synthetic rates and capacities (i.e. downregulation) and
is often indicated by changes in mass-based leaf nitrogen
concentrations (n,,). Morphological upregulation is CO,-
stimulated mesophyll tissue growth, possibly including
expanded cell volumes and cell layers (Vu et al. 1989)
and can be represented by leaf mass per unit area (h).
At any given Cg photosynthetic capacity, or the
maximum carboxylation rate (V.na) and maximum
electron transport rate (Jiay) in the Farquhar et al. (1980)
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model, is linearly correlated with leaf nitrogen per unit
leaf area (n,, g m™2) (Field 1983; Harley et al. 1992). The
latter is the product of n,, (g g-') and h (g m™). Similarly,
phosphate release rate from triose phosphate utilization
(TPU) and dark respiration (p) are also linear functions
of n,. Using these photosynthesis—nitrogen relationships,
it is possible to incorporate both the biochemical and
morphological components into a model to predict photo-
synthetic responses to growth in rising atmospheric
CO, (Appendix). Breaking n, into two terms n,, and h is
arithmetically trivial but physiologically meaningful since
these parameters represent two distinct types of processes
(biochemical and morphological) and respond to increas-
ing CO, in opposite ways (Luo et al. 1994).

Results

Experimental results and model validation

When plants were grown in high nitrogen, area-based
photosynthetic rate measured at growth CO, (Cy)
increased from 19.1 umol m=2 s~! in the 280 ppm treatment
to 32.3 pmol m=2 s7! in the 700 ppm treatment, and
declined to 25.5 pmol m™ s7! in the 1000 ppm treat-
ment (Fig. 2a). When plants were grown in low nitrogen,
the photosynthetic rate at Cg increased from 14.5 umol
m2 s7! in the 280 ppm treatment to 16.5 pumol m™
sl in the 350 ppm treatment and declined to 13.5 umol
m~ 57! in the 1000 ppm treatment. None of these changes
were statistically significant (P = 0.163) with the low
nitrogen fertilization. Mass-based photosynthetic rate,
converted from the area-based photosynthetic rate by
dividing it by leaf mass per unit area, was the highest in
the 280 ppm treatment with both the low and high rates
of nitrogen fertilization and gradually decreased with C,
(data not shown).

Based on a modelling study that suggested photo-
synthetic responses to Cg are largely determined by
relative changes in mass-based leaf nitrogen concentration
(ny,) and leaf mass per unit area (h) (Luo et al. 1994), we
measured these two parameters. n,, was 4.9% of dry
mass for plants grown in the 280 ppm treatment with
high nitrogen (Fig. 2b) and decreased with C,; to 3.1%
for plants grown in the 1000 ppm treatment. When plants
were grown in low nitrogen, n,, was consistently lower
than that in plants with high nitrogen and decreased
with C, from 2.1% in the 280 ppm treatment to 1.2% in
the 1000 ppm treatment. Leaf mass per unit area (h)
increased with Cg, from 40t0 65 g m~2 (Fig. 2¢) regardless
of nitrogen supply (P = 0.342).

We parameterized the PAC model with data from
another independent study with soybean grown in two
CO, concentrations (350 and 700 ppm), two rates of
nitrogen fertilization (1/2 and 1/20 Hoagland solution

40 M 1 T W T M T M T L
2] [ (a) O ]
®w <> 30 r — E
2w 7 _° \§ .
= E 2t @/% ]
g3 L eb—e—e—n |
£ 2 10¢f -
0 ——t——rt ——t :
f s
S b
LI f
S 4 \O .
() \O 4
S ® 3f —2
Q- ! o-$ ]
c 2 \.
& 1+ e e
Z 0 F————t——t——t——
© I (C 1
e ol © .
- — I \’ ]
c & 60 (] E
2 € /5 T
& 2 50| 5— .
Q.
2 Ve '
] 40 o s
= L ]
30 1 1 L 1 1

0 200 400 600 800 1000 1200

Growth CO, Concentration (ppm)

Fig. 2 Experimental results of: (a) photosynthetic rate measured
at the CO, concentration at which plants were grown; (b) mass-
based leaf nitrogen concentration; and (c) leaf mass per unit
area for plants grown in high nitrogen (open circles) and low
nitrogen (solid circles) (mean = 1 SE, n = 4-6). Soybean plants
were grown in five CO, concentrations 280, 350, 525, 700, and
1000 ppm) for 6 weeks.

in nitrogen), and two light levels (100 and 15% of natural
light). The model was then used to predict photosynthetic
responses in this study. The predicted rate of photo-
synthesis was generally consistent with the observed data
(r? = 0.823 where r? is the determinant coefficient, Fig. 3).
However, the model underpredicted leaf photosynthesis
for plants grown in low nitrogen.

Variation of n,, and h with growth CO,

In order to develop more general understanding of
photosynthetic responses to plant growth in a variety
of CO, concentrations beyond the conditions in this
experimental study, we compiled data on CO,-induced
changes in mass-based leaf nitrogen concentration (ny,)
and mass per unit area (h) from the literature. Consistent
with our own data in Fig. 2(b,c), n,, generally decreased
and h usually increased with C,; (Fig. 4a,b). The magnitude
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Fig. 3 Correlation of the predicted with the observed rates
of photosynthesis presented in Fig. 2(a). The model and its
parameterization are described in the Appendix. Model
predictions are lower than the measured photosynthetic rates for
plants grown in low nitrogen, possibly resulting from nitrogen
reallocation towards photosynthetic apparatus and away from
nonphotosynthetic processes. By adjusting values of parameters
ki — kg in equation (A6), the model predictions for the plants
grown in low nitrogen are improved.

and trajectories of CO,-induced changes in n,, and h,
however, varied with species and growth environments.
For example, n,,, substantially decreased in the low range
of Cg but changed little in the high range of Cg in Glycine
max (Fig. 4a). In the contrast, n,, of Ambrosia aremisiifolia
did not change much in the low range of C, but was
considerably reduced in the high range of C,. For most
species, np, declined gradually as Cg increased (Fig. 4a).
Leaf mass per unit area (h) generally increased with Cg
but the increase also occurred at different levels of Cg
and with varying magnitudes (Fig. 4b). h changed little
for Setaria lutescens when C, increased from 350 to
700 ppm but increased by 140% for Abutilon theophrasti
when C; increased from 150 to 700 ppm (Fig. 4b).

To facilitate modelling studies, we generalized CO,-
induced variation in ny, and h each into three trajec-
tory patterns (Fig. 5a,b). Pattern 1 (denoted n1 for leaf
nitrogen concentration and h1 for leaf mass per unit area)
represented little change in n,, and h in the low range of
Cg and moderate changes in the high range of Cg. Pattern
2 (n2 and h2) represented a gradual change with an
increase in Cg. Pattern 3 (n3 and h3) represented a
substantial change in the low range of C; and little
change in the high range of C,. The three patterns were
chosen to reflect three features of CO,-induced changes
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Fig. 4 (a) Trajectories of relative change in mass-based leaf
nitrogen concentration with changes in growth CO,
concentrations. Data were compiled from the literature: open
circles for Abutilon theophrasti (Tissue et al. 1994), solid circles for
Glycine max (Vu et al. 1989), open squares for Abutilon theophrasti
(Garbutt et al. 1990), solid squares for Pinus taeda (Teskey 1995);
open and solid triangles for Glycine max derived from Fig. 2b
with high and low nitrogen fertilization, respectively; open
inverse triangles for Chenopodium alba (Garbutt et al. 1990); solid
inverse triangles for Ambrosia artemisiifolia (Garbutt et al. 1990).
(b) Trajectories of the relative change in leaf mass per unit area
with changes in growth CO, concentrations. Data were compiled
from the literature: open circles for Salix X dasyclados (Silvola &
Ahlholm 1992); solid circles for Abutilon theophrasti (Garbutt et al.
1990), open squares for Glycine max derived from Fig. 2c with low
nitrogen supply, solid squares for Gossypium hirsutum (Thomas &
Strain 1991); open triangles for Setaria lutescens (Garbutt et al.
1990); solid triangles for Glycine max derived from Fig. 2b with
high nitrogen fertilization; solid inverse triangles, open inverse
triangles, and open diamonds for Abutilon theophrasti measured
at Day 14, 28, and 35, respectively, after CO, treatments (Tissue
et al. 1994).

in ny, and h: 1) ny, decreases and h increases with Cg; 2)
the decrease in n,, and increase in h may occur at various
magnitudes; and 3) the decrease in n;, and increase in h
may occur at different levels of C, (Fig. 5). In addition,
integration of the three sets of curves in n, and h
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Fig. 5 Generalized trajectory patterns of (a) mass-based leaf
nitrogen concentration (n,,) and (b) leaf mass per unit area (h)
with increasing growth CO, concentrations. Notation nl1-n3
and hl-h3 indicates three patterns of changes in n, and h,
respectively. The patterns are generalized in reference to the
literature data in Fig. 4.

into the PAC model would generate diverse nonlinear
responses of photosynthesis to C, (Fig. 6).

Photosynthetic response to growth CO,: Modelling
studies

The PAC model was aimed to extend the experimental
results and to explore the possibility that interactions
among the three components of photosynthetic
responses to Cj illustrated in Fig. 1 may generate other
nonlinear responses than these shown in Fig. 2. In a
hypothetical case, for example, biochemical down-
regulation is perfectly counterbalanced by morphological
upregulation (the trajectory pattern nl with hl, n2 with
h2, or n3 with h3 in Fig. 5ab), and no changes in
photosynthetic capacity occur. Net photosynthesis
increases with Cg simply due to sensitivity (increased
carboxylation efficiency) (Fig. 6a,ei). When morpho-
logical upregulation is larger than biochemical down-
regulation, photosynthetic capacity increases. The

increase in photosynthetic rates with increasing C,; results
from a combination of sensitivity and increased photo-
synthetic capacity (Fig. 6b,cf). If morphological up-
regulation is smaller than biochemical down-
regulation, photosynthetic capacity decreases and the
photosynthetic rate increases slightly or even decreases
with C, (Fig. 6d,g,h). The decreasing segment in Fig. 6g
is caused by a strong reduction in n,, which is larger
than the increase in carboxylation efficiency.

Discussion

When photosynthesis is compared among plants grown
in a variety of CO, concentrations, many nonlinear
responses are reported (Silvola & Ahlholm 1992; Ball et al.
1994; Korner 1995). However, the underlying mechanisms
of these nonlinearities have not been identified. This
combined modelling and experimental study attempted
to develop a predictive understanding of the nonlinear
responses of photosynthesis to the CO, concentrations at
which plants were grown (Cg). Both the experimental
results and model simulations in this study suggested
that interactions among the three well-studied processes
(photosynthetic sensitivity, biochemical downregulation,
and morphological upregulation) may result in various
nonlinear responses.

When soybean plants were grown in five levels of Cg
from 280 to 1000 ppm with high nitrogen, mass-based
leaf nitrogen concentration (n) declined continuously
with C; whereas leaf mass per unit area (h) increased with
Cg until 700 ppm and then slightly (but not significantly)
decreased (Fig. 2). Therefore, biochemical downregulation
was roughly counterbalanced by morphological upregul-
ation when Cg increased from 280 to 700 ppm. Photosyn-
thetic capacity changed little and the photosynthetic
rate increased with C, due to increased carboxylation
efficiency (i.e. the sensitivity component). An increase in
Cg from 700 to 1000 ppm reduced biochemical activity but
did not stimulate morphological growth. The resulting
reduction in photosynthetic capacity was larger than the
increase in photosynthetic rate due to the sensitivity
component. As a consequence, the net photosynthetic
rate decreased when C; increased from 700 to 1000 ppm.
With low nitrogen, the relative decrease in n, was
larger than the relative increase in h, and photosynthetic
capacity decreased continuously with Cg. This decrease
in the capacity was equivalent to the increase in carb-
oxylation efficiency, leading to a relatively flat photosyn-
thetic response over the entire range of C; (Fig. 2).

This modelling exercise extended the experimental
results and demonstrated that the PAC model, which
incorporates the three photosynthetic components
(sensitivity, biochemical downregulation, and morpho-
logical upregulation), is capable of generating diverse

© 1998 Blackwell Science Ltd., Global Change Biology, 4, 173-183
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nonlinear responses of photosynthesis to Cg (Fig. 6). For
example, the predicted photosynthetic rate increased
dramatically in the low range of C, (Fig. 6¢c) because
of a combined increase in photosynthetic capacity and
carboxylation efficiency. As Cg increased, the photo-
synthetic rate decreased (Fig. 6c) due to a decrease in
the photosynthetic capacity that was larger than the
increase in carboxylation efficiency. In contrast to the
photosynthetic response to C, in Fig. 6c, the predicted
photosynthetic rate decreased in the low range of Cgz and
increased in the high range of Cg (Fig. 6g) because
an increase in carboxylation efficiency was less than a
decrease in the photosynthetic capacity in the low range
of C,.

Although the physiological mechanisms regulating
photosynthesis, biomass, and reproduction are greatly
different, the predicted diversity of trajectories in Fig. 6
are similar to the compiled patterns of biomass and
reproduction responses by Ackerley & Bazzaz (1995). The
positive response pattern classified by Ackerley & Bazzaz
(1995) accounted for 73 of the 223 cases studied and
corresponds to the predicted patterns in Fig. 6a,b,eh,i.
The negative response pattern is equivalent to the predic-
tion in Fig. 6g if the three levels of C, are chosen to be
in the range from 280 to 700 ppm. The nonmonotonic
pattern in Ackerley & Bazzaz (1995) is comparable to the
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ward and the rate of photosynthesis
slightly increases or even decreases with
growth CO, concentrations, dependent
on relative changes in n;, and h.

predictions in Fig. 6¢,f,g. If plants were grown at three
levels of Cg from 400 to 800 ppm, the predicted pattern
in Fig. 6(d) is relatively flat. If h is assumed not to change
over the entire range of C; and ny, changes in a trajectory
between n2 and n3 in Fig. 5a, predicted photosynthetic
responses to Cg could be completely flat over the range
from 280 to 1000 ppm.

Among the three components regulating photo-
synthetic response to Cg illustrated in Fig. 1, sensitivity
has been the most well studied. Sensitivity is determined
by competition between carboxylation and oxygenation
of ribulose-bisphosphate (RuBP). Increased CO, competes
with oxygen, decreasing the oxygenase activity of Rubisco
(Lawlor 1993) and increasing the ratio of carboxylation
to oxygenation. Photosynthetic sensitivity to CO, varies
with temperature (Kirschbaum & Farquhar 1984; Brooks
& Farquhar 1985), but is similar among species (Allen
et al. 1987), and has been shown to be not affected by
growth environments (Luo et al. 1996).

Many facets of biochemical downregulation have been
extensively studied. Plant growth in elevated CO, may
cause redistribution of nitrogen away from Rubisco
toward RuBP or P; regeneration capacity (Sage et al. 1989;
Sage 1990). Growth in elevated CO, also increases leaf
soluble carbohydrate and starch contents (Long & Drake
1992; Baxter et al. 1995; Jacob et al. 1995). In plants grown
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in elevated CO,, increased carbohydrate production may
exceed the demand from carbon sinks (Stitt 1991), leading
to depressed gene expression (Nie ef al. 1995a,b), reduc-
tion in mRNA (Krapp et al. 1993; Jang & Sheen 1994),
and photosynthetic enzymes (Besford et al. 1990; Krapp
et al. 1991; Socias et al. 1993). These biochemical adjust-
ments generally result in a decrease in photosynthetic
capacity.

Morphological adjustments have been relatively less
well studied. Growth at elevated CO, concentration has
been shown to stimulate an extra layer of mesophyll
tissue (Vu et al. 1989), increase cell and chloroplast
volumes (Robertson & Leech 1995), and thicken leaves
(Thomas & Harvey 1983; Leadley et al. 1987; Radoglou
& Jarvis 1990). These morphological regulations generally
result in an increase in photosynthetic capacity. Although
photosynthetic sensitivity has been well studied, this
work highlights the additional importance of understand-
ing mechanisms regulating biochemical downregulation
and morphological upregulation, especially how, when,
and how much these processes are adjusted by growth
in elevated CO,.

In the PAC model, n,, is used to indicate biochemical
activities and h is used to quantify morphological struc-
ture. This model is effective despite its simplicity and
absence of interactions and/or feedbacks among the
biochemical and morphological processes. For example,
starch accumulation in elevated CO, itself may not
represent biochemical downregulation or morphological
upregulation but may influence the parameters n,, and
h. This can be seen in the data of Wong (1990) where
nitrogen concentrations were presented with and without
the subtraction of nonstructural carbohydrates (NSC).
After NSC was subtracted, CO,-induced changes in ny,
were reduced and, similarly, CO,-induced changes in h
should be smaller. Subtraction of NSC, however, does
not affect area-based nitrogen concentration (n,) and thus
predictions of photosynthetic responses to C,. In addition,
the PAC model is not able to mechanistically predict
nitrogen reallocation within a leaf but can simulate it
by adjusting parameter values for kj—kg in equation
A6 (Appendix).

This study also illustrates important differences
between photosynthetic responses to the CO, concentra-
tions in a leaf cuvette where the net photosynthetic
rate is measured (i.e. measurement CO,) vs. the CO,
concentrations at which plants are grown (i.e. growth
CO,). During the short-term measurements of net photo-
synthesis in response to increasing CO, concentrations,
the photosynthetic rate initially increases rapidly and
then the rate of the increase slows. As the measure-
ment CO, further increases, the photosynthetic rate may
plateau. The plateau represents the maximum photo-
synthetic rate or photosynthetic capacity and is correlated

with area-based leaf nitrogen concentration (n,) (Field &
Mooney 1986). The response of photosynthesis to growth
in a variety of CO, concentrations does not necessarily
follow this trajectory (Fig. 6). Most notably, photo-
synthesis does not necessarily plateau at high C,. For
example, when biochemical processes are strongly down-
regulated by growth in elevated CO, and n, decreases,
the photosynthetic rate may be highest in plants grown
in a medium Cg and then decreases in plants grown in
a high C; (e.g. Fig. 6¢). Alternatively if n, is not affected
by Cg, the photosynthetic rates will increase in plants
grown in elevated CO, in a trajectory similar to that
of photosynthetic responses to the short-term response
described above (e.g. Fig. 6a,e,i). If additional leaf meso-
phyll growth is greatly stimulated by C; and n, substan-
tially increases, the photosynthetic rate will continuously
increase in plants grown in elevated CO, concentrations.

In summary, this study has experimentally demon-
strated that when plants were grown in five CO, con-
centrations, nonlinear photosynthetic responses were
observed. The nonlinearity of the responses can be
predicted by a photosynthetic acclimation to CO, model
which has integrated CO;-induced relative changes in
three components: photosynthetic sensitivity, biochemical
downregulation, and morphological upregulation. While
the photosynthetic sensitivity to CO, is relatively well
understood, biological mechanisms controlling biochem-
ical and morphological adjustments are not fully investi-
gated but important to understanding the often reported
nonlinear responses to growth in elevated CO, concen-
trations.
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Appendix

The Photosynthetic Acclimation to CO, (PAC) model
and parameter values

The PAC model conceptually has three components: the
photosynthetic sensitivity, biochemical downregulation
and morphological upregulation. The CO, sensitivity is
described by the Farquhar et al. (1980) model that assumes
that photosynthesis is limited either by Rubisco or by
the light-driven regeneration of RuBP:

G -T
Pl = chax - p (Al)
Ci + k(1 + O/k,)
G-T
P=] —————————p (A2)
45C; + 105T

where V pax is the maximum RuBP carboxylase activity
(umol m2 s71), C; is the intercellular CO, concentration
(tmol mol™) T is the CO, compensation point (= 45 pmol
mol! at 27 °C in this study) without dark respiration, k.
and k, are the Michaelis—Menten constants for CO, and
oxygen and equal to 34.2 pmol mol™ and 43.5 mmol
mol™!, respectively, at 27 °C, O is the partial pressure
of oxygen at the site of carboxylation
(= 0.21 mol mol™), p is dark respiration (umol m=2 s7%),
and ] is:

]maxI

J= ———— (A3)

I+ 21 Jhax

where J .« is the light saturated rate of electron transport
(umol m2 g1) ad [ g the instantaneous photon flux
density, equaling 1500 pmol m™2 s7! in this study.
Photosynthetic sensitivity to CO, may be depressed by
a potential phosphate limitation (Sharkey 1985). Harley
et al. (1992) integrates the phosphate limitation into the

Farquhar et al. model by
Py = 3 TPU- p, (Ad)

where TPU is the rate of phosphate release in triose
phosphate utilization (umol m=2 s1). Thus, net
photosynthesis (P) is the minimum of the three processes
limited by Rubisco, electron transport, and triose
phosphate utilization as

P = min {Pl, Pz, P3} (AS)

Growth CO, may induce morphological modification and
biochemical adjustments. Morphological changes can be
represented by leaf mass per unit area (h, g m2) and
biochemical adjustments can be quantified by mass-based
leaf nitrogen concentration (n, g g-'). The product of h
and ny, is area-based leaf nitrogen concentration (n,, g
m~2) which is well correlated with parameters Vemax Jmax
TPU, and p (Field 1983; Harley et al. 1992) as

Vemax =ity + kg

]max = k3na + k4

TPU = ksn, + kg

p = km, + kg,

(A6)

where k; through g are constants. k; — k, equal to 48.4,
—-5.8,123.1, and - 5.2, respectively, as determined in our
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other independent experiment with Glycine max. ks — kg
equal 6.8, 0.3, 0.775, and -0.238 from Field (1983) and
Harley et al. (1992) with a small modification to fit data.

The intercellular CO, concentration is iteratively
calculated from the CO, concentration at which
photosynthesis is measured (C, umol mol™) and the
stomatal conductance (g, pmol m=2 s7; Ball et al. 1987;
Leuning 1995) by

© 1998 Blackwell Science Ltd., Global Change Biology, 4, 173-183

Ci=Cyu—P/gs (A7)
ﬂlphs

8 = + b/ (A8)
Ci

where a and b are coefficients, equaling 9.31 and 0.001,
respectively (Ball et al. 1987), hy is the relative humidity
in the cuvette, equalling to 66% in this study.



