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Abstract. The consequences of elevated CO, on plant growth have been well studied
onindividual plants. The response of amore complex system with several plantsinteracting
is less understood—a situation that limits our capacity to predict the response of natural
plant communities. In this study we analyzed the effect of CO, enrichment on intergenotypic
competition in Arabidopsisthaliana. Seeds of five genotypes collected from different natural
populations were used. Each genotype was cultivated in a pure stand and in a mixture with
each of the other four genotypes in two CO, conditions (ambient and elevated). At harvest
time, genotype fitness was estimated by the number of fruits and seeds produced per plant.
At current levels of CO,, genotypes performed better in a pure stand than in a mixture.
Kin selection, associated with the low seed dispersal and autogamous reproductive regime
of A. thaliana, is invoked to explain these positive responses among plants of similar
genotype. Surprisingly, in a high-CO, atmosphere (700 wL/L) the reverse situation was
observed: plants performed better in mixtures than in pure stands. Positive frequency-
dependent selection under ambient CO, concentration became negative under elevated CO,,
which could lead more easily to the maintenance of genetic variation. This hypothesis was
tested with a simple model of competition. At equilibrium, the simulation did not show
coexistence among more genotypes under elevated CO, than under ambient CO, concen-
tration. However, this study allows predictions about evolutionary trajectories under high-
CO, conditions. In A. thaliana, genotypes that will maintain the most their ability to grow
well in pure stand should be selected under increasing CO,.

Key words:  Arabidopsis thaliana; elevated CO, and competition among genotypes; fithess; ge-
notype; global change, implications of elevated CO,; intraspecific competition; kin selection; selection,

frequency dependent.

INTRODUCTION

Atmospheric CO,, the primary substrate for photo-
synthesis, is currently increasing in concentration. A
doubling of the present (ambient) concentration is ex-
pected to be reached by the end of the next century
(Keeling et al. 1989). The implications of this for in-
dividual plant metabolism, growth, and development
are profound and are now well known. However, these
physiological changes are not easy to relate to fithess
or demographic changes, notably since competitive in-
teractions are modified in ways that are not easily pre-
dicted. Likewise, the effects of elevated CO, concen-
trations on temperature are difficult to predict. For sim-
plicity, our study focused on increasing CO, and did
not attempt to simulate global warming.

A magjor effect of increasing CO, is to increase com-
petition for other resources by speeding up plant growth
(Bazzaz and McConnaughay 1992), perhaps influenc-
ing population demographic parameters. For example,
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simulated population dynamics of Abutilon theophrasti
at high CO, exhibited greater oscillations as a result of
higher fecundity combined with overcompensating de-
pendence of fecundity on density (Bazzaz et al. 1992).
A second effect of elevated CO, concentrations is to
modify the outcome of competition. At the interspecific
level, for example, Wray and Strain (1987) showed that
CO, enrichment increases the competitive ability of
Aster pilosus so that it suppresses the growth of An-
dropogon virginicus. Thus, many studies predict that
CO, enrichment will affect plant communitiesin terms
of productivity and species composition (Bazzaz and
Carlson 1984, Bazzaz and Garbutt 1988, Leadley and
Stocklin 1996, Potvin and Vasseur 1997).

At the intraspecific scale, one might also expect ma-
jor changes in population composition through modi-
fication of the competitive process. A few studies pro-
vide direct empirical evidence of modifications of com-
petition in high CO,. For example, Bazzaz et al. (1995)
showed that variance in genotype-specific CO, respon-
siveness was far greater in dense stands of Abutilon
theophrasti and Betula alleghaniensis than in individ-
ually grown plants. Genotypes with the largest growth
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Left: Wild population of Arabidopsis thaliana in Orsay, France. Intraspecific competition between individuals

is strong (photograph by Bernard Godelle). Right: In each plot of the competition experiment, 20 plants were cultivated in
pure stands or in pairwise mixtures. The experiment was conducted under ambient and elevated CO, (photograph by Christophe

Andalo).

responses to CO, in the absence of competition did not
have the greatest fitness in a competitive stand. These
results at the population scale show that competition
should not be neglected if we are interested in under-
standing evolutionary processes associated with in-
creasing CO,. In addition, it is now well established
that traits that are important for determining the out-
come of competition between plants (phenology, re-
source allocation, growth, fecundity, or germination)
are often modified in genotypically specific ways under
elevated CO, (see Norton et al. 1995, Zhang and Le-
chowicz 1995, Andalo et al. 1996, Ward and Strain
1997, Andalo et al. 1998, for research on Arabidopsis
thaliana). Genotypes will then modify their own com-
petitive ability in very different ways, and high CO,
will probably change the competitive interrelationships
of numerous species.

Details of intergenotypic competition have been well
studied in some crop species in order to understand
how the outcome of competition is determined (Gold-
ringer et al. 1994). In A. thaliana Griffing (1989) pro-
vided a genetic analysis of complex competitive inter-
actions among three genotypes (two genotypes and
their F, hybrid) across several environments. However,
as far as we know, there have been no studies of inter-
genotypic competition in wild speciesin relation to the
global-climate-change scenario. The intraspecific com-
petition of A. thaliana is usually quite large because
of poor seed dispersal (Harper 1977), rapid coloniza-
tion of freshly perturbed sites, and a relatively syn-
chronous seed germination (Ratcliffe 1961, Baskin and
Baskin 1971). Moreover, there are numerous different

life-history strategies (e.g., for flowering time, growth
rate, rosette size, see Kuittinen et al. [1997]) that may
be related to genotypic competitive ability. For these
reasons, we have chosen this annual species with a
short generation time to study the intergenotypic com-
petition in different CO, concentrations.

Our study investigates the CO, effect on the inter-
actions among five genotypes collected from different
natural populations of A. thaliana. Each genotype was
cultivated in a pure stand and in a mixture with each
of the other four genotypes. We used a simple model
to study the potential frequency-dependent processes
resulting from intergenotypic competition. Frequency-
dependent patterns of interaction have often been de-
scribed (Bell 1997) and could be an indication of pow-
erful forces causing the retention of variability in pop-
ulations. Do such interactions exist among natural ge-
notypes of A. thaliana? Can we predict their evolution
in the CO, concentration forecast for the next century
and their consequences for the selective process?

MATERIALS AND METHODS
Study species

Arabidopsis thaliana is a small, predominantly self-
ing (Abbott and Gomes 1989) species that is widely
distributed in many parts of the north-temperate zones
of the world (see Plate 1). This annual weed grows in
open habitats (Ratcliffe 1961) like cliffs, sandy bluffs,
roadsides, borders of paths, and gardens. This species
is characterized by high fecundity. Natural populations
are generally referred to as ‘‘ ecotypes,” which are usu-
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Fic. 1. Seed production by Arabidopsisthalianain apre-
liminary experiment with two CO, treatments for 20 geno-
types (from different populations near Paris, France). Am-
bient = 350 pL CO,/L of air; elevated = 700 pnL/L. From
this experiment we selected five genotypes with contrasting
seed production and response to elevated CO,.

ally classified asearly or lateflowering. Early flowering
ecotypes (winter annual) germinate in the autumn and
flower early in the spring while late-flowering ecotypes
(summer annual) complete their life cycle in the same
season. In Central Europe these two ecotypes are com-
mon and can be found together in the same popul ations.

Preliminary experiment

In late May—early June 1996 seeds from 20 maternal
plants, each sampled from a different population near
Paris (France), were harvested and stored in a seed
cabinet at 5°C and 35% humidity. Progenies from a
single parent plant are considered to be genetically ho-
mogenous because of the high selfing rate of the spe-
cies, and will be referred to as belonging to the same
‘“genotype’’ hereafter.

On 5 December 1996 the seeds were sown in pots
(28 X 20 X 10 cm) filled with a mixture of peat and
compost and covered with a glass plate (see Plate 1).
Each pot contained 10 rows of 10 seeds, each row
corresponding to a particular genotype. To break seed
dormancy the pots were pre-incubated in a cold cham-
ber in the dark at 4°C for 7 d. The 16 pots were then
put in eight greenhouses, four with ambient CO, and
four CO,-enriched (see Andalo et al. [1998] for green-
house characteristics and environmental conditions). In
each greenhouse, each one of the 20 genotypes was
represented by two rows of seeds located in two dif-
ferent pots.

On 10 February 1997, with none of the fruits having
yet ripened, all the plants were watered for the last time
and a transparent plastic film was put among rows.
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Three months | ater, the total seed pool produced in each
row was collected and weighed. Within each row the
number of plants that reached maturity from the orig-
inal 10 seeds was counted, and the average seed mass
produced by individual plants was calculated as a sim-
ple arithmetic average.

Our method of harvest constrained this experiment
to alength that was probably shorter than the life cycle
of some of the genotypes used. Consequently a few
genotypes produced no or only few seeds (Fig. 1). Be-
cause of this problem, we did not pursue analysis of
these data, but used the results to select five genotypes
with contrasting seed production (probably related to
contrasting length of life cycle) and response to ele-
vated CO, (Fig. 1).

Preparation of plant material

On 12 August 1997 the seeds from these five ge-
notypes were sown in pots filled with a mixture of peat
and compost and covered with a petri dish. To break
seed dormancy the pots were pre-incubated in a cold
chamber in the dark at 4°C for 7 d and then kept 2 wk
in the greenhouse as described in Andalo et al. (1998).
Seeds of each genotype were sown in different pots,
one for each CO, treatment (700 and 350 pL CO,/L of
air, 10 pots overall). Seedlings in these pots were then
used in the experiment below.

Experimental design

On 4 and 5 September 1997 seedlings were trans-
planted to plastic pots (17 X 13 X 6 cm) with 20 plants
per pot (905 plants/m?) and placed outside in four un-
heated growth tunnels (2 X 0.5 X 1 m), two with am-
bient CO, and two with CO,-enriched air with a con-
stant flow of industrial CO, pumped in from one side.
All tunnels had slightly higher pressure than ambient
air because of the constant air inflow, and air escaped
through large holes at the opposite end of the tunnels.
To minimize a potential tunnel effect we moved indi-
vidual pots among tunnels and changed CO, treatments
among tunnels four times during the experiment. Dur-
ing the study period, average daily air temperature
ranged from —4.4°C to 21.9°C, and average daily ra-
diation from 0.83 MJ/m? to 28.8 MJ/m?2.

To separate intra- and intergenotypic effects of com-
petition we grew plants in pure stands and in pairwise
mixtures of five genotypes (A, B, C, D, and E). For
the pairwise mixtures, we generated all 10 combina-
tions between genotypes: A + B,B + C,C + D, D
+E,A+C,B+D,C+EA+D,B+E adA
+ E. For each combination, we varied the frequency
of the two genotypes (20:80 and 80:20). There were
two pots in each CO, treatment (100 pots overall). For
each pot, we counted the number of fruitson four plants
at two dates: two months after sowing, when the plants
of genotype D (which had the shortest life cycle of the
five genotypes) had completed fruit production, and at
the end of the experiment, when all plants had died



160

CHRISTOPHE ANDALO ET AL.

Ecology, Vol. 82, No. 1

TaBLE 1. ANOVA results for Arabidopsis thaliana competition sensitivity calculated with

data from the second harvest.

Source of variation Effect df MS F P
CO, fixed 1 73022 9.07 0.0046*
Geno fixed 4 1674 0.21 0.9324
GenoN fixed 4 27 336 3.4 0.018*
Pot(CO, X Geno X

GenoN) random 38 8 049 1.72 0.0091*
CO, X Geno fixed 4 40 104 4.98 0.0025*
CO, X GenoN fixed 4 24115 3 0.0304*
Geno X GenoN fixed 11 15 804 1.96 0.0611
CO, X Geno X GenoN fixed 10 22015 2.74 0.0122*
Error 212 4683

Note: The effects of genotype (Geno), genotype of the neighbor (GenoN), CO, treatment
(CO,), pot, and all the interactions were tested (mixed model).

* P values are significant at the 0.05 level.

and aboveground biomass was dry. For the pairwise
mixture the four plants were those sown at the low
relative frequency. The two dates of measurements (re-
ferred to as **first harvest’”” and ** second harvest’ here-
after) may mimic two types of disturbance: the first
may represent an environment in which not all plants
can complete their life cycle, the second may represent
environmental conditions persisting long enough to al-
low all plants to reproduce completely.

For each genotype in each pot 10 unripened fruits
were harvested on a randomly chosen plant of the four
plants on which the fruit number was measured. The
seed number (from the 10 fruits) was counted and we
calculated the mean seed number per fruit.

Statistical analysis

We investigated the relationship between fruit num-
ber and seed number per fruit using correlation anal-
ysis. Independent of their environment or genotype,
individual plants were considered as statistically in-
dependent observations. As the fruit number and the
seed number per fruit (i.e., the total seed number) were
positively and significantly correlated (see Results), all
subsequent analyses were based on the total fruit num-
ber (measured on four plants per pot) as a measure of
individual fitness (noted ““W'’ hereafter).

For the pure stands we averaged data over the two
pots (eight plantsin total) per CO, treatment to generate
a measure of fitness in competition only with individ-
uals of the same genotype, W,. For the mixed stands
in each CO, treatment and for the different pairwise
combinations, we calculated, for each plant of genotype
i cultivated with plants of genotype j (mixture with
20% of i and 80% of j; eight plants for a particular
combination), its competition sensitivity as W; — W.
The data from the two harvests were analyzed sepa-
rately. Using SAS software (SAS Institute 1990) and
analysis of variance, we tested the effects of genotype,
genotype of the neighbor, CO, treatment, pot (nested
within the three previous factors), and all the interac-
tions.

Model

Because our statistical analysis revealed complex in-
teractions between pairs of genotypes and the CO,
treatment (see Results, below) we performed numerical
simulations using the model of Schutz et al. (1968) to
tease apart these complex effects. Thisisasimple mod-
el for pairwise competition, initially used by Schutz et
al. (1968) to investigate competitive feedback mech-
anisms that may allow coexistence among different ho-
mozygous lines in a population of soybeans and other
autogamous plant species.

We considered a population of five competing ge-
notypesin which (1) the fithess of genotypei competing
with genotype j is a linear function of the frequency
of j and (2) the complex competitive interaction of
genotype i with all the five genotypes is equal to the
sum of the interactions of i with each genotype:

Genotype Frequency Fitness
A P, W, = > PW,
J
B Pg We
C Pc We
D PD WD
E Pe We

W is defined as above and P; is the proportion of ge-
notype j in the population. The mean fitness of the
population is

W= PW, + -+ PeWe = > PW,

= E (Pi 2,: P,.V\/ij>.

The frequency of i in thet + 1 generation is P+ =
POW,/W. For each CO, concentration, simulations were
performed with the data from the two harvests up to
equilibrium.

REsuLTS

The correlation between fruit number and seed num-
ber per fruit was positive and significant (r = 0.296;
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thaliana fruits between a culture in a pure stand and a culture
in a mixture, in the two CO, treatments and for the second
harvest (under ambient CO,, X = 15.08, 1 s = 6.74, n =
146; under elevated CO,, X = —23.03, 1 s = 7.73, n =
143). The data used for a particular genotype were either
production of fruits when its relative frequency was 100%
(pure stand), or a 20% (mixture) with one of each of the other
four genotypes.

n = 91 plants; P = 0.0043). The plants that produced
the most fruits also produced the highest seed number
per fruit, and therefore the highest total seed number.

CO, modified significantly the sensitivity of geno-
types to intergenotypic competition (Table 1). At the
second harvest, in the ambient CO, treatment, geno-
types performed better in pure stands than in amixtures
(Fig. 2). Thereverse wastruein the high-CO, treatment
(Fig. 2). Two types of responses could explain such a
result: an increase in fruit production with increasing
CO, when plants are cultivated in a mixture (genotypes
C and D) or a decrease when plants are cultivated in
a pure stand (genotypes E and A) (Fig. 3). The five
genotypes influenced differently the neighbor’s yield
(Table 1: GenoN effect). The effect of the genotype of
the neighbor and the effect of the genotype of the plant
itself were complex asthey both interacted significantly
with CO, treatment (Table 1).

At thefirst harvest, irrespective of the CO, treatment,
the fruit production of pure stands was not significantly
different from that of mixtures.

The simulations allowed us to understand the direc-
tion of the selective process with complex intergeno-
typic relationships and frequency-dependent selection.
In the two CO, concentrations, intergenotypic com-
petition did not maintain all the genotypes (Fig. 4).
From the reaction norms, at the second harvest, ge-
notypes C and D greatly increased fruit production in
elevated CO, (Fig. 3). In this high-CO, concentration,
the simulation shows a stable equilibrium between
these two strong competitor genotypes (Fig. 4), where-
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as genotype E will not survive. At the first harvest,
when there was no effect of competition on fecundity,
only the genotype with the shortest life cycle (genotype
D) was selected. Under elevated CO,, we observed an
equilibrium between this genotype D and the genotype
B, which displayed the largest CO, response.

DiscussioN

In our experiment, we show that in ambient CO, the
fitness of a genotype was greater when surrounded by
the same genotype than when surrounded by individ-
uals of a different genotype. In this situation, inter-
genotypic competition generates positive frequency-
dependent selection and thus is unable to maintain ge-
netic variation. Thisresult isin total disagreement with
the classical multiple-niche selection view, where the
competitive environment of a genotype is more intense
when the habitat is occupied by individuals of the same
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was performed after asimple ANOVA where genotype effect
was tested.
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genotype within the same niche. Such a reduction in
competition resulting from genetic differences between
neighbors has been demonstrated by Allard and Adams
(1969), who showed that inbred lines of barley often
interact positively with each other and that stable multi-
genotypic associations in populations seem to be pos-
sible. If inter-genotypic competition with frequency-
dependent selection is potentially very important in
maintaining genetic diversity, especially for a species
growing at a high density and in single-species stands
(Ennos 1983), it is necessary to invoke other mecha-
nisms for explaining the maintenance of genetic vari-
ation in Arabidopsis thaliana. How can we explain the
apparently positive responses among plants having the
same genotype? A. thaliana is a highly autogamous
species (Abbott and Gomes 1989, Krannitz et al. 1991)
with low seed dispersal (Harper 1977). In natural pop-
ulations, individuals are very often surrounded by
plants arising from the same parent plant and thus hav-
ing the same (or similar) genotype. By kin selection,
genotypes reducing the degree to which they repress
the growth of their neighbors could be selected (Bell
1997). This has been reported by Goodnight (1985),
who showed that group selection on leaf area occurs
in A. thaliana. Such a process of group selection in
viscous populations (wherethe migration rateislimited
and individuals interact mainly with their relatives) is
believed to be a possible cause of altruistic evolution
in awide range of organisms (Stevens and Wiley 1995)

and has been studied theoretically (Ferriere and Michod
1995).

Interestingly, this result does not hold true in ele-
vated CO,, in which plants performed better in mixtures
than in pure stands. The increase in intragenotypic
competitive interactions in high CO, and the differ-
ences among genotypes in morphological and physi-
ological response to CO, (see Introduction) could ex-
plain this result. In A. thaliana, Zhang and L echowicz
(1995) found, for example, the opposite response for
the shoot/root ratio between two genotypes. As a con-
sequence, the increase in competition resulting from
CO, enrichment will cause two plants with the same
physiological response (e.g., relative increase in the
shoots) to interact negatively more strongly than two
plants with divergent responses. By this mechanism,
the fitness in a pure stand may decrease (as shown for
genotypes A and E in our experiment) or the fitness in
a mixture may increase (genotypes C and D).

Griffing (1989) found that one highly successful ge-
notype of A. thaliana was also the best competitor
across the range of environments tested, which did not
include CO,. With only five genotypes it was impos-
sible for us to test the relationship between competi-
tiveness and overall mean productivity. However, we
found atendency for the most productive genotypes to
be the most competitive, reducing the fitness of their
partner genotypes under ambient CO, conditions. This
relationship disappeared completely under the elevat-
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ed-CO, environment. The differencein the relationship
between overall performance and competitiveness in
thetwo environmentsis contrary to the finding of Griff-
ing (1989).

Since negative frequency-dependent selection leads
more easily to the maintenance of genetic diversity, the
evolutionary consequences of these results could be
important. However, despite a certain level of negative
frequency-dependent selection in high CO,, our sim-
ulations show that only two genotypes could be main-
tained in these conditions. Independent of the intensity
of competition, the genotypes that showed the strongest
positive response to the CO, treatment (genotypes C
and D) were always selected. Among those genotypes
that produced more seedsin elevated CO,, kin selection
should favor those that grow better in pure stands.
Through the simulations we showed that there may be
a shift in population genetic composition in elevated
CO,. The genera level of interactions among plants
will increase, and the competitive characteristics of ge-
notypes within species may change. To be selected,
genotypes must have two characteristics: first, be a
good competitor in mixture, and second, be able to
grow in a pure stand (genotypes C and D).

Our model and our experiment consider interactions
between only two genotypes at a time. Clearly, in the
field higher order interactions certainly occur, as well
as interspecific competition and complex environmen-
tal effects. In addition, the increase of CO, concentra-
tion will be progressive and many others important
environmental parameters (temperature, pattern of pre-
cipitation) are expected to change (IPCC 1990). Con-
sidering the scale of our study, our models and exper-
iments are not able to consider all these parameters at
once. Nonethel ess, addressing this simple situation per-
mits insights into the changing interactions that might
be expected under changing environmental conditions.

Our simulations predict that only one or two geno-
types will be maintained, even though negative fre-
quency-dependent selection under high CO, should in-
crease, at least temporarily, genetic diversity in A. thal-
iana populations. The consequences of increasing CO,
level on genetic diversity is actually poorly docu-
mented. One hypothesis is that high CO, constitutes a
novel environment (Thomas and Jasienski 1996) that
may allow expression of new gene combinations. Neu-
tral genetic diversity under ambient CO, concentration
could become selected genetic diversity for fitness-re-
lated traits under high CO,. From this hypothesis, as
from our results, genetic diversity in a high-CO, world
could increase in several species. However, this in-
crease should be temporary because, first, individual
selection would remove genetic variance for these fit-
ness-related traits, and, second, group selection in vis-
cous populations would favor genotypes that make the
transition from negative frequency-dependent selection
that we found in A. thaliana into positive frequency-
dependent selection, which cannot maintain genetic
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variation. Furthermore, there is another hypothesis that
predicts a decrease in genetic diversity under elevated
CO, because small-scale environmental sources of var-
iation in plant fitness may increase via an increase in
the competitive interactions in this rich environment
(Thomas and Jasienski 1996).

To really predict the long-term consequences of el-
evated CO, on genetic diversity it seems more inter-
esting to characterize the CO, selective pressure. From
our experiment, in disturbed habitats, a genotype (not
selected in undisturbed habitats) that enhances its fit-
ness in elevated CO, more rapidly (genotype B) will
be favored. Other studies showed that the CO,—geno-
type interaction depends on the general level of com-
petition (Bazzaz et al. 1995, Steinger et al. 1997). All
these results point to the changeable characteristics of
selective pressures exerted by the new CO, environ-
ment. Even though there may be uniform change in
CO, level al over the globe, for a particular species
this does not mean that the same genotype will be se-
lected in different areas. Local selection will depend
on other environmental conditions, both biotic and abi-
otic.
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