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Experimental demonstration of floral allocation
costs in Crepis tectorum

Stefan Andersson

Abstract: Information on floral resource costs is fundamental for understanding how selection operates on floral morphol-
ogy. In this study, I explored the cost of maturing flowers in a self-incompatible population of the ligulate composite
Crepis tectorum L. by experimentally manipulating floral investment and then monitoring the response in reproductive ef-
fort. Plants on which the heads were removed during the initial stage of ligule expansion had a higher reproductive effort
than plants whose heads were removed immediately after flower maturation, and the latter plants had a higher reproductive
effort than plants on which all flowers were permitted to set fruit. Judging from biomass estimates and the magnitude of
the observed tradeoffs, the amount of resources allocated to maturing flowers was about half as great as the amount of re-
sources devoted to fruit maturation. These and other results suggest that floral tradeoffs may exert negative selection on

floral size variables.

Key words: floral evolution, Crepis tectorum, reproduction, resource allocation, tradeoff.

Résumé : L information sur les cofits de la ressource florale est fondamentale pour comprendre comment la sélection agit
sur la morphologie florale. Dans cette étude, I’auteur examine le coit de la maturation des fleurs chez une population
auto-compatible de la composée ligulée Crepis tectorum L., en manipulant expérimentalement 1’investissement floral,
avant de suivre la réaction de 1’effort de reproduction. Les plantes sur lesquelles les fleurs ont été enlevées au cours des
stades initiaux de 1’expansion des ligules montrent un effort de reproduction plus important que les plants dont les fleurs
ont été enlevées immédiatement apres leur maturation, et ces derniers plants montrent un effort de reproduction plus grand
que ceux sur lesquelles on a permis a toutes les fleurs de former des fruits. A partir de biomasses estimées et de 1’impor-
tance des compromis observés, la quantité de ressource allouée a la maturation des fleurs est environ la moitié de la quan-
tité de ressource allouée a la maturation des fruits. Ces résultats, et d’autres, suggerent que les compromis floraux peuvent
exercer une sélection négative sur les variables des dimensions florales.

Mots clés : évolution florale, Crepis tectorum, reproduction, allocation des ressources, compromis.

[Traduit par la Rédaction]

Introduction

Although plant—pollinator interactions represent the prin-
cipal force driving evolutionary change in floral morphology
(Grant 1949; Stebbins 1970), there is a great potential for
ecological forces other than pollinators, such as tradeoffs,
flower enemies (nectar thieves, seed predators, fungal patho-
gens, etc.), and various abiotic factors, to determine the op-
timum floral phenotype of a species or population (Galen
1999; Galen et al. 1999). For example, there is abundant
evidence that seed predators preferentially attack plants
with large, conspicuous flowers (Brody 1992; Kudoh and
Whigham 1998) and that substantial biomass may be in-
vested in floral structures (Waller 1979; Lovett-Doust and
Cavers 1982; Ashman 1994b; Galen et al. 1999). Hence, the
optimum flower size should be a compromise between polli-
nator-mediated selection for larger displays (Bell 1985) and
negative selection imposed by flower enemies and tradeoffs
with fruit and seed production. For floral tradeoffs to impose
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selection on flower size, increased expenditure of resources
on pollinator attraction must entail reduced allocation to
other activities. A straightforward way of testing for such
“opportunity costs” (sensu Gulmon and Mooney 1986) is to
manipulate investment in floral structures and then evaluate
allocation to subsequently produced flowers, fruits, and
seeds (Pyke 1991; Ashman and Schoen 1997; Andersson
1999, 2000, 2001, 2005; see also Ashman and Schoen
1996).

Flower morphology is often associated with variation in
breeding system, with selfing lineages having smaller and
less attractive flowers than their outbreeding relatives (Orn-
duff 1969). Such reductions have long been attributed to se-
lection for minimizing expenditure on attractive floral
structures as plants become less dependent on outcrossing
(Charlesworth and Charlesworth 1987; Lloyd 1987), but
other mechanisms have also been implicated in this process,
for example, selection for small flower size to increase rates
of self-pollen deposition (Robertson and Lloyd 1991) and
correlated responses to reductions in nonfloral features (Pri-
mack 1987; Andersson 1997). While much attention has fo-
cused on factors that could promote the shift from
outcrossing to autogamy (e.g., Baker 1955; Darwin 1876;
Lloyd 1979; Lande and Schemske 1985), there are still too
few empirical data to draw general conclusions about the
relative importance of resource costs and other mechanisms
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in driving evolutionary reductions in floral morphology. In
this regard, it seems particularly relevant to explore floral
tradeoffs in species that show correlated variation in mating
system and floral size variables.

Populations of Crepis tectorum L. (Asteraceae), an an-
nual, monocarpic plant whose basic attraction units are
inflorescence (heads) rather than single flowers, have under-
gone considerable divergence in mating system and floral
morphology. In particular, the more or less self-incompatible
plants growing on outcrops on the Baltic island of Oland
(C. tectorum subsp. pumila (Liljebl.) Sterner) have larger
flowers and thus more conspicuous heads than the more au-
togamous outcrop plants in surrounding regions (Andersson
1989, 1996a). Patterns of correlation provide no evidence to
suggest that flowers are costly to produce in this species
(Andersson 1996a), possibly because these costs are miti-
gated by resource resorption from senescing corollas and
(or) photosynthesis of the protective bracts (phyllaries) that
surround each head (cf. Bazzaz et al. 1979; Ashman
1994a). Hence, it is still unclear whether tradeoffs contribute
to the association between small flower size and autogamy
seen in the comparative analyses. In the present study, I per-
formed a resource-manipulation experiment with plants of
C. tectorum to explore the relationship between floral in-
vestment and subsequent flower and fruit production, the
relative costs of flower versus fruit maturation, and the role
of phyllaries in mitigating the reproductive costs in this spe-
cies.

Material and methods

Study system

Crepis tectorum consists of a geographically widespread
weed ecotype (Eurasia, North America) and a series of mor-
phologically distinct forms adapted to rock outcrops in NW
Eurasia. Plants of C. fectorum generally germinate in the au-
tumn, persist as leaf rosettes during the winter, and flower in
the following summer. Flowering is determinate, starting
with the head terminating the main shoot and ending with
heads on the lowermost branches. Each head consists of a
variable number of ligulate, hermaphroditic, protandrous
flowers that develop into one-seeded, indehiscent fruits dis-
persed by the wind. Flowering of a head is centripetal, start-
ing at the margin and progressing inwards. A 4-5 d long
“ligule expansion stage” (during which the individual flow-
ers expand their ligules and become sexually mature) is fol-
lowed by a “maintenance stage” (during which the flowers
remain sexually functional). Finally, all the ligules, their at-
tached anther filaments, and the styles absciss more or less
simultaneously. The phyllaries remain green after flower
senescence, regardless of the fraction of flowers that mature
into fruits (S. Andersson, personal observations).

The plant material in this study originated from a natural
population ca. 15 km S of Vickleby on the Baltic island of
Oland (SE Sweden). Plants from this locality belong to
C. tectorum subsp. pumila, an early-flowering form adapted
to the calcareous grasslands (“alvars’) characterizing parts
of this island. Flowering in this habitat generally occurs in
May and early June before the summer drought when the
soil quickly dries because of high insolation. In rainy
summers, flowering plants can be found throughout the
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summer. Individual plants vary greatly in head number
(range 1-30), but only one or two heads per branch are
in bloom at any given time. Flowers of this taxon are
self-incompatible and thus require insect visitation (mainly
members of Diptera and Hymenoptera) to set fruit, contrast-
ing with the more or less autogamous flowers normally
found in this species (Andersson 1988, 1989). Because of
pollination-induced flower senescence, the maintenance
stage for subsp. pumila ranges from 1-2 d for heads that
are pollinated at the onset of female receptivity (i.e., imme-
diately after the ligule expansion stage) to 4-5 d for heads
that remain unpollinated (S. Andersson, personal observa-
tions).

Resource-manipulation experiment

In February 2005, I sowed a bulked sample of fruits (ob-
tained by mixing fruits from the terminal head on each of 50
open-pollinated maternal plants) on moist filter paper in
Petri dishes. About 150 of the resulting seedlings were
planted in 300 cm? plastic pots with peat soil and placed in
random positions on a bench in an unheated, insect-free
greenhouse. When the first plants reached anthesis (early
May), I assigned each plant to one of four treatments: (1)
removal of (immature) heads at the end of the bud stage or
during the onset of ligule expansion (bud-removal group), (2)
removal of heads after ligule expansion (flower-maturation
group), (3) stimulation of fruit production by hand pollina-
tion (fruit-maturation group), and (4) no manipulation (con-
trol group). Hand pollinations were carried out by rubbing
one or two heads, each from a different pollen donor, onto
the recipient head at the onset of female receptivity. Experi-
mental procedures were repeated every day or every second
day, until all plants had ceased to initiate new heads (late
June). When plants began to senesce (mid-June), I hand pol-
linated two "assay-heads" (marked at the late bud stage) on
each individual to provide data on late resource status (see
below). Water was supplied daily or as needed, but no extra
fertilizer was applied. A total of 148 plants were used in the
experiment.

At the onset of fruit maturation, I identified two control
plants that appeared to be self-compatible. The estimated
fruit set of these plants, based on a bulked sample of five
heads per plant, was 83% and 87%, respectively. Since these
values approached the mean fruit set of the hand-pollinated
plants (see Results), I re-assigned these individuals to the
fruit-maturation group.

To test for treatment effects on reproductive effort, I
scored each individual for the number of the heads that de-
veloped to the flower stage (including the removals) and
used the assay-heads to estimate the number of fruits per
head, the fruit biomass per head (dry mass) and fruit mass
(fruit biomass divided by fruit number). Data from different
assay-heads were averaged to provide a single data point for
each individual. Head number and assay-head variables
are expressed late in the ontogeny and are therefore ex-
pected to be affected by (early) investments in flower and
fruit development — and by experimental manipulations
that mitigate or strengthen these tradeoffs. Head number
and fruit number per head contribute directly to individual
fecundity, and fruit size is positively correlated with germi-
nation rate under natural conditions (Andersson 1996b). The
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presence of two hand-pollinated assay-heads on each plant
was assumed to have a minor effect on the number of heads
produced. All plants were dead at the final harvest (early July).

Following the detection of significant treatment effects
(see below), I quantified the cost of floral maturation as the
difference in reproductive effort between the bud-removal
group and the flower-maturation group, and the cost of fruit
maturation as the difference between the flower-maturation
group and the fruit-maturation group. These comparisons in-
volved the original response variables as well as "overall re-
productive effort”, estimated as the product of head number,
fruit number per head, and fruit mass. The role of phyllaries
as a source for assimilates during flower and fruit matura-
tion was assessed by comparing the reproductive effort of
the unpollinated control plants (whose phyllaries remained
until senescence) with plants on which all heads (including
the phyllaries) had been removed during the bud or flower-
ing stage. Note that the floral costs refer to resources in-
vested during the ligule expansion stage and that no attempt
was made to estimate costs associated with bud develop-
ment.

Biomass measurements

To estimate the amount of biomass allocated to flowers
during the ligule expansion stage, I collected one removed
head from each of 20 individuals in the bud-removal group,
and obtained a corresponding sample of heads from the
flower-maturation group. Each head was scored for floral bi-
omass, recorded to the nearest 0.1 mg after removing all
nonfloral structures (phyllaries, etc.) and drying at room
temperature. The biomass allocated to flowers during the
ligule expansion stage was then estimated as the difference
in mean biomass between the two treatment groups. These
data were compared with the biomass allocated to flowers
during the fruit stage, estimated as the dry mass of all fruit
tissue (including unfertilized ovaries) in one head on each of
20 plants in the fruit-maturation group. For comparative pur-
poses, I also determined the biomass of fruits and ovaries in
each of 20 heads from the control group (each from a sepa-
rate plant).

Data analyses

Differences between different treatment groups were
tested for significance using one-way analyses of variance
(ANOVA). Analyses involving more than two groups were
combined with post hoc tests (Tukey’s method) to determine
which pair(s) of treatment means were significantly differ-
ent. Residuals of all ANOVAs approached normality, so no
transformations were necessary. All means are presented
with their standard errors (SE).

Results

Biomass and percent fruit set

Plants in the flower-maturation group allocated almost
twice as much biomass to floral tissue (mean = 26.3 mg per
head, SE = 0.77, n = 20) as plants in the bud-removal group
(mean = 13.5 mg per head, SE = 0.58, n = 20), a highly sig-
nificant difference (F}; 35y = 175.37, P < 0.001, one-way
ANOVA).

The mean fruit set of plants in the fruit-maturation cate-
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Table 1. Results of one-way ANOVA for each of the response
variables in the resource-manipulation experiment with Crepis
tectorum.

Variable or
source of varia-

tion df MS F P

No. of heads*

Treatment 3 14 685.96 85.10 <0.001
Error 144 172.58

Fruit number per head*'

Treatment 3 264.63 1.04 0.378
Error 144 255.07

Fruit biomass per head (mg)*"

Treatment 3 1.10x10*  3.92 0.010
Error 144 2.80x107

Fruit mass (mg)’+*

Treatment 3 7.18x10°% 16.75 <0.001
Error 136 4.28x107

*N = 35-39 plants per treatment.
"Based on data from two “assay-heads”.
iN = 33-38 plants per treatment.

gory was 81% (range = 45%-95%, n = 20), whereas few
fruits were produced by heads on the control plants
(mean = 2%, range = 0%—10%, n = 20). On average, the
hand-pollinated heads allocated 27.6 mg biomass to fruits
and unfertilized ovaries (SE = 0.83 mg, n = 20), i.e., almost
twice as much as the biomass allocated to flowers during the
ligule expansion stage (26.3-13.5 = 12.8 mg per head).
Heads on control plants allocated 4.7 mg biomass to fruit
and (or) ovary tissue (SE = 0.40 mg, n = 20).

Reproductive effort

One-way ANOVAs demonstrated significant treatment ef-
fects for head number, fruit biomass per head, and fruit
mass, whereas differences in fruit number per head failed to
reach significance (Table 1). Judging from the treatment
means and the post hoc tests (Table 2), the bud-removal
plants produced 25% more heads than plants in the flower-
maturation category, whereas fruit number, fruit biomass, and
fruit mass showed nonsignificant differences between these
categories. Compared with plants in the flower-maturation
group, the fruit-maturation plants produced 34% fewer
heads and 14% lighter fruits (Table 1). The measure of
overall reproductive effort was 20% lower in the flower-
maturation group (794 mg) than in the bud-removal group
(995 mg), and 36% lower in the fruit-maturation group
(506 mg) than in the flower-maturation group (794 mg).

The unpollinated controls (with intact phyllaries) allo-
cated more biomass to fruits than plants whose heads (and
phyllaries) were removed (Table 2). Regarding head num-
ber, the mean for the controls was higher than the mean for
the flower-maturation group, but lower than the mean for
the bud-removal group.

Discussion

Floral allocation costs are likely to play a crucial role in
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Table 2. Treatment means (SE in parentheses) for each of the response variables in the resource-manipulation experi-

ment with Crepis tectorum.

Response variable Bud removal Flower maturation Fruit maturation Control
No. heads* 97.6a (2.63) 78.1c (2.22) 51.3d (1.29) 85.5b (2.35)
Fruit number per head * 28.8a (2.84) 29.4a (2.40) 33.0a (2.28) 34.3a (2.98)

9.76b (0.097)
0.354b (0.012)

Fruit biomass per head (mg) *"
Fruit mass (mg) ™

9.80b (0.075)
0.346b (0.011)

9.68b (0.068)
0.299¢ (0.009)

13.25a (0.106)
0.409a (0.012)

Note: Values followed by different letters are significantly different at P < 0.05 (Tukey’s test).

*N = 35-39 plants per treatment.
"Based on data from two “assay-heads”.
IN = 33-38 plants per treatment.

the evolution of floral morphology, particularly in relation to
changes in breeding system (Charlesworth and Charlesworth
1987; Lloyd 1987) and adaptation to stressful growth condi-
tions (Galen 1999; Galen et al. 1999). Despite the broad sig-
nificance of such costs, there have been relatively few
efforts to establish a causal link between floral investment
and allocation of resources to other plant functions (Pyke
1991; Ashman and Schoen 1997; Andersson 1999, 2000,
2001, 2005). In this study, I explored the floral costs of
C. tectorum by subjecting plants to various resource-ma-
nipulation treatments and then testing for compensatory re-
sponses in flower and fruit production. Next, I evaluate the
results with particular emphasis on the hypothesis that flo-
ral tradeoffs reduce the optimum flower size and thus con-
tribute to the association between small flower size and
autofertility in this species (Andersson 1989, 1996a).

Consistent with the experimental results from other wild
plant species (Andersson 1999, 2000, 2005), maturing flow-
ers of C. tectorum subsp. pumila were found to represent a
significant sink for assimilates: plants whose heads were re-
moved immediately before or during the onset of ligule ex-
pansion produced significantly more heads than plants
whose heads were removed after the maturation stage. The
early head removal treatment had no detectable effect on
the number and biomass of fruits in the hand-pollinated
assay-heads, indicating that (late) fruits represented rela-
tively "weak" sinks for resources that became available after
the immature heads were removed. One possibility is that
immature heads and maturing fruits utilize different pools
of resources, thereby reducing the amount of resources that
can be reallocated between flower and fruit maturation.
Nevertheless, fruit production seems to put a great drain on
a plant’s resources, as evidenced by the unusually low head
number and fruit mass of plants in the fruit-maturation cate-
gory.

Judging from the biomass measurements, fruit maturation
was twice as "expensive" as flower maturation: the biomass
invested in ligules, anthers, and styles during the ligule ex-
pansion phase was about half as great as the biomass de-
voted to fruits and unfertilized ovaries in the fruit-
maturation group. This difference is consistent with the
magnitude of treatment effects in the resource-manipulation
experiment: stimulating fruit maturation caused a larger de-
cline in both head number and fruit mass than permitting
heads to mature their flowers. In fact, the reduction in over-
all reproductive effort attributable to fruit and flower matu-
ration was 36% and 20%, respectively, approaching the
relative costs inferred from the biomass measurements. That

data on biomass sometimes give a qualitatively good im-
pression of the amount of resources that can be allocated to
other functions has also been observed in other systems: a
recent investigation of Nigella sativa (Ranunculaceae) re-
vealed a relatively close agreement between the amount of
"saved" biomass after early perianth removal and the com-
pensatory increase in the amount of biomass allocated to
seeds in the removal group (Andersson 2005).

The unpollinated control plants had a significantly higher
reproductive effort than plants in the two head removal
groups, presumably because the phyllaries contributed re-
sources to flower and fruit development, similar to observa-
tions of other studies (Bazzaz et al. 1979; Galen et al. 1993;
Herrera 2005). However, the amount of resources supplied
by the phyllaries was probably too low to mitigate the costs
of flower and fruit production. First, reducing the floral
costs by removing heads before the onset of ligule expan-
sion caused a larger increase in final head number than leav-
ing the phyllaries intact (relative to the flower-maturation
group). Second, the positive effect of the phyllaries was too
weak to balance the reduction in head number and fruit
mass associated with fruit maturation.

Floral allocation costs include not only resources allo-
cated to maturing corollas, stamens, and pistils, but also the
resources invested in the secretion of nectar, maintenance
respiration, and transpiration by fully developed flowers
(Pyke 1991; Ashman and Schoen 1997). Such "maintenance
costs" probably made a minor contribution to the floral costs
observed in this study. First, all head removals occurred be-
fore the maintenance stage, and most hand pollinations
shortened the maintenance stage by inducing flower senes-
cence (S. Andersson, personal observations). Second, the
maintenance costs were too low to prevent the phyllaries
from acting as a source for assimilates in the control group,
despite the unusually long maintenance stage of the unpolli-
nated heads in this category (4-5 d; S. Andersson, personal
observations).

Results of this investigation confirm previous observa-
tions (Andersson 1989) that plants of C. tectorum subsp.
pumila are dependent on insect visitation to set fruit. Consis-
tent with the inferred advantage of large, attractive struc-
tures under these circumstances (Bell 1985; Galen 1999),
this taxon has larger flowers and wider heads than autoga-
mous forms of C. tectorum, particularly when differences in
plant stature and other size characters are accounted for
(Andersson 1989). In view of these findings and the results
of this study, I hypothesize that flower size is under stabiliz-
ing selection, the optimum phenotype being a compromise
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between pollinator-mediated selection for larger floral dis-
plays and tradeoffs with head production. In this context, it
is worth noting that plants of subsp. pumila have a greater
ability to reallocate unused resources to new heads in years
when soil moisture is high throughout the season than in
years when the flowering period is shortened by a severe
summer drought (Andersson 1988); hence, selection for
small flowers should be most efficient in relatively wet
years.

For tradeoffs to constrain evolutionary change, they must
be manifested as negative genetic correlations between vari-
ables (Reznick 1985). Regarding genetic correlations involv-
ing flower size, available data indicate considerable
heterogeneity, with estimates ranging from negative
(Mossop et al. 1994; Robertson et al. 1994; Campbell 1997)
to nonsignificant or positive (Conner and Via 1993; Eckhart
1993; Andersson 1996d; Worley and Barrett 2000). This dis-
parity is perhaps not surprising given the diversity of species
and variables involved, but may also result from the failure
to detect tradeoffs in some studies. In the case of
C. tectorum, measures of floral size have been found to
show positive correlations with head number (Andersson
1996a), contrasting with the tradeoff between flower matu-
ration and head number in this study. I have no explanation
for this discrepancy; however, it is possible that genetically
based tradeoffs were confounded by positive covariance
generated by differences in resource status (van Noordwijk
and de Jong 1986; Worley and Barrett 2003) or by factors
related to the use of hybrid genotypes in some of the corre-
lation analyses (Andersson 1996a).

Floral allocation costs are just one of several factors that
could impose negative selection on flower size. Populations
of C. tectorum adapted to outcrops have undergone consid-
erable reduction in plant stature and fruit size compared
with weed populations (Andersson 1989, 1996a), and exper-
imental data from a pumila population indicate that selection
still favours a reduction in these characters (Andersson
1996b, 1996¢). Given these observations and the detection
of positive genetic correlations between plant height, fruit
size, and floral size characters (Andersson 1993), there is a
great opportunity for selective forces other than tradeoffs to
impose negative selection on flower size and facilitate evo-
lutionary reductions in flower size if plants become less de-
pendent on outcrossing. A similar scenario — involving
both resource costs and "size correlations" — has also been
invoked to explain the floral reduction in the Nigella arven-
sis complex (Andersson 1997, 2000).
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