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REPRODUCTIVE EFFORT AND HERBIVORY TIMING IN A
PERENNIAL HERB: FITNESS COMPONENTS AT THE
INDIVIDUAL AND POPULATION LEVELS!

MARIiA B. GARciA234 AND JOHAN EHRLEN2

2Department of Botany, Stockholm University, S-10691 Stockholm, Sweden;
3Estacion Biologica de Dofiana (CSIC), Apartado 1056, E-41080 Sevilla, Spain

We experimentally investigated how pollinator- and herbivore-induced changes influence the performance of the long-lived herb
Primula veris. Eight treatments that corresponded to natural factors normally affecting this species were designed to enhance or reduce
reproductive success and resource availability (flower removal, supplementary pollination, defoliation). During the experimental season
and in the following year we quantified responses in terms of survival, growth, and seed production of reproductive plants. Matrix
population models were used to calculate population growth rate using the demographic parameters recorded in permanent plots and
respective treatment groups. Seed production was not limited by pollen availability, and we found no evidence of a cost of reproduction.
Leaf removal had either no effect or a negative effect on future performance, depending on the timing of removal. Defoliation early
in the season reduced current seed production and future growth, whereas removal during fruit development affected performance in
the following year. Demographic models suggest that leaf damage has a smaller negative impact than flower removal on overall
performance in this population. Our results suggest that the source-sink paths vary over the season and that the timing of herbivory
may influence the extent to which effects are carried over to subseguent reproductive seasons.
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A central assumption in life-history theory isthat organisms
have a limited amount of resources that can be partitioned into
different functions. As a consequence, trade-offs are predicted.
One important trade-off is the cost of reproduction, where in-
creased current offspring production is assumed to result in
reduced future survival, growth, or fecundity (Stearns, 1989).
Contrary to animals, reproductive individuals of most plant
species show a clear division between energy sources (pho-
tosynthetic parts) and sinks (for example, reproductive or-
gans), although photosynthesis by flowers and fruits can con-
tribute to the carbon costs of reproduction (e.g., Bazzaz, Carl-
son, and Harper, 1979). Therefore, experimental analysis of
the cost of reproduction using plants has the advantage of al-
lowing manipulation of sources and sinks relatively indepen-
dently.

Phenotypic costs of reproduction can be examined experi-
mentally by manipulating reproductive effort through pollen
addition or flower removal and recording the effects on veg-
etative growth and reproduction within the same season, or
survival, growth, and reproduction in the following years. So
far, experimental studies in this field have produced very
mixed results. Whereas some have found evidence of a cost
(Snow and Whigham, 1989; Primack and Hall, 1990), others
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have failed to do so (Horvitz and Schemske, 1988; Calvo,
1990; Jennersten, 1991; Ramsey, 1997). Similarly, only some
studies manipulating leaf sources have demonstrated signifi-
cant effects on future performance (Obeso, 19933, b; Escarré,
Lepart, and Sentuc, 1996). Further, photosynthetic tissue losses
might reduce different fitness components depending on the
species (Agren, 1989; Lehtila and Syrjanen, 1995b; Niesen-
baum, 1996; Mothershead and Marquis, 2000).

According to the theory of natural selection, organisms
maximize their lifetime fitness. Fitness has traditionally been
assessed from reproductive parameters such as fruit or seed
production, but this is clearly an incomplete method for iter-
oparous species, as current reproduction is only one compo-
nent of the overall fitness of an individual. When the objective
is to compare how a factor enhances or reduces individual
fitness, the effect throughout the whole life cycle must be eval-
uated. Hence, in order to examine how effects on different
components of fithess are translated into effects on overall
fitness, it is necessary to experimentally investigate the effects
not only on current performance, but also on lifetime seed
production. Nonetheless, even when flower and leaf removal
have been demonstrated to influence future performance of
plants, effects on lifetime reproduction have generaly re-
mained unexamined because of a lack of the information nec-
essary to compare changes in current seed production with
changes in future performance.

In long-lived organisms with overlapping generations, av-
erage overall fitness of a group of individuals with similar life
histories can be estimated by the population growth rate of
this group (Brandon, 1978; McGraw and Caswell, 1996). The
population growth rate, in turn, can be calculated for the whole
population from the fecundity, growth, and survival of all in-
dividuals belonging to it (e.g., Caswell, 1989a). The pioneer-
ing proposal of Calvo and Horvitz (1990) to use transition
matrix models to calculate population growth rate and to as-
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sess the net effect of a change in any of the traits involved in
a trade-off on lifetime seed production has been followed by
only a few studies. Using this approach, the reproductive cost
was argued to be irrelevant to the population dynamics of an
orchid (Calvo, 1993), whereas long-term seed production in
the legume Lathyrus vernus was shown to be resource limited
in spite of pollen-limited seed production within a season (Ehr-
lén and Eriksson, 1995). Additionally, a few studies have used
population simulation models to assess long-term effects of
herbivory (Doak, 1992; Ehrlén, 1995).

In this study we investigated both short- and long-term im-
pacts of changes in reproductive success and resource avail-
ability resulting from animal interactions in the long-lived it-
eroparous plant Primula veris. We manipulated photosynthetic
sources and reproductive sinks and evaluated current and fu-
ture performance of individuals. We also assessed the impact
on finite population growth rate, an integrative parameter
based on the entire life cycle of an average genotype under
specific environmental conditions. The following specific
questions were addressed: (1) To what extent does pollen
availability limit current female fecundity and determine re-
productive costs in terms of future performance? (2) Is current
or future performance affected by a reduction in leaf sources?
If so, is the timing of source reduction important? (3) How do
differences in reproductive effort and leaf damage during one
season translate into effects on lifetime seed production?

MATERIALS AND METHODS

The species and plant-animal interactions—Primula veris L. (Primula-
ceae) is along-lived herb (Inghe and Tamm, 1988) that is common in mead-
ows and forest openings of the Northern Hemisphere. Early in spring, plants
produce a rosette of several preformed leaves and one (rarely two or more)
flowering stalks that bear about 5-15 yellow distylic flowers disposed in an
umbel. Blooming normally takes place in May, when new leaves are still
growing. The fruit is a capsule and ripens in about 2 mo. The fruits are often
damaged before dispersal by the larva of the plume moth, Amblyptilia punc-
tidactyla, but postdispersal losses appear to be smaller. Seeds lack obvious
mechanisms for dispersal but may be dispersed by wind over short distances.
By July, no more leaves are produced or enlarged, and by August, leaves turn
yellow and senesce. Only the rhizome stays dive to the next year. Clona
propagation through side rosettes sometimes occurs in P. veris, but is rare at
the study site.

Plant-animal interactions of several types may influence the relationship
between leaf sources and fruit sinks in P. veris. Insects or mollusks eat in-
dividual flowers, and cattle sometimes damage entire inflorescences. Fruit set
has been demonstrated to be pollen limited in some populations (Syrjanen
and Lehtila, 1993). Leaves are eaten by insect or mollusk herbivores during
a large part of the growing season (estimated loss of photosynthetic area
ranged between 0 and 80% in 1995 and 1996 at the time of recording repro-
ductive plants in this study).

Experimental design—Rather than designing the experimental treatments
to achieve controlled levels of source and sink perturbations, we carried out
manipulations that corresponded to natural variation in the four biotic inter-
actions that we considered most relevant to sink and source strength in this
species: flower damage, inflorescence removal, pollen availability, and leaf
herbivory. Flower removal treatments were used to decrease sink strength and
reproductive effort. Supplementary hand pollination was used to investigate
pollen limitation, and if pollen limitation occurred, to increase reproductive
effort. Defoliation treatments were conducted on three different occasions to
decrease source strength and investigate the importance of timing of damage.
The experimental design thus resulted in eight treatments: (1) control (no
treatment), (2) remova of al flowers (No fl.), (3) remova of 50% of the
flowers (Half fl.), (4) supplemental hand pollination of al flowers (Pollen),
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(5) remova of 50% of the flowers and hand pollination of the remaining
flowers (Half fl.+pol), (6) remova of 50% of the leaves during flowering
(Early D), (7) removal of 50% of the leaves during early fruit development
(Middle D), and (8) removal of 50% of the leaves during fruit maturation
(Late D).

The study was performed in a managed meadow in South Sweden con-
taining several hundred reproductive plants. A long-term demographic mon-
itoring of the species was taking place simultaneously at the same place.

Experimental manipulations—In May 1995, a total of 397 reproductive
plants were randomly assigned to treatments (46-51 plants per treatment),
mapped, and marked with a numbered tag. Flowers and buds were recorded
every 3 d. Primula verisis distylous and strictly self-incompatible, so flower
morph was recorded for each plant. Removal of flower buds was performed
by scissors before flower opening. Pollination avoided within-morph crosses
and was conducted using a brush as soon as flowers opened. This was repeated
every 3 d until flowers withered. At least two pollen donors located >2 m
away were used for every receptive flower. To simulate leaf herbivory, a
variable number of leaves was removed to achieve an approximately 50%
reduction of photosynthetic area. Manipulation of sources took place at one
of three different times: during blooming (late May), fruit initiation (beginning
of June), or fruit maturation (end of June).

Length and width of the largest leaf and number of flowers were recorded
for al plants twice in 1995 (May and July) and once in 1996 (July). In July
each year, the number of fruits was recorded and mature intact fruits were
collected and brought to the laboratory where ovules (1995) and seeds (1995
and 1996) were counted. The ratios of mature fruits to flowers (fruit set) and
seeds to ovules (seed set), as well as the total seed production, were calculated
for every individua (for the two latter parameters, only plants with <20% of
fruits preyed were used). For treatments involving 50% flower removal, both
ratios were calculated from the flowers and ovules present after treatment. We
recorded the number of leaves at each visit, but we did not include this in-
formation in plant size estimation, as leaves often turned yellow and withered
during the season. Hence, we used the area of the largest |eaf, calculated from
the length and width by applying the phenologically appropriate formulas in
Syrjanen and Lehtila (1993), as an estimate of plant size. Ten plants initially
included in 1995 could not be identified with certainty in 1996 and were
excluded from analyses.

Six demographic plots of 0.6 m? were randomly distributed within the ex-
perimental population, but outside the area where manipulations took place.
All individuals in the demographic plots were mapped in May 1995, and new
seedlings (or previously dormant individuals) were added after 1 yr. At each
census, the number of developed leaves, length and width of the largest leaf,
number of flowers, and number of intact and preyed fruits were recorded. A
total of 490 individuals were followed within these plots from 1995 to 1996.

Statistical analysis—The following fitness components were analyzed in
experimental plants in the year of treatment and 1 yr later by one-way AN-
COVA: growth of the largest leaf (absolute change in area; not compared
within the year of manipulation for the three leaf-removal treatments), number
of flowers (only for reproductive plants in 1996), fruit set, seed set (only in
1995), and total seed production per plant. Initia leaf area (May 1995) was
used as the covariate. Appropriate transformations were performed after check
with normal probability plots. Homogeneity of slopes was tested for all mod-
els. Dunnett’s tests served to assess the effect of experimental manipulation
compared to the control group. Survival between years was examined by
logistic regression. The effect of treatment on flowering probability 1 yr later
was examined by a G test of independence and seven unplanned pairwise
comparisons (each treatment against control), using an adjusted experiment-
wise error rate of o’ = 0.0073.

Lifetime seed production—To calculate total effects on lifetime seed pro-
duction we used matrix models (Caswell, 1989a). This model is based on the
decomposition of the entire life cycle into different steps or *“life-history tran-
sitions” that an individual goes through to complete its life cycle. Except for
seeds, which formed a clearly delimited class, we used three criteria to group
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Fig. 1. Life-cycle diagram showing the classes used for the matrix model
and the transitions observed during the study. Abbreviations: s = seeds in the
seed bank; sl = seedlings 1-yr-old; sv, iv, and Iv = small, intermediate, and
large vegetative plants, respectively; r = reproductive plants.

plants: age (younger or older than 1 yr), reproductive status of individuals
(flowering or vegetative), and size. Vegetative rosettes older than 1 yr were
divided into three classes according to the length of the largest leaf. We used
the maximum length of leaves attained by 1-yr-old plants (17.5 mm) as the
lower limit, and the threshold size for reproduction (43.5 mm) as the upper
limit, to get three classes with a similar number of individuals.

This classification resulted in six distinct classes: seeds in the seed bank,
seedlings (younger than 1 yr), small vegetative (=17 mm length), intermediate
vegetative (18-43 mm length), large vegetative (=44 mm), and flowering
individuals (Fig. 1). The probabilities of nonreproductive individuals remain-
ing in the same class or changing to a different class were calculated from
censuses of marked plants in the demographic plots. We used these transition
probabilities of nonreproductive individuals in matrices for al treatments.
Transition probabilities and fecundities for the reproductive class were, how-
ever, calculated separately for each treatment. Reproduction involved transi-
tions to both seedlings (if seeds germinate within 1 yr from release) and to
seeds in the seed bank. Fecundity was calculated as the product of the mean
seed production of al individuals within a particular treatment category and
the seed fate probabilities derived from seed sowing experiments. In these
experiments we tried to mimic the natural seed dispersal process as closely
as possible. Seeds were collected at maturation just outside the study area and
immediately sown into six 10 X 10 cm plots. Fifty seeds were dispersed over
each plot, and the vegetation was gently shaken to allow seeds to settle, but
no other treatment was applied. The sowing density was higher than the nat-
ural seed rain (13.5 = 13.2 seedgdn?, N = 6 permanent plots). This was to
make a careful examination of germination possible and to increase sample
sizes. Comparison of recruitment in similar sowing experiments in several
populations during several years with natural recruitment rates suggests that
density-dependent interactions are not important at these densities (K. Lehtil3,
M. B. Garcia, and J. Ehrlén, unpublished data). Germination probability was
calculated as the number of seedlings emerging in sowing plots minus the
number of seedlings emerging in unsown control plots, divided by the number
of seeds sown. Survival in the soil seed bank was calculated by carrying out
identical sowing experiments at the same site in consecutive years and assum-
ing that germination probabilities were similar for different cohorts of sowed
seeds (K. Lehtilg, M. B. Garcia, and J. Ehrlén, unpublished data).

A 6 X 6 projection matrix was constructed for each treatment group. Each
matrix element, a;, represents the probability of an average individual in class
jatimettobeinclassi at timet + 1. Iterations of these matrices yielded
values of the finite population growth rate (\; Caswell, 1989a). To assess the
extent to which differences in A among the experimental groups represent
treatment effects, we calculated the sampling variance and standard error of
\ for the control group using an analytical method based on a Taylor series
expansion (Alvarez-Buylla and Slatkin, 1994, formula 3). We used the ob-
served variances for fecundities and sampling variances according to the bi-
nomial distribution for transition probabilities. Sampling covariances between
pairs of transitions were estimated according to the multinomial distribution.
All transitions from nonreproductive classes were identical among treatment
groups and therefore their sampling variance was set to zero. Correlations,
including fecundities, were assumed to be zero, because identification of non-
zero correlations (e.g., costs of reproduction) was one of the objectives of the
present study. Population growth rate from treatments was considered to be
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significantly different from the control if its value was outside the 95% con-
fidence interval for control.

The elasticity matrix (de Kroon et al., 1986) was calculated to examine the
relative importance of each matrix element to population growth rate. We
used life table response experiment (LTRE) analysis (Caswell, 1989a, b;
Horvitz, Schemske, and Caswell, 1997) to decompose the total effect of a
treatment on \ into contributions from the different life-cycle transitions.
These contributions were calculated by multiplying the differences in each
matrix element (a;), between the control matrix and each respective experi-
mental matrix, by the sensitivity of \ to that element. Sensitivities were eval-
uated at matrices midway between the mean matrix and the two original
matrices (Caswell, 1989a).

RESULTS

Performance of individuals in the treatment year—No
plants died during the first study season. Leaf areain July was
not significantly affected by flower removal and/or hand pol-
lination, but was strongly correlated to pretreatment size in
May (Fig. 2, Table 1).

Neither fruit set nor seed set was significantly increased by
pollen addition or flower removal, although the average values
were higher than in control plants (Fig. 2). Early defoliation
had a significant negative effect on fruit set (Fig. 2). Total seed
production was correlated with plant size and differed among
treatments (Table 1). Early defoliation significantly reduced
seed output (X = 1 SD = 101.4 = 110.4 vs. 182.1 = 142 for
control plants; Fig. 2).

Performance of individuals in the year following treat-
ment—M ortality during the year following experimental ma-
nipulation was very low and was not affected by treatment or
plant size (logistic regression: x? = 7.03, df = 7, P = 0.53;
Fig. 3). Leaf size was strongly correlated to the initial sizein
the previous year (Table 1). Treatment significantly affected
leaf growth, but only plants that were exposed to early and
middle leaf removal were significantly smaller than controls
(Fig. 2).

A large proportion of individuals that were reproductive in
1995 became vegetative in 1996 (Fig. 3). Only defoliation dur-
ing fruit development had a significant negative effect on flow-
ering probability (G = 41.3, df = 7, P < 0.0001 from a two-
way contingency table; al the comparisons of treatment vs.
control provided P > 0.1 except *“middle defoliation” with P
< 0.0001; Fig. 3). The number of flowers produced by repro-
ductive individuals during the second year was only margin-
ally affected by treatment (Table 1). Neither fruit set nor total
seed production differed significantly among treatments.

Total effects—The largest elasticity values in the control
matrix corresponded to transitions from intermediate vegeta-
tive plants to remain in the same class and for large vegetative
plants to become reproductive (Table 2). In contrast, values
for reproductive plants to seeds and seedlings were very low.

Treatments resulted in decreases in A (1.21) of between 1
and 20% (Table 3). The values for the three treatments in-
volving removal of flowers as well as early and intermediate
leaf removal were below the calculated 95% confidence inter-
val for the controls (1.18-1.25), suggesting that these treat-
ments resulted in significant decreasesin overall fitness. Pollen
addition to all flowers, and late defoliation, did not signifi-
cantly affect population growth rate compared to the control.

For the treatment with the largest decrease in A (complete
flower removal), as well as for the other two treatments in-
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Fig. 2. Least squares means (+SE, using the area of the largest leaf in 1995 as covariate) of different fitness components during and 1 yr after treatment
application. Asterisk indicates significant differences between each treatment and the control (« = 0.05) by Dunnett’s test. The growth of the largest leaf is
estimated as the difference of leaf area (in square millimeters) of the largest leaf, measured at two different times (May—July of 1995 and July of 1995-1996).
For an explanation of treatment abbreviations, see MATERIALS AND METHODS.

volving partial flower removal, seedling production was the
life-cycle transition that contributed the most to that reduction
(Table 3). The negative effects of leaf removal were largely
due to a change in the probability of staying reproductive in
the next year, and, for early removal, also due to reduced seed-
ling production (Table 3).

DISCUSSION

This study has examined how aterations in reproductive
effort and herbivory affect along-lived plant over two seasons.
We found no evidence of pollen limitation and were not able
to detect any reproductive costs. The leaf-removal experiments
suggest that herbivory have negative effects, but that source-
sink paths vary over the season. As a consequence, herbivory
affected different components of current and future perfor-
mance depending on the timing. Only modeling the total ef-
fects, in terms of population growth rate changes, enabled us

to assess the relative importance of interactions with pollina-
tors, flower herbivores, and leaf herbivores for plant fitness.

Reproductive effort and cost of reproduction—Supplemen-
tal hand pollination failed to significantly increase fruit set,
seed set, or total seed output in our population during the year
of study. Lehtila and Syrjanen (1995a), with the same species,
found that pollen limitation varied between years and popu-
lations. In our study, fruit set in control plants was 81.2% (N
= 46), which is only dlightly higher than the average recorded
in 25 nearby populations during 3 yr (75.0 = 27.7%; 50 plants
per population; K. Lehtila, M. B. Garcia, and J. Ehrlén, un-
published data). This suggests that severe pollen limitation is
not common in the area. On the other hand, total seed output
was not significantly lower than in control plants after 50%
flower remova with or without supplementary pollination. It
appears that total seed production is mainly determined by
plant size.
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Effect of different treatments on various fitness components during the experimental season (1995) and the year following experimental

manipulation (1996), examined by ANCOVA models. Effects with a probability <0.05 are in boldface type.

Fitness component Source of variation df SS F P

Growth 1995 Among treatments 4 920174.1 1.01 0.4
Size 1 28261328.1 12.4 0.0005
Error 195 44 455240

Fruit set 1995 Among treatments 6 1.43 4.35 0.0003
Size 1 0.02 0.46 0.5
Error 287 15.69

Seed set 1995 Among treatments 6 0.46 1.93 0.076
Size 1 0.01 0.3 0.59
Error 265 10.46

Total seed production 1995 Among treatments 6 19.77 4.31 0.0004
Size 1 29.52 38.64 <0.0001
Error 199 152.04

Number of flowers 1996 Among treatments 7 49.63 1.99 0.06
Size 1 222.26 62.59 <0.0001
Error 133 472.3

Growth 1996 Among treatments 7 19245803 9.37 <0.0001
Size 1 190926 0.65 0.42
Error 371 108831604

Fruit set 1996 Among treatments 7 1.34 1.71 0.11
Size 1 0.11 0.99 0.32
Error 133 14.87

Total seed production 1996 Among treatments 7 5.03 121 0.31
Size 1 2.69 4.52 0.038
Error 54 38.67

In this study we performed pollen addition and flower re-
moval treatments to alter current reproductive effort and in-
vestigate potential compensating responses (e.g., a cost of re-
production) in the following year. Supplementary hand polli-
nation did not have any significant negative effects, but this
lack of a clear reproductive cost is to be expected when hand
pollination does not increase seed production (see aso, Horv-
itz and Schemske, 1988; Jennersten, 1991, for other species).
We also failed to find any positive effect of pollen addition on
other fithess components, as has been demonstrated previously
for the same species (Lehtila and Syrjanen, 1995a). On the
other hand, reduction of reproductive effort by removal of half
of the flowers did not significantly increase fruit set in re-
maining flowers. Altogether, our results suggest that reproduc-
tive costs are small in the study population of P. veris despite
the fact that reproductive effort appeared to be naturally near
the maximum level possible. The cost of reproduction has pre-
viously been demonstrated to vary spatialy in P. veris (Syr-
jénen and Lehtila, 1993), suggesting that this trade-off depends

100%

‘mDead
oVegetatives

80% oReproductives

60%

40% |.

Plants in 1996

20%

0%

Control No fi Half fi Half

fi+poilen

Pollen EarlyD MiddleD LateD

Fig. 3. State (reproductive, vegetative, or dead) in 1996 for individuals
exposed to different treatments in 1995. The asterisk indicates that only de-
foliation during fruit development had a significant negative effect on future
flowering probability (P < 0.0001; adjusted experimentwise error rate of o’
= 0.0073). For an explanation of treatment abbreviations, see MATERIALS
AND METHODS.

on environmental conditions. Several other studies have also
shown that the expression of reproductive costs may differ
within species (Obeso, 1993a) or between closely related spe-
cies (Karlsson et al., 1990; Agren and Willson, 1994). Hence,
if reproductive effort varies in the study population, then costs
may be possible to detect only in some years. The proportion
of large individuals that flowered and flower number in the
experimental population (59.8% [N = 102], 5.6 [N = 64],
respectively) was very close to the average for 15 nearby pop-
ulations during 3 yr (50.3 + 9.0% and 5.7 + 0.9, respectively;
K. Lehtila, M. B. Garcia, and J. Ehrlén unpublished data).
This, along with data on fruit set levels (see above), suggest
that reproductive effort in our experiment was representative
for the study area. In this study we carried out manipulations
of reproductive effort during a single year. It is thus still pos-
sible that repeated manipulations could result in detectable
costs. For several other perennial herbs, it has been shown that
costs are expressed only after several years of manipulations
(Ackerman and Montalvo, 1990; Primack and Hall, 1990; Ehr-
Ién and van Groenendael, 2001).

Leaf damage—In P. veris, defoliations performed at an ear-
ly phenological stage of plant development negatively affected
current reproductive performance (fruit set and total seed pro-
duction) and future growth, whereas removal of leaves later
in the season only reduced future flowering probability and
growth (middle defoliation), or did not affect any fitness com-
ponent (late defoliation). These results suggest that the source—
sink paths vary over the season and that the influence of her-
bivory might vary depending on the stage of development of
the plant. The timing of herbivore damage has been shown to
be important for future plant performance in several other
plant species as well (Obeso and Grubb, 1994; Ehrlén, 1995;
Escarré, Lepart, and Sentuc, 1996). Such phenological differ-
ences may occur because of differences in the constraints act-
ing on the plant at the time of leaf damage (Marquis, 1992;
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TaBLE 2. Transition probabilities of Primula veris individuals between
1995 and 1996 and associated elasticity values. (A) * Control ma-
trix,” containing data from demographic plots of the population,
plus transitions corresponding to reproductive plants of the *‘con-
trol”” group. (B) Elasticity values corresponding to this ‘‘control
matrix’’ (the two highest values are in boldface type). (C) Transi-
tion probabilities for reproductive plants exposed to seven treat-
ments. Abbreviations: s = seeds in the seed bank; sl = seedlings
1-yr-old; sv, iv, and lv = small, intermediate, and large vegetative
plants, respectively; r = reproductive plants. For an explanation of
treatments abbreviations, see MATERIALS AND METHODS.

A) Transition probabilities

s d sv iv v r_control
s 0.11 16.90
d 0.14 22.53
sV 0.57 0.53 0.10
v 0.36 0.82 0.12 0.02
v 0.04 0.41 0.53
r 0.46 0.45
B) Elasticities
s sl sv iv v r_control
S 0.001 0.007
d 0.007 0.075
sV 0.082 0.073 0.013
v 0.095 0.204 0.003 0.000
v 0.085 0.074 0.058
r 0.140 0.083
C) Transition probabilities
r-Half
r-No fl r-Half fl fl + pol r-Pollen rEarly D r-MiddleD r.LateD
10.17 16.64 10.25 10.83 15.51 18.94
13.56 22.18 13.67 14.44 20.68 25.25

0.02 0.02 0.06 0.04 0.15 0.22 0.09
0.37 0.41 0.57 0.49 0.53 0.67 0.60
0.61 0.55 0.35 0.43 0.30 0.09 0.30

“Tzgaeo

Lowenberg, 1994; Obeso and Grubb, 1994; Escarré, Lepart,
and Sentac, 1996).

If current reproductive success relies primarily on resource
availability and resource acquisition during early phases of
ovary fertilization, as seems to be the case in P. veris, then
leaf removal during late phases of fruit development may not
influence seed production. Growth and flowering in one year,
in contrast, also depend on the photosynthetic activity during
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fruit and seed maturation during the previous year. Hence,
there appears to be phenological variation in how resources
are distributed between competing sinks: fruit-filling vs. stor-
age for growth and reproduction in the following season. In a
study of two species of Geranium, Agren and Willson (1994)
found differences between species in the cost of reproduction,
despite the fact that the time required for flowering and fruit
maturation was similar. They interpreted the results in terms
of a “tempora overlap.” A higher cost of reproduction was
associated with a higher interference between allocation to re-
production and allocation to vegetative growth and storage.

Total effects—In this study we went beyond single demo-
graphic parameters and assessed the overall effects of treat-
ments on materna fitness through a demographic modeling
approach. This method has rarely been used to evauate the
effect of isolated factors such as pollen limitation (Calvo,
1993; Ehrlén and Eriksson, 1995) and herbivory (Doak, 1992;
Ehrlén, 1995) on population growth rate. Our experimental
design alowed us to compare simultaneously the sensitivity
of A to different intensities of flower predation, supplemental
pollination, and the timing of leaf herbivory. The estimated
effect of treatments on lifetime fitness (\) suggested reduced
population growth rate for five of the seven treatments when
compared to control plants.

The highest reduction in population growth rate (almost
20%) occurred after complete flower removal. A lower but still
significant reduction of A was also seen after removal of half
of the inflorescence, with or without hand pollination of the
remaining flowers. Decomposition of these differences into
contributions from different life cycle transitions by LTRE
analysis showed that changes in \ were largely the result of a
reduced seedling production. Differences in growth and sur-
vival of reproductive individuals contributed much less to dif-
ferencesin \. In our model we kept transitions from vegetative
plants constant. Hence, our experimental design says nothing
about the relative importance of transitions from vegetative vs.
reproductive individuals. However, the elasticity analysis of
individuals in the control group shows that the survival and
growth of larger vegetative individuals contributed most to the
growth of this population.

Supplementary hand pollination had no effect on population
growth rate, suggesting that fitness was not limited by pollen
availability in this population. This was expected given that
we did not increase seed output with hand pollinations and did

TaBLE 3. Population growth rate (\) calculated for each treatment and percentage of difference in comparison with the control matrix (A = 1.21,
95% confidence interval [Cl] = 1.18-1.25). The total effect of treatments is decomposed into contributions (proportions) by transitions from
reproductives to all classes by LTRE analysis. Abbreviations: s = seeds in the seed bank; sl = seedlings 1-yr-old; sv, iv, and Iv = small,
intermediate, and large vegetatives, respectively; r = reproductive plants. Population growth rates from experimental treatments outside the CI
of \ for the control matrix and transitions with the highest impact for each treatment (>40% of the total effect) are in boldface. For an
explanation of treatment abbreviations, see MATERIALS AND METHODS.

No fl. Half fl. Pollen Fl. + pollen Early D Middle D Late D
Lambda 0.97 117 1.19 1.16 114 1.16 1.20
% change from control A —-19.79 -3.42 —-1.44 —4.64 —-5.74 -4.61 -0.89
Contributions from reproductives to
s 0.07 0.05 0.00 0.07 0.05 0.01 0.02
sl 0.68 0.49 0.05 0.74 0.50 0.08 0.20
sv 0.00 0.00 0.00 0.00 0.00 0.00 0.00
iv 0.00 0.00 0.02 0.01 0.03 0.03 0.02
Iv 0.10 0.20 0.18 0.09 0.00 0.17 0.16
r 0.15 0.26 0.74 0.09 0.41 0.71 0.60
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not detect subsequent improved performance as found by Leh-
tila and Syrjanen (1995a). In other species where supplemental
pollination considerably enhanced reproductive success, ma-
trix models were used to examine whether pollen (Calvo,
1993) or resources (Ehrlén and Eriksson, 1995) limited life-
time seed production.

The effect of herbivory differed considerably depending on
timing, as the same intensity and pattern of defoliation were
detrimental during fruit development and especially flowering,
but had no significant effect when applied late in the growing
season. The total negative effects were smaller than that of
complete flower removal and similar to that of half-flower re-
moval, and they were expressed through different paths. Early
leaf remova mainly resulted in reduced seed production (as
occurred with flower removal), whereas removal later during
the season reduced the probability that reproductive individ-
uals remained fertile. These results confirm the conclusions
from analyses of fitness components and, again, suggest that
resources necessary for seed production and storage for future
performance rely on different phenological states of the plant.
As demonstrated in other species, the timing of the damage is
important for detecting negative or compensatory responses
(Marquis, 1992; Obeso and Grubb, 1994; Lehtila and Syrj&
nen, 1995a), and therefore must be taken into account when
investigating the effect of herbivory. In addition to timing, the
intensity and frequency of herbivory should also be included
for a complete view of itsreal effects under natural conditions
(Doak, 1992; Ehrlén, 1995).

General conclusion—Our results suggest that the broad
spectra of animal interactions in which plants are involved
cause a variety of effects that differ in their magnitude and
time of appearance, as well as in terms of which components
of fithess are affected. With respect to herbivory, no future
effects after complete flower removal or current effects after
half flower removal were detected when examining isolated
fitness components. Furthermore, flower removal and leaf
damage both reduced population growth rate, but they did this
by affecting different life history stages. Long-lived iteropa
rous plants, however, spend a variable period as reproductive
individuals, and the full consequences can be correctly as-
sessed only when placing that period in the broader context
of the entire life cycle, as demographic models do. In order to
compare factors that influence different fitness components
and proceed towards a more general knowledge of plant—ani-
mal interactions, it is therefore important to assess the effects
in terms of universal fitness estimates.

LITERATURE CITED

ACKERMAN, J. D., AND A. M. MoNTALVO. 1990. Short- and long-term lim-

. itations to fruit production in a tropical orchid. Ecology 71: 263-272.

AGREN, J. 1989. Seed size and number in Rubus chamaemorus. between-
habitat variation, and effects of defoliation and supplemental pollination.

. Journal of Ecology 77: 1080-1092.

AGREN, J.,, AND M. FE WiLLSON. 1994. Cost of seed production in the peren-
nial herbs Geranium maculatun and G. sylvaticum: an experimental field
study. Oikos 70: 35-42.

ALVAREZ-BUYLLA, E. R., AND M. SLATKIN. 1994. Finding confidence limits
on population growth rates: three real examples revised. Ecology 75:
255-260.

Bazzaz, E A., R. W. CARLSON, AND J. L. HARPER. 1979. Contribution to
reproductive effort by photosynthesis of flowers and fruits. Nature 279:
554-555.

BrRANDON, R. N. 1978. Adaptation and evolutionary theory. Sudies in the
History and Philosophy of Science 9: 181-206.

GARCIA AND EHRLEN—REPRODUCTIVE EFFORT AND HERBIVORY IN AN HERB

1301

CaLvOo, R. N. 1990. Four-year growth and reproduction of Cyclopogon cran-
ichoides (Orchidaceae) in South Florida. American Journal of Botany 77:
736-741.

CaLvo, R. N. 1993. Evolutionary demography of orchids: intensity and
frequency of pollination and the cost of fruiting. Ecology 74: 1033—
1042.

CaLvo, R. N., anp C. C. HorviTz. 1990. Pollinator limitation, cost of re-
production, and fitness in plants: a transition-matrix demographic ap-
proach. American Naturalist 136: 499-516.

CAswELL, H . 1989a. Matrix population models: construction, anaysis, and
interpretation. Sinauer, Sunderland, Massachusetts, USA.

CASWELL, H. 1989b. Analysis of life table response experiments. . Decom-
position of effects on population growth rate. Ecological Modelling 46:
221-237.

DE KROON, H., A. PLAISIER, J. VAN GROENENDAEL, AND H. CASWELL. 1986.
Elasticity: the relative contribution of demographic parameters to popu-
lation growth rate. Ecology 67: 1427-1431.

Doak, D. F 1992. Lifetime impacts of herbivory for a perennial plant. Ecol-
ogy 73: 2086—2099.

EHRLEN, J. 1995. Demography of the perennial herba Lathyrus vernus.
I1. Herbivory and population dynamics. Journal of Ecology 83: 297—
308.

EHRLEN, J., AND O. ERIkssoN. 1995. Pollen limitation and population growth
in a herbaceous perennial legume. Ecology 76: 652—656.

EHRLEN, J., AND J. vAN GROENENDAEL. 2001. Storage and the delayed costs
of reproduction in Lathyrus vernus, an understorey perennial. Journal of
Ecology 89: 237-246.

EsCARRE, J,, L. LEPART, AND J. J. SENTUC. 1996. Effects of simulated her-
bivory in three old field Compositae with different inflorescence archi-
tectures. Oecologia 105: 501-508.

HorviTz, C. C., AND D. W. ScHEMSKE. 1988. Demographic cost of repro-
duction in a neotropical herb: an experimental field study. Ecology 69:
1741-1745.

HorviTz, C. C,, AND D. W. ScHEMSKE. 1995. Spatiotemporal variation in
demographic transtitions of a tropical understory herb: projection matrix
analysis. Ecological Monographs 65: 155-192.

HorviTz, C. C., D. W. ScHEMSKE, AND H. CASwWELL. 1997. The relative
“importance” of life-history stages to population growth: prospec-
tive and retrospective analyses. In S. Tuljapurkar and H. Caswell
[eds.], Structured-population models in marine, terrestrial, and fresh-
water systems, 247-271. Chapman and Hall, New York, New York,
USA.

INGHE, O., AND C. O. TAMM. 1988. Survival and flowering of perennia
herbs. V. Patterns of flowering. Oikos 51: 203-219.

JENNERSTEN, O. 1991. Cost of reproduction in Viscaria vulgaris (Caryophyl-
laceae): afield experiment. Oikos 61: 197-204.

KARLSsON, P S., B. M. SvENSsON, B. A. CARLSSON, AND K. O. NORDELL.
1990. Resource investment in reproduction and its consequences in three
Pinguicula species. Oikos 59: 393-398.

LEHTILA, K., AND K. SYRIANEN. 1995a. Positive effects of pollination on
subsequent size, reproduction, and survival of Primula veris. Ecology
76: 1084-1098.

LEHTILA, K., AND K. SYRIANEN. 1995b. Compensatory responses of two
Melampyrum species after damage. Functional Ecology 9: 511-517.
LOWENBERG, G. J. 1994. Effects of floral herbivory on maternal reproduction

in Sanicula arctopoides (Apiaceae). Ecology 75: 359-369.

McGRrAw, J. B., AND H. CAsweLL. 1996. Estimation of individua fitness
from life-history data. American Naturalist 147: 47-64.

MARQuis, R. J. 1992. A bite is a hite is a bite? Constraints on response to
folivory in Piper arieianum (Piperaceae). Ecology 73: 143-152.

MOTHERSHEAD, K., AND R. J. MARQuiIs. 2000. Fitness impacts of herbivory
through indirect effects on plant—pollinator interactions in Oenothera ma-
crocarpa. Ecology 81: 30—40.

NIEsENBAUM, R. A. 1996. Linking herbivory and pollination: defoliation and
selective fruit abortion in Lindera benzoin. Ecology 77: 2324-2331.
OBESO, J. R. 1993a. Does defoliation affect reproductive output in herbaceous
perennials and woody plants in different ways? Functional Ecology 7:

150-155.

OBESO, J. R. 1993b. Cost of reproduction in the perennia herb Asphodelus
albus (Liliacese). Ecography 16: 365-371.

OBESO, J. R., AND P J. GRuBB. 1994. Interactive effects of extent and timing
of defoliation, and nutrient supply on reproduction in a chemically pro-
tected annua Senecio vulgaris. Oikos 71: 506-514.



1302

PriMACK, R. B., AND P HALL. 1990. Costs of reproduction in the pink lady’s
slipper orchid: a four-year experimental study. American Naturalist 136:
638-656.

RaMsEeY, M. 1997. No evidence for demographic costs of seed production in
the pollen-limited perennial herb Blandfordia grandiflora (Liliaceag). In-
ternational Journal of Plant Sciences 158: 785-793.

SILVERTOWN, J., M. FRANCO, |. PiIsaNTY, AND A. MENDOZA. 1993. Com-
parative plant demography. Relative importance of life-cycle components

AMERICAN JOURNAL OF BOTANY

[Vol. 89

to the finite rate of increase in woody and herbaceous perennials. Journal
of Ecology 81: 465-476.

Snow, A. A., AND D. E WHIGHAM. 1989. Costs of flower and fruit production
in Tipularia discolor (Orchidaceae). Ecology 70: 1286-1293.

STEARNS, S. C. 1989. Trade-offsin life-history evolution. Functional Ecology
3: 259-268.

SYRIANEN, K., AND K. LEHTILA. 1993. The cost of reproduction in Primula
veris: differences between two adjacent populations. Oikos 67: 465-472.



