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LIFE-CYCLE COMPONENTS OF SELECTION IN ERIGERON ANNUUS:
I. PHENOTYPIC SELECTION

DoONALD A. STRATTON!
Department of Ecology and Evolution, State University of New York,
Stony Brook, NY 11794 USA

Abstract. — The magnitude and direction of phenotypic selection on emergence date and seedling
size in Erigeron annuus was measured to determine the heterogeneity of selection among sites and
the proportion of fitness variance explained by seedling size and emergence date. Three disturbance
treatments (open, annual vegetation, perennial vegetation) were imposed to test the hypothesis of
stronger selection on seedlings in competitive environments. Selection was most heterogeneous
early in the life cycle, with significant spatial heterogeneity in the magnitude of selection on a local
scale. The disturbance treatments affected only fecundity selection gradients and selection was
strongest in open plots. Significant variation in the sign of selection differentials on emergence date
was observed for establishment and fall viability selection episodes; at later stages selection varied
in magnitude but not direction. Seedlings in the earliest cohort experienced high mortality during
establishment, but increased size and fecundity later in the life cycle. Both stabilizing and disruptive
selection on emergence date were observed during establishment, but in general selection was
purely directional. At Stony Brook most selection on emergence date operated indirectly through
seedling size, whereas at the Weld Preserve direct selection was stronger. There were persistent
effects of both seedling emergence date and rosette diameter on adult fitness components, and
October rosette diameter explained 18% of the total phenotypic variance in fecundity. Overall,
viability fitness components were much more important than fecundity selection. Winter survi-

vorship was the single most important episode of selection.
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In most plant populations, many more
seedlings germinate than become estab-
lished (Grubb, 1977; Cook, 1979) and the
seedling stage is often the period of maxi-
mum mortality. If seedling mortality is cor-
related with some phenotypic trait, large
shifts in the population mean value of that
trait (i.e., selection) may occur during the
critical establishment phase of the life cycle.
Harper (1977) labels this period the “en-
vironmental sieve.” Conceivably, selection
on seedlings may be strong enough to over-
ride conflicting selection pressures in later
stages of the life cycle. If seedling characters
are correlated with other phenotypes ex-
pressed later in the life cycle, selection may
indirectly shift the distribution of adult
characters not even expressed in seedlings.

Variation in seedling size may be one of
the most important determinants of fitness
during the early stages of the life cycle. Size
hierarchies (skewed size distributions with
a few large individuals) develop early and

! Present address: Department of Ecology and Evo-
Iutionary Biology, Princeton University, Princeton, NJ
08544 USA.

often become more skewed with time, re-
sulting in a disproportionate contribution
of zygotes from the few largest individuals
(Solbrig, 1981; Cook and Lyons, 1983; Wei-
ner, 1985). Small variations in the timing
of germination or in the initial growth rate
of seedlings may translate into large fitness
differences (Stanton, 1985; Waller, 1985).
Thus, seedling size may lock a plant into a
position in the fitness hierarchy, so the final
fitness distribution may be largely deter-
mined by events occurring in the first
months of the life cycle.

Several studies have shown the impor-
tance of emergence time for seedling sur-
vivorship, as well as fecundity and lifetime
fitness (Howell, 1981; Lee and Hamrick,
1983). The first seedlings to emerge get a
head start on growth and may maintain their
relative size advantage, exhibiting increased
survivorship and fecundity at later stages of
the life cycle (Ross and Harper, 1972; Wal-
ler, 1985). In some species early germina-
tion decreases viability, creating a tradeoff
between size and initial survivorship (Ar-
thur et al., 1973; Marks and Prince, 1981),
while other studies have shown directional
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PHENOTYPIC SELECTION IN ERIGERON 93

selection for early germination over all com-
ponents of fitness (Howell, 1981; Kalisz,
1986; Miller, 1987).

The above studies have shown seedling
size to be a trait highly correlated with fit-
ness, and therefore expected to be under
consistent positive directional selection.
However, the magnitude of selection may
vary among environments. In particular, se-
lection on early seedling size may be more
intense in dense populations with high in-
tra- or interspecific competition (Shaw,
1986; Schmitt et al., 1987). Large seed size
(which in part determines early seedling size)
is favored in more closed habitats (Salis-
bury, 1942) and the magnitude of the seed
size advantage increased in experiments with
high levels of competition (Black, 1958;
Stanton, 1984; Stratton, 1989).

The magnitude and even the direction of
selection may not be constant across selec-
tion episodes (Clegg et al., 1978; Arnold and
Wade, 19845b). Characters expressed at the
seedling stage may affect some fitness com-
ponents but not others, or there may be
tradeoffs between fitness components. For
example, early germination may increase
seedling size (ultimately fecundity) but at
the cost of increased mortality if there are
unfavorable climatic conditions during es-
tablishment. By partitioning selection into
the component episodes one can expose the
critical stages of the life cycle for selection
and identify potential life history tradeofTs,
even when there is little or no net selection.

It is useful to separate natural selection
into two components: the phenotypic co-
variance between a trait and fitness, which
governs changes in phenotypic means with-
in a generation, and the genetic variance for
the trait, which allows a response to selec-
tion across generations (Lande and Arnold,
1983). The ecological interactions that de-
termine a plant’s survivorship, growth rate
and ultimate fecundity depend on pheno-
types and their interaction with the envi-
ronment. Focusing solely on the mean re-
sponse of genotypes, while important for
evolution, obscures much of the ecological
dynamics that determine the reproductive
success of an individual. Here I address
questions concerning the relationship be-
tween seedling phenotypes (germination date
and seedling size) and fitness in the common

weed Erigeron annuus. Specifically, 1) how
does selection vary with the competitive en-
vironment? Previous data suggest that se-
lection for early seedling size should be
stronger in more competitive environments
(Stratton, 1989; Schmitt and Erhardt, 1990).
2) Are there critical stages in the life cycle
for selection on these traits? (i.e., which
components of viability and fecundity most
strongly covary with seedling size and emer-
gence date?) Finally, 3) How much of the
final variance in relative fitness can be ex-
plained by events at the seedling stage?
Measurements of genetic variation are pre-
sented in a companion paper (Stratton,
1992).

MATERIALS AND METHODS

Erigeron annuus (Asteraceae) is a com-
mon early successional weed native to east-
ern North America. It is classified as a win-
ter annual; seeds typically germinate in
August, seedlings overwinter as rosettes and
plants bolt and flower the following sum-
mer. Some plants do not reproduce first year
but instead remain as rosettes until the sec-
ond or third summer. Erigeron annuus is
triploid and apomictic, reproducing solely
by tiny wind-dispersed seeds. Seed produc-
tion is high: a single plant may produce as
many as 100,000 genetically identical seeds
(Stratton, 1988).

The experiment was set up at two sites
near Stony Brook, New York, USA. The
Weld Preserve (WP) site was an old field,
fallow approximately five years, and had a
dense cover of primarily Solidago spp. The
Stony Brook campus site (SB) was an old
garden plot dominated by grasses, Arte-
mesia vulgaris, and Daucus carota. The SB
site was more mesic than WP, being par-
tially shaded by an oak forest to the south,
and the substrate was less sandy.

Each experimental block consisted of three
1 m? plots, each randomly assigned one of
three disturbance treatments. The treat-
ments included bare tilled soil (“open™),
tilled soil with a sparse cover of summer
annuals (“annual™), and natural vegetation
with small 10 x 10 cm disturbances (‘“‘pe-
rennial”). Plots in the open and annual
treatments were tilled one week prior to
planting. For the annual treatment I trans-
planted 16 seedlings of Ambrosia artemi-
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Fig. 1. Summary of the experimental design. Three

experimental disturbance treatments (Open, Annual,
Perennial) were replicated in six blocks at two sites,
Stony Brook and Weld Preserve. Seeds were sown in
40 10 x 10 cm cells within each 1 m? plot and several
seedlings were measured per cell. The solid circles show
the position of Ambrosia plants in the Annual plots.

siifolia into the tilled plots immediately af-
ter the Erigeron seeds were planted (Fig. 1).
The Ambrosia were about 25 cm tall when
transplanted. This treatment resulted in a
50 cm canopy with sparse shade by two
weeks after transplanting. During the first
week, the open and annual treatments were
very similar. In the perennial plots, I clipped
the vegetation to 10 cm to facilitate planting
but no tilling or whole-plant removal took
place. The perennial cover grew back readi-
ly. These treatments correspond to condi-
tions experienced by Erigeron annuus in
successional environments ranging from
newly fallow fields to three to five year old
successional communities. All can be con-
sidered ‘“natural” habitats of E. annuus.
There were six blocks (4 at WP and 2 at SB)
for a total of 18 plots (Fig. 1).

Each plot was divided into 40 10 x 10
cm cells, arranged in a checkerboard design.
A plug of soil was removed from each cell
and the resulting hole was refilled with au-
toclaved soil. A small “pinch” (600-900) of
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seeds was scattered over each cell and lightly
covered with soil to help hold the seeds in
place. I used seeds from 10 Erigeron ge-
notypes, all collected from a large popula-
tion at the Weld Preserve and there were
two replicates of two maternal families of
each. See Stratton (1992) for the genetic
details. Seeds were planted between 31 July
and 2 August 1987, near the end of the nor-
mal period of seed dispersal on Long Island.
The plots were censused weekly for emer-
gence and survivorship from 15 August to
6 September. Seedlings that emerged during
each census week were defined as an emer-
gence cohort. There were four cohorts. A
subset of up to 10 seedlings in each cell were
marked in each emergence cohort using col-
or coded toothpicks. When more than 10
seedlings in a given cohort emerged, I ran-
domly removed the excess seedlings. Be-
cause most of the excess seedlings emerged
in cohort 1, thinning increased the variance
in emergence date by an average of 13%.
After seedlings were established and after
most early mortality had occurred, I per-
manently marked a subset of the surviving
seedlings and mapped their location within
the cell. An average of three (maximum =
four) seedlings in each cell were chosen such
that they were approximately equally spaced
and evenly divided among cohorts. Again,
because initial densities were not con-
trolled, I removed excess seedlings. Seedling
removal in October increased the pheno-
typic variance of emergence date by only
39%.

I measured the maximum rosette diam-
eter of each seedling and monitored survi-
vorship during censuses in October 1987,
March, May, July 1988, and April, July
1989. In the July censuses I estimated the
seed production of each reproductive plant.
Because of the large number of seeds pro-
duced per plant (25,900 £ 1,660 in this
experiment), I counted the number of flower
heads (capitula) on each plant and estimated
the number of seeds/capitulum from the disk
diameter. The number of florets per capit-
ulum was determined by the equation: flo-
rets = 38.9 + 7.27(Disk Area) (in mm?; r?
= 0.81; Stratton, 1988). The disk diameter
increases with the age of the capitulum, so
all measurements were made on heads with
dehiscent anthers in only the outer two or
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three whorls of disk florets. Each floret pro-
duces one single-seeded achene so, assum-
ing equal seed set, fecundity is proportional
to the total number of florets.

Selection Episodes and Fitness Compo-
nents. —1 divided the life cycle into a series
of selection episodes that multiplicatively
combine to determine lifetime fitness. Vi-
ability selection was divided into five com-
ponents. The establishment episode was de-
fined as emergence through the September
census; fall, winter, spring, and second year
viability selection episodes cover the peri-
ods September—October, October-March,
March-July 1988, and July 1988-July 1989,
respectively. The divisions are somewhat
arbitrary but they correspond to the major
phases of the life cycle of E. annuus (estab-
lishment, winter dormancy, spring growth)
and represent periods of distinct environ-
mental sources of mortality. Desiccation was
a particularly important source of mortality
during the establishment and fall selection
episodes whereas frost-heaving was appar-
ently the major source of mortality over the
winter. Survivors of a particular selection
episode were assigned a fitness value of one,
otherwise fitness was zero for that episode.
The fecundity component was estimated by
the seed production of plants that survived
to reproduce. Each replicate 1 m? plot was
defined as a population for the purpose of
computing relative fitness and estimating
phenotypic selection.

Most estimates of lifetime fitness were
zero because of the large number of plants
that failed to survive to reproduction. I dis-
counted the fecundity of second year plants
by the population growth rate, using the
equation: w; = Z A5,/ ) where w; is the
absolute fitness of individual 7, A is the pop-
ulation growth rate, sy, is survivorship (0
or 1) and my,, is the fecundity of individual
[ at time x (Service and Lenski, 1982). I
calculated A separately for each of the 18
replicate plots by population projection of
the Leslie matrix (A) until the estimates of
A (ratio of population sizes in successive
generations) converged within 0.001 (Table
1). The transition matrix was of the form

A= gsirfi gsanh
si(1—r) O

where g is the germination fraction, s is sur-
vivorship, r is the probability of reproduc-
tion, and f is the fecundity in each year.
Fitness was made relative by dividing by
the mean fitness in each 1 m? plot.

Measuring Phenotypic Selection. —While
this experiment primarily focused on the
covariance between phenotypes and fitness
(descriptive and correlational), the three ex-
perimental disturbance treatments tested the
hypothesis that the magnitude of directional
selection on seedling size should be greater
in the plots with high levels of competition
(perennial) compared to the open and an-
nual plots. In addition, the replicate plots
within sites allowed ad hoc tests for spatial
variation in the magnitude of selection be-
tween the Stony Brook and Weld Preserve
sites.

For each character and for each selection
episode I calculated the directional and sta-
bilizing selection gradients from linear and
quadratic regressions of relative fitness on
the phenotype (Lande and Arnold, 1983).
When multiple characters are considered si-
multaneously, the vector of partial regres-
sion coefficients estimates the direct selec-
tion on each character while controlling
indirect effects of selection on correlated
characters. I standardized all characters to
unit variance before estimating selection.
Standardized selection gradients have the
advantage of being directly comparable
among populations and characters. Because
the seedling phenotypes were not measured
simultaneously, the multiple regression ap-
proach could not be extended to analyses of
lifetime fitness. Multiple regression of fit-
ness on emergence date, October, and March
rosette diameter could only include data
from individuals that survived through
March, thus ignoring earlier selection epi-
sodes. Instead the components of lifetime
selection were estimated separately and life-
time selection was computed as the sum of
selection gradients over all episodes (Arnold
and Wade, 1984a). Selection gradients were
made additive by substituting the initial
phenotypic covariance matrix P, for the
conditional covariance matrix P; observed
at the beginning of each episode (Wade and
Kalisz, 1990). The initial phenotypic co-
variance matrix was constructed by repeat-
edly solving for P; in the equation
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TABLE 1.

Demographic parameters used in calculating the population growth rate in the 18 plots. The values

of lambda are sensitive to the estimated germination fraction and thus to my estimate of the initial number of
seeds planted (600-900/cell). I used the high estimate, but the actual value of A may be as much as 50% higher.
Higher values of A will further decrease the value of delayed reproduction. N = total number of seeds that
emerged per plot (germination fraction = N/(900*40); s = survivorship; r = probability of reproduction, given
that it survives through year 1 or 2; /' = fecundity; A = population growth rate.

Year 1 Year 2
Site  Block N 51 r 52 r f by

Open
SB 1 1,355 0.041 0.257 4,152 0.75 0.27 6,854 2.32
SB2 1,246 0.036 0.476 6,216 0.86 0.55 7,220 4.21
WP 3 483 0.025 0.806 66,739 0.57 1.00 20,195 18.06
WP 4 387 0.027 0.829 43,839 0.62 0.80 20,036 10.64
WP 5 669 0.009 0.542 11,656 0.20 1.00 8,705 1.17
WP 6 146 0.009 0.875 47,053 1.00 0.50 13,949 1.54
Mean 714 0.025 0.631 29,943 0.67 0.69 12,826 6.32

Annual
SB1 1,187 0.048 0.229 4,572 0.58 0.18 24,241 2.77
SB2 632 0.022 0.524 6,517 0.87 0.75 10,244 1.95
WP 3 298 0.033 0.971 54,990 1.00 1.00 10,952 14.63
WP 4 713 0.031 0.955 42,318 1.00 0.67 9,962 24.81
WP 5 881 0.004 0.800 6,870 0.67 0.50 6,321 0.61
WP 6 146 0.009 0.750 82,437 0.75 0.33 24,798 2.31
Mean 643 0.025 0.705 32,951 0.81 0.57 14,420 7.85

Perennial
SB 1 169 0.016 0.143 6,583 0.83 0.60 5,490 0.46
SB2 320 0.012 0.000 0 0.67 0.50 6,942 0.52
WP 3 643 0.017 0.636 11,534 0.46 0.67 58,541 2.92
WP 4 930 0.047 0.292 13,266 0.83 0.74 15,757 6.07
WP 5 600 0.014 0.000 0 0.21 0.00 0 0.00
WP 6 464 0.011 0.186 5,687 0.76 0.52 12,916 0.84
Mean 521 0.020 0.210 6,178 0.63 0.51 16,608 1.80

P, =P, + Py, P, — (PB)"(P:B)

where v is a 3 X 3 matrix of stabilizing
selection gradients and S isa 3 X 1 vector
of directional selection gradients (Lande and
Arnold, 1983; Lynch and Arnold, 1988).
Note that prior to the third census, v and 8
are only partially observed. The unmea-
sured elements were assumed to be zero,
under the assumption that selection can not
act directly on characters before they are
expressed (Lynch and Arnold, 1988). Given
an estimate of P, conditional selection gra-
dients, §’, were made additive by §;, =
P, 'P,8 (Wade and Kalisz, 1990).
Statistical Analyses. —The distribution of
lifetime fitness was highly nonnormal, hav-
ing a large excess of individuals with zero
fitness. Similarly, survivorship could only
assume values of 0 or 1, violating the nor-
mality assumption of regression analysis.
Thus, significance levels for selection dif-

ferentials and selection gradients were com-
puted from 1,000 bootstrap replications of
the simple or multiple regression (Efron,
1982). The data were randomly resampled
with replacement 1,000 times from the orig-
inal distribution, restandardized, and used
to compute new regression coefficients. I
used the upper and lower 2.5% of the dis-
tribution of bootstrapped estimates to find
the 95% confidence intervals for the selec-
tion gradients. Individual selection gradi-
ents were considered to be significant if their
95% confidence intervals did not include
zero. Because there is a high probability that
at least one of 18 selection gradients will be
nominally significant during each episode,
experimentwise error was controlled using
the sequential Bonferroni method (Rice,
1989).

Overall significance of the selection gra-
dients across the entire range of environ-
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ments was tested via nonparametric signed
ranks tests, using values from the 18 plots
as observations. Even when individual es-
timates cannot be distinguished from zero,
consistency of the sign of selection gradients
provides evidence that selection is nonzero,
and tests for repeatability of selection across
environments.

Heterogeneity of selection was tested by
drawing 300 bootstrap samples for each pair
of plots and computing the difference for
each bootstrap replicate. The two selection
gradients were significantly different if the
bootstrap confidence interval of the differ-
ence did not include zero (Dixon et al.,
1987). The proportion of the 153 pairwise
comparisons that were significantly differ-
ent was used as an overall index of the het-
erogeneity of selection during a given epi-
sode. To correct for multiple comparisons,
heterogeneity of selection was only consid-
ered significant when at least 12/153 pairs
had nonoverlapping confidence intervals
(from binomial probability; P = 0.95; N =
153). Note that this test tells nothing about
which pairs of plots show heterogeneity, only
that selection was heterogeneous overall.

Comparisons of the magnitude of selec-
tion among disturbance treatments and sites
were tested by nonparametric Kruskal-Wal-
lis tests or Friedman’s method for random-
ized blocks (SAS, 1988) using the 18 selec-
tion gradients as observations. These do not
just test for heterogeneity, but rather require
consistent differences in the rank of selec-
tion gradients among sites or disturbance
treatments.

RESULTS

Over 12,000 seedlings emerged in all plots.
Of these, 6,251 were marked by cohort and
censused for early survivorship; 2,160 of the
survivors were individually numbered and
measured for rosette diameter, growth rate,
survivorship, and lifetime fecundity. Most
seedlings emerged in the first germination
cohort, which included 53% of all seedlings.
Cohorts 2, 3, and 4 contained 12, 20 and
15% of all seedlings, respectively.

Seedling mortality was concentrated dur-
ing the first three weeks following emer-
gence (Fig. 2). On average, 42% of all seed-
lings died within three weeks. Mortality
during establishment accounted for nearly

Survivorship

0 20 40 60 80 100

Survivorship

Weeks

FiG. 2. Survivorship curves for four cohorts of E.
annuus. Mortality was concentrated during the first few
weeks after emergence. Episodes of high mortality at
46 and 95 weeks show flowering plants that died fol-
lowing reproduction.

50% of the total deaths from emergence to
reproduction. A second period of high mor-
tality occurred during the winter, especially
for plants in later cohorts. The mean sur-
vivorship from October to March was 0.57.
Plants in the perennial plots were signif-
icantly smaller, had lower survivorship, and
lower fecundity than plants in the open and
annual treatments. The average seed pro-
duction in perennial plots was 14.2 x 103
compared to 27.1 x 10° and 32.3 x 103
seeds in the open and annual plots (F{; 440
= 3.43, P < 0.05). Only 19% of surviving
plants reproduced as annuals in perennial
plots, compared to 63% and 70% in the open
and annual treatments (Fp ;5 = 9.58, P =
0.003). As a result, estimates of population
growth rate showed declining populations
(A < 1) in 4/6 perennial plots (Table 1).
Selection on Emergence Date.—Direc-
tional selection on emergence date during
the establishment phase was significantly
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Fic. 3. Standardized selection differentials for selection on emergence date in 18 plots with 95% confidence
intervals. The units are phenotypic standard deviations. In this and all other figures, open symbols show plots
at Stony Brook and closed symbols show plots at the Weld Preserve. Squares are Open plots, circles are Annual

plots and triangles are Perennial plots.

positive (favoring later emergence) in 6 of
the 18 plots and significantly negative in 4
plots (Fig. 3). In addition, there were sig-
nificant quadratic components to the fitness
surface, indicating the presence of both sta-
bilizing selection (four plots) and disruptive
selection (three plots) during the establish-
ment episode (Fig. 4). Four more plots had
significantly positive quadratic components
but the survivorship minimum was outside
the range of phenotypes. Thus these plots
had monotonic directional selection for late
emergence, although the fitness surface was
significantly curved. Both directional and
stabilizing/disruptive selection differentials
during establishment were significantly het-
erogeneous overall and showed spatial de-
pendence among blocks (Table 2). However
there was no significant variation in selec-

tion among disturbance treatments or be-
tween the two sites.

Three plots at the Weld Preserve had sig-
nificant selection for later emergence in the
fall selection episode (September to Octo-
ber) whereas early emergence was favored
in four plots (all at Stony Brook) (Fig. 3).
Disruptive selection on emergence date was
present in three plots (Fig. 4). One more had
a significantly positive quadratic coefficient
but showed net directional selection for ear-
ly emergence. There was no effect of dis-
turbance treatment on the magnitude or
shape of fall viability selection but there was
significant spatial heterogeneity of direc-
tional and disruptive selection among blocks
and sites (Table 2).

Once seedlings survived establishment
and fall mortality, directional selection to-
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ward early emergence dominated all other
selection episodes (Fig. 3) and there was no
significant stabilizing or disruptive selec-
tion. Winter viability selection favored ear-
ly emergence in 10/18 plots, with an average
directional selection differential of —0.26
standard deviations. Winter survivorship
was over twice as high for the first two emer-
gence cohorts compared to the two later co-
horts (0.70 versus 0.33; G = 199.6;, P <
0.0001). Selection was stronger at Stony
Brook than the Weld Preserve, but again
there was no effect of the competitive en-
vironment on winter survivorship (Table
2). The net winter selection differential was
partially the result of correlations with seed-
ling size. On average, 51% of the selection
differential was due to indirect selection
through seedling size. Indirect selection was
more important at SB, where it accounted
for 87% of the total winter viability selec-
tion differential, compared to 19% at WP
(Friedman’s test, P < 0.003). Direct winter
viability selection on emergence date was
observed in seven plots (Table 3A). The
three disturbance treatments had no signif-
icant effect on either direct or indirect win-
ter viability selection on emergence date.
The timing of reproduction was highly
dependent on the date of emergence. Of
plants that reproduced, 78% of plants in co-
hort 1 flowered their first year (annual life
cycle) compared to only 61% of plants in
later cohorts (G = 11.2, P < (0.001). No
plants that germinated after 20 August flow-
ered at Stony Brook during year 1. Similar-
ly, the probability of reproducing at all was
much higher for plants in the earliest cohort
compared to all others (0.235 versus 0.073,
G =513.8, P < 0.0001). Among plants that
reproduced, early emergence resulted in in-
creased fecundity at both sites (Fig. 3). Plants
in cohort 1 had 26% higher fecundity at
Stony Brook (7,420 versus 5,860) and 41%
higher fecundity at the Weld Preserve
(38,000 versus 27,000) compared to plants
in later cohorts (Fy; 45, = 10.2, P < 0.001).
Individual fecundity selection differentials
were not significant, partly a result of the
small number of plants that survived to re-
produce, but selection was consistently neg-
ative across all plots (P < 0.01, signed ranks
test). While the net fecundity selection dif-
ferentials favored early emergence, direct
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symbols = SB, closed = WP; squares = Open plots,
circles = Annual plots, triangles = Perennial plots.

selection gradients on emergence date (con-
trolling for selection on size) were not sig-
nificant but generally positive, especially in
the open plots (Table 3A). Direct fecundity
selection gradients on emergence date were
significantly heterogencous among the three
disturbance treatments, but the pattern of
heterogeneity did not support my a priori
predictions of stronger selection in peren-
nial plots (Table 3A). Most of the fecundity
selection on emergence date operated in-
directly through seedling size.

The cumulative effect of phenotypic se-
lection on emergence date was to decrease
mean emergence time in most plots, but
blocks 5 and 6 at WP had net positive se-
lection on emergence date (Fig. 5, upper).
The cumulative selection differential was
—0.69 standard deviations at SB. This cor-
responds to a decrease in mean emergence
date of 5.2 days. Lifetime selection on emer-
gence date had a significant positive qua-
dratic component in 7/18 plots (Table 2),
primarily because cohorts 3 and 4 both had
uniformly low fitness (Fig. 6) rather than
disruptive selection on emergence date. At
SB, most of the lifetime selection on emer-
gence date was the result of indirect selec-
tion through seedling size (Table 3C). In
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TaBLE2. Heterogeneity of selection differentials. Heterogeneity of selection among sites, blocks, and disturbance
treatments was tested via Kruskall-Wallis tests using the 18 selection gradients as observations. Heterogeneity
among plots is given by the proportion of the 153 pairwise comparisons that are significantly different. Overall
heterogeneity among plots may be considered significant if it is greater than 8% (see text).

Heterogeneity among

Disturbance
treatments Sites Blocks Plots No. significant
X2 © 2 % T _
Directional selection differentials
Emergence date
Viability
Establishment 0.25 0.71 11.99** 51* 4+ 3—
Fall 0.50 7.89%* 13.66* 48* 3+ 4-—
Winter 0.14 8.43%* 13.19* 17* 10—
Spring 1.13 0.43 1.56 11* 1+
Year-2 2.71 0.13 1.33 35* 0
Fecundity 2.47 1.38 10.35* 17* 0
Lifetime fitness 0.18 11.00%** 14.56* 54* 10—
October rosette diameter
Viability
Winter 0.78 0.56 9.59 16* 8-+
Spring 0.78 1.06 4.30 6 0
Year-2 2.16 0.13 3.45 15* 0
Fecundity 1.22 1.45 9.10 11* 1+
Lifetime fitness 5.23 0.65 3.27 29* 9+
Stabilizing/disruptive selection differentials
Emergence date
Establishment 1.27 2.25 9.94 70* 7+ 4—
Fall 0.98 0.08 11.12* 20* 4+
Lifetime fitness 0.57 0.82 4.29 20% S5+
October rosette diameter
Winter 2.14 5.93* 6.28 12* 6—

*** P < 0.001;** P < 0.01;* P < 0.05.

contrast, most of the selection at WP acted
directly on emergence date itself. In all plots,
lifetime viability selection on emergence
date was much stronger than fecundity se-
lection (Table 3C).

Selection on Seedling Size. — Viability se-
lection on October rosette diameter pri-
marily operated through variation in winter
survivorship. The mean directional selec-
tion differential was +0.41 standard devi-
ations; winter selection differentials were
significant in 8 of the 18 plots after adjusting
for experimentwise error, but all 18 were
nominally significant at P < 0.056 (Fig. 7).
Most of the variation in phenotypic selec-
tion occurred among plots and among blocks
(P = 0.07), and there were no significant
effects of site or disturbance treatment (Ta-
ble 2). Quadratic selection differentials were
significant in 9/18 plots (all negative) but
there was no evidence of an intermediate
fitness maximum. Seedlings larger than 20

mm had uniformly high winter survivor-
ship (Fig. 8). Although the fitness surface
was significantly curved, there was net pos-
itive directional selection with a size thresh-
old. The threshold effect was stronger at
Stony Brook, resulting in significant hetero-
geneity of quadratic selection differentials
among sites (Table 2). Overall, winter via-
bility selection accounted for 80% of the
lifetime selection differential (Table 3).

October rosette diameter had only a weak
effect on spring viability, in part because of
the low opportunity for selection. The vari-
ance in relative spring survivorship was 0.15,
compared to 1.43 for winter viability. There
was also no effect of October diameter on
survivorship during the second year (Table
2).

On average, October rosette diameter ex-
plained 18% of the total variation in fecun-
dity. Individual fecundity selection differ-
entials were not significant in any plots, but
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PHENOTYPIC SELECTION IN ERIGERON

TaBLE3. Mean phenotypic selection gradients (A) and phenotypic correlations (B) for emergence date, October,
and March rosette diameter. Because of heterogeneity within the Weld Preserve, means were computed separately
for blocks 3,4 and 5,6. Asterisks denote significant heterogeneity among disturbance treatments or locations
using Friedman’s test for randomized blocks. Values in boldface indicate consistency of the sign of selection
gradients within the location or treatment. Under hg of no selection, the probability that all six selection gradients
have the same sign is P = 0.03. No stabilizing or disruptive selection gradients were significantly different from
zero. The number of plots with individually significant selection gradients (after adjusting for experimentwise
error) is shown at the right. Composite selection gradients (C) were calculated as the sum of selection over all

component episodes.

Site

Disturbance treatment

Variable SB WP(3,4) WP(5,6) Open Annual Perennial I:g.
A) Viability selection episodes
Establishment
Emergence 0.0849 -0.0996 0.2926 #*** 0.1254 0.0306 0.1220 7
Fall
Emergence —-0.0744 -0.0138 0.3130  *+* 0.0365 0.1092 0.0792 + 7
Winter
Emergence —0.2933 —-0.4320 0.0763 ***  —0.2152 —0.3409 0.0928 + 7
October 2.8992 0.1361 0.7463  *** 0.6696 0.7312 2.3809 10
Adult (Spring + Year 2)
Emergence 0.0321 0.0561 0.0543 0.0371 0.0592 0.0462 0
October —0.2615 0.1176 —0.2942  ** —0.0056 —0.0864 —0.3461 0
March 0.5443 0.1363 0.5761 ** 0.3144 0.3549 0.5874 3
Fecundity selection
Emergence 0.0350 0.0707 0.2232 0.2710 0.0711 0.0158 ** 0
October —0.1391 0.3150 -0.0187 + 0.3124 —0.2451 0.1079 *=* 0
March 0.2181 0.1632 0.2707 0.2150 0.4258 0.0112 = 4
B) Phenotypic correlations
Emergence—
October —-0.534 -0473 -0.277 + —0.432 —0.494 —0.358
Emergence—
March —0.443 -0.329 -0.162 —0.351 -0.310 -0.273
October-March 0.917 0.334 0.611 *xk 0.554 0.598 0.711 **
C) Composite selection gradients
Emergence date
Total indirect —1.5044 —0.3575 —-0.2213 —-0.6527 —0.4679 -—1.0737
Total direct -0.2157 -0.4185 0.9595  *** 0.2547 -0.0709 -0.0815
Total viability —1.6980 —0.6424 05190 **>* —-0.4379 —0.6299 —1.0743
Total fecundity —-0.0220 -0.1335 0.2192 + 0.0399 0.0911 —0.0808
October rosette diameter
Total indirect 0.6720 0.0513 0.4949  ** 0.3145 0.4865 0.4173
Total direct 2.4985 0.5688 0.5438 0.9763 0.3996 25734 **
Total viability 3.1253 0.2744 0.7735 ¥+ 0.8633 0.8609 2.7881
Total fecundity 0.0453 0.3457 0.1549 0.4275 0.0253 0.1117 +

*** P < 0.001; ** P < 0.01; + P < 0.05 but not significant with Bonferroni adjustment.

overall fecundity selection was significantly
greater than zero (P = 0.02, signed ranks
test). In most plots, fecundity selection was
much weaker than the total viability selec-
tion (Table 3A; Fig. 5, lower). The effect of
seedling size on fecundity was much stron-
ger among plants that reproduced the first
year (8 = 0.26; significant in 8/18) than the
effect on the fecundity of second year plants
(ns). Thus delayed reproduction decreased

the total fecundity selection on seedling size.
The three disturbance treatments differed in
the direct fecundity selection on October
rosette diameter (Table 3A). However the
phenotypic selection for large seedlings was
highest in open plots, a pattern opposite pre-
dictions.

The relationship between seedling size and
lifetime fitness showed purely directional
selection, with no evidence of curvature of
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Fic. 5. Cumulative standardized selection differ-
entials (+SE) for selection on emergence date (upper)
and October rosette diameter (lower) at Stony Brook
and Weld Preserve. Adult viability includes both spring
and year-2 survivorship for plants that delayed repro-
duction. Open symbols = SB, closed = WP; squares =
Open plots, circles = Annual plots, triangles = Peren-
nial plots. Data from blocks 5 and 6 at WP are shown
with dotted lines.

the fitness surface (Fig. 9). October rosette
diameter explained 22% of the phenotypic
variance in lifetime fitness.

DiscussioN

Heterogeneous Selection. —The differ-
ences in the environment that cause the het-
erogeneity of selection among the replicate
plots operate over a local scale, but remain
unknown. I found few consistent differences
in the magnitude of phenotypic selection
with respect to the three disturbance treat-
ments, so my a priori hypothesis of in-
creased selection on seedling size in com-
petitive environments was not supported by
these data. There was significant heteroge-
neity among disturbance treatments for fe-
cundity selection gradients for both seedling
size and emergence date. However selection

DONALD A. STRATTON

10000 2000

8000 <

6000 7

4000

Fitness- WP
g
Fitness- SB

2000

[} 1 2 3
Cohort

0
o

FiG. 6. Mean fitness (+SE) of plants in the four
emergence cohorts at Stony Brook and the Weld Pre-
serve. Note the difference in scale on the ordinate.

was weakest in high competition perennial
plots, a pattern opposite to predictions. In
contrast, Van der Toorn and Pons (1988)
did report a trend for stronger selection on
germination date closed habitats in two spe-
cies of Plantago.

Fall and winter viability selection favor-
ing early emergence cohorts was stronger at
Stony Brook than at the Weld Preserve,
which may be partially related to the com-
petitive regime. One of the most obvious
environmental differences between the two
sites was the difference in percent vegetation
cover. The plots at Stony Brook were all
rapidly colonized by other species (primar-
ily grasses, Artemesia vulgaris, and Stellaria
media) and by October had >80% cover.
Seedlings in later cohorts faced increased
competition with these species which may
partially account for the stronger selection
on emergence date at SB. At the Weld Pre-
serve the open and annual plots maintained
low percent vegetation cover (<40%)
throughout the experiment. At Stony Brook,
the open plots resembled the perennial plots
after two months and were not equivalent
to the open treatment at the Weld Preserve.
Because the three disturbance treatments did
not remain distinct, it is not surprising that
estimates of selection did not show consis-
tent differences among treatments.

Within the Weld Preserve site, there were
large and consistent differences in the pat-
tern of selection between blocks 3 and 4
versus blocks 5 and 6. This spatial variation
in selection was generally much larger than
the biotic effects of the competitive envi-
ronment. The relevant environmental dif-
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Fig. 7. Standardized selection differentials and 95% confidence intervals for October rosette diameter. Open
symbols = SB, closed = WP; squares = Open plots, circles = Annual plots, triangles = Perennial plots.

ferences are not known, however blocks 5
and 6 appeared to have sandier soil that
dried out faster during the fall and winter,
suggesting the possible importance of abi-
otic factors. The severe desiccation may ac-
count for the large viability selection against
early emergence in those blocks. However,
such inferences about the causes of selective
heterogeneity are merely speculative. To
make causal statements about particular se-
lective forces the consequences of abiotic
variation in soil type must be tested exper-
imentally, as was done for the competitive
regime (cf. Wade and Kalisz, 1990).
Significant variation in the magnitude of
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Fi1G. 8. Mean winter survivorship (£SE) as a func-

tion of October rosette diameter at Stony Brook and
the Weld Preserve. Each mean is based on minimum
of 12 plants.

selection was observed among the 18 plots
in nearly all selection episodes. Selection
was most heterogeneous early in the life cy-
cle, with most of the variation occurring
among blocks within sites. Several recent
studies have examined the spatial hetero-
geneity of phenotypic selection within plant
populations and these have shown similar
variation in the magnitude and direction of
selection among plots (Kalisz, 1986; Stew-
art and Schoen, 1987). The emerging con-
sensus is that phenotypic selection on life
history characters is strong and variable on
a local scale, even within seemingly ho-
mogeneous populations (but see Mitcheli-
Olds and Bergelson, 1990). Unlike the other
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FiG. 9. Mean lifetime fitness (=SE) as a function

of October rosette diameter at Stony Brook and the
Weld Preserve.
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studies, the fitness-related size characters
examined in this experiment did not show
variation in the direction of selection: large
seedlings had higher viability and fecundity,
as is expected of fitness-related traits.

The phenotypic selection on emergence
date revealed an apparent tradeoff between
the size advantage of early germinating in-
dividuals and survivorship during estab-
lishment. Similar patterns were observed by
Arthur et al. (1973) and Marks and Prince
(1981) for comparisons of fall vs. spring ger-
minating plants. Viability versus fecundity
tradeoffs with respect to germination date
have generally not been observed in single
season comparisons (Kalisz, 1986; A. Biere,
pers. comm.), although such tradeoffs are
often assumed for life history characters at
equilibrium. Directional selection on seed-
ling size may be expected to decrease the
mean emergence date until this selection is
balanced by conflicting viability selection
against individuals that germinate too early.
In blocks 1 through 4, negative directional
selection at later stages of the life cycle was
much stronger than the positive viability
selection during establishment, whereas in
blocks 5 and 6 at WP the net selection on
emergence remained positive.

Shape of the Fitness Surface. —Quadratic
coefficients were significant in early viabil-
ity selection episodes, revealing both sta-
bilizing and disruptive selection on emer-
gence date. This resulted from large variation
in the relative survivorship of cohorts 2 and
3 during establishment. The high mortality
of cohort 3 was largely responsible for the
observed disruptive selection. Later selec-
tion episodes showed only monotonic di-
rectional selection toward early emergence.
Quadratic selection differentials were sig-
nificant for lifetime selection on emergence
date, and for winter viability selection on
October diameter, but all had monotonic
fitness functions. Following Mitchell-Olds
and Shaw (1987) these are interpreted as
directional selection. The lifetime selection
on seedling size was very nearly linear. In
the multiple regressions, no quadratic se-
lection gradients were significant for any
component of selection. Thus overall, there
was little evidence for stabilizing or disrup-
tive selection on seedling size or emergence
date.

DONALD A. STRATTON

Direct versus Indirect Selection.—Much
of the total selection on emergence date and
October rosette diameter was the result of
direct selection, in addition to indirect se-
lection through effects on size at later stages
of the life cycle. The large direct effects on
seedling characters result from the impor-
tance of viability fitness components for
lifetime selection in Erigeron. In contrast,
Mitchell-Olds and Bergelson (1990) showed
little direct selection on seedlings in Im-
patiens, where fitness was entirely deter-
mined by fecundity. In this experiment, the
most important single contribution was that
through winter survivorship. Winter via-
bility differences explained over half of the
selection on October rosette diameter and
were twice as large as selection during the
adult life stages.

There can not be “direct” fecundity se-
lection on emergence date in the same sense
that there can be direct fecundity selection
on adult phenotypes. The direct fecundity
selection gradients simply indicate that there
are residual effects of emergence date that
can not be explained by the increased fe-
cundity of larger plants. In particular, if
seedling size is held constant, late emerging
seedlings must have grown faster. Presum-
ably the positive fecundity selection gradi-
ents show a continuing expression of the
faster growth rates of those seedlings.

Each of the selection gradients are mea-
sured with error and the errors are com-
pounded when several selection gradients
are combined. Quantititive conclusions
about the precise magnitudes of the com-
posite selection gradients may not be war-
ranted. Nevertheless, the repeatability with-
in each block (Table 3) provides evidence
that the composite selection gradients are
reasonably accurate indications of the ma-
jor patterns of selection.

Others have used path analysis to assess
the relative fitness effects of various causal
paths (Crespi and Bookstein, 1989; Mitch-
¢ll-Olds and Bergelson, 1990). Standardized
selection gradients can be converted to path
coefficients by multiplying them by the
standard deviation of relative fitness. The
techniques of path analysis could then be
used to partition the determination of each
major component of fitness. However, path
analysis is less useful when fitness is mea-
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sured in multiple episodes. Paths from ma-
jor fitness components to lifetime fitness can
not be included because path analysis as-
sumes an additive model and fitness com-
ponents are multiplicative (a logarithmic
transformation does not work when indi-
vidual survivorship is measured as O or 1).
Also, in path analysis each fitness compo-
nent is standardized to unit variance, so
there can be no variation among fitness
components in the opportunity for selection
(Arnold and Wade, 1984a).

Phenotypic selection on the date of seed-
ling emergence and subsequent seedling size
was generally strong and was observed in
all stages of the life cycle. There were not
only immediate effects of these seedling
characters on viability, but also persistent
effects on adult fitness components. That
large seedlings show increased survival and
fecundity is not a new result (Harper, 1977
ch. 6; Cook, 1979; Solbrig, 1981). However,
quantitative estimates of the proportion of
fitness variance explained by seedling char-
acters, the separation of effects of various
fitness components, and tests for spatial het-
erogeneity of selection are less common. In
total, the seedling size variation present in
October explained 18% of the variance in
fecundity of the plants that reproduced and
22% of the total phenotypic variance in life-
time fitness. Stanton (1985) and Miller
(1987) also reported that seedling emer-
gence date and seedling size explain about
20% of fecundity variation. Genetic varia-
tion is present for these traits (Stratton,
1991), so a substantial proportion of the
fitness differences among genotypes may be
determined by events in the first months of
a seedling’s life. However, heritabilities in
the field are quite low (Stratton, 1992) so
the evolutionary response to phenotypic se-
lection will be slow.
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