
Because many of the genes expressed during pollen
tube growth are also expressed in the resulting sporo
phyte (Tanksley et al., 1981; Willing and Mascarenhas,
1984; Sari-Gorla et al., 1986; Weeden, 1986), selection
during tube growth has been proposed as a technique
for rapid screening of desired plant characteristics, such
as tolerance to extreme physical conditions, heavy met
als, and herbicides (den Nijs et al., 1986; Searcy and
Mulcahy, 1986; Simon and Sanford, 1986). More gen
erally, intense "gametophytic competition" among
growing tubes may produce more vigorous or more
competitive progeny, apparently because faster-grow
ing pollen genotypes fertilize ovules first and transmit
their metabolic superiority to the seeds (Mulcahy, 1974;
Mulcahy and Mulcahy, 1975; McKenna and Mulcahy,
1983). Mulcahy (1979) has proposed that such pro
cesses are fundamental to the evolutionary success of
the angiosperms. For such a "pollen-tube race" to al
low strong selection among pollen tubes based on small
growth-rate differentials, however, the race must have
a fair start, i.e., a cohort ofgrains must reach the stigma
together, then hydrate (Heslop-Harrison, 1979) and
germinate in approximate synchrony. Existing models
of the pollen-tube race have concentrated on such fac
tors as the arrival schedule of multiple depositions of
pollen (Mulcahy et al., 1983; Snow, 1986) or on sources
of variation among flowers (e.g., age) that affect whole
cohorts of grains equally (Galen et al., 1986). This
paper, in contrast, specifically considers germination
synchrony.

It is usually "tacitly assumed" (Stead et al., 1979)
that hydration and germination occur quickly after pol
lination, such that intergrain differences in starting time
would be negligible in comparison to growth-rate vari
ation. However, gametophytic competition appears to
be intensified when tubes grow through longer styles,
implying that there is some initial random variation
in germination time that is countered by a longer grow
ing phase (Mulcahy and Mulcahy, 1975; McKenna and
Mulcahy, 1983). Although individual grains are known
to begin tube growth very quickly in some systems
(Heslop-Harrison, 1979; Stead et al., 1979), no data
are available on the distribution ofgermination times
for a cohort of simultaneously applied grains in vivo.
Here, I use a natural visual marker to study: 1) vari
ation in germination times in undisturbed conditions,
2) effects of the spatial arrangement of grains on ger
mination time, and 3) the relation between pollen den
sity and mean germination rate.
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Some plants of Erythronium grandiflorum (Lili
aceae) produce red pollen grains (see Thomson, 1986)
that contrast sharply with the whitish stigma until hy
dration/germination, at which point they quickly be
come colorless. When single grains are removed from
stigmas for examination, fully colored ones have never
hydrated and remain furrowed and ellipsoidal; in con
trast, newly decolored ones are fully swollen, unfur
rowed, and nearly spheroidal and almost invariably
have a short pollen tube. Where lacking, pollen tubes
may have broken off during removal of the grain, and
I conclude that color loss 1) is a prerequisite for ger
mination and 2) roughly coincides with germination.

In June 1986, I collected flower buds near the Rocky
Mountain Biological Laboratory, at Gothic, Colorado
(2,900 m altitude), and kept them indoors in vases until
the stigmas were receptive. Red outcross pollen from
a flower with freshly dehisced anthers was applied to
clean stigmas with a brush (flowers 1-2 in Table 1) or
by a feeding bumble bee queen (Bombus occidentalis,
an important pollinator in nature) (flowers 3-8 in Table
1). Whether applied by hand or by bee, pollen-load
sizes and distributions were similar to those resulting
from natural pollination, including the frequent oc
currence of clumps of 5-15 grains. To determine
whether these clumps affected germination rate, I gently
spread the clumped grains evenly over the receptive
surface on one of the three distinct stigma lobes, using
a fine insect pin (flowers 1-2) or an eyelash (flowers 3
8). The remaining two lobes were left as controls; on
all except the first flower, I chose the lobes with the
highest and the lowest numbers of grains for the con
trols. The mean (standard deviation) initial grain num
bers were 75.6 (12.3) for the treatment lobe, 71.1 (11.7)
for the low control, and 105.5 (9.4) for the high control
(N = 8 for each). Within flowers, the number ofgrains
on the high control lobe exceeded that on the low con
trol lobe by a factor ranging from 1.21 to 1.69 (x =
1.51, SD = 0.16). The treatment: low-control ratio of
initial loads ranged from 0.74 (flower 1) to 1.20 (x =
1.07, SD = 0.15), and the treatment: high-control ratio
ranged from 0.54 to 0.86 (x = 0.72, SD = 0.10). I
counted colored grains at intervals over the next 29
hours. Laboratory conditions (20°C and 30% RH) ap
proximated field conditions during the day, but nights
were much colder in the field.

Grain germination rates are summarized as a "sur
vivorship curve" in Figure 1. On both treatment and
control lobes, some grains decolored within five min-
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FIG. I. A "survivorship curve" for Erythronium grandiflorum pollen, giving the mean (±SE; N = 8 for each
point) fraction ofgrains remaining ungerminated as a function of the time since their placement on the stigma.
The time scale is nonlinearly expanded for clarity.

utes. These were typically grains that were deposited
in the fluid-filled cleft separating the two rows of stig
matic papillae. This cleft is continuous with the fluid
filled lumen of the style, down which the tubes grow.
Most grains lodged on the papillae, and these took
considerably longer, not germinating until they con
tacted the stigmatic exudate that appeared to collect
near them. Grains on the tops of clumps, especially
clumps along the outer fringes of papillae, germinated
last. Stigmatic exudate eventually reached these grains,
as if by capillary action, and the prominent clumps
appeared to "melt" into the stigmatic surface as the
lower grains hydrated and germinated. Germination
was never complete within 22 hours, and red grains
remained on most flowers at the end ofthe experiment,
especially on the control lobes. Some ofthese may not
have been capable of germination, but most were, as
indicated by the near-complete germination on the
treated lobes (97%, on average). On all lobes, many
competent grains experienced long delays.

Because the age ofa stigma is known to affect overall
pollen germination rate in Erythronium (unpubl.) and
other Liliaceae (e.g., Clintonia [Galen et aI., 1986]), I
compared treatments statistically only within stigmas.
I followed Kruskal- Wallis tests for an overall treatment
effect by pairwise comparisons using Mann-Whitney
tests (Table I). The removal of clumps (treatment)
yielded faster germination than either of the controls
for all eight stigmas, a result confirmed by significant
Mann-Whitney tests of germination rank for 15 of 16
treatment-control comparisons. Comparing the two
control lobes of each stigma, mean germination time
is shorter in the low-density lobe in five ofeight cases.
Where germination on the high-density control is faster
than on the low-density control (flowers 2, 4, and 8),
the two values are very close, and the Mann-Whitney
comparisons are all statistically nonsignificant. In two

of the other flowers (I and 5), the Mann-Whitney tests
indicate that the difference is statistically significant.
Thus, clumping very strongly delayed the germination
ofa set ofgrains. I tentatively conclude that high den
sities ofgrains also delay germination but that the effect
is smaller than that due to clumping. The mechanism
for the density effect probably also involves clumping;
lobes that receive large numbers ofgrains probably do
so because they receive clumps. Unfortunately, the
"degree ofclumping" is hard to assess objectively. The
heterogeneity among the eight high-density vs. low
density control comparisons is probably due to vari
ation in clumping; it does not appear to be related to
the magnitude of the difference between the high and
low load sizes.

Some of the variance in germination times may be
due to intrinsic differences in hydration or germination
ability within a cohort of grains. However, the strong
role of clumping indicates that extrinsic, chance events
ofpositioning contribute strongly to this variance. The
pollen-tube race does not have a fair start, and a fast
growing grain that lands on top of a clump may give
up a head start of several hours to a slow-grower that
immediately lodges in stigmatic exudate.

Obviously, germination delays will weaken selection
based on tube growth rates. It is impossible to tell how
important this weakening is, because we lack the nec
essary parameter estimates to measure the selection,
with or without delays. However, it is possible to model
the effectofthe observed germination delays for a range
of parameters, by comparing the intensity of selection
for growth rate (sensu Arnold and Wade, 1984) for two
hypothetical cohorts ofgrains-one with the observed
germination delays and one with instantaneous ger
mination (unpublished simulations are available on
request). As one would expect, delays weaken selection
most when the mean growth rate is fast, the variance
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TABLE I. Statistical comparisons of pollen-germina
tion times for the three stigma-lobe treatments within
stigmas of Erythronium grandiflorum. Treatment =

treatment lobe (grains spread to reduce clumping); low
= low-density control lobe; high = high-density control
lobe. Distributions ofgennination intervals (with each
grain assigned to one of the intervals shown in Fig. I)
were compared by Kruskal-Wallis (K-W) tests to yield
a test ofan overall effect ofthe three treatments (Sokal
and Rohlf, 1981 pp. 429-432). All stigmas showed a
significant effect at P < 0.00 I, except stigma 4 (P <
0.005). Multiple pairwise comparisons were made us
ing Mann-Whitney tests (Sokal and Rohlf, 1981 pp.
432-436). Corrections for tied variates were applied,
and the t approximation for large sample sizes was
calculated. Significancetests for the t statistics are based
on Sldak's multiplicative inequality (Sokal and Rohlf,
1981 pp. 240-241): a single asterisk indicates an ex
perimentwise error rate of 0.05; two asterisks indicate
an experimentwise error rate of0.0 I. All statistics fol
low Sokal and Rohlf(1981).

H statistic Teapproximation for Mann-Whitney test
for K-W (two-tailed probability)

test
(adjusted Treatment Treatment

Hower for ties) vs.low vs, high Low vs, high

I 35.1 3.37** 5.36** 2.55*
2 38.0 4.80** 4.95** 0.47
3 43.6 5.41** 7.70** 1.82
4 12.5 4.04** 3.41** 0.72
5 96.4 5.87** 8.23** 3.64**
6 63.2 4.55** 7.00** 1.70
7 32.6 3.35** 5.60** 1.69
8 15.4 1.99 3.65** 1.08

in growth rate is low, and the ratio ofcompeting tubes
to available ovules is small (see Mulcahy, 1983). For
some parametercombinations (e.g.,a mean tube-growth
rate of 0.2 style lengths hr- I with a coefficient ofvari
ation of 5% and a tube: ovule ratio of 2: I), the ob
served germination delays are sufficient to cancel se
lection entirely. Do delays affect selection this strongly
in nature? I know of no system in which the relevant
parameters have been measured. Virtually all reported
distributions of tube growth rates are calculated with
the implicit assumption of instantaneous germination.

Although it is easy to see how pollen selection might
produce substantial responses following novel stresses,
such as heavy metals, the continuing importance of
gametophytic competition is harder to understand. In
its simplest formulation, it would seem that selection
would quickly eliminate any heritable variation in pol
len-tube growth rate. However, if selection based on
tube growth does confer fitness advantages, as pro
posed by Mulcahy and coauthors, irremediable ger
mination delays should favor longer styles (to slow the
mean speed in terms of style lengths per unit time),
and larger stigmas or fewer ovules (to decrease the
ovule: pollen ratio). Selection for larger depositions of
pollen would also operate, but it would lose strength
as load sizes began to exceed the amount necessary to
coat the stigma evenly. Alternatively, plants with un-

favorable speeds and ovule: pollen ratios might be un
der pressure to reduce germination delays, perhaps by
maintaining "wetter" stigmas (Heslop-Harrison and
Shivanna, 1977) or otherwise promoting the rapid and
uniform attachment and hydration of a monolayer of
pollen (cf. Ganeshaiah et aI., 1986). Variations in stig
ma morphology may be important in this respect. For
applied purposes, pollen selection could be consider
ably strengthened by prior hydration (Shivanna and
Heslop-Harrison, 1981)and careful application ofgrains
to reduce and equalize germination delays.
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Tables of statistical tests are commonly analyzed in
evolutionary studies. These include analysis-of-vari
ance and regression tables as well as tables of corre
lation coefficients, chi-square values, G values, Stu
dent's t values, etc. To see the prevalence ofsuch tables,
one need only refer to a recent issue of Evolution (e.g.,
Evolution 41(6), November 1987, where such tables
appeared in 14 of 22 empirical articles). Here, I point
out that testing for the statistical significance of com
ponent tests is routinely carried out in a biased fashion
that liberally judges far too many tests to be significant.
I then describe a nonparametric technique, originally
proposed by Holm (1979), to eliminate this bias.

So as not to single out anyone person unfairly and
use his published results as a straw man, consider a
hypothetical correlation table examining five variables.
The procedure standardly used to evaluate such a table
is to carry out an individual significance test on each
ofthe ten correlation coefficients and then denote those
significant at the 5% level with an asterisk, those sig
nificant at the 1% level with two asterisks, etc. Suppose
that two of the ten correlation coefficients were found
to be individually significant (P < 0.05). Using the

"individual significance method," a researcher might
spend severaljournal pages explaining the evolutionary
ramifications of the two individually significant cor
relations observed in the table. Yet there may be in
sufficient evidence to be 95% confident that there are
any nonzero correlations. Appropriate probability val
ues must adjust for the number of simultaneous tests.

One can solve for the probability of observing at
least one individually significant correlation (P value
less than 0.05) in the above, hypothetical correlation
table on the composite null hypothesis (Ho., ) that all
the component correlations are zero. In computer sim
ulations (Appendix), this probability is approximately
40%. Moreover, the probability of observing two or
more individual P values less than or equal to 0.05 is
about 7%. If a dozen variables were correlated, we
would be more than 95% certain, on Ho" that at least
one correlation would be judged individually signifi
cant by chance alone. Even very small P values are
expected in moderately large correlation tables. With
a dozen variables, chance alone would produce a P
value less than or equal to 0.001 about 7% of the time.
The marking of component tests as statistically signif-
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