Oecologia (1997) 109:382—388 © Springer-Verlag 1997

Randall J. Mitchell

Effects of pollination intensity on Lesquerella fendleri seed set:
variation among plants

Received: 29 January 1996 / Accepted: 6 August 1996

Abstract The amount of pollen arriving on a flower caiity can be affected by pollen load because the presence
be an important determinant of seed production. | inveg-more pollen increases the opportunity for gametophyt-
tigated the effect of varying pollen loads on seed setiofand zygotic competition and for mate choice by fe-
the perennial desert mustdrdsquerella fendleriTo do males (Snow 1986; Mulcahy and Mulcahy 1987; Winsor
this, I quantified the dose response relationship betwestral. 1987).
stigmatic pollen load and seed set per fruit using overUnderstanding the effects of pollen load on plant re-
400 flowers from 13 greenhouse-grown plants. Seed pedduction requires more knowledge of how seed set per
per fruit generally increased with pollen up to about 1@@wer is affected by the amount of pollen deposited on
pollen grains, then reached a plateau. A negative expo-individual flower. This association is known as the
nential regression of seed set on pollen load for thellen dose-response relationship. A number of studies
pooled data explained less than 10% of the obserVede estimated these relationships, and with some nota-
variation in seeds per fruit. However, accounting fiMe exceptions (e.g., Silander and Primack 1978; Snow
variation among individual plants in the dose-respon$882; Shore and Barrett 1984), have found substantial
relationship increased explained variation to 40%, indiariation in seed set that is not explained by pollen load
cating that plants responded differently to the saramne (e.g., McDade and Davidar 1984; Kohn and Waser
amount of available pollen. Plants varied little in the ini-985; Campbell 1986; Snow 1986; Galen and Newport
tial slope of the dose-response curve, but differed si®88; Waser and Price 1991a). One likely cause for such
stantially in the asymptote, which ranged from 3 to i@precision in the dose-response relationship is variation
seeds. This limit is not imposed by ovule number, aathong individual plants in their ability to produce ma-
may instead result from variation among plants in vigaure seeds even when given adequate pollen.
propensity to abort seeds, or in gender specialization.In this study | address two questions: (1) how is seed
Such variation among plants in dose-response relatisat per fruit affected by pollen load? and (2) does the ef-
ships has important consequences for understanding fext of pollen load on seed set vary among plants? Else-
lination limitation and pollen competition. where | consider the effects of pollen load on progeny
quality (R.J. Mitchell, unpublished work).
Key words Pollination intensity - Pollen dose-response -
Pollen number - Non-linear regression - See:i set

Materials and methods
Methods

Lesquerella fendler{Brassicaceae) is a small herbaceous perenni-

; al common in the deserts of the southwestern USA. The 15-mm-
The amount of pollen deposited on flowers can be an i iameter yellow flowers are simultaneously hermaphroditic, and

portant determinant of plant reproductive success, affegk self-incompatible (R.J. Mitchell, unpublished work). Naturally
ing both seed number and seed quality. Seed numbermaimated flowers receive an average of 319 pollen grains
increase with the number of pollen grains on a stigfFE = 43,n= 17 plants), and flowers typically contain 20.3 ovules
(“pollen load”) simply because each additional po”ﬁf = 0.2,n = 433) and produce 8.5 seeds per mature fruit

X - . E = 0.9,n = 60). Pollination in the field is accomplished by
grain may fertilize an otherwise wasted ovule. Seed quglall bees and beeflies foraging for nectar and pollen (R.J. Mitch-

ell, unpublished work). Plants in both the field and the greenhouse
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ted plants. These plants originated (as seeds or transplants) winiiong treatments in pollen loads, seed set per fruit, and individual
100 m of each other at the Sevilleta Long Term Ecological Reeed mass per fruit (total seed mass/number of seeds). | consid-
search area (LTER), 80 km south of Albuquerque, New Mexicered maternal plant a random factor, and treatment and replicate
United States, in fall 1992. | maintained these plants in 10-cm pbted, so | tested treatment over the treatment by plant interaction,
in a temperature controlled greenhouse in Albuquerque, waterangl replicate over the replicate by plant interaction (Sokal and
and fertilizing as needed. All plants were treated similarly, and &pehlf 1981). | madea posteriori comparisons using Duncan’s
peared to be comparable in health and vigor. In June of 1993udltiple range test. | analyzed seed set from all recovered fruits,
pollinated freshly opened flowers using a 2-cm length of heaincluding those with no seeds. To ensure conservative ANOVA
monofilament fishing line attached to a wooden handle (Kearests for effects of pollination treatment, | do not include unpolli-
and Inouye 1993). Each morning of pollination, | placed antherated control flowers in statistical analyses, though I include them
from at least eight plants (not those used as maternal plants,ibdigures for illustration. | used type Il sums of squares through-
from the same source population) in a small petri dish, and swirtmdt. Distributions of residuals were approximately normal, and
the fishing line in the dish to completely coat it with pollen. Theplots of residuals against predicted values showed no strong het-
| either touched the line briefly to the stigma, or swiped it lengteroskedasticity.
wise along the stigma. To assess dose-response relationships, | fitted a saturating neg-
To produce a wide variation in the amount of pollen depositative exponential model [seedsA{1-expB rollen)] for the effect of
from this bulk sample, | used the following seven pollination tregiellen on seed set, using Proc NLIN (SAS Institute 1990). | calcu-
ments in randomized order: unpollinated controls, touched onkzedR? for these analyses as 1 — (residual SS/corrected total SS),
touched twice, swiped once, swiped twice, swiped three times, asdsuggested by Kvalseth (1985). These data might instead be ana-
swiped four times. | re-loaded the line with pollen after each toulstzed using linear and quadratic regression, but such phenomeno-
or swipe. | haphazardly assigned flowers to treatments, whendogical models can make biologically unrealistic predictions. For
possible using flowers from different flowering branches. Just bexample, a linear model predicts that seed set increases without
fore pollination, | removed anthers to allow unobstructed accesstmind, and quadratic models can predict negative seed set. In con-
the stigma. | collected stigmas from tagged flowers 72-96 h aftexst, a negative exponential model is mechanistically justifiable,
pollinations, leaving the rest of the flower on the plant. Trials én that it involves an asymptote beyond which any more pollen
these same plants indicated that collecting stigmas at this time Wadld not increase seed set (see Kohn and Waser 1985; Waser and
no significant effect on subsequent seed set of pollinated flowerice 1991b). This is biologically more reasonable, since a limited
(R.J. Mitchell, unpublished work). | placed each sampled stigmamber of ovules, ovary space, and resources are available to each
separately on a labeled microscope slide with a drop of basic fuitbwer.
sin dye (Kearns and Inouye 1993), and squashed it under a covefo increase the sample size of pollen-seed pairs (for the NLIN
slip. | then counted the total number of pollen grains applied un@eralysis only), | also included data from another experiment (R.J.
x = 100-200 magnification. Because pollen is frequently disodgkfitchell, unpublished work) on the same plants. These supple-
from the stigma while being squashed and stained, | considemeehtal flowers received the one-touch, one-swipe, or four-swipe
the cloud of pollen on and near the stigma to represent that avadatments, for six replicate flowers on each plant for each treat-
able to sire seeds. Preliminary counts from the first two replicateent. | performed these pollinations on 8-13 June 1993. Most
(applied 7 June) revealed substantial amounts of self pollen on finits from one plant were lost, so regression analyses are based on
pollinated stigmas. In an attempt to reduce this, | repeated the other 12 plants, each of which had a minimum of 23 (maxi-
treatments twice more (16-22 June) with careful emasculationnaim of 41) seed-bearing fruits (442 total).
all flowers each morning before they opened. This did not signifi- There typically is a large amount of unexplained variation in
cantly reduce self-pollen on stigmas of control flowers (unpulgublished dose-response relationships, and one likely cause is
data), so | do not distinguish between the emasculated and wariation among plants. To statistically evaluate the hypothesis
emasculated replicates below. This resulted in a total of four reptiat there is variation among plants in the dose-response relation-
cates, and 364 pollinated flowers (28 on each of the 13 plants)ship, | fitted a single non-linear analysis to the pooled data from
which | recovered 273 intact (many fruits were lost when omdl 12 plants with >20 pollen-seed data pairs, and output the resid-
plant was accidentally damaged). | collected fruits as they mels (differences between observed and predicted seed set). | then
tured, about 1 month after pollination, then counted seeds, arsg#d ANOVA of the residuals to test for variation among plants in
weighed all seeds from each fruit. their deviation from the pooled negative exponential relationship
(Waser and Price 1991b). Significant variation among plants in re-
siduals would indicate that some plants mature consistently more
Analysis or fewer seeds than expected based on the pollen load, and would
demonstrate that plants vary in dose-response relationships. For
I analyzed these data in two ways. First, | used mixed modeluristic purposes, | also used PROC NLIN to analyze data from
ANOVA (Proc GLM, SAS Institute 1989) to discern differencesach plant separately.

Table 1 Analysis of variance for effects of pollination treatmenbver plantxreplicate. Each replicate included 2 flowers receiving
F values are for a mixed-model analysis with maternal plant caach of the 6 treatment®? refers to variance explained by the to-
sidered a random effect and all other effects fixed, so that traat-model (see Fig. 1). Degrees of freedom vary among response
ment effects are tested over plantxtreatment, and replicate is testethbles because of differences in sample size

Source Pollen load Seed set Mass/seed

R2=0.79 R2=0.82 R2=0.85

df SS F P df SS F P df SS F P
Maternal plant 12 1,360,613 3.70.002 12 3724 9.4 0.0001 12 1.76 9.1 0.0001
Treatment 5 606,557 20.30.0001 5 139 2.7 0.03 5 003 10 04
Replicate 3 57,123 0.6 0.6 3 524  4.60.009 3 013 22 0.12
Maternal plantxTreatment 59 352,167 0.7 0.8 54 543 08 0.7 52 036 0.8 0.8
Maternal plantxReplicate 30 994,371 4.49.0001 28 1052 3.2 0.0001 24 048 2.2 0.006
TreatmentxReplicate 15 221,418 2.0.02 15 313 1.8 0.04 15 0.17 13 0.2

Error 138 1,031,692 120 1387 65 0.58
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Results

Pollen loads and seed set varied significantly amo

treatments, but seed size was unaffected (Table 1, Fig
Multiple comparisons revealed strong effects of pollin
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Fig. 1 Effects of pollination treatmenilop panelpollen applied
to stigmasMiddle panelseed set per fruiBottom panemass per
seed. Means of plant means + SE are showm, sd.3 plants for
each bar. Statistical analysis presented in Tabléotizontal bars

tion treatment on pollen load, but lesser effects on seed
set, with only the highest and lowest pollen treatments
differing significantly from one another. In general, ap-
p? ation of more pollen was weakly associated with pro-
'g_ Ction of more seeds, with some indication of an as-
ymptote. There is a surprisingly regular increase in pol-
len load and seed set with treatment, with each additional
touch or swipe increasing the pollen load by ~30 grains,
and increasing seed set by one-half to one seed. Note
that unpollinated flowers received substantial pollen
(89 + 15 grainsn = 13 plants), probably through passive
self-pollen deposition, and produced almost no seeds.

Aside from these treatment effects, all three response
variables differed significantly among maternal plants,
but significant maternal plantxreplicate interactions indi-
cate that these differences varied among replicates. Fur-
thermore, seed set varied significantly among replicates,
probably reflecting resource limitation in response to the
presence of prior fruits. Indeed, mean seeds per flower
decreased over time (mean + SE seeds/flower = 8.8 +
1.7,6.6 £ 0.8, 5.1 £ 1.3, 4.8 £ 1.5 for the first, second,
third, and fourth replicates, respectively). The significant
treatmentxreplicate interaction for pollen and seeds indi-
cates that the effect of treatment varied among replicates.

Fruit set (developed fruits/total pollinated flowers)
was 75% overalli= 273 flowers), and did not vary sig-
nificantly with pollination treatment (ANOVAFg 5, =
1.8, P = 0.1). However, fruit set did vary significantly
among maternal plant${, s,= 6.6, P = 0.0001), with
fruit set per maternal plant ranging from 35% to 100%.

Seed set increased with pollen load for the >400 flow-
ers on which | measured both traits (Fig. 2). The equa-
tion for this dose-response relationship is: Y = 7.78
(1—exp-0-0123 polleny, |n this equation, the first term (7.78)
represents an asymptote on seed set, and the second dic-
tates the rate with which that asymptote is reached as
pollen loads increase.

Unfortunately, this negative exponential model ex-
plains less than 10% of the variation in seed set for the
pooled data 2 = 0.054). Linear and quadratic regres-
sions explain even less of the variation, as do analyses
which exclude fruits with no seeds (unpubl. results). One
possible explanation for the large variance is that differ-
ent plants have different dose-response relationships. For
example, in Fig. 2, note that fruits from some plants nev-
er contain more than four or five seeds (empty squares),
while fruits from other plants usually contain many more
(filled squares). Examination of individual negative ex-
ponential curves fitted to each plant separately indicate
this is a possibility (Fig. 3).

Analysis of residuals from the pooled NLIN analysis
confirms that plants varied significantly in dose-response
relationships K;; 419= 25, P<0.0001,R? = 0.395). This
is a substantial increase in explained variation over the
0.054 for the pooled data, implying that a large fraction
of the unexplained variation is due to plant-to-plant dif-
ferences in the dose-response relationship. Nonetheless,
each individual regression explains little of the variation

denote values indistinguishable using Duncan’s multiple ranc = tégthin plants R2 ranges from 0 to 0.18, mean = 0.09).



OECOLOGIA 109(1997) © Springer-Verlag

385

Fig. 2 Scatter plot of dose-re- 25
sponse relationships for 12
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Nearly 40% of the variation in the pollen dose-response
relationship is attributable to differences among plants.

127 Thus, although no clear relationship between pollen load
and seed set is discernable when results from all plants
§ are lumped (Fig. 2), individual plants differed substan-
3 81 tially in their response (Fig. 3). Such strong differences

among plants have been casually noted in the past (e.g.,
Bertin 1990), but to my knowledge have not been statis-
4+ tically confirmed. Indeed, they may be common, since
differences among plants in maximal seed set per fruit
occur in many species (Roach and Wulff 1987).

O T T T T T T
0 50 100 150 200 250 300
Pollen

Causes
Fig. 3 Non-linear dose-response equations fitted to each of \jl\%h . | . imal d
plants separatelyn for each regression = 21 to 43, individu=a at causes variation among plants in maximal seed set
values range from 0 to 0.18, mean = 0.09. The corresponding spar flower? Possibilities that | will consider include vari-
ter plot of the data is in Fig. 2. Note different axis scaling fromtion among plants in gynoecium structure, in self-pollen

Fig. 2 receipt, in sex-allocation strategies, in patterns of seed
abortion, and in plant vigor and resource availability. |
consider only the last three likely in this study.

Discussion Variation among plants in structure of the gynoecium,

such as ovule number or space in the fruit might possibly
Application of more pollen thesquerella fendlerilow- affect maximal seed set, but probably are not important
ers was only loosely related to production of more seellsre. Variation in ovule number cannot be an important
even though | used the same bulk pollen samples fora@mponent of variation fdc. fendleri since the asymp-
plants. However, accounting for differences amorgtes for all individual plant dose-response curves were
plants in the dose-response relationship substantially €16, (Fig. 3), while average ovule numbers forfend-
creased explained variation. Together, these results ineiit are near 20 (see Methods), and only 9% of plants
cate that differences among and within plants are impbeve fewer than 15 ovules per flower £ 433; R.J.
tant contributors to the overall variation. and these cadviitchell, unpublished work). Therefore the upper limit
tributions may affect interpretations of events in than seed set per flower was not commonly set by ovule
field. number. It also is unlikely that seed set was limited by

ovule fertilization, since the largest pollen loads applied

in this experiment saturated the stigma, and some fruits



386 OECOLOGIA 109(1997) © Springer-Verlag

contained as many seeds as ovules (personal obsdrixad estimates of both variables). If abortion is non-ran-
tions). Fruits appear to have adequate space in whicldoon in this plant, it does not seem to improve the early
fit more seeds, and other morphological limitations als@or of offspring. Second, abortion patterns could be
seem unlikely to explain these results (personal obsemamridom, perhaps resulting from resource limitation or
tions). differences in gender specialization. This is possible, but
Variation among plants in the amount of self-pollemas not yet been conclusively tested (but see Mitchell
received (which occurred for unpollinated flowers, arahd Marshall 1995).
therefore probably also for outcrossed flowers) might al- Variation among plants in vigor and resource avail-
ter asymptotes, if self-pollen negatively affects seed sadility might also be important. | intended to minimize
(see Waser and Price 1991b and references therein). tis by using potted plants in a greenhouse environment
fortunately, | was unable to emasculate flowers eaffgilander and Primack 1978). Although such controls are
enough in ontogeny to prevent self-pollen depositiomever perfect (Potvin 1993), it seems unlikely that re-
However, it is unlikely that differences among plants sources varied enough among these plants to account for
the amount of passive self-pollen deposition caused the 5-fold variation in asymptotes (3-16 seeds/fruit)
differences in dose-response relationships for two reamong plants.
sons. First, the effects of self pollen on seed set areHowever generated, variation among plants in the as-
small. When self pollen precedes cross pollen by 24yimptote of the dose-response relationship appears to be
(much longer than is likely in this experiment), seed sebre important in causing differences among plants in
decreased by only 1.4 seeds per fruit (unpubl. datsged set than does variation in the "slope” parameter.
which is insufficient to produce the strong differencekhis is true even at low pollen loads. For example, there
among plants in asymptotes shown in Fig. 3. Secomsl,a strong correlation between predicted seed set for
plants with large amounts of self pollen on unpollinategch plant (based on the individual non-linear analyses,
flowers do not have lower asymptotes. Instead, the compellen load size set at 25) and the estimated asymptote
lation between mean self-pollen loads and the magnity&pearman’s rank correlation = 0.77 = 0.003,n = 12)
of the asymptote is strongly positive<0.72,P =0.01). but not between predicted seed set and the slope parame-
Variation among plants in sex allocation strategiésr (Spearman’s = 0.27,P = 0.4). Higher asymptotes
might also explain these results, if plants devoting maee not achieved by decreasing individual seed size; if
resources to male function do so at the expense of saeything, mean mass/seed increases with the asymptote
set. | have conflicting evidence on this topic. On orfe=0.354,n=12,P = 0.26).
hand, | find no phenotypic correlation between pollen Overall, | interpret the variation among plants in dose
and ovule production per flower € 0.07,n = 150; R.J. response relationships to indicate that plants differed in
Mitchell, unpublished work). On the other hand, thepropensity to abort seeds, in the extent of gender special-
may be a tradeoff at the level of seed set. In a 7x7 diaiiltion, or in vigor/resource availability. Note that the ul-
cross (R.J. Mitchell, unpublished work), seed set pé@nate goal of maximizing fitness by, for example, gen-
flower when acting as a maternal plant was stronglgr specialization, may be proximally achieved by, for
(though non-significantly) negatively correlated witlexample, a change in abortion rates.
seeds/flower as a paternal parent=(-0.546,n = 7,
P>0.05; analyzed following Schlichting and Devlin
1989). It is therefore possible that gender specializationsequences
is associated with variation in maximal seed set among
plants, but more information is needed. What are the likely consequences of variation among
Variation among plants in propensity to abort devghants in the dose-response relationship? This certainly
oping seeds might also cause variation in the dosedlepends on how the variation arises for each species, but
sponse relationship. This might take two forms. Fird$h general | can think of three likely consequences: varia-
abortion patterns could be non-random, with, for exaten among plants in pollen limitation, variation among
ple, only the least vigorous zygotes being aborted. Thisnts in pollen competition, and variation among plants
would result in "choosier” females (those with lowein mating strategies.
asymptotes and higher abortion rates) having higherFirst, plants within a population may differ in the ex-
quality offspring; the decreased seed set per fruit cotduht of pollen limitation. For example, in Fig. 3, if pollen
then be seen as a cost incurred to improve offspriogds are near 50 grains/flower, some plants have
guality at the expense of quantity (see also Bjorkmanaghieved nearly full seed set (such that their dose-re-
al. 1995). This possibility is not supported by data. Insponse curves have flattened out), while others would
study of offspring of the same individual plants used produce more seeds if they received more pollen. This
this experiment, | grew seedlings in a greenhouse forrb&y be more important for other plant species, buL for
days (R.J. Mitchell, unpublished work). The correlatidiendlerionly a fairly narrow window of pollen load sizes
between an estimate of the vigor of those plants (humbesult in variation among plants in pollen limitation
of leaves) and an estimate of choosinegs the nega- (roughly 0-120 grains, including selfs: Fig. 3). Since
tive of the asymptote of each plant's dose-response equaien loads in the field usually are >>120 grains (see
tion) is not significantr(= 0.10,n = 10 plants for which Methods), seed production for whole plants should rarely
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be limited by pollen, as is indeed the case (R.J. Mitchalgeds per fruit differences within plants (R.J. Mitchell,
unpublished work). This means that most flowers receiwepublished work), which is insufficient to generate all
enough pollen to potentially have full seed set, regardle$sthe unexplained variation. Likewise, as mentioned
of the maximum seed set potential of any particulabove, variation in the amount and timing of self pollen
plant. arrival alters seed set only slightly. Other aspects of ge-
Second, plants within a population may differ in theetic congruity of ovule and pollen did not vary among
extent of pollen competition. If increasing pollen numbé@owers or within plants because of the experimental de-
does not increase seed number, then a smaller subsesigof, since the same mix of pollen from more than eight
available pollen will be successful, increasing the advadenors was used in all cases. Variation among flowers in
tage to fast growing pollen tubes, and the opportunity fmrule number also is relatively small (mean of within-
non-random mating. The importance of this will dependant SD = 2.2n = 6 plants, 51 flowers; R.J. Mitchell,
critically on the schedule of arrival of pollen on stigmaspublished work). Resource limitation within plants oc-
in the field (Mulcahy et al. 1983; Snow 1986; Bertiours, but can account for only about 4 seeds/fruit differ-
1990; Spira et al. 1992). | am currently quantifying thesaces. It probably is the joint effect of many such dispar-
schedules fok. fendleri ate factors that causes the inexact relationship between
Third, plants within a population may differ in matingollen and seeds. Since variation among flowers in these
strategies, including both gender specialization and pfaetors should be even greater in the field, this appears to
pensity to abort seeds. These are important compondrsan important drawback to the use of stigmatic pollen
of plant mating systems (e.g., Campbell 1989; Rignkads, pollen tubes, or other indirect measures as surro-
1995), but | am not aware of any discussion of the posgates for seed set.
bility that such specialization might be indicated by vari- Overall, these results indicate that although seed num-
ation in dose-response relationships among plants. Fagr does generally increase with pollen load in this spe-
thermore, although seed abortion can be an importaigts, this is an extremely loose relationship. Much of the
cause of non-random mating in plants (e.g., Marshall agxisting variation cannot now be attributed to specific
Ellstrand 1988; Rigney 1995), my results are consisteaiuses, and understanding why so much variation exists
with the idea that abortion can exact a detectable costi$ywn important question for future research. However, |
reducing seed set. Thus, the variation among plantshave argued that one important and identifiable cause for
dose-response relationships may reflect functional géime inexactness of the relationship between seed number
der variation within populations, and could be importaahd pollen load is variation among plants, and that this
in explaining variation in reproductive effort and succesariation may have important consequences for plant
within populations. mating biology.
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