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ANIMAL POLLINATORS, even some of those re- 
puted to have strong flower constancy, fre- 
quently move between flowers of different 
species (Waser 1983b, 1985). Such interspe- 
cific visits are likely to result in pollen of one 
species being deposited on floral parts of oth- 
ers. One or more species may suffer a repro- 
ductive loss thereby, because of pollen wastage 
and related mechanisms when pollen or pol- 
linator visits are limited, or because hetero- 
specific pollen on the stigma interferes with 
deposition, adhesion, germination, tube 
growth, or ovule fertilization of conspecific 
pollen (Crosby, 1966; Waser, 1978b, 1983a; 
Rathcke,1983; Campbell,1985; Campbell and 
Motten, 1985; see also Ganders, 1979) . 

Fitness losses related to interspecific visi- 
tation constitute a form of competition for pol- 
lination whose mechanism can be described as 
interspecific or improper pollen transfer (Was- 
er,1978a,b,1983a;Rathcke,1983).AsWaser 
(1978b,1983a), Rathcke (1983), and Campbell 
and Motten (1985) discuss, this form of com- 
petition and a form in which the mechanism 
is described as pollinator preference (without 
implying conscious choice; N. Waser, unpubl.) 

l Received for publication 3 November 1984; revision 
accepted 21 February 1985. 
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assistance in the field or with the manuscript, and the 
University of Pennsylvania and NSF Grants DEB-8 102774 
and BSR-8313522 for financial support. 

are expected to diXer in their evolutionary ef- 
fects on floral traits. Specifically, interspecific 
pollen transfer is likely to promote stable floral 
character divergence among sympatric species, 
whereas pollinator preference is likely to select 
for increased floral reward and advertisement 
by nonpreferred species. These differences make 
it especially interesting to determine how plants 
compete for pollination. 

In this paper we explore one mechanism by 
which Delphinium nelsonii Greene (Ranun- 
culaceae) could influence Ipomopsis aggregata 
(Pursh) V. Grant (Polemoniaceae). These her- 
baceous wildflowers co-occur in subalpine 
meadows in Colorado. They flower in se- 
quence, but a brief period of flowering overlap 
exists during which hummingbirds cause in- 
terspecific pollen transfer. Waser (1978a) found 
that both species suXered reduced seed set 
during this natural flowering overlap and in 
artificial mixed-species plots exposed to 
hummingbird pollination. Furthermore, 
hand-pollinations that mimicked humming- 
bird visitation caused interspecific pollen 
transfer and seed set reductions in I. aggregata 
similar to those observed in nature and in ex- 
perimental plots. These results suggest that in- 
terspecific pollen transfer is involved in the 
reproductive losses suffered by I. aggregata 
when it flowers with D. nelsonfi. Here we dis- 
cuss a hand-pollination experiment designed 
to explore whether seed set reductions can be 
ascribed to direct effiects of D. nelsonEi pollen 
deposited on I. aggregata stigmas. 
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ABSTRACT 
Sympatric plant species can compete for pollination services in several ways. For example, 

pollinators may move between species and deposit heterospecific pollen on stigmas, which in 
turn may reduce the efficacy of conspecific pollen. We explored this possibility by determining 
the effect of Delphinium nelsonii poIlen on seed set in Ipomopsis aggregata. These montane 
herbs are pollinated by hummingbirds, experience heterospecific pollen deposition in nature, 
and suffer reduced seed set in each other's presence. We hand-pollinated flowers of I. aggregata 
with either pure conspecific pollen or a mixture of pollen of the two species. Resulting pollen 
loads on stigmas ranged from 0-865 D. nelsonfi grains and from 10-336 I. aggregata grains; 
mean seed set per flower was 11.3. There was no detectable effect of D. nelsonii pollen load on 
I. aggregata seed set. It is possible that seed set reductions seen in previous studies of competition 
for pollination between these species were caused by pollen wastage, pollen layering on the 
pollinatorl or the temporal sequence of pollen arrival at the stigma. 
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METHODS In June 1983, we dug up 29 I. 
aggregata plants in bud stage from a pasture 
near Almont, Gunnison Co., Colorado (ele- 
vation 2,450 m). Plants were potted in native 
soil and moved 35 km to a greenhouse at the 
Rocky Mountain Biological Laboratory, Goth- 
ic, Colorado (RMBL, 2,900 m elevation). Ten 
plants were subsequently used as conspecific 
pollen donors and the rest as pollen recipients. 
We also potted 20 D. nelsonii plants from a 
meadow near the RMBL to serve as hetero- 
specific pollen donors. Potting at different el- 
evations was necessary to obtain plants of the 
two species that would flower simultaneously. 

We removed the first 10 flowers that opened 
on each of the 19 recipient I. aggregata plants 
and counted ovules by examining squashed 
ovaries at 25 x . Subsequent flowers were hand- 
pollinated as described below, except that 
ovules were again counted for up to 10 flowers 
per plant that developed after the pollination 
experiment was terminated. We also counted 
ovules of the first and last 10 flowers produced 
by 10 plants in the field in 1984. 

Recipient flowers were emasculated before 
anthers dehisced to avoid contaminating stig- 
mas with self pollen, which is incompatible 
(Waser and Price, 1983). We pollinated almost 
daily, between 0800 and 1230 hours, from 27 
June to 16 July. Pollen was collected from most 
male-phase flowers on donor plants and usu- 
ally came from flowers that had opened on the 
day of collection. We mixed pollen from all 
donors and applied it with fine watercolor 
brushes, with each flower receiving either pure 
conspecific pollen or a mixture of conspecific 
and heterospecific pollen. We alternated pol- 
lination treatments (i.e., pure-mixed) to flow- 
ers on each recipient; if an odd number of 
flowers were receptive, first and last flowers 
received mixed loads. We used reflexed stigma 
lobes as an indicator of receptivity. Tests for 
the presence of esterase (1-ANS, Mattson et 
al., 1974; FDA, Heslop-Harrison and Heslop- 
Harrison, 1970) indicate that this is as accurate 
as possible, but there may have been some 
variation in receptivity that remained uncon- 
trolled. Three days after flowers were polli- 
nated, we removed and stained stigmas, 
squashed them gently, and counted pollen at 
100 x . Grains of the two species are different 
shapes and sizes (45-55 ,um diam for I. ag- 
gregata vs. 20-25 ,um for D. nelsonfi). Subse- 
quently, we removed undehisced fruits and 
counted seeds. We excluded from analyses fruits 
attacked by fly larvae (Zimmerman, 1979), but 
included undamaged flowers that failed to set 
fruit or seed. 

Finally, we assessed natural conspecific and 

heterospecific pollen loads by examining 240 
stigmas from five diffierent I. aggregata patches 
near the RMBL. We also counted pollen loads 
on 46 I. aggregata stigmas from Waser's (1978a) 
previous hand-pollination experiment. These 
values were then compared to those obtained 
in the present experiment. 

RESULTS-Mean ovule number was higher 
for the first 10 flowers on pollen recipients than 
for flowers measured after the end of polli- 
nations(means = 28.1 vs.21.8; paired t = 11.8, 
df= 18, P < 0.001, two-tailed). Thus, the 
maximum number of seeds a flower could set 
declined on average during the experiment. 
Mean ovule counts in the field in 1984 were 
23.3 for early flowers and 19.7 for late flowers 
on the same plants (paired t = 3.50, d.f. = 9, 
P < 0.01, two-tailed). 

Of 454 hand-pollinated stigmas from the 19 
pollen recipients, 172 contained I. aggregata 
pollen alone and 282 contained pollen of both 
species. Pollen loads ranged from 0-865 D. 
nelsonii grains (x = 108.1, SD = 141) and from 
10-336 I. aggregata grains (x = 87.3, SD= 
51.1). Amounts of pollen of the two species on 
individual stigmas were positively correlated 
(r = 0.26, df = 281, P < 0.001). The mean seed 
set of hand-pollinated fruits was 11.3 (SD = 
5.6, N= 454). 

Stigma loads of D. nelsonii and I. aggregata 
pollen produced by our experiment fell within 
the ranges of 1-977 and 3-357 obtained for 
the two species, respectively, in Waser's (1978a) 
hand-pollinations. Field-collected stigmas from 
1983 carried 0-309 heterospecific grains, a 
somewhat smaller range than in the experi- 
ment, and 0-478 conspecific grains (x = 119, 
SD = 80.5, N = 240), some of which were cer- 
tainly incompatible self grains. Similarly, R. 
Mitchell (pers. comm.) found 0-156 D. nelsonii 
grains and 36-372 I. aggregata grains on I. 
aggregata stigmas collected during natural 
flowering overlap of the species in 1984. 

The dose-response relationship for seed set 
resulting from pure I. aggregata pollen (Fig. l) 
should be fit reasonably well by a negative ex- 
ponential function of the form y = a [1- 
expf-bx)], which is asymptotic to some max- 
imum value of y (seed set) as x (pollen load) 
increases. The values in Fig. 1 are poorly fit 
by a linear model (Table 1). Log-transfolnza- 
tion of pollen loads and an exponential func- 
tion do explain slightly more of the variance 
(Table 1). Even the best-fitting model explains 
very little of the variance in seed set, however. 

Multiple linear regressions with log-trans- 
formed pollen loads (Table 2) indicate that there 
is no detectable effect of D. nelsonfi pollen on 
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TABLE 2. Multiple regression of log-transformed pollen 
load on seed set in the 454 flowers receiving mixed 
conspecific and heterospecific pollen. The regression 
model is y = alogx + blogz + c, where x = number 
of I. agegats pollen grains, y = seed set, z = number 
of D. nelsonii grains, and a and b = partial regression 
coefficients. The table includes tests of the null hy- 
pothesis that regression parameters equal zero 

I. REGRESSION PARAMETERS 

Parameter 
Variable df estimate SE t P 

a 1 6.7 1.1 6.1 0.0001 
b 1 -0.01 0.06 0.1 0.9 
c 1 - 1.2 2.0 0.6 0.5 

II. ANOVA TABLE 
Source of variation df SS MS F P 

Model 
(r2 = O.og) 2 1,311.2 655.6 22.9 0.0001 

Error 451 12,890.5 28.6 

- - 
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Fig. 1. Dose-response relationship between seed set and 
pollen load, from the 172 I. aggregata flowers receiving 
pure conspecific pollen. Closed circles indicate single ob- 
servations, triangles indicate double observations of the 
same value. The best-fit negative exponential relationship 
is shown (see Table 1). 

I. aggregata seed set in flowers receiving pollen 
of both species. However, heterospecific pollen 
need not have a log-linear effect on seed set. 
For example, it could be that deleterious effects 
occur only when the stigma load of conspecific 
pollen falls below some threshold number. To 
examine this possibility we used factorial AN- 
OVA with the following class variables: I. ag- 
gregata pollen grains (<50, 50-100, > 100); D. 
nelsonfi pollen grains (0, 1-1 00, > 1 00); iden- 
tity of recipient plant; and time of pollination 
(first, second, or last one-third of pollinations 
to a plant). The results (Table 3) show that I. 
aggregata seed set was significantly influenced 
by all variables except D. nelsonfi pollen grains 
and the interaction between D. nelsonEi and I. 
aggregata pollen grains. 

DISCUSSION-The decline in ovule numbers 
between early and late flowers on potted I. 
aggregata plants parallels that seen in nature. 
The change was greater than in nature, how- 
ever, suggesting that confining plants to pots 
also played a role. ANOVA (Table 3) indicates 
a significant relationship between time of pol- 
lination and seed set in hand-pollinated plants; 
this was due to reduced seed set in later-de- 
veloping flowers. Lower ovule numbers may 

TABLE 1 . Summary of regressions of pollen load on seed 
set in the 172flowers receiving pure conspeci.k pollen, 
with x = number of pollen grains and y = seed set 

Regression equation Description r2 

y = O.Olx + 10.8 linear 0.009 
y = 4.4(10g x) + 3.4 log-linear 0.022 
y= 13.2[1-exp(-0.03x)] exponential 0.040 
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account for seed set reduction, or both ovule 
and seed set declines may be due to a loss in 
vigor of potted plants over the course of the 
expenment, although we saw no evidence of 
this. 

Ovule and seed counts indicate that flowers 
seldom matured all their ovules. Mean ovule 
number across plants was 28.1 at the beginning 
of the experiment, overall mean seed set was 
11.3, and only occasionally did fruits produce 
more than 20 seeds. Seed sets of naturally pol- 
linated plants around the RMBL are also in 
the range of 10-15 (Waser, 1978a; N. Waser 
and M. Price, unpubl.; A. Snow, unpubl.). 

Very little of the seed set variation in our 
expenment was explained by conspecific pol- 
len dosage (Fig. 1). This is not necessarily sur- 
prising: we know or can assume that individual 
flowers differed in multiple factors, other than 
pollen dosage, that determine seed set. These 
include ovule number, exact degree of stigma 
receptivity, viability of pollen received, and 
genetic congruity between pollen and pistil 
(Waser and Price, 1983). In addition, plants 
probably differed in overall vigor and thus in 
ability to allocate resources to seed develop- 
ment. Considerable variation in dose-response 
relationships has been observed previously with 
I. aggregata in the greenhouse and field (A. 
Snow, pers. comm.; D. Paton, pers. comm.; N. 
Waser, unpubl.) and in several other species 
as well (Snow, 1982; McDade and Davidar, 
1984; D. Campbell, unpubl.; N. Waser, un- 
publ.). A notable exception is the tight dose- 
response relationship obtained by Silander and 
Pnmack (1978) with Oenothera fruiticosa. 
Their plants were kept in a growth chamber 
under strictly controlled conditions, suggesting 
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TABLE 3. Factorial ANOVA of I. aggregata seed sets 

Source of variation df SS MS F P 

Model (r2 = 0.41) 28 5,840.0 208.6 10.6 0.0001 
I. aggregatagrains 2 756.1 378.1 19.2 0.0001 
D. nelsonfigrains 2 8.3 4.2 0.2 0.8 
Plant identity 18 4,015.9 23.1 11.3 0.0001 
Time of pollination 2 653.1 326.6 16.6 0.0001 
D. nelsonfi grains x 

I. aggregatagrains 4 44.4 11.1 0.6 0.7 
Error 425 8,361.0 19.3 
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again that variation in environmental factors 
may contribute to seed set variation. 

We found no detectable effect of D. nelsonii 
pollen loads on I. aggregata seed set. A similar 
lack of relationship was observed by Campbell 
and Motten (1985) with a forest herb, and by 
S. Kinsman (1984, pers. comm.) with several 
tropical hummingbird-pollinated plants. 
Campbell and Motten applied heterospecific 
pollen to stigmas first, followed immediately 
by conspecific pollen. All these results contrast 
with those of Sukhada and Jayachandra (1980) 
and Thomson, Andews and Plowright (1981), 
the only other studies we know of that directly 
consider how heterospecific pollen on a stigma 
affects reproduction. Both of the latter studies 
reported strong deleterious effiects of hetero- 
specific pollen. However, both used hetero- 
specific pollen known or thought to be alle- 
lopathic and recipient species unlikely to 
encounter this heterospecific pollen under un- 
disturbed natural conditions. These features 
lead us and others (S. Kinsman, pers. comm.) 
to speculate that competition for pollination 
involving passive mechanical clogging of the 
stigma may be rare, especially if potential com- 
petitors have evolved in each other's presence. 
It seems reasonable that size of the receptive 
stigma surface would usually change rapidly in 
response to selection imposed by clogging, and 
that surfaces large enough to accept hetero- 
specific loads without deleterious effect would 
result. The same might hold true for size of 
the stylar transmitting tissue, if heterospecific 
pollen germinates (see Martin, 1970) and its 
tubes interfere with conspecific ones. Many 
plant species might thereby be buffered not 
only against species they are normally sym- 
patric with, but also against heterospecific pol- 
len in general, unless allelopathic. 

What may account for the approximately 
30% seed set reductions seen in Waser's ( 1 978a) 
competition experiments with D. nelsonfi and 
I. aggregata? We can think of several plausible 
mechanisms other than passive stigma clog- 
ging or active interference by heterospecific 
pollen. 

First, I. aggregata seed set reductions in the 
original experiments may have been caused by 
effective pollen limitation due to loss of con- 
specific pollen on D. nelsonfi flower parts. Such 
a pollen wastage mechanism has been detailed 
for the forest herb Stellaria pubera (Camp- 
bell, 1985; Campbell and Motten, 1985). Other 
interactions might also reduce conspecific loads 
reaching I. aggregata stigmas and could also 
be classified as pollen wastage. For example 
heterospecific pollen on a pollinator might re- 
duce amounts of conspecific pollen picked up 
or might layer over conspecific pollen with only 
the top layer on the pollinator being deposited 
on a stigma. 

Second, seed set reductions might have in- 
volved pollen layering in a diffierent way than 
just described or may have involved the time 
course of pollen arrival at stigmas. Waser's 
(1978a) experiments involved potted plant ar- 
rays exposed to natural pollination and hand- 
pollinations that mimicked hummingbird vis- 
itation. In such cases it is possible that pollen 
from successive flowers is picked up, trans- 
ferred, anddepositedin layers (Lertzman, 1981; 
Price and Waser, 1982). If so, conspecific pol- 
len often might not hydrate and germinate, or 
tubes might fail to reach the stigma surface 
due to underlying layers of heterospecific pol- 
len. Likewise, if each I. aggregata flower re- 
ceives multiple visits (as several lines of evi- 
dence indicate; Waser, unpubl.), heterospecific 
pollen often will reach a stigma well before 
conspecific pollen. This might allow time for 
potentially deleterious structural changes-such 
as callose deposition (Dickinson and Lewis 
1973; Dumas and Knox, 1983)-to occur in 
stigma or stylar tissue. In our hand-pollina- 
tions, no such effiects were possible, since we 
mixed conspecific and heterospecific pollens 
thoroughly and applied them to stigmas si- 
multaneously. 

Other studies have suggested that the mech- 
anism of competition for pollination by which 
D. nelsonii influences I. aggregata involves in- 
terspecific pollen transfer, while the mecha- 
nism in the opposite direction involves pol- 
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duced fluorescene: intracellular hydrolysis of fluores- 
ceindiacetate.StainTechnol.45: 115-120. 

KINSMAN, S. 1984. The effect of heterospecific pollen on 
female reproductive function in hummingbird-polli- 
nated plants. Bull. Ecol. Soc. Amer. 65: 61. 

LERTZMAN, K. P. 1981. Pollen transfer: processes and 
consequences. M.A. thesis, University of British Co- 
lumbia, Vancouver. 

MARTIN, F. W. 1970. Pollen germination on foreign stig- 
mas. Bull. Torrey Bot. Club 97: 14. 
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matic papillae as a probable recognition site in in- 
compatibility reactions. Nature (London) 247: 298- 
300. 

McDADE, L. A., AND P. DAVIDAR. 1984. Determinants 
of fruit and seed set in Pavonia dasypetala (Malva- 
ceae). Oecologia 64: 6147. 

PRICE, M. V., AND N. M. WASER. 1982. Experimental 
studies of pollen carryover: hummingbirds and Ipo- 
mopsis aggregata. Oecologia 54: 353-358. 

RATHCKE, B. J. 1983. Competition and facilitation among 
plants for pollination. In L. A. Real [ed.l, Pollination 
biology, pp. 305-329. Academic Press, New York. 
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intensity and seed set in the evening primrose (Oe- 
nothera fruticosa). Amer. Midl. Nat. 100: 213-216. 

SNOW, A. A. 1982. Pollination intensity and potential 
seed set in Passiflora vitifolia. Oecologia 55: 231-237. 

SUKHADA, K., AND JAYACHANDRA. 1980. Pollen allelop- 
athy: a new phenomenon. New Phytol. 84: 739-746. 

THOMSON, J. D., B. J. ANDREWS, AND R. C. PLOWRIGHT. 
1981. The effect of a foreign pollen on ovule devel- 
opment in Diervilla lonicera (Caprifoliaceae). New 
Phytol. 90: 777-783. 

WASER, N. M. 1978a. Competition for hummingbird 
pollination and sequential flowering in two Colorado 
wildflowers. Ecology 59: 934-944. 

. 1978b. Interspecific pollen transfer and com- 
petition between co-ocurring plant species. Oecologia 
36: 223-236. 

1983a. Competition for pollination and floral 
character differences among sympatric plant species: 
a review of evidence. In C. E. Jones and R. J. Little 
[eds.], Handbook of experimental pollination biology, 
pp. 277-293. Van Nostrand Reinhold, New York. 

1983b. The adaptive significance of floral traits: 
ideas and evidence. In L. A. Real [ed.], Pollination 
biology, pp. 241-285. Academic Press, New York. 

, AND M . V. PRICE. 19 83. Optimal and actual 
outcrossing in plants, and the nature of plant-polli- 
nator interaction. In C. E. Jones and R. J. Little [eds.], 
Handbook of experimental pollination biology, pp. 
341-359. Van Nostrand Reinhold, New York. 

ZIMMERMAN, M. 1979. Oviposition behavior and the 
existence of an oviposition-deterring pheromone in 
Hylema. Econ. Entomol. 8: 277-279. 

linator preference (Waser, 1978a and unpubl.; 
R. Mitchell, unpubl.). Our expenment indi- 
cates that heterospecific pollen on stigmas is 
not responsible for the competitive effect on I. 
aggregata at least when such pollen reaches 
stigmas well mixed with conspecific pollen. We 
can easily imagine, however, that seed set re- 
ductions in I. aggregata are caused by other 
effiects of interspecific pollen transfer by hum- 
mingbirds. Further experiments are in progress 
to explore these possibilities. 

ADDENDUM-A survey during the 1985 period of natural 
flowering overlap between the two species indicates again 
that mixed stigma loads are common. Of 63 I. aggregata 
stigmas examined, 29 (46%) contained D. nelsonfi pollen. 
Loads of conspecific pollen ranged from F196 grains (x = 
89.0, SD = 75.7), and those of heterospecific pollen from 
1431 grains (x = 61.2, SD = 109.3). We also discovered 
with fluorescence microscopy that D. nelsonii pollen tends 
to germinate on I. aggregata stigmas (x= 88% germina- 
tion, SD = 12%, N = 20 stigmas) and that tubes often grow 
at least to the base of stigma lobes. This finding bolsters 
a speculation made in the Discussion section, that heter- 
ospecific pollen might have a detrimental effect if it pre- 
cedes conspecific pollen on the stigma. There is now pre- 
liminary evidence (N. Waser and M. Fugate, unpubl.), in 
fact, that germinating D. nelsonfi pollen induces stigma 
lobes to close together, thus reducing receptivity to later- 
arriving I. aggregata pollen. 
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