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Comparative studies of pollen and fluorescent dye transport
by bumble bees visiting Erythronium grandiflorum

James D. Thomson -3, Mary V. Price >3, Nickolas M. Waser 23, and Donald A. Stratton!-3
! Ecology and Evolution Department, State University of New York, Stony Brook, NY 11794, USA
2 Department of Biology, University of California, Riverside, CA 92521, USA

3 Rocky Mountain Biological Laboratory, Crested Butte, CO 81224, USA

Summary. In the Colorado Rocky Mountains the glacier
lily Erythronium grandiflorum exhibits a striking dimorph-
ism in pollen color and is commonly pollinated by the bum-
ble bee Bombus occidentalis. We induced bees to visit se-
quences of flowers in a flight cage, and compared dispersal
of distinctively-colored pollen and fluorescent pigment
(““dye”’) that the bee had picked up at a single donor flower.
Nonparametric and parametric analyses showed that dis-
persal properties of pollen and dye differed; consistently
less pollen was deposited and it was carried consistently
shorter distances than dye. Dye thus does not provide an
accurate means of assessing exactly where or how far pollen
travels in this plant-pollinator system. On the other hand,
both pollen and dye responded similarly to several experi-
mental manipulations of donor and recipient flowers.
Hence dye may well be of value for a qualitative investiga-
tion of how floral traits influence pollen dispersal.

In studies of plant reproductive ecology it often is of value
to assess pollen dispersal. This assessment is usually hard
to obtain, however, because pollen grains are small, numer-
ous, and difficult to mark. Among techniques available for
estimating dispersal (for reviews see Waser and Price 1982;
Handel 1983), one that is straightforward and inexpensive
is to apply finely-powdered insoluble fluorescent pigment
(hereafter dye) to anthers of a pollen source and to examine
recipient stigmas for the dye. The questions that arise are
whether this technique is inaccurate or biased, and if so
in what respects.

To our knowledge, the two studies cited above and one
by Campbell (1985) are the only ones published to date
that compare pollen and dye transport by animals. Waser
and Price (1982) found good agreement between mean pol-
len and dye dispersal distances using hummingbirds and
Ipomopsis aggregata (Polemoniaceae) as did Campbell
(1985), with a smaller sample of solitary bee and bee fly
visits to Stellaria pubera (Caryophyllaceae). Handel (1983)
had less success in using dye to assess the exact spatial
pattern of pollen dispersal from a patch of Brassica campes-
tris (Brassicaceae). He found that flowers were more likely
to receive dye and no pollen (29% of plants) than the re-
verse (11%), a result shared by a fourth study (Thomson,
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unpubl.) on bumble bees visiting Erythronium americanum
(Liliaceae).

These studies are not exactly comparable. Whereas
Waser and Price and Campbell counted pollen and dye
on each stigma, Thomson counted pollen but only scored
presence or absence of dye, and Handel scored presence
of dye and inferred pollen deposition from marker genes
in progeny. Along with these methodological differences,
there were differences in criteria used to judge similarity
of pollen and dye. Waser and Price compared average dis-
persal distance and carryover properties of each, whereas
Thomson and Handel undertook more demanding compar-
isons of spatial dispersal patterns from individual plants.
Such differences in methods and goals, in the way results
are analyzed, or in the biology of specific plant-pollinator
systems can lead to disparate conclusions about the useful-
ness of dye as a pollen analogue.

Here we apply some methodological refinements of
Waser and Price (1982, 1984) and Price and Waser (1982)
to a bumble bee — Erythronium system similar to that stud-
ied by Thomson (1985) and Thomson and Plowright (1980).
Our primary goal is to assess similarity of pollen and dye
in various dispersal and carryover properties. We also hope
to infer something about *“pollen transfer mechanics”, the
details of how pollen is picked up, transported, and depos-
ited (Lertzman and Gass 1983; Thomson 1983; Waser
1983 ; Waser and Price 1984).

Methods

(1) Dispersal experiments

We worked at the Rocky Mountain Biological Laboratory
(RMBL) in Colorado on the glacier lily Erythronium gran-
diflorum and the bumble bee Bombus occidentalis, a locally
important pollinator (Thomson, in prep.). Like several con-
geners, E. grandiflorum exhibits pollen color dimorphism:
most plants near RMBL have pale yellow pollen but a few
have bright red pollen (hereafter “yellows” and ‘“reds”).
By using red donor flowers and yellow recipients we could
measure pollen dispersal without emasculating recipients,
which might itself influence dispersal (Price and Waser
1982).

We caught B. occidentalis queens on E. grandiflorum
flowers and refrigerated them before they were used in ex-
periments in an outdoor flight cage or indoor room. A
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bee was allowed to warm up on yellow-pollen flowers and
then to visit a single red donor followed by a series of
recipient yellows. Donor anthers had small amounts of dye
(Radiant Color Corporation) applied to them with tooth-
picks. Dye particles are irregular in shape and size, and
much smaller than pollen (longest linear dimension: x=
6.9 p, s=5.3, N=20 for dye, vs. x=109.6 p, s=12.4, N=20
for pollen). Recipient flowers were placed individually into
small vases spaced 5-10 cm apart. Flowers were collected
in bud and allowed to open indoors; they contained enough
nectar (x=0.47 pl, s=0.48, N=10 in one sample vs. ¥=
0.91 pl, s=0.58, N=20 in a field sample) that bees usually
fed readily. Bees broke off feeding part way through some
runs; in these cases we held a recipient flower in the bee’s
flight path. If the bee landed we brought flower and bee
back to the array; if not, we terminated the run. We forced
bees to fly between runs to increase their hunger and to
allow them to groom off residual pollen and dye; sometimes
we refrigerated them between runs.

Immediately after each recipient was visited we excised
the pistil and placed it in a tray with sequentially-numbered
depressions. Because red pollen color is rapidly lost on ger-
mination, we counted pollen and dye within 30 min of each
run. We obtained repeatable counts with a dissecting micro-
scope at 50x under incandescent light. We scored only
particles and grains that adhered to the papillose stigmatic
surfaces.

We conducted 3 kinds of experiments that differed in
the condition of donor and recipient flowers. In the Stan-
dard run type all 6 anthers of the donor were freshly de-
hiscent and marked with dye. Recipient flowers had 3 de-
hiscent anthers, a stage at which stigmas are fully receptive.
In the Reduced Load run type only 3 donor anthers were
dehiscent. Two were brushed with a fine paintbrush to strip
them of pollen (cf. Price and Waser 1982) and the third
was marked with dye. Recipients were as before. In the
Brushed Anther run type the donor was prepared as in Stan-
dard runs, but recipients had their 3 dehiscent anthers
stripped of pollen. Stigmas of recipients were covered with
a gelatin capsule during brushing to avoid contamination
with self pollen.

During June 1983 we used 4 individual bees in 10 Stan-
dard, 5 Reduced Load, and 6 Brushed Anther runs, and
scored a total of 795 recipient flowers. All runs were >23
flowers long and most were 40 flowers long.

(2) Analyses

Our experiments yielded paired dye and pollen counts for
21 runs. We analysed the results in several ways; we will
supply raw data to anyone interested in further analysis.

First, in accord with many published studies of dye
transport that report only presence or absence, we ignored
particle counts, run type, and flower position and simply
considered whether dye presence on a stigma accurately
indicated pollen presence.

Second, we used a nonparametric analysis to compare
pollen and dye carryover within each run. We estimated
the flower position reached by the mean and median parti-
cle (hereafter mean and median transport distance), scored
whether pollen mean or median was greater than that for
dye, and compared results across runs. We performed the
same analysis on total amounts of pollen and dye deposited
during a run. Because runs were of different length we

summed counts from the first 5 flowers and used this “ini-
tial deposition™ as an estimate of total deposition. Initial
deposition is highly correlated with total deposition for runs
of equal length.

Third, we fit exponential regressions to individual runs
and compared regression parameters and other deposition
and transport statistics using analysis of variance and corre-
lation analysis. We examined effects of particle type (dye,
pollen) and treatment (Standard, Reduced Load, Brushed
Anther) on carryover. We performed analyses on mean and
median transport distance, initial deposition, and exponen-
tial regression coefficient (hereafter termed ‘‘decay rate”
because it estimates the rate with which counts *decayed”
on successive stigmas). Because an exponential model will
not accommodate zero values we added 1.0 to all raw
counts. Adding constants smaller than 1.0 gave poorer fits,
as judged by r? values.

Results

(1) Overall patterns

Amounts of pollen and dye deposited on stigmas declined
as each run progressed (Fig.1). Averaging across runs,
mean and median numbers deposited as a function of flower
position were well described by a negative exponential mod-
el (r*=0.79 and 0.91 for pollen and dye means, and r*>=
0.86 and 0.91 for medians). This model also fit data from
individual runs relatively well. In 20/21 cases with pollen
and 13/21 with dye, an exponential fit was better than linear
or power fits, judging from r? values, and in all cases the
exponent was negative (Table 1). The data deviated system-
atically from an exponential model, however, because decay
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Fig. 1. The mean numbers of fluorescent dye particles and pollen
grains deposited by Bombus occidentalis queens on the stigmas
of Erythronium grandiflorum flowers in 21 carryover runs. The sam-
ple sizes are 21 for recipient flower sequence positions 1-23; 20
for positions 24-28; 19 for position 29; 18 for positions 30-37;
17 for position 38; and 16 for positions 39 and 40
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Table 1. Summaries of pollen and fluorescent dye transport in 21 carryover runs. Mean transport distance is the number of recipient
flower units that the average grain deposited in the run was carried before being deposited. Median transport distance is the number
of the recipient flower by which one half of the grains have been deposited (analogous to an LDs,). Initial deposition is the total
number of particles deposited on recipient flowers 1-5. The regression statistics are for log-transformed data (In(y +1))

Run Pollen Fluorescent Dye Dye/pollen comparisons
number
and Mean Median Initial Regression Mean Median Initial Regression Dye mean Dye median
type trans- trans- deposi- statistics: trans- trans- deposi- statistics: transport+ transport -
port port tion port port tion Pollen Pollen
dis-  dis- y-inter- Regres- r? dis-  dis- y-inter- Regres- r? mean median
tance tance cept sion tance tance cept sion transport  transport
coeffi- coeffi-
cient cient
A. Standard
1 9.56 5 64 584 —0.041 013 980 8 104 9.88 —0.050 0.12 1.03 1.60
2 512 2 145 762 —0.059 036 929 6 354 25.48 —0.065 0.26 1.81 3.00
3 441 1 72 470 —-0.050 042 7.66 4 217 1299 —-0.062 0.30 1.71 4.00
4 1183 6 37 368 —0.035 022 886 5 203 1323 —-0.056 0.26 0.75 0.83
5 503 2 163 10.74 —0.074 0.54 518 2 530 37.61 —0.104 0.56 1.03 1.00
6 625 5 200 1556 —0.083 049 815 6 577 69.46 —0.098 0.50 1.30 1.20
7 677 3 48 331 —-0034 025 784 4 523 16.67 —0.050 0.14 1.16 1.33
8 450 1 79 509 —0053 039 733 4 427 3532 —-0.082 041 1.63 4.00
9 372 2 186 827 —0.069 047 856 6 1,282 167.99 —0.094 0.51 2.30 3.00
10 377 3 312 10.38 —0.071 042 599 3 992 67.73 —0.101 0.53 1.59 1.00
x 6.10 3.00 130.6 7.52 —0.057 7.87 4.80 520.9 45.64 —0.080 1.43 2.10
s.d. 266 1.76 87.0 3.84 0.017 143 175 366.4 48.12  0.022 0.46 1.27
B. Reduced load
1 351 2 138 922 —-0.077 059 470 3 243 2464 —0.104 0.68 1.34 1.50
12 772 4 32 401 —0.041 047 848 5 115 16.15 —-0.078 0.59 1.10 1.25
13 665 4 93 6.56 —0.056 0.38 776 5 226 1520 -0.071 0.32 1.17 1.25
14 842 6 41 546 —0.046 041 966 6 282 21.61 -—-0.056 0.26 1.15 1.00
15 970 5 18 337 -0.035 035 667 4 437 53.62 —0.103 0.59 0.69 0.80
X 720 4.20 64.4 572 —-0.051 745 4.60 260.6 26.24 —0.082 1.09 1.16
s.d. 234 148 50.0 2.32 0.016 1.88 1.14 116.5 15.79 0.021 0.24 0.27
C. Brushed anther
16 376 2 252 1221 —0.078 0.52 8.73 4 2,956 27438 —0.084 0.36 2.32 2.00
17 659 3 123 10.16 —0.067 048 7.39 4 673 49.61 —0.092 043 1.12 1.33
18 405 1 336 28.59 —0.119 042 7.18 6 1,262 167.48 —-0.093 0.18 1.77 6.00
19 528 4 147 1771 —0.113 0.53 9.61 8 1,046 248.35 —0.116 0.38 1.82 2.00
20 474 2 189 10.69 —0.068 0.50 999 6 1,231 97.10 —0.074 0.25 2.11 3.00
21 519 3 213 15.33 —0.080 047 833 7 1,341 157.46 —0.113 040 1.61 2.33
X 494 2.50 210.0 15.78 —0.088 854 583 14182 16573 —0.095 1.79 2.78
s.d. 1.01 1.05 77.0 6.90 0.022 1.14 1.60 790.5 85.90 0.016 0.42 1.67
D. Total for 21 runs
x 6.03 3.14 137.5 945 —0.064 796 5.05 715.3 75.33  —0.083 1.45 2.07
s.d. 229 159 91.2 6.08 0.023 146 1.60 661.9 80.20 0.021 0.47 1.34

rate was inconstant: counts decayed rapidly for the first
few flowers of a run and thereafter decayed more slowly
(Fig. 1).

(2) Presence/absence

Amounts of pollen and dye deposited on individual stigmas
were positively correlated (Pearson’s product-moment r=
0.71; P<0.001), despite considerable scatter. Many flowers
received neither pollen nor dye. This occurred more com-
monly towards the end of a run, presumably because sup-
plies on the bee became exhausted, but sometimes occurred
early in a run, perhaps because bees failed to contact the
stigma.

Despite the overall correlation just described, pollen and
dye are transported somewhat independently. Many stig-
mas lacking pollen carried dye, while a smaller fraction
carried pollen without dye (Table 2a). This agrees with the
results of Handel (1983) and Price and Waser (1982) from
other systems. That dye was deposited without pollen more
often than the reverse reflects the fact that more dye parti-
cles than pollen grains were deposited during a run. Initial
deposition was greater for dye than pollen in all 21 runs
(Table 1; #<0.001, two-tailed sign test); on average, total
dye deposition was 7.6 times that of pollen.

Thus, the presence of dye is not a particularly good
indicator of the presence of pollen. The association may
be improved by discounting trace amounts of dye, for ex-
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Table 2a, b. Occurrence of pollen and dye on 795 stigmas from
21 carryover runs. a Stigmas were scored as having pollen or dye
present if they carried one or more particles. b To compensate
for the 7.6-fold numerical dominance of dye over pollen, stigmas
were scored as having dye present only if >8 dye particles were
deposited. See text for further discussion. Discordant stigmas are
those that have one particle type present and the other absent

Table 3a—c. Analyses of variance of the pollen and dye transport
indices presented in Table 1. The model was fit by the GLIM 3.12
statistical package and chosen primarily to investigate the effects
of variation in run type (Standard, Reduced Load, or Brushed
Anther) and particle type (pollen or dye). In addition, the identity
of the bee is considered. Because bee effects and run type effects
are potentially confounded, we fit the bee effect first, so that run
type effects will be assessed conservatively

Dye Fraction of
Present Absent discordant Variable Source of SS df MS F Signifi-
stigmas Variation cance
a
Pollen {Presem 392 19} 0.31 a
Absent 225 159 - Mean Bees 3416 3 1139 5.56 P<0.01
Transport Run type 336 2 168 0.82 ns
Distance Runtype x run 57.59 15 3.84 1.88 ns
b Particle type 39.23 1 3923 19.17 P<0.001
Pollen Present 299 112} 0.23 Particle x run 1555 2 778 380 P<0.05
Absent 73 311 : type
Error 36.83 18
Total 186.72 41
ample by considering dye counts less than 7.6 (the overall b
dye: pollen abundance ratio) as zeroes (Table 2b). Discor- Initial Bees 24200 3 8067 517 P<0.01
dance between dye and pollen is reduced in this case but DepositionRun type 21,540 2 10,770 6.90 P<0.01

not eliminated.

(3) Pollen and dye carryover curves

Over all 21 runs, the mean (median) transport distances
averaged 6.03 (3.14) flowers for pollen and 7.96 (5.05) for
dye. This qualitative difference was consistent across runs:
mean pollen transport distance was shorter than that for
dye in 19/21 cases (Table 1, P<0.001, 2-tailed sign test),
and median pollen transport was shorter in 16 cases, longer
in 2, and equal in 3 (Table 1, P<0.002, 2-tailed, ignoring
“ties”). Absolute differences were not large (about 2 flow-
ers on average for both means and medians), but propor-
tional differences were substantial. Within runs, the mean
(median) dye transport distance averaged 1.45 (2.07) times
greater than that for pollen.

That pollen and dye carryover differed consistently is
also indicated by significant particle type effects for ANO-
VAs on mean transport distance, initial deposition, and
decay rate (Table 3). In keeping with nonparametric results,
mean pollen transport distance was significantly shorter,
and initial deposition significantly less, than for dye. Pollen
carryover was also characterized by smaller decay rates (Ta-
ble 1).

(4) Effects of run type

We were unable to use exactly the same individual bees
for all run type treatments. This creates a potential for
partial confounding of bee and run type effects, and indeed
each effect is always significant if entered first into ANO-
VAs. In order to obtain a conservative estimate of the sig-
nificance of run type effects, we always entered bee effects
first.

Despite overall differences in pollen and dye transport,
there were significant run type effects on initial deposition
and decay rate (Table 3b, c), suggesting that carryover of
the two particle types was affected in qualitatively similar
ways by our experimental treatments. Initial deposition of
both pollen and dye was highest in Brushed Anther runs

Run type x run 25350 15 1,690 1.08 ns

Particle type 45,568 1 45,568 29.21 P<0.001
Particle x run 30,201 2 15,100 9.68 P<0.005
type

Error 28,081 18 1,560
Total 174,940 41

c

Decay rate Bees 0.00516 3 0.00172 12.53 P<0.001
Run type 0.00212 2 0.00106 7.73 P<0.005

Run type x run 0.00923 15 0.00062 4.48 P<0.005

Particle type 0.00375 1 0.00375 27.33 P<0.001
Particle x run 0.00076 2 0.00162 0.47 ns
type
Error 0.00247 18 0.00014
Total 0.02350 41

and lowest in Reduced Load runs (Table 1), but because
the proportional response of dye exceeded that of pollen
there was a significant run type — particle type interaction
(Table 3b). Run type also influenced decay rate (Table 1,
3c), perhaps because decay rates were negatively related
to initial deposition for both particle types (Table 4a).
Again, differences between particle types in proportional
response to treatments were reflected in a significant parti-
cle type — run type interaction (Table 3c). Particle counts
decayed most rapidly for Brushed Anther runs.

Highly significant run type effects for initial deposition
and decay rate (Table 3b, c) mean that run-to-run variation
in these aspects of dye carryover was correlated with varia-
tion in pollen carryover. There were significant positive cor-
relations between initial depositions of dye and pollen
across all runs, and between regression coefficients in Stan-
dard runs (Table 4b).

There was no significant run type effect on mean trans-
port distance (Table 3a), and no significant correlation
across runs between mean transport distance of pollen and
dye, although all correlation coefficients were positive (Tab-
le 4b). This could be a reflection of the conservative analysis
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Table 4a, b. Pearson product-moment correlations among pollen
and dye transport characteristics. Significance at the 0.05 and 0.01
levels is indicated by one or two asterisks, respectively. Pollen and
dye counts were transformed as /n (Y +1).

a Correlations, across all runs, within particle type, of four esti-
mated transport parameters

Pollen
Initial Regression Median
deposition  coefficient  transport
distance
Mean transport —0.694**  0.634** 0.844**
distance
Initial —0.797**  —0.479*
deposition
Regression 0.390
coefficient
Dye
Initial Regression Median
deposition  coefficient  transport
distance
Mean transport 0.138 0.471* 0.800**
distance
Initial —0.362 0.053
deposition
Regression 0.111
coefficient

b Correlations of transport parameters of pollen and dye for the
various treatments

Treatment Mean Initial Regression
transport deposition  coefficient
distance

Standard 0.52 0.73* 0.92%#

n=10

Reduced 0.64 —-0.27 0.26

Load
n=>5
Brushed 0.15 0.45 0.43
Anther
n=6

Pooled 0.32 0.68** 0.68

data
n=21

mentioned earlier, but it could also mean that transport
distance represents a complex balance between initial depo-
sition and decay rate.

Discussion

(1) Dye as a pollen analogue

Dye transport by bumble bees between E. grandiflorum
flowers resembles that of pollen in many respects, but not
in others. The degree of similarity depends on the aspect
of pollen transport considered and the methods used to
measure it. The value of dye as a pollen analogue in this
species thus depends on the goals of the study.

565

Because total amounts of dye dispersed are much
greater than amounts of pollen, and because dye and pollen
are transported somewhat independently, dye is an unreli-
able pollen analogue when one needs to measure how many
pollen grains are moved and their exact destinations. More-
over, simply scoring presence/absence of dye will grossly
overestimate the extent of pollen dispersal, because stigmas
often receive dye but no pollen. Dye may also be an unreli-
able analogue when one needs to characterize pollen carry-
over precisely. Pollen carryover differs from that of dye
in having lower initial deposition and faster initial decay.
The net result is that the average (mean or median) pollen
grain is carried over fewer flowers and travels less far than
the average dye particle.

The systematic bias that dyes introduce may not always
be critical, however, for two reasons. First, although the
relative bias is substantial, the absolute magnitude is not.
Mean dye transport distance in E. grandiflorum is 145%
that of pollen, but the absolute error from using dye would
be only about 2 flowers. This would correspond to an error
of 0.5 m in a natural population with 0.5 m spacing between
plants, assuming that bees visit 2 flowers per plant on aver-
age and move between neighboring plants. Second, many
questions depend on relative dispersal of pollen from plants
receiving different treatments, rather than absolute dispers-
al distance. In such cases dye may be useful so long as
treatments affect dye and pollen carryover in qualitatively
similar ways.

Our results suggest that experimental treatments do af-
fect dye and pollen carryover in similar ways. There was
a significant run type effect on initial deposition and decay
rate for both pollen and dye (Table 3b, c), and the signifi-
cant 2-way interaction between run type and particle type
were functions of different magnitudes rather than signs
of pollen and dye responses in Brushed Anther runs. Fur-
thermore, mean transport distance was not affected by run
type for either particle type (Table 1). Not only did pollen
and dye respond in similar ways to different run types,
but variation among individual Standard runs in decay rate
and initial deposition for dye was positively correlated with
variation in these parameters for pollen (Table 4b).

Because dye tends to travel farther, reports of restricted
pollen flow distances based on dye flow (e.g., Price and
Waser 1979) may well be conservative. However, inferences
of extensive pollen dispersal from observations of extensive
dye dispersal (e.g., Webb and Bawa 1983) may not be fully
warranted. Webb and Bawa (pp 1266-7) stress that they
scored only pollen grains with adherent dye particles, rather
than stray particles, but there is no way to be certain that
such “dyed grains” are actually from the dye donor flower.
Free dye particles on a pollinator can presumably adhere
to pollen at any point in a foraging bout.

(2) Pollen transfer mechanics

Our experimental treatments allow us to investigate how
the initial pollen load picked up by a pollinator affects
carryover (compare Standard and Reduced Load runs, Ta-
ble 1). High initial loads increased the initial and total
amounts deposited as well as decay rate. The net effect
was to decrease mean transport distance in Standard rela-
tive to Reduced Load runs. Dye responded in a qualitatively
similar way to these two treatments. We do not know what
mechanism causes this effect, but speculate that large pollen
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and dye loads may be less firmly attached to the bee so
that clumps are deposited on the first few flowers or that
the bee may more actively groom large loads off its body
as it flies between flowers.

We also can examine how the state of recipient anthers
affects carryover (compare Standard and Brushed Anther
runs, Table 1). Pollen in recipient anthers affected both pol-
len and dye carryover, but to different extents. Initial depo-
sition of both particle types was strongly increased in
Brushed Anther relative to Standard runs (a result also
found by Price and Waser 1982), but the effect was propor-
tionally greater for dye. The decay rate also increased for
both particle types in Brushed Anther runs, but here the
effect was proportionally greater for pollen. The net effect
was to decrease mean pollen transport distance but to in-
crease dye transport distance. Perhaps pollen from recipient
flowers layers over or mixes with pollen or dye from a
donor flower and hence interferes with subsequent deposi-
tion (see also Price and Waser 1982), but the small particle
size of dye somehow means that its initial deposition and
decay rate are reduced less than those of pollen by this
interaction. If initial dye deposition is affected slightly less
strongly than dye decay rate, then transport distance, which
reflects a balance between the two, will increase; the oppo-
site situation would explain why pollen transport distance
decreases.

The variety of run type effects on properties of carryover
curves emphasizes the complexity of the events that deter-
mine transfer mechanics for a single pollen grain (Waser
1983, Waser and Price 1984). Interaction with other grains
in the parental anther and with pollen already on the pollin-
ator may determine whether the grain adheres to the pollin-
ator. Once there the grain is part of a dynamic pollen pool
that is augmented by donations from subsequent flowers.
There may be interactions among grains in the pool, such
as layering or mixing, and interactions involving the pollin-
ator, such as grooming. These, in addition to interactions
with recipient stigmas, will determine whether the grain is
eventually deposited in a suitable place. The fates of pollen
grains vary, so that transfer mechanics should influence
not only the proportion of grains successfully reaching a
stigma but also the spatial pattern of dispersal around the
pollen parent. The roles of layering, mixing, grooming, etc.,
need further investigation in Erythronium and in other
plants.

Well-designed experiments with dye may be useful for
these studies, as long as the sort of qualitative similarity
to pollen seen in E. grandiflorum turns out to be general.
At the same time, substantial overestimates of pollen depo-
sition may turn out to render dye inappropriate for quanti-
tative estimates of pollen carryover and dispersal in many
species.

Conclusion

Fluorescent dyes can be useful pollen analogs, but caution
is required in using them and in interpreting the results.

We recommend: (1) that dye particles be counted, rather
than scored as “present”; (2) that dye be applied to donor
flowers consistently and carefully, ideally in controlled
amounts; (3) that experiments be designed to infer relative
pollen transport from measures of relative dye transport
in different experimental treatments; and (4) that dye and
pollen be calibrated in each system for which absolute pol-
len dispersal is to be measured.
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