
Abstract Spatial processes in pollination biology are
poorly understood, especially at levels above that of the
local population. For example, little is known about how
pollinators and pollen move among populations, al-
though there is evidence that such movement can exceed
what is predicted from intrapopulational movement. We
explored pollination success in experimental isolates of
the bumblebee- and hummingbird-pollinated wildflower
Delphinium nuttallianum. We established a total of 15
arrays of potted plants isolated by 50–400 m from ten
natural “source” populations, as well as control arrays
embedded within each source. Flowers on potted plants
were emasculated, so any pollen received could be as-
sumed to come from source populations. A total of 69 h
of observation suggested that pollinators were somewhat
less abundant in isolates than in controls, but visited
more plants and flowers once within an isolate. Consis-
tent with this, 82.1% of all flowers in isolated arrays re-
ceived pollen, versus 87.7% in controls. Mean receipt
was more than 100 pollen grains per flower in most ar-
rays, and seed set in isolates and controls respectively
averaged 69.8% and 74.3% of ovules. Furthermore, pol-
len receipt in isolates declined relatively slowly with dis-
tance from the source. We conclude that pollinators of
D. nuttallianum often will fly up to 400 m among popu-
lations, and that substantial pollination ensues. Thus iso-
lated populations of this species often belong to meta-
populations in terms of pollen dispersal, with important
consequences for genetic differentiation, and potential
implications for the management of endangered plant
species.
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Introduction

Ecological and evolutionary processes occur in dimen-
sions of time and space. It is no wonder that the temporal
domain served as an early focus in ecology, for example
in the study of succession (Jackson 1981). The spatial
domain entered only later, in part because it is so diffi-
cult to model analytically, but eventually penetrated first
mathematical genetics (e.g., Wright 1943; Malécot 1948)
and later ecology (e.g., Skellam 1951; Huffaker 1958;
MacArthur and Pianka 1966). Spatial approaches have
grown more explicit with time (Kareiva 1994), and in-
creasingly allow us to explore the movement of individu-
als as they forage, search for mates, or disperse; the dis-
tance-dependent interactions of sessile organisms; and
the spatial structuring of alleles and genotypes within
and among populations, brought about by movements of
individuals and gametes.

Pollination biology historically embraces many of
these trends in spatial biology. Pollination systems have
served as fruitful arenas for the development and testing
of optimal foraging theory, for direct estimates of gene
flow, and for comparing these measurements to indirect
ones in the form of spatial genetic structure (e.g., Pyke
1984; Waser 1988; Williams and Waser 1999). Unfortu-
nately, there are newer reasons as well for a spatial focus
in pollination biology. These derive from human altera-
tion of landscapes, which fragments ancestral habitats
and isolates the fragments. Fragmentation and isolation
seem likely to alter pollination services, with potentially
severe consequences for the viability of plant popula-
tions (Rathcke and Jules 1993; Olesen and Jain 1994;
Kearns et al. 1998; Richards et al. 1999).

In spite of a growing interest in the spatial domain
among pollination biologists, we know the most about
events at local scales, and much less about larger scales.
Numerous workers have emphasized area-restricted for-
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aging of pollinators and their predominantly-short move-
ments between plants (e.g. Bateman 1947; Pyke 1978;
Schaal 1980; Waser 1982), and the resulting prediction
that gene flow will be highly restricted (e.g. Bradshaw
1972; Levin and Kerster 1974; Schaal 1974; Levin
1979). Some more recent studies, however, suggest that
it can be misleading to extrapolate from within-popula-
tion movements to those between populations. For exam-
ple, Levin (1983) detected seed set in individuals of
Phlox drummondii isolated by up to 100 m from the
nearest pollen source. Ellstrand and Marshall (1985) re-
ported that up to 18% of seeds within isolated popula-
tions of Raphanus sativus were sired by pollen from oth-
er populations 100–1,000 m distant. Godt and Hamrick
(1993) concluded that 16–46% of seeds in the bumble-
bee-pollinated Lathyrus latifolius resulted from pollen
movement from other populations up to 70 m distant.
Using DNA markers, Dow and Ashley (1996) found that
most paternity in an isolated stand of bur oak came from
pollen imported from distant stands. Nason et al. (1998)
used paternity assignment to infer that fig wasps routine-
ly fly up to 14 km between trees in Panama. Results such
as these led Ellstrand et al. (1989) to argue that pollen
dispersal into isolates does not necessarily decline
strongly with increasing distance to the nearest donating
population, in contrast to pollen dispersal within contin-
uous populations. Ellstrand and Marshall (1985) and
Godt and Hamrick (1993) also emphasized how little is
known about the movement of pollinators among popu-
lations.

The montane wildflower Delphinium nuttallianum
may exemplify the pattern described above of restricted
movement of pollinators and pollen within populations,
coupled with relatively high levels of movement be-
tween populations. Direct estimates based on field stud-
ies of bumblebees and hummingbirds, and on the dy-
namics of pollen transport on the bodies of these pollina-
tors, suggested that most genes move only a few meters
within continuous populations (Pyke 1978; Price and
Waser 1979; Hodges 1981; Hodges and Wolf 1981; 
Waser 1982). On the other hand, population genetic stud-
ies have failed to detect strong kinship structure within
and among populations (Waser 1987; Williams and 
Waser 1999). Because sufficient connectance of popula-
tions should counteract genetic differentiation among
them (Wright 1943; Green 1994), the genetic results 
suggest that pollen dispersal is more extensive than pre-
viously believed.

In this paper we explore pollinator movements and
pollen dispersal between populations of D. nuttallianum.
By constructing experimental isolates we were able to
address two related issues. First, we explored the levels
of pollinator activity in and near isolates, relative to
those in large natural populations of the species. Second,
we asked how much pollen is dispersed to isolates as a
function of their distance from these natural populations,
and what fraction of ovules is set as seeds. We conclude
that isolates are surprisingly well connected by pollen
and gene flow, and discuss the implications for genetic

structure of plant metapopulations and for conservation
of plants growing in fragmented landscapes.

Materials and methods

The study system

We worked near the Rocky Mountain Biological Laboratory
(RMBL) in the Elk Mountains in west-central Colorado, at eleva-
tions of 2,700–3,100 m. During the late spring and early summer
the larkspur Delphinium nuttallianum Pritzel (= D. nelsonii
Greene, Ranunculaceae) flowers in open montane meadows, form-
ing populations often separated by wide strips of riparian habitat
and conifer forest, and by aspen forest containing scattered indi-
viduals of the species. Reproductive individuals usually produce
1–2 flowering stalks each 10–50 cm tall and each bearing 1–10 or
more flowers. The bilaterally-symmetrical, deep blue or purple,
hermaphroditic flowers are protandrous and mature from bottom
to top of the stalk. Major pollinators at the RMBL are broad-tailed
hummingbirds (Selasphorus platycercus Gmelin) and queens of
several bumblebee species (Bombus appositus Cresson, B. flavi-
frons Cresson, B. nevadensis Cresson, and B. californicus Smith),
the relative abundances of which vary across years (e.g., Bosch
and Waser 2001). Hummingbirds and bumblebees contribute
roughly equally to seed set (Waser and Price 1981, 1990) and 
exhibit similar foraging behaviors, including inter-plant flight 
distances (Waser 1982). Mean seed dispersal is restricted 
(mean =11 cm; Waser and Price 1983), as is pollen dispersal with-
in continuous populations (mean and median <1 m, Waser 1988).

Experimental populations

During the summer of 1994 we located six natural populations of
D. nuttallianum, and during the summer of 1995 located an addi-
tional four populations, along approximately 4 km of the East 
River near the RMBL. We chose large populations (estimated 
sizes ranging from 16,000 to 400,000 flowering individuals, cov-
ering areas of 7,000 to 83,000 m2) that were discrete, with sur-
rounding meadows containing few or no additional plants of the
species. These ten populations are hereafter referred to as “source”
populations, because they were the source of most pollen received
by plants in experimental arrays at various distances away.

Near the edge of each of the ten source populations we chose
an area from which to pot plants for a given replicate set of experi-
mental arrays. Plants of average size and flower number were dug
up, placed individually into 15 cm diameter flower pots, and wa-
tered. Within each replicate, 16 plants were assigned at random to
construct an experimental isolate placed 50–400 m from the
source population, and 16 were assigned to a paired control array
embedded within the source population itself (Fig. 1). In a few
cases the control array was associated with 2–3 isolates at differ-
ent distances.

Each experimental array was laid out as a square with four
plants on a side and 0.5 m spacing between them (Fig. 1). Holes
were dug in the ground to contain each potted plant, so that polli-
nators encountered inflorescences at a natural height. For each
control array these holes were dug at the site where plants had
been potted in the source population, and additional flowering in-
dividuals were removed from this site and from a border of 0.5 m
around the array. To ensure that isolates were truly isolated we
searched the area around each experimental replicate, removing
scattered D. nuttallianum individuals as needed and confirming
that the nearest additional large populations of the species were at
least twice as far from the isolate as was the source population.

Combining the 1994 and 1995 seasons, we constructed 12 
control arrays and 15 isolates using the ten source populations
(Table 1). The Willow and Snodgrass source populations were
used in both years, but different individual plants were potted in
each year. We established two isolated arrays 50 m and 100 m
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away from the Big Falls population in 1994, and three isolates,
one each at 50 m, 100 m, and 150 m away from the Meadow pop-
ulation in 1994. We subsequently discovered that the 150 m iso-
late in this latter case was within 50 m of a previously-undetected
natural population of D. nuttallianum, and so this population was
treated as a 50 m isolate in some analyses (labelled ‘‘50 m*’’ in 
Table 1) and was dropped from other analyses, as explained be-
low. Overall, therefore, we obtained data from 14–15 isolates, de-
pending on the analysis.

To ensure that all pollen received by potted plants came from
outside their array, we removed initiated fruits and receptive fe-
male-phase flowers at the time of potting, and emasculated all
male-phase flowers and large flower buds. Approximately every
2 days thereafter we returned to emasculate any new buds. We
also watered all potted plants as needed, always treating isolated
and control arrays in identical fashion. Emasculation and watering
were continued until the last female flower had opened in any ar-
ray within an experimental replicate.

Measures of pollination success

In 1995 only, we observed pollinators during a series of 1-h peri-
ods. When possible we deployed a pair of observers to simulta-
neously watch a control array and its paired isolate. In other cases
a single observer rotated observations across arrays in random or-
der and immediate succession. Observations were made at various
times of day ranging from dawn to dusk. We noted the species, sex
and caste of any visitor to flowers within the array, as well as the
time of visit, number of plants visited within the array, and num-
ber of flowers visited on each plant. We also recorded “flybys” of
pollinators that visited flowers near but not in our arrays, or that
flew past them.

After the end of the 1994 and 1995 flowering seasons we
checked experimental plants at regular intervals. When fruits were
mature we collected them individually, removed the style and at-
tached stigma from each fruit, and transferred these to microscope
slides. Stigmas were heated with basic fuchsin jelly (Kearns and
Inouye 1993) and squashed under a cover slip, after which we
counted the stained pollen at 100× under a microscope. We dis-
sected each fruit to determine the number of filled seeds and of
undeveloped ovules.
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Table 1 Reproductive success
in control and isolated arrays.
Isolation distance is the dis-
tance of each array from the
source population; 0 m refers 
to control arrays embedded
within source populations. One
isolate in the Meadow site in
1995, indicated by *, was
150 m from our chosen source
population but 50 m from an-
other source discovered subse-
quently. Pollen load is the
mean number of Delphinium
nuttallianum pollen grains per
flower, with SD and n (number
of flowers). Non-zero flowers
is the proportion of all flowers
in an array that received some
pollen. Seed set is the mean
proportion of all ovules set as
seeds; N/A means that no val-
ues were obtained because
fruits did not expand (see text)

Plot Year Isolation Pollen load Non-zero Seed set
distance (SD, n) flowers (SD, n)

Big Falls 1994 0 m 284 (281, 77) 0.909 0.904 (0.135, 8)
50 m 219 (252, 93) 0.892 0.775 (0.192, 5)

100 m 129 (201, 82) 0.841 0.614 (0.163, 11)
Gothic 1994 0 m 304 (238, 79) 0.924 0.769 (0.205, 45)

200 m 106 (133, 93) 0.828 0.363 (0.309, 55)
Meadow 1994 0 m 380 (310, 61) 0.918 N/A

50 m 251 (292, 36) 0.917 0.758 (0.303, 11)
100 m 226 (210, 30) 0.967 0.654 (0.194, 7)

50 m* 281 (245, 52) 0.962 0.779 (0.140, 10)
Snodgrass 1994 0 m 394 (418, 65) 0.892 0.703 (0.174, 15)

400 m 105 (173, 53) 0.925 0.620 (0.286, 4)
Swamp 1994 0 m 308 (254, 85) 0.965 0.704 (0.233, 31)

50 m 107 (123, 71) 0.901 0.639 (0.167, 8)
Willow 1994 0 m 259 (288, 69) 0.913 0.702 (0.214, 22)

50 m 170 (177, 69) 0.957 0.687 (0.148, 17)
Avalanche 1995 0 m 322 (265, 71) 0.887 0.771 (0.209, 13)

200 m 101 (15,65) 0.769 0.786 (0.221, 17)
Bog 1995 0 m 225 (277, 123) 0.821 0.960 (0.208, 12)

50 m 137 (192, 79) 0.709 0.764 (0.161, 9)
Rosy Point 1995 0 m 384 (266, 83) 0.928 0.785 (0.258, 16)

100 m 174 (179, 91) 0.824 0.768 (0.255, 18)
Snodgrass 1995 0 m 231 (236, 74) 0.743 0.809 (0.157, 21)

400 m 120 (185, 75) 0.693 0.737 (0.238, 8)
Vera Falls 1995 0 m 79 (113, 43) 0.674 0.343 (0.292, 2)

100 m 4 (6, 48) 0.563 N/A
Willow 1995 0 m 305 (241, 61) 0.951 0.727 (0.137, 4)

200 m 28 (62, 74) 0.568 0.832 (0.080, 7)
Control mean 289.6 0.877 0.743
Isolate mean 143.9 0.821 0.698

Fig. 1 Diagram of an experimental replicate. Embedded within
the gray pollen source population is a "0 m” control array of 16
potted plants with emasculated flowers; an equivalent isolated ar-
ray is placed a distance D from the source. Values of D were 50 m,
100 m, 200 m, or 400 m, depending on the replicate



Analyses

Analyses were carried out using JMP (Version 3) and Microsoft
Excel. The experimental design yielded 14–15 paired comparisons
for most response variables, and we therefore analyzed most vari-
ables with paired t-tests after confirming normality and homosce-
dasticity of residuals. Proportional data were arcsin-square root
transformed before analysis. To assess how distance from the
nearest pollen source affected pollen receipt we derived a “pollen
loss” statistic for each isolated array and its paired control array:

Pollen loss = (Mean pollen load per flower in control)-(Mean 
pollen load per flower in isolate)

Pollen loss was then related to isolation distance using linear and
power functions.

Results

Pollinator activity

Bumblebee and hummingbird pollinators of D. nuttal-
lianum were active in or near all of our experimental 
arrays in 1995. The total number of encounters with 
pollinators, including flybys (“Pollinator activity” in 
Table 2), was higher in or near control arrays at four of
the six sites used in 1995, and higher at or near isolates
in the other two sites. In contrast, pollinator species rich-
ness was somewhat higher around the isolates in four of
six sites (Table 2), and richness across replicates aver-
aged 5.8 and 5.7 in the vicinity of isolates and control ar-
rays, respectively (P=0.45, paired t-test). Over all sites,
isolates and their surroundings averaged 9.4 episodes of
pollinator activity per hour, whereas control arrays and
their surroundings averaged 13.3; however the variance
was large and this difference is not significant statistical-
ly (P=0.13, paired t-test).

In spite of this pollinator activity, 69 total hours of
observation were rewarded with only 25 visits to arrays
themselves, 16 foraging bouts in isolates and 9 in con-
trols. Pollinators in these bouts visited on average 4.0
and 2.7 plants respectively in isolates and control arrays
(P=0.14, 2-sample t-test), and 8.3 and 3.2 flowers per
bout respectively (P=0.045, 2-sample t-test). Once they
entered isolated arrays, therefore, pollinators seemed
likely to visit more plants, and especially more flowers,
than they did in control arrays.

Pollination in arrays

All experimental arrays yielded reasonable samples of
fruits (range 30–123) from which to assess pollen deliv-
ery and seed set. Based on these samples, the large ma-
jority of flowers in all arrays received D. nuttallianum
pollen (Table 1). Over all isolates, 82.1% of flowers re-
ceived pollen, versus 87.7% in control arrays (P=0.025,
paired t-test). Twenty-four of the 27 arrays received
mean pollen loads per flower an order of magnitude
greater than the number of ovules per fruit, a surplus 
that should suffice for fertilization of most ovules (e.g.,
Waser and Price 1991; Bosch and Waser 1999). Only the
1995 Willow 200 m isolate, and the 1995 Vera Falls con-
trol and 100 m isolate, had mean pollen loads less than
100 grains (Table 1). However, the variation was sub-
stantial; ranges were 79–394 grains for control arrays
(n=12), 107–281 for 50 m isolates (n=6), 4–226 for
100 m isolates (n=4), 28–106 for 200 m isolates (n=3),
and 105–120 for 400 m isolates (n=2).

In accordance with these pollen loads, seed set was
high in most arrays (Table 1). Seed set, expressed as the
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Table 2 Pollinator activity and foraging in 1995 experimental ar-
rays. Pollinator activity is the mean number of observations per
hour of pollinators in or near each array, including flybys. Codes
for pollinator identity are 1= Bombus appositus queen, 1b= B. appo-
situs worker, 2= B. flavifrons queen, 2b= B. flavifrons worker, 
3= B. californicus queen, 4= B. nevadensis queen, 4b= B. nevaden-

sis worker, 5= cuckoo bumblebee (Psythirus sp.), 6= Selasphorus
platycercus male, 6b= S. platycercus female, 7= S. rufus male, 
8= Stellula calliope male. Array foraging is the mean number of
plants and flowers visited in experimental arrays per hour, with n
(number of times a pollinator was seen foraging in a plot) indicated;
values of zero mean that no pollination of array plants was observed

Plot Isolation Pollinator Pollinator plants, flowers (n)
distance activity identity Array foraging: mean,

Avalanche 0 m 8.25 1,2,4,4b,5,6 2.00, 4.00 (2)
200 m 7.75 1,1b,2,5,6,6b,7 0

Bog 0 m 24.75 1,1b,2,4,5,6,6b,7,8 1.00, 6.00 (1)
50 m 19.75 1,2,5,6,6b,7 1.00, 1.00 (1)

Rosy Point 0 m 5.13 1,1b,2,3,5,6,6b,7 2.75, 4.25 (4)
100 m 6.60 2,5,6,7 3.67, 11.17 (6)

Snodgrass 0 m 27.30 1,4,6,6b 3.00, 7.00 (1)
400 m 8.82 1,3,4,5,6,6b,7 4.33, 8.00 (3)

Vera Falls 0 m 2.50 1,2,5,6 0
100 m 4.00 1,1b,2b,6,7 5.00, 15.00 (1)

Willow 0 m 12.00 1,6,6b 1.00, 2.00 (1)
200 m 9.25 1,1b,4,6,6b,7 2.00, 4.60 (5)

Pooled means Controls 13.32 5.67 2.4, 3.60 (10)
Isolates 9.36 5.83 3.0, 7.76 (16)



ly-rare species, and those made rare by anthropogenic
habitat fragmentation, will often experience greater iso-
lation than their common or undisturbed counterparts
(Wilcove et al. 1986). Isolation is likely to have marked
effects on the movement of foraging pollinators, and suf-
ficient isolation may cause a loss of pollination service
altogether, one form of an “Allee” effect (Lamont et al.
1993; Groom 1998; and see May 1981 for an isocline
analysis).

What is the empirical evidence? Bowers (1985) found
that marked Bombus flavifrons workers did not move
among meadows isolated from one another by
400–1,100 m of forest, whereas queens did disperse over
these distances. Sih and Baltus (1987) reported that
patches of catnip isolated by 15–30 m or more from oth-
er populations suffered reduced visitation by bumblebees
and honeybees, but not by solitary bees. Powell and
Powell (1987) used scent baits to attract euglossine bees
to fragments of tropical forest, and found that some spe-
cies will not move to isolates as little as 100 m from in-
tact forest. Jennersten (1988) compared pollination in
“mainland” populations of Dianthus deltoides to that in
two “island” populations separated by ca. 200 m of agri-
cultural fields. Visits by insects, including butterflies and
flies, declined by more than 50% in the islands. Kwak 
et al (1991a, b) found that marked bumblebees would not
move between populations of an endangered Dutch plant
separated by 150 m, and inferred that such movement
would be promoted by the presence of intervening flow-
ers of other species. Groom (1998) found that pollen re-
ceipt per stigma and seed set declined precipitously in 
tiny populations (≤10 plants) of Clarkia concinna that
were more than 10 m from larger populations, and in me-
dium-sized populations (10–50 plants) that were isolated
by more than 100 m, but did not decline in large popula-
tions (>50 plants) isolated by up to 1,000 m; she did not
report the relative contributions by specialized beefly
pollinators versus generalized honeybees, bumblebees
and butterflies. Steffan-Dewenter and Tscharntke (1999)
performed an experiment similar to ours using mustard
and radish and found that diversity and abundance of
bees declined with distance from a source population, al-
though abundance of beetles and flies did not. Finally,
Richards et al. (1999) studied pollen dispersal and pater-
nity in an experimental metapopulation of Silene alba,
and inferred that the diverse insect pollinators move only
about 15% of pollen beyond 40 m. From this review we
conclude that the distance of movement between popula-
tions will depend on identity of the pollinator (and prob-
ably on how specialized it is for the plant in question),
on features of the populations, and on the presence and
identity of flowers of other species. It also seems appar-
ent that there are few extant studies on effects of isola-
tion, and only a subset of these consider pollinator de-
cline in terms of behavioral mechanisms, from which
general patterns might ultimately be understood.

It appears that the propensity of pollinators to move
to isolates of D. nuttallianum was higher than in most of
the studies cited above. In particular, bumblebees appear
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proportion of all ovules filled, averaged 69.8% for iso-
lates and 74.3% for control arrays (P=0.019, paired
t-test). These values do not include the 1994 Meadow
control and 1995 Vera Falls 100 m isolated arrays be-
cause fruits never expanded, perhaps due to dry soil con-
ditions (both of these plots had south-facing exposures
and appeared to be very dry).

There was no clear relationship between pollinator
species richness and mean pollen load per array (pollen
load =3.3× pollinator richness +138.7, P=0.49). Nor did
we detect a slope significantly greater than zero for the
relationship between pollinator activity and mean pollen
load (pollen load =8.4× pollinator activity +127.5,
P=0.69).

Pollen loss as a function of isolation

Pollen loss was greatest over the first 50 m, and then in-
creased more slowly out to 400 m (Fig. 2). A power
function yielded a higher model r2 (0.30) than a linear fit
constrained through the origin (0.23). The best-fit model
is pollen loss =28.26× isolation in m0.35 (P<0.05 for the
overall fit). The upper confidence limit on the exponent
is 0.68, indicating that the exponent is significantly less
than one and the function is decelerating.

Discussion

Kunin (1997) stressed that different facets of plant rarity,
including small population size, low density, small size
of individuals, and increased intermixing with other
plant species, may affect pollination services in distinct
ways and so have different consequences for conserva-
tion. Another aspect of plant rarity, which Kunin (1997)
did not discuss, is isolation of populations. Plant species
occur as series of isolated to semi-isolated populations
regardless of overall commonness or rarity, but natural-

Fig. 2 Pollen loss as a function of isolation distance. The second
1994 Meadow 50 m isolate, which was 50 m distant from a Del-
phinium nuttallianum population we had initially overlooked,
lacked a proper control in this unintended source population, and
so was omitted from analysis



to have moved farther between our populations than ob-
served by Bowers, Sih and Baltus, Kwak and colleagues,
Groom, or Richards et al. (although bumblebees moved
as far as 1,000 m in the experiment of Steffan-Dewenter
and Tscharntke; I. Steffan-Dewenter, personal communi-
cation). Indeed, we directly observed long-distance
movements in a few cases. For example, one of us
(B.M.S.) carried out a small mark-recapture experiment
with bumblebees at the RMBL in spring 1993 and ob-
tained recaptures at distances of 50 m, 100 m, and
300 m. The bumblebees in our study were queens, which
may move over long distances, as suggested by the ob-
servations of Bowers (1985), whereas in most other stud-
ies cited above the bumblebees were workers. Further-
more, our meadows contained few other flowers during
the experiments (personal observations). Thus queen
bumblebees and hummingbirds, which are relative gen-
eralists in flower visitation, may have tended to fly to
isolates because there was little scope for switching to
other species in the proximity of source populations.

The movement of pollinators to experimental isolates
of D. nuttallianum implies that natural populations of
this species, which commonly are separated by distances
of tens to a few hundreds of meters, often will act as me-
tapopulations in terms of pollen exchange. This genetic
connectance of populations should be a powerful influ-
ence in preventing their differentiation at gene loci
which are neutral in their contributions to individual fit-
ness (e.g., Wright 1943; Malécot 1948; Green 1994).
Furthermore, the movement of pollinators into popula-
tions bringing pollen from distant sources may tend to
disrupt any intrapopulational genetic structure. In agree-
ment with this, Williams and Waser (1999) failed to de-
tect substantial genetic differentiation in and among pop-
ulations of D. nuttallianum near the RMBL on a hierar-
chy of scales from several centimeters up to several kilo-
meters. If pollinator movements in other systems resem-
ble those in D. nuttallianum, the common expectation of
small-scale genetic differentiation within and among
populations (e.g. Levin and Kerster 1974; Schaal 1974)
will need to be re-examined.

Finally, our results potentially bear on issues of the
management of endangered plant species, which increas-
ingly achieve this status through anthropogenic fragmen-
tation of habitats. Fragmentation increases the isolation
of populations, each of which suffers reduction in size
and genetic diversity (Rathcke and Jules 1993; Olesen
and Jain 1994; Richards 2000). As Kwak (1991a, b) and
other have stressed, it is critical to study the movement
of pollinators in such situations, rather than assuming
how they will behave. The few available studies of polli-
nator movement to isolates cited above indicate a vari-
able outcome, but it seems certain that pollinators some-
times will bring pollen to relatively distant isolates if
conditions are correct, thus providing infusions of new
genetic variability (Richards 2000); and that once within
isolates they may provide substantial pollination services
(see also Sork et al. 1999). More such studies are needed
as we increasingly face the task of devising management

strategies to enhance the movement of pollinators, pol-
len, and genes into populations threatened with extinc-
tion.
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