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Abstract. Insect pollinators such as honeybees (Apis mellifera L.) and bumble bees
(Bombus spp.) are strongly directional in their movements among flowers and typically
move to the nearest neighboring inflorescence, which is often in the same row. Pollinator
movements in watermelon [Citrullus lanatus (Thunb.) Matsum & Nakai] were deter-
mined by tracking pollen flow with the incompletely dominant lobed-leaf trait of
‘Crimson Sweet’ (Nl) as the pollen donor and the incompletely recessive ‘Sunshade’
(nl) as the recipient. Mature ‘Sunshade’ watermelon fruit were collected at 3-m in-
crements down selected rows and across all rows in both directions from the central
donor plants that made up 1% of the planting. The resulting progenies from each fruit
collected were screened to determine the directionality of pollinator movements by the
occurrence of the Nlnl genotype (or lobed-leaf phenotype). The row that went through the
central donor plant block had higher percentages of lobed-leaf seedlings compared with
the other rows evaluated. However, lobed-leaf seedlings were observed on rows at
significant distances (greater than 10 m) from the donor block. This resulted most likely
from long-distance pollen transport, in-hive pollen transfer, or multiple transfers of
pollen to staminate (male) and/or pistillate (female) flowers by pollinators before
reaching the final destination on a stigmatic surface at a substantial distance from donor
plants. Because watermelon vines grow out in all directions, including across rows, a
pollinator can easily move to adjacent flowers on a vine growing across rows; thus, the
movements of pollinators in watermelon (and most likely other vining cucurbits) are not
as simple as maintaining a linear direction down the row.

Cucurbit vegetables are predominantly
out-crossers and depend on insect pollinators
to transfer pollen from staminate to pistillate
or hermaphroditic flowers for fruit set and
development (Robinson and Decker-Walters,
1997). Although there are many different
insect pollinators of cucurbits, honeybees
and bumble bees are two of the most impor-
tant for this group of vegetables (Delaplane
and Mayer, 2000; Free, 1993; McGregor,
1976). Honeybees and bumble bees are
strongly directional in their movements among
flowers and typically move to the nearest
neighboring inflorescence, which is often in
the same row (Cresswell et al., 1995; Handel,
1982; Levin et al., 1971; Zimmerman, 1979).
The maintenance of flight direction (direc-
tionality) by bee pollinators, which is the
tendency to fly straight ahead from one
flower to the next, most likely results in
reducing the probability of revisiting flow-
ers and maximizing foraging efficiency
(Collevatti et al., 2000).

The foraging behaviors of insect pollina-
tors play a major role in determining gene flow
in plant populations (Collevatti et al., 2000;
Handel and Mishkin, 1984; Levin et al., 1971).
Pollinator movement among flowers of simi-
lar or closely related species is probably one of
the most important factors that affect gene
flow in plant populations. Gene flow in plants
is mediated by both pollen and seed dispersal
(Handel, 1982; Waser, 1991); and, in recent
years, gene movement has gained additional
attention with the release of genetically modi-
fied organisms into the environment (Hails,
2000; Hokanson et al., 1997a, 1997b; Manasse,
1992; Rogers and Parkes, 1995; Umbeck et al.,
1991).

Although pollinating insects such as hon-
eybees and bumble bees can bring cucurbit
pollen from considerable distances to achieve
cross-pollination, most studies have generally
indicated that the majority of cucurbit pollen
movements are somewhat restricted with most
pollen carried only a short distance from the
source plant. In muskmelon (Cucumis melo
L.), Handel (1982) determined that although
there was a definite directionality of gene
flow, movement tended to be restricted to less
than 3 m from donor plants. In similar studies
with cucumber (Cucumis sativus L.), bee-
dispersed pollen was again restricted to 2 to

3 m from donor plants, although the gene
investigated was found to be clustered on the
plot edges of receipt plants (Handel, 1983).
Furthermore, Hokanson et al. (1997a) indi-
cated that the greatest amounts of cucumber
gene flow occurred at distances closest to
donor plants and declined rapidly with
increasing distance from the donor plot edge;
and, although long-distance gene flow was
generally low, increasing the number of
donor plants increased both short- and long-
distance gene flow. However, Robinson and
Decker-Walters (1997) indicated that cross-
pollination of a wild bitter gourd with culti-
vated squash (both Cucurbita pepo L.) is
possible even in isolated seed production
fields because bees can carry pollen for
significant distances. Furthermore, Kirkpa-
trick and Wilson (1988) found reciprocal
hybridizations between cultivated Cucurbita
pepo and the native Texas gourd (Cucurbita
texana Gray) at distances up to 1300 m.

Although several studies have focused on
pollen movement of cucurbits, little has been
done to place this in the context of pollinator
flight patterns and none have determined
pollen flow of watermelon. Therefore, a mor-
phologically marked watermelon genotype
was used to determine the directionality of
pollinator movements down and across rows
by tracking pollen flow.

Materials and Methods

The direction of pollinator movement was
determined by tracking watermelon pollen
flow by honeybees under field conditions
during 2001 and 2002 at the Southern Illinois
University Horticultural Research Center in
Carbondale. Because pollen readily adheres
to insect pollinators such as honeybees,
insect-borne pollen is a natural marker that
can be used to track insect movements
(Silberbauer et al., 2004). The incompletely
dominant lobed-leaf trait of ‘Crimson Sweet’
(Nl) was used as the pollen donor and the
incompletely recessive nonlobed leaf trait of
‘Sunshade’ (nl) as the pollen recipient (Mohr,
1953). Because the resulting F1 progeny
(Nlnl) produces significant lobing of leaves,
the lobed-leaf trait serves as an easy and
reliable seedling marker trait. ‘Crimson
Sweet’ and ‘Sunshade’ are both monoecious,
open-pollinated inbreds that have similar
flowering and fruiting characteristics. ‘Crim-
son Sweet’ seed were obtained from Willhite
Seeds (Poolville, TX), whereas seed of ‘Sun-
shade’ were donated by Seminis Vegetable
Seeds (Oxnard, CA). Both cultivars were
self-pollinated with seed increased in the
Southern Illinois University Horticultural
Research Greenhouse during 2000.

A 900-m2 area (30 m · 30 m) was planted in
‘Sunshade’ watermelon using 19 rows planted
in an east–west direction. Rows were 30 m long
and planted on 1.6-m centers with plants spaced
1.2 m apart in the row (25 plants per row).
‘Crimson Sweet’ was planted in a 9-m2 (3 m
· 3 m) area at the midpoint of rows 9, 10, and
11 with three plants in each row (Fig. 1). A
mature silver maple (Acer saccharinum L.)
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grove (1 to 2 ha;�15 m in height and located
�10 m from the test site) was west and
southwest of the watermelon planting, which
prevented prevailing southwesterly winds
from influencing bee flight patterns. Water-
melon seeds were directly planted in the field
on 20 May each year and thinned to the
desired spacing at the two to three true-leaf
stage. Standard cultural practices for water-
melon in the midwest were used (Foster et al.,
2001, 2002). Before watermelon planting,
336 kg�ha–1 of 13N–13P–13K fertilizer was
broadcast-applied and incorporated into the
soil. Approximately 6 weeks later, each row
was side-dressed with 52 kg�ha–1 N from
Ca(NO3)2. Diseases and insects were con-
trolled by spraying recommended rates of
esfenvalerate (Asana; E.I. du Pont de Nem-
ours and Co., Wilmington, DE) and chloro-
thalonil (Bravo; Zeneca, Inc., Wilmington,
DE) during the early evening at �10-d inter-
vals starting at the three to four true-leaf
stage. Early setting fruit were removed from
‘Sunshade’ and ‘Crimson Sweet’ plants; and,
when plants were in full flower, a strong
honeybee colony (�25,000 bees) was placed
�10 m to the west of the test site each year
(Fig. 1) with the opening of the hive facing
east toward the watermelon field. The most
prevalent pollinators were determined five
times throughout the peak watermelon flow-
ering period during each year. Bee activity
over a 4-h period (0700 HR until pollinator
activity had stopped at �1100 HR) was
recorded for randomly selected female and
male flowers throughout the watermelon
planting. The primary objective for collect-
ing bee foraging data was to determine the
pollinator species present. The test site was
isolated from other watermelon plantings by
at least 2500 m, which should be sufficient
based on suggested isolation distances for

open-pollinated cucurbit seed production
(Maynard and Hochmuth, 1997).

Mature ‘Sunshade’ watermelon fruit were
harvested over a 2-week period beginning
early August during each year. Fruit were
harvested in 3-m increments down rows 1, 4,
7, 10, 13, 16, and 19 and across all ‘Sun-
shade’ rows in 3-m increments to the south
and north of the central donor ‘Crimson
Sweet’ planting (Fig. 1). Seed were extracted
from watermelon fruit and then dried, pack-
aged, and stored for planting.

The F1 progeny seed were directly planted
into the field at the Southern Illinois Uni-
versity Horticulture Research Center in Car-
bondale and at the North Carolina State
University Cunningham Research Station in
Kinston on 20 May during 2002 and 2003
with seed developed from the 2001 and 2002
field experiments, respectively. Seedlings
were evaluated at the five to seven leaf stage
for the lobed-leaf character. Approximately
60 seeds from each watermelon fruit col-
lected were planted at each location, which
provided �100 seedlings assessed for the
lobed-leaf character from each fruit. A total
of�17,800 seedlings were evaluated over the
2 years.

The directionality of pollinator movement
and pollen flow was determined from the
percentage of lobed-leaf seedlings that devel-
oped from cross-pollinations of ‘Sunshade’
with ‘Crimson Sweet’. To determine differ-
ences in the distribution of lobed-leaf seed-
lings, Wilcoxon signed rank test analyses
were used on paired comparisons of rows
using 3-m interval data down the row:
1) north versus south field sections (rows 1,
4, and 7 versus 13, 16, and 19); 2) east versus
west field sections (all rows 0 to 15 m and 15
to 30 m); and 3) east versus west sections
for row 10 (0 to 15 m and 15 to 30 m). Also,
across-row data were compared using north
and south field sections (0 to 15 m north and
south from donor plants); and row 10 down-
the-row data [0 to 15 m (west) and 15 to 30 m
(east)] were compared with across-row data
(0 to 15 m north and south from donor
plants). Regression analysis was also used
to determine the relationship of lobed-leaf
seedling percentages with distance from the
donor plants.

Results

Although �85% of the pollinators
detected were honeybees, other pollinators
included bumble bees (Bombus spp.) (�15%)
and less than 1% carpenter bees (Xylocopa
spp.) and orchard mason bees (Osmia ligna-
ria Say). The pollinators detected were sim-
ilar over the 2001 and 2002 growing seasons.

Pollen and pollinator movement. Row 10
provided higher percentages of the Nl gene (P
# 0.05) compared with all other rows based
on the Wilcoxon signed rank test (Fig. 2) for
data combined over the 2 years. Rows 1, 4,
7, 13, 16, and 19 did not differ (P > 0.05) for
pollen movement. Also, the north–south and
east–west field sections based on all row data
did not differ for distribution of lobed-leaf

seedlings. Pollen flow between the east and
west row sections for row 10 was similar. For
the east section of row 10, 2.9% and 1.6%
lobed-leaf seedlings were determined at 3 m
and 6 m from the donor plant center (or�1 m
and 4 m from the donor plot edge), respec-
tively, with no lobed-leaf seedlings detected
further down the row (Fig. 2). Similarly, for
the west portion of row 10, 9.9% and 2.8%
lobed-leaf seedlings were found 3 m and 6 m
from the center of donor plants (or �1 m and
4 m from the edge of the donor plants),
respectively, with few lobed-leaf seedlings
(1.3% or less) detected further down the row.
Quadratic regression models best described
the relationship between distance from the
donor plant center and the decrease in the
percentage of lobed-leaf seedlings for both
the east and west sections of row 10. Regard-
less of direction, after�4 m from the edge of
the donor plant border, pollen flow was
significantly reduced for row 10.

Pollinator movements across rows were
similar (P > 0.05) between the south and
north field sections from the donor plot area.
At the center of the donor plot area, the
percentage of lobed-leaf seedlings was
�39%. However, �3 m from the center of
the donor plants (or �0.5 m from the donor
plot edge), the percentage of lobed-leaf seed-
lings was 7.5% and 10.0% across rows for the
north and south sections of the field, respec-
tively; whereas further across the rows, 3.5%
and 3.6% of lobed-leaf seedlings were
observed �6 m from the donor plant center
(or 4.5 m from the donor plot edge) for the
north and south sections of the field, respec-
tively (Fig. 3). At 9 m from the donor plant
center (or 7.5 m from the edge of donor
plants) across rows, �0.9% and 1.8% lobed-
leaf seedlings were detected for the north and
south sections, respectively. Beyond this 7.5-m
area from the donor plot edge, little pollen
movement was observed regardless of the
direction across rows. A quadratic relation-

Fig. 1. Field design for pollinator movement study
in watermelon during 2001 and 2002. The
experiment was 900 m2 (30 m · 30 m) with
the center 3 m · 3-m area planted to ‘Crimson
Sweet’ and the rest planted in ‘Sunshade’.
Nineteen rows were planted with pollinator
movements evaluated down rows 1 (northern
most), 4, 7, 10, 13, 16, and 19 (southern most)
as well as across the rows for 15 m north and
south from the central ‘Crimson Sweet’ donor
block.

Fig. 2. The percentage of lobed-leaf watermelon
seedlings as a function of distance down the
row combined for 2001 and 2002. Quadratic
models best described pollinator movements
(percent lobed-leaf seedlings) both east (15 m
to 30 m) and west (15 m to 0 m) with distance
from the center of row 10 that went through
the middle of the ‘Crimson Sweet’ donor plant
area. Quadratic models were: y (percent lobed-
leaf seedlings) = 22.42 – 4.96 (m) + 0.24 (m)2,
R2 = 0.85, P = 0.0570 and y (percent lobed-leaf
seedlings) = 24.59 – 4.79 (m) + 0.22 (m)2, R2 =
0.97, P = 0.0062 for pollinator movement east
and west, respectively.
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ship best described the decrease in the per-
centage of lobed-leaf seedlings with distance
from the donor ‘Crimson Sweet’ plants
across both north and south field sections.
Regardless of the direction across rows, little
pollen movement was observed beyond this
4.5-m area from the edge of the donor plots.

Across-row (north and south) pollinator
movements did not differ from those occur-
ring east or west down the row from the donor
plot center on row 10 (Fig. 1) based on the
Wilcoxon signed rank test for paired compar-
isons of separate analysis of north versus east,
north versus west, south versus east, and
south versus west. Regardless of the direction
from the donor plant area, the percentage of
lobed-leaf seedlings decreased rapidly into
the recipient ‘Sunshade’ watermelon plants
(Figs. 2 and 3).

Discussion

This study indicated that the evaluation of
pollen flow provided a definite directionality
to pollinator movement and gene migration
in watermelon. Although we detected polli-
nator movement that was strongly directional
in both directions (east and west) down the
row from the central block of Nl donor plants,
results also indicate that significant move-
ment also occurred across rows in both
directions (north and south) from the donor
plot. Pollinators usually move to the closest
adjacent inflorescence (Handel, 1982; Levin
et al., 1971; Waddington, 1981; Zimmerman,
1979) with between-plant movements occur-
ring primarily to the first or second closest
neighboring flower (Collevatti et al., 2000).
However, the directionality of pollinator for-
aging movements can change in response to
flower orientation (Collevatti, 1998; Ginsberg,
1986), plant density (Handel, 1983; Manasse,

1992; Morris, 1993), prevailing wind direc-
tion (Dag and Eisikowitch, 1995), and the
occurrence of other pollinators (Stanghellini
et al., 2002). As indicated by our study, a
pollinator can easily move across rows if the
next closest flower is in that direction instead
of down the row. Reduced linear direction-
ality of pollinator movements (or less down-
the-row movements) can occur when flowers
are available to pollinators in two dimensions
(Pyke, 1978).

Most pollen is deposited on the nearest
neighboring flower from where pollen was
collected (Cresswell et al., 1995). However,
pollen from any one flower is not always
completely deposited on the next flower
visited (Thomson and Plowright, 1980;
Waser and Price, 1982). Significant amounts
of pollen carryover most likely occurred in
this study because pollen flow was detected
in most directions and became diluted as
distance from the donor block increased.
The low-frequency scattering of lobed-leaf
seedlings on rows at considerable distances
(greater than 10 m) from the donor block
(Figs. 2 and 3) indicates that pollen carryover
may have occurred multiple times by polli-
nators to reach this significant distance, in-
hive pollen transfer between honeybees may
have resulted, or that pollinators transported
pollen long distances. Handel (1982) found
that flights between muskmelon plants by
bumble bees were generally short, with
�60% of flights occurring to the nearest
neighboring flower 0.5 to 1 m away, �40%
to flowers 1 to 3 m away, and only 0.9% of
flights were longer than 3 m; furthermore, the
short flight distances by bumble bees and the
nonsymmetrical movement of muskmelon
pollen indicated that a significant amount of
pollen carryover occurred. Long pollinator
flights from the ‘Crimson Sweet’ donor
plants or ‘Sunshade’ flowers containing car-
ryover pollen could result in the long-
distance movement of the Nl gene; but, the
low-frequency detection of this gene at dis-
tances greater than 4 m from the donor block
was most likely the result of pollen carryover,
because the typical flight distance of polli-
nators is less than 3 m and higher gene
frequencies would be expected for long-
distance movement because the pollinator is
carrying and depositing pollen collected
directly from the donor block.

Results from our study also corroborate
many others’ findings (Handel, 1982, 1983;
Handel and Mishkin, 1984; Hokanson et al.,
1997a, 1997b) that cucurbit pollen is gener-
ally carried only a short distance from the
donor plant, although small amounts are
often deposited in an asymmetrical pattern
several meters from these plants. Handel
(1982) indicated that gene flow for Cucumis
melo can still be relatively high at 7 m from
the donor plants and that some pollen prob-
ably travels even further. However, the mi-
gration of genes within plant populations is
often only a few meters per year, even when
there are no physical barriers to prevent
longer flights by insects (Handel, 1983).
Gene frequencies in natural cucurbit plant

populations probably experience similar
shifts depending on the available pollinators
or the pollinators’ foraging patterns.

In summary, this study indicates that
although significant amounts of linear pollina-
tor movements occur down the row, pollinator
movements in watermelon are not as simple
as just maintaining a linear direction straight
down the row, but are related to the short
flight distances that most likely occur to the
closest neighboring flower from the one that
was previously visited. Because watermelon
vines grow out in multiple directions, includ-
ing across rows, a pollinator can easily move
across rows if the next closest flower is in that
direction instead of down the row. This study
further demonstrates the importance of flight
directionality by honeybee, bumble bee, and
other bee pollinators, which has a direct
effect on foraging efficiency and gene flow
in cucurbit populations.
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