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Summary

1. Reductions in natural habitat are implicated in declining honeybee Apis mellifera L. and

wild bee populations, thereby threatening crop production. This concern has stimulated inter-

est in identifying landscape-level impacts on bee-mediated pollination services, but previous

studies have only inferred connections between landscape, bees and yield through generalized

linear regressions.

2. We examined landscape impacts on bee-mediated crop yield using both a traditional linear

regression approach and conditional process modelling, which combined landscape features,

bee visits to crop flowers, and the interactions between landscape and bee visits to flowers into

a single model predicting crop yield. We used the pumpkin Cucurbita pepo L. system in New

York State and recorded bees visiting pumpkin flowers in 2011 and 2012. Landscape diversity

and percentage of semi-natural grassland around each pumpkin field were calculated.

3. Results from the traditional approach indicated that landscape diversity, percentage of grass-

land in the landscape, bumblebee Bombus impatiens Cresson and honeybee visitation frequency

each positively predicted yield. A common conclusion from these results is that pumpkins grown

in highly diverse or high grassland coverage landscapes would have greater yields via bumblebee

and honeybee visits to flowers. However, this inference does not preclude the possibility that

landscape features may be associated with crop yield, independent of bee visits to flowers.

4. Results from conditional process modelling indicated that only pumpkins grown in highly

diverse landscapes were predicted to have greater yields as a consequence of more bumblebee

visits to pumpkin flowers. None of the landscape features predicted greater fruit yields as a

consequence of more honeybee visits to pumpkin flowers. This novel analysis indicated that

traditional approaches may be misinterpreting the relationships between these variables.

5. Synthesis and applications. Bumblebees benefited from a diverse landscape, and their visits

to flowers positively impacted pumpkin production. Conservation of a diverse landscape

should be promoted to support improved pumpkin production. Growers can use this infor-

mation to decide where to plant pumpkins to improve the potential for high yields, to identify

scenarios where landscape diversity could be increased, and where supplementation with bees

might be beneficial.
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Introduction

Roughly one-third of the global food supply depends on

animal-mediated pollination (Klein et al. 2007). Most of

these services are supplied by honeybees, Apis mellifera

L., and wild bees (Garibaldi et al. 2013). Agricultural

intensification and subsequent habitat loss over the past

half-century has triggered a decline in wild bee popula-

tions (Potts et al. 2010). Losses of honeybee colonies have

increased dramatically in North America since 2004, leav-

ing crops with fewer potential pollinators (National

Research Council 2007).

Wild bees provide pollination services for many crop-

ping systems (Ricketts 2004; Garibaldi et al. 2013). Yet,

growers are often reluctant to rely exclusively on*Correspondence author. E-mail: jessica.petersen@cornell.edu
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pollination services from wild bees in fear that crop yields

will not be maximized. Growers attempt to decrease this

risk by supplementing crops with managed bees during

bloom. This practice is common in commercial pumpkin

Cucurbita pepo L. production, a monoecious crop that

requires bee-mediated pollination (Free 1993). Previous

research shows that supplementing pumpkin fields with

either honeybee or common eastern bumblebee Bombus

impatiens Cresson hives does not increase the frequency in

which these species visit pumpkin flowers or fruit yield

compared with non-supplemented fields (Petersen, Reiners

& Nault 2013). However, yield and the number of bees

visiting pumpkin flowers varied among fields in that

study, presumably because other factors impact yield and

bee populations.

The amount and proximity to semi-natural habitats are

factors that have enhanced bee populations and the polli-

nation services bees provide in coffee (Klein, Steffan-Dew-

enter & Tscharntke 2002), buckwheat (Taki et al. 2010),

sweet cherry (Holzschuh, Dudenh€offer & Tscharntke

2012), and almond (Klein et al. 2012) production. These

studies modelled the effects of landscape on bee visitation

frequency to flowers (or bee abundance, diversity or rich-

ness) and the effects of bee visitation frequency to flowers

on crop yield (Fig. 1a). In some cases, only two of the

three regression models described above were conducted

(Greenleaf & Kremen 2006a; Breitbach et al. 2012). Their

results showed positive relationships between landscape

factors and bee visitation frequency to flowers, and

between bee visitation frequency to flowers and yield.

Conclusions were that certain landscapes favourably

impacted bee populations and that larger bee populations

were responsible for greater crop yields (Klein, Steffan-

Dewenter & Tscharntke 2002; Taki et al. 2010; Holz-

schuh, Dudenh€offer & Tscharntke 2012; Klein et al.

2012). Although these conclusions seem logical, this infer-

ence does not preclude the possibility that certain land-

scape features may be associated with crop yield

independent of bee visitation frequency to crop flowers.

To determine whether landscape features impact crop

yield via a mediator, landscape metrics and the effects of

bee visitation frequency to crop flowers should be com-

bined into a single framework to predict crop yield. Such

a model should determine whether bees visiting flowers

mediate the relationship between features of the landscape

and crop yield (Fig. 1b). One way this type of conceptual

model can be analysed is through a type of path analysis

called conditional process modelling (Hayes 2013). The

indirect effect, also referred to as mediation, is the extent

to which bee visits to crop flowers change the effects of

landscape on fruit yield (Fig. 1b). Mediation seeks to

identify a factor that explains why the relationship

between landscape and fruit yield exists. Because there is

no biological significance for a relationship between land-

scape and fruit yield, this relationship can only be

explained by a mediator such as bee visitation to crop

flowers. In this same conceptual framework, we can test

for a conditional indirect effect, also known as modera-

tion, which refers to specific conditions of the landscape

that modify the effect that bee visits to crop flowers has

on fruit yield. Moderation refers to scenarios where the

strength of the indirect effects may differ depending on

the landscape context in which crops are grown.

There are several advantages of using conditional pro-

cess modelling over other similar analyses such as general

linear modelling or structural equation modelling (SEM).

Path modelling approaches are powerful techniques for

analysing direct and indirect multivariate relationships,

which commonly occur in ecology (Grace & Pugesek 1998).

Compared with the use of generalized linear modelling in

ecology to address multivariate relationships (Fig. 1a), con-

ditional process modelling can determine whether or not an

indirect effect remains the same across different contexts.

Specifically, by using bootstrap analysis, conditional pro-

cess modelling can determine whether the relationship

between bees visiting flowers and fruit yield changes

depending on the context of the landscape. Although SEM

is a powerful tool for understanding relationships between

a set of variables, the sample sizes necessary to find a solu-

tion are rare in ecology (n > 200; Weston & Gore 2006).

The goal of this study was to determine whether the

number of bee visits to flowers mediates the effects of the

landscape on pumpkin fruit yield and whether the land-

scape surrounding pumpkin fields moderates the effects of

bee visitation frequency on fruit yield. To address these

questions, conditional process modelling was used and

three specific objectives were formulated: (i) identify each

of the individual relationships between the landscape, bees

(a)

(b)

Fig. 1. Conceptual models of (a) the independent linear regres-

sions that have been conducted in the past that qualitatively

assess the relative relationships between the three variables: land-

scape, bees and yield, and (b) conditional process modelling to

quantitatively determine whether bees mediate the effects of land-

scape on pumpkin yield and whether the landscape moderates or

changes the effects of bee visits to pumpkin flowers on pumpkin

yield (i.e. conditional indirect effects).
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visiting pumpkin flowers and pumpkin fruit yield, (ii)

determine whether bee visits to flowers mediate the effects

of landscape on fruit yield and (iii) identify conditions

where the landscape moderates the effects that bees visit-

ing flowers have on fruit yield. We hypothesized that

there would be positive relationships between all three

factors (landscape, bees visiting pumpkin flowers and fruit

yield) as others have shown using a series of linear regres-

sion models. We expected bee visitation frequency to

flowers to mediate the effects of landscape on fruit yield.

We also expected that landscape features would moderate

the relationship between bee visits to pumpkin flowers

and fruit yield (Tscharntke et al. 2012).

Materials and methods

STUDY AREA

This study was conducted in 23 pumpkin fields in 2011, and 19

fields in 2012 (fields were different each year) in the Finger Lakes

region of New York State, U.S. Fields were in commercial pro-

duction and ranged in size from 0�5 to 13 hectares. Some fields

were supplemented with commercial common eastern bumblebee

hives or honeybee hives. Supplementation and field size had no

effect on bee visitation frequency to flowers or fruit yield (Peter-

sen, Reiners & Nault 2013); therefore, supplementation and field

size were not included in the following analyses. All fields were

separated from each other, and other managed bee hives by at

least 1 km, but most of the fields were separated by much greater

distances (34 fields were >2 km apart). Spatial autocorrelation of

the independent variables listed below was tested using a Mantel

test based on 10 000 permutations in R v. 2.14.2 (R Development

Core Team 2012). The null hypothesis was that the two distance

matrices, spatial distance using latitude and longitude of the cen-

tre of each field and variable distance for each landscape and bee

visitation frequency variable were unrelated (P = 0�05).

BEE VIS ITATION FREQUENCY ASSESSMENT

Bee visits to pumpkin flowers were assessed visually in three tran-

sects in each field. A transect consisted of two rows of plants that

were each 44 m long. The number of bees visiting pumpkin flow-

ers in each field was counted three times (rounds) during the

blooming period (2011: 16 July–23 August; 2012: 19 July–30

August). Sampling was conducted between 0600 and 1100 h (when

flowers were open) on sunny to partly cloudy days with minimal

wind (<15 km h�1). Each transect was surveyed for 10 min by

walking between the rows and counting visits of each bee species

to pumpkin flowers, and the total number of flowers. A ‘visit’ was

recorded if the bee contacted the reproductive structures.

Average bee visitation frequency per flower was calculated in

the following manner. For each sampling round and bee species,

numbers of visits and flowers were summed across the three tran-

sects. The total number of visits was divided by the total number

of flowers to achieve a visitation frequency for each bee species

per sampling round. Visitation frequencies were averaged across

the three sampling rounds and log transformed to meet normality

assumptions. The average number of bees visiting pumpkin flow-

ers is referred to as ‘bee visitation frequency’ throughout the

manuscript.

PUMPKIN FRUIT YIELD

The pumpkin cultivar ‘Gladiator’ was transplanted into small

plots within all fields. This cultivar was chosen because it gener-

ally produces one fruit per plant, thereby minimizing resource

competition within a plant that occurs when multiple fruits are

produced. Previous research has shown that viable seed set,

which is a direct result of pollination success, is positively related

to fruit weight (Petersen, Reiners & Nault 2013). Fruit weight per

plant is used as the dependent variable in this study, as a measure

of pollination success, and with implications for growers and the

food supply.

Multiple plantings of seeds in seedling trays were maintained in

the greenhouse to create a source of one to two leaf stage trans-

plants. In each field, transplants that matched the size of field-

sown plants were planted into three plots of 10 plants each (two

adjacent rows of five plants). Between-row spacing was 2 m, and

within-row spacing was 1 m. Plots were located at least 20 m

from an edge and were arranged to capture the variability of the

field topography and edge habitats. Fruit produced from the

transplants was harvested and weighed at the end of the growing

season. Yield was calculated by averaging the total fruit weight

per plant across all three small plots in each field.

LANDSCAPE CHARACTERIZATION

All landscape features (minimum grain size of 30 m2) within a

2-km radius of each pumpkin field were ‘ground-truthed’ by driv-

ing and walking the entire extent and recording features. Some

areas were inaccessible and were classified as unknown (<3% of

the total area in each radius). The 2-km radius has been most

appropriate in previous research with wild and managed bees

(Steffan-Dewenter et al. 2002; Greenleaf & Kremen 2006a).

Land-use types were digitized in ARCGIS 10.1 using World Imag-

ery basemaps in ARCGIS 10.1 (Environmental Systems Research

Institute, Redlands, CA, USA). In each year of the study, por-

tions of the study region included aerial imagery from either 2010

or 2011 depending on the coverage available during each digitiza-

tion process. Land-use classifications included agricultural crops

(corn, soybean, cabbage, orchard, grapes, blueberry, raspberry,

pumpkin and strawberry), forage crops (wheat, alfalfa, clover

and hay), semi-natural habitats (forest, grassland, wetland),

urban areas (residential and impermeable surfaces) and pasture.

Semi-natural, open grassland provide nesting and floral resources

for bees (Svensson, Lagerl€of & Svensson 2000; Steffan-Dewenter

& Tscharntke 2001; Öckinger & Smith 2007). Diverse landscapes

provide continuous and diverse floral resources for bees (e.g.

mass-blooming crops, field margins and undisturbed areas in

perennial crops; Holzschuh et al. 2007; Rundl€of, Nilsson & Smith

2008). Percentage cover of the 19 land-use types was used to cal-

culate the landscape diversity using the Shannon index. The per-

centage of grassland and landscape diversity were calculated for

each field using FRAGSTATS v. 4.1 (McGarigal, Cushman & Ene

2012). Percentage of grassland was arcsin square root trans-

formed.

CONDIT IONAL PROCESS MODELLING

Data were analysed using conditional process modelling, also

known as moderated mediation (Preacher, Rucker & Hayes

2007). A conceptual path diagram (Fig. 1b) was used to develop
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a series of regression analyses to identify whether bee visits to

flowers were mediating the effects of the landscape on fruit yield

and whether the landscape moderated the effects of bee visits to

flowers on fruit yield. The three most common bee species in

New York pumpkin fields (Artz & Nault 2011; Petersen, Reiners

& Nault 2013) were included as mediators: honeybee, common

eastern bumblebee (hereafter referred to as bumblebee) and

squash bee Peponapis pruinosa (Say), as well as total bee visita-

tion frequency. The independent predictor variables and modera-

tor variables were landscape features (percentage of grassland

and landscape diversity). The dependent response variable was

fruit yield.

The first step in conditional process modelling assessed the

relationship between bee visitation frequency and fruit yield

(Table 1). Step two assessed the relationship between the land-

scape variables (percentage of grassland and landscape diversity)

and fruit yield. If a bee species or landscape variable did not sig-

nificantly predict fruit yield (P < 0�05; steps one and two), it was

dropped from further analyses. Step three assessed the relation-

ship between landscape variables and bee visitation frequency.

Regressions in steps one, two and three were conducted in R v.

2.14.2 (R Development Core Team 2012). The typical approach

for determining whether landscape features indirectly impact crop

yield is done by describing these three independent relationships.

Similarly, these three sets of regression models are described

before addressing conditional indirect effects and mediation in

the fourth step.

Step four combined the landscape variables, bee visitation fre-

quency and the interactions between bee visitation frequency and

landscape in a single multivariate regression model predicting yield

(Table 1). In the model produced from step four, full mediation

occurs if bee visitation frequencies significantly predict fruit yield,

but the landscape does not. Partial mediation occurs if both bee

visitation frequency and landscape significantly predict fruit yield.

However, if landscape factors significantly predict fruit yield, but

bee visitation frequency does not, then some unmeasured factor is

mediating the effects of the landscape on fruit yield.

Also in step four, conditional indirect effects of the landscape

moderating the effects of bee visitation frequency on fruit yield

were examined by decomposing the significant interactions

between landscape and bee visitation frequency variables using

bootstrapping analysis. This model was analysed using the macro

PROCESS (Hayes 2013) in SPSS 21 (IBM Corp. 2012). To identify

the extent of the conditional indirect effects (i.e. significant inter-

actions from step four), the Johnson–Neyman (JN) technique in

the macro MODMED (Preacher, Rucker & Hayes 2007) was used to

estimate the region of significant standard deviation values of the

moderator (i.e. landscape variables). A bootstrapping procedure

was used and obtained 95% bias corrected confidence intervals

based on 50 000 replicates for the lowest (or highest negative) sig-

nificant standard deviation (SD) values of the moderator from

the JN technique rounded to the nearest 0�05 SD. If the modera-

tor value was not significant (P > 0�05), it was lowered by 0�05
SD. This process was repeated until a moderator SD value was

significant. When this happened, the previous value tested was

retained.

All variables, with the exception of the dependent variable

yield, were standardized using z-scores (z = (x�l)/r) prior to

analyses; non-standardized results are presented graphically for

interpretation purposes. Year was included as a covariate in all

models to account for differences in the dependent variables

between the 2 years of data collection. A correlation matrix was

calculated to test for severe collinearity among the landscape and

bee visitation frequency variables.

Results

A total of 5099 bees were recorded visiting pumpkin flow-

ers across both years. Three bee species accounted for

98% of the total visits to pumpkin flowers: squash bee

P. pruinosa (n = 2654), honeybee A. mellifera (n = 1460)

and common eastern bumblebee B. impatiens (n = 869).

The following results focus on these three species because

they represent the species most responsible for pumpkin

pollination. The landscape and bee visitation frequencies

varied among fields sampled (Table 2). Squash bee visita-

tion frequency and total bee visitation frequency were cor-

related (r = 0�91). Therefore, total bee visitation frequency

was eliminated from the following analyses. All of theTable 1. Four steps to the conditional process analysis

Step

Dependent

variable Independent variables

1 Fruit yield Bumblebee visitation frequency,

honeybee visitation frequency

2 Fruit yield Landscape diversity, percentage of grassland

3a Bumblebee

visitation

frequency

Landscape diversity, percentage of grassland

3b Honeybee

visitation

frequency

Landscape diversity, percentage of grassland

4 Fruit yield Bumblebee visitation frequency,

honeybee visitation frequency,

landscape diversity, percentage of grassland,

honeybee visitation frequency*percentage of

grassland, honeybee visitation

frequency*landscape diversity, bumblebee

visitation frequency*landscape diversity,

bumblebee visitation frequency*percentage

of grassland

Table 2. Non-standardized mean, standard deviation (SD) and

minimum and maximum values for the variables included in the

analyses. Variables include the percentage of grassland in the

landscape, Shannon diversity index of the landscape, honeybee,

bumblebee, and squash bee visitation frequency to pumpkin flow-

ers (visits per flower), and pumpkin fruit yield per plant (kg)

Variable Mean SD

Range

(minimum–maximum)

% Grassland 14�95 6�31 5–40
Landscape diversity

(Shannon)

2�08 0�17 1�8–2�4

Honeybee visitation

frequency

0�10 0�09 0�008–0�42

Bumblebee visitation

frequency

0�05 0�07 0–0�33

Squash bee visitation

frequency

0�19 0�29 0�01–1�54

Fruit yield (kg) 5�93 1�92 2–11
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remaining landscape and bee visitation frequency vari-

ables were not highly correlated (all r < 0�52). None of

the variables were spatially autocorrelated (all P > 0�05).

EFFECTS OF BEE VIS ITATION FREQUENCY ON

PUMPKIN FRUIT YIELD (STEP ONE)

Honeybee and bumblebee visitation frequencies to pump-

kin flowers were significant predictors of fruit yield

(F2,40 = 2�42, P = 0�04 and F2,40 = 10�09, P < 0�0001,
respectively; Fig. 2). Squash bee visitation frequency did

not significantly predict fruit yield (F2,40 = 0�14,
P = 0�96). Therefore, only honeybee and bumblebee visi-

tation frequencies to pumpkin flowers were considered in

the remaining steps.

EFFECTS OF LANDSCAPE ON PUMPKIN FRUIT YIELD

(STEP TWO)

Landscape diversity (F2,40 = 7�61, P < 0�0001) and the

percentage of grassland in the landscape (F2,40 = 2�94,

P = 0�0056) significantly predicted fruit yield (Fig. 3).

Therefore, the second step in the conditional process

modelling approach was satisfied.

EFFECTS OF LANDSCAPE ON BEE VIS ITATION

FREQUENCY (STEP THREE)

Landscape diversity significantly predicted honeybee visi-

tation frequency (F2,40 = 7�55, P = 0�0006; Fig. 4), while

the percentage of grassland did not significantly predict

honeybee visitation frequency (F2,40 = 6�08, P = 0�62).
Landscape diversity and percentage of grassland in the

landscape were significant predictors of bumblebee visita-

tion frequency (F2,40 = 7�10, P = 0�002 and F2,40 = 10�39,
P = 0�0002, respectively; Fig. 5).

EFFECTS OF THE LANDSCAPE AND BEE VIS ITATION

FREQUENCY ON PUMPKIN FRUIT YIELD (STEP FOUR)

Two models, one for each landscape variable, included

significant factors from the models described above, and

(a)

(b)

Fig. 2. The effects of (a) honeybee (R2 = 0�06, n = 42) and (b)

bumblebee (R2 = 0�25, n = 42) visitation frequency to pumpkin

flowers on pumpkin fruit yield, with 95% confidence intervals of

the mean.

(a)

(b)

Fig. 3. The effects of (a) landscape diversity (R2 = 0�26, n = 42)

and (b) percentage of grassland (R2 = 0�05, n = 42) surrounding

pumpkin fields on pumpkin fruit yield, with 95% confidence

intervals of the mean.
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interactions between landscape and bee visitation fre-

quency variables. The first model included landscape

diversity, honeybee and bumblebee visitation frequency

and the interactions between bee visitation frequencies

and landscape diversity, and it significantly predicted fruit

yield (F7,34 = 5�89, P = 0�0002, r2 = 0�55). Landscape

diversity positively and significantly predicted fruit yield

(P = 0�01), but neither bumblebee nor honeybee visitation

frequency was a significant predictor of fruit yield

(Fig. 6a). The interaction between bumblebee visitation

frequency and landscape diversity significantly predicted

fruit yield (Fig. 6a). Additionally, the bootstrapped confi-

dence intervals were significant for standardized landscape

diversity values >1�12, indicating positive and significant

conditional indirect effects for bumblebees in diverse land-

scapes (Fig. 7). This equates to c. 2�27 on the Shannon

diversity index. Thus, diverse landscapes positively impact

bumblebee visitation frequency to flowers and results in

greater fruit yields.

The second model included percentage of grassland,

honeybee and bumblebee visitation frequency and the

interactions between bee visitation frequencies and per

cent grassland, and it also significantly predicted fruit

yield (F6,35 = 6�51, P < 0�0001, r2 = 0�53). Percentage of

grassland, bumblebee and honeybee visitation frequency

were not significant predictors of fruit yield (Fig. 6b).

Although the interaction between honeybee visitation fre-

quency and percentage of grassland significantly predicted

fruit yield (Fig. 6b), there were no significant conditional

indirect effects of percentage of grassland in the landscape

on fruit yield via honeybee visitation frequency across all

percentages of grassland in the landscape (all P > 0�05
and all bootstrap confidence intervals tested crossed zero).

Numerically, the highest pumpkin fruit yield occurred in

fields surrounded by landscapes with large percentages of

grassland (>20%), but these results were not significant.

Consequently, these results indicated that bee visitation

frequency to flowers did not mediate the relationship

between percentage of grassland in the landscape and fruit

yield.

Discussion

Highly diverse landscapes significantly moderated the

effects of common eastern bumblebee visitation frequency

on fruit yield, indicating that bumblebee visits to pumpkin

flowers increased pumpkin yield only in highly diverse

landscapes. Under no circumstances did features in the

landscape predict increases in fruit yield attributed to

honeybee visits to flowers. Using the traditional approach

of independent linear regression models, we found posi-

tive relationships between landscape (diversity and per-

centage of semi-natural grassland habitat) and bees

(honeybees and bumblebees) visiting flowers; between bees

visiting flowers and pumpkin yield; and between land-

scape and yield. A common conclusion from this tradi-

tional approach is that increasing landscape diversity and

(a)

(b)

Fig. 5. The effects of (a) landscape diversity (R2 = 0�12, n = 42)

and (b) the percentage of grassland (R2 = 0�07, n = 42) surround-

ing pumpkin fields on bumblebee visitation frequency to pumpkin

flowers, with 95% confidence intervals of the mean.

Fig. 4. The effects of landscape diversity on honeybee visitation

frequency to pumpkin flowers, with 95% confidence intervals of

the mean (R2 = 0�27, n = 42).
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the percentage of semi-natural grassland habitat would

increase pumpkin yield because these landscapes foster

greater visitation frequencies to pumpkin fields by honey-

bees and bumblebees. Previous studies also have reported

positive relationships between landscape and bees, bees

and yield, and landscape and yield, surmising that wild

bee populations benefit from the surrounding landscape,

which in turn improves crop yield (Taki et al. 2010; Holz-

schuh, Dudenh€offer & Tscharntke 2012; Klein et al.

2012).

The results from the traditional approach assume that

the factor responsible for mediating the relationship

between landscape features and crop yield is bee pollina-

tion, but the results of our conditional process modelling

suggest that this is only true in highly diverse landscapes.

The risk of using the traditional approach over this novel

conditional process modelling approach is that inferences

among variables in the model may be misinterpreted, as

would have been the case here. Our results obtained using

conditional process modelling permitted a more powerful

assessment of the impact that landscape had on bee-medi-

ated crop yield. Conditional process modelling is a novel

method to ecological research and may be promising for

many areas of both basic and applied ecology.

Although we found that bumblebees mediate the effects

of landscape on fruit yield in highly diverse landscapes,

some variance in the relationship between landscape fac-

tors and fruit yield remains to be explained. Other factors

potentially mediating the relationship between landscape

and fruit yield include natural enemy populations of insect

pests, plant pathogens (Plantegenest, Le May & Fabre

2007) or soil fertility that would impact crop yields (Mat-

son et al. 1997). One of the most important pests in New

York is the striped cucumber beetle Acalymma vittatum

(F.). Natural enemies of cucumber beetles such as tachinid

flies, Hymenoptera wasps and the Pennsylvania leather-

wing Chauliognathus pennsylvanicus (DeGreer; Platt, Cald-

well & Kok 1999) may be affected by landscape-level

features such as native grasslands (Isaacs et al. 2009). Soil

quality may also act as a mediator of landscape effects on

fruit yield (Lau et al. 1995). Alternative mediators in this

system should be explored using mediation analysis.

The range of landscape variables used in our study may

have been too low to identify significant mediation effects

of bee visitation frequencies. Previous research has shown

that >20% of non-crop habitat in the landscape is a

threshold for sustaining pollinator diversity and their eco-

system services (Tscharntke et al. 2012). This is the same

value of percentage grassland cover found here to maxi-

mize crop yield when honeybee visitation frequency to

pumpkin flowers was also high, although these results

were not significant and likely due to a low sample size of

values >20% grassland (n = 4). Stronger indirect effects

might be found from a study where fields are selected in

landscapes either well above or below the 20% non-crop

habitat threshold.

Similar to results from other studies, we found positive

relationships between bee visitation frequency and fruit

yield. Both honeybees and bumblebees positively pre-

dicted fruit yield (step one), supporting the recent synthe-

sis that states managed bees and wild bees are

complementary (Garibaldi et al. 2013). Past studies

(a)

(b)

Fig. 6. Final conditional process model results including stan-

dardized path coefficients (*P < 0�05).
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Fig. 7. The conditional indirect effects at all values of the moder-
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intervals. These results are from the Johnson–Neyman analysis,

indicating that there was only an indirect effect of bumblebee vis-

itation frequency on fruit yield for highly diverse landscapes

(indicated by the black box).
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reported that wild bee visitation frequency or abundance

was related to fruit yield, but not honeybee visitation

frequency or abundance (Taki et al. 2010; Holzschuh,

Dudenh€offer & Tscharntke 2012; Klein et al. 2012). Our

study results suggest that both wild bees (common eastern

bumblebee) and honeybees were important for successful

pollination of pumpkin. The Garibaldi et al. review

(2013) suggests there is a continuum of honeybee impacts

on crop yield across different systems. The same pumpkin

system as the current study was at the extreme high end

(Figure 2B in Garibaldi et al. 2013), whereas the sweet

cherry system (Holzschuh, Dudenh€offer & Tscharntke

2012) and the almond system (Klein et al. 2012) were at

the low end.

The significant effects of landscape on yield are sup-

ported by past research in other cropping systems includ-

ing coffee (Klein, Steffan-Dewenter & Tscharntke 2003;

Ricketts et al. 2004), sunflower (Greenleaf & Kremen

2006b), buckwheat (Taki et al. 2010), cherry (Holzschuh,

Dudenh€offer & Tscharntke 2012), and almond (Klein

et al. 2012). Previous studies indicated that either percent-

age of semi-natural to natural area in the landscape

(Greenleaf & Kremen 2006b; Taki et al. 2010; Holzschuh,

Dudenh€offer & Tscharntke 2012; Klein et al. 2012)

improves yield (usually in the form of fruit set or seed

set), or yield decreases with increasing distance to nearest

natural habitat (Klein, Steffan-Dewenter & Tscharntke

2003; Ricketts et al. 2004; Garibaldi et al. 2011). These

authors assumed that bees were responsible for mediating

the effects of landscape on yield. However, such assump-

tions may not always be true as our results have shown.

Our results suggest that landscape factors positively

predicted honeybee and bumblebee visitation frequency.

Previous research supports these results indicating that

wild bees were positively related to the percentage of nat-

ural area (Taki et al. 2010; Klein et al. 2012) and high-

diversity bee habitats (Holzschuh, Dudenh€offer &

Tscharntke 2012) in the landscape, and wild bee visitation

frequency tended to decrease with increasing distance to

natural areas (Ricketts 2004; Gemmill-Herren & Ochieng

2008; Garibaldi et al. 2011). However, the same was not

true for honeybees in these studies. Perhaps, the difference

between other systems and the pumpkin system is that the

diversity of wild pollinators visiting pumpkin flowers is

very low (i.e. only two primary species). In the northern

mid-Atlantic region of the USA, Winfree et al. (2008)

indicated that the percentage of natural area in the land-

scape was not associated with wild bees visiting a variety

of crops. The main difference between our studies was

that instead of using percentage of forest in the landscape

as a metric for habitats that might sustain wild bees, we

chose the percentage of semi-natural grassland. Research

has shown that open habitats are preferred by bumblebees

as nesting sites over closed habitats such as forests (Svens-

son, Lagerl€of & Svensson 2000).

Diverse landscapes provide a variety of sustained

resources throughout the long life cycle of social bees and

could explain why there were significant positive relation-

ships between honeybee and bumblebee visitation frequen-

cies and landscape diversity. In New York, relatively

undisturbed areas such as orchard and vineyard edges,

residential communities, and the edges of small-scale

farms may provide habitat and forage for bees. Although

the density of feral honeybee hives in this region is

unknown, a study in a nearby city indicated a density of

2�7 feral colonies per km2 (Morse et al. 1990). This esti-

mate has likely decreased since the introduction of Varro-

a. Supplementation of managed honeybee hives did not

increase honeybee visits to pumpkin flowers (Petersen,

Reiners & Nault 2013) in this same system. Therefore, it

is likely that honeybees visiting pumpkins are from feral

colonies, and a positive relationship exists between hive

density and landscape diversity. A diverse landscape may

provide more sustained floral resources throughout the

season, and more diverse opportunities for nesting

resources.

The squash bee was not an important predictor of

pumpkin yield. Other studies from the same region dem-

onstrated the relative inefficiency of squash bees as pump-

kin pollinators (Artz & Nault 2011; Petersen, Reiners &

Nault 2013). Results from other regions suggest that

squash bees are efficient pollinators (Cane, Sampson &

Miller 2011). The squash bee was the most abundant spe-

cies in our study. If this species played an important role

in fruit yield, we would have seen an effect, given the

large between-field variability in visitation frequency

(Table 2).

SYNTHESIS AND MANAGEMENT IMPLICATIONS

Our results suggest that conservation of landscape diver-

sity is important for pumpkin production because it will

foster greater pollination by bumblebees and ultimately

greater fruit yields. Attempts should be made to conserve

bumblebee populations through promotion of landscape

diversity. Fields located in diverse landscapes should not

need supplementation by managed bees to enhance fruit

yield because bumblebee populations are providing free

and sufficient ecological services. When given a choice,

growers should opt to produce pumpkins in fields in

highly diverse landscapes. In our study, there were pump-

kin fields located in high-diversity landscapes that

included other vegetable, fruit and forage crops such as

alfalfa, cabbage, corn, apple, peach, grape and strawberry

grown in fields of c. 2 ha in size. Pumpkin fields located

in these landscapes also supported the most abundant

bumblebee populations and had the greatest fruit yields.

Some large-scale growers in the Finger Lakes have the

ability to choose where they grow pumpkins and have

changed their practices based on the results of this

research.

Another option would be to manipulate habitats sur-

rounding pumpkin fields to increase the overall landscape

diversity, but this may not be practical. Therefore,
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growers may need to rely on supplementing their crops

with managed bees in locations where landscape diversity

is low. The interactions between honeybee visitation fre-

quency and percentage of grassland in the landscape, and

bumblebee visitation frequency and landscape diversity

suggest that in certain situations, fruit yield may suffer

without supplementation of managed bees. The lowest

pumpkin yields occurred in fields surrounded by low lev-

els of landscape diversity and low percentage of grassland,

although these results were not significant. In situations

where landscape diversity and grassland in the landscape

are low, supplementation of crops with managed bees

may be necessary to achieve the greatest yield.

Acknowledgements

We thank the many growers for providing access to their farms, David

Vogel and Kristina Rennekamp for statistical guidance, and Jen Vogel,

editors Jos Barlow and Owen Lewis, and two anonymous reviewers for

improving this manuscript. This research was supported by New York

State Agriculture and Markets Specialty Crops Block Grant.

Data accessibility

Data included Dryad entry doi: 10.5061/dryad.8m67 m (Petersen & Nault

2014).

References

Artz, D.R. & Nault, B.A. (2011) Performance of Apis mellifera, Bombus

impatiens, and Peponapis pruinosa (Hymenoptera: Apidae) as pollinators

of pumpkin. Journal of Economic Entomology, 104, 1153–1161.
Breitbach, N., Tillmann, S., Schleuning, M., Grünewald, C., Laube, I.,
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