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Niche complementarity is a commonly invoked mechanism underlying the positive relationship between
biodiversity and ecosystem functioning, but little empirical evidence exists for complementarity among
pollinator species. This study related differences in three functional traits of pollinating bees (flower height
preference, daily time of flower visitation and within-flower behaviour) to the seed set of the obligate cross-
pollinated pumpkin Cucurbita moschata Duch. ex Poir. across a land-use intensity gradient from tropical
rainforest and agroforests to grassland in Indonesia. Bee richness and abundance changed with habitat
variables and we used this natural variation to test whether complementary resource use by the diverse
pollinator community enhanced final yield. We found that pollinator diversity, but not abundance, was
positively related to seed set of pumpkins. Bees showed species-specific spatial and temporal variation in
flower visitation traits and within-flower behaviour, allowing for classification into functional guilds.
Diversity of functional groups explained even more of the variance in seed set (r>=45%) than did species
richness (r>=32%) highlighting the role of functional complementarity. Even though we do not provide
experimental, but rather correlative evidence, we can link spatial and temporal complementarity in highly
diverse pollinator communities to pollination success in the field, leading to enhanced crop yield without
any managed honeybees.
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1. INTRODUCTION

Global biodiversity decline has focused attention on the
implications of species losses for the maintenance of
ecosystem functioning (Hooper ez al. 2005; Tilman ez al.
2006). Animal pollination contributes to 35% of global
food production (Klein er al. 2007), but anthropogenic
activities such as habitat loss, habitat fragmentation, land-
use intensification and use of agrochemicals have adverse
effects on pollinator diversity (e.g. Steffan-Dewenter er al.
2002; Tylianakis et al. 2005; Biesmeijer et al. 2006),
placing crop pollination services at risk (Kremen ez al.
2002; Steffan-Dewenter et al. 2005; Tscharntke et al.
2005). The most important taxon performing this service
is the family Apidae (Klein ez al. 2007), but a worldwide
decline in the number of managed colonies of the
European honeybee has increased reliance on diverse
communities of wild bees for supplying crop pollination
services (Klein ez al. 20035, 2007; Kremen er al. 2004;
Ricketts 2004; Shuler ez al. 2005).

Recent studies have related declining pollinator
diversity to the ecosystem service of pollination (Kremen
et al. 2002; Klein ez al. 2003b), particularly when realistic
(as opposed to random) extinction sequences are
considered (Larsen ez al. 2005). The literature examining
the biodiversity—ecosystem functioning relationship
suggests that diverse assemblages might function better
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due to niche complementarity (Hooper ez al. 2005;
Cardinale er al. 2006), whereby a combination of many
different species can extract more resources in space and
time than can a species-poor community (Cardinale ez al.
2004, 2006; Fargione & Tilman 2005; Hooper et al. 2005;
Fontaine et al. 2006). The importance of this mechanism
in natural pollinator communities is unknown, but
evidence of a stronger diversity—pollination relationship
when flowers are heterogeneously distributed (Tylianakis
et al. 2008) suggests that an analogous mechanism may
operate. Pollinator species within a community may have
behaviourally partitioned niches, but little is known about
the mechanisms of complementarity between the bee
species. Although complementarity among species niche
traits is possible, pollinator abundance and flower
visitation frequency have also been frequently related to
pollination success (Klein ez al. 2003a; Morandin &
Winston 2005; Vazquez et al. 2005; Degrandi-Hoffman &
Chambers 2006). Therefore, before testing the effect of
pollinator diversity on pollination rates, it is necessary to
control for the possible confounding effect of abundance
that is usually correlated with diversity.

Functional diversity has been suggested to be the most
important component of diversity (e.g. Tilman ez al. 1997;
Hulot ez al. 2000; Lavorel & Garnier 2002), and a common
approach to test the effects of biodiversity on ecosystem
functioning is an experimental manipulation of functional
guild diversity (e.g. Lanta & Leps 2006; Scherber ez al.
2006). Species are often assigned to functional guilds
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Table 1. Bee behaviour within flowers and pollen deposition in relation to body size (size classes: VS, very small; S, small; M,
medium; L, large; VL, very large). Duration of flower visitation (mean+s.e. in seconds) of four bee species. Pollen deposition:
diameter of the pollen-transporting leg part (fe, femur; ti, tibia; ta, first tarsus; in mm) and additive pollen-transporting
body parts. Different superscript letters indicate significant differences.

body size no. of visited pollen distribution
class duration of flower visitation  flowers pollen deposition on the stigma
VS 52+1.8° (n=19; few very low; 0.2-0.3 (Lasioglossum: fe, high
Lasioglossum sp.) Trigona: ti); Lasioglossum: ventral
abdomen, Trigona: none
S 214+6.7* (n=27; few low; 0.5 (Ceratina: ti, Lasioglossum: fe), very high
Lasioglossum halictoides) ventral abdomen
M unknown unknown medium; 0.9-1.3 (Apis: ta, Nomia: fe), Apis: medium
pronotum, Nomia: propodeum
L unknown unknown high; 2.1 (Apss: ta, Amegilla: ti), pronotum  low
VL 2140.6° (n=23; Xylocopa many very high; 2.5-2.8 (ta), pronotum and low
confusaldejeant) abdominal tip

based on a priori expectations of complementarity due to
taxonomic, physiological or morphological traits. This
approach has not only been used for plant species (e.g.
Tilman et al. 1997; Hooper & Dukes 2004; Fargione &
Tilman 2005) but also for pollinators (Fontaine ez al.
2006). Here we test the effect of pollinating bee species
richness and functional diversity on the number of
seeds per fruit of a crop plant, pumpkin Cucurbita moschata
Duch. ex Poir, in different habitats (grassland, agroforest
and forest). We compare the bee species in terms of
their behaviour (Chagnon er al. 1993), and quantify
the observed pollinating height, the time of day at
which they are active and body size, which is strongly
related to behaviour within and between pumpkin flowers
(table 1). We then use statistically significant differences in
these parameters to group species post hoc into functional
guilds, and relate the effect of pollinator species and
functional guild diversity to pollination success.

We show that habitat variables affect species richness of
pollinators, which in turn is positively related to the
pollination success of pumpkin. More importantly,
however, we show that quantitative species-specific
differences in pollinator traits, such as species turnover
in space and time, and behavioural differences during
flower visitation, underlie this positive relationship
between biodiversity and ecosystem functioning.

2. MATERIAL AND METHODS

The study was conducted on the western margin of the
Lore Lindu National Park in Central Sulawesi (Indonesia)
in the surroundings of the village Toro (120°2’ E, 1°30’ S,
800-1100 m above sea level) approximately 100 km south of
the region’s capital Palu. The land use in this area is small
scale and dominated by natural and disturbed tropical forests,
cacao agroforestry systems of differing management intensity,
grasslands and paddy fields. As no honeybees are managed in
this region, farmers completely rely on pollination services
provided by the diverse native pollinator community.

We selected 18 study plots in five different habitat types,
which covered a range of environmental conditions and
differed in the diversity of pollinator assemblages. The five
habitat types were natural forest, three different management
intensities of cacao agroforestry, and grassland (open area
habitat) with few trees. We refer to a plot as a site with
homogeneous land-use practices of the mentioned habitat
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type and a minimum core area of 30X50 m. The cacao
agroforestry systems formed a gradient according to the
composition of shade tree species: low-management intensity
agroforestry with natural forest trees as shade trees (low
intensity); medium-intensity systems with a diverse shade tree
community planted by farmers (medium intensity); and high-
intensity plots with few planted shade tree species (Glhricidia
sepium (Jacq.) and Erythrina subumbrans (Hassk.); high
intensity). The number of shade tree species was strongly
correlated with canopy cover (Spearman: R=0.609, n=18,
p»=0.0073) and corresponding microclimatic conditions such
as temperature (Spearman: R=—0.489, »p=0.0001) and
humidity (Spearman: R=0.705, p<0.0001). Four replicates
were chosen for each habitat type, but we were forced to
abandon one plot in the natural forest and one plot in the
open habitat, as experimental pumpkin plants failed to grow.
In our study plots, farmers grew a variety of field crops
between the cacao and shade trees.

Pumpkin (C. moschata, Fam.: Cucurbitaceae) is a
common cash crop in the research area, with several
advantages for studies of plant—pollinator interactions. It
is cultivated in all habitat types, has local economic value and
is a fast-growing plant with highly attractive flowers for bees.
The plant sets seed only after cross-pollination and seed set is
pollen limited so that pollination success can be directly
measured (Walters & Taylor 2006). Pumpkin is a crawling
and climbing plant, which allowed us to use stakes to expose
flowers at different heights. This three-dimensional growth
allows testing for niche differentiation in space. Finally, the
opening time of flowers is restricted to approximately 4 hours
in the morning, which makes it possible to record almost
the entire temporal pollinator turnover during this receptive
phase of flowering. We planted experimental pumpkin
patches of 2X5m for observations of the pollinator
community and measurement of the resulting seed set in
the least shaded part of each plot for standardization and
to maximize plant growth. We used liquid fertilizer in a
monthly cycle to prevent soil nutrient availability from
limiting fruit production.

Pumpkin observations were conducted in three phases:
(1) 26 April 2005-1 June 2005, (ii) 10 June 2005-21 July
2005, and (iii) 10 January 2006-3 February 2006, with each
plot visited once per phase. Bee abundances in the open
habitats were higher when compared with the other habitat
types, so in order to classify all the occurring bee species
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according to body size-related flower visitation behaviour, we
visited grassland plots additionally once or twice. The
specimens from these fourth and fifth phases were used
only for the classification of bee species into functional
groups, and were not included in the calculations of seed set,
pollinator richness and abundance per plot. Pollinators were
recorded in a standardized way for 3.5 hours per session from
07.00 until 10.30, which encompassed most of the opening
time of flowers each day (203 plot observation hours in total).
We adjusted the number of flowers for each observation and
removed the excess flowers or added missing flowers in small
jars to keep a constant number of five flowers across replicate
pumpkin patches (Ishii 2006), which resembles the approxi-
mate number of large and ephemeral pumpkin flowers on
an area of 10 m*d~ . To add or remove flowers also allows
standardization of the sex ratio per plot and control of flower
height within a range of 0.1 to 1 m in each plot. To determine
the factors correlated with flower visitation frequencies, single
pumpkin flowers were characterized by the length of their
corolla (cm), diameter of corolla edge (cm), height (m above
ground) and sex (male/female). Observed bees were caught
for identification and to avoid counting the same individual
twice, using a simple exhauster for small species and a sweep
net for larger ones. The time of flower visitation and the
body size-related behaviour of the pollinator species, such as
within-flower movements, were noted (table 1). We measured
the diameter of the largest pollen-transporting leg part
(femur, tibia or first tarsus), including hair structures and
noted other pollen-transporting body parts to estimate a size-
dependent hierarchy between species in terms of the amount
of pollen transferred. Bee species were identified by Stephan
Risch (Leverkusen, Germany). Voucher specimens are kept
at the Bogor Agricultural University (IPB) in Indonesia.
Subsequent to the observation of pumpkin pollinators,
the diversity and density of flowers in the herb layer and
understorey were measured along six transects, each 4 m wide
and 30 m long. Flower density of each plant species along the
transect walks was estimated on a per square metre basis,
whereby 1 was equivalent to a single flower of one species and
100, a species that covers the whole area with many flowers.
The transect walks per observation day and plot covered
approximately half of the plot core area (720 m?). Conspecific
flowers act as a pollen source and may therefore enhance seed
set in the experimental plot, particularly because pollinators
often specialize temporarily on a single or a few plant species
(Ishii 2006). To assess the number of effective pumpkin
flowers in the surroundings, flowers in the plot were counted
in a radius of approximately 50 m around the experimental
pumpkin patch. Temperature, humidity and light intensity
were measured every 30 min from 07.00 to 11.00 on each
observation day at a height of 2 m using a thermo-, hygro- and
luxmeter (Mavalux Digital, Gossen) in an area receiving full
sun. Ripe pumpkin fruits were collected throughout the entire
time the plants grew. The size of pumpkins was measured
(girth in cm) and seeds were counted. We used mesh bags for
11 female flowers to test the effect of pollinator exclusion on
the fruit development. Nine flowers, each from a different
plot, were hand pollinated by rubbing the dry anthers of at
least three male flowers from different plots against the pistil
of the female flower to estimate the maximum possible seed
set when pollination is not limiting. To avoid resource
re-allocation to open flowers, we applied hand pollination
only when a single female flower was open in a pumpkin
plantation. We performed only 11 pollen exclusions and nine
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hand pollinations in total, because pumpkins do not set fruits
without cross-pollination and there were no notable
differences between hand-pollinated fruits from different
habitat types in seed set (see §3).

(a) Statistical analysis and classification scheme

To identify the factors that structure the pollinator community,
we conducted two linear mixed-effects models using the ‘nlme’
package in Rv. 2.3.1 (The R Development Core Team 2006),
fitted using maximum likelihood rather than restricted
maximum likelihood to allow comparisons of models with
different fixed effects structure. Remaining analyses were
carried out in StatisTiIcA (StatSoft, Inc. 2004, v. 7. www.
statsoft.com.). Owing to collinearity of the weather conditions
(temperature, humidity and light intensity), we used a
principal component analysis (PCA) and reduced the number
of continuous weather predictors to one component axis
explaining 76% of the overall variation (henceforth, weather
conditions, component relations: temperature +, humidity —,
light intensity +). Similarly, we conducted a separate PCA
with the collinear resource factors, flower density and diversity,
reducing them to one axis explaining 74.5% of the overall
variation (henceforth, resources). The maximal mixed-effects
models included the number of bee species or bee individuals
as response variables and season (observation phase), nested in
plots as random effects, habitat type as a fixed effect and
weather conditions (PCA axis), resources (PCA axis) and the
number of pumpkin flowers in the plot surrounding the
pumpkin plantation as continuous variables. Maximal models
were then simplified based on the stepwise removal of non-
significant predictors and comparison of Akaike information
criterion (AIC) scores. Significance values for a predictor were
obtained using a likelihood ratio test comparing a model
including the predictor with one from which the predictor had
been removed. Values per plot per sampling phase of response
and continuous variables were used for the statistical analyses.

To analyse the effects of variables that we hypothesized to
have an influence on seed set and fruit size, a general linear
model (GLM) with seeds per fruit and girth as the dependent
variable was conducted. Residuals in all GLMs were tested for
a normal distribution and transformed if necessary. We used
type I (sequential) sum of squares for each model. We give
arithmetic mean +s.e. in the text. Bee abundance and richness
were used as continuous predictors of seed set per fruit. In
addition, the number of pumpkin flowers surrounding the
plantation, humus thickness (nutrient supply), slope (water
supply) and canopy cover (light availability) were added as
covariates because they are likely to affect the plant growth and
thereby affect seed set. Habitat type was used as a categorical
predictor. Mean values of bee observations, pumpkin flowers
in the plot and measured abiotic variables per plot were used,
because seed set data were available only at a plot level and not
for each observation day. We could not test on the effects of
specific pollinator visits to a given flower on seed set because
the bee sampling on the pumpkin flower strongly influenced
the flower and seed set (e.g. reduced pollen grains due to
suction of smaller bees with an exhauster). Owing to a lack of
female flowers in four plots (natural forest, low intensity,
medium intensity and high intensity), the number of plots was
reduced to n=14.

We tested whether species-specific spatial and temporal
foraging patterns and body size-related behaviour within
flowers differed significantly among species, such that this
may lead to complementarity. We fitted mixed-effects models
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Table 2. Mean +s.e. of flower visiting height, flower visiting time of day (local time +minutes) and body size (size classes: VS,
very small; S, small; M, medium; L, large; VL, very large) for each of the 12 most abundant species, resulting in a classification
into eight functional guilds (from A to H). (Significant differences (» <0.05) are indicated by different letters (figure 2). Species

in one guild do not differ in any of the three traits.)

classification scheme

species flower visiting height (cm) flower visiting time of day body size (mm) and size class guild
Apis dorsata 0.840.163 (n=7) 09.04+34% (n=7) 3.6140.04 (L; n=7) A
Amegilla sp. 0.49+0.049%° (n=56) 08.37+6* (n=54) 4.19+0.067 (I; n=7) A
Nomia concinna 0.2440.085% (n=8) 09.14+20%d (n=8) 2.63+0.037 (M; n=5) B
Nomia fulvata 0.440.129®° (n=7) 09.24+9%4 (n=17) 2.67+0.057 (M; n="7) B
Ceratina cognata 0.46+0.079%° (n=22) 09.53+5° (n=22) 1.88+0.037 (S; n=5) C
Lasioglossum halictoides 0.7+40.032%¢ (n=156) 08.55+ 3% (n=156) 1.97+0.049 (S; n=6) D
Lasioglossum sp. 0.2940.027° (r=165) 09.08+ 39 (n=165) 1.4940.028 (VS; n=9) E
Trigona sp. 0.4840.062%° (n=45) 09.23+8% (n=40) 1.4140.021 (VS; n=8) E
Xvlocopa confusa 0.63+0.055°¢ (n=39) 08.33+9%° (n=39) 7.5940.104 (VL; n=8) F
Xylocopa dejeani 0.440.054% (n=44) 08.26+ 6 (n=44) 6.5240.077 (VL; n=9) F
Xylocopa nobilis 0.9+0.105% (n=38) 09.52+14% (n=8) 8.03+0.084 (VL; n=8) G
Apis cerana 0.3840.05°° (n=49) 08.09 +6° (n=49) 2.65+0.042 (M; n=38) H

with flower visiting height, flower visiting time and flower
volume as dependent variables, and habitat type (fixed effect),
plot (random effect nested in habitat type) and species
identity (fixed) as categorical predictors. We calculated flower
volume from the diameter (2r) and length (%) of the corolla
with the formula for a cone as a close approximation for
flower volume: V = (A X7 Xr?)/3. The 12 most abundant
species were compared because they were abundant enough
to allow statistical analyses.

In addition to the above traits, we sorted species into body
size classes, as there was evidence that within- and between-
flower behaviours are strongly influenced by body size (Stout
2000). We used four exemplary within- and between-flower
pollinating traits that we could easily observe in the field and
characterize different size classes (table 1). We used the same
12 species as for the spatial and temporal differences, to
ensure comparability. We measured the span of the pronotum
between tegulae and obtained five size classes (very small
(VS), less than 1.5 mm; small (S), 1.5-2 mm; medium sized
(M), 2.1-3 mm; large (L), 3.1-5 mm; and very large (VL),
more than 5 mm; table 1). To test the differences in behaviour
within flowers that may depend on body size, we conducted a
GLM with duration (in seconds) of flower visitation at a
single flower for three size classes (VS, S and VL) as the
response variable and habitat type (fixed) and size class
(fixed) as categorical predictors. We measured the duration of
flower visitation for Lasioglossum sp., Lastoglossum halictoides,
Xylocopa dejeani and Xylocopa confusa, as the behaviour of
only these species from the 12 focus species (table 2) was
readily observable. We described each species in terms of
three further behavioural traits (number of visited flowers,
pollen deposition and pollen distribution on the stigma) that
depend on body size, by dividing them into categories. We
recorded the number of visited pumpkin flowers and pollen
distribution on the anther or pistil (due to bee movement on
reproductive plant parts) during the field observations.

We used a GLM with flower visiting height and flower
visiting time, respectively, as dependent variables and habitat
type (fixed effect), plot (random effect nested in habitat
type) and body size class (fixed) as categorical predictors to
test whether bee body size influences variation in flower
visiting traits in space and time. Owing to low numbers of
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social bee species, we did not include social status as a
classification criterion.

For a classification into functional guilds, we used
differences in the spatial, temporal and body size-dependent
behaviour within the flowers above. Species were assigned to
the same guild if they did not differ significantly in any of
these three variables (table 2).

We conducted a multiple regression model with seed per
fruit as the response variable and bee species richness and
number of functional guilds as covariates, to have a direct
comparison of the explanatory strength of richness versus
functional guild diversity. To factor out abundance, we
regressed seed set against abundance and used the residuals
from this model as the response variable. We then adjusted
appropriately the degrees of freedom for F ratios in the
multiple regression. As functional diversity and species
richness covary (Naeem 2002), we conducted two models.
In the first model, species richness was included ahead of
functional diversity and vice versa in the second model
(Schmid ez al. 2002).

3. RESULTS

Pollinator exclusion by bagging female flowers caused
plants to abort the fruit. By contrast, all hand-pollinated
female flowers matured to seed-bearing fruits (419+17 s.e.
seeds per fruit, n=9). We found on average 2.72+
0.33 pumpkin flowers in the surroundings of each
pumpkin plot (z=14). In total, 633 bee individuals
from 25 species and nine genera were caught, belonging
to the subfamilies Anthophorinae, Apinae, Halictinae,
Megachilinae and Xylocopinae.

The pumpkin pollinator community was strongly
determined by the habitat and environmental variables.
Bee species richness increased significantly with the
weather PCA axis (increasing temperature and light
intensity, decreasing humidity; likelihood ratio=7.06,
$»=0.008), and the resources PCA axis (increasing density
and diversity of floral resources; likelihood ratio=8.31,
p»=0.004). Although both of these variables differed across
habitat types, habitat type itself did not significantly add
any explanatory power (likelihood ratio=3.01, p=0.557),
and was thus removed from the minimal model.



Funcrional group diversity and crop yield TP. Hoehn et al.

2287

500 o

400

number of seeds per fruit
(O8]
S
<)

4 5 6 7 8 9 10
number of bee species

Figure 1. Mean number of seeds per fruit per pumpkin patch
in relation to the number of bee species per pumpkin patch.
Results for open-pollinated flowers are shown with filled
circles and solid line and that for hand-pollinated bagged
control flowers in nine plots are shown with filled circles and
dashed line.

Conversely, the only significant predictor in the minimal
model for bee abundance was habitat type (likelihood
ratio=11.26, p=0.024); abundance was significantly
higher in open area habitats (21.33+4.06 individuals,
n=13) compared with all other habitat types (natural forest:
3.56+2.87, n=3; low intensity: 6.23+3.86, medium
intensity: 6.08 +3.80, high intensity: 10.58 +3.80 individ-
uals per flower and sampling (pollination rate), n=4).

Bee species richness was the only significant predictor
variable in the model for seed set per fruit (r’=0.452,
F,,,5=19.24, p=0.022; figure 1) whereas bee abundance
did not significantly correlate with seed set (r2><0.01,
F,,3=0.13, p=0.74). Mean number of seeds per fruit
from plots with high species richness (10 bee species)
reached almost that of hand-pollinated control flowers
(figure 1), whereas low richness (four species) led to just
50% of the seed set found in control flowers. Number of
seeds per fruit was correlated with fruit size (Spearman:
R?=0.635, p»=0.015), which is the economically most
important trait for measuring this ecosystem service.
However, we found no correlation between fruit size
and the bee community (abundance: r2<0.001, F, 3=
0.043, p=0.85; species richness: r2=0.05, F, ;=8.29,
$»=0.064) in contrast to seed set as the response variable.
Habitat type, surrounding pumpkin flowers, humus
thickness, slope and canopy cover did not influence seed
set significantly (table 3).

Species differed in their spatial resource use (height
of flowers: r>=0.142, Fy,575=9.712, p<0.001), with
Nomia concinna preferring the lowest, and Xylocopa nobilis
preferring the highest flowers (table 2, figure 2). Pollinat-
ing height in one high-intensity plot was significantly lower
(0.26+0.04) compared with two open area plots (0.59 +
0.03, 0.5940.05; r*=0.05, Fj3575=3.2, p=0.0001),
independent of habitat type (r?>=0.04, F457:5=1.9,
p»=0.177). Temporal species turnover showed even
stronger differences, as almost all species differed signi-
ficantly from each other in their preferred time of visitation
(r*=0.2, Fyy 567=14.845, p<0.001). The species that
visited flowers the earliest were Apis cerana, X. dejeant and
X. confusa, whereas X. nobilis and Ceratina cognata
appeared significantly later (table 2, figure 2). Flower
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visitation in one low-intensity cacao plot was on average
earlier (08.16+10) when compared with one medium-
intensity (09.19 4+ 11), high-intensity (09.14 £+ 6) and open
area plot (09.05+5; r>=0.08, Fi3567=5.123, p<0.001)
and habitat had no influence (r2=0.03, F456;=0.91,
p»=0.49). Species identity explained minor variance of
the overall model for preferred flower size (r>=0.04,
Fs 430=2.82, p=0.0047), and as only A. cerana (233 +
37 cm?, n=18) differed from C. cognata (134420 cm?,
n=17) and Lasioglossum sp. (157+8 cm?, n=137) in
preferred flower size, we did not include flower size for
classification into functional guilds.

Body size was closely related to pollinating behaviour
and each size class showed consistent patterns. Duration
of a single flower visitation was significantly longer for
small bees compared with very small and very large
bees (r>=0.38, F, 65=20.11, p<<0.001; table 1). Body
size classes also differed in the number of flowers they
visited. Very large bees checked two or three flowers
mostly in their preferred height range, whereas small bees
fed for a very long time but only on one flower. The
amount of pollen transferred per flower visit was
a consequence of species-specific anatomical characteris-
tics, because larger bees had larger pollen-transporting
surfaces such as the plumose ventral section of the
abdomen and the dorsal part of the thorax or femur
(table 1). Within-flower movements are generally respon-
sible for pollen distribution on the stigma (Chagnon ez al.
1993). Owing to their size, large and very large bees
entered the flower directly and remained between the petal
and anther or pistil, while rubbing the pollen-carrying
ventral part of the abdomen on the pistil of a female
flower, or picking up pollen in male flowers. High pollen
transfer was restricted to a part of the pistil, as large bees
could not move around the pistil as did small and very
small bees (table 1). Small and very small bees landed on
the petal, anther or pistil and then walked for a long time
on anthers or pistil while feeding on pollen or nectar and
thus distributing pollen. Very large bee species such as
X. dejeani and X. confusa appeared very early in the morning,
transferring large amounts of pollen, whereas Lasioglossum
sp., C. cognata and Trigona sp. appeared significantly later,
mainly providing the distribution of the pollen that was
already transferred by other species (e.g. Xylocopa) on the
stigma owing to their activity within the flower.

There was no clear pattern relating body size to
pollinating height, even though very small species
pollinated significantly lower flowers (+>=0.1, Fys58,=
18.128, p<0.001; 0.33 m=+0.026, »=209) than small
(0.672 m=+0.03, n=178), large (0.523 +0.048, n=62) or
very large species (0.544+0.04, n=91). By contrast,
small bees pollinated significantly higher flowers
compared with medium-sized bees (0.3681+0.042,
n=64). We found that medium-sized (08.25+ 6 min,
n=064), large (08.40+7 min, n=60) and very large
(08.37 £ 6 min, n=90) bees occurred significantly earlier
compared with small (09.02+3 min, #=178) and very
small bees (09.11+3 min, #=203; r>=0.08, F,s574=
14.99, p<0.001).

According to the differences between the bee species in
the three functional traits of pollination, we could identify
eight functional pumpkin pollinator groups (table 2).

In a model where bee species richness was included
first, after abundance was factored out, only bee species
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Table 3. Seed set in relation to predictor variables tested with GLM. (Italic numbers indicate significant effects.)

independent variable SS d.f. F P

habitat type 32300 4 3.6723 0.156840
bee abundance 296 1 0.1347 0.738013
bee diversity 42 311 1 19.2421 0.021942
surrounding pumpkin flowers 284 1 0.1289 0.743312
humus thickness 8357 1 3.8004 0.146351
slope 289 1 0.1315 0.740902
canopy cover 3182 1 1.4473 0.315250
error 6597 3

richness was significantly positively correlated with seed
per fruit. However, when functional guild diversity was
included ahead of richness in a type I (sequential) sum of
squares (SS) model, species richness became non-
significant. In a type I SS model, variance that is shared
by two predictors is attributed to the first predictor to
enter the model (Schmid er al. 2002). This demonstrates
that richness and functional guild diversity are strongly
correlated, making it impossible to attribute the shared
variance to either predictor. However, functional guild
diversity explained much more of the variance in seed set
(r>=0.45) when it was first in the model, compared with
richness (r?>=0.32; table 4, figure 3), making functional
diversity a stronger predictor of seed set.

4. DISCUSSION

Our results show that the ecosystem service of pollination
was closely related to functional pollinator diversity, based
on the species-specific traits that appeared to drive
complementary use of floral resources. Seed set increased
strongly with bee richness, supporting previous studies
that showed positive correlations between pollinator
diversity and pollen deposition (Kremen ez al. 2002) or
fruit set (Klein er al. 2003b). We quantified species-
specific and complementary resource use in pollination
and then related this to final crop yield. Complementarity
was assessed by classifying species into functional guilds,
as this method allows for objective grouping based on the
quantified morphological/behavioural differences. In our
study, bee species strongly differed in their preferred
flower height, time of flower visitation and within-flower
behaviour, which were related to body size. This field
study relating bee diversity to seed set is necessarily based
on correlative, not experimental, evidence although we
kept constant potential confounding factors such as soil
nutrient availability and shading. Furthermore, we used
seed set instead of fruit size as a response variable for
testing the effect of functional group diversity, because
seed set is more directly and quantitatively related to
pollen deposition. Fruit size was less sensitive to
pollination, which might be due to the numerous abiotic
factors influencing the fruit size in addition to pollination
and seed set (Bos er al. 2007).

Spatial niche partitioning of pollinator communities
(e.g. Willmer & Corbet 1981; Tylianakis ez al. 2005)
results in certain bee species being observed foraging at
certain heights, which may have been selected to minimize
energy expenditure (Hambéck 2001; Dafni & Potts 2004).
Pumpkin plants produce flowers at very different heights,
thereby attracting pollinator species with different height
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Figure 2. Height and time of flowers preferred by each bee
species. Arithmetic means+s.e. are given. For mean values,
standard error and significance levels, see table 2. Numbers
represent species identity: 1, N. concinna; 2, Lasioglossum sp.;
3, A. cerana; 4, X. dejeani; 5, N. fulvata; 6, C. cognata; 7,
Trigona sp.; 8, Amegilla sp.; 9, X. confusa; 10, L. halictoides; 11,
A. dorsata; 12, X. nobilis.

Table 4. Bee species richness and functional guild diversity in
relation to the residuals of seed set after correlation with bee
abundance. (Italic numbers indicate significant effects.)

r’ Fy 10 P
model 1
bee species richness 0.32 6.08 0.033
functional guild diversity 0.15 2.87 0.121
model 2
functional guild diversity 0.45 8.47 0.015
bee species richness 0.02 0.47 0.507

preferences. Reduced species richness may therefore cause
a lack of pollination at certain heights, thereby reducing
the average seed set within a plot.

Willmer (1983) and Stone (1994) discussed the
relationship between behavioural and physiological
determinants of circadian species-specific activity pat-
terns, such as temporally structured foraging activity of
hymenopterans, showing that certain species have precise
daily times of foraging activity (Stone ez al. 1999). Most
studies hold not only morphological traits (such as body
size and colouring) responsible for the circadian niche
partitioning of bees (Pereboom & Biesmeijer 2003), but
also time of pollen release from principal food sources in
the case of specialized bee species (Stone et al. 1999). In
fact, we found that most bees of the three larger pollinator



Funcrional group diversity and crop yield TP. Hoehn et al.

2289

440
400
360
320
280
240

number of seeds per fruit

200

160
2 3 4 5 6 7 8

number of guilds

Figure 3. Number of guilds per plot (based on differences in
table 2) in relation to the number of pumpkin seeds. Seed set
increases with increasing number of functional groups.

size classes appeared significantly earlier (during cooler
morning hours) compared with smaller sized bees. Hence,
bee body size appeared to affect flower visitation, but other
traits may also influence circadian bee activity. Gimenes
et al. (1996) hold the species’ response to the environ-
mental light/dark cycle responsible for a coupling of
circadian bee activity to the flower’s anthesis and with-
ering. We expect that temporal species turnover is
beneficial for pollination success, as not just the amount
of transferred pollen will increase additively through time,
but also the distribution of pollen. The early and large bees
transported more pollen, while the late and small bees
appeared to enhance within-flower pollen transfer to the
stigma, due to their characteristic movements (Chagnon
et al. 1993). The temporal change of pollinator species
from large pollen-transferring to small pollen-distributing
species may improve seed set due to a combination of both
traits. Furthermore, for many species, stigma receptive-
ness of female flowers is known to vary temporally. Owing
to the short opening phase of pumpkin flowers, we expect
a very short receptive phase for female pumpkin flowers.
Our study showed temporal differences in the activity of
bees during a day, but bee communities are also known to
show temporal turnover at longer time-scales (between
months; Tylianakis ez al. 2005), and this may further
promote complementarity in pollen transfer throughout
the season. Our field observations revealed body size-
dependent as well as within- and between-flower beha-
vioural traits supporting the inclusion of body size as a
functionally important classification criterion (table 1).
We rarely observed body size-dependent competition
between bees (Pinkus-Rendon ez al. 2005) and only
when pollinator densities were high, with smaller bees
having been subordinate when they met larger species at
the pumpkin flowers. However, due to low pollinator
densities in almost all plots, competition was unlikely to
have played an important role.

Published studies dealing with niche partitioning
of pollinators focus on the relationship of complex
flowers to the proboscis length affecting resource use by
pollinators (Graham & Jones 1996; Fontaine et al. 2006).
The pumpkin flowers studied here offered nectar and
pollen to a broad spectrum of bee pollinators with spatial
and temporal resource partitioning in case of high species
numbers, which was related to maximum seed set, equal
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to that observed in hand-pollinated fruits (figure 1).
Diversity of functional pollinator guilds, based on the
significant differences in activity at different flower heights,
time of flower visitation and body size-related within-
flower behaviour, explained variation in seed set better
than did species richness. The models (table 4) suggest
that interspecific differences in these functional traits allow
high complementarity resulting in the enhanced fruit set.

In conclusion, we show how a native bee community
may sustain pollination services without any managed
honeybees. The species-rich bee community appeared
to enhance pollination efficiency through spatial and
temporal complementarity in its pollination behaviour,
suggesting that a single or a few efficient species may
not provide the same benefits as a rich community of
functionally distinct species. Owing to species-specific
niche partitioning, a single functional group may exploit
only a portion of the overall resource.

Our field studies revealed real-world patterns in
pollination up to final crop yield, while the experimental
manipulation of this species-rich pollinator community or
of its species-specific traits was impossible. Our results
provide a first step towards a mechanistic understanding
of how pollinator diversity affects food production. Global
changes greatly affect bee diversity (Biesmeijer ez al.
2006) and the associated loss of functional diversity
threatens sustainable crop production (Klein ez al.
2007). Conservation initiatives will profit from realistic
studies showing economic benefits of maintaining high
biodiversity in agricultural landscapes.
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