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ARTICLE INFO ABSTRACT

Keywords: Faba bean (Vicia faba minor L.) is partially dependent on insects for pollination, but the degree of pollinator-
Apis mellifera dependency and whether crop productivity is limited by insufficient insect pollination remain unknown. We
Bombus

monitored insect pollinators and their foraging behaviors (i. e., legitimate flower visitation, nectar robbing and
extra-floral nectary visitation) in a total of 20 faba bean fields of a single cultivar (Tiffany) 2018-2019. Focal
fields were situated along a gradient of landscape complexity. In each field, a pollination experiment was
established, where plants were either bagged to exclude pollination by insects or remained open for pollinator
visits. In addition, all flowers on half of the bagged and open-pollinated plants were pollinated by hand to
measure the degree of pollen limitation. We found that bumble bee abundance was higher, and legitimate flower
visitor abundance tended to be higher, in complex landscapes with more semi-natural habitat, indicating that the
faba bean pollination potential is higher in complex landscapes. The pollination experiment showed that the
number of beans per pod was lower in bagged plants compared with other treatments in one of the years, but the
lower number of beans per pod was compensated for by a higher individual bean weight, such that there was no
pollinator-dependency or effect of hand pollination on total bean mass per plant. We conclude that to be able to
characterize the value of insect pollination services in faba bean we need an improved understanding of how
pollinator-dependency varies across modern cultivars, and how environmental conditions can increase or, as in
our case, cancel this pollinator-dependency.

Hand pollination
Landscape complexity
Pollen limitation

1. Introduction plants, which long-tongued bumble bee species are specialized in

gathering pollen from (Goulson et al., 2005). These trends suggest that

Animal pollination, mainly performed by bees, benefits over 75% of
the world’s most common crops and is a key ecosystem service sup-
porting the nutritional needs and wellbeing of people globally (Klein
etal., 2007; IPBES, 2016; Dainese et al., 2019). Managed honey bees and
wild bumble bees (Apidae: Bombus) are particularly important crop
pollinators in temperate agroecosystems (Garibaldi et al., 2013; Kleijn
et al., 2015). While the abundance of managed honey bees in crops is
largely driven by beekeeping practices, bumble bee abundances in crop
fields are supported by nearby semi-natural habitat (SNH), which pro-
vides spatiotemporal continuity of nesting and foraging resources
(Ricketts et al., 2008; Kennedy et al., 2013).

Wild bees are declining (Goulson et al., 2015; Zattara and Aizen,
2021) yet the production of pollinator-dependent crops is increasing
concurrently (Aizen and Harder, 2009). Especially long-tongued species
of bumble bees are declining in Europe (Dupont et al., 2011; Bommarco
et al., 2012), probably largely as a result of loss of SNH rich in Fabaceae
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pollen limitation, due to insufficient insect pollination, is increasingly
limiting crop yields, especially for crops benefitting from visits by
long-tongued bumble bees, but this is poorly documented. Pollen limi-
tation in crops is usually not experimentally quantified, but instead
inferred from positive correlations between bee abundances and crop
yields (or proxies thereof) across sites (Garibaldi et al., 2013, 2016;
Reilly et al., 2020, but see Gemmill-Herren and Biesmeijer, 2014).
However, an important caveat of such a correlative approach is that
alternative hidden drivers of crop production that correlate with bee
abundance, such as pest control due to shared environmental drivers
(Lundin et al., in press), cannot be excluded from being responsible for
the relationships observed (Petersen and Nault, 2014).

Faba bean (Vicia faba minor L.) is an important nitrogen-fixing
legume crop grown worldwide, which improves soil fertility and pro-
duces protein-rich seeds used for fodder and human consumption
(Jensen et al., 2010; Karkanis et al., 2018). Faba bean is partially
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dependent on insect pollinators for pollen transfer (Stoddard and Bond,
1987; Free, 1993). Honey bees and bumble bees are the most common
pollinators of faba bean in Northern Europe (Poulsen, 1973; Bartomeus
et al., 2014; Garratt et al., 2014). Bees display variation in functionally
important foraging behaviors when visiting faba bean (Tasei, 1976;
Marzinzig et al., 2018). They can either (1) legitimately visit flowers
whereby the bee inserts its proboscis into the opening of the corolla to
collect pollen and nectar (Fig. 1), (2) rob nectar whereby the bee extracts
nectar through a pierced hole at the base of the corolla without getting in
contact with the flower’s sexual parts, or (3) collect nectar from
extra-floral nectaries (EFN) located on stipules below the flowers.
Legitimate visits are the most beneficial for crop pollination, since it is
the only behavior, which facilitates pollen outcrossing (Kendall and
Smith, 1975). Nonetheless, nectar robbing is more beneficial than no
visits at all, likely because visitation by nectar robbing bees promotes
self-pollination of the flower (Kendall and Smith, 1975). There is no
evidence, however, that EFN visits contribute to pollination. Bee species
differ in their dominant foraging behavior, with long-tongued bumble
bees almost exclusively visiting flowers legitimately, whereas
short-tongued bumble bees and honey bees predominantly rob nectar or
visit EFN (Tasei, 1976; Marzinzig et al., 2018). Because bumble bees are
more abundant in complex landscapes with less arable land and more
SNH, the frequency of legitimate flower visits might be higher in faba
bean fields in complex landscapes, but this has not been tested.

Estimates of the benefit of insect pollination for plant reproduction in
faba bean vary greatly from zero or even negative (Bishop et al., 2020) to
up to 185% yield increases (Nayak et al., 2015), with several more in-
termediate estimates between these extremes (Riedel and Wort, 1960;
Free, 1966; Poulsen, 1975; Cunningham and Le Feuvre, 2013; Barto-
meus et al, 2014). Because of this great variation in
pollinator-dependency, the benefit of insect pollination in modern faba
bean cultivars remains unclear (but see Bishop and Nakagawa, in press).
Faba bean is, in addition, a suitable model crop to experimentally
quantify pollen limitation, as each plant produces a reasonable number
of flowers (ca 50-80, Free, 1993), which can be pollinated by hand in
the field (Birkin and Goulson, 2015).

Our aims were to (1) compare the abundances of faba bean polli-
nators and their foraging behaviors between simple landscapes domi-
nated by arable fields and complex landscapes with more SNH, (2)
quantify the pollinator-dependence of the crop, and (3) determine
whether plant reproduction is limited by insufficient pollination by in-
sects. We expected (1) higher abundances of bumble bees and pollina-
tors legitimately visiting flowers in complex landscapes with more SNH,
(2) higher bean mass per plant in open-pollinated plants compared with
plants where insect pollinators were excluded from visiting flowers, and
finally (3) that hand pollination of open-pollinated plants would in-
crease bean mass per plant in simple but not complex landscapes, due to
insufficient ambient levels of insect pollination in simple landscapes.

Fig. 1. Bombus terrestris agg. worker legitimately visiting a faba bean (Vicia
faba) flower.
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2. Materials and methods
2.1. Study design

We conducted the study in 20 conventionally managed faba bean
fields of the cultivar Tiffany (Scandinavian Seed) in the province of
Vastergotland in southwestern Sweden in 2018 (n = 10) and 2019
(n =10, Fig. 2). We selected this cultivar because it is the most
commonly grown in the area. Fields were selected along a gradient of
landscape complexity, with proportion of SNH and arable land within
2 km from the each field center varying from 0.013 to 0.67 and from
0.30 to 0.91, respectively. All field sites were at least 2 km apart. Faba
bean field sizes varied between 5 and 40 ha. Proportion of SNH was
strongly negatively related to proportion of arable land across fields
(r = 0.97, p < 0.001), while faba bean field size tended to be negatively
correlated with proportion of SNH (r = — 0.40, p = 0.083) and posi-
tively correlated with proportion of arable land (r = 0.40, p = 0.077).
The tendency for larger field sizes in simple landscapes with less SNH
was not due to a bias in the selection of fields, because field sizes in
simple landscapes are on average larger than in complex landscapes
(Persson et al., 2010). Due to the potential relationship between land-
scape complexity and faba bean field size, we included field size as an
additional covariate in all statistical analyses.

The proportions of SNH and arable land were quantified within a
radius of 2 km from each field center. SNH included pastures and forests,
which both are important habitat types for bumble bees (Ockinger and
Smith, 2007; Proesmans et al., 2019; Sober et al., 2020). The proportions
of pastures and arable fields were calculated using data obtained from
the Integrated Administration and Control System, administered by the
Swedish Board of Agriculture. To estimate forest cover we used a digi-
tized map layer (Terrangkartan, Lantmateriet, Gavle) in ArcMap 10.4.1
(ESRI, Redlands, CA). Pesticide use was uncommon across our fields
because most farmers had committed to not use pesticides in faba bean
fields as part of agri-environmental schemes. In one field, a herbicide
was applied early in the season, and in another field, an insecticide
against broad bean weevil (Bruchus rufimanus) was applied during late
crop bloom. The insecticide was, however, not applied in our sampling
area (see below). Managed honey bees are common in the area, but none
of our experimental fields were supplemented with honey bee hives.

2.2. Pollinator abundances and foraging behavior

Pollinators were surveyed by walking along one transect in each field
for 10 min net observation time, stopping the clock for handling caught
insects. Four to eight pollinator surveys were conducted per field during
crop bloom. All insects that visited faba bean flowers or EFN were
collected with a net for later identification in the laboratory using Lgken
(1973), Prys-Jones and Corbet (1986), Edwards and Jenner (2005) and
Falk (2015). Bumble bee species were categorized as having short
(< 7 mm) or long (> 7 mm) tongues based on measurements reported
in Persson et al. (2015). Honey bees were, however, not collected but
instead identified and counted directly in the field. Transects were 50 m
long and 2 m wide and situated 50 m into the field and parallel to the
field edge. Surveys were conducted between June 12 and July 4 in 2018
and June 13 and July 3 in 2019 between 9.00 and 19.00 hrs when
temperatures were at least 15 °C, wind speeds less than 8 m s (four or
lower on the Beaufort scale) and skies at least partly sunny or brightly
overcast. For each observation, we noted whether insects were legiti-
mately visiting flowers, robbing nectar from flowers or collecting nectar
from EFN. Apart from bees, we observed 13 wasp individuals and one
hoverfly visiting EFN, and three moths and two butterflies legitimately
visiting flowers, but these non-bee insects were not considered further in
any analyses due to their low numbers. Bombus terrestris, B. lucorum,
B. cryptarum and B. magnus were treated as one species complex,
denoted as B. terrestris agg., due to difficulties separating collected
specimens of these species morphologically (Murray et al., 2008). Crop
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Fig. 2. Faba bean field locations in Vastergotland (left panel), southwestern Sweden (right panel) in 2018 (white circles) and 2019 (black circles). Arable land is
shown in beige, forest in dark green and pastures in light green. Circles around fields indicate the landscape buffers with 2 km radii from focal fields. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

bloom was determined alongside each pollinator survey by counting the
number of open faba bean flowers in four 0.36 m? quadrats per transect.

2.3. Pollination treatments

In each transect, we selected five (2018) or six (2019) quadruplets of
faba bean plants of similar height and growth stage (Weber and Blei-
holder, 1990) shortly before the onset of crop bloom. Plants within
quadruplets were ca. 1 m apart and quadruplets were separated by ca.
10 m along the transect. Two plants in each quadruplet were excluded
from insect pollination by bagging them with a tulle net (2 by 2 mm
mesh size), while the other two plants remained unbagged and open to
insect pollination. Bags were adjusted regularly during crop bloom so
that only open flowers remained bagged, and we removed the bags when
all flowers on the plant had started to wilt. In addition, we
hand-pollinated all open flowers on one bagged and one open plant in
each quadruplet every second or every third day during crop bloom.
Because faba bean flowers are open for 3 days or more (Osborne et al.,
1997), we estimated that each flower on hand-pollinated plants received
supplemental pollen at least once. Saturating all flowers of a plant with
pollen is important when quantifying pollen limitation. This is because
the degree of pollen limitation might be overestimated if only a subset of
the flowers on a plant receive supplemental pollen, due to within-plant
reallocation of resources to the hand-pollinated flowers (Knight et al.,
2006). The bagged plus hand-pollinated treatment was included to
verify the hand pollination and bagging treatments. If bagging suc-
cessfully removed insect pollination without having any additional side
effects, and hand pollination successfully removed pollen limitation,
then we expected plant reproductive output to be equal in both hand
pollination treatments.

The procedure for hand pollination followed details described in
Birkin and Goulson (2015). Anthers visibly confirmed to contain pollen
were removed from nearby non-experimental donor plants of the same
cultivar in the field. Open flowers on hand-pollinated plants were
opened by gently pulling down the lower petals (wings and keel) such
that the anthers of the donor flower could be brushed across the stigma
of the experimental flower. No more than three experimental flowers
were hand-pollinated with anthers of the same donor flower (Birkin and
Goulson, 2015) to avoid depletion of the donor pollen. Experimental
plants were harvested at pod maturity and placed in individual paper
bags. In the laboratory, we dried plants at 65 °C for 48 h, counted pods
per plant and beans per pod and weighed dry bean mass per plant. We

calculated individual bean weight by dividing bean mass with the total
number of beans per plant.

2.4. Crop yield

To estimate faba bean yield, we manually harvested faba bean pods
from four 0.36 m? quadrats randomly placed in each transect shortly
before farmers harvested fields. Pods were dried at 65 °C for 48 h, after
which all beans were weighted. Crop yield was recalculated and
expressed as kg dry beans per hectare.

2.5. Statistical analyses

Pollinator data was summed across the four to eight surveys in each
field due to low numbers of observations in individual survey rounds,
and analyzed using generalized linear models. Response variables were
honey bee abundance, bumble bee abundance, bumble bee species
richness, abundance of legitimate pollinators, nectars robbers and EFN
visitors as well as the proportions of each of the three foraging behav-
iors. We chose to analyze both absolute abundances and proportions of
foraging behaviors. This is because they are complimentary measures,
where the abundances of behaviors are functionally important for
pollination, whereas the proportions are measures of average commu-
nity behaviors after controlling for any effects of overall abundances.
Poisson distribution with a log link was used for species richness,
negative binomial distributions and log links were used for abundances
and binomial distributions with logit links were used for proportions.
We chose negative binomial distributions for abundances as the data
was overdispersed for Poisson distributions. For the binomial models,
the ratio of Chi-square and its degrees of freedom indicated that the
models were overdispersed, and thus we added an extra observation
level random effect (random _residual_) to the models to account for this
(Littell et al., 2006). Explanatory variables were proportion of SNH and
year (2018 or 2019). Crop bloom (average number of faba bean flower
per m? across the survey rounds in each field) and field size (ha) were
added as covariates to the models but were only retained in final models
if they had a significant effect (p < 0.05). The In-transformed number of
survey rounds was added as an offset to abundance and species richness
models to account for the uneven sampling effort among fields (Scha-
benberger, 2005).

Pollination data was averaged per plant and analyzed using general
and generalized linear mixed models. Response variables were pods per
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plant, beans per plant, beans per pod, weight per bean and bean mass
per plant. Negative binomial distribution and a log link was used for
pods per plant and beans per plant and normal distributions with
identity links were used for beans per pod, weight per bean and bean
mass per plant. We chose negative binomial distribution for pods per
plant and beans per plant as the data was overdispersed and the model
did not converge, respectively with Poisson distribution. Explanatory
variables were year (2018 or 2019), proportion of SNH, pollination
treatment (bagged, open-pollinated, bagged plus hand-pollinated or
open- plus hand-pollinated) and the interactions between proportion of
SNH and pollination treatment, and between year and pollination
treatment. Field size (ha) was added as a covariate to the models but was
only retained in final models if it had a significant (p < 0.05) effect.
Models were simplified by removing non-significant (p > 0.05) in-
teractions. Wherever pollination treatment was involved in a significant
interaction with year or landscape (p < 0.05), its simple main effects
were examined separately for each year or landscape type using post hoc
tests. Random factors were field and plant quadruplet identity nested
within field. Significant effects of pollination treatment (p < 0.05) were
followed by pairwise comparisons with Tukey adjustment.

Crop yield data was averaged across each field and analyzed using
general linear models. The response variable was crop yield (kg dry
beans per hectare), using normal distribution with an identity link.
Explanatory variables were total bee abundance per transect, legitimate
flower visitor abundance per transect and year. We also tested for
quadratic relationships between total and legitimate flower visitor
abundances and crop yield. Models were simplified by removing non-
significant (p > 0.05) quadratic terms.

All statistical analyses were performed in SAS 9.4 (Proc Glimmix) for
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Windows (SAS, Cary, NC). Model assumptions were checked following
Zuur et al. (2010). Variance inflation factors were below 2.3 in all cases.
Degrees of freedom were estimated with the Kenward-Roger method
(Littell et al., 2006).

3. Results
3.1. Pollinators

We observed 706 honey bees (76%), 227 bumble bees (24%) rep-
resenting 10 species or species groups, of which 91% were short-tongued
and 9% long-tongued species, and 2 solitary bees (< 1%) visiting faba
bean flowers or EFN (Table S1).

Bumble bee abundance was positively related to, and total bee
abundance (bumble bees, honey bees and solitary bees) tended to be
positively related to proportion of SNH in the landscape (Fig. 3a, b,
Table 1). Honey bee abundance and bumble bee species richness was not
related to proportion of SNH, field size, crop bloom or year (Tables 1 and
2). Legitimate flower visitor and nectar robber abundance also tended to
be positively related to proportion of SNH (Fig. 3¢, d, Table 1), whereas
EFN visitor abundance was not related to proportion of SNH, field size,
crop bloom or year (Tables 1 and 2). The proportion of legitimate flower
visitors, nectar robbers of EFN visitors was not related to proportion of
SNH, field size, crop bloom or year (Tables 1 and 2).

3.2. Pollination treatments

The effects of pollination treatments differed between years and
yield components. Pods per plant and beans per plant were only affected
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Fig. 3. (a) Bumble bee abundance increased (solid line) and (b) total bee abundance, (c) legitimate visitor abundance and (d) nectar robber abundance tended to
increase (dashed lines) with proportion of SNH habitat in the landscape. All abundances are mean number of individuals per transect.
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Table 1
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Statistical test results with F-values, numerator and denominator degrees of freedom (df) and p-values for the effects of year (2018 or 2019), crop bloom (average
number of open faba bean flowers per m?), field size (ha) and proportion of semi-natural habitat (SNH) on the number of honey bees, bumble bees, bumble bee species,
total bees, legitimate flower visitors, nectar robbers and EFN visitors per transect, as well as the proportions of each foraging behavior. Significant effects, where

p < 0.05, are indicated in bold.

Year Crop bloom Field size Prop. SNH

Faf P Faf P Far P Faf p
Honey bee abundance 219,17 0.157 0.201;16 0.662 0.401;16 0.537 2.751,17 0.116
Bumble bee abundance 0.121;17 0.735 0.401;16 0.538 0.014;16 0.935 6.951;17 0.017
Bumble bee richness 1.864,17 0.190 0.31y;16 0.585 0.671;16 0.424 0.671,17 0.424
Total bee abundance 1.491,17 0.239 0.215;16 0.650 0.344;16 0.569 4.291;17 0.054
Legitimate v. abundance 0.004;17 0.981 2.871;16 0.110 0.004;16 0.953 3.671;,17 0.072
Nectar robber abundance 0.134;17 0.720 0.01y;16 0.918 0.021;16 0.902 3.184,17 0.092
EFN visitor abundance 2.051;17 0.171 0.013;16 0.933 0.561;16 0.467 294417 0.105
Prop. legitimate visitors 1.881,17 0.188 1.924;16 0.185 0.211;16 0.651 0.201;17 0.658
Prop. nectar robbers 0.551;17 0.468 0.221;16 0.646 0.114;16 0.746 0.251;17 0.622
Prop. EFN visitors 2.121;17 0.164 0.621;16 0.442 0.301;16 0.594 0.01y;17 0.930

Table 2

Number of honey bees, bumble bees, bumble bee species, total bees, legitimate flower visitors, nectar robbers or EFN visitors per transect, as well as the proportions of
each of the three foraging behaviors in relation to year (2018 or 2019), crop bloom (average number of open faba bean flowers per m?), field size (ha) and proportion of
semi-natural habitat (SNH). Numbers indicate least square mean values and the 95% confidence limits within parenthesis back-transformed using the ilink option for
categorical variables and the model-estimated slopes for continuous variables with standard errors within parenthesis. Significant effects, where p < 0.05, are indi-

cated in bold.

Year Crop bloom Field size Prop. SNH

2018 2019 Slope Slope Slope
Honey bee abundance 4.9 (3.1-7.9) 7.9 (4.9-13) -0.0019 (0.0043) -0.012 (0.019) 1.5 (0.90)
Bumble bee abundance 2.0 (1.3-3.0) 1.8 (1.1-2.8) -0.0023 (0.0037) 0.0017 (0.020) 2.2 (0.85)
Bumble bee richness 0.54 (0.37-0.79) 0.37 (0.23-0.59) 0.0016 (0.0029) -0.015 (0.018) 0.57 (0.69)
Total bee abundance 6.9 (4.5-10) 9.7 (6.4-15) -0.0017 (0.0037) -0.010 (0.018) 1.7 (0.81)
Legitimate v. abundance 1.9 (1.3-2.8) 1.9 (1.3-2.8) -0.0050 (0.0030) -0.00096 (0.016) 1.4 (0.72)
Nectar robber abundance 0.71 (0.36-1.4) 0.83 (0.43-1.6) -0.00061 (0.0059) 0.0041 (0.033) 2.3(1.3)
EFN visitor abundance 4.2 (2.6-7.1) 6.9 (4.2-11) -0.00041 (0.0048) -0.016 (0.021) 1.7 (0.97)
Prop. legitimate visitors 0.29 (0.20-0.39) 0.21 (0.15-0.29) -0.0060 (0.0044) 0.0097 (0.021) -0.39 (0.86)
Prop. nectar robbers 0.11 (0.062-0.19) 0.085 (0.047-0.15) 0.0027 (0.0058) 0.0096 (0.029) 0.59 (1.2)
Prop. EFN visitors 0.60 (0.48-0.71) 0.71 (0.60-0.79) 0.0037 (0.0047) -0.012 (0.023) 0.080 (0.90)

by year, with more pods per plant and beans per plant in 2019 compared
with 2018 (Tables 3 and 4). Beans per pod was affected by an interaction
between pollination treatment and year, such that in 2019 beans per pod
was lower in bagged plants compared with open-pollinated, bagged plus
hand-pollinated and open- plus hand-pollinated plants, whereas in 2018
there were no differences among pollination treatments (Fig. 4a,
Table 3). Weight per bean was also affected by an interaction between
pollination treatment and year, such that in 2019 weight per bean was
higher in bagged plants compared with open-pollinated, bagged plus
hand-pollinated and open- plus hand-pollinated plants, whereas in 2018
there were no differences among pollination treatments (Fig. 4b,
Table 3). Bean mass per plant was only affected by year, with higher
bean mass per plant in 2019 compared with 2018 (Tables 3 and 4). Field

Table 3

size tended to increase beans per plant, beans per pod and bean mass per
plant (Tables 3 and 4). Boxplots with raw data from the pollination
experiment are presented in Fig. S1.

3.3. Crop yield

Crop yield was higher in 2019 compared with 2018 (F = 44.151;16,
p < 0.001), but was not related to total bee abundance (F = 0.491;16,

p =0.494), legitimate flower visitor abundance (F = 1.18;;6,
p=0.293), or quadratic terms of either total bee abundance
(F = 0.169;15, p=0.698) or legitimate flower visitor abundance

(F = 0.201,15, p = 0.659, Fig. 52, Table 5).

Statistical test results with F-values, numerator and denominator degrees of freedom (df) and p-values for the effects of year (2018 or 2019), proportion of semi-natural
habitat (SNH), field size (ha), pollination treatment (bagged, open-pollinated, bagged plus hand-pollinated or open- plus hand-pollinated) and interactions between
pollination treatment and proportion of SNH or year respectively on the number of pods per plant, beans per plant, beans per pod, weight per bean (g) and bean mass
per plant (g). Where pollination treatment was involved in a significant interaction with year, results from post hoc tests of its simple main effects are reported
separately for each year using the slice option. Significant effects, where p < 0.05, are indicated in bold.

Pods per plant Beans per plant

Beans per pod Weight per bean (g) Bean mass per plant (g)

Far p Faf P Far P Far P Far p
Year 40.471;16 < 0.001 36.921;17 < 0.001 7.181;17 0.016 5.531;17 0.031 80.59:;17 < 0.001
Proportion SNH 0.671;17 0.424 0.281,17 0.602 0.361;17 0.557 2.361,17 0.143 0.191;17 0.670
Field size 281116 0.113 3.551.16 0.078 442117 0.051 0.831.17 0.376 3.631.16 0.075
Pollination treatment (P) 0.503;339 0.680 0.99;;318 0.400 6.883;323 < 0.001 18.103;322 < 0.001 1.163;406 0.323
P: SNH 0.853,360 0.468 0.115305 0.955 1215300 0.307 0.273,320 0.850 0.623.403 0.601
P: Year 0.453.427 0.717 0.933.347 0.425 2.913,35 0.035 6.843,30 <0.001 0.433.403 0.730
P: 2018 - - - - 0.563;323 0.641 1.643;323 0.181 - -
P: 2019 - - - - 10.205,325 < 0.001 25.753,325 <0.001 - -
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Table 4

Number of pods per plant, beans per plant, beans per pod, weight per bean (g) and bean mass per plant (g) in relation to year (2018 or 2019), proportion of SNH, field
size and pollination treatment (bagged, open-pollinated, bagged plus hand-pollinated or open- plus hand-pollinated). Numbers indicate least square mean values and
the 95% confidence limits within parenthesis back-transformed using the ilink option for categorical variables and model-estimated slopes with standard errors within
parenthesis for continuous variables. Significant effects, where p < 0.05, are indicated in bold. Pollination treatments indicated with different letters are significantly
different from each other. Note that there are in addition significant interactions between pollination treatment and year on beans per pod and weight per bean, which

are reported in Fig. 4.

Variable Level Pods per plant Beans per plant Beans per pod Weight per bean (g) Bean mass per plant (g)
Year 2018 4.2 (3.3-5.3) 12 (9.2-16) 2.9 (2.7-3.1) 0.37 (0.33-0.41) 5.0 (3.3-6.7)
2019 11 (8.8-14) 35 (27-46) 3.2 (3.1-3.4) 0.43 (0.39-0.46) 15 (13-17)
Proportion SNH Slope -0.32 (0.39) -0.24 (0.46) 0.18 (0.30) -0.097 (0.063) -1.3(2.9)
Field size Slope 0.016 (0.0097) 0.021 (0.011) 0.015 (0.0071) 0.0015 (0.0016) 0.13 (0.070)
Pollination treatment Bagged (B) 6.9 (5.8-8.2) 19 (16-24) 2.9 (2.7-3.0) a 0.46 (0.43-0.49) a 11 (9.3-12)
Open (O) 6.7 (5.6-8.0) 21 (17-25) 3.1 (3.0-3.3) b 0.38 (0.35-0.41) b 10 (8.2-11)
B + Hand 7.0 (5.9-8.3) 22 (18-27) 3.1(3.0-3.3) b 0.38 (0.35-0.41) b 10 (8.8-12)
O + Hand 6.5 (5.5-7.8) 21 (17-25) 3.2(3.0-3.3) b 0.38 (0.35-0.41) b 10 (8.0-11)
4.0, 06-p
02018
g ® 2019
5 367 S 05
c
g g
g =
. 32 o 0.4+
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2.8 2 03-
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Fig. 4. (a) Beans per pod was higher in open-pollinated, bagged plus hand-pollinated and open- plus hand-pollinated compared with bagged plants in 2019, but not
2018. (b) Weight per bean was lower in open-pollinated, bagged plus hand-pollinated and open- plus hand-pollinated compared with bagged plants in 2019, but

not 2018.

Table 5

Crop yield (kg dry beans per hectare) in relation to year, total bee abundance,
legitimate flower visitor abundance, total bee abundance (squared) and legiti-
mate flower visitor abundance (squared) per transect. Numbers indicate least
square mean values and the 95% confidence limits within parenthesis back-
transformed using the ilink option for categorical variables and the model-
estimated slopes for continuous variables with standard errors within paren-
thesis. Significant effects, where p < 0.05, are indicated in bold.

Variable Level Estimate

Year 2018 2100 (1400-2800)
2019 5100 (4400-5700)

Total bee abundance Slope 44 (62)

Legitimate visitor abundance Slope -270 (250)

Total bee abundance? Slope -3.8 (9.5)

Legitimate visitor abundance? Slope -34 (75)

4. Discussion

We found that complex landscapes with more SNH benefitted
bumble bee abundances, and tended to benefit total bee abundance, in
faba bean fields, which is in line with findings by Nayak et al. (2015) and
Raderschall et al. (2021a). Increased bumble bee abundances in complex
landscapes were likely supported by higher amounts of semi-natural
grasslands and forest patches, and more abundant field border vegeta-
tion as a result of smaller field sizes, which provided nesting and
foraging resources (Ockingcr and Smith, 2007; Rundlof et al., 2008;
Kennedy et al., 2013; Hass et al., 2018; Martin et al., 2019; Sober et al.,
2020). In addition, landscape complexity tended to favor a higher
abundance, but not proportion, of bees legitimately visiting flowers and

robbing nectar. The possibly higher abundance of legitimate flower
visitors in complex landscapes with more SNH was likely driven by
B. terrestris agg. abundances, which was the most common bumble bee
species group observed legitimately visiting flowers. In contrast,
long-tongued bumble bees such as B. hortorum and B. subterraneus were
not as important for pollination as initially hypothesized. Although
these two species were exclusively observed legitimately visiting
flowers, the total number of legitimate visits from Apis mellifera and
B. terrestris agg. were higher due to their overall much higher abun-
dances (see also Kleijn et al., 2015). B. terrestris agg. was also likely
influential for the possibly positive relationship between proportion of
SNH in the landscape and the abundance of nectar robbers, as it was the
most common species group observed robbing nectar. Although legiti-
mate flower visits are most beneficial for pod set in faba bean, likely due
to promoting cross-pollination, robbed flowers still set more pods than
unvisited flowers, probably because nectar robbing increases
self-pollination of the flower (Kendall and Smith, 1975). Taken together,
our results indicate that the supply of pollination services to faba bean is
higher in complex landscapes with more SNH.

The pollination experiment revealed, however, that bean mass per
plant did not differ between bagged, open-pollinated, bagged plus hand-
pollinated or open- plus hand-pollinated plants. While open-pollinated,
bagged plus hand-pollinated and open- plus hand-pollinated plants had
a higher number of beans per pod compared with autonomously self-
pollinated (bagged) plants in 2019, the individual bean weight was
higher in bagged plants compared with other treatments in 2019, thus
compensating for the lower number of beans per pod. This suggests that
insect and hand pollination increase fertilization, but that faba bean
plants are able to compensate for reduced pollination by a greater
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investment into individual bean weight. A higher individual bean
weight following lack of insect pollination in faba bean has been found
previously (Free, 1966; Poulsen, 1975; Hebblethwaite et al., 1984). The
environmental context-dependency and physiological limits to this
compensation mechanism are poorly known. Compensation should,
however, be more likely when insect pollination benefits on seed set are
limited and the supply of other resources (light, nutrients, water) is high
late in the season, during the pod-filling stage of the crop. We found no
effect of pollination treatment on any of the yield parameters in 2018.
Due to unusually dry and warm weather during spring and summer
(Toreti et al., 2019), average yields in 2018 were on average less than
half of those in 2019 in our fields, and this might have canceled any
pollination benefit in our experiments in 2018. This would be in contrast
with experimental findings that heat-stress increase pollinator de-
pendency in faba bean (Bishop et al., 2016, 2017). In the experiments
performed by Bishop et al. (2016, 2017), non-stressed pollen donor
plants from which pollinators could transfer pollen to stressed plants
were available in both heat-stressed and control treatments. In com-
mercial faba bean fields, the availability of such non-stressed plants
might be limited during a major drought such as that in 2018, in which
case insect pollination would not be able to overcome yield limitation
caused by lack of fertile pollen.

In general, the insect pollination benefit in faba bean is extraordinary
complex and variable, with large variation both within and among
cultivars (Bishop et al.,, 2020). Some of this variation and
context-dependency is driven by cultivar differences (Bishop and
Nakagawa, in press), and variation in abiotic factors such as soil con-
ditions that modify the pollination benefit (St-Martin and Bommarco,
2016). In experiments with the same cultivar (Tiffany) as here, where
cages in a faba bean field were either supplemented with bumble bees or
autonomously self-pollinated, we found clear benefits of insect polli-
nation on both bean mass per plant and beans per pod, but no effect on
individual bean weight (Raderschall et al., 2021b). The insect pollina-
tion benefit was conserved across experimentally established levels of
water stress and aphid herbivory (Raderschall et al., 2021b). This raises
the question whether pollinator dependency can vary also between
different seed batches of the same cultivar, or if unmeasured environ-
mental conditions such as Bruchus rufimanus pest pressure, differed be-
tween the two studies and modified the outcome.

To our knowledge, this is the first study where pollen limitation of
faba bean has been experimentally explored by hand-pollinating entire
faba bean plants in crop fields. Since we did not find any evidence for
pollinator-dependency of crop productivity, we are limited in what
conclusions we can make regarding faba bean yield limitation due to
insufficient pollination. The similar positive response of open-
pollinated, bagged plus hand-pollinated and open- plus hand-
pollinated plants on beans per pod in 2019, suggests, however, that
ambient pollinator abundances were sufficient for pollen delivery and
fertilization even in simple landscapes with lower abundances of flower-
visiting bees. Bean mass per plant could have been limited by other
factors across all landscapes in both years, such as lack of water, nutri-
ents or pest control, such that insect pollination only would have a
positive effect if these other yield-limiting factors were overcome. This
would be in contrast with earlier findings that crop yields are often co-
limited by lack of pollination and other ecosystem services (Garibaldi
et al., 2018). Proportion of SNH in the landscape had no impact on any
yield components, either as a main effect or in interaction with the
pollination treatments. This suggests that the proportion of SNH mainly
was associated with pollination service delivery, but not other
yield-affecting factors such as soil fertility or pest control. Hand polli-
nation of bagged plants increased beans per pod to the levels of
open-pollinated plants in 2019, indicating that we can exclude errors in
the hand pollination method we used as a factor affecting our results.
Our results are in contrast with earlier experiments, where partial hand
pollination of open-pollinated faba bean plants in commercial crop
fields generally increased seed set of hand pollinated flowers (Free and
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Williams, 1976).

In summary, growing faba bean in complex landscapes, character-
ized by high proportions of SNH, seems to increase the supply of polli-
nation services to the crop because bumble bee abundances increase,
and the abundance of legitimate flower visitors tend to increase. Yet,
faba bean fields sown with the cultivar Tiffany, when grown under the
conditions of the current study, had no demand for insect pollination, as
lower numbers of beans per pod was compensated for by higher indi-
vidual bean weight. This is in spite of recent evidence that plants of the
same cultivar benefit from insect pollination (Raderschall et al., 2021b).
We conclude that to be able to characterize the value of pollination
services in faba bean we need a better understanding of how
pollinator-dependency varies across and within modern cultivars, and
how environmental conditions modify this pollinator-dependency
(Tamburini et al., 2019).
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