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Bees are declining, which is worrisome since they both have intrinsic conservation value and play a major role as
pollinators in both natural and managed ecosystems. Land use change and lack of suitable habitats are often
suggested as driving forces of bee decline. To propose mitigation measures to halt bee decline, it is important to
understand how land use relates to bee abundance and diversity, and to explore consequences for their provision
of pollination services. White clover, Trifolium repens, is an outcrossing mass-flowering crop, which could serve as
an abundant, although ephemeral, food resource for bees. We investigated how the bee community in 39 fields of
white clover grown for seed, related to local field management (organic, conventional without insecticides and
conventional with insecticides) and landscape context (proportion semi-natural land), and how this pollinator
community related to white clover seed set. The honey bee, Apis mellifera, was the most commonly observed bee
species, and two generalist bumble bee species, Bombus terrestris and B. lapidarius, were the subsequently most
common. We observed fewer non-Apis bees, and a lower bee species richness in organic white clover seed fields
compared to conventional fields independent of insecticide treatment. Bee species richness in both conventional
and organic fields were positively related to the proportion of semi-natural land in the landscape, likely because
of a larger species pool in such landscapes. Initial seed set in immature inflorescences was positively related to
bee abundance, whereas final seed set in mature inflorescences was unrelated to bee abundance, possibly as a
consequence of seed-eating weevils consuming a large proportion of the seeds. We conclude that both bee
visitation and seed set in white clover benefit from conventional management and that landscapes rich in semi-
natural habitats will make future crop production more resilient. The observed positive relationship between bee
abundance and initial seed set suggests that if we can mitigate pest impacts and increase bee abundance in clover
seed fields, the final seed yield can be increased. Thus, bee decline should be considered and mitigated both to
maintain biodiversity in general and for crop seed production specifically.

1. Introduction

The sexual reproduction of many plants is dependent on animal-
mediated pollination (Ollerton et al., 2011), and plant-pollinator in-
teractions are essential for seed production in both natural and
human-managed ecosystems (Kearns et al., 1998). Insects, and among
them bees, play a major role as animal pollinators (Klein et al., 2007;
Abrol, 2012; Rader et al., 2016). Abundance and distribution of
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pollinators in agricultural landscapes are to a high degree driven by land
use (Ricketts et al., 2008; Carre et al., 2009; Goulson et al., 2010; Potts
et al., 2010; Kennedy et al., 2013), including availability of flowering
crops and wild plants as food resources as well as availability of undis-
turbed habitats for nesting and hibernation (Kennedy et al., 2013;
Liczner and Colla, 2019). Pollinators need pollen and nectar from suit-
able flowers during their whole activity season (Carvell et al., 2017), i.e.
crops flowering only part of the season cannot provide sufficient food
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resources for species with longer activity periods. In intensively culti-
vated landscapes with little semi-natural areas there is often a lack of
complementary food resources, e.g. from wild flowers or a high diversity
of flowering crops, and a lack of nesting sites and material (Kennedy
et al., 2013; Vanbergen et al., 2013). Increased coverage of large and
homogenous agricultural fields is linked to declines in bee species
richness (Senapathi et al., 2015). Likewise, bee species richness de-
creases with reduced cover of semi-natural habitats, since such habitats
contribute with both bee nesting habitats and food resources (Ockinger
and Smith, 2007; Ricketts et al., 2008; Garibaldi et al., 2011).

Farmland managed organically without inorganic fertilizers or syn-
thetic pesticides supports higher levels of biodiversity compared to
conventionally managed farmland (Batary et al., 2011; Tuck et al., 2014;
Lichtenberg et al., 2017), including higher abundance and species
richness of crop-visiting bees (Kennedy et al., 2013). Inorganic fertilizers
and herbicides can reduce plant diversity and thereby reduce food re-
sources for insects (Kleijn et al., 2009; Schmitz et al., 2014). An
increased biodiversity supported by organic farms may not necessarily
translate into more visits to flowers in a pollinator dependent crop,
depending on species’ flower preference, but an increased pollinator
diversity has been shown to increase production in some crops (Mal-
linger and Gratton, 2015; Alomar et al., 2018). Local field management
can interact with the landscape context in its influence on biodiversity
(Batary et al., 2011; Kennedy et al., 2013). For example, differences in
bee abundance and species richness between organic and conventional
farmland increase with the proportion of arable land, used as a proxy for
landscape context, in the surrounding landscape (Holzschuh et al., 2007;
Rundlof et al., 2008). Thus, to understand the influence of organic
farming on mobile organisms such as bees, it is important to also
consider the landscape context.

Clover is a valuable crop in many parts of the temperate world, both
for animal feed and as green manure (Baker and Williams, 1987). White
clover, Trifolium repens, is completely dependent on insect pollination to
set seed, and is pollinated by honey bees, bumble bees and solitary bees
(Free, 1993). Mass-flowering white clover fields for seed production
have a protracted flowering period, starting in early June and lasting
until late July in southern Sweden (Lundin et al., 2017), and could serve
as an abundant food resource for bees during this time (Harris and
Ratnieks, 2022). Abandonment of clover leys as soil fertilizers with the
introduction of inorganic fertilizers has been suggested to play an
important role in the decline of bumble bees during the last century
(Goulson et al., 2005; Carvell et al., 2006; Kleijn and Raemakers, 2008;
Bommarco et al., 2012). With reports of a declining insect fauna in
general (Conrad et al., 2006; Hallmann et al., 2017; Wagner et al., 2021)
and a declining bee fauna in particular (FAO, 2008; Bartomeus et al.,
2013; Senapathi et al., 2015; Zattara and Aizen, 2021) it is of great
concern to explore how agricultural management and land use relate to
bee community composition and the pollination services that bees
provide.

Here we use data from 39 white clover fields over three years to
explore effects of local field management and landscape context on the
pollinator community, and links to seed set. In a previous study we
found that wild bee densities were higher in insecticide-treated parts of
conventional white clover seed fields compared to in organic fields, but
that pollinator abundance was unrelated to the final seed set (Lundin
et al., 2017). The seed-eating weevil pest Protapion fulvipes was instead
identified as the main cause of low seed set. Because the role of polli-
nators for seed set may be masked when seed-eating weevils consume a
large proportion of the seeds, as shown in Lundin et al. (2017), we here
aimed to also quantify seed set at an earlier crop stage, i.e. before the
major pest damage. To co-manage pests and pollinators (i.e. implement
integrated pest and pollinator management, IPPM (Biddinger and
Rajotte, 2015; Egan et al., 2020; Lundin et al., 2021)) it is important to
understand the interrelation and factors that drive both groups of or-
ganisms and their relation to crop yield (Knapp et al., 2022). Compared
to the previous study (Lundin et al., 2017), we here expand to include
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additional years of data, relate bee variables to landscape context rather
than just local management, and distinguish the relation between the
bee pollinator community and initial vs final seed set, respectively. We
ask the following specific questions:

i. Is the bee pollinator community in white clover seed fields related to
local field management, landscape context and their interaction?

ii. Are the initial or final seed sets in white clover fields related to the
bee pollinator community and the local field management?

2. Methods
2.1. Study system

Our system consisted of white clover grown for seed production and,
in line with the specific study questions, the crop plant and the seed
production may be impacted by both pests and beneficial organisms
which may respond to local management and landscape context simi-
larly or differently (Lundin et al., 2021, Knapp et al., 2022). We differ-
entiated three types of local management: organic without any
pesticides, conventional without insecticides or conventional with in-
secticides - indicating an increasing reliance on pesticides for pest con-
trol and possibility for non-target effects on beneficial insects. Landscape
context is here quantified as the proportion of arable or semi-natural
land and the bee community as bee abundance, species richness and
diversity.

We conducted pollinator surveys during three consecutive years
(2014-2016) in a total of 39 white clover seed fields in southern Sweden
(12, 14, 13 fields in 2014, 2015, 2016, respectively, Fig. 1). The white
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Fig. 1. Map of Scania (and its place in Scandinavia in upper right corner) with
study fields in 2014 (dark grey), 2015 (light grey) and 2016 (white). Open
circles represent conventional fields and circles with a cross organic fields.
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clover fields were commercially grown for seed production, of varying
size, cultivar and management practice (20 conventionally managed
with pesticides, including plots excluding insecticides (see Section 2.2),
and 19 organically managed without pesticides) (Table Al). Organic
fields had a larger size range (5-52 ha, mean = 20 ha) than conventional
fields (5-24 ha, mean = 11 ha) (Table Al). Because field size may in-
fluence pollinator abundance and diversity (Hass et al., 2018), we
accounted for this by including this variable in the statistical analyses
(see below). The distance between fields was at least 2.1 km within each
year. We made sure no other clover field was within this distance. Other
mass flowering crops usually grown in the area (oilseed rape and red
clover) do not flower at the same time as white clover. We did not ac-
count for cultivar differences, however, an earlier study suggests that e.
g. nectar production is similar among white clover cultivars (Norris,
1985). Honey bee, Apis mellifera, hives were placed by the farmers at 36
of the 39 fields, thus three fields were without added honey bees, and for
four fields we got no information on the stocking density from the
farmers (Table A1). Commercial bumble bee, Bombus terrestris, colonies
were placed by the farmers at 11 of the 39 fields (Table A1). B. terrestris
is native to Sweden, and it is the most common wild bumble bee species
in the investigated area. Note that the data on bee abundance from 2014
are the same as in Lundin et al. (2017), but here we also use data from
2015 to 2016.

2.2. Pollinator surveys

Pollinator surveys were modified Pollard transect walks (Pollard,
1975) along two 50 x 1 m transects in parallel to and 8-12 m from the
field border. In conventional fields, which in contrast to organic fields
are treated with agrochemicals, one transect was situated within a 24 x
50 m control plot excluded from insecticide treatment, and the other
transect in an adjacent plot treated as the rest of the field. Both transects
in organic fields were managed as the rest of the field. This setup, also
used in previous clover management-focused studies (Lundin et al.,
2012, 2017; Rundlof and Lundin, 2019; Knapp et al., 2022), enabled us
to not only compare organic vs. conventional management, but also
effects of the insecticide treatment within conventional fields.

Pollinator surveys were conducted on three occasions during bloom
in each transect (2014, June 9 — July 17; 2015, June 20 — July 22; 2016,
June 6 — July 12). To avoid bias due to diurnal bee activity patterns, the
same field was visited at different times of day among survey occasions.
On the majority of occasions, we collected pollinator data on days with
temperatures of at least 17°C, no more than moderate wind (<8 m/s),
and with at least 30 % sun and no rain. Exceptions were made in 8 out of
234 surveys, which were conducted during temperatures of 15-16°C.
During a survey, all flower visiting bees along the transect were counted
and collected for later identification in the laboratory, except bumble
bee queens and honey bees, which were identified directly in the field
and not collected. Honey bees and bumble bees were identified to spe-
cies level, except for B. terrestris, B. lucorum, B. cryptarum and B. magnus,
which were instead grouped into B. terrestris coll. because of difficulty to
separate the species morphologically (Murray et al., 2008). Non-Apis
and non-Bombus bee species were not identified to species but instead
grouped as “solitary bees”.

Inflorescence density was measured during each pollinator survey by
counting the number of inflorescences in bloom (>5 open florets) in
three 0.25 m? squares along each transect. A mean value from the three
squares was used as a covariate in the statistical analyses.

2.3. Initial and final seed set

To assess the initial seed set in relation to the concurrent pollinator
community, we marked three inflorescences in full bloom (>70 % open
florets) in one transect per field, directly after each pollinator survey in
2015 and 2016. In conventional fields this was done for the insecticide-
treated transect, because it represents the local management practiced
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by the farmer. We marked the inflorescences, and left them to mature in
the field for two weeks (£2 days), thereafter we collected the in-
florescences and stored them in a freezer to not lose seeds to seed-eating
pests. We later counted the number of florets per inflorescence and then
the number of seeds per pod, under a dissecting microscope, in 25
randomly picked healthy florets per inflorescence. Weevil damaged
florets, as indicated by the calyx having a bite hole (Fig. A2), were
omitted from the counts in order to exclude the effect of pests. Bite holes
from nectar robbers are in contrast to bite holes from weevils situated
higher up on the corolla and not through both the calyx and corolla,
whereas bite marks from weevils are on the calyx. Even though seeds
were unripe in these inflorescences, it was possible to separate devel-
oping seeds from undeveloped or aborted ovules due to the larger size of
the former.

To determine the final seed set, we collected fully withered, mature
inflorescences from each transect a few days before commercial harvest.
From each of 20 randomly selected inflorescences per transect we
counted the number of florets per inflorescence and counted the number
of seeds per pod in five randomly selected florets per inflorescence. We
also noted whether these florets were weevil damaged. This made it
possible to investigate the final seed set in all pods and in undamaged
pods, respectively.

2.4. Landscape context analysis

We calculated the proportions of semi-natural and arable land in a
buffer zone with 1 km radius surrounding the survey transects using
ArcGIS software 10.6 (ESRI, 2017) and a combination of land use data
from the Swedish land cover map (Nationella Marktackedata, NMD) and
agricultural crop cover data from the Integrated Administration and
Control System (IACS) from the Swedish Board of Agriculture. The 1 km
radius was chosen because it captures the foraging ranges of most wild
bees in Sweden (Kendall et al., 2022). Semi-natural land included un-
cultivated permanent grasslands that are grazed or cut, different types of
fallows, including those aimed at supporting biodiversity, and field
border areas, calculated as the perimeter length of agricultural parcels
assuming a 1 m width (see caption in Table A1 for exact codes that were
included from NMD and IACS). The grasslands in the region are gener-
ally grazed and are considered to be bee friendly (Ockinger and Smith,
2007, see also Persson et al., 2010 for a more general description of the
grasslands and land use in the region). We did not include forests as
semi-natural land as the forest cover was very low at our sites (mean =
2.4 %, median = 0.4 % in the 1 km buffer surrounding our sites). Arable
land was defined as annually tilled land grown with annual crops.
Proportion arable and semi-natural land were negatively correlated
(Kendalls tau = —0.38, z = —4.89, p < 0.001, Fig. A1), and therefore
always treated in separate statistical models.

2.5. Statistical analysis

Data analyses were performed using R version 4.1.2 (R Core Team,
2021). We performed generalized linear mixed models (GLMMs) and
linear mixed models (LMMs) using package glmmTMB (Brooks et al.,
2017) to test our hypotheses. Model validation was done following Zuur
et al. (2009, 2010), and using package DHARMa (Hartig, 2022). In
addition to checking multicollinearity in models using variance inflation
factors (VIFs), a correlation matrix, testing collinearity between vari-
ables is shown in Fig. A1l. We also tested for and found no spatial or
temporal autocorrelation in our models (using package DHARMa, Har-
tig, 2022). Covariates that were non-significant (p > 0.05) and reduced
the model fit, as determined by Akaike information criterion (AIC) and
residual patterns, were excluded from the final models. Test of signifi-
cance was obtained from type II Analysis of Deviance Table (type III was
used in case of a significant interaction) with Wald chi-square tests
(package: car, lmerTest, Fox and Weisberg, 2019; Kuznetsova et al.,
2017). Post-hoc tests, multiple comparisons between groups, were
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computed using estimated marginal means (function emmeans, and
emtrends in package emmeans, Lenth, 2022). The estimated marginal
means show the mean response for each factor, adjusted for any other
variables in the model. To visualize our results we used package ggplot2
(Wickham, 2016), multcompView (Graves et al., 2019), ggeffects
(Liidecke, 2018) and sjPlot (Liidecke, 2022).

We checked if there were any pairwise correlations between honey
bee, non-Apis bee and total bee abundance using Pearson correlation
when the assumption of normality was met, and Kendall correlation
when this assumption was not met. Using Kruskal-Wallis rank sum test,
we also tested if the landscape variables, field size or added bee hives or
colonies per ha differed depending on management.

2.5.1. Bee abundance

To investigate what affects bee abundance and to understand under
what conditions the number of flower visitors to an insect-pollinated
crop is maximized, we related bee abundance, i.e. the number of bees
per transect and year (aggregating data over survey round), as i) number
of non-Apis bees (bees other than A. mellifera), ii) number of honey bees,
and iii) total number of bees (all bees) to local management and land-
scape context using GLMMs with negative binomial distribution and log
link. The independent variables were proportion of semi-natural (or
arable) land, local management (organic, conventional insecticide-
treated or conventional untreated), year, field size, mean temperature
and mean inflorescence density during the three survey rounds, added
honey bees (yes or no) (in the models for honey bees and all bees), added
bumble bees (yes or no) (in the models for non-Apis bees and all bees),
and the interaction between local management and landscape context.
We also included the interaction between management and year to
evaluate if the results on bee abundance in Lundin et al. (2017) were
consistent across years. The reason for including the variables added
honey bees and added bumble bees was because A. mellifera hives, and to
a lesser extent B. terrestris colonies, were placed in the field by the
farmer. We chose the binary (yes or no) variable for the final models, but
also ran the same models with continuous variables for added honey
bees (hives/ha) and added bumble bees (colonies/ha) but this had to be
done on a slightly smaller dataset when the added honey bees variable
were included as we lack information on the stocking densities of honey
bee hives from four fields (where we know that honey bees were
deployed, Table A1). We present the results for these models where any
of the added bees per ha variables remained after model selection, in
Appendix B, but we also discuss the result in the main text. As pro-
portions of semi-natural and arable land were correlated, they provide
similar information on the landscape context; we therefore focus on
semi-natural land in the main text and show the result for arable land in
Appendix B. Continuous independent variables were standardized to a
mean of zero and variance of one. To account for fields having two
transects, and for fields being on the same farm between years, we added
field identity nested in farm as random variables. Although we included
inflorescence density in the models (to account for phenology differ-
ences among fields) we also confirmed that neither the inflorescence
density (chisqgs = 1.141, p = 0.29) nor the number of florets per inflo-
rescence (chisqgr = 1.782, p = 0.41) differed depending on local
management.

2.5.2. Bee species richness and diversity

From the data of observed bees, we calculated for each transect and
survey round i) species richness, i.e. the number of observed bee species
(or species groups in the case of solitary bees and B. terrestris coll.), and
ii) Shannon’s diversity index (H = — Zp;ln (p;)), using function ‘di-
versity’ in the r-package vegan (Oksanen et al., 2018), where p; is the
frequency of occurrence of each species (Shannon, 1948; Morris et al.,
2014). We used LMMs to test if bee species richness and bee species
diversity were related to local management and landscape context. The
independent and random variables were almost the same as specified for
bee abundance above. The interaction between management and year
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was however omitted here as we did not need to check for consistency
with years included in Lundin et al. (2017). Because the data were on
survey round level, we added survey round as an independent variable
and round nested within field as random variables and we used the
original temperature and inflorescence density values per transect and
survey round instead of the mean. Bee species richness and diversity was
highly correlated (r = 0.76, tgr = 17.88432, p < 0.001), and results for the
latter are therefore shown in Appendix B.

2.5.3. Initial and final seed set

To analyze how pollinator abundance and species richness (and di-
versity, in Appendix B) were related to initial and final seed set we
specified LMMs with either initial seed set, final seed set from all pods,
or final seed set calculated from only undamaged pods (average number
of seeds per pod, in all cases) as dependent variable. The predictor was
either bee abundance (separate models for abundance of non-Apis bees,
honey bees and total number of bees), bee species richness or diversity.
Local management and year were specified as independent variables.
For the initial seed set the data were on survey round level, and we
therefore added survey round as an independent variable and round
nested within field as random variables. As the final seed set was on
transect level we specified field as a random variable. The interaction
between the insect variables and year was also investigated. The inter-
action term and local management were dropped if they were non-
significant and reduced the model fit. The random variable farm, to
account for fields being on the same farm between years, was omitted as
it had very low variance (<1.14e-08), and hence had no effect on the
results for the fixed effects of the model, but reduced the model fit as
determined by inspection of residual patterns.

We tested the relationship between initial and final seed set (the
latter separately for all pods and undamaged pods) on the field level
with LMMs. Year was included as an independent variable and we also
tested if there was an interaction between year and seed set. Farm was
included as random variable. Finally, we tested if the initial and final
seed set differed depending on local management in a LMM with mean
number of seeds per pod as dependent variable. Seed set measure (initial
seed set, final seed set from undamaged pods or final seed set from all
pods), local management, year and the interaction between seed mea-
sure and management were the independent variables. As data were on
transect level, field was added as random variable to account for fields
having two transects. Farm was omitted as its variance was 0 and caused
a singular fit. Dropping it from the model had no effect on the result for
the fixed effects of the model.

3. Results

We observed 15 bee species or species groups visiting clover flowers
during 234 pollinator surveys conducted over three years in 39 white
clover fields. Of the total number of observed bees, A. mellifera,
B. terrestris coll. and B. lapidarius were most common, accounting for 68
%, 22 % and 8 %, respectively (Table 1).

The total number of bees was positively correlated to the number of
honey bees (r = 0.86, t = 14.80, df = 76, p < 0.001) and also to the
number of non-Apis bees (tau = 0.42, z = 5.38, p < 0.001). There was no
correlation between abundance of honey bees and non-Apis bees (tau =
0.069, z = 0.88, p = 0.39). When testing if proportion semi-natural land,
proportion arable land, field size, added bumble bees per ha, or added
honey bees per ha differed among management types (organic, con-
ventional untreated or conventional insecticide-treated i.e. the variables
used in the latter analyses), we found no relations except that adding
bumble bees was more common in conventional fields (Table 2, Fig. B1,
Table A1). When instead checking if the above variables differed among
conventional and organic fields (i.e. not the division of management
types used for analyses later on but the field type), we found that field
size was larger for organic fields, that organic fields to a higher degree
were surrounded by semi-natural land, and that they had less added
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Table 1

Total number of observed bee individuals per species (or species group) during
234 pollinator surveys conducted over three years in 39 white clover seed fields.
The number of surveys conducted per year was 72, 84, and 78 in 2014, 2015 and
2016, respectively.

Number of observed individuals

Year

2014 2015 2016
Species or species group
A. mellifera 2931 2456 1815
B. terrestris coll. 629 1451 271
B. lapidarius 328 423 118
B. sylvarum 5 26 15
B. subterraneus 22 6 3
B. soroeensis 14 6 2
B. hortorum 13 3 8
B. ruderarius 5 2 8
B. pascuorum 3 10 1
B. pratorum 3 1 0
B. hypnorum 1 1 0
B. muscuorum 0 2 1
B. bohemicus 0 1 0
B. rupestris 0 0 1
Solitary bee 9 14 6

Table 2

Kruskal-Wallis rank sum test results with chi-square values, degrees of freedom
(df) and p-values (p) for testing if proportion semi-natural land, proportion
arable land, field size, added bumble bees per ha or added honey bees per ha
differed among management types (Org = organic, Conv T = conventional
insecticide-treated or Conv U = conventional untreated, i.e. the variables used in
the analyses) as well as between conventional and organic fields (i.e. not the
division of management types used in analyses, but the field type). Boxplot of
raw data (with median, first and third quartiles) are shown in Fig. B1.

X y
chisqq¢ p
Management(Conv T, Conv U, Org)
Prop. semi-natural land 5.20, 0.074
Prop. arable land 2.82; 0.24
Field size 4.94, 0.085
Added bumble bees/ha 14.04, < 0.0010
Added honey bees/ha 2.80, 0.25
Management
(Conventional, Organic)
Prop. semi-natural land 5.20; 0.023
Prop. arable land 2.82; 0.093
Field size 4,94, 0.026
Added bumble bees/ha 14.09; < 0.0010
Added honey bees/ha 2.80; 0.094

bumble bees per ha as compared to conventional fields (Table 2,
Fig. B1).

3.1. Bee abundance in relation to local management and landscape
context

Abundance of non-Apis bees was related to local management, year,
field size and inflorescence density (Table 3, Fig. B2). Post-hoc tests
showed that there were more non-Apis bees in conventional insecticide-
treated and conventional untreated transects compared to organic
transects (Fig. 2a), and most bees in 2015. Number of non-Apis bees
decreased with field size and increased with inflorescence density
(Fig. 2b, ¢, Fig. B2). The non-Apis bee abundance was not related to the
proportion of semi-natural land (Table 3, Fig. B2).

Honey bee abundance was positively related to temperature and
addition of honey bee hives, but was not related to proportion semi-
natural land, management or year (Table 3, Fig. B2). The abundance
of all bees was related to the interaction between management and year,
with less bees in organic fields in 2016 compared to all other
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combinations of year and management (Table 3, Fig. 2d). The abun-
dance of all bees was also positively related to temperature and inflo-
rescence density, but was not related to proportion semi-natural land,
field size or addition of bumble bee colonies (Table 3, Fig. B2).

Models with proportion arable land as predictor showed similar re-
sults for all bee groups as proportion semi-natural land, with the
exception that inflorescence density had no effect in the “all bees’-
model, and that abundance of honey bees was positively related to the
proportion of arable land (see Appendix B1.1, compare Table 3 and
Table B1, see Fig. B2).

To investigate the effect of number of added bees (per ha) as a
continuous variable instead of a categorical variable (yes or no), we used
models on slightly smaller datasets (where the number added bees was
known) for the abundance of honey bees and all bees, respectively. We
found that the density of added honey bees was positively related to the
abundance of honey bees, but there was no effect of density of any of the
added bees on the abundance of all bees (Table B1, B2, Fig. B2). With
non-Apis bees as response variable, the added bumble bees per ha var-
iable had no effect and were removed during model selection. Differ-
ences between models using the categorical (full dataset) versus
continuous variables (smaller dataset) were for the models with honey
bees and arable land and the models with all bees and semi-natural land,
that the positive effect of field size on abundance was marginally sig-
nificant with the full dataset, but significant with the smaller dataset
(Table B1,Table 3, Table B2). For the model with all bees and semi-
natural land, the interaction between proportion semi-natural land
and management was removed during model selection when using the
full dataset, whereas the interaction remained and was significant when
using the smaller dataset (Table 3, Table B2). Post hoc test show that the
abundance of all bees in the conventional insecticide-treated plots
increased with the proportion semi-natural land in the surrounding
(Fig. B3a).

3.2. Species richness and diversity in relation to local management and
landscape context

Bee species richness was lower in transects in organic fields vs.
conventional fields no matter treatment, and positively related to semi-
natural land in the surrounding landscape (Table 3, Fig. 3). Further-
more, species richness was positively related to inflorescence density,
negatively related to increasing temperature, higher in 2015 compared
to 2016 and 2014, higher during round three than round one, and higher
when no bumble bee colonies were added (Table 3, Fig. B4). As can be
seen in Appendix B (B1.3), bee species richness was negatively related to
proportion arable land. However, when proportion arable land was the
predictor in the model instead of semi-natural land, there was no effect
of added bumble bees and there was only a difference between 2015 and
2016, with more in 2015, in all else the results were similar. When
analyzing the effect of the density of added bees instead of categorical
(yes/no) in the slightly reduced datasets, only added bumble bees per ha
remained after model selection and only in the model with semi-natural
land as predictor. Added bumble bees per ha had a negative relation to
species richness (Table B2, Fig. B2). A difference between the model
with the categorical vs continuous variable was that the negative rela-
tionship between temperature and species richness was significant in the
former, but only marginally significant in the latter (Table 3, Table B2).

Bee diversity showed similar results to bee species richness (see
Appendix B, B1.4), however, in the model with semi-natural land as
predictor, there was no relation to added bumble bees, and in the model
with arable land as predictor there was no effect of management and a
negative relation to field size. For models including added bees as
continuous variables, only added honey bees per ha remained (of the
added bees variables) after model selection in the model with semi-
natural land as predictor. Shannon diversity had a negative relation-
ship with the density of added honey bee hives per ha (Table B2,
Fig. B4). Differences between the model with the categorical vs
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Statistical results with chi-square (chisq), degrees of freedom (df) and p-values, for bee abundance (non-Apis bees, honey bees and all bees) and species richness in
relation to proportion semi-natural land, local management (organic, conventional insecticide-treated, conventional untreated), year, field size, ambient temperature
and inflorescence density in transects, presence of commercial bumble bee colonies (yes or no), presence of managed honey bee hives (yes or no), round (survey round
one, two, three), interaction between proportion semi-natural land and management (mgmt.), and interaction between management and year. For abundance models,
where data was on year level, round was not relevant (“-“) and the mean temperature and inflorescence density per year and field was used. Terms that were non-
significant and reduced the model fit (as determined by AIC, BIC and residual patterns) were excluded from the final model and are not shown (blank cells). Sta-
tistically significant p-values (< 0.05) are shown in bold. Regression coefficients with confidence interval are shown in Fig. B2.

Abundance Species richness

Non-Apis bees Honey bees All bees

chisqqr p chisqqr p chisqqe p chisqqr p
Prop. semi-natural land 0.49, 0.48 0.58, 0.45 2.47, 0.12 6.33,; 0.012
Management 7.17, 0.028 0.14, 0.93 2.64, 0.27 15.41, < 0.0010
Year 66.92, < 0.0010 5.51, 0.064 0.53; 0.77 19.70, < 0.0010
Field size 5.64; 0.018 3.26; 0.071
Temperature 9.15; 0.0025 17.92, < 0.0010 4.18; 0.041
Inflorescence density 10.67; 0.0011 6.09; 0.014 18.71; < 0.0010
Added bumble bees - - 1.45; 0.23 5.32; 0.021
Added honey bees - - 23.34; < 0.0010
Round - - - - - - 6.61; 0.037
Prop. semi:Mgmt.
Management:Year 18.144 0.0012

continuous variable were that the positive effect of proportion semi-
natural land was significant in the former, but not in the latter, man-
agement was significant in the former but only marginally significant in
the latter, whereas field size was not significant in the former but was in
the latter (Table B2).

3.3. Seed set

Initial seed set was positively related to the abundance of honey bees
and all bees (Fig. 4a, b), but not related to the abundance of non-Apis
bees or bee species richness (Table 4). Initial seed set differed between
years (Table 4), with more seeds in 2015 compared to 2016. Survey
round was related to initial seed set only in the model with all bees
(Table 4), with more seeds in round three compared to both round one
and two. Final seed set was, however, not related to either bee abun-
dance or species richness (Table 4). Initial seed set was positively related
to final seed set, but only in 2016 (Seeds:Year chisqqr = 6.69;, p =
0.0097, Fig. 4c). The relationship between initial seed set and final seed
set only from undamaged pods was also positive (chisqgs = 14.411, p <
0.001, Fig. 4d), but there was no influence of year (chisqqs = 0.491, p =
0.49).

Final seed set was, in contrast to initial seed set, only related to local
management, and not to bee abundance or any other variable (Table 4).
Posthoc tests showed that final seed set was highest in insecticide-
treated conventional transects, intermediate in untreated conventional
transects and lowest in organic transects (Fig. 5a). Similar results were
obtained for final seed set from undamaged pods only, but here year was
also influential (Table 4). For final seed set in undamaged pods, post hoc
tests showed that seed set was higher in both conventional treated and
untreated transects compared to organic transects (Table B4).

Neither initial nor final seed set were related to bee diversity (see
Appendix B1.5 and Table B3).

We also compared the different seed set measures (initial seed set,
final seed set in all pods, and final seed set in only undamaged pods)
between local management practices and found that there was an
interaction between management and seed set measure (chisqgs =
12.435, p = 0.0020), and an influence of year (chisqgs = 15.761, p <
0.001). Post-hoc tests showed that final seed set in all pods in organic
fields was lower than all other seed set measures, and that final seed set
in undamaged pods was higher in conventional fields than all seed set
measures in organic fields (Fig. 5b). There was no difference between
initial seed set and final seed set in undamaged pods in organic fields, no
difference in initial seed set between organic and conventional fields,

and no difference between any seed measures in conventional fields
(Fig. 5b).

4. Discussion

We observed fewer non-Apis bees, i.e. bumble bees and solitary bees,
and a lower bee species richness in organically managed fields compared
to both in insecticide-treated and untreated plots within conventional
fields in our three-year study in white clover seed fields. Bee species
richness increased with the proportion of semi-natural land in the
landscape, independent of local management. We found that initial seed
set, i.e. in inflorescences collected early in the flowering season before
major damage by seed-eating pest weevils, was positively related to
honey bee and total bee abundance, but we found no such relationship
for final seed set, i.e. when both pollinators and pests had affected the
seed set.

4.1. Bee abundance, management and landscape context

Our results are in contrast to a global meta-analysis, which found
that organic field management increased bee abundance in crop fields
(Kennedy et al., 2013). In line with our previous two-year study in white
clover fields (Lundin et al., 2017), we found a lower abundance of
non-Apis bees in organic fields compared to conventional fields. In
addition, we found that the total number of bees was lower in organic
fields in 2016 than in any other management and year combination. We
have previously suggested that the lower non-Apis bee abundance in
organic white clover fields is related to bees being deterred by
pest-damaged flowers, as the main pests were more common in organic
fields compared to insecticide-treated conventional fields (Lundin et al.,
2017). Asin Lundin et al. (2017), surveys of the main seed-eating weevil
pest (P. fulvipes), confirmed that there were more pests in organic fields
compared to conventional insecticide-treated fields, but no difference in
pest abundance between organic and untreated conventional plots
(Hederstrom et al., 2022).

The higher abundance of pests in conventional untreated compared
to insecticide-treated plots, while non-Apis bee abundance was equally
high in both treatments, indicates that the lower bee abundance in
organic fields cannot be fully explained by higher pest abundance.
Possible factors explaining the lower non-Apis bee abundance in organic
compared to conventional fields, which could be explored further, are
differences between organic and conventional management in crop
fertilization and crop growth regulation by cutting, which might affect
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Fig. 2. Bee abundance in relation to local management, field size and inflorescence density. Model estimated means and confidence limits (95 %) for number of non-
Apis bees in relation to (a) local management, (b) field size, (c) inflorescence density, and (d) total number of bees per transect in relation to local management and
year (Org = organic, Conv U = conventional untreated, Conv T = conventional insecticide-treated). Pairwise comparisons of estimated means are indicated by letters
in (a) and (d). Means sharing a letter are not significantly different (p >0.05). Continuous independent variables were standardized to mean zero and variance one.

Raw data shown as dots.

inflorescence attractiveness for non-Apis bees, e.g. through alteration of
nectar rewards, or surrounding flower resources on the farm. However,
studies in red clover seed fields and of B. terrestris colonies indicate that
inflorescence nectar production was not linked to insecticide treatment
and that colonies grew equally large independent of local field man-
agement (Knapp et al., 2022). A more likely explanation for the lower
numbers of bees detected in the organic white clover fields, could be the
presence of preferred alternative foraging habitats around the field and
in other fields on the farm, such as flower rich field borders, which are
known to harbor floral and nesting resources for pollinators (Petersen
etal., 2006; Williams and Kremen, 2007), or organically managed cereal
fields which hold higher flower abundance than conventional equiva-
lents (Holzschuh et al., 2007; Rundlof et al., 2008; Carrié et al., 2018),
both driven partly by lack of herbicide use in organic farming. Such
flower resources could compete for flower visitors and create dilution in
that clover field, similarly to a high proportion of mass-flowering crops
in the landscape (Holzschuh et al., 2016). However, in this study the
flower density in field borders or surrounding habitats was not

measured, and neither did we assess bee abundance or richness outside
the white clover fields, but we encourage this in future studies. A similar
dilution effect could be caused by the larger field size of organic
compared to conventional white clover fields. This is supported by our
analysis, where we found decreasing abundance of non-Apis bees with
increasing field size. Similarly, Hass et al. (2018) found that increased
field border density (as a result of smaller fields), had a strong positive
effect on wild bee abundance. Although some bumble bee species and
honey bees can forage over several kilometers, optimal foraging theory
and observations suggest that most bees forage close to their nest
(Heinrich, 1975; Walther-Hellwig and Frankl, 2000) and that realised
foraging ranges are much smaller than potential foraging ranges in bees
(Kendall et al., 2022). A larger field may have increased the distance
from our transects to the bee nests, but it may also have diluted the bees
over the larger flowering area (Holzschuh et al., 2016). Our observed
abundances may hence reflect attraction, concentration and dilution
effects (Persson and Smith, 2013) rather than population densities.
Moreover, the addition of honey bee colonies, both when analyzed as
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proportion semi-natural land. Proportion land is standardized to mean zero and variance one. Pairwise comparisons of estimated means are indicated by letters in a,
with means sharing a letter not significantly different (p > 0.05). Raw data shown as dots.

a categorical or continuous variable, increased the abundance of honey
bees visiting clover flowers in the fields, but it did not have an effect on
the total abundance of bees, neither did the addition of bumble bee
colonies. The positive relationship between local honey bee hive pres-
ence or densities and honey bee abundance in the crop fields is expected,
but far from universal (see Eeraerts et al., 2023 and references therein),
and could in our case be a result of white clover being a preferred
foraging resource. Honeybee abundances was also positively related to
the proportion agricultural land in the landscape, which could be
because beekeepers place more hives for honey production or crop
pollination in landscapes with more agriculture and flowering crops.
Addition of commercial bumble bees was not important for the abun-
dance of non-Apis bees either. These results were independent of if we
compared the presence vs. absence of added bees or the density of the
added bees, suggesting that the addition of bumble bee colonies as
practiced by some of the farmers has a limited effect on bumble bee
flower visitation in the crop. This study was not designed to explore the
management of commercial honey bees and bumble bees and how it
relates to crop pollination, but this is an interesting topic for future
studies.

4.2. Bee species richness

In line with the results for bee abundance, bee species richness was
also lower in organic compared to conventional fields. Similar to as
suggested for non-Apis bee abundance, the negative effect of organic
field management on bee species richness might be explained by more
preferable bee foraging habitats outside the organic compared to con-
ventional fields. Moreover, we found that species richness was positively
related to the proportion of semi-natural land within 1 km. Our finding
of bee species richness with proportion of semi-natural land is in line
with previous studies (Ricketts et al., 2008; Garibaldi et al., 2011;
Rundlof et al., 2008). Semi-natural habitats provide flower resources
and nesting habitats and can therefore harbor more species, which can
then disperse into agricultural areas (C)ckinger and Smith, 2007). If the
negative effect on species richness from added bumble bees is due to
competition between wild and managed bees, needs to be further
explored. Honey bees have been shown to compete with wild bees
(Bommarco et al., 2021; Herbertsson et al., 2016), and there are many
examples of when introduced B. terrestris compete with native bees

(Mallinger et al., 2017; Iwasaki, Hogendoorn, 2022). Furthermore,
bumble bees have been shown to displace other insects through
exploitative competition (Wignall et al., 2020), and it is therefore
possible that also managed bumble bees within its native range compete
with wild bees.

4.3. The influence of bee abundance and species richness on seed set

White clover is dependent on pollinating bees in order to set seed and
therefore a sufficient number of pollinators or a species rich pollinator
community may increase or stabilize seed yield in case some species are
more efficient pollinators or more tolerant to unfavorable weather
conditions. We have previously found that pest damage and not polli-
nator abundance is the most important yield-limiting factor in white
clover seed production (Lundin et al., 2017). Here we were able to
separate the effect of pollinators from that of seed-eating pests by further
exploring the earlier stages of seed set leading up to final yield. We found
a positive influence of honey bee and total bee abundances on initial
seed set, but in accordance with our previous study, we found no such
relationships with final seed set. A higher initial seed set does not
necessarily result in a higher final seed set, even in the absence of
seed-eating pests, due to e.g., seed abortion (Bos et al., 2007). However,
final seed set, measured as mean number of seeds per pod in all pods,
both from pods damaged and not damaged by seed-eating weevils, was
lower than initial seed set in organic fields, but there was no difference
between initial seed set and final seed set in undamaged pods only. This
indicates that the lower final seed set (in all pods) is caused by seed
consumption by weevils, and not due to seed abortion. The higher final
seed set in undamaged pods observed for conventional fields compared
to organic fields could be caused by indirect effects of weevil damage (e.
g. pest damage weakening the plants, or redistribution of resources away
from damaged inflorescences; Haas and Lortie, 2020).

Although our results suggest that an increased pollinator abundance,
in addition to pest damage, contribute to seed set, a higher bee abun-
dance will only translate into a higher final seed set if the pests are
controlled. Indeed, pollination benefits are often enhanced under
effective pest control (Tamburini et al., 2019), speaking for the benefits
of co-managing pests and pollinators (Lundin et al., 2021). An alterna-
tive explanation as to why bee abundance is related to initial but not
final seed set is that the initial seed set had a more direct link to the
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Fig. 4. Seed set. Model predicted means and confidence limits (95 %) for initial seed set in relation to (a) abundance of all bees and (b) honey bee abundance, and (c)
final seed set in all pods depending on initial seed set, (d) final seed set in undamaged pods depending on initial seed set. Raw data shown as dots.

pollinator community that was observed during pollinator surveys, as it
relates to flowers that were fully open at the time of surveys. Final seed
set, however, as measured here is a result of the pollinator activity
during the entire flowering season, and this pollinator activity might not
be fully captured by only three pollinator surveys at each field. To
further explore this it would be interesting to measure the final seed set
in addition to the initial seed set in inflorescences marked during
pollinator surveys.

Bee species richness or diversity did not affect initial seed set. This
result potentially reflects that the most common species in our study —
short-tongued honey bees and B. terrestris and B. lapidarius — are effective
pollinators in white clover (Free, 1993), and that the addition of a few
individuals of the rare long-tongued species did not improve seed set.
Bumble bees can be slightly more efficient pollinators due to visiting
more white clover florets per time unit, but less effective due to lower
abundances compared to honey bees (Howlett et al., 2019). The most
abundant species often contribute the most to crop pollination, as shown
by Kleijn et al. (2015). It is possible that diversity of pollinators could
have some influence on seed yield, such as in the case of summers with

low temperature, as honey bees are more sensitive to cold weather than
bumble bees (Lundberg, 1980; Corbet et al., 1993). Our analyses showed
that temperature positively influenced both honey bee and total bee
abundance. Several studies on other crops highlights the importance of a
diverse pollinator fauna for increased seed set (Mallinger and Gratton,
2015; Alomar et al., 2018; Katumo et al., 2022).

4.4. Conclusions

In conclusion, we found that bee abundance and species richness in
mass-flowering white clover fields was influenced by local management,
and species richness also by landscape context. While this crop is a food
resource for bees, our study does not support that organic management
favors bee abundance and species richness in white clover seed fields.
On the contrary, we found that bee abundance and species richness is
lower in organic fields, possibly caused by presence of preferred alter-
native foraging habitats around organically managed fields, or less
rewarding inflorescences within organic fields due to differences in
management practices. It should be pointed out that we investigated
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Table 4

Initial seed set, final seed set in all pods and final seed set in undamaged pods
(mean number of seeds per pod) in relation to non-Apis bee abundance, honey
bee abundance and total bee abundance, year, survey round and management
(organic, conventional untreated, conventional insecticide-treated), showing
model results obtained from type II Analysis of Deviance Table, with Wald chi-
square tests. Terms that were non-significant and reduced the model fit (as
determined by AIC and residual patterns) were excluded from the final model
and are not shown. Round was not relevant for final seed set. Statistically sig-
nificant p-values (< 0.05) are shown in bold.

Bee abundance Initial seed set Final seed set, all Final seed set,

and species pods undamaged pods
richness
chisqar p chisqqe p chisqqr p
Number of non-
Apis bees
Abundance 3.15; 0.076 0.00, 0.99
Year 9.45; 0.0021 2.63, 0.27 11.75, 0.028
Round 4.67, 0.10 - - - -
Management 36.51, < 14.54, <0.0010
0.0010
Number of
honey bees
Abundance 4.48, 0.034 0.47, 0.49 0.571 0.46
Year 23.92; < 5.14, 0.077 9.78, 0.0074
0.0010
Round 4.964, 0.084 - - - -
Management 39.43, < 14.04, <
0.0010 0.0010
Total number of
bees
Abundance 4.99; 0.026 0.39, 0.53
Year 15.56; < 3.27, 0.20 11.75, 0.0028
0.0010
Round 9.14, 0.010 - - - -
Management 36.89, < 14.54, <
0.0010 0.0010
Species richness
Species richness 1.51, 0.22 0.20, 0.66 0.00, 0.95
Year 16.62; < 5.85; 0.054 11.05, 0.0040
0.0010
Round 5.74, 0.057 - - - -
Management 40.664 < 14.49, <
0.0010 0.0010
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effects on a relatively restricted pollinator community dominated by
honey bees (managed) and bumble bees in a single mass-flowering crop,
and as such our results do not support that pollinator diversity overall is
lower on organic farms. Despite the lack of a connection between bee
abundance and the proportion of semi-natural land, we found that bee
species richness was positively related to the proportion of semi-natural
land in the landscape, independent of management. Although seed-
eating pests rather than pollinators currently determine seed yield in
white clover seed production (Lundin et al., 2017), we detected a pos-
itive relationship between bee abundance and initial seed set i.e. in
flowers collected prior to most seed consumption by pests. This suggests
that seed yield can be increased if actions can be implemented that in-
crease bee abundance and control pests in the clover seed fields. The
threat of a declining bee fauna should be taken into consideration both
for the sake of the crop seed production and for a stable biodiversity in
general. By increasing the amount of semi-natural land in the area sur-
rounding clover fields we could support a diverse wild bee community
and ensure resilient future crop production.
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