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A B S T R A C T   

Agri-environmental policies aim to reverse the degradation of ecosystem services in rural landscapes by 
implementing biodiversity-based land-use solutions. One such agri-environmental measure is the contract for 
bee-forage fields in Estonia. We developed a multi-site experiment to estimate the effect of plant diversity on the 
quality properties of flower-based services, such as flowering duration (indicating functional stability) and the 
foraging activity of insect pollinators (indicating functional intensity). Each site consisted of eight randomly 
ordered strip-segments forming a flower diversity gradient. 

The period of abundant flowering was longer in all kinds of species mixture than in monocultures. However, 
the foraging activity of honey bees and bumblebees was greatest in monocultures and in a low-diversity mixture, 
while a balanced high-diversity mixture was least attractive. Foraging activity was lowered when an abundant 
melliferous plant species was flowering within a high-diversity mixture (i.e. high species richness, but low 
evenness). The extended flowering of species mixtures did not compensate for the lower daily visitation rate. 

We challenge the largely biodiversity-oriented agricultural policy designs. This case study provides evidence 
that plant species richness is not a comprehensive indicator of the service provision quality of an ecosystem. 
Specifically, low-diversity flower areas are the best foraging sites for bees and other flower visitors. A field 
mosaic of various monocultures and low-diversity mixtures seems to be the ecologically most efficient rural 
landscape design to support bees and other potential pollinators. Suggested and marketed pollinator-oriented 
seed mixtures should be quantitatively tested for ecological efficiency.   

1. Introduction 

Ecosystem services in rural landscapes ensure quality of life in 
human societies (Costanza et al., 1997), but their long term sustain-
ability is threatened by the degradation of ecological networks (Billeter 
et al., 2008; Cardinale et al., 2012; Emmerson et al., 2016). Pollinator 
declines have received particular attention among the public and in 
policy developments (Potts et al., 2010; Hall and Martins, 2020). The 
replacement of traditional natural forage habitats with short-rotation 
crop areas is considered the most visible cause of pollinator declines 
(Biesmeijer et al., 2006; Scheper et al., 2014; Jones et al., 2021). Eu-
ropean agri-environmental policy aims to reduce land use damage by 
implementing nature-oriented solutions (Dicks et al., 2014; Pe’er et al., 
2014; Geijzendorffer et al., 2017), including measures to recover the 
forage basis for pollinators, such as flower-rich field margins or fields of 
melliferous flower crops (also called bee-crops) (Haaland et al., 2011; 

Buhk et al., 2018; Kolkman et al., 2022). In Estonia, the earlier agri- 
environmental measures program (2015–2022) and the present eco- 
schemes program (since 2023) include an optional contract for 
farmers to establish flower-crop fields for honey bees (Runge et al., 
2022). This contract obliges farmers to cultivate at least three different 
flower species as monocultures or as a mixture, which should form a 
continuously flowering forage conveyer during an extended season 
(Runge et al., 2022). The primary (official) aim of these flower fields is 
to improve the forage basis for honey bees, with the expectation that this 
increases the production of honey and beebread (i.e., provisional service 
of flowers mediated by honey bees), and improves the maintenance 
forage basis for bee colony health in flower poor seasons. A secondary 
aim of the contract reflects the expectation that many wild pollinators 
also benefit from these flower rich areas as a supplementary forage basis 
(Evans et al., 2018). The enhanced forage basis of honey bees, wild bees 
and other insect pollinators is expected to result in improved regulative 
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services, such as the pollination of crops (Garibaldi et al., 2013; Barto-
meus et al., 2014; Kleijn et al., 2015) and native plant species (Porto 
et al., 2020; Su et al., 2022). However, the degree to which mono-
cultures and flower mixtures with different diversity levels provide 
efficient forage sources has not been precisely estimated, meaning that 
cost-efficient design of flower areas is still under development. Here, we 
provide an empirical test of the effect of flower diversity on forage 
provision quality for various insect pollinators. 

As with any other ecosystem service, flower service has three main 
properties defining its quality: functional diversity, functional stability 
and functional intensity (Kütt et al., 2018) (also summarised in Fig. S1). 
In ecological theory and the design of environmental policy, biodiversity 
is considered one of the best target indicators (Balvanera et al., 2006; 
Isbell et al., 2011; Herzon et al., 2018; Elmiger et al., 2023) because it 
associates well with the stability of ecosystem service provision (service 
duration and resilience to disturbance), which itself is explained via 
increased functional diversity of service providers (Tilman and Down-
ing, 1994; Tilman et al., 1997; Yachi and Loreau, 1999; Isbell et al., 
2011). However, beyond functional stability and functional diversity, 
the functional intensity of a service is also an important feature. Simple 
examples of functional intensity include biomass productivity, plant 
height, flower functional size and leaf photosynthetic activity, but also 
the aesthetic value of a community. The relationship between biodi-
versity and the functional intensity of an ecosystem is generally ex-
pected to be positive, either linear or curved, with saturation at a 
medium level of diversity (Loreau et al., 2001; Cardinale et al., 2011), 
but the trend can theoretically also be concave (Paul et al., 2020). The 
non-linear form may be explained by the misleading scale extension 
generated by biodiversity indicators (e.g. species richness), which over- 
emphasizes the role of rare or subordinate species in the community 
(Diaz and Cabido, 2001; Kütt et al., 2016), while most of the service is 
provided by a small subset of (co–)dominant species. This is called 
functional redundancy among species (Carreck and Williams, 1997; de 
Bello et al., 2012; Liira et al., 2019). Discussion about the type and shape 
of the relationship between biodiversity and the service provision in-
tensity is ongoing, because there is a deficit of true quantitative case 
studies and experiments (Kremen et al., 2007; Kleijn et al., 2015). Here, 
we provide empirical data to help fill this knowledge gap. 

Species-rich habitats and ornamental flower mixtures are aestheti-
cally valued (Junge et al., 2009; Sidhu and Joshi, 2016; Hoyle et al., 
2018), but the human perspective can be a biased indicator of pollinator 
perception (Wood et al., 2015; Kütt et al., 2016; Kütt et al., 2018). There 
exists ambivalence among beekeepers and farmers about the functional 
value of these flower areas, the species and mixtures used, and certain 
management aspects (Mante and Gerowitt, 2007; Breeze et al., 2019). 
Pollinator-oriented, species-rich flower seed mixtures are also costly 
(relative to the cost of common flower crops), and mixed flower areas 
can be complicated to maintain (Otto et al., 2017; Scheper et al., 2021). 
Even bee-oriented flower mixtures do not always account for the 
behavioural peculiarities of social pollinators (Carreck and Williams, 
1997, 2002; Alanen et al., 2011; Rundlöf et al., 2014) and may not be 
sufficiently seasonally adjusted (Carreck and Williams, 1997; Ebeling 
et al., 2008; von Königslöw et al., 2022). The foraging activity of various 
pollinator groups is known to be dependent on the abundance of flowers, 
and the shape of the relationship is taxon specific (Sih and Baltus, 1987; 
Ebeling et al., 2008; Jha and Vandermeer, 2009). For example, while 
social pollinators tend to focus on some resource rich flower patches 
(Hegland and Totland, 2005; Venjakob et al., 2016; Marja et al., 2018), 
wild solitary pollinators usually disperse between different sources (Sih 
and Baltus, 1987; Ebeling et al., 2008; Jha and Vandermeer, 2009). A 
diversity of simultaneously flowering plant species at a site can create a 
distraction for flower-visiting foragers (Kunin 1993; Otto et al., 2017; 
Albor et al., 2019). In many studies of flower areas, analyses have also 
struggled to differentiate between the effect of plant species diversity, 
effects of flower abundance, and confounding environmental conditions 
(Hegland and Boeke, 2006; Ebeling et al., 2008). Therefore, objective 

experimental evidence about the functional efficiency of bee-crop areas 
and of flower mixtures is still required. 

Our objective was to quantify the effect of biodiversity on the pro-
vision quality of an ecosystem service, and specifically on the functional 
stability and functional intensity of the service. We designed a multi-site 
field experiment where we estimated the flowering duration and 
foraging activity of insect pollinators along a diversity gradient of 
melliferous plants (bee-crops). We assumed that the number of weeks 
with abundant flowering is a robust indicator of service provision sta-
bility, and the number of flower-visiting insects is a robust indicator of 
the flower service intensity. At each site, flowering strips of similar size 
represented different levels of diversity and simultaneously competed 
for the attention of insect pollinators, reducing the effect of confounding 
contextual factors (e.g. landscape structure). We tested the working 
hypothesis (Hypothesis 1) that the flowering duration and foraging ac-
tivity of insect pollinators both have a positive saturation-type rela-
tionship in response to increasing plant species diversity, as predicted by 
the theory of functional redundancy and emphasizing that the service 
provision is driven by the subset of species. To more sensitively quantify 
the shape of the relationship and assess the role of functional redun-
dancy (i.e. the leading role of dominant service providers), we addi-
tionally tested another working hypothesis. Hypothesis 2 stated that if 
the main service provider effect prevails then the functional response of 
the flower community with an abundant species and many subordinate 
species (i.e. high species richness but low diversity) should not differ 
from the service level provided by a monoculture. An alternative 
outcome within this hypothesis would be that the diversity of neigh-
bouring plant species complements the functionality of the dominant 
species and the service quality of this community is similar to the level 
observed in a high-diversity flower mixture (high species richness, di-
versity and evenness). We tested both hypotheses using two levels of 
analysis: (i) with a theoretical focus on the effect of diversity and (ii) 
with an applied focus on particular treatments to promote knowledge 
among end-users. When estimating functional intensity, we separately 
addressed three groups of flower visiting insects (potential pollinators): 
honey bees, bumblebees and other conspicuous insect pollinators (i.e. 
solitary bees, syrphids and butterflies in combined), because the shape 
of the activity-diversity relationship may differ between these groups as 
a result of their social and synecological behaviour. 

2. Material and methods 

2.1. Experimental design 

Experimental sites were mostly distributed over an area of approxi-
mately 75 × 75 km in south-eastern Estonia; a smaller number of sites 
were located further to the north and west (maps Fig. S2). We carried out 
two rounds of single-season experiments, in 2021 and 2022. When 
positioning experimental sites in the landscape, we considered the 
criteria used in the Estonian agri-environmental contract for bee forage- 
crop areas (legislative information for the period 2014 – 2020 https 
://www.riigiteataja.ee/akt/106102022003; and for the period 2023 – 
2027 https://www.riigiteataja.ee/akt/118042023011). Accordingly, 
most sites were positioned in agricultural landscapes, near groups of 
honey bee hives. We used the margins of spring-sown crop fields, 
ploughed or otherwise prepared for the crop. Sites were positioned at a 
distance between tens and several hundred meters from the nearest 
group of hives, as the contract criteria prescribe. Group size varied, and 
sometimes there were fewer than the prescribed minimum of ten hives, 
but the minimum (two – three hives) was more than sufficient for the 
purposes of the experiment. It was also expected that hive locations 
indicate suitable forage landscapes for natural pollinators, as bee 
keepers typically search carefully for the best flower-rich landscapes 
(Evans et al., 2018). The role of honey bees as potential suppressors of 
native pollinators is still under discussion (Butz Huryn 1997; Paini 2004; 
Mallinger et al., 2017), and it is notable that neutral or positive 
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correlations between honey bees and wild pollinator abundances can 
also be found (Garibaldi et al., 2013; Evans et al., 2018). Maps of crop 
fields and hive groups were obtained from the Agricultural Registers and 
Information Board of Estonia (Map server https://kls.pria.ee/kaart), and 
the early-season status of fields was assessed using Copernicus Sentinel- 
2 satellite images provided by the Estonian Land Board ‘Satiladu’ service 
(https://satiladu.maaamet.ee). In total, 42 experimental sites were 
initiated, but only 33 of them reached an acceptable stage for the survey 
of pollinator foraging activity (18 sites in 2021 and 15 sites in 2022). 
Most individual sites were used only in a single year because of the crop 
rotation in these fields. A few test sites were initiated in the botanical 
gardens of Tartu and Tallinn for the additional purpose of public 
dissemination. 

Using field maps publicly available at the Agricultural Registers and 
Information Board of Estonia (Map server https://kls.pria.ee/kaart) and 
topographic land cover maps from the Estonian Land Board (https://m 
aaamet.ee), we estimated land use within a 3 km radius of each site 
(the average foraging range of honey bees) (Beekman and Ratnieks, 
2000; Steffan-Dewenter and Kuhn, 2003). An average experimental site 
was surrounded by 35% of forest, woodland or shrub land, 33% of 
agricultural land and 18% of garden, yard or other anthropogenic 
habitat (see Table 1 for details). Various types of wetland were rare 
(1.3%), and semi-natural (potentially flower rich) grasslands were small 
and scattered. In the year of the experiment at each site, summer- 
flowering crops of potential interest to pollinators covered on average 
4% of the landscape. Most commonly, these summer-crops were 
conventionally-managed fields with spring oil seed rape or rapeseed and 
field mustard (Brassica napus and Brassica rapa), buckwheat (Fagopyrum 
esculentum) and field bean (Vicia faba), or green fallow areas with 
Trifolium sp. and Medicago sp.. During visits to sites, we observed that the 
main mass-flowering honey bee forage plants in surrounding natural 
habitats were Aegopodium podagraria, Athriscus sylvestris, Epilobium 
angustifolium, Filipendula ulmaria and Rubus idaeus. Among woody 
vegetation, Tilia species, hybrids and varieties growing in ornamental 
areas were the main competing attractors. 

We developed an original experimental design that allowed polli-
nators to choose between different diversity treatments at individual 
sites, thus minimizing site-specific effects of landscape composition, soil 
conditions and weather. At each site, we created a diversity gradient 
using eight treatments. Seeds were sown in excess into consecutive 10 
cm wide × 10 m long strip sections in a random order, leaving one-meter 
breaks between treatments, producing a ca 90 m experimental strip 
(Fig. S3). The long and narrow strip design makes the detection and 
counting of flower visitors very time efficient. We tested such a design in 
previous years and found it to be effective for attracting honey bees, 
bumblebees and other pollinators (unpublished trials from two previous 
years with various species and seed mixtures). 

The treatments consisted of three different monocultures, one low- 
diversity mixture of the same three species, and four different high- 
diversity mixtures. Among the high-diversity treatments, one treat-
ment consisted of a high-diversity mixture with balanced species pro-
portions – this was the treatment with highest diversity (high species 
number and high evenness). The other three high-diversity treatments 
had one forage species as a (co–)dominant (the same species used in 
monoculture), meaning high species number but with lower evenness of 

species. This was needed to precisely test the effect of diversity on 
foraging activity in the high species richness conditions. We used borage 
(Borago officinalis), cornflower (Centaurea cyanus) and lacy phacelia 
(Phacelia tanacetifolia) in the monoculture treatments; their mixture as 
the low-diversity mixture treatment; and all three as dominants in the 
high-diversity mixture varieties. The treatments of high-diversity mix-
tures with a dominant were completed by combining each dominant 
with a balanced high-diversity seed mixture. The balanced high- 
diversity seed mixture contained a combination of several commer-
cially available pollinator-oriented annual flower mixtures. Species-rich 
seed mixtures were selected based on the product information indicating 
that the mixture had a specific quality to attract bees and consisted only 
of flower species (mixtures with grasses were not used). Some of the 
commercial mixtures were described as consisting of ‘wild plant spe-
cies’; however, the component species listed on the package or the 
species that emerged in the field did not necessarily support this: most 
were common ornamental species from European gardens or cultivated 
varieties of native species (e.g. cornflower varieties of various colour or 
sometimes with double-blossoms). All seeds for monocultures and 
mixtures were obtained from various European seed companies and then 
combined before sowing to homogenise the genetic diversity within 
species and to reduce differences between suppliers in the choice of 
species and varieties in mixtures. Producer details are not revealed here 
to retain assessment neutrality. To our knowledge, none of the seeds 
were treated with pesticides or germination enhancers. We used an 
extended sowing campaign from mid-May to mid-June to minimise 
simultaneous survey failure due to an unpredictable period of unsuitable 
weather in summer. 

We observed the flowering status of each treatment weekly to ac-
count for the effect of flower abundance on forage attractiveness (Sih 
and Baltus, 1987; Ebeling et al., 2008; Jha and Vandermeer, 2009). We 
recorded blooming abundance using a robust five-grade system, where 
three main levels form the backbone: grade one as the onset of the first 
flowers or the last flowers, grade three as relatively abundant blooming 
and grade five as the mass-flowering; the two other levels are used as 
intermediate states for interpretational backup and were recorded with 
comments for later standardisation. The relatively abundant blooming 
stage (grade 3) was defined by the presence of at least three blooming 
plants per meter of the treatment section. The mass-flowering stage 
(grade 5) indicated that most plants were in bloom (in species-rich 
mixtures this was observed at least in the upper layer). This grading 
approach was considered optimal because the experiment consisted of 
plant species with very different flower sizes, inflorescence structures 
and plant heights, meaning that detailed estimates of flower display 
areas or number of flower units would have been very challenging to 
estimate and would have had a large error rate (which we found in 
preliminary trials). Furthermore, frequent counting (e.g., weekly) of 
flowers would have imposed an enormous extra work burden. 

The foraging activity of pollinators was monitored once per week in 
sunny or partially cloudy conditions; rainy or very overcast conditions 
were avoided. The main monitoring time was between 12:00 and 17:00. 
We tested the optimal survey timing in preliminary trials during the two 
years prior to the experiment, and also made occasional repeat surveys 
of the same experimental sites, at earlier or later times of the same day. 
All assessments indicated lower activity of all pollinators outside the 
main survey time (unpublished data). Each 10 m section of the strip was 
surveyed for three to five minutes with slow movement along the strip, 
and pollinators that made contact with a flower or inflorescence were 
counted as visitors. Longer observation of the same strip section would 
have caused repeat counting of the same pollinator moving between 
flowers. 

We monitored three groups of insect pollinators on flowers: (i) honey 
bees (Apis mellifera), (ii) bumblebees (mostly Bombus spp.), and (iii) 
other (conspicuous) pollinators. The group of other pollinators (labelled 
as such for simplicity of reading) consisted mostly of visually- 
conspicuous taxonomic groups, such as hoverflies (Syrphidae), larger 

Table 1 
Landscape composition within a 3 km radius of study sites with 50-percentile 
range of observations.  

Land-cover type 25-percentile Average 75-percentile 

Crop land  27.4  32.6  42.6 
of which summer-flowering crops  1.7  4.0  5.0 
Forest and shrub land  23.3  34.9  47.9 
Gardens, yards  6.9  17.8  16.0 
Wetlands  0.3  1.3  1.6  
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solitary bees (Apoidea, except Apis and Bombus) and butterflies (Lepi-
doptera), which are native pollinator of many flower species. Species 
determination was not performed as this was unnecessary for assessing 
the functional intensity (attractiveness to forage) of flower areas. Honey 
bees were addressed separately as they are the main target group of the 
flower-field agri-environmental measure (one of the driving reason of 
the present study) and as they are a domesticated pollinator species 
whose abundance in landscapes is highly regulated. Bumblebees are 
(still) regionally abundant in Estonia (Mänd et al., 2002; Sõber et al., 
2020). We selected bumblebees to characterize the responses of wild 
social pollinators, which are generally polylectic and have wide foraging 
ranges and low dependency on landscape structure (Beekman and Rat-
nieks, 2000; Steffan-Dewenter et al., 2002; Westphal et al., 2006; 
Greenleaf et al., 2007), with some exceptions (Rundlöf et al., 2008; 
Kennedy et al., 2013; Scheper et al., 2015). The group of other con-
spicuous pollinators was included to characterize the potential re-
sponses of mostly solitary pollinators in annual flower fields, though it is 
clear that the group is very heterogeneous. 

The field survey at each specific site ended either following 
destruction of the strip as a result of crop management in the field, or the 
arrival of unsuitable weather conditions for bees and plants in late 
autumn. In 2021, there was an exceptionally warm autumn, and honey 
bees were actively foraging at still blooming experimental sites on the 
2nd of November (a partly sunny day with no wind, 5–7 ◦C at midday 
and frost at night). Evidently, in autumn, honey bee foraging activity is 
mostly limited by a lack of late-flowering forage plants and less by 
temperature. In 2022, unsuitable weather started already in the end of 
September. Altogether, the survey period at different sites varied from a 
few weeks up to thirteen weeks; on average the pollinator survey was 
performed during seven weeks per site. 

2.2. Data analysis 

Weeks with at least relatively abundant flowering (grades 3 – 5) were 
extracted from the survey data. In the present experimental setting, low 
abundance blooming (grades 1 and 2) was a brief period in the 
phenology of these flower rich communities, which can be considered as 
data noise where the rare observation of visiting insect pollinators is not 
indicative of service provision. The number of weeks with abundant 
flowering was estimated and was analysed as an indicator of the func-
tional stability of services provided by flowers. The functional intensity 
of the service provided by the flower community was described with the 
number of flower visiting specimens recorded for each pollinator group 
per 10 m treatment section. In the analyses of flower visiting activity, we 
used observations only until the end of August, as this is the main 
foraging period of honey bees and bumblebees (Carreck and Williams, 
1997; von Königslöw et al., 2022). This also reflects the period of flower- 
area maintenance prescribed by the agri-environmental contract; from 
the end of August many bee keepers start to provide complementary 
syrup for honey bees, and flower visiting estimates might become biased 
as a result. Finally, we summed the counts of visitors per treatment 
within each group for the whole season to obtain pooled seasonal 
visiting activity estimates. 

Most response variables in the data set were analysed using general 
linear mixed model analysis (procedure MIXED) in SAS ver 9.4 (Littell 
et al., 1996) as the model residuals were normally distributed, except the 

data for the group of other conspicuous pollinators. Their weekly ac-
tivity counts were very low, and predicted estimates of averages too 
close to zero. Therefore we used generalized linear mixed model (pro-
cedure GLIMMIX in SAS ver 9.4) with negative binomial error- 
distribution and log-link function, although the error distribution was 
best fitted by a normal distribution; but as model test results had minor 
differences the negative binomial was chosen because of more reason-
able distribution of prediction variability asymmetry. For the general 
mixed models, response variables were log-transformed prior to analysis 
to remove multiplicative effects between factors. In the results, we refer 
to both approaches as mixed model. 

We performed analysis at two levels of treatment classification. First, 
in the ‘model for theory’ we tested hypotheses about the effect of the 
diversity gradient, i.e. species-specific treatments with the same di-
versity level were pooled. Specifically, we pooled monocultures 
(labelled as ‘Mono’) and variants of the high-diversity mixture with the 
dominant forage species (labelled as ‘Dom-mix’) (Table 2). Secondly, in 
the ‘model for practice’, we estimated variability between all eight 
original treatment levels, i.e., at forage species level, to test diversity 
effects within flower-species based gradients, and on the assumption 
that such detailed information has applied value for farmers. 

In models of foraging activity of insect pollinators, we included a 
factor ‘GrowthWeek’ – the number of weeks since sowing at the site – to 
account for the phenological stage of plants. Both factors (diversity level 
or treatment) and growing week were also provided with the interaction 
term of ‘Year’ to account for possible differences in effects between years 
– note that it was not the aim of the study to estimate annual differences; 
rather, the factor was included to account for potential temporal con-
founding. To ensure the robustness of the fixed part of model, we tested 
the effects of some landscape properties (Table 1) and the distance from 
the nearest hive in the models; however, their systematic effects were 
not statistically significant, and they were not included in the final set of 
analyses. Tukey’s HSD multiple comparison test was used to interpret 
differences between treatment levels when the overall effect in a model 
was significant. 

In all models, we considered experimental ‘Site’ as a random factor 
to account for variability created by site-specific conditions, such as the 
abundance of pollinators in the landscape, landscape context, neigh-
bouring crops, soil type, crop and field management and local specificity 
of seasonal weather. Interaction terms ‘Site*GrowthWeek’ and ‘Site*-
Treatment’ were included to account for the underestimation of vari-
ability caused by repeated observations at each site. 

3. Results 

3.1. Flowering duration 

The abundant flowering period (flower abundance grades 3 – 5) of 
monocultures was slightly more than a week shorter than any of the 
mixtures (Table 3A) (Fig. 1A). The low-diversity mixture and all types of 
high-diversity mixture had equivalently long-duration flowering, until 
the autumn frost or until the experimental strip was destroyed by 
management. The ‘model for practice’ (Table 3B) confirmed the sys-
tematically shorter flowering period of monocultures, and showed that 
the low-diversity mixture (consisting of the three forage species) had 
equivalent continuation of flowering to the high-diversity mixtures 

Table 2 
Diversity levels, specific sowing treatments and their labels used in the experiment and analysis.  

Diversity level Diversity code Sowing treatments 

Monoculture Mono Borage (BO) Cornflower (CC) Phacelia (PT) 
Low-diversity mixture Low-div Borage + Cornflower + Phacelia (BCT) 
High diversity mixture with dominant Dom-mix Borage + mix 

(BOmix) 
Cornflower + mix (CCmix) Phacelia + mix (PTmix) 

Balanced high diversity mixture High-div High-diversity mixture (mix)  
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(Fig. 1B). Thus, the three-species mixture was sufficient to ensure long 
continuity of abundant flowering, i.e. flower service stability. 

3.2. Foraging activity – General information 

The average number of flower visitors per treatment section 
(foraging activity) was quite low (Fig. 2); however, there were peaks in 
some sites or some weeks. For instance, the 90-percentile of honey bee 
count was 18 specimens per 10 m section, but the maximum count was 
around 100 specimens per 10 m section (more details Fig. S4). The upper 
estimates for bumblebees were also surprisingly high: the 90-percentile 
was 11 specimens per 10 m treatment section, and the largest count was 
60 specimens per 10 m section. Other pollinators were scarcer: the 90- 
percentile was 3 specimens, and the maximum was 16 specimens per 
10 m section. 

Honey bees and bumblebees had different phenological patterns of 
foraging activity (Fig. 2; factors GrowthWeek and Year and their inter-
action in Table 4). The number of honey bees was relatively uniform 
during each summer, but the counts differed between years (Fig. 2A). 
Note, as sites largely do not overlap, the effect of the year can be site- 
specific. By contrast, bumblebees had a unimodal activity pattern, 
with the maximum number of flower visiting specimens in July; and 
their counts and phenological patterns of foraging activity were similar 
between years (Fig. 2B). The visiting activity of other pollinators was too 
low to detect general trends within and between years (Fig. 2C). 

3.3. Foraging activity – The model for theory 

According to the ‘model for theory’, the diversity level had a sys-
tematic effect (Table 4A). The average number of honey bees per survey 

Table 3 
Results of mixed models estimating the effects of year (Year) and diversity gradient (DiversityLevel) on the number of weeks of abundant flowering and on the cu-
mulative counts of honey bees, bumblebees and other conspicuous pollinators over the season (the ‘model for theory’). In the ‘model for practice’, the factor 
DiversityLevel (four diversity levels) is replaced with the factor Treatments (eight diversity treatment types). Site is considered as a random factor.  

A) Model for theory  Flowering weeks Honey bees Bumblebees Other pollinators 

Fixed effect df F-value P-level F-value P-level F-value P-level F-value P-level 

Year 1; 224 1.97 0.1619 16.91 0.0001 1.36 0.2447 2.78 0.0964 
DiversityLevel 3; 224 31.13 0.0001 77.69 0.0001 42.68 0.0001 3.86 0.0099 
DiversityLevel*Year 3; 224 0.25 0.8604 5.16 0.0018 1.25 0.2916 2.65 0.0494 
Covariance structure  Z-value P-level Z-value P-level Z-value P-level Z-value P-level 
Site  3.85 0.0001 3.61 0.0002 3.47 0.0003 3.28 0.0005 
Residual or Scale  10.58 0.0001 10.58 0.0001 10.58 0.0001 7.18 0.0001 

B) Model for practice  Flowering weeks Honey bees Bumblebees Other pollinators 

Fixed effect df F-value P-level F-value P-level F-value P-level F-value P-level 

Year 1; 216 2.07 0.1516 19.15 0.0001 1.24 0.267 2.54 0.1125 
Treatment 7; 216 15.25 0.0001 40.54 0.0001 38.47 0.0001 10.12 0.0001 
Treatment*Year 7; 216 0.19 0.9869 2.58 0.0144 1.41 0.2006 2.18 0.0366 
Covariance structure  Z-value P-level Z-value P-level Z-value P-level Z-value P-level 
Site  3.85 0.0001 3.64 0.0001 3.6 0.0002 3.42 0.0003 
Residual or Scale  10.39 0.0001 10.39 0.0001 10.39 0.0001 6.34 0.0001  

Fig. 1. The number of weeks of abundant flowering in different flower-strip treatments. Whiskers represent 95%-confidence intervals. Labels above bars denote 
homogenous groups according to Tukey’s multiple comparison test. Diversity levels in (A): Mono – monoculture, Low-div – low-diversity mixture of the three species 
used in monoculture, Mono-mix – combination of the high-diversity mixture with a dominant forage species, High-div – high-diversity seed mixture with relatively 
balanced abundances. Treatment codes in (B): BO, CC and PT – monocultures of borage, cornflower and phacelia, respectively, BCP – low-diversity mixture of the 
three species, BOmix, CCmix and PTmix – combination of the high-diversity mixture with a dominant forage species, mix – the high-diversity mixture. Cross- 
tabulation of codes see Table 2. 

J. Liira and I. Jürjendal                                                                                                                                                                                                                       



Ecological Indicators 154 (2023) 110927

6

was uniformly high in monocultures and in the low-diversity mixture 
(Fig. 3A). The high-diversity mixture with the dominant forage species 
was characterised by intermediate counts of honey bees, while the 
balanced high-diversity mixture was visited least frequently. The 
greatest number of bumblebees foraged in the low-diversity mixture 
with only slightly fewer in monocultures (Fig. 3B). The number of 
bumblebee specimens was clearly lower in the high-diversity mixtures 
with dominant flower species and lowest in the balanced high-diversity 
mixture. Other conspicuous flower visitors were overall characterised by 
low numbers of specimens, but there were hints of analogous differences 
in activity counts in relation to the diversity gradient – higher in 
monocultures and lower in the balanced high-diversity mixture 
(Fig. 3C). 

Cumulative number of visitors over the season mirrored patterns of 
average activity per survey for all three pollinator groups (Fig. S5) and 
there were mostly systematic differences between years (Table 3A, 
Table 4A). 

3.4. Foraging activity – The model for practice 

In the detailed analyses of treatment effects, honey bees and bum-
blebees exhibited preferences for different forage plant species 
(Table 4B), but the systematic suppressive effect of diversity on foraging 

activity was consistent in relation to all three plant species (Fig. 4). The 
number of honey bees was greatest in the borage monoculture, and 
similar in cornflower, phacelia and the three-species mixture (Fig. 4A). 
Bumblebees preferred to forage on phacelia and the low-diversity 
mixture, and to an extent also in the phacelia dominated high- 
diversity mixture. Bumblebees visited the monocultures of borage and 
cornflower less frequently (Fig. 4B), but their foraging activity in the 
high-diversity mixture with the respective plant species present as 
dominants was still systematically lower. The balanced high-diversity 
treatment got the lowest visiting activity from both groups of bees. 
Other conspicuous pollinators had highest counts in the monocultures of 
cornflower and phacelia. Their lowest activity was observed in the 
monoculture of borage, the borage dominated high-diversity mixture 
and the balanced high-diversity mixture (Fig. 4C), while activity in other 
treatments was intermediate and fitted into the general pattern along 
the plant diversity gradient. 

The pattern of honey bee foraging activity in forage species-specific 
treatments was similar in both years (Table 4B), though the diversity 
effect was more evident in the second year (Fig. S6A), when the overall 
activity of honey bees was higher (Fig. 2). Bumblebees showed a very 
similar response to the treatments in both years (Fig. S6B). As other 
pollinators had very low foraging activity rates in all treatments, esti-
mates of yearly variation in response to the treatments were imprecise 

Fig. 2. Average number of honey bees (A), bumblebees (B) and other conspicuous pollinators (C) during the abundant flowering season in two years. Whiskers 
represent 95%-confidence intervals. Labels next to points denote homogenous groups according to Tukey’s multiple comparison test; the superscript numeral in-
dicates the year for which the difference was tested. 
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(Fig. S6C) and the interaction effect non-significant. Cumulative counts 
per season (Table 3B) reflected patterns of weekly activities (Fig. S7). 

4. Discussion 

4.1. Theoretical aspects 

The role of biodiversity in shaping the provisional quality of 
ecosystem services is still debated (Cardinale et al., 2011; Balvanera 
et al., 2014). We focussed on floral services provided by plants, and 
specifically addressed the service of a forage source for bees and other 
conspicuous insect pollinators. This service forms the basis for a hier-
archy of ecological interactions and should result in increased honey 

production and improved pollination of crops. The agri-environmental 
measure and eco-scheme contract in Estonia is designed based on this 
logic. Testing hypotheses about the plant diversity effect on floral ser-
vice quality, we recorded different support concerning the shape of the 
response curve, depending on the service quality aspect. We observed 
the expected positive non-linear relationship between plant diversity 
and the duration of flowering of the plant community (interpreted as 
service stability). However, we found unexpected evidence that 
increasing plant diversity can cause a reduction of foraging activity 
among insect pollinators, i.e. the realized attractiveness and service 
provision intensity of flowers declined. 

The duration and stability of ecosystem service provision are 
important features to assess, but they do not always determine the 

Table 4 
Results of mixed models estimating the effect of year (Year), the number of weeks since the sowing date (GrowthWeek) and the diversity gradient (DiversityLevel) on 
the average number of honey bees, bumblebees and other conspicuous pollinators in weekly surveys of 10 m sections (in the ‘model for theory’). In the ‘model for 
practice’, the factor DiversityLevel (four diversity levels) is replaced with a factor Treatments (eight diversity treatment types). Site and random factors are included to 
account for the repeated nature of observations.  

A) Model for theory  Honey bees Bumblebees Other pollinators 

Fixed effect df F-value P-level F-value P-level F-value P-level 

Year 1; 1565 20.21 0.0001 0.23 0.6335 2.58 0.1081 
GrowthWeek 8; 196 1.86 0.0676 23.78 0.0001 1.56 0.1315 
GrowthWeek*Year 8; 1565 1.14 0.335 2.14 0.0299 4.48 0.0001 
DiversityLevel 3; 1565 116.08 0.0001 51.21 0.0001 6.68 0.0002 
DiversityLevel*Year 3; 1565 12.51 0.0001 1.55 0.1996 1.99 0.1133 
Covariance structure  Z-value P-level Z-value P-level Z-value P-level 
Site  3.09 0.001 2.88 0.002 2.73 0.0031 
Site*GrowthWeek  7.55 0.0001 6.34 0.0001 4.85 0.0001 
Site*Treatment  5.73 0.0001 6.69 0.0001 3.87 0.0001 
Residual or Scale  25.95 0.0001 25.9 0.0001 6.56 0.0001 

B) Model for practice  Honey bees Bumblebees Other pollinators 

Fixed effect df F-value P-level F-value P-level F-value P-level 

Year 1; 1557 22.47 0.0001 0.01 0.914 2.41 0.1205 
GrowthWeek 8; 196 1.81 0.0769 23.43 0.0001 1.65 0.1065 
GrowthWeek*Year 8; 1557 1.13 0.3376 2.2 0.0251 5.53 0.0001 
Treatment 7; 1557 67.55 0.0001 67.08 0.0001 11.63 0.0001 
Treatment*Year 7; 1557 6.53 0.0001 1.71 0.1027 1.78 0.0866 
Covariance structure  Z-value P-level Z-value P-level Z-value P-level 
Site  3.15 0.0008 3.12 0.0009 2.90 0.0007 
Site*GrowthWeek  7.55 0.0001 6.38 0.0001 4.84 0.0001 
Site*Treatment  4.62 0.0001 3.56 0.0004 2.43 0.0005 
Residual or Scale  25.94 0.0001 25.9 0.0001 6.63 0.0001  

Fig. 3. Average count of flower visitors per survey in 10 m section (foraging activity rate) of honey bees (A), bumblebees (B) and other conspicuous pollinators (C) 
per survey in flower strips with different diversity levels. Whiskers represent 95%-confidence intervals. Labels above bars denote homogenous groups according to 
Tukey’s multiple comparison test. Diversity levels: Mono – monoculture, Low-div – low-diversity mixture of the three species used in monocultures, Mono-mix – 
combination of the high-diversity mixture with a dominant forage species, High-div – high-diversity mixture (Table 2). 
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overall quality of service provision (Kütt et al., 2018). We observed that 
the extended duration of flowering in high-diversity mixtures had its 
maximum limit dictated by external factors, such as the end of the 
growing season and farming activities, which means that the realized 
functional stability of the flower service saturated already at the low 
diversity level. Long-duration blooming until the end of the growing 
season is rarely suitable for farming practices as bee-crops are usually 
used for intercropping – a short-term application until the sowing of 
winter crops. Analogous external limitation of active flowering occurs in 
grassland where the early or mid-season mowing interrupts the flow-
ering of many plants, independent of the species diversity level. The 
ecological benefit of long-duration blooming is also limited by the sea-
sonality of pollinators, which, in this study, was particularly evident for 
bumblebees. The activity period of domesticated honey bees is deter-
mined by bee keepers, who, in Estonia, typically provide complementary 
syrup from late August. In the future, when warm autumns will occur 
more frequently due to climate change, honey bees might profit more 
from the seasonally extended flower service after the winter feed pro-
cessing has been completed. Other wild pollinators (solitary bees, syr-
phids, butterflies) are probably the main beneficiaries of season-long- 
flowering in fields, as they continuously foraged until the frosts; 

however, their abundances were too low in agriculture dominated 
landscapes for such a policy measure to be reasonably efficient. 

The direction and shape of the response curve of foraging activity in 
relation to plant diversity was very different from the one we proposed 
in working Hypothesis 1 – we observed a clear decline in the counts of 
flower visitors towards high-diversity flower mixtures, rather than the 
expected positive levelling-out response (Tilman et al., 1997; Loreau 
et al., 2001). Evidently, species-poor communities can be functionally 
more effective than diverse flower communities and that flower visiting 
insect pollinators are more attracted to forage in simple flower com-
munities. Moreover, this was largely consistent between insect polli-
nator groups. Honey bees and bumblebees, as species with social and 
cooperative foraging behaviour (Carreck and Williams, 1997; Goulson 
1999; Rundlöf et al., 2018), were clearly more attracted to low-diversity 
treatments: either monocultures or a three-species mixture. We also 
expected to find that wild solitary pollinators are scattered between and 
within resource rich treatments because of their individual behaviour 
(Sih and Baltus, 1987; Ebeling et al., 2008; Jha and Vandermeer, 2009). 
However, our observations suggest that if solitary species have an option 
to choose between forage sites at the local scale, they may still prefer 
low-diversity habitats or monocultures where forage plants are in 

Fig. 4. Average count of flower visitors per survey in 10 m section (foraging activity rate) of honey bees (A), bumblebees (B) and other conspicuous pollinators (C) 
during the abundant flowering period in different treatments. Whiskers represent 95%-confidence intervals. Labels above bars denote homogenous groups according 
to Tukey’s multiple comparison test. Treatment codes: BO, CC and PT – monocultures of borage, cornflower and phacelia, respectively, BCP – low-diversity mixture of 
the three species, BOmix, CCmix and PTmix – combination of the high-diversity mixture with a dominant forage species, mix – high-diversity mixture (Table 2). 
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abundance. The general suppressive effect of flower diversity received 
additional support from Hypothesis 2, as the alternative outcome was 
recorded – co-occurring diversity suppressed the service intensity pro-
vided by a (co–)dominant species in monoculture. The resulting service 
intensity of the treatment was thus more similar to the high diversity 
treatment. The suppressive effect of high floral diversity was systemat-
ically evident for all three paired sets of main forage plant species, 
though it was not as clear for the group of other conspicuous pollinators. 
The suppressed foraging activity of honey bees and bumblebees can be 
explained by the sensitivity of social pollinators to the extra energy 
effort required to forage in diverse flower communities (Kacelnik et al., 
1986; Goulson 1999; Cartar 2004). They focus on resource-rich patches 
(Hegland and Totland, 2005; Venjakob et al., 2016; Marja et al., 2018) 
or even on one resource rich plant species at a time to optimise the 
‘energetic efficiency gain’ during resource acquisition (Carreck and 
Williams, 1997; Goulson 1999; Rundlöf et al., 2018). In studies where 
social bees have been shown to be attracted to species-rich habitats, 
frequently these flower-rich communities have been compared with 
habitats characterized by low flower abundance, by specific flowering- 
reducing management regimes and/or different habitat types in 
different landscape contexts (Carvell et al., 2007; Ebeling et al., 2008; 
Scheper et al., 2021). 

The foraging activity of bees has been shown to decline in the 
presence of co-flowering species with contrastingly different floral 
properties (Fornoff et al., 2017); a process known as functional isolation 
or structural distraction (Kunin 1993; Otto et al., 2017; Albor et al., 
2019). By contrast, mixtures of close relative species or species with 
similar floral features tend to facilitate each other and attract pollinators 
(Kunin 1993; Hegland and Totland, 2005; Ghazoul 2006). In this 
experiment, the three main forage species used in the low-diversity 
mixture were taxonomically and morphologically dissimilar, except 
for their common bluish-lilac flower colour. In their mixture, however, 
we did not observe any specific distraction effect or synergy on the 
foraging activity of honey bees and bumblebees, as the estimates were 
similar to those observed in monocultures. Even if each insect pollinator 
group had a slight preference for a certain forage plant species (honey 
bees for borage, bumblebees for phacelia and other pollinators for 
cornflower and phacelia), foraging activity in the three species mixture 
was almost the average of the activities recorded in the monocultures. 
This shows that low-diversity mixtures, where all species are abundant, 
can be functionally effective in service provision intensity, and at the 
same time these few flower species can complement each other in terms 
of phenology and increase the service duration or stability. 

4.2. Implications 

Functional saturation has also been noted in the some specific studies 
on plant-pollinator relationships (Ghazoul 2006; Hegland and Boeke, 
2006; Ebeling et al., 2008; Rundlöf et al., 2018), but this knowledge is 
rarely reflected in policy and ecological applications. Flower-rich mix-
tures are advertised to be effective, but they seem to be poorly optimized 
to attract insect pollinators to forage (Carreck and Williams, 1997; Otto 
et al., 2017; Scheper et al., 2021), and their flower diversity and long- 
duration blooming has rather been targeted towards public apprecia-
tion (i.e. an aesthetic service) (Junge et al., 2009; Lindemann-Matthies 
and Marty, 2013). However, human perception of service provision 
quality cannot be linearly transferred onto other flower service user 
groups (Carreck and Williams, 1997; Hoyle et al., 2018; Kütt et al., 
2018). We showed that flower mixtures can be highly effective when 
composed of only a few true bee-forage plant species that are morpho-
logically, functionally and phenologically complementary. We suggest 
that pollinator-oriented seed mixtures should be quantitatively tested to 
determine the efficiency of the ecological service that they aim for, and 
that plant species lists should be mandatory on seed packages. 

Flower-field or bee-crop species mixtures and field management 
methods should also focus on optimization of blooming phenology (e.g. 

sequential flowering) to reduce competition for pollinator attention 
(Carvell et al., 2007; Albor et al., 2019; Scheper et al., 2021). Specif-
ically, bee-crops should be targeted on periods when there is a seasonal 
gap in nectar availability in the landscape (Timberlake et al., 2019; von 
Königslöw et al., 2022), and avoid competition with mass-flowering 
production crops (Holzschuh et al., 2011; Grab et al., 2017). Blooming 
niche differentiation is common in natural flower communities (Albor 
et al., 2020; Su et al., 2022). The blooming of monocultures, which was 
only a week or two shorter than mixtures, can provide the same service 
stability by growing different monocultures with different flowering 
phenologies or by differentiating the repeated sowing times of the same 
species (Albor et al., 2020). Growing monocultures can avoid competi-
tion between plant species for soil and light resources and allows flexible 
management of each flower species from sowing to seed collection 
(Martins et al., 2018). Low-diversity mixtures flowering at the optimal 
time, e.g. in autumn, can also be appreciated by the public as a high 
quality aesthetic service (Hoyle et al., 2018). 

Optimisation of ecosystem service provision over multiple spatial 
and temporal scales is a highly complex exercise (Hein et al., 2006; 
Geijzendorffer and Roche, 2014). Wild pollinators are expected to profit 
from agri-environmental measures designed to support domestic honey 
bees (Potts et al., 2010; Kleijn et al., 2018; Hall and Martins, 2020). Yet, 
annual short-term agri-environmental measures cannot effectively sup-
port all potential pollinators (Blaauw and Isaacs 2014; Wood et al., 
2015; Martins et al., 2018). We showed that bumblebees would profit 
from measures optimal for domestic honey bees, while many wild soli-
tary pollinators were unable to react efficiently to the short-term 
appearance of man-made forage habitats in the same way, or they had 
low abundance in general. Many studies in agricultural landscapes have 
struggled with the low abundance of wild solitary pollinator species, 
explained by their short dispersal range, high site fidelity (Albrecht 
2003; Ricketts et al., 2008; Wood et al., 2015) and heavy dependence on 
landscape context, such as the availability of permanent undisturbed 
natural habitats (Steffan-Dewenter et al., 2002; Alanen et al., 2011; Wix 
et al., 2019). Short-term forage areas as a policy measure should be 
targeted to the needs of wide-ranging insect pollinators such as honey 
bees and bumblebees, which can react to annual resource fluxes in 
agriculture-dominated landscapes. Wide support for all kinds of polli-
nator community might only be achieved by combined application of 
different agri-environmental measures, resulting in a multi-functional 
landscape mosaic containing both permanent (semi-)natural habitats 
and mass-flowering fields (Menz et al., 2011; Tonietto and Larkin, 2018; 
Garibaldi et al., 2021; von Königslöw et al., 2022). Using a mosaic of 
monoculture fields, fields with low-diversity mixtures, or even cultiva-
tion of flower monocultures in a strip-crop field-system might be the 
most convenient methods. In such a mosaic landscape, the presence of 
bee-crop areas could leave (semi-)natural grasslands out of the scope of 
domestic bees, leaving these habitats for more sensitive wild pollinators 
(Quinlan et al., 2021; Toivonen et al., 2022). A specific flower-field 
version tested in the future might be autumn flowering south-facing 
quick-snack patches near beehive groups or fragments of (semi-)natu-
ral habitat. 

The assessment and monitoring of policy measures should also be 
updated. Plant species diversity is a standard indicator implemented 
into various methods for assessing agricultural policy measures or 
habitat monitoring schemes (Balvanera et al., 2006; Isbell et al., 2011; 
Elmiger et al., 2023). Biodiversity can be a confusing or at least non- 
linear indicator of other functional or structural components of the 
ecosystem (Billeter et al., 2008), and some of these ecological relation-
ships conflict with general expectations about a uniform positive effect 
of biodiversity. We suggest the planning of policy measures and the 
programs monitoring the efficiency of agri-environmental programs 
should be re-evaluated, in particular where measuring the functional 
quality of (restored) ecosystems is a main aim. This is particularly 
important in the design of results-based payments in agri-environmental 
schemes, where biodiversity is considered one of the best target 
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indicators (Balvanera et al., 2006; Isbell et al., 2011; Herzon et al., 2018; 
Elmiger et al., 2023). The use of biodiversity as a sole, universal proxy 
indicator should be complemented with the implementation of specific 
functional properties of the ecosystem. In particular, the monitoring of 
specific insect taxa or pollinator groups relevant to provision intensity 
should be included. 

5. Conclusions 

Measuring the foraging activity of insect pollinators along an 
experimental gradient in plant diversity we showed that service provi-
sion quality might not be uniformly predicted by plant diversity. Flower 
diversity enhanced the service provision duration, but such stability had 
external limitations and pollinators rarely had an opportunity to benefit 
from it. The functional efficacy of a flower community in terms of 
realized foraging activity on flowers, however, was negatively corre-
lated with the flower species diversity. Honey bees and bumblebees 
preferred monocultures and low diversity mixtures. Flower diversity 
confused foraging insect pollinators when there was a high diversity of 
neighbouring flower species. Honey bees are an underappreciated and 
potentially convenient indicator group for the assessment of flower 
based services (Sabbahi et al., 2005; Lindström et al., 2016; Breeze et al., 
2019). Last but not least, we suggest that the proposed experimental 
methodology should be applied to all seed mixtures prior to be marketed 
with the label of a specific ecological service value. 
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