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A B S T R A C T   

Non-bee insects have been identified as important crop pollinators globally. However, strategies to protect 
pollinators and enhance crop pollination usually focus on supporting bees. This study examined the effects of 
landscape structure, location within field, and floral resources on pollinators’ visits on mass-flowering caraway 
(Carum carvi L.) in boreal farmland, and the effects of the visits on caraway yield. Pollinator visits on caraway 
flowers were monitored and caraway yield measured in 30 fields at landscapes ranging from field-dominated to 
forest-dominated landscapes. Hoverflies were the most abundant flower-visitors of caraway, followed by hon-
eybees. Hoverflies and other flies made more flower visits on caraway than all bee species combined. Pollinator 
groups differed in their responses to landscape and local factors. Flies were most abundant near field edges and in 
landscapes with high forest cover. Non-syrphid flies and solitary bees responded positively to the cover of 
flowering herbs in the adjacent field margins. Flower visits by honeybees, instead, were positively related to the 
flowering crop cover in the study fields. Caraway seed yield increased with increasing number of flower visits by 
honeybees, hoverflies and all pollinators together. Pollinator exclusion reduced caraway fruit set (i.e. the number 
of fruits per flower) by 13% and seed yield by 40%. Our study is the first to report the high importance of flies to 
crop pollination in boreal farmland, where caraway is an important export crop. The results highlight the need of 
taking flies and their habitat requirements into account when developing strategies to enhance crop pollination.   

1. Introduction 

Pollinators play a vital role in natural and managed ecosystems by 
facilitating plant reproduction, and thus contributing to biodiversity, 
ecosystem stability, agricultural production and human well-being 
(Potts et al., 2016). Due to the global pollinator decline (IPBES et al., 
2016; Powney et al., 2019) and increasing pollinator dependence of 
agriculture (Aizen et al., 2019), there is a growing concern about the loss 
of pollination services. 

One of the main drivers of pollinator decline is conventional inten-
sive agriculture, with associated landscape simplification, the loss of 
natural and semi-natural habitats, and pesticide use (Potts et al., 2016). 
To reverse the negative trend, moving towards more sustainable agri-
culture through ecological intensification (Bommarco et al., 2013; 
Kovács-Hostyánszki et al., 2017) or diversification of farming systems 
(Kremen and Miles, 2012) is needed (Dicks et al., 2016; Potts et al., 

2016). However, the implementation of these approaches is hampered 
by the lack of knowledge on the actual pollinator limitation of the cur-
rent crop production (but see Fijen et al., 2020; Reilly et al., 2020), and 
uncertainty about ecological and agronomic outcomes across a range of 
crops and regions (Dicks et al., 2016; Kovács-Hostyánszki et al., 2017; 
Kleijn et al., 2019). 

A plethora of insect species from the orders Hymenoptera, Diptera, 
Lepidoptera and Coleoptera provide crop pollination services (Rader 
et al., 2016), although a small number of common species usually 
dominate in crop fields (Kleijn et al., 2015). Managed and wild bees are 
usually regarded as the most important pollinators (Klein et al., 2007). 
However, non-bee pollinators, which have been studied much less than 
bees, may contribute to crop pollination more than previously assumed 
(Orford et al., 2015; Rader et al., 2016; Brock et al., 2021). For example, 
flies are generally less effective pollinators than bees per visit, but they 
can be important pollinators due to their high abundance (Inouye et al., 
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2015; Rader et al., 2016). Visitation rates of different pollinators greatly 
vary across crops, regions and years (Garibaldi et al., 2013; Rader et al., 
2016; Senapathi et al., 2021). Within-field location may also affect 
pollinator abundance (Howlett et al., 2005). Due to complementary 
resource use among pollinator taxa, increased pollinator diversity can 
enhance and stabilize crop pollination (Blüthgen and Klein, 2011; 
Garibaldi et al., 2013, 2015). 

Despite the benefits of pollinator diversity, current management 
strategies for greater crop pollination focus mostly on enhancing bee 
abundance, often of a single species, Apis mellifera. This may limit the 
benefits of the pollination management, especially for crops that are 
largely pollinated by non-bee pollinators. Many studies have reported 
differences in the responses of pollinator species and groups to land-
scape structure and habitat management (e.g. Jauker et al., 2009; Ekroos 
et al., 2013; Söderman et al., 2016). Honeybees are particularly attrac-
ted by mass-flowering plants that enable high foraging efficiency 
(Steffan-Dewenter and Kuhn, 2003; Danner et al., 2016), whereas wild 
pollinators are more dependent on semi-natural habitats providing 
diverse food resources and nesting opportunities (Pisanty et al., 2016; 
Rollin et al., 2013). However, non-bee pollinators may be less reliant 
than bees on natural and semi-natural habitats in proximity to crop 
fields (Rader et al., 2016). 

Caraway (Carum carvi L., Apiaceae) is an umbelliferous herb culti-
vated for its aromatic seeds (botanically fruits). It is cultivated in many 
parts of the world, with Finland and Canada being the largest exporters 
globally (Rahman et al., 2020). Caraway is andromonoecious and pro-
tandrous, pollen being shed several days before stigmas become recep-
tive. Pollination by wind or insects is necessary for high seed yield 
(Bouwmeester and Smid, 1995). Similarly to other umbellifers, caraway 
flowers have exposed nectaries that are easily accessible to various types 
of insects (Koul et al., 1993). However, the importance of different 
pollinators to caraway pollination and factors affecting pollination 
remain almost unstudied (but see Ricciardelli D’Albore, 1986; Langen-
berger and Davis, 2002). 

This study examined the effects of landscape structure, location 
within field, and the availability of floral resources on pollinators’ visits 
on caraway, and the reliance of caraway yield on pollinators. The study 
was conducted in 30 caraway fields in boreal agricultural landscapes 
ranging from field-dominated to forest-dominated landscapes. Flower-
ing crop cover, and the cover of flowering herbs in the adjacent field 
margins varied among the study sites. It was expected that honeybees 
and small wild insects such as solitary bees and hoverflies would be the 
most frequent visitors on caraway and have the largest effect on caraway 
yield. Wild pollinators were assumed to be more dependent than hon-
eybees on forest cover in the surrounding landscape, flower abundance 

in the field margins and location near field edge, whereas honeybees 
were expected to respond more strongly to the floral density in the 
caraway fields. 

2. Materials and methods 

2.1. Study fields 

The study was conducted in the Uusimaa region in Southern Finland 
(60◦2’N–60◦41’N, 24◦23’E–25◦56’E, Fig. 1) in summer 2019. Land-
scapes in the region are dominated by coniferous and mixed forests and 
arable land. Agriculture is characterized by cereal growing (Luke, 2020). 
In 2019, caraway was cultivated in 3300 ha, representing 1.8% of the 
utilized agricultural area of the region (Luke, 2020). 

A total of 30 caraway fields were selected across a landscape gradient 
ranging from field-dominated landscapes to forest-dominated land-
scapes (Fig. 1, Table 1). The area of the fields ranged from 0.6 to 14.8 ha, 
with the mean area being 6.4 ha. The minimum distance between the 
fields was 1 km. The fields had been sown in 2016–2018 with biannual 
caraway varieties (Table 1). As some plants flower later than in the 
second year, the crop is usually harvested for 2–3 years. Information on 
farming methods in the fields (Table 1) was collected from farmers using 
questionnaires. Seven fields were managed organically. All apart from 
nine fields were sprayed with lambda-cyhalothrin (product name Karate 
Zeon) against Depressaria daucella moth just before flowering. Five fields 
had honeybee hives within 500-m radius. All fields had permanent field 
margins of ca. 0.5–2 m width. 

The cover of forest, arable land, built-up area, waters and wetlands in 
the buffers of 250 m, 500 m and 1000 m radii around the central point 
of each study site, and distance to forest, were calculated using ArcGIS 
10.8.1 (Esri, 2020) with data from the CORINE Land Cover 2018 dataset 
(Finnish Environment Institute, 2018). Crop types within 500 m radius 
(Table 1) were recorded during fieldwork. 

2.2. Flower visit monitoring 

Pollinator visits on caraway flowers were monitored between 6th 
and 24th of June 2019 using monitoring plots. In each study field, four 
2 × 2 m square plots were established and marked with bamboo sticks. 
Two pairs of monitoring plots were placed 50 m apart, so that, in each 
pair, one plot was located at 5 m and the other at 20 m distance from an 
open field edge (i.e. a field edge not bordered by forest). The plots were 
monitored for 5 min four times during caraway flowering, which totaled 
80 min of monitoring per field, including 40 min per distance from the 
edge. Since the individual flowers of caraway are tiny, recording visits 

Fig. 1. Locations of the 30 study fields (characterized in Table 1) in Southern Finland. Arable land is shown on the map in grey.  
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per flower was impossible. Therefore, a visit where an insect touched an 
umbellet of caraway (Fig. S1) was counted as one flower visit. Honey-
bees (A. mellifera), bumblebees and butterflies were identified to species, 
except for Bombus lucorum -group (B. lucorum, B. terrestris, B. cryptarum 
and B. magnus). Solitary bees were identified as a group, and hoverflies 
to subfamilies Syrphinae and Eristalinae. Other flower-visitors were 
identified at varied taxonomic levels (Table S1). 

Pollinator monitoring was done between 9 a.m. and 5 p.m. in 
weather conditions allowing insect activity. Minimum temperature was 
17 ◦C in sunny or partly cloudy and 20 ◦C in cloudy weather. The 
maximum wind speed was 5 on the Beaufort scale. The mean wind speed 
of repeated measurements on an individual field ranged between 1.3 
and 3.6 on the Beaufort scale. 

In the pollinator monitoring plots, the number of open umbels and 
umbellets was estimated at each monitoring round. The percentage 
cover of flowering caraway plants in each plot was estimated at the last 
monitoring round. In addition, the percentage of flowers damaged by 
the larvae of D. daucella or by deer was estimated. 

2.3. Pollinator exclusion and yield samples 

On each field, a 1 × 1 m control area was covered with a cage to 
exclude pollinators during crop flowering (Fig. S2). The cages had a 
wooden frame covered with white polyester netting with 1 mm mesh 
size. After crop flowering, the netting was removed. 

Once the crop was ripe, yield samples were collected from the 
pollinator monitoring plots and the control areas. Two plants were 
collected next to the marking stick of each monitoring plot, which 
totaled eight open-pollinated plants per field. In addition, eight plants 
were collected from the control areas without insect pollination. Plants 
with D. daucella damage were avoided. In 14 fields, the quality of yield 
samples was compromised because of D. daucella damage or mowing of 

the fields due to severe D. daucella damage or weed infestation: either no 
full yield samples could be collected, open-pollinated plants were 
collected outside the pollinator monitoring plots, or the collected plants 
had D. daucella damage or were unripe (see Table S2 for details). 

The number of umbellets, florets and fruits per central umbel, as well 
as the number of umbels per plant were counted. Umbels and umbellets 
fully destroyed by D. daucella and fruits less than 3 mm long were 
excluded. All umbels were dried in 35 ◦C for 24 h, after which the seeds 
were harvested by hand and yield per central umbel and per plant were 
measured. Since the caraway fruit is a schizocarp, which splits into two 
mericarps (called seeds) at harvest, the number of seeds per central 
umbel was calculated by doubling the number of fruits per central 
umbel. Fruit set (%) on central umbels was obtained by dividing the 
number of fruits with the number of florets and multiplied by 100. To 
estimate 100-seed weight on central umbels, the seed weight of central 
umbels was divided by the number of seeds and multiplied by 100. 

2.4. Monitoring of flower resources in field margins 

The availability of flower resources was monitored in the field 
margin closest to the pollinator monitoring plots of each study field. 
Most of the field margins were bordered by a small ditch with another 
(field or road) margin on the other side. The availability of flower re-
sources was estimated in an area of 5 × 50 m along the study field edge, 
which area included the field margin of the study field and the adjacent 
habitat(s) (usually ditch, another margin and/or road) or a part of them. 

The monitoring was carried out four times during summer, from 
early June to late July. The total cover of flowering herbs (whole plants) 
was estimated in percentage. This variable was used in the statistical 
analyses to describe the value of the fields margins as a source of nectar 
and pollen for different pollinators. 

In addition, to describe flower composition in the margins, the flower 
abundances of the most important groups of insect-pollinated plants, 
caraway, and all other flowering herbs that pollinators (bees, syrphid 
flies or butterflies) were observed to visit were estimated using four 
abundance classes: 1 = rare (approximately 1–10 flower units); 
2 = occasional (10–50 flower units); 3 = common (50–500 flower 
units); 4 = abundant (> 500 flower units). The flower units were either 
inflorescences (flower heads, umbels, racemes, corymbs) or single 
flowers, depending on the plant species (for details, see Table S3). To 
calculate mean flower abundances for each species or group, classes 1–3 
were replaced by the means of their range (1 = 5.5 flower units; 2 = 30 
flower units; 3 = 275 flower units) and class 4 by its minimum, 500 
flower units. 

2.5. Statistical analyses 

R versions 3.6.1 and 3.6.2 (R Core Team, 2019) were used for the 
statistical analyses. All models were checked for spatial autocorrelation 
in residuals using Moran’s I test with the function moran.test() of the 
spdep package (Bivand and Wong, 2018), and no spatial autocorrelation 
was found. 

2.5.1. Effects of environmental variables on pollinator visits on caraway 
Before the analyses, observations of the four pollinator monitoring 

rounds were pooled to get the total number of flower visits and species 
richness in each of the four monitoring plots per field. Species richness 
was calculated as the total number of species and pseudospecies, i.e. 
pollinator groups identified at varied taxonomic levels. 

Based on preliminary correlation analyses (Table S4), three envi-
ronmental variables were selected to reflect landscape context and local 
habitat quality for pollinators: the percentage cover of forest in the 
500 m landscape buffer, the percentage cover of flowering caraway in 
the monitoring plot, and the percentage cover of flowering herbs in the 
adjacent field margin. 

The landscape buffer of 500 m width was selected by comparing the 

Table 1 
Key farming and landscape characteristics of the 30 study fields. Proportions of 
land use types are presented as percentage cover within 500-m buffer, which 
was the buffer selected for the final analyses. Distance to forest was measured 
from the monitoring plot closest to forest. Shannon’s diversity index (H’) for 
land use diversity was calculated based on CORINE’s level 2 land cover types 
(Finnish Environment Institute, 2018).  

Field characteristics (number of fields) 

Sowing year 2016 (4), 2017 (18), 2018 (8) 
Caraway variety Record (24), Konzcewicki (2), Niededeutscher (2), 

Prochan (1), Speeder (1) 
Soil fertility good (15), satisfactory (14), poor (1) 
Production method organic (7), conventional (23) 
Number of pesticide 

applications 
2 (13), 1 (8), 0 (9) 

Insecticide use yes (21), no (9) 
Herbicide use yes (13), no (17) 
Honeybee hives within 500- 

m distance 
yes (5), no (25) 

Land use in 500-m buffer Mean [min, max] 

Arable land (%) 49 [7,83] 
Caraway (%) 15 [4,46] 
Other insect-pollinated 

crops (%)a 
1 [0,21] 

Cereals (%) 20 [0,51] 
Perennial grasslands (%)b 11 [0,26] 
Forest (%) 46 [13,89] 
Built-up area (%) 4 [0,23] 
Waters (%) 1 [0,21] 
Wetlands (%) 0 [0,9] 
Distance to forest (m) 75 [3266] 
Land use diversity (H’) 0.73 [0.43, 1.30]  

a Other insect-pollinated crops included turnip rape, oilseed rape and faba 
bean. 

b Perennial grasslands included sown cultivated grasslands and fallows. 
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correlations of the flower visits by different pollinator groups and 
pollinator species richness with forest cover in 250 m, 500 m and 
1000 m buffers, and distance to forest (Table S4). Forest cover in the 
500 m buffer was strongly negatively correlated with arable land cover 
(Pearson’s r = − 0.95, p < 0.001) and distance to forest (Pearson’s 
r = − 0.81, p < 0.001). The cover of flowering caraway in the moni-
toring plots was positively correlated with the number of pesticide ap-
plications in the field (Pearson’s r = 0.77, p < 0.001), and it was 
significantly higher in conventionally managed fields than in organically 
managed fields (Wilcoxon test, p < 0.001). 

Generalized linear mixed models (GLMM) were used to analyze the 
effects of the selected environmental variables on pollinator visits on 
caraway. In addition to the three continuous environmental variables, 
the distance from the monitoring plots to the field margin was included 
as an explanatory factor (with two levels, 5 m and 20 m), and field as a 
random factor in the models. Response variables in the models were 
pollinator species richness, the total number of flower visits, and the 
number of flower visits by honeybees, solitary bees, the two subfamilies 
of hoverflies (Syrphinae and Eristalinae), non-syrphid flies, beetles and 
lepidopteran pollinators (butterflies and moths). For bumblebees, which 
were recorded in only 5% of the monitoring plots, models could not be 
fitted due to convergence problems. 

The models were fitted using the function glmmTMB of the R pack-
age glmmTMB (Brooks et al., 2017). Poisson distribution was expected, 
unless the data were overdispersed, in which case negative binomial 
distribution was used. In two cases, none of the two distributions seemed 
appropriate (the data were underdispersed or otherwise did not follow 
Poisson or negative binomial distribution), and 
Conway-Maxwell-Poisson distribution (Shmueli et al., 2005) was 
implemented. For lepidopteran pollinators, zero-inflated models were 
used due to large number of zeroes. All models were checked for mul-
ticollinearity by calculating the variance inflation factors (all below 
1.12). For residual diagnostics, the function simulateResiduals() of the 
DHARMa package (Hartig, 2020) were applied, and no significant 
problems were detected. 

2.5.2. Effects of pollinator visits on caraway yield 
The effects of pollinator exclusion and pollinator visits on caraway 

yield were analyzed using values for pollinator visits and yield compo-
nents per field, as opposed to values per monitoring plot. Before the 
analyses, yield data were averaged to get the mean value of each yield 
component in open pollination and pollinator exclusion in each field. 
Pollinator data were pooled to get the total number of flower visits and 
species richness per field. 

The effects of pollinator visitation on caraway yield were analyzed 
with five yield components as response variables: 1) fruit set (%) on 
central umbels, 2) 100-seed weight on central umbels, 3) yield per plant, 
4) the number of umbellets per central umbel, and 5) the number of 
umbels per plant. 

Comparison of yield variables between open pollination and polli-
nator exclusion was made using linear mixed models (LMM) with 
pollinator exclusion as a fixed factor and field as a random factor. The 
analyses were conducted without one field where all caraway plants in 
the pollinator exclusion cage were severely damaged by Depressaria 
daucella larvae. Additional analyses were conducted without seven fields 
with severely compromised yield sample quality, and without 13 fields 
with slightly or severely compromised yield sample quality (Table S2). 

The effects of flower visits on caraway yield in open pollinated plants 
were examined using general linear (LM) and generalized least square 
models (GLS). LMs were run to test the effects of pollinator species 
richness on all yield components, and the effect of the total number of 
flower visits on yield per plant. For the other effects of the number of 
flower visits, GLSs with weights = varPower() were used due to heter-
oscedasticity. The heteroscedasticity resulted from larger variability in 
yield with lower than higher flower visitation, or, in case of beetles, from 
larger variability in yield with higher than lower flower visitation. The 

effects of the total number of flower visits, and the visits by different 
pollinator taxa, including honeybees, solitary bees, hoverflies, the hov-
erfly subfamilies Syrphinae and Eristalinae, non-syrphid flies, Lepidop-
tera and beetles, were analyzed separately. Only two models for 
lepidopteran pollinators and no models for bumblebees could be fitted 
due to low number of observations. Two of the response variables, 
umbellets per central umbel and umbels per plant, were excluded from 
the taxon-specific analyses because the total number of flower visits had 
no effect on the variables. 

Additional analyses on the effects of the total number of flower visits 
on caraway yield were conducted without four fields with severely 
compromised yield sample quality, and without 10 fields with slightly or 
severely compromised yield sample quality (Table S2). Since the bene-
fits of pollination services may depend on the level of pest control 
(Lundin et al., 2013), the analyses on the effects of total flower visitation 
on yield were also conducted by including only 10 fields with slightly or 
severely compromised yield sample quality. For honeybees, additional 
analyses were conducted without two study fields with exceptionally 
high number of honeybee flower visits, and for all hoverflies and the 
hoverfly subfamily Syrphinae without one study field with exceptionally 
high number of Syrphinae visits. 

The models were fitted using functions lmer() of the R package lme4 
(Bates et al., 2015), gls() of the package nlme (Pinheiro et al., 2019), and 
lm() of the R package stats. 

3. Results 

A total of 3283 flower visits by 1139 pollinator individuals were 
recorded (Table S1). The most frequent visitors were hoverflies that 
made 36% of all flower visits. They were followed by honeybees and 
non-syrphid flies, with 25% and 20% of the flower visits, respectively. 
The total number of flower visits by all flies was higher than that by all 
bees, which was due to the high number of fly individuals (Table S1). 

The mean cover of flowering caraway plants in the monitoring plots 
was 55% (SD = 37%). In the adjacent field margins, flowering herbs 
covered, on average, 17% (SD = 13%) of the area. Insect-pollinated 
herbs with highest flower abundance as estimated using the abun-
dance classes, were Ranunculus sp., three Apiaceae species recorded as 
one group (Anthriscus sylvestris, Aegopodium podagraria and Angelica 
sylvestris), Vicia sp., Trifolium sp., and Achillea sp. (Table S3). 

3.1. Effects of environmental variables on pollinator visits on caraway 

Species richness of pollinators visiting caraway flowers was affected 
by all four environmental variables (Table 2). Species richness increased 
with increasing forest cover in the landscape, increasing cover of flow-
ering caraway in the monitoring plots, and increasing cover of flowering 
herbs in the adjacent margin, and it was higher in the monitoring plots 
situated at 5-m distance from the field edge than in the plots at 20-m 
distance from the edge (Fig. 2). Total number of pollinator visits was 
positively related to the cover of flowering caraway and the location of 
the monitoring plots near the field edge (Table 2, Fig. 2). 

Pollinator groups differed in their responses to the environmental 
variables. The number of flower visits by honeybees was only explained 
by the cover of flowering caraway in the fields, whereas none of the wild 
pollinator groups responded to the caraway cover (Table 2, Figs. 2–3). 
The number of visits by hoverflies of the subfamily Eristalinae, non- 
syrphid flies and beetles increased with increasing forest cover in the 
landscape (Fig. 3). The number of visits by solitary bees and non-syrphid 
flies were explained by the cover of flowering herbs in the adjacent field 
margin (Fig. 3). All flies made more visits near field edges than in the 
interior of the fields (Fig. 3). Butterflies and moths, which were recorded 
in less than 8% of the monitoring plots, did not respond to any of the 
environmental variables (Table 2). 
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3.2. Effects of pollinator visits on caraway yield 

Pollinator exclusion reduced fruit set per central umbel by 13% and 
seed yield per plant by 40%, while it had no effect on the other yield 
components (Table 3, Fig. 4). Excluding the fields with compromised 
yield sample quality did not affect the statistical significance of the re-
sults (Table S5). 

In open pollination, the total number of flower visits had a positive 
effect on fruit set and 100-seed weight on central umbels, and on yield 
per plant (Table 4, Fig. 5a–c). Excluding, or including only, the fields 
with compromised yield sample quality did not markedly change model 
estimates, but some of the effects lost their statistical significance 
(Table S6–S7): When the fields with severely compromised yield sample 
quality were excluded from the analyses, the effects on fruit set and 100- 
seed weight on central umbels lost their statistical significance 
(Table S6). When the fields with slightly or severely compromised yield 
sample quality were excluded, all effects lost their statistical significance 
(Table S6). When only fields with slightly or severely compromised yield 
sample quality were included, the effect on 100-seed weight lost its 
statistical significance (Table S7). 

Pollinator groups had differing effects on the yield components. Seed 
yield increased with increasing number of flower visits by honeybees, 
hoverflies and the hoverfly subfamily Syrphinae, while 100-seed weight 
decreased with increasing number of beetle visits (Table 4, Fig. 5d–g). 
When two fields with exceptionally high number of honeybee visits were 

Table 2 
Results of the GLMMs on the effects of environmental variables on pollinator 
species richness, the total number of flower visits, and the number of flower 
visits by individual pollinator groups on caraway.   

Estimate SE z p Model type 

Species richness      
(Intercept)  0.761  0.138 5.530 < 0.001 GLMM, 

Conway- 
Maxwell- 
Poisson 

Forest cover (%) in 
the landscape  

0.006  0.002 3.066 < 0.01 

Flowering caraway 
cover (%) in the 
field  

0.003  0.001 2.806 < 0.01  

Flowering herb 
cover (%) in the 
margin  

0.006  0.003 2.040 < 0.05  

Distance to the 
margin: 5 ma  

0.153  0.064 2.377 < 0.05  

All flower visits        
(Intercept)  2.417  0.281 8.608 < 0.001 GLMM, 

negative 
binomial 

Forest cover (%) in 
the landscape  

0.005  0.004 1.098 ns 

Flowering caraway 
cover (%) in the 
field  

0.006  0.002 2.507 < 0.05  

Flowering herb 
cover (%) in the 
margin  

0.006  0.007 0.876 ns  

Distance to the 
margin: 5 ma  

0.261  0.097 2.699 < 0.01  

Honeybees        
(Intercept)  0.384  0.628 0.611 ns GLMM, 

negative 
binomial 

Forest cover (%) in 
the landscape  

-0.003  0.008 -0.394 ns 

Flowering caraway 
cover (%) in the 
field  

0.022  0.005 4.226 < 0.001  

Flowering herb 
cover (%) in the 
margin  

-0.015  0.013 -1.103 ns  

Distance to the 
margin: 5 ma  

0.230  0.252 0.912 ns  

Solitary bees        
(Intercept)  -1.847  0.880 -2.099 < 0.05 GLMM, 

negative 
binomial 

Forest cover (%) in 
the landscape  

0.020  0.010 1.936 ns 

Flowering caraway 
cover (%) in the 
field  

0.007  0.006 1.083 ns  

Flowering herb 
cover (%) in the 
margin  

0.032  0.014 2.270 < 0.05  

Distance to the 
margin: 5 ma  

0.096  0.338 0.284 ns  

Hoverflies: 
Syrphinae        

(Intercept)  0.970  0.452 2.146 < 0.05 GLMM, 
negative 
binomial 

Forest cover (%) in 
the landscape  

0.004  0.007 0.567 ns 

Flowering caraway 
cover (%) in the 
field  

0.004  0.003 1.072 ns  

Flowering herb 
cover (%) in the 
margin  

0.011  0.012 0.928 ns  

Distance to the 
margin: 5 ma  

0.652  0.152 4.282 < 0.001  

Hoverflies: 
Eristalinae        

(Intercept)  -2.720  0.620 -4.385 < 0.001 GLMM, Poisson 
Forest cover (%) in 

the landscape  
0.030  0.008 3.689 < 0.001  

Flowering caraway 
cover (%) in the 
field  

0.004  0.004 0.900 ns   

0.022  0.012 1.891 ns   

Table 2 (continued )  

Estimate SE z p Model type 

Flowering herb 
cover (%) in the 
margin 

Distance to the 
margin: 5 ma  

0.542  0.189 2.864 < 0.01  

Non-syrphid flies        
(Intercept)  -0.005  0.344 -0.016 ns GLMM, 

negative 
binomial 

Forest cover (%) in 
the landscape  

0.010  0.004 2.351 < 0.05 

Flowering caraway 
cover (%) in the 
field  

0.003  0.003 1.235 ns  

Flowering herb 
cover (%) in the 
margin  

0.035  0.006 5.720 < 0.001  

Distance to the 
margin: 5 ma  

0.351  0.165 2.126 < 0.05  

Beetles        
(Intercept)  0.304  0.435 0.699 ns GLMM, 

Conway- 
Maxwell- 
Poisson 

Forest cover (%) in 
the landscape  

0.015  0.007 2.317 < 0.05 

Flowering caraway 
cover (%) in the 
field  

-0.003  0.004 -0.730 ns  

Flowering herb 
cover (%) in the 
margin  

-0.023  0.012 -1.924 ns  

Distance to the 
margin: 5 ma  

-0.144  0.226 -0.637 ns  

Butterflies and 
moths        

(Intercept)  0.417  1.045 0.399 ns GLMM, zero- 
inflated Poisson Forest cover (%) in 

the landscape  
-0.053  0.033 -1.638 ns 

Flowering caraway 
cover (%) in the 
field  

-0.004  0.011 -0.342 ns  

Flowering herb 
cover (%) in the 
margin  

0.063  0.035 1.799 ns  

Distance to the 
margin: 5 ma  

0.463  0.776 0.598 ns   

a as compared to 20 m distance to field margin. 
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excluded from the analyses, the positive effect of honeybee visits on 100- 
seed weight became statistically significant (Table S8). Excluding the 
field with exceptionally high number of Syrphinae visits did not affect 
the results on the positive effects of all hoverfly or Syrphinae visits on 
caraway yield (Table S9). Pollinator species richness had no effect on the 
yield components (Table 4). 

4. Discussion 

Our study is the first to report the high importance of flies to crop 
pollination in boreal farmland. Hoverflies were the most frequent flower 
visitors on mass-flowering caraway, and, similarly to honeybees, they 
increased yield. Among wild pollinators, the dominance of hoverflies 
and other Diptera was striking, since they made 75% of all wild polli-
nators’ visits on caraway. The results contribute to the growing evidence 
that flies can render crop pollination services similar to those provided 
by bees (Orford et al., 2015; Rader et al., 2016). 

Our results on the relative visitation frequency (i.e. the proportions 
of visits) of different pollinator groups differ from earlier studies that 
have reported caraway being predominantly visited by solitary bees 
(Ricciardelli D’Albore, 1986) or honeybees (Langenberger and Davis, 
2002). The dominance of Diptera in our study may result from the 
northern location that increases the proportion of flies in wild pollinator 
fauna (Elberling and Olesen, 1999; McCabe and Cobb, 2021), the early 
flowering time of caraway that mismatches with the peak availability of 
bee pollinators in the area (Toivonen et al., 2019) and the presence of 
co-flowering plant species that were more attractive to bees in the 

surrounding landscape (Käpylä and Niemelä, 1979; Gaines-Day and 
Gratton, 2016). It is also possible that the early flowering of caraway 
concentrates flies from the surrounding landscape more than it does for 
bees, which are central-place foragers and may have shorter foraging 
distances in early summer than in mid-summer (Couvillon et al., 2014). 

Honeybee abundance is also dependent on the density of beehives in 
the area, but the high beehive density does not necessarily imply the 
high abundance of honeybee foragers in the crop, especially in land-
scapes with high proportion of forest (Gaines-Day and Gratton, 2016). In 
our study, honeybee hives were present in the proximity of five study 
fields, but this did not guarantee high number of flower visits by hon-
eybees in these fields. In fact, the average number of honeybee visits, 
and the proportion of honeybee visits of all flower visits were slightly 
lower in the fields with beehives than in the other fields (on average, 25 
honeybee visits, representing 21% of all flower visits in the fields with 
beehives; the corresponding numbers for all study fields 27% and 25%). 
Thus, the low number of flower visits by honeybees was probably largely 
due to the low attractiveness of the crop. For example, Rubus idaeus and 
Vaccinium vitis-idaea, which are common wild plants in the area, have 
overlapping flowering times with caraway and attract honeybees more 
than caraway does (Käpylä and Niemelä, 1979). In addition, in the same 
study area, honeybees and bumblebees are the main pollinators of 
spring-sown turnip rape (Brassica rapa ssp. oleifera), which blooms, on 
average, a few weeks later than caraway (Toivonen et al., 2019). The 
relatively low attractiveness of caraway to bees is probably partly due to 
the structure of the flowers: especially large-bodied and long-tongued 
bumblebees may be morphologically poorly suited for foraging on 

Fig. 2. Species richness and numbers of 
flower visits per monitoring plot by all 
pollinators, honeybees and solitary bees 
in relation to four environmental vari-
ables: forest cover within the 500-m 
landscape buffer, the cover of flower-
ing caraway in the monitoring plot, the 
cover of flowering herbs in the adjacent 
field margin, and distance from the 
monitoring plot to the field margin. 
Lines in the scatterplots depict predicted 
values based on GLMMs with the sta-
tistically significant effect of the envi-
ronmental variable in question 
(Table 2). Black squares in the boxplots 
indicate mean values.   
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delicate caraway flowers with exposed nectaries (Peat et al., 2005). 
In line with the expectations, wild pollinators responded generally 

positively to the proximity of uncultivated habitats (i.e. distance to the 
field edge), the provision of floral resources in the field margins, and the 
cover of forest in the landscape, whereas honeybees were attracted by 
fields with high flowering crop cover. However, unlike Rader et al. 
(2016) who found that non-bee pollinators are less reliant than bees on 
the presence of natural and semi-natural habitats in the surrounding 
landscape, our results suggests that the abundance of crop-visiting flies 
in boreal farmland is strongly dependent on the nearby field margins 
and forests. The positive effects of woody vegetation on hoverfly species 
richness and abundance in farmland have been reported also in Sweden 
(Sjödin et al., 2008; Söderman et al., 2016). While forest may inhibit 
hoverfly dispersal (Öckinger et al., 2012), forest edges can provide 

Fig. 3. Numbers of flower visits per 
monitoring plot by two subfamilies of 
hoverflies (Syrphinae and Eristalinae), 
non-syrphid flies and beetles in relation 
to four environmental variables: forest 
cover within the 500-m landscape 
buffer, the cover of flowering caraway 
in the monitoring plot, the cover of 
flowering herbs in the adjacent field 
margin, and distance from the moni-
toring plot to the field margin. Lines in 
the scatterplots depict predicted values 
based on GLMMs with the statistically 
significant effect of the environmental 
variable in question (Table 2). Black 
squares in the boxplots indicate mean 
values.   

Table 3 
Results of the LMMs testing the effects of pollinator exclusion on the caraway yield components, and the mean and standard deviation (SD) of the yield components in 
open pollination and pollinator exclusion.   

Open pollination Pollinator exclusion     

Yield component Mean SD Mean SD Estimatea SE t p 

Fruit set on central umbels (%)  67.39  13.68  58.47  16.25  -8.917  2.21  -4.04 < 0.001 
100-seed weight on central umbels (g)  0.204  0.09  0.205  0.12  0.001  0.02  0.05 ns 
Seed yield per plant (g)  2.11  1.55  1.27  1.14  -0.833  0.22  -3.82 < 0.001 
Umbellets per central umbel  8.24  0.89  7.81  1.75  -0.427  0.28  -1.55 ns 
Umbels per plant  17.18  7.00  14.67  7.48  -2.505  1.32  -1.90 ns  

a Pollinator exclusion when compared to open pollination 

Fig. 4. Fruit set (%) on central umbels and seed yield per plant in open polli-
nation and pollination exclusion. Black squares indicate mean values. 
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wind-sheltered habitats and concentrate small insects from passing 
airborne populations (Lewis, 1969). Compared to arable land, field 
margins and forest edges may offer a more stable availability and wider 
range of resources for flies, such as decaying organic matter and aphids 
for larvae, and floral resources, lekking sites and flight-paths for adults 
(Sutherland et al., 2001; Söderman et al., 2016). In our study, hoverflies 
with saprophagous larvae (most species of the subfamily Eristalinae), 
and non-syrphid flies benefitted from the high cover of forest in the 
surrounding landscape, unlike hoverflies with aphidophagous larvae 
(subfamily Syrphinae), which possibly used aphids in crop fields as 
larval resources. 

Besides the total availability of floral resources in the field margins, 
flower composition affects the benefits of the margins for different 
pollinators (Lagerlöf et al., 1992; Bäckman and Tiainen, 2002). 
Although the effects of flower composition were outside the scope of this 
study, it should be noted that flowers with exposed nectaries (Ranun-
culus repens, R. acris, A. sylvestris, A. podagraria) that are easily accessible 
for short-tongued insects were abundant in the studied field margins. 
This may partly explain the positive responses of solitary bees and 
non-syrphid flies to the flowering herb cover in the margins. 

The number of flower visits by beetles was associated with the high 
forest cover in the surrounding landscape. A previous study in grasslands 
in Sweden did not find flower-visiting beetles to respond to landscape 
factors (Sjödin et al., 2008). Differences in the results may be due to the 
heterogeneity of the group: since there is a large variation in life his-
tories among beetle species, the effects of landscape and floral factors 
depend on which species dominate in data. In our study, the majority of 
the recorded Coleoptera flower visits were made by soldier beetles 
(Cantharidae), most of which are generalist predators but also feed on 
nectar and pollen, typically on Apiaceae (Willmer, 2011). Since soldier 
beetle larvae typically feed on detritivores such as collembolans and 
earthworms, the availability of larval food may limit soldier beetle 

density in arable land with low soil organic matter content (Eitzinger 
and Traugott, 2011), and thus explain the observed association with 
high forest cover. 

Our results confirm that insect pollination is needed for high caraway 
yield, which is consistent with the study of Bouwmeester and Smid 
(1995) in the Netherlands. However, pollinator exclusion resulted in a 
smaller reduction in fruit set (13%) and a larger reduction in seed yield 
(40%) compared to the earlier study (25% for fruit set; 13% and 20% for 
seed yield of biannual and annual caraway, respectively; Bouwmeester 
and Smid, 1995). The smaller reduction in fruit set in our study may be 
explained by the finding of Bouwmeester and Smid (1995) that polli-
nator exclusion reduced fruit set particularly in secondary umbels, since 
in our study, fruit set was calculated only for the first umbels. The dif-
ferences between the studies may also be due to differences in pollinator 
visitation rates on open pollinated plants, i.e. possible pollination deficit 
in open pollination, or differences in weather conditions or the mesh size 
of the cage netting that affected wind pollination of the caged plants. 
The large reduction in seed yield per plant in our study may partly result 
from reduced assimilate availability inside the cages due to shading 
(Bouwmeester and Smid, 1995) and more severe D. daucella damage in 
the caged plants than in open-pollinated plants. Thus, the actual yield 
reduction due to the lack of pollinators was probably smaller than the 
reduction measured in our experiment. However, given that the yield of 
open-pollinated plants increased with increasing number of flower 
visits, yield differences between open-pollinated and caged plants would 
have been larger, if visitation rates in open-pollinated plants had been 
higher. 

The increase in fruit set and seed yield of open-pollinated plants with 
increasing flower visitation indicate that inadequate insect pollination 
limited caraway yields at least in a part of the study fields. The result 
supports the suggestion of Hokkanen et al. (2017) that decreased 
caraway yields in some of the most intensively cultivated regions of 

Table 4 
Results of the models testing the effects of pollinator species richness, the total number of flower visits, and the number of flower visits by individual pollinator groups 
on the caraway yield components.  

Explanatory variable Yield component Estimate SE t p Model type 

Species richness Fruit set on central umbels (%)  1.3250  1.4250  0.9300 ns LM  
100-seed weight on central umbels (g)  0.0012  0.0104  0.1160 ns LM  
Seed yield per plant (g)  0.0999  0.1658  0.6020 ns LM  
Umbellets per central umbel  0.0199  0.1178  0.1690 ns LM  
Umbels per plant  0.6112  0.7655  0.7980 ns LM 

All flower visits Fruit set on central umbels (%)  0.0945  0.0281  3.3658 < 0.01 GLS  
100-seed weight on central umbels (g)  0.0005  0.0002  2.4399 < 0.05 GLS  
Seed yield per plant (g)  0.0113  0.0043  3.1130 < 0.01 LM  
Umbellets per central umbel  0.0033  0.0028  1.1843 ns GLS  
Umbels per plant  0.0324  0.0179  1.8108 ns GLS 

Honeybees Fruit set on central umbels (%)  0.0601  0.0373  1.6113 ns GLS  
100-seed weight on central umbels (g)  0.0006  0.0003  1.6689 ns GLS  
Seed yield per plant (g)  0.0339  0.0136  2.5005 < 0.05 GLS 

Solitary bees Fruit set on central umbels (%)  0.3468  0.2170  1.5976 ns GLS  
100-seed weight on central umbels (g)  0.0014  0.0021  0.6585 ns GLS  
Seed yield per plant (g)  0.0292  0.0383  0.7631 ns GLS 

All hoverflies Fruit set on central umbels (%)  0.1114  0.0600  1.8576 ns GLS  
100-seed weight on central umbels (g)  0.0006  0.0003  1.6762 ns GLS  
Seed yield per plant (g)  0.0236  0.0088  2.7020 < 0.05 GLS 

Hoverflies: Syrphinae Fruit set on central umbels (%)  0.0591  0.0591  1.8255 ns GLS  
100-seed weight on central umbels (g)  0.0006  0.0003  1.6551 ns GLS  
Seed yield per plant (g)  0.0261  0.0092  2.8320 < 0.01 GLS 

Hoverflies: Eristalinae Fruit set on central umbels (%)  1.0247  0.5390  1.9009 ns GLS  
100-seed weight on central umbels (g)  0.0060  0.0040  1.5066 ns GLS  
Seed yield per plant (g)  -0.0457  0.0656  -0.6968 ns GLS 

Non-syrphid flies Fruit set on central umbels (%)  0.1387  0.1188  1.1671 ns GLS  
100-seed weight on central umbels (g)  0.0008  0.0009  0.9236 ns GLS  
Seed yield per plant (g)  0.0031  0.0124  0.2504 ns GLS 

Beetles Fruit set on central umbels (%)  -0.4812  0.3764  -1.2782 ns GLS  
100-seed weight on central umbels (g)  -0.0045  0.0022  -2.1002 < 0.05 GLS  
Seed yield per plant (g)  -0.0627  0.0316  -1.9807 ns GLS 

Butterflies and moths 100-seed weight on central umbels (g)  0.0045  0.0137  0.3279 ns GLS 
Seed yield per plant (g)  0.1471  0.2844  0.5173 ns GLS  

M. Toivonen et al.                                                                                                                                                                                                                              



Agriculture, Ecosystems and Environment 323 (2022) 107698

9

Finland are caused by pollination deficit. The overall flower visitation 
frequency in caraway was low. On average, 1.37 visits per minute per 
monitoring plot (4 m2) was recorded. Dividing these visits by the esti-
mated number of umbellets per monitoring plot gives 0.01 visits per 
umbellet per hour. The actual visitation frequency was probably slightly 
higher, since several caraway umbel orders bloom simultaneously and 
form multiple layers in the sward, which makes it difficult to observe all 
flower visits. Nevertheless, the flower visitation rate was far below the 
visitation rates needed to ensure optimal pollination in most crops 
(Garibaldi et al., 2020). The low number of flower visits may partly 
explain why only the two most abundant pollinator groups were found 
to increase caraway yield. Interestingly, however, flower visits by bee-
tles reduced 100-seed weight. A possible explanation is the destructive 
feeding behavior of many beetles: besides pollinating, they can damage 
the flowers they feed on (Willmer, 2011). 

Pollinator species richness did not affect caraway yield, which con-
tradicts the results of global syntheses on the effects of pollinator di-
versity on crop yields (Garibaldi et al., 2013, 2015; Dainese et al., 2019). 
The lack of the effect in our study may result from the fact that our study 
design was not optimal for studying the species richness effects, since 
most wild pollinators were not identified at species level, and rather 
large species groups were used. However, in line with earlier studies 

(Garibaldi et al., 2013; Dainese et al., 2019), high species richness was 
associated with high total visitation frequency (Table S10). The results 
suggest that, although one or a few efficient pollinator species may 
provide adequate pollination services for caraway, the abundances of 
single species are often insufficient. Besides increasing the overall flower 
visitation frequency in a single year, a diverse pollinator community can 
stabilize pollination services across years (Blüthgen and Klein, 2011; 
Senapathi et al., 2021). 

5. Conclusions 

Hoverflies and other Diptera play a significant role in caraway 
pollination in boreal farmland. Pollination services can be supplemented 
by providing honeybee hives next to the crop, but due to the low 
attractiveness of caraway for honeybees, this does not guarantee 
adequate pollination services. The scarcity of wild bees in caraway fields 
in our study further emphasizes that bee-centric approaches for the 
management of pollination services may not work for some crops. To 
improve caraway pollination, enhancing the abundance of hoverflies 
may be the best strategy. This includes increasing the density of field 
margins, and their pollinator-friendly management, and placing 
caraway in fields next to forest in order to provide a wide range of re-
sources for the pollinator group with diverse reproductive needs. Be-
sides habitat enhancement, the use of hoverflies as managed pollinators 
in agriculture could be developed (Cook et al., 2020). Substantial dif-
ferences between studies in pollinator communities of the same crop 
(current study vs. Ricciardelli D’Albore (1986) and Langenberger and 
Davis (2002)) highlight the importance of including all flower-visiting 
taxa in crop pollination studies, and the need to tailor pollinator man-
agement specifically to each region. 
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Chacoff, N.P., Classen, A., Cusser, S., da Silva e Silva, F.D., de Groot, G.A., 
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Garibaldi, L.A., Sáez, A., Aizen, M.A., Fijen, T., Bartomeus, I., 2020. Crop pollination 
management needs flower-visitor monitoring and target values. J. Appl. Ecol. 57, 
664–670. https://doi.org/10.1111/1365-2664.13574. 

Hartig, F., 2020. DHARMa: Residual diagnostics for hierarchical (multi-level / mixed) 
regression models. R package version 0.3.2.0. https://CRAN.R-project.org/packa 
ge=DHARMa. 

Hokkanen, H.M., Menzler-Hokkanen, I., Keva, M., 2017. Long-term yield trends of insect- 
pollinated crops vary regionally and are linked to neonicotinoid use, landscape 
complexity, and availability of pollinators. Arthropod-Plant Interact. 11, 449–461. 
https://doi.org/10.1007/s11829-017-9527-3. 

Howlett, B.G., Donovan, B.J., McCallum, J.A., Newstrom, L.E., Teulon, D.A.J., 2005. 
Between and within field variability of New Zealand indigenous flower visitors to 
onions. N. Z. Plant Prot. 58, 213–218. https://nzpps.org/_journal/index.php/nzpp/ 
article/view/4275. 

Inouye, D.W., Larson, B.M., Ssymank, A., Kevan, P.G., 2015. Flies and flowers III: ecology 
of foraging and pollination. J. Pollinat. Ecol. 16, 115–133. https://doi.org/ 
10.26786/1920-7603%282015%2915. 

IPBES, 2016. In: Potts, S.G., Imperatriz-Fonseca, V.L., Ngo, H.T. (Eds.), The Assessment 
Report of the Intergovernmental Science-Policy Platform on Biodiversity and 
Ecosystem Services on Pollinators, Pollination and Food Production. Secretariat of 
the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem 
Services, Bonn, Germany. https://doi.org/10.5281/zenodo.3402856.  

Jauker, F., Diekötter, T., Schwarzbach, F., Wolters, V., 2009. Pollinator dispersal in an 
agricultural matrix: opposing responses of wild bees and hoverflies to landscape 
structure and distance from main habitat. Landsc. Ecol. 24, 547–555. https://doi. 
org/10.1007/s10980-009-9331-2. 
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