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Abstract 

Background. Many crops are dependent on pollination by insects. Habitat management in 

agricultural landscapes can support pollinator services and even augment crop production. 

Common bean (Phaseolus vulgaris L.) is an important legume for the livelihoods of 

smallholder farmers in many low-income countries, particularly so in East Africa. While this 

crop is autogamous, it is frequently visited by pollinating insects that could improve yields. 

However, the value of pollination services to common beans (Kariasii) yield is not known.  

Methods. We carried out pollinator-exclusion experiments to determine the contribution of 

insect pollinators to bean yields. We also carried out a fluorescent-dye experiment to 

evaluate the role of field margins as refuge for flower-visitors.  

Results. Significantly higher yields, based on pods per plant and seeds per pod, were 

recorded from open-pollinated and hand-pollinated flowers compared to plants from which 

pollinators had been excluded indicating that flower visitors contribute significantly to bean 
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yields. Similarly, open and hand-pollinated plants recorded the highest mean seed weight. 

Extrapolation of yield data to field scale indicated a potential increase per hectare from 681 

kg in self-pollinated beans to 1478 kg in open-pollinated beans indicating that flower visitors 

contributed significantly to crop yield of beans. Our marking study indicated that flower-

visiting insects including bees, flies and lepidopterans moved from the field margin flowers 

into the bean crop. Overall, these results show that insect pollinators are important for 

optimising bean yields and an important food security consideration on smallholder farms. 

Field margin vegetation also provides habitat for flower-visiting insects that pollinate beans. 

Hence, non-crop habitats merit further research focusing on establishing which field margin 

species are most important and their capacity to support other ecosystem services such as 

natural pest regulation.  
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Introduction 

Insect pollination contributes to the production of 75% of crop species (Klein et al., 2007; Potts et 

al., 2016) and can enhance crop quality and yield even in autogamous crops (Bartomeus et al., 

2014; Bishop et al., 2016). An increase in seed and fruit set in these crops has been reported to 

occur when insects can visit flowers (Pounders et al., 2006; Roldán and Guerra-Sanz, 2006). As 

these pollinating insects move between crop flowers, they reduce inbreeding by self-pollination 

and maximize pollen flow, which improves crop quality and yield (Bartomeus et al., 2014). Yield 

increases resulting from pollinator visitation can arise through enhanced size, number and weight 

of seeds/fruits (Bommarco et al., 2012; Klatt et al., 2013; Tschoeke et al., 2015). 

  

Anthropogenic activities such as agricultural intensification have resulted in large-scale losses of 

pollinator abundance and diversity (Klein et al., 2007; Kremen et al., 2002; Whitehorn et al., 2012) 

and, consequently, this can impact crop yields (Richards, 2001). Decline in beneficial insects 

globally are predicted to lead to catastrophic outcomes including pollination deficits, resulting in 

severe declines in global agricultural production (Giannini et al., 2017). This is exacerbated by 

increasing demand for pollination services as agriculture has become more pollinator dependent 

(Aizen et al., 2008). Maximum deposition of pollen in flowering crops (and thus yield) is likely to 

be achieved when there are high numbers of pollinators visiting flowers and moving between non-



crop and crop habitats (Cusser et al., 2016). Consequently, the link between pollinator 

populations, semi-natural habitats and food security is becoming increasingly apparent. 

 

Non-crop vegetation in agrarian landscapes is important in supporting pollinator communities 

(Garratt et al., 2017) so supporting these habitats can mitigate against pollinator declines. 

Considerable data about pollinator declines and efforts to support them through enhanced 

habitats has been generated from Europe and North America (Balfour et al., 2018), but there is 

little equivalent information on threatened African pollinators due to rapid environmental changes 

(Donaldson et al., 2002; Guenat et al., 2018; Kotir, 2011). Climate and land use change have 

altered the vegetation composition in agrarian landscapes and reduced nesting sites and pollen 

and nectar resources for pollinators (Ferreira et al., 2013; Kearns and Oliveras, 2009) but 

heterogenous landscapes per se do not necessarily guarantee more pollination services 

(Samnegård et al., 2016). Conservation strategies require specific information about which 

insects pollinate crops, enabling targeted and tailored conservation interventions (Garratt et al., 

2014).  

 

Common beans (Phaseolus vulgaris) are consumed as a primary source of protein by low-income 

households in many developing countries (Katungi et al., 2009). Common beans provide other 

fundamental nutritional elements (Brigide et al., 2014) as well as being one of the cheapest dietary 

protein sources (Hillocks et al., 2006). Interventions in these production systems are continually 

required to secure and increase yields. Although many species of beans are autogamous, 

pollination by insects can improve yield and quality (Bartomeus et al., 2014; Ibarra-Perez et al., 

1999; Kingha et al., 2012). While many studies have investigated the effects of pollinators on crop 

yield in fruits and vegetables (Klatt et al., 2013; Tschoeke et al., 2015) relatively few have studied 

beans with most studies on the role of pollinators being on faba beans (Bartomeus et al., 2014; 

Nayak et al., 2015). Knowledge about pollinator-dependence of P. vulgaris and their common 

visitors in East African smallholder farming systems, however, is scarce but can be determined 

through the use of exclusion experiments (Birkin and Goulson, 2015).  

 

This study has therefore explored the degree of pollinator dependence in beans in a small holder-

farming context in East Africa and studied the common flower visitors of P. vulgaris that deliver 

this ecosystem service along an elevational gradient. Elevation has in previous work been shown 

to influence pollinator diversity and abundance and may influence the contribution of pollinators 

to bean yields (Classen et al., 2015; Samnegård et al., 2016). We also applied fluorescent dye to 



field margin plants in order to evaluate the extent to which flower-visiting insects moved from 

margin plants into the field, to understand the role of the field margin as a resource for pollinators 

in this farming system. 

 

Materials & Methods 

Study area 

This study was conducted in the Moshi Rural District, Kilimanjaro, Tanzania and NM-AIST field 

research activities approved by Moshi district council. The sites were located at three elevation 

zones (henceforth, “low”, “mid” and “high) located between 700 m and 1800 m above sea level 

(3.2468-3.3481°S, 37.5044-37.5411°E). In total, 12 sites were selected along the slope of Mt. 

Kilimanjaro, with 4 at each elevation zone. Farmers on all sites were experienced bean farmers 

with average farm size of less than 1 ha. All sites were selected based on their management 

history and to avoid the effects of yield influencing factors such as soil fertility, all experimental 

site were managed in the same way.  

 

The natural vegetation in the area varied between elevation zones from more of savanna 

woodlands in the low zone to lower montane forest in the high zone (Ensslin et al., 2015). The 

area has a bimodal rainfall pattern where the long rains fall between March and May while the 

short rains fall between October and December (Røhr and Killingtveit, 2003; Zorita and Tilya, 

2002). The mean annual rainfall ranges between 600 mm in the low zone to 2000 mm in the high 

zone while the mean annual temperature ranges between 23 °C in the low zones to 16 °C in the 

high zone (Appelhans et al., 2015). 

 

Experimental design  

Pollinator-exclusion experiment  

To evaluate the effects of different pollination systems on bean yield, a local variety (Kariasii) of 

common beans (Phaseolus vulgaris) was planted in a randomized complete block design. For 

these exclusion experiments, there was a total of 12 sites, where each zone had four sites. Four 

experimental sites each of 9 m x 16 m (144 m2) were established at each elevation zone. The 

bean plants grown in all experimental sites followed standardized common bean spacing (50 cm 

x 20 cm) (Bucheyeki and Mmbaga, 2013). Weeding was carried out manually with a hand hoe, 

with care taken to avoid disturbing flower production. The experiment involved three treatments: 

insect/open-pollination (open), hand-pollination (hand) and self-pollination (self). Each treatment 



involved four bean plants (n) grown in a block size of 4 m2 and there were four replications per 

treatment i.e., n = 16 per treatment, n = 48 for 3 treatments within each site, and n = 192 in each 

zone which make a total of 576 bean plants across the whole study. In the self-pollination 

treatment, bean plants were individually bagged with polyethylene net (A to Z Textile Ltd., 

Tanzania, mesh width: 0.4 x 0.7 mm) before the onset of flowering to allow self-pollination (Perrot 

et al., 2018). The mesh holes were small enough to exclude bean pollinators (medium to large 

bees) (Kasina et al., 2009) from reaching the plant but large enough to allow airflow and sun 

radiation and thus minimizing the effects of micro-climate (Bartomeus et al., 2014; Klatt et al., 

2013). Netting has been considered a highly effective method for pollinator-exclusion experiments 

to assess the effects of pollinators on crop yield and no micro-climate effects on bagged 

flowers/plant has been reported (Birkin and Goulson, 2015; Stein et al., 2017; Suso and del Río, 

2014). Based on our daily assessment of the bagged plants, all plants were healthy, with no 

observed issues associated with moisture, pest damage or fungal development. All bean plants 

involved in the exclusion experiment were thoroughly examined for any insect (pests or flower 

visitors) and if present, they were removed before bagging.  

 

In the hand-pollination treatment, we used a technique adopted by local plant breeders where 

anthers from a donor flower containing matured pollen were rubbed against the stigmas, but 

unlike in selective breeding processes (Drayner, 1956; Luo et al., 2007), the buds were not 

emasculated in order to permit maximum pollination to occur. Pollen grains used to pollinate 

beans in hand-pollination treatment blocks were collected from bean flowers of the same variety 

grown outside the experimental site. Hand pollinated plants were also enclosed in mesh netting 

(bagged) after hand-pollination to control for any effect of the netting on yield and inspected every 

two days. All newly opened bean flowers under this treatment were pollinated. For both self- and 

hand-pollinated plants, the nets were removed after pod set and when flowers had begun to wither 

and fall. 

 

The open treatment involved random selection of same number of bean plants, but unlike the 

other two treatments, each bean plant was tagged and left unbagged to allow visits by insects.  

 

Walked transect 

Along with exclusion experiment, we established walking line transects along field margins of the 

same bean fields to determine the richness and diversity of flower visitors, and their use of non-

crop vegetation. In each site, a single line 50 m long transect was established in one of the four 



field margins. The researcher walked the transect at a slow, consistent pace and all flower visitors 

observed to interact with flowers of field margin plants within 2 m radius of the researcher were 

identified and recorded.  

 

Fluorescent dye experiment 

Fluorescent dye tracking of flower visitor movements was carried out to determine the extent to 

which bean flower visitors also interacted with field margin plants. In total, 12 sites in a small-

scale bean farming area located along the slope of Mt. Kilimanjaro, were selected for this 

experiment, with 4 at each elevation. The field sites used for this experiment were the same for 

the bagging experiments. The non-crop vegetation along field margins comprised native and non-

native plant species including herbs, shrubs and scattered trees. Most herbaceous plants and 

shrubs grow naturally along margins while the tree species may either be growing naturally or 

have been purposely planted by the farmer/owner to offer benefits including boundary delineation, 

food or firewood. 

 

Yellow fluorescent pigment (Topline Paint Pty Ltd, Lonsdale SA, Australia, supplied by 

SprayShop, Dry Creek SA, Australia), was applied at a rate of 1 L/100 L water. An agricultural 

backpack sprayer (Taizhou Kaifeng Plastic & Steel Co., Ltd, Taizhou, China, supplied by Bajuta 

International Tanzania Limited, Arusha, Tanzania) was used to spray the dye on to the non-crop 

vegetation in the field margin. This dye remains on leaf and petal surfaces of plants in the field 

margin until an insect alights, at which point it rubs off on to the surface of the plant-visiting insect 

(Schellhorn et al., 2004). The sprayed area was approximately 3 m wide along a 50 m strip and 

15 L of solution was sufficient to treat the whole designated area i.e. one margin of the field. The 

spraying time was between 10:00 and 15:00 h when the temperature was moderate and most 

insects were actively interacting with flowers (Nielsen et al., 2017) and the activity was carried out 

during the period when beans were at the 50% flowering stage. The timing was chosen to ensure 

there was maximum potential for interaction between flower visitors and the crop when measuring 

their use of the field margin.  

 

Data collection 

Effects of different pollination systems in common bean yield 

Beans from each treatment site were harvested after reaching senescence and the mean number 

of pods per plant, seeds per pod and weight of 30 representative dry seeds were calculated to 

determine the treatment effect. All three response variables (number of pods per plant, seeds per 



pod and weight of seeds) were tested for correlation using R software. Also, the average yield 

data were converted according to typical planting density and used to calculate bean yield (kg ha-

1). Initially, the average mass of seed was calculated from 30 representative seeds per plant. The 

average number of pods per plant for each treatment were obtained from four (4) bean plants of 

each block. It was then multiplied by 200,000 plants to get the average number of pods per 

hectare, multiplied it by average number of seeds per pod. The average bean yield (g ha-1) were 

then obtained by multiplying the average number of seeds ha-1 with the average weight per 30 seeds (g)/30, 

multiplied it by 1000 to get the average bean yield (kg ha-1). To obtain the average income, we visited 

three local markets in the study area and the average price of beans was around 1518 Tanzanian 

shillings per kg. This value was then used to calculate the differences in average income 

generation per hectare if beans harvested from each treatment site would have been sold in local 

markets (Table 1).  

 

In the field margins, any insect that interacted with a flower within a line transect was recorded. A 

visit was defined to have occurred when the visitor’s body came into contact with reproductive 

organs of the flower (Lundgren et al., 2013). The insect counts were done during the flowering 

period at the same time as the exclusion experiment was being conducted. Unidentified 

specimens were collected using a sweep net, and preserved in 70% ethanol for subsequent 

identification in the laboratory. The recorded numbers of insects were then used to calculate the 

abundance and diversity for each flower visitor across three elevation zones. 

 

Effect of field margin vegetation to pollinator numbers in bean field  

Insects were sampled from the crop using sweep-nets 24 hours after spraying margins with 

fluorescent dye and repeated for three consecutive days. Samples were taken at four distances 

from the edge bordering the sprayed field margin i.e. 0 m, 10 m, 20 m, and 40 m (Perović et al., 

2011). At each distance, the sampling transects, 50 m long and 3 m wide, ran in parallel with the 

control transect (i.e. field-margin edge, 0 m). They were surveyed using sweep nets between 

10.00 and 15:00 hrs. Insects were sampled when the weather was sunny with moderate ambient 

temperature of above 22 °C to avoid the effects of low temperature which reduce foraging activity 

of most insects (Mellanby, 1939). The collected samples were killed on site with ethanol-soaked 

tissue in a vial, kept in a -20 °C freezer and later sorted for identification in the lab. Each insect 

sample was inspected for pigment under UV-light. The insect was considered marked (to have 

pigment) when a clear drop pattern of the dye was observed on any part of the body while samples 



found only to have small, scattered stains were regarded as unmarked and were considered 

contaminated during sampling in sweep net (Schellhorn et al., 2004).  

 

Statistical Analysis 

There was a significant correlation between dependent variables: number of pods per plant, 

number of seeds per pod and weight of seeds. Because the variables correlated significantly with 

each other, a multivariate analysis of variance (MANOVA) was then performed to determine the 

overall effects of pollination systems on bean yields across the zones. A full factorial model was 

fitted and combined four potential predictor variables: treatment, zone, sites and season. The 

means and standard errors of means between treatments on each dependent variable were then 

estimated based on the univariate ANOVA models obtained from optimal MANOVA model. A 

univariate ANOVA was also used to determine the effects of field margin position on numbers of 

flower visitors in the bean field. Tukey’s honest significant difference (HSD) test was then applied 

for multiple comparisons of means at 95% - confidence level to understand where those 

differences lay between the treatments. A Kruskal-Wallis rank sum test (KW) was used to 

determine the significant differences between the proportions of dye-marked versus unmarked 

insects by zone and sampling days. The Shannon Diversity Index (H’) was used to determine 

insect functional group diversity across elevation zones (Shannon, 1948): 

H’ = −∑ 
k
i=1 pi ln (pi) 

 

Where: H’ = the Shannon diversity index; pi = proportion of each species in the sample; ln(pi) = 

natural logarithm of this proportion.  

In this study, some data were analyzed using R version 3.4.0 (R Core Team, 2017) and some 

were analyzed using STATISTICA 8.0 version 7. 

 

Results 

Effects of pollination service on yield components  

All three responsible variables (number of pods per plant, seeds per pod and weight of seeds) 

which were tested showed significant positive correlation to each other. Open-pollinated plants to 

which flower visiting by insects was permitted bore the highest number of pods, had the highest 

mean number of seeds per pod, and the mean weight of individual seeds was also highest, 

compared to the self-pollinated plants from which pollinating insects were excluded (pods: F = 

166.5, df = 1, p < 0.001; seeds: F = 101.9, df = 1, p < 0.001; weight: F = 38.08, df = 1, p < 0.001). 



Yields of pods and numbers of seeds per pod in hand-pollinated beans did not differ significantly 

from the open-pollinated (unbagged) although individual weight of seeds was lower, possibly 

reflecting a minor effect of method (Fig. 1). Also, the Tukey’s honest significant difference (HSD) 

test showed significant differences between hand and self-pollinated plants (pods: p < 0.001; 

seeds: p < 0.001; weight: p < 0.001). The highest pod count, bean/pod count and seed weight 

overall was consistently recorded from the open-pollinated (unbagged) plants in the mid-zone. 

Although we found significant differences among zones (F = 26.604, df = 2, p < 0.001), there were 

no significant differences between treatments and the zones (F = 0.565, df = 4, p = 0.8709). 

 

We found significant differences in the abundance of insects over three elevations (KW = 7.2728, 

df = 2, p = 0.0264) where the mid zone recorded the highest abundance of insects (430) compared 

to the low zone (390) and the high zone (107). The results also showed that the abundance of 

collected insects during the short and long rain seasons did not vary significantly (KW = 2.9477, 

df = 1, p = 0.086). Insect species diversity in the low zone (H’ = 3.0742), mid zone (H’ = 3.0809) 

and the high zone (H’ = 3.0693) were almost identical to each other. However, honeybees 

(Hymenoptera: Apidae: Apis mellifera) were the most abundant functional group in the mid zone 

(33% of the total) followed by small bees (Hymenoptera: Halictidae and Apidae) (10.2%). 

Similarly, we recorded a high proportion of honeybees (24.3% of the total) within the total catch 

from the high zone, followed by small bees (18.2%). Unlike the mid and high zones, the most 

abundant group in the low zone was small bees (23.3% of the total) then followed by honeybees 

(21.5%). Other recorded flower visitors that were common across all three zones were butterflies 

and moths (Lepidoptera), hoverflies (Diptera: Syrphidae), beeflies (Diptera: Bombyliidae), wasps 

(Hymenoptera), carpenter bees (Hymenoptera: Apidae: Xylocopa sp.), flower beetles 

(Coleoptera) and ants (Hymenoptera). Amegilla bees (Hymenoptera: Apidae: Amegilla sp.) and 

solitary bees (Hymenoptera: Apoidea) were recorded at small proportions across the zones. 

 

The potential value of insect pollination in bean yield and income generation  

When we extrapolated the bean yields per plant to field level based on typical planting densities, 

the increase in kg ha-1 as a result of insect flower visits became clear (Table 1). There was an 

increase in mean yield per hectare from 681 kg in self-pollinated beans to 1131 kg and 1478 kg 

in hand-pollinated beans and open-pollinated beans respectively. Variability in these estimates is 

illustrated in Fig 1. from which they were derived.  Due to increased bean yields following insect 

pollination, the calculated average income per hectare was highest in open-pollinated bean blocks 

compared with the other treatments (Table 1).  



  

Movement of pollinators between field margins and bean field 

A total of 980 insects were sampled of which 327 were flower-visiting taxa that may be pollinators 

(Corlett, 2004; Larson et al., 2001). Pollinators were observed under UV light and a total number 

of 203 (62%) insects tested positively (dye-marked) and 124 (38%) insects tested negatively 

(unmarked). However, the number of dye-marked (KW = 2.926, df = 2, p = 0.2315) and total 

sampled (KW = 1.792, df = 2, p = 0.4082) insects did not vary significantly between the zones. 

Bees overall were the most abundant marked taxon (Fig. 2) with honeybees the most frequently 

sampled dye-marked species across the zones. A total of 103 (51% of the total insect catch) 

honeybee individuals were collected during three days of sampling. Overall, honeybees were the 

most often sampled species while cuckoo wasps (Hymenoptera: Chrysididae) were the least 

sampled species during this assessment. Other sampled flower visitors included Amegilla bees, 

beeflies, hoverflies, butterflies, moths and a diversity of small solitary bees. The number of dye-

marked insects did not vary significantly between sampling days (KW  = 3.963, df = 2, p = 0.1379). 

However, the number of marked insects caught varied significantly by distance from the margin 

(F = 8.3127, df = 3, p < 0.0001) with most marked individuals being sampled nearer to field 

margins (Fig. 3). It was also found that the abundance of dye-marked insects such as honeybees 

did not decline with distance; 0 m (50%), 10 m (13%), 30 m (21%) and 40 m (16%) while insects 

such as hoverflies, small bees and butterflies declined with increasing distance from field margin.  

 

Discussion 

It is often assumed that common beans are largely autogamous and that, consequently, the role 

of pollinators is trivial (Ibarra-Perez et al., 1997; Papa and Gepts, 2003). Here we show that 

pollination can make a substantial, and financially significant contribution to yield. Indeed, our 

calculations indicated that the value of insect pollination was relatively high and farmer could face 

a potential loss of up to $500 of their income per hectare if insect pollination services were lost.  

This loss could be greater still where farmers can harvest two crops per year.  In a country where 

the Gross National Income per capita in 2017 was below $1000 (World Bank, 2018) for a farm of 

around 1 ha in size this is a major loss to household income and food and nutritional security, 

thus pollination services and landscape management to conserve pollinating insects should be a 

major consideration in drafting agricultural  policy to enhance food and nutritional security in bean 

farming systems. By increasing insect pollination services in this agri-system, farmers have the 

opportunity chance to improve yield of other bean varieties such as Uyole 90, Uyole njano, Rose 



coco, Kijivu local variety, Jesca as well as other non-bean crops and fruits which are commonly 

grown in the area. The study suggests that sustainable crop yield is possible among smallholder 

farmers in the study area by maximising pollination services, and conversely that income losses 

can be avoided by farming practices that reduce risk to pollinator populations, such as excessive 

spraying of pesticides. However, more information is needed on which species are the most 

important pollinator of bean crop and which specific field margin plants are more important in 

supporting them.   

 

Open pollination increased bean yield and quality through seed weight, seed number per pod, 

and pod number per plant. Increase in weight in unbagged beans is an indication of improved 

seed yield brought about by pollinating insects (Douka et al., 2018; Ibarra-Perez et al., 1999). 

We recorded no trade-offs related to open pollination with respect to yield. The result concurs 

with other studies such as Kingha et al. (2012) who recorded high yield benefits from unbagged 

common beans but contrast with the study by Free (1966), who reported only moderate yield 

benefits of unbagged common beans visited by honeybees. The role of honeybees versus wild 

bees is likely to be key to understanding which flower visiting species are important to yield in 

these cases: increasing evidence indicates that honeybees are not always the most efficient or 

effective pollinators (Garibaldi et al., 2013; Grass et al., 2018), including in legume crops where 

they are among the most frequent flower visitors (Marzinzig et al., 2018). Honeybees (51%) 

were the most frequently sampled insects and particularly in the mid and high zones. This could 

have been contributed by bee-keeping activities but also most farms in this area comprise of 

diverse trees, shrubs and herbs providing potential forage for honeybees (Fernandes et al., 

1985). Other comparable studies in other parts of East Africa have also reported A. mellifera as 

the most abundant flower visitor in cropping systems (Kasina et al., 2009; Otieno et al., 2011). 

Other flower visiting insects collected were Amegilla sp. (2%), beeflies (2%), carpenter bees 

(3%), hoverflies (6%) and miscellaneous Lepidoptera (13%), all of which could play a role in 

pollination. Other work on pollination in common beans has indicated that short-tongued bees 

rob heavily, whereas long-tongued species are effective pollinators (Kingha et al., 2012; Ramos 

et al., 2018). Although apparent evidence of robbery as indicated by holes chewed into corollas 

is not necessarily indicative of a major impact on fertilization, robbery events are typically much 

less frequent than pollinating visits (Barlow et al., 2017). In East Africa, long-tongued 

bumblebees (Bombus sp.) are not present but carpenter bees fill a similar niche and while 

highly effective as bean pollinators (Masiga et al., 2014) are also nectar robbers (Irwin et al., 

2010). The presence of carpenter bees in bean fields could have increased visitation of 



honeybees to common bean flowers; where this was associated with nectar robbery by 

the Xylocopa spp.  this could provide foraging opportunities for honeybees, which are secondary 

robbers.  However, further investigation is required to determine whether this influenced bean 

yields through increased flower visitation. Honeybee visitation might also increase as a result of 

heterospecific social learning, in which carpenter bee visits are observed and used to identify a 

safe and prolific nectar source by honeybees (Leadbeater and Chittka, 2007). We would 

recommend further work in our system to investigate the efficacy of pollination services offered 

by specific flower visitors and those that interacted with common beans during sampling. 

 

We would recommend further work in our system to investigate the efficacy of pollination 

services offered by specific flower visitors and those that interacted with common beans during 

sampling.  

 

Our exclusion experiments demonstrated that open-plants yielded more than self-plants. Low 

yield in self-plants was likely due to the lack of visitation by insects and transfer of pollen between 

plants after excluding flower visitors which might have lowered both pods and seed production 

(Ibarra-Perez et al., 1999) as opposed to hand-plants which received pollen after being pollinated 

manually. Another explanation could be that common bean flowers do not activate well without 

insect visits therefore fewer pollen grains contact stigmas of self-pollinated flowers for fertilization. 

As the insects forage, they move/shake flowers which increases pollen-stigma contact and 

augment fertilization (Mainkete et al., 2019). Yield from hand-plants did not differ significantly from 

open-plants with respect to pods per plant and beans per pod although the mean weights of 

individual beans were slightly lower. This may be a minor effect of bagging the hand-pollinated 

plants or that the experimentally applied single pollination event was insufficient to optimise yield 

and this may have affected fruit setting among plants (Otieno et al., 2011). More typical is to leave 

the plants in a hand-pollination treatments uncovered (Birkin and Goulson, 2015; Grass et al., 

2018) although this may then not control for the effect of the bag on photosynthesis and 

metabolism. While this means it was therefore not possible to evaluate completely whether this 

agricultural system was pollinator-limited, it did provide important information about the 

contribution of pollination in this crop, specifically that allowing insect visitation to flowers 

dramatically increases yield in this otherwise autogamous crop, and therefore if pollinator 

numbers are low yield may be limited. Therefore, determining pollination services should be a 

major priority in policy-setting in bean farming, as our results have demonstrated that insect 



pollination provides a major contribution to yields and is an essential ecosystem service in 

supporting food security in bean agri-systems.  

 

Based on the finding that pollination is important and valuable, we also evaluated whether 

potential pollinators in the crop were making use of natural and semi-natural vegetation around 

field margins, as this is a key target for management interventions to promote pollinator species 

(Potts et al., 2016). Capturing various dye-marked insects from within the crop is therefore 

evidence that the insect has previously visited the margin either for feed or refuge before moving 

into the crop. Although we also found other non-pollinating species, including pests, during 

collection, they were not analysed specifically since our target was pollinating insects. As our 

study shows evidence of frequent movement by flower-visiting insects from the margin to the crop, 

indicating a role of the margin in providing resources for these insects. However, further studies 

should explore whether these insects are using field margin vegetation as a resting, nesting, food 

resource sites or both. In the case of potential pollinators, this can be associated with feeding 

behaviours in both the margin and crop.  

 

A high proportion of the insects collected from the crop contained dye traces, which indicates 

extensive movement between crop margin and crop in a distant-dependent fashion, with more 

margin-users found very close to the margin. This demonstrates that firstly, not all margin insects 

remain in the margin in this system, so the margin can be a donor of ecosystem services into the 

crop. Secondly, penetration of these services into the crop has the potential to reach the centre 

of the field but will be most marked around the edges, close to the margin unless alternative 

management techniques such as intercropping or sowing of flower strips within the field are used 

to enhance movement around the fields (Korpela et al., 2013; Pereira et al., 2015). However, 

there was no significant difference between the proportions of marked potential-pollinators at 10, 

20, 30, or 40 m, implying two behavioural syndromes among margin-users in the crop, those that 

strayed only a short distance (0 m) into the crop, or those who moved off margins and into the 

crop and then foraged more widely among the crop plants. For instance, dye-marked insects such 

as honeybees were sampled at all distance. The total number of dye-marked honeybees captured 

at each distance were 50% (0 m), 13% (10 m), 21% (30 m) and 16% (40 m), suggesting that 

honeybees can forage up to over 40 m and there was no evidence of distance-dependent effect 

recorded for this insect over 10 m. Similarly, Woodcock et al. (2016) reported no declining effect 

in honeybees’ visitation rates into the oilseed rape field even at a distance of 200 m from the field 

edge.  



 

Surprisingly, we did not sample marked beeflies at any distance in the bean field and instead all 

marked individuals were collected at field margin (0 m). The explanation could be that beeflies 

are not able to effectively feed from common beans and so seldom have reason to enter the crops 

or fly a large distance into the field to forage. As the fields were small, it was unsurprising that 

more robust flying insects (that can cover moderate distances of 100 m or more in a short time) 

dominated samples from the centre of the field. This is particularly the case for carpenter bees 

(Pasquet et al., 2008) and honeybees (Beekman and Ratnieks, 2000), which used the majority of 

the field fairly evenly. This contrasts to work on coffee plantations that are very large, in which 

there are strong distance-dependent effects moving away from semi-natural habitat at the edges 

of fields, but again this is especially observed for small bees (Klein et al., 2003). Similarly, in large 

fields of temperate oilseed rape, the number of bees towards the field centre can be very low 

(Bailey et al., 2014). We suggest that future studies should also consider the effect of field size 

and landscape patterns on the abundance and richness of pollinators in smallholders’ bean fields. 

However, it is important to note that this study did not focus on monitoring absolute abundances 

of potential pollinators at different distances, but on the eventual destinations of field margin users, 

and the sweep netting technique did not discriminate pollinators from nectar thieves or transient 

insects not using the flowers. 

 

However, as nearly 50% of potential pollinating species sampled even from the centre of the field 

showed fluorescent dye marks consistent with use of the margins, our study highlights that the 

margin vegetation is providing benefits to these insects. Plant species such as Ageratum 

conyzoides, Commelina foliacea, Desmodium intortum, Morus australis and Tithonia diversifolia 

were commonly sampled in the field margins of the study site (Elisante et al., 2019).  This study 

also revealed a high diversity of insects across all three zones suggesting that pollination service 

necessary for bean yield may not be limited in bean agri-system due to a high abundance and 

diversity pollinating insects. As in the fluorescent dye experiment, bees were the most dominant 

taxa along field margins of bean fields. Our flower visit observations and other studies (Kasina et 

al., 2009) indicate that they are major pollinators of both cultivated crops and wild plants in this 

agri-system. For farmers, the high use of field margin plants by bees also associated with crop 

demonstrates that field margin plants may be important in maintaining potential pollinators of bean 

crop in the bean field. Since the measurement from fluorescent dye experiment represents the 

maximum potential interactions between flower visitors and common beans, this may be 

enhanced and supported through proper management of field-margin vegetation adjacent to the 



crop field. Other studies have also reported that presence of diverse and floral rich margins can 

enhance pollinator species in the neighbouring crop field (Garratt et al., 2017; Morandin and 

Kremen, 2013). However, further work should focus on characterising the nature of insect-plant 

interactions in the margin and crop to indicate which plants are most important for promoting 

pollinator abundance and movement into the crop. This study suggests further studies also to 

focus on comparing how different types and management of field margins can affect stability and 

persistence of pollination services in this agri-system. 

 

Conclusions 

This study aimed to establish the contribution of flower visiting insects to yield in bean crops. We 

revealed that insect pollination offers a significant benefit to yield in common beans in East African 

smallholder bean agri-systems. Following this evidence, we argue that biotic pollination is as 

important as other agricultural inputs to improve crop productivity and nutritional and food security 

since it provided a yield boost of 117% relative to beans from which insects were excluded.  This 

is similar to (or exceeds) the impact of many recent interventions reported in agriculture in low-

income systems (Koskey et al., 2017; Pretty et al., 2006). However, farmers need to understand 

such services as necessary for them to maximise yields and recognize the importance of 

managing agricultural biodiversity in their farmlands. This is currently a limiting factor as many 

farmers are knowledge-poor about beneficial invertebrates (Elisante et al., 2019).   

 

We found a high proportion of pollinating insects captured in the crop had previously visited the 

margin, suggesting that field margin plants can act as refuge or food reserve for important 

pollinators. This use of margins indicates the need for sustainable management interventions that 

protect natural vegetation, in order to augment pollinator abundance and pollination services in 

agrarian landscapes (Boreux et al., 2013). During the off-season and when beans are not 

blooming, these plants can support pollinators by providing food and nesting sites and thus 

keeping their numbers at natural state (Morrison et al., 2017). We argue that farming practices 

that threaten agricultural biodiversity in bean farming systems, such as removal or burning of field 

margins, should be discouraged and instead, farmers will see benefits if empowered to practice 

ecological-intensification (Potts et al., 2016). Our study was confined to only one local variety of 

common beans; future studies can expand and explore how production of different bean cultivars 

respond to pollination by insects. Cultivars of common beans differ in flowering time but may also 

attract different groups of pollinators based on flower morphology but also the quantity and quality 

of nectar they produce. Further studies on pollination ecology of common beans may also need 



to look at two important aspects; pollinator-specificity and effectiveness, to determine which insect 

species is the most effective pollinator of this crop.  

 

Acknowledgements 

We thank farmers who allowed us to conduct our experiments in their bean fields during this 

study.  

 

References 

Aizen, M.A., Garibaldi, L.A., Cunningham, S.A., Klein, A.M., 2008. Long-term global trends in 

crop yield and production reveal no current pollination shortage but increasing pollinator 

dependency. Curr. Biol. 18, 1572–1575. https://doi.org/10.1016/j.cub.2008.08.066 

Appelhans, T., Mwangomo, E., Otte, I., Detsch, F., Nauss, T., Hemp, A., 2015. Eco-

meteorological characteristics of the southern slopes of Kilimanjaro, Tanzania. Int. J. 

Climatol. 36, 3245–3258. https://doi.org/10.1002/joc.4552 

Bailey, S., Requier, F., Nusillard, B., Roberts, S.P.M., Potts, S.G., Bouget, C., 2014. Distance 

from forest edge affects bee pollinators in oilseed rape fields. Ecol. Evol. 4, 370–380. 

https://doi.org/10.1002/ece3.924 

Balfour, N.J., Ollerton, J., Castellanos, M.C., Ratnieks, F.L.W., 2018. British phenological 

records indicate high diversity and extinction rates among late-summer-flying pollinators. 

Biol. Conserv. 222, 278–283. https://doi.org/10.1016/j.biocon.2018.04.028 

Barlow, S.E., Wright, G.A., Ma, C., Brankin, A., Bruce, M., Stevenson, P.C., Pavlik, B.M., 

Stevenson, P.C., 2017. Distasteful nectar deters floral robbery. Curr. Biol. 27, 2552–2558. 

https://doi.org/10.1016/j.cub.2017.07.012 

Barrett, S.C.H., 2002. The evolution of plant sexual diversity. Nature 3, 274–284. 

https://doi.org/10.1038/nrg776 

Bartomeus, I., Potts, S.G., Steffan-Dewenter, I., Vaissière, B.E., Woyciechowski, M., Krewenka, 

K.M., Tscheulin, T., Roberts, S.P.M., Szentgyörgyi, H., Westphal, C., Bommarco, R., 2014. 

Contribution of insect pollinators to crop yield and quality varies with agricultural 

intensification. PeerJ 2, e328. https://doi.org/10.7717/peerj.328 

Beekman, M., Ratnieks, W.F.L., 2000. Long-range foraging by the honeybee, Apis mellifera L. 

Funct. Ecol. 14, 490–496. 

Birkin, L., Goulson, D., 2015. Using citizen science to monitor pollination services. Ecol. 

Entomol. 40, 3–11. https://doi.org/10.1111/een.12227 



Bishop, J., Jones, H.E., Lukac, M., Potts, S.G., 2016. Insect pollination reduces yield loss 

following heat stress in faba bean (Vicia faba L.). Agric. Ecosyst. Environ. 220, 89–96. 

https://doi.org/10.1016/j.agee.2015.12.007 

Bommarco, R., Marini, L., Vaissière, B.E., 2012. Insect pollination enhances seed yield, quality, 

and market value in oilseed rape. Oecologia 169, 1025–1032. 

https://doi.org/10.1007/s00442-012-2271-6 

Boreux, V., Kushalappa, C.G., Vaast, P., Ghazoul, J., 2013. Interactive effects among 

ecosystem services and management practices on crop production: Pollination in coffee 

agroforestry systems. Proc. Natl. Acad. Sci. 110, 8387–8392. 

https://doi.org/10.1073/pnas.1210590110 

Brigide, P., Ataide, T. da R., Canniatti-Brazaca, S.G., Baptista, A.S., Abdalla, A.L., Filho, V.F.N., 

Piedade, S.M.S., Bueno, N.B., Sant’Ana, A.E.G., 2014. Iron bioavailability of common 

beans (Phaseolus vulgaris L.) intrinsically labeled with 59Fe. J. Trace Elem. Med. Biol. 28, 

260–265. https://doi.org/10.1016/j.jtemb.2014.03.001 

Bucheyeki, T.L., Mmbaga, T.E., 2013. On-farm evaluation of beans varieties for adaptation and 

adoption in Kigoma region in Tanzania. ISRN Agron. 2013, 1–5. 

https://doi.org/http://dx.doi.org/10.1155/2013/436064 

Classen, A., Peters, M.K., Kindeketa, W.J., Appelhans, T., Eardley, C.D., Gikungu, M.W., 

Hemp, A., Nauss, T., Steffan-Dewenter, I., 2015. Temperature versus resource constraints: 

which factors determine bee diversity on mount Kilimanjaro, Tanzania? Glob. Ecol. 

Biogeogr. 24, 642–652. https://doi.org/10.1111/geb.12286 

Corlett, R.T., 2004. Flower visitors and pollination in the Oriental ( Indomalayan) Region. Biol. 

Rev. 79, 497–532. https://doi.org/10.1017/S1464793103006341 

Cusser, S., Neff, J.L., Jha, S., 2016. Natural land cover drives pollinator abundance and 

richness, leading to reductions in pollen limitation in cotton agroecosystems. Agric. 

Ecosyst. Environ. 226, 33–42. https://doi.org/10.1016/j.agee.2016.04.020 

Donaldson, J., Nänni, I., Zachariades, C., Kemper, J., 2002. Effects of habitat fragmentation on 

pollinator diversity and plant reproductive success in Renosterveld shrublands of South 

Africa. Conserv. Biol. 16, 1267–1276. https://doi.org/10.1046/j.1523-1739.2002.99515.x 

Douka, C., Nganhou, S.N., Doummen, F.N., Marie, A., Mout, M., Tamesse, J.L., Fohouo, F.-

N.T., 2018. Diversity of flowering insects and their impact on yields of Phaseolus vulgaris L 

. (Fabaceae) in Yaoundé (Cameroon). J. Agric. Crop. 4, 105–111. 

https://doi.org/https://doi.org/10.32861/10.32861/jac.411.105.111 

Drayner, J.M., 1956. Self- and cross-fertility in field beans (Vicia faba Linn.). J. Agric. Sci. 53, 



387–403. https://doi.org/10.1017/S0021859600020815 

Elisante, F., Ndakidemi, P.A., Arnold, S.E.J., Belmain, S.R., Gurr, M., Darbyshire, I., Xie, G., 

Tumbo, J., Stevenson, P.C., 2019. Enhancing knowledge among smallholders on 

pollinators and supporting field margins for sustainable food security. J. Rural Stud. 70, 75–

86. https://doi.org/https://doi.org/10.1016/j.jrurstud.2019.07.004 

Ensslin, A., Rutten, G., Pommer, U., Zimmermann, R., Hemp, A., Fischer, M., 2015. Effects of 

elevation and land use on the biomass of trees, shrubs and herbs at mount Kilimanjaro. 

Ecosphere 6, 45. https://doi.org/10.1890/ES14-00492.1 

Fernandes, E.C.M., Oktingati, A., Maghembe, J., 1985. The Chagga homegardens: a 

multistoried agroforestry cropping system on Mt. Kilimanjaro (Northern Tanzania). Agrofor. 

Syst. 2, 73–86. https://doi.org/https://doi.org/10.1007/BF00131267 

Ferreira, P.A., Boscolo, D., Viana, B.F., 2013. What do we know about the effects of landscape 

changes on plant-pollinator interaction networks? Ecol. Indic. 31, 35–40. 

https://doi.org/10.1016/j.ecolind.2012.07.025 

Free, J.B., 1966. The pollination of the beans Phaseolus multiflorus and Phaseolus vulgaris by 

honeybees. J. Apic. Res. 5, 87–91. https://doi.org/10.1080/00218839.1966.11100139 

Garibaldi, L.A., Steffan-dewenter, I., Winfree, R., Aizen, M.A., Bommarco, R., Cunningham, 

S.A., Kremen, C., Carvalheiro, L.G., 2013. Wild pollinators enhance fruit set of crops 

regardless of honeybee abundance. Science (80-. ). 339, 1608. 

https://doi.org/10.1126/science.1230200 

Garratt, M.P.D., Coston, D.J., Truslove, C.L., Lappage, M.G., Polce, C., Dean, R., Biesmeijer, 

J.C., Potts, S.G., 2014. The identity of crop pollinators helps target conservation for 

improved ecosystem services. Biol. Conserv. 169, 128–135. 

https://doi.org/10.1016/j.biocon.2013.11.001 

Garratt, M.P.D., Senapathi, D., Coston, D.J., Mortimer, S.R., Potts, S.G., 2017. The benefits of 

hedgerows for pollinators and natural enemies depends on hedge quality and landscape 

context. Agric. Ecosyst. Environ. 247, 363–370. https://doi.org/10.1016/j.agee.2017.06.048 

Giannini, T.C., Costa, W.F., Cordeiro, G.D., Imperatriz-Fonseca, V.L., Saraiva, A.M., Biesmeijer, 

J., Garibaldi, L.A., 2017. Projected climate change threatens pollinators and crop 

production in Brazil. PLoS One 12, 1–13. https://doi.org/10.1371/journal.pone.0182274 

Grass, I., Meyer, S., Taylor, P.J., Foord, S.H., Hajek, P., Tscharntke, T., 2018. Pollination 

limitation despite managed honeybees in South African macadamia orchards. Agric. 

Ecosyst. Environ. 260, 11–18. https://doi.org/10.1016/j.agee.2018.03.010 

Guenat, S., Kunin, W.E., Dougill, A.J., Dallimer, M., 2018. Effects of urbanisation and 



management practices on pollinators in tropical Africa. J. Appl. Ecol. In press. 

https://doi.org/10.1111/1365-2664.13270 

Hillocks, R.J., Madata, C.S., Chirwa, R., Minja, E.M., Msolla, S., 2006. Phaseolus bean 

improvement in Tanzania, 1959-2005. Euphytica 150, 215–231. 

https://doi.org/10.1007/s10681-006-9112-9 

Ibarra-Perez, F.J., Barnhart, D., Ehdaie, B., Knio, K.M., Waines, J.G., 1999. Effects of insect 

tripping on seed yield of common bean. Crop Sci. 39, 428–433. 

https://doi.org/10.2135/cropsci1999.0011183X0039000200022x 

Ibarra-Perez, F.J., Ehdaie, B., Waines, J.G., 1997. Estimation of outcrossing rate in common 

bean. Crop Sci. 37, 60–65. https://doi.org/10.2135/cropsci1997.0011183X003700010009x 

Irwin, R. E., Bronstein, J. L., Manson, J. S., & Richardson, L. (2010). Nectar robbing: ecological 

and evolutionary perspectives. Annual review of ecology, evolution, and systematics, 41, 

271-292. 

Kasina, M., Kraemer, M., Martius, C., Wittmann, D., 2009. Diversity and activity density of bees 

visiting crop flowers in Kakamega, Western Kenya. J. Apic. Res. 48, 134–139. 

https://doi.org/10.3896/IBRA.1.48.2.08 

Katungi, E., Farrow, A., Chianu, J., Sperling, L., Beebe, S., 2009. Common bean in Eastern and 

Southern Africa: a situation and outlook analysis. International Centre for Tropical 

Agriculture. 

Kearns, C.A., Oliveras, D.M., 2009. Environmental factors affecting bee diversity in urban and 

remote grassland plots in Boulder, Colorado. J. Insect Conserv. 13, 655–665. 

https://doi.org/10.1007/s10841-009-9215-4 

Kingha, B.M.T., Fohouo, F.-N.T., Ngakou, A., Brückner, D., 2012. Foraging and pollination 

activities of Xylocopa olivacea (Hymenoptera, Apidae) on Phaseolus vulgaris (Fabaceae) 

flowers at Dang (Ngaoundere-Cameroon). J. Agric. Ext. Rural Dev. 4, 330–339. 

https://doi.org/10.5897/JAERD11.151 

Klatt, B.K., Holzschuh, A., Westphal, C., Clough, Y., Smit, I., Pawelzik, E., Tscharntke, T., 2013. 

Bee pollination improves crop quality, shelf life and commercial value. Proc. R. Soc. B Biol. 

Sci. 281, 20132440–20132440. https://doi.org/10.1098/rspb.2013.2440 

Klein, A.-M., Steffan-Dewenter, I., Tscharntke, T., 2003. Fruit Set of Highland Coffee Increases 

with the Diversity of Pollinating Bees. Proc. R. Soc. B Biol. Sci. 270, 955–961. 

https://doi.org/10.1098/rspb.2002.2306 

Klein, A.-M., Vaissiere, B.E., Cane, J.H., Steffan-Dewenter, I., Cunningham, S.A., Kremen, C., 

Tscharntke, T., 2007. Importance of pollinators in changing landscapes for world crops. 



Proc. R. Soc. B Biol. Sci. 274, 303–313. https://doi.org/10.1098/rspb.2006.3721 

Korpela, E.L., Hyvönen, T., Lindgren, S., Kuussaari, M., 2013. Can pollination services, species 

diversity and conservation be simultaneously promoted by sown wildflower strips on 

farmland? Agric. Ecosyst. Environ. 179, 18–24. https://doi.org/10.1016/j.agee.2013.07.001 

Koskey, G., Mburu, S.W., Njeru, E.M., Kimiti, J.M., Ombori, O., Maingi, J.M., 2017. Potential of 

native rhizobia in enhancing nitrogen fixation and yields of climbing beans ( Phaseolus 

vulgaris L .) in contrasting environments of eastern Kenya. Front. Plant Sci. 8, 443. 

https://doi.org/10.3389/fpls.2017.00443 

Kotir, J.H., 2011. Climate change and variability in Sub-Saharan Africa: A review of current and 

future trends and impacts on agriculture and food security. Environ. Dev. Sustain. 13, 587–

605. https://doi.org/10.1007/s10668-010-9278-0 

Kremen, C., Williams, N.M., Thorp, R.W., 2002. Crop pollination from native bees at risk from 

agricultural intensification. PNAS 99, 16812–16816. 

https://doi.org/10.1073/pnas.262413599 

Larson, B.M.H., Kevan, P., Inouye, D., 2001. Flies and flowers: Taxonomic diversity of 

anthophiles and pollinators. Can. Entomol. 133, 439–465. 

https://doi.org/10.4039/Ent133439-4 

Leadbeater, E., & Chittka, L. (2007). The dynamics of social learning in an insect model, the 

bumblebee (Bombus terrestris). Behavioral Ecology and Sociobiology, 61(11), 1789-1796 

Lundgren, R., Lázaro, A., Totland, Ø., 2013. Experimental pollinator decline affects plant 

reproduction and is mediated by plant mating system. J. Pollinat. Ecol. 11, 46–56. 

Luo, C., Li, K., Chen, Y., Sun, Y., 2007. Floral display and breeding system of Jatropha curcas L 

. For. Stud. China 9, 114–119. https://doi.org/10.1007/s11632-007-0017-z 

Mainkete, S., Madjimbe, G., Tekombo, B.M.K., Atibita, E.N.O., Fohouo, F.-N.T., 2019. Foraging 

and pollination behaviour of Xylocopa olivacea (Hymenoptera: Apidae) on Phaseolus 

vulgaris (Fabaceae) flowers at Doyaba (Sarh, Tchad). J. Entomol. Zool. Stud. 7, 645–651. 

Marzinzig, B., Brünjes, L., Biagioni, S., Behling, H., Link, W., 2018. Bee pollinators of faba bean 

(Vicia faba L .) differ in their foraging behaviour and pollination efficiency. Agric. Ecosyst. 

Environ. 264, 24–33. https://doi.org/10.1016/j.agee.2018.05.003 

Masiga, R., Kasina, M., Mbugi, J., Odhiambo, C., Kinuthia, W., Gemmill-Herren, B., Vaissiere, 

B.E., 2014. Do French beans (Phaseolus vulgaris) grown In proximity to Mt Kenya forest in 

Kenya experience pollination deficit? J. Pollinat. Ecol. 14, 255–260. 

Mellanby, K., 1939. Low temperature and insect activity. Proc. R. Soc. B, Biol. Sci. 127, 473–

487. https://doi.org/10.1098/rspb.1939.0035 



Morandin, L.A., Kremen, C., 2013. Hedgerow restoration promotes pollinator populations and 

exports native bees to adjacent fields. Ecol. Appl. 23, 829–839. https://doi.org/10.1890/12-

1051.1 

Morrison, J., Izquierdo, J., Plaza, E.H., González-Andújar, J.L., 2017. The role of field margins 

in supporting wild bees in Mediterranean cereal agroecosystems: which biotic and abiotic 

factors are important? Agric. Ecosyst. Environ. 247, 216–224. 

https://doi.org/10.1016/j.agee.2017.06.047 

Nayak, G.K., Roberts, S.P.M., Garratt, M., Breeze, T.D., Tscheulin, T., Harrison-Cripps, J., 

Vogiatzakis, I.N., Stirpe, M.T., Potts, S.G., 2015. Interactive effect of floral abundance and 

semi-natural habitats on pollinators in field beans (Vicia faba). Agric. Ecosyst. Environ. 199, 

58–66. https://doi.org/10.1016/j.agee.2014.08.016 

Nielsen, A., Reitan, T., Rinvoll, A.W., Brysting, A.K., 2017. Effects of competition and climate on 

a crop pollinator community. Agric. Ecosyst. Environ. 246, 253–260. 

https://doi.org/10.1016/j.agee.2017.06.006 

Otieno, M., Woodcock, B.A., Wilby, A., Vogiatzakis, I.N., Mauchline, A.L., Gikungu, M.W., Potts, 

S.G., 2011. Local management and landscape drivers of pollination and biological control 

services in a Kenyan agro-ecosystem. Biol. Conserv. 144, 2424–2431. 

https://doi.org/10.1016/j.biocon.2011.06.013 

Papa, R., Gepts, P., 2003. Asymmetry of gene flow and differential geographical structure of 

molecular diversity in wild and domesticated common bean (Phaseolus vulgaris L .) from 

Mesoamerica. Theor. Appl. Genet. 106, 239–250. https://doi.org/10.1007/s00122-002-

1085-z 

Pasquet, S., Peltier, A., Hufford, M.B., Oudin, E., Saulnier, J., Knudsen, J.T., Herren, H.R., 

Gepts, P., 2008. Long-distance pollen flow assessment through evaluation of pollinator 

foraging range suggests transgene escape distances. PNAS 105, 13456–13461. 

Pereira, A.L.C., Taques, T.C., Valim, J.O.S., Madureira, A.P., Campos, W.G., 2015. The 

management of bee communities by intercropping with flowering basil (Ocimum basilicum) 

enhances pollination and yield of bell pepper (Capsicum annuum). J. Insect Conserv. 19, 

479–486. https://doi.org/10.1007/s10841-015-9768-3 

Perović, D.J., Gurr, G.M., Simmons, A.T., Raman, A., 2011. Rubidium labelling demonstrates 

movement of predators from native vegetation to cotton. Biocontrol Sci. Technol. 21, 1143–

1146. https://doi.org/10.1080/09583157.2011.607232 

Perrot, T., Gaba, S., Roncoroni, M., Gautier, J.L., Bretagnolle, V., 2018. Bees increase oilseed 

rape yield under real field conditions. Agric. Ecosyst. Environ. 266, 39–48. 



https://doi.org/10.1016/j.agee.2018.07.020 

Potts, S.G., Imperatriz-Fonseca, V., Ngo, H.T., Aizen, M.A., Biesmeijer, J.C., Breeze, T.D., 

Dicks, L. V., Garibaldi, L.A., Hill, R., Settele, J., Vanbergen, A.J., 2016. Safeguarding 

pollinators and their values to human well-being. Nature 540, 220–229. 

https://doi.org/10.1038/nature20588 

Pounders, C., Reed, S., Pooler, M., 2006. Comparison of self-and cross-pollination on pollen 

tube growth, seed development, and germination in crapemyrtle. HortScience 41, 575–578. 

Pretty, J.N., Noble, A.D., Bossio, D., Dixon, J., Hine, R.E., Penning De Vries, F.W.T., Morison, 

J.I.L., 2006. Resource-conserving agriculture increases yields in developing countries. 

Environ. Sci. Technol. 40, 1114–1119. https://doi.org/10.1021/es051670d 

R Core Team, 2017. R: A language and environment for statistical computing (version 3.4.2). R 

foundation for statistical computing, Vienna, Austria. 

Ramos, D. de L., Bustamante, M.M.C., Silva, F.D. da S. e, Carvalheiro, L.G., 2018. Crop 

fertilization affects pollination service provision – common bean as a case study. PLoS One 

13, 1–16. https://doi.org/10.1371/journal.pone.0204460 

Richards, A.J., 2001. Does low biodiversity resulting from modern agricultural practice affect 

crop pollination and yield? Ann. Bot. 88, 165–172. https://doi.org/10.1006/anbo.2001.1463 

Røhr, P.C., Killingtveit, Å., 2003. Rainfall distribution on the slopes of Mt Kilimanjaro. Hydrol. 

Sci. J. 48, 65–77. https://doi.org/DOI: 10.1623/ hysj.48.1.65.43483 

Roldán, S.A., Guerra-Sanz, J.M., 2006. Quality fruit improvement in sweet pepper culture by 

bumblebee pollination. Sci. Hortic. (Amsterdam). 110, 160–166. 

https://doi.org/10.1016/j.scienta.2006.06.024 

Samnegård, U., Hambäck, P.A., Lemessa, D., Nemomissa, S., Hylander, K., 2016. A 

heterogeneous landscape does not guarantee high crop pollination. Proc. R. Soc. B. 283, 

20161472. https://doi.org/http://dx.doi.org/10.1098/rspb.2016.1472 

Schellhorn, N.A., Siekmann, G., Paull, C., Furness, G., Baker, G., 2004. The use of dyes to 

mark populations of beneficial insects in the field. Int. J. Pest Manag. 50, 153–159. 

https://doi.org/10.1080/09670870410001731862 

Shannon, C.E., 1948. A mathematical theory of communication. Bell Syst. Tech. J. 17, 379–

423. 

Stein, K., Coulibaly, D., Stenchly, K., Goetze, D., Porembski, S., Lindner, A., Konaté, S., 

Linsenmair, E.K., 2017. Bee pollination increases yield quantity and quality of cash crops in 

Burkina Faso, West Africa. Sci. Rep. 7, 17691. https://doi.org/10.1038/s41598-017-17970-

2 



Suso, M.J., del Río, R., 2014. Faba bean gene-pools development for low-input agriculture: 

understanding early stages of natural selection. Euphytica 196, 77–93. 

https://doi.org/10.1007/s10681-013-1015-y 

Tschoeke, P.H., Oliveira, E.E., Dalcin, M.S., Silveira-Tschoeke, M.C.A.C., Santos, G.R., 2015. 

Diversity and flower-visiting rates of bee species as potential pollinators of melon (Cucumis 

melo L.) in the Brazilian Cerrado. Sci. Hortic. (Amsterdam). 186, 207–216. 

https://doi.org/10.1016/j.scienta.2015.02.027 

Whitehorn, P.R., O’Connor, S., Wackers, F.L., Goulson, D., 2012. Neonicotinoid pesticide 

reduces bumble bee colony growth and queen production. Science (80-. ). 336, 351–352. 

https://doi.org/10.1126/science.1215025 

Woodcock, B.A., Bullock, J.M., Mccracken, M., Chapman, R.E., Ball, S.L., Edwards, M.E., 

Nowakowski, M., Pywell, R.F., 2016. Spill-over of pest control and pollination services into 

arable crops. Agric. Ecosyst. Environ. 231, 15–23. 

https://doi.org/10.1016/j.agee.2016.06.023 

World Bank, 2018. The World Bank-Tanzania data [WWW Document]. URL 

https://data.worldbank.org/country/tanzania?view=chart (accessed 1.3.19). 

Zorita, E., Tilya, F.F., 2002. Rainfall variability in northern Tanzania in the March-May season 

(long rains) and its links to large-scale climate forcing. Clim. Res. 20, 31–40. 

https://doi.org/10.3354/cr020031 

  

  



Figures  

 

Fig. 1 (A-C). Bean-yield parameters, mean (±SE) number of pods (A), number of seeds (B) and 

weight of 30 seeds (C) for each treatment. The treatments are: open-pollination (open), hand-

pollination (hand) and self-pollination (self). Pollination treatments are considered significantly 

different if the error bars do not overlap, (F = 36.96, df = 2, p < 0.001). 

 

Fig. 2. The proportion of dye-marked insects by functional group in relation to the total insects 

sampled during fluorescent-dye experiment in northern Tanzania. 

 

Fig. 3. The effects of field margin position on numbers of flower visitors in bean field. The field 

margin here is indicated as 0 m. Different letters within the same group (distance) shows 

significant differences (p ≤ 0.05).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


