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Highlights 9 

 Fennel (Foeniculum vulgare) is of food and economical particular interest 10 

 Crop production were compared between insect pollinated flowers and bagged flowers 11 

 The fennel fruit set dropped by 92% when reproduction occurred without insect 12 

 The fennel fruit weight and their yield in trans-anethole increased with insect pollination 13 

 Insects are essential to sustain aromatic fennel production 14 

 15 

Abstract 16 

The importance of insects for global food crop production is starting to be well-known but the 17 

level of dependence on insects is less referenced, especially for some aromatic crops. Fennel 18 

(Foeniculum vulgare) is an aromatic mass-flowering crop cultivated in the southern of France 19 

for its essential oil that contains trans-anethole of food and economical particular interest since 20 

it is used to elaborate anise drinks. Here, we have characterized the dependence of fennel on 21 

insect pollination. We used four controlled pollination treatments to compare the reproductive 22 

success (fruit initiation rate, fruit weight), and the fennel yield (weight of the fruits and amount 23 

of trans-anethole at the crop level) between insect pollinated flowers and bagged flowers. We 24 

also checked the ability of reproduction by autogamy in this species, and the existence of a 25 

reproductive limitation linked to insect activity. We have shown that pollination without insect 26 
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leads to reproductive failure in fennel which is not an autogamous plant species. At the crop 27 

level, insect pollination is fundamental to improve the fruit initiation rate, the weight of the 28 

fruits and the amount of trans-anethole leading to an 92% dependence of fennel on insect 29 

pollination. Finally, we showed no reproductive limitation with the current state of insect 30 

activity. We are thus providing interesting clues to managers and producers to support the 31 

production of fennel crops, showing once again that insects are essential to sustain global food 32 

production. 33 

 34 
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 37 

1. Introduction 38 

Animal pollination enhances the sexual reproductive success of most wild and cultivated 39 

plants (Ollerton et al., 2011). While the importance of insects for crop yields, at least to some 40 

extent, is currently well-known (Bartomeus et al., 2014; Garibaldi et al., 2017; Klein et al., 41 

2007; Williams, 2002), the question of the role of insects still arises for some major crops, such 42 

as aromatic crops. Due to this dependence, agricultural production overall has been shown to 43 

be reduced by three to eight percent without insect pollination (Gallai et al., 2009). Crop 44 

dependence on insects is defined by the proportion of the decrease in yield when pollination 45 

occurs without insects (Klein et al., 2007; Martin et al., 2019). Insect pollination is irrelevant 46 

for reproduction in more than half of the leading global crops (for example, quinoa, lentils, 47 

pepper, or vine grape; Klein et al. 2007). In contrast, some cultivated plants are highly 48 

dependent (40-90%) on insects for their reproduction such as cucumber, avocado, almond, and 49 

peach, and others ones are almost entirely dependent (more than 90%) such as melons, 50 



zucchinis, and apples (Klein et al., 2007). In contrast, the yield of many others depends less on 51 

insects with a decrease in production varying between 10-40% (eggplant, strawberry) and 0-52 

10% (tomato, papaya ; Klein et al. 2007), since some cultivated plants are also capable of self-53 

pollination or wind pollination (Culley et al., 2002). In the current context, where various 54 

pressures are known to lead to a decline of insects, such as soil degradation, loss of habitats and 55 

resources, the introduction of invasive species, and agricultural intensification (Sánchez-Bayo 56 

and Wyckhuys, 2019), it is important to understand the level of dependence of crop yields on 57 

insects. 58 

Fennel (Foeniculum vulgare) is a generalist entomophilous plant (Schurr et al., 2021) 59 

of particular economic interest that is cultivated in the southern of France. Fennel essential oil 60 

(EO) contains an interesting organic compound with an anise flavor, trans-anethole, from the 61 

phenylpropene family. This compound is mostly produced by the fruits of fennel (Salami et al., 62 

2016). To date, few authors have explored the importance of insects for the fruit set of fennel 63 

crops (Chaudhary, 2006; Meena et al., 2015; Schurr et al., 2021). We also suspected that the 64 

production of phytometabolite compounds was directly influenced by insect activity. Indeed, 65 

self-pollination compared to cross- or open-pollination positively influences the production of 66 

fennel essential oil and some of its secondary metabolites (Salami et al., 2016). The fennel 67 

literature mentions that the plant species may be able to self-pollinate (Meena et al., 2015), but 68 

protandry is also presumed (Meena et al., 2015; Németh et al., 1999). Furthermore, insect 69 

pollination has been shown to improve fennel seed set (Meena et al., 2015; Salami et al., 2016) 70 

and the production of essential oil (Schurr et al., 2021), but the question of the degree of 71 

dependence of fennel reproduction on insects has not been explored. To sustainably support 72 

fennel production, it is important to understand and quantify the role of insect pollination in the 73 

reproduction of fennel with regard to the supposed protandry of this species. 74 



 In this study, we analyzed the dependence of fennel on insect pollination by comparing 75 

fennel pollination with or without insects for (1) fruit initiation rate, (2) the weight of fruits and 76 

(3) the fruit weight per hectare, and (4) the amount of trans-anethol retrieved from fruits per 77 

hectare. Finally, we verified (a) whether fennel can be autogamous based on spontaneous 78 

autogamy and controlled manual autogamy, (b) whether fennel can reproduce without insect 79 

pollination by comparing free pollination and spontaneous autogamy, and (c) whether fennel 80 

reproduction is limited by insect activity by comparing free pollination and controlled manual 81 

saturation by allopollen added under open-pollination conditions.  82 

 83 

2. Materials and methods 84 

2.1. Study area and plant species 85 

The fennel (Foeniculum vulgare, Apiaceae) populations used in this study were located 86 

in southern France (“Plateau de Valensole”, Alpes-de-Haute-Provence; Appendix A). In this 87 

area, fennel is cultivated for local anise spirit production. This species originally came from the 88 

Mediterranean basin but has been naturalized in many regions around the world, and fennel is 89 

now cultivated practically worldwide (Europe, Asia and North America; Badgujar et al. 2014). 90 

This species can achieve 2.5 m in height and be annual, biennial or perennial (Piccaglia and 91 

Marotti, 2001). Fennel has numerous small yellow flowers organized in umbellets forming 92 

large-flat inflorescences named umbels. Each fertilized fennel flower may produce an oblong 93 

to ovoid fruit, which is called a diachene. A diachene is composed of two achenes which each 94 

can hold one seed. The studied variety is “Jupiter”, developed by the Pernod-Ricard France® 95 

company. This variety is sown two times a year, resulting in two summer blooms. The first 96 

bloom occurs at the end of June, and it is harvested in early August (the plants being sown in 97 

the previous year). The second bloom occurs at the end of July until harvest in mid-September 98 



(the plants being sown in March of the current year). Twelve crops were selected for our study 99 

(Appendix A), including six from the first bloom and six from the second bloom.  100 

 101 

2.2. Flower number estimation 102 

 For each of the 12 studied crops (six from the July bloom, six from the August bloom), 103 

we counted the number of plants per m², three times, exhaustively (N = 36). We then estimated 104 

the number of plants per hectare. Per crop, respectively 10 fennel plants from the crops 105 

blooming in July, and 5 fennel plants from the crops blooming in August, were randomly 106 

selected. The number of bloomed umbels was exhaustively counted on each selected plant (N 107 

= 95 plants). We thus could estimate the number of umbels per hectare. On each plant, we 108 

selected three umbels for which we exhaustively counted the number of umbellets per umbel 109 

(N = 270 umbels). We then counted the number of flowers per umbellet on five umbellets for 110 

each selected umbel (N = 1 350 umbellets) to obtain the mean number of flowers per umbellet. 111 

Finally, the mean number of flowers per hectare was estimated.  112 

 113 

2.3. Controlled pollination procedure and fruit set 114 

To study the dependence of fennel on insects, we performed four controlled pollination 115 

treatments. Two pollination treatments with insects and two without insects (bagged flowers) : 116 

(1) “open pollination” [OP] (control): the flower left free to be visited by insects (no bagging); 117 

(2) “open pollination + supplementation” [OPS]: no bagging and manual saturation by 118 

allopollen from umbels of other fennel plants (at least three meters away, in the same crop); the 119 

pollen was added by rubbing the treated umbel with another umbel; (3) “spontaneous 120 

autogamy” [SA]: bagging of the umbel to avoid visits by insects and no manual pollen addition; 121 

and (4) “manual autogamy” [MA]: bagging of the umbel and manual self-pollination with 122 



pollen from another umbel from the same plant (i.e., geitonogamy); the pollen was added by 123 

rubbing the treated umbel with another umbel from the same plant. 124 

From each of the 12 studied fennel crops, we randomly selected ten fennel plants to 125 

apply each of the four pollination treatments. The plants were selected from crops at least five 126 

meters from the field edge. On each plant, we selected four umbels at similar stages of 127 

development (Appendix B) that were identified by a colored wool thread, and we applied either 128 

OP, OPS, MA or SA pollination treatment. All flowers of each selected umbel were treated. 129 

There were four treatments hosted on each plant. In total, 480 umbels were treated (120 per 130 

treatment, of which 60 were from the July bloom, and 60 were from the August bloom). We 131 

treated the fennel flowers from the start of the flowering of umbel outer flowers. We then 132 

repeated the treatments at least three times and continued if needed every day until the end of 133 

the flowering of the inner flowers. Using our estimation of the number of flowers per umbellet, 134 

we estimated the number of pollinated flowers for each pollination treatment. The treated 135 

umbels were then collected just before harvest: August 8-19 for the July bloom and September 136 

6-17 for the August bloom. The rate of fruit initiation (%) was calculated by dividing the 137 

number of initiated fruits by the estimated number of treated flowers per umbel. All fruits from 138 

each collected umbel were separated from the umbel remnants by hand and then they were 139 

weighed together for each umbel. The weight per fruit was then calculated by dividing this total 140 

weight of the fruits per treated umbel by the number of initiated fruits. We then estimated the 141 

fruit weight per hectare using our estimation of the number of umbels per hectare.  142 

 143 

2.4. Phytometabolites content 144 

Phytometabolites from the fruits of a subsample of 220 of the total treated umbels (N=51 145 

for the SA treatment, N=52 for the MA treatment, N=57 for the OP treatment and N=58 for the 146 

OPS treatment) were obtained from the dried fruits placed in an ultrasound bath for a few 147 



minutes before extraction with cyclohexane solvent. For each treated umbel, some fruits (the 148 

exact number was dependent on their mass) were selected to have a constant “extraction 149 

volume/test sample” ratio corresponding to 0.1 g of fruit. The fruit extracts were then analyzed 150 

using a gas chromatograph (GC, 6890N, Agilent Technologies®) coupled to a mass 151 

spectrometer detector (MSD 5973, Agilent Technologies ®). We injected 2.5 µL of the 152 

extraction solution into a capillary chromatographic column (HP5-MS, 30 m length, 0.25 mm 153 

diameter, 0.25 μm film thickness, Agilent Technologies®). The molecules were separated using 154 

a gradient temperature from 40°C to 280°C at a rate of 3°C min−1 with a constant helium flow 155 

of 1.0 mL min−1. The accuracy and precision of the method were determined through replicate 156 

analyses (dodecane). Molecule identification in chromatograms was achieved using spectral 157 

libraries (NIST library), spectra from injected standards of high purity (>99%, Sigma Aldrich®, 158 

France), and by comparison of our experimental and retention indices calculated using a 159 

homologous series of C8–C20 n-alkanes. As standards, the monoterpenes α-pinene, Ɣ-160 

terpinene, limonene, trans-anethole and 1,8-cineole were chosen to quantify the final 161 

concentrations of the measured terpenoids. 162 

 163 

2.5. Statistical analysis 164 

To explain the fruit initiation rate, the fruit weight, the fruit weight per hectare, and the 165 

amount of trans-anethol per hectare, based on the pollination treatments, we used linear mixed-166 

effects models with “log+1” transformations, including a random effect for the identity of the 167 

experimental crops (lmer; R software version 4.0.2 2020-06-22 R Core Team 2020). The 168 

significance of these models was tested with an anova test. 169 

We then conducted a priori tests (contrast analysis) between (1) the SA and MA 170 

treatments to determine if fennel can be autogamous, (2) the OP and SA treatment to test the 171 



dependence of fennel reproduction on insect pollination, and (3) the OP and OPS treatments for 172 

testing for pollen limitations due to a lack of insect activity. We tested the difference between 173 

these treatments for fruit initiation rate, the weight of the fruit and the fruit weight per hectare, 174 

and the amount of trans-anethol from the fruit per hectare using the “emmeans” package (R 175 

software version 4.0.2 2020-06-22 (R Core Team, 2020).  176 

 177 

3. Results 178 

3.1. Flower number estimation 179 

 We found a mean of 19.87 ± 7.55 flowers per umbellet (21.52 ± 7.35 for the July bloom 180 

and 16.57 ± 6.83 for the August bloom). We calculated a mean of 19.19 ± 6.54 umbellets per 181 

umbel (22.06 ± 5.62 in July and 13.43 ± 3.96 in August) and a mean of 7.74 ± 4.21 umbels per 182 

plant (6.07 ± 1.26 in July and 11.10 ± 5.81 in August). Finally, we estimated approximately 183 

121,100 ± 49,000 plants per hectare (118,900 ± 37,900 in July and 111,300 ± 50,000 in August). 184 

We then estimated 357,402,796 ± 10,185,981 fennel flowers per hectare (342,624,426 ± 185 

1,972,575 for the July bloom and 274,926,539 ± 7,857,095 for the August bloom). 186 

 187 

3.2. Fruit initiation rate 188 

 We found an initiation rate of fennel fruits of 37.65 ± 20.71 for insect pollination 189 

treatment compared to 5.97 ± 10.41 for the treatment of pollination without insect (38.70 ± 190 

19.63 for the OP treatment, 36.60 ± 21.78 for the OPS treatment, 6.41 ± 9.57 for the MA 191 

treatment, and 5.53 ± 11.22 for the SA treatment). The initiation rate of the fennel fruits dropped 192 

by 92% when pollination occurred without insect. The fennel fruit initiation rate for the MA 193 

and SA treatments was close to 0%.  194 



The linear mixed-effects model explaining the variation of the fruit initiation rate 195 

according to pollination treatments has shown a difference between treatments (F value = 196 

247.640, p-value < 0.001). The contrast analysis showed no difference between the SA and MA 197 

treatments (E= 0.139, p = 0.243). However, there was a significantly higher fruit initiation rate 198 

for the OP treatment than for the SA treatment (E= 2.463, p < 0.001; Fig. 1). Finally, there was 199 

a significant difference in the fruit initiation rate between the OP and OPS treatments (E= 0.260, 200 

p = 0.027). 201 

 202 

Fig. 1. Fennel fruit initiation rate (%) with a log+1 transformation for open pollination (OP; red dots) and for 203 

spontaneous autogamy (SA; blue dots) - E= 1.291, p < 0.001. The vertical bars represent the 95% confidence 204 

interval. 205 

 206 

3.4. Fruit weight 207 

The linear mixed-effects model explaining the weight of the fruits according to 208 

pollination treatments has shown a difference between treatments (F value = 5.945, p-value < 209 

0.001). The contrast analysis showed no difference in the weight of the fruits between the SA 210 

and MA treatments (E = - 0.001, p = 0.133) or between the OP and SA treatments (E = 0.001, 211 

p = 0.121). Finally, there was a significant difference in the fruit initiation rate between the OP 212 

and OPS treatments (E = 0.001, p < 0.001). 213 

 214 

3.5. The weight of the fruit per hectare  215 

The linear mixed-effects model explaining the variation of the fruit initiation rate 216 

according to pollination treatments has shown a difference between treatments (F value = 217 



119.380, p-value < 0.001). The contrast analysis showed no difference between the SA and MA 218 

treatments for the weight of the fruits per hectare (E = 0.058, p = 0.781). We found that the 219 

weight of the fruits per hectare was significantly greater for the OP treatment than the SA 220 

treatment (E = 2.918, p < 0.001; Fig. 2). Finally, there was a significant difference in the fruit 221 

initiation rate between the OP and OPS treatments (E = 0.481, p = 0.012). 222 

 223 

Fig. 2. Difference in the weight of the fennel fruits per hectare (kg/ha) with a log+1 transformation between the 224 

open pollination (OP; red dots) and the spontaneous autogamy (SA; blue dots) - E = 2.918, p < 0.001 225 

 226 

3.6. Amount of anethole per hectare 227 

The linear mixed-effects model explaining the variation of the fruit initiation rate 228 

according to pollination treatments has shown a difference between treatments (F value = 229 

20.837, p-value < 0.001). The contrast analysis showed no difference between the SA and MA 230 

treatments for the amount of anethole per hectare (E = - 0.043, p = 0.866). We found that the 231 

amount of anethole per hectare was significantly greater for the OP treatment than the SA 232 

treatment (E = 1.443, p < 0.001; Fig. 3). There was no difference between the OP and OPS 233 

treatments in the amount of anethole per hectare (E = 0.173, p = 0.474). 234 

 235 

Fig. 3. Difference between open pollination (OP; red dots) and spontaneous autogamy (SA; blue dots) for the 236 

weight of the fruits per hectare (kg/ha) - E = 1.443, p < 0.001. The vertical bars represent the 95% confidence 237 

interval. 238 

 239 

4- Discussion 240 



 This study analyzed the degree of dependence of fennel on pollination by insects. This 241 

is the first study linking the presence of insects to fruit set and to a metabolite of high economic 242 

value: trans-anethole. Our results suggest that most of the time, spontaneous and manual 243 

autogamy lead to reproductive failure. From a yield point of view, insect pollination is 244 

fundamental to improve the number and the weight of fruits and the amount of trans-anethole 245 

per hectare. Finally, these results showed reproductive limitations when there is a lack of insect 246 

activity in fennel crops. Our results provide some clues to support and sustain the production 247 

of fennel crops, and we believe that these results will be of interest to fennel managers and 248 

producers. 249 

 250 

4.1. Fennel dependence on insect pollination 251 

 Our results confirmed those of previous studies showing a positive influence of insects 252 

on crop yield (Garibaldi et al., 2016, 2013; Geslin et al., 2017; Woodcock et al., 2019), and 253 

especially for fennel seeds yield (Salami et al., 2016). There was no difference between 254 

spontaneous and manual autogamy. Both of which generally led to reproductive failure 255 

suggesting that F. vulgare self-pollinates poorly. This implies that fennel protandry could be a 256 

barrier to reproduction success in spontaneous as manual autogamy. By contrast, insects by 257 

visiting a lot of flowers at different stages thus may counter the problems linked to the protandry 258 

of fennel flowers and optimize the reproduction. Moreover, insect pollinated flowers showed 259 

better number of fruits and amount of anethole per hectare compared to bagged flowers. We 260 

can conclude that fennel is highly dependent on insects for reproduction. Many plant species 261 

rely heavily on insects for reproduction, both in wild species with implications for conservation 262 

(Schurr et al., 2019) and cultivated species with implications for global food sustainability 263 

(Gallai et al., 2009; Geslin et al., 2017, 2016; Klein et al., 2007). Klein et al. (2007) classified 264 

fennel, based on the literature, among highly insect dependent crops (40-90%) for seed 265 



production We have shown that dependence degree could be superior (92% of reduction in the 266 

number of fruits without insect). Nevertheless, there were still a small number of initiated fruits 267 

in self-pollination treatments. We can propose the hypothesis that protandry in fennel could be 268 

more or less expressed at different levels in a plant (umbellets, umbels, plants). This could also 269 

result from minimal but possible wind pollination (Klein et al., 2007) or from insects infiltrating 270 

in the bags without being noticed (thrips). Especially since, interestingly, the weight of the fruits 271 

was similar between open pollination and self-pollination, meaning that when a fruit is initiated, 272 

the quality of the fruit is consistent regardless of the mode of pollination. However, at the crop 273 

level, we found a drop in the weight of the fruits per hectare in spontaneous and manual 274 

autogamy.  275 

 276 

4.2. Reproduction limitation by insect activity 277 

The initiation rate of the fruits was similar between open pollination and open 278 

pollination with allopollen supplementation. This is also the case of the amount of anethole 279 

produced per hectare. We expected an increase of these parameters with open pollination with 280 

allopollen supplementation. It seems that in our system, the fennel does not suffer any pollen 281 

limitation. Since the reproductive success of plants is linked to the amount of pollen received 282 

(Aizen and Harder, 2007), a greater abundance of insects could lead to pollen saturation of 283 

fennel flowers. This explanation would not be surprising given the great abundance and 284 

diversity of insects along fennel crops (Schurr et al. 2021) and within fennel flowers (Bharti et 285 

al., 2015; Chaudhary, 2006; Kumar and Rai, 2020; Meena et al., 2016, 2015; Ricciardelli 286 

D’Albore, 1986; Salami et al., 2016; Shilpa et al., 2014; Skaldina, 2020). However, not all 287 

insect species may be equal in their ability to carry a large amount of pollen or higher quality 288 

pollen, two other important factors in pollination (Aizen and Harder, 2007; Ollerton et al., 289 

2011). Insect diversity could therefore be more important than insect abundance for the 290 



reproduction of fennel with regard to the complementarity hypothesis of functional diversity 291 

(Frund et al., 2013; Gagic et al., 2015; Schurr et al., 2021; Woodcock et al., 2019). Nevertheless, 292 

the fruit weight, and the weight of the fruit per hectare appears to be higher for open pollination 293 

treatments without manual supplementation. As we used different donors, the possibility of 294 

inbreeding or incompatibility issues are excluded. We propose three explanations for this result. 295 

First, the supplementation technique used might not differentiate the quantity and quality or 296 

maturity of pollen transported, and either of the two factors could have a greater effect on fennel 297 

reproduction. But this explanation is closely dependent on the used number of different pollen 298 

donors’ plants and flowers, pollen quality increasing with the increase in genetically different 299 

donors. Second, manual pollen saturation of flowers could lead to the obstruction of the not yet 300 

mature stigma, which would imply failure of fruit formation for one of the two available seeds. 301 

Seed set is not necessary maximised with the highest pollen deposition (Ornelas and Lara, 302 

2009). Finally, hand manipulation could damage some parts of the flower, and if the style is 303 

damaged it can impact the fruit formation (Sáez et al., 2014), or leading the plant to allocate its 304 

energy to repair the flowers rather than to the fruit development.  305 

 306 

4.3. Amount of trans-anethole 307 

Reproduction of fennel is important because the fruits are the part of the plant containing 308 

the greatest amount of essential oil (Salami et al., 2016). Fennel is cultivated for its essential oil 309 

that contains trans-anethole, which is used to elaborate anise drinks. The positive effect of 310 

insects on crops regarding quantity and quality of seeds and fruits and by extension their 311 

economic value, has already been shown (Garibaldi et al., 2013; Woodcock et al., 2019). This 312 

has also been demonstrated for the amount of essential oil and some metabolic contents of 313 

certain plants, such as mint and fennel (Nazem et al., 2019; Schurr et al., 2021). The literature 314 

has previously reported discrepancies about the effect of insects on fennel essential oil yield. 315 



Indeed, insect diversity had positive influence on the amount of essential oil produced by fennel 316 

(Schurr et al., 2021). Nevertheless, other authors found that cross-pollination by insects had a 317 

negative effect on fennel essential oil yield compared to self-pollination (Salami et al., 2016). 318 

The variability of results may be due to geographically contrasting insect communities, leading 319 

to variations in pollination efficiency. It could definitively also be due to varietal differences in 320 

fennel. This study showed that the amount of trans-anethole from fennel fruit per hectare highly 321 

increased with insect pollination vs self-pollination. Insects are thus essential to fennel crop 322 

production. 323 

 324 

5. Conclusion 325 

Here is the first study compared the fennel reproductive success and the subsequent 326 

yield in the amount of trans-anethole between bagged and unbagged fennel flowers. We showed 327 

that the fennel crops are highly dependent on insects for fruit formation, weight and anethole 328 

production. In agricultural landscapes, insects are more and more threatened due to pesticide 329 

use and landscape uniformization (Brittain and Potts, 2011; Hendrickx et al., 2007; Kleijn et 330 

al., 2009; Vanbergen, 2021). The preservation of insects can no longer be ignored in agro-331 

ecosystems and should be considered in landscape managements. This study proves once again 332 

that insects are essential for us to sustainably maintain the quality and diversity of global food 333 

production. In this sense, protecting insect, and biodiversity globally also means enhancing 334 

livelihood and allowing food security which are the key challenges of our century (Garibaldi et 335 

al., 2016; Kremen and Merenlender, 2018). 336 
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Appendix A: The 12 studied fennel crops location and elevation in Alpes-de-Haute-Provence 358 

(France). 359 

 360 



Appendix B: Stages of the fennel umbels’ development used to choose the moment of bagging, 361 

and of pollination treatments. 362 

 363 

References 364 

Aizen, M.A., Harder, L.D., 2007. Expanding the limits of pollen-limitation concept: Effect of 365 

pollen quantity and quality. Ecology 88, 271–281. 366 

Badgujar, S.B., Patel, V. V., Bandivdekar, A.H., 2014. Foeniculum vulgare Mill: A review of 367 

its botany, phytochemistry, pharmacology, contemporary application, and toxicology. 368 

Biomed Res. Int. 2014. https://doi.org/10.1155/2014/842674 369 

Bartomeus, I., Potts, S.G., Steffan-Dewenter, I., Vaissière, B.E., Woyciechowski, M., 370 

Krewenka, K.M., Tscheulin, T., Roberts, S.P.M., Szentgyörgyi, H., Westphal, C., 371 

Bommarco, R., 2014. Contribution of insect pollinators to crop yield and quality varies 372 

with agricultural intensification. PeerJ 2, e328. https://doi.org/10.7717/peerj.328 373 

Bharti, V., Ahlawat, D.S., Sharma, S.K., Singh, N.V., Jitender, J., Singh, N., 2015. Diversity, 374 

abundance and pollination efficiency of insect pollinators of fennel (Foeniculum vulgare 375 

Miller) and effect of abiotic factors on insect pollinator activity. J. Appl. Nat. Sci. 7, 376 

786–793. https://doi.org/10.31018/jans.v7i2.684 377 

Brittain, C., Potts, S.G., 2011. The potential impacts of insecticides on the life-history traits of 378 

bees and the consequences for pollination. Basic Appl. Ecol. 12, 321–331. 379 

https://doi.org/10.1016/j.baae.2010.12.004 380 

Chaudhary, O.P., 2006. Diversity, foraging behaviour of floral visitors and pollination 381 

ecology of fennel (Foeniculum vulgare Mill.). J. Spices Aromat. Crop. 15, 34–41. 382 

Culley, T.M., Weller, S.G., Sakai, A.K., Culley, T.M., Weller, S.G., Sakai, A.K., 2002. The 383 



evolution of wind pollination in angiosperms. Trends Ecol. Evol. 17, 491. 384 

https://doi.org/10.1016/s0169-5347(02)02600-9 385 

Frund, J., Dormann, C.F., Holzschuh, A., Tscharntke, T., 2013. Bee diversity effects on 386 

pollination depend on functional complementarity and niche shifts. Ecology 94, 2042–387 

2054. https://doi.org/10.1890/12-1620.1 388 

Gagic, V., Bartomeus, I., Jonsson, T., Taylor, A., Winqvist, C., Fischer, C., Slade, E.M., 389 

Steffan-Dewenter, I., Emmerson, M., Potts, S.G., Tscharntke, T., Weisser, W., 390 

Bommarco, R., 2015. Functional identity and diversity of animals predict ecosystem 391 

functioning better than species-based indices. Proc. R. Soc. B Biol. Sci. 282, 20142620. 392 

https://doi.org/10.1098/rspb.2014.2620 393 

Gallai, N., Salles, J.M., Settele, J., Vaissière, B.E., 2009. Economic valuation of the 394 

vulnerability of world agriculture confronted with pollinator decline. Ecol. Econ. 68, 395 

810–821. https://doi.org/10.1016/j.ecolecon.2008.06.014 396 

Garibaldi, L.A., Carvalheiro, L.G., Vaissière, B.E., Gemmill-Herren, B., Hipolito, J., Freitas, 397 

B.M., Ngo, H.T., Azzu, N., Sàez, A., Aström, J., An, J., Blochtein, B., Buchori, D., 398 

Chamorro Garcia, F.J., Oliveira da Silva, F., Devkota, K., de Fàtima Ribeiro, M., Freitas, 399 

L., Gagliaanone, M.C., Goss, M., Irshad, M., Kasina, M., Pacheco Filho, A.J.S., Piedade 400 

Kiill, L.H., Kwapong, P., Parra, G.N., Pires, C., Pires, V., Rawal, R.S., Rizali, A., 401 

Saraiva, A.M., Veldtman, R., Viana, B.F., Witter, S., Zhang, H., 2016. Mutually 402 

beneficial pollinaor diversity and crop yield outcomes in small and large farms. Science 403 

(80-. ). 351, 388–391. https://doi.org/10.1111/j.1365-4362.1976.tb00684.x 404 

Garibaldi, L.A., Requier, F., Rollin, O., Andersson, G.K., 2017. Towards an integrated 405 

species and habitat management of crop pollination. Curr. Opin. Insect Sci. 21, 105–114. 406 

https://doi.org/10.1016/j.cois.2017.05.016 407 



Garibaldi, L.A., Steffan-Dewenter, I., Winfree, R., Aizen, M.A., Bommarco, R., Cunningham, 408 

S.A., Kremen, C., Carvalheiro, L.G., Harder, L.D., Afik, O., Bartomeus, I., Benjamin, F., 409 

Boreux, V., Cariveau, D., Chacoff, N.P., Dudenhöffer, J.H., Freitas, B.M., Ghazoul, J., 410 

Greenleaf, S., Hipólito, J., Holzschuh, A., Howlett, B., Isaacs, R., Javorek, S.K., 411 

Kennedy, C.M., Krewenka, K.M., Krishnan, S., Mandelik, Y., Mayfield, M.M., Motzke, 412 

I., Munyuli, T., Nault, B.A., Otieno, M., Petersen, J., Pisanty, G., Potts, S.G., Rader, R., 413 

Ricketts, T.H., Rundlöf, M., Seymour, C.L., Schüepp, C., Szentgyörgyi, H., Taki, H., 414 

Tscharntke, T., Vergara, C.H., Viana, B.F., Wanger, T.C., Westphal, C., Williams, N., 415 

Klein, A.M., 2013. Wild pollinators enhance fruit set of crops regardless of honey bee 416 

abundance. Science (80-. ). 340, 1608–1611. https://doi.org/10.1126/science.1230200 417 

Geslin, B., Aizen, M.A., Garcia, N., Pereira, A.J., Vaissière, B.E., Garibaldi, L.A., 2017. The 418 

impact of honey bee colony quality on crop yield and farmers’ profit in apples and pears. 419 

Agric. Ecosyst. Environ. 248, 153–161. https://doi.org/10.1016/j.agee.2017.07.035 420 

Geslin, B., Oddie, M., Folschweiller, M., Legras, G., Seymour, C.L., van Veen, F.J.F., 421 

Thébault, E., 2016. Spatiotemporal changes in flying insect abundance and their 422 

functional diversity as a function of distance to natural habitats in a mass flowering crop. 423 

Agric. Ecosyst. Environ. 229, 21–29. https://doi.org/10.1016/j.agee.2016.05.010 424 

Hendrickx, F., Maelfait, J.P., Van Wingerden, W., Schweiger, O., Speelmans, M., Aviron, S., 425 

Augenstein, I., Billeter, R., Bailey, D., Bukacek, R., Burel, F., Diekötter, T., Dirksen, J., 426 

Herzog, F., Liira, J., Roubalova, M., Vandomme, V., Bugter, R., 2007. How landscape 427 

structure, land-use intensity and habitat diversity affect components of total arthropod 428 

diversity in agricultural landscapes. J. Appl. Ecol. 44, 340–351. 429 

https://doi.org/10.1111/j.1365-2664.2006.01270.x 430 

Kleijn, D., Kohler, F., Báldi, A., Batáry, P., Concepción, E.D., Clough, Y., Díaz, M., Gabriel, 431 



D., Holzschuh, A., Knop, E., Kovács, A., Marshall, E.J.P., Tscharntke, T., Verhulst, J., 432 

2009. On the relationship between farmland biodiversity and land-use intensity in 433 

Europe. Proc. R. Soc. B Biol. Sci. 276, 903–909. https://doi.org/10.1098/rspb.2008.1509 434 

Klein, A.M., Vaissière, B.E., Cane, J.H., Steffan-Dewenter, I., Cunningham, S.A., Kremen, 435 

C., Tscharntke, T., 2007. Importance of pollinators in changing landscapes for world 436 

crops. Proc. R. Soc. B Biol. Sci. 274, 303–313. https://doi.org/10.1098/rspb.2006.3721 437 

Kremen, C., Merenlender, A.M., 2018. Landscapes that work for biodiversity and people. 438 

Science (80-. ). 362. https://doi.org/10.1126/science.aau6020 439 

Kumar, M., Rai, C.P., 2020. Pollinator diversity and foraging behaviour of insect visitors on 440 

fennel (Foeniculum vulgare L.) bloom. J. Entomol. Zool. Stud. 8, 2545–2548. 441 

Martin, G., Fontaine, C., Accatino, F., Porcher, E., 2019. New indices for rapid assessment of 442 

pollination services based on crop yield data: France as a case study. Ecol. Indic. 101, 443 

355–363. https://doi.org/10.1016/j.ecolind.2019.01.022 444 

Meena, N.K., Lal, G., Meena, R.D., Harisha, C.B., Meena, S.R., 2016. Diversity of floral 445 

visitors and foraging behaviour and abundance of major pollinatorson fennel under semi-446 

arid condition of Rajasthan. Int. J. Trop. Agric. 34, 1891–1898. 447 

Meena, N.K., Singh, B., Kant, K., Meena, R.D., Solanki, R.K., 2015. Role of insect 448 

pollinators in pollination of seed spices-A review. Int. J. Seed Spices 5, 1–17. 449 

Nazem, V., Sabzalian, M.R., Saeidi, G., Rahimmalek, M., 2019. Essential oil yield and 450 

composition and secondary metabolites in self- and open-pollinated populations of mint 451 

(Mentha spp.). Ind. Crops Prod. 130, 332–340. 452 

https://doi.org/10.1016/j.indcrop.2018.12.018 453 

Németh, É., Bernàth, J., Petheõ, F., 1999. Study on flowering dynamic and fertilization 454 



properties of caraway and fennel. Acta Hortic. 502, 77–83. 455 

Ollerton, J., Winfree, R., Tarrant, S., 2011. How many flowering plants are pollinated by 456 

animals? Oikos 120, 321–326. https://doi.org/10.1111/j.1600-0706.2010.18644.x 457 

Ornelas, J.F., Lara, C., 2009. Nectar replenishment and pollen receipt interact in their effects 458 

on seed production of Penstemon roseus. Oecologia 160, 675–685. 459 

https://doi.org/10.1007/s00442-009-1337-6 460 

Piccaglia, R., Marotti, M., 2001. Characterization of some Italian types of wild fennel 461 

(Foeniculum vulgare mill.). J. Agric. Food Chem. 49, 239–244. 462 

https://doi.org/10.1021/jf000636+ 463 

R Core Team, 2020. R: A language and environment for statistical computing. 464 

Ricciardelli D’Albore, G.C., 1986. Les insectes pollinisateurs de quelques ombellifères 465 

d’intérêt agricole et condiementaire (Angelica Archangelica L., Carum Carvi L., 466 

Petroselinum crispum A.W. Hill, Apium Graveolens L., Pimpinella anisum L., Daucus 467 

carota L., Foeniculum Vulgare miller V.,. Apidologie 17, 107–124. 468 

https://doi.org/10.1051/apido:19860204 469 

Sáez, A., Morales, C.L., Ramos, L.Y., Aizen, M.A., 2014. Extremely frequent bee visits 470 

increase pollen deposition but reduce drupelet set in raspberry. J. Appl. Ecol. 51, 1603–471 

1612. https://doi.org/10.1111/1365-2664.12325 472 

Salami, M., Rahimmalek, M., Ehtemam, M.H., Sabzalian, M.R., 2016. Variation in bioactive 473 

compounds and anatomical characteristics of different fennel ( Foeniculum vulgare Mill 474 

.) populations as affected by self-pollination. J. Appl. Bot. Food Qual. 48, 38–48. 475 

https://doi.org/10.5073/JABFQ.2016.089.005 476 

Sánchez-Bayo, F., Wyckhuys, K.A.G., 2019. Worldwide decline of the entomofauna: A 477 



review of its drivers. Biol. Conserv. 232, 8–27. 478 

https://doi.org/10.1016/j.biocon.2019.01.020 479 

Schurr, L., Affre, L., Flacher, F., Tatoni, T., Pecheux, L.L.M., Geslin, B., 2019. Pollination 480 

insights for the conservation of a rare threatened plant species , Astragalus tragacantha ( 481 

Fabaceae ). Biodivers. Conserv. https://doi.org/10.1007/s10531-019-01729-4 482 

Schurr, L., Geslin, B., Affre, L., Gachet, S., Delobeau, M., Brugger, M., Bourdon, S., Masotti, 483 

V., 2021. Landscape and local drivers affecting the flower-visitors of fen- nel ( 484 

Foeniculum vulgare , Apiaceae ) and implications for its yield . Insects 12, 404. 485 

https://doi.org/https://doi.org/10.3390/insects12050404 486 

Shilpa, P., Sowmya, K., Srikanth, C., 2014. Pollinator diversity and foraging activity on 487 

fennel, Foeniculum vulgare Mill. and African marigold, Tagetus minuta L. Pest Manag. 488 

Hortic. Ecosyst. 20, 236–239. 489 

Skaldina, O., 2020. Insects associated with sweet fennel: beneficial visitors attracted by a 490 

generalist plant. Arthropod. Plant. Interact. 14, 399–407. https://doi.org/10.1007/s11829-491 

020-09752-x 492 

Vanbergen, A.J., 2021. A cocktail of pressures imperils bees. Nature 596, 351–352. 493 

https://doi.org/10.1038/d41586-021-02079-4 494 

Williams, I.H., 2002. Insect Pollination and Crop Production: A European Perspective, in: 495 

Kevan, P., Imperatriz, F.V. (Eds.), Pollinating Bees - The Conservation Link Between 496 

Agriculture and Nature. pp. 59–65. 497 

Woodcock, B.A., Garratt, M.P.D., Powney, G.D., Shaw, R.F., Osborne, J.L., Soroka, J., 498 

Lindström, S.A.M., Stanley, D., Ouvrard, P., Edwards, M.E., Jauker, F., McCracken, 499 

M.E., Zou, Y., Potts, S.G., Rundlöf, M., Noriega, J.A., Greenop, A., Smith, H.G., 500 



Bommarco, R., van der Werf, W., Stout, J.C., Steffan-Dewenter, I., Morandin, L., 501 

Bullock, J.M., Pywell, R.F., 2019. Meta-analysis reveals that pollinator functional 502 

diversity and abundance enhance crop pollination and yield. Nat. Commun. 10, 1481. 503 

https://doi.org/10.1038/s41467-019-09393-6 504 

 505 

  506 



Figures 507 

 508 

Fig. 1. Fennel fruit initiation rate (%) with a log+1 transformation for open pollination (OP; red dots) and for 509 

spontaneous autogamy (SA; blue dots) - E= 1.291, p < 0.001. The vertical bars represent the 95% confidence 510 

interval. 511 

  512 



 513 

Fig. 2. Difference in the weight of the fennel fruits per hectare (kg/ha) with a log+1 transformation between the 514 

open pollination (OP; red dots) and the spontaneous autogamy (SA; blue dots) - E = 2.918, p < 0.001 515 

  516 



 517 

Fig. 3. Difference between open pollination (OP; red dots) and spontaneous autogamy (SA; blue dots) for the 518 

weight of the fruits per hectare (kg/ha) - E = 1.443, p < 0.001. The vertical bars represent the 95% confidence 519 

interval. 520 

 521 
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Appendices 523 
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Appendix A: The 12 studied fennel crops location and elevation in Alpes-de-Haute-Provence 525 

(France). 526 
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Appendix B: Stages of the fennel umbels’ development used to choose the moment of bagging, 529 

and of pollination treatments. 530 


