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Summary 

 

The animal pollination is one of the most ecologically important mutualist 

interaction between animals and plants. Most of angiosperm plants require 

animal pollination to reproduce themselves and support genetic diversity, which 

is important to preserve plant populations. Since around 75% of cultivated 

plants need animal pollination, the economic value of the pollination ecosystem 

service is considerable. An efficient and science-based approach management of 

pollination in agrosystem areas may support crop production and at the same 

time may reduce the use of agricultural inputs affecting environmental health. 

This thesis addressed different aspects of pollination in agrosystems.  

Chapter 1 deal the importance of the placement and the density of compatible 

pollen source (pollinizer plants) in self-incompatible crops system as in apple 

cultivation which I used as study crop system. Nowadays, an intermixed 

orchard design, consisting in mixing pollinizer with production trees, is usually 

adopted. Moreover, it is possible that pollen dispersal could involve pollinizers 

placed in surrounding orchards; therefore, this should be taken into account in 

orchard design. In this study, I found that the density of pollinizer in main cv. 

tree surrounding agrosystems positively affected pollination efficiency. The 

outcomes of this study suggested that intermixed orchard generally assures 

uniform pollination across the orchard and that farmers should design new 

orchards with a specific focus on pollinizer availability in the surroundings.  

In  Chapter 2, I analysed the effect of pollination on fruit appearance developing 

an image analysis tool to test the hypothesis that pollination may affect the 

symmetry of apples. The hypothesis was tested for three commercial classes 

separately, to understand whether the pollination effect was consistent among 

classes. I also compared the performance of the image analysis tool with a 
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simplified symmetry measurement that has been previously used. The results 

showed that increasing pollination led to significant increase of apple 

symmetry. The image analysis tool resulted to be more precise to assess the 

pollination effect on fruit symmetry than the previously used symmetry 

measurement, leading to the conclusion that pollination effect on apple shape 

has been probably overlooked because of the use of oversimplified symmetry 

measures. The effect of pollination on apple symmetry was not consistent 

among commercial classes since it resulted significant for little and medium 

size apples but unimportant for large size apples. Our findings suggest that the 

effect of pollination on fruit production should be assessed taking into account 

different variables and different commercial classes of apple.  

 

In Chapter 3, I analysed the quantity of nectar resources that are provided by 

two mass-flowering crop agrosystems. Despite its importance, the production of 

nectar by flowers has been mainly assessed through one sampling method, the 

nectar replenished in a 24h period. Yet, detailed knowledge of nectar dynamics 

is limited, especially for cultivated plants. The nectar production could be 

driven by insect probing and rate of visitation. Therefore, exploring the 

interaction between the nectar dynamics and insect visits could be particularly 

important to estimate nectar resources for insects. In this Chapter, I measured 

the nectar production dynamic of lavender (Lavandula hybrida) and fennel 

(Foeniculum vulgare) and evaluated the insect visitation rate on those crops. 

Then I developed a simulation model to identify how plausible different 

scenarios of visitation rates and insect strategies for flower selection may 

change the standing nectar and the daily nectar production of the two crops. 

Finally, I tested whether simulation estimates of daily nectar production differed 

from the commonly used 24h nectar production measurement. Lavender and 

fennel had equal nectar volume replenishment in 24h, but lavender replenished 
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nectar volumes quicker than fennel. Flower preferences of visiting insects and 

the standing nectar indicated high exploitation of fennel nectar, probably 

because fennel also provided pollen and its flowers are easy to probe. The 

simulation models suggested that nectar production is insect-driven, but the 

effect of insect selection and visitation was different between the two crops. 

Finally, I found that the measurement of daily nectar production produced by 

the simulation models was always greater than the nectar replenished within 

24h in flowers isolated from pollinators. This study demonstrates complex 

effects of plant/insect interactions on nectar production. Reliable estimates of 

nectar resources may be achieved when considering nectar dynamics and 

visitation rates.  

 

In conclusion, the results and findings described in the chapters of this PhD 

thesis provide new insights on different aspects of pollination in agrosystems. 

The explored aspects can contribute to understand how pollination could be 

better managed in self-incompatible cultivation, providing clear information 

that farmer can easily adopt in the orchard design to enhance pollination. Still 

focusing on apple, the thesis provides original results on the effect of apple 

symmetry, which can affect the economic value of fruits. This will allow a more 

comprehensive evaluation of the effect and the impact of the pollination 

ecosystem service. Finally, the thesis highlights some caveats on the nowadays 

most adopted method to assess the nectar resources provided by agrosystems 

environments. This last result may greatly contribute to a better evaluation of 

food resources for insect and pollinators, considering that is one of the basis to 

understand how to support animal pollinator and their essential ecosystem 

service.  
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1 Introduction 

 

1.1  Plant pollination 

 

Plants can reproduce through two different strategies. The first one is the 

asexual reproduction that consists in a part of the plant that separates and 

originates a new individual which is a clone of its parent. This reproduction 

form is the most ancestral and, despite being efficient for some plants (mostly 

isolated, aquatic or alien plants), does not allow genetic diversity between 

individuals and thereby evolution (Silvertown, 2008). Plant genetic diversity is 

strongly linked to the resilience and the survival of plant populations to abiotic 

and biotic disturbances (Iriondo et al., 2008). For this reason, many plants 

evolved the capacity to reproduce sexually, sometimes exclusively. Among 

plants, angiosperms present flowers that produce pollen grains (male gametes) 

and ovules (female gametes). The process of the transfer of the pollen to the 

ovule performed by a carrier is called pollination. Pollen can be transported in 

different ways and by different carriers to the flower’s receptive organ (stigma), 

such as wind by passive transfer, or animals by active transport. Carrier animals 

moving pollen from a plant to another are called pollinators, and can be insects, 

birds, or little mammals. The active transfer of pollen by pollinators is the most 

common as the proportion of angiosperms that require animal pollination range 

between 78% and 94% from temperate to tropical zones (Ollerton et al., 2011). 

Pollinators visit flowers to get nectar, pollen and water produced by plants. 

Nectar and pollen provided by flowers are both nutrition and attractants for the 

pollinator (Aronne et al., 2012; Quinlan et al., 2021). Therefore, pollination can 

be considered as a form of mutualism between plants and animals. In this 
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mutual exchange plants enhance the reproduction success of plants, while 

pollinators receive food. Pollinators can be specialists, also called oligolectic, 

have been classified as both, pollinators that tend to probe only plants belonging 

to the same family (Bommarco et al., 2010) or to the same species or genera 

(Banaszak-Cibicka & Żmihorski, 2012). Generalist bee species are also called 

polylectic and they do not show any specific preference for a group of plants, 

being able to exploit nectar from a wide spectrum of plants (Michener 2020).  

Pollinators, either generalist or specialist, are definitely more efficient pollen 

carriers than wind or water. The major advantages of a targeted pollination is 

that the interspecific pollen transfer is reduced and ultimately, the pollinators 

competition among plants is lessen (Morales & Traveset, 2008). Despite the 

higher efficiency of pollinators compared to different pollen dispersal 

mechanism, it has been estimated that animal pollination can successfully 

transfer only 1% of produced pollen to a stigma (Harder, 2000). The low rate of 

successful transfer is partially due to some biological mechanisms that plant 

have evolved, which reduce self-fertilization and increase cross-pollination 

(Devaux et al., 2019). An extreme example of these mechanisms is when plants 

have separated male and female flowers on separate plants (dioecious). 

Dioecious plants can only reproduce sexually through cross-pollination and a 

long transfer of the pollen to another plant individual is required. In this case the 

chances of the pollen not reaching a stigma are increased (Knight et al., 2005). 

Moreover, when female and male structures are together on the same plant 

(monoicous plants), it is common to have either available pollen to be collected 

from the male part or receptive stigmas in different times to avoid self-

fertilization (dichogamy) and self-interference (Webb, 1986).  

 

1.2 Plant fecundation and fruit development 
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When the pollen is successfully transferred to the stigma surface, the pollen 

grain is hydrated and can germinate, grow and reach the ovary, realizing the 

ovule fertilization. However, different factors can determine pollen grain 

growth failure even at this stage (Willmer, 2011). For instance, the pollen 

growth can be impeded by the competition between pollen grains in the stigma 

surface (Marshall et al., 1996). Another factor might be the physiological 

mechanism carried out by some plants that prevent self-fertilization or 

fecundation. An example of mechanism is the self-/nonself pollen recognition 

that some plants adopt to inhibit the growth of self-pollen tubes. Self-pollen 

recognition and growth inhibition, process are controlled by a single genetic S 

locus (Takayama & Isogai, 2005). The self-compatibility mechanism is 

common as it has been reported for 40% of angiosperms (Hendry & Grime, 

1993), including in important crops (e.g. apple crops) (Ramírez & Lee, 2013). 

When pollen growth or the ovule fecundation have been successful, different 

physiological processes involving phytohormones are triggered. Phytohormones 

as abscisic acid, auxine, cytokinins and gibberellins, are transferred to the fruit 

or produced by the fruits (Grant et al., 1989; Ruan et al., 2012). In the classical 

theory these hormones regulate the competition between seeds and fruits as in 

attracting plant resources (nutrients and water) (Chapman & Sadjadi, 1981). 

The alternative theory is that seed and fruit, through plant hormone mechanism, 

inhibit the development of the other close seeds and fruit (Bangerth, 2000). In 

any case, seeds play a pivotal role as source of phytohormones, and for this 

reason the number of seeds has a positive correlation with the fruit set and the 

seed abortion halts fruit maturation in different plant species (Ruan et al., 2012). 

The link between the number of seeds and the pollination is well known, so that 

different studies on pollination adopted the seed set as a proxy of the pollination 

intensity (Morandin & Winston, 2006; Steffan-Dewenter & Tscharntke, 2000). 

Therefore, in most of the cases pollination is the ‘sine qua non’ condition for 
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fruit development and sexual reproduction of most of wild and cultivated 

angiosperms. Nonetheless, especially in angiosperms, some plants can produce 

fruits without seed fertilization (parthenocarpy sensu stricto) (Picarella & 

Mazzucato, 2019). The number of parthenocarpic plants is limited since the 

consume of energy for the production of fruits that do not have seed, thus not 

producing offspring, is disadvantageous. The parthenocarpy could be useful 

only for wild plant that are subjected to fruit predatory pressure. Indeed, the 

availability of seed-less fruits may deceive the seeds/fruits predators (Traveset, 

1993; Zangerl, Berenbaum, & Nitao, 1991). In the case of cultivated plants, 

farmers have shown interest in having seed-less fruits aiming to a fruit 

production less pollination dependent and because these fruits can be more 

pleasant to eat (Picarella & Mazzucato, 2019). For these reasons parthenocarpic 

cultivated plants are more frequent than wild ones, but still do not represent the 

majority of crops.  
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1.3 Importance of pollination in agriculture 

 

Pollination is of paramount importance when dealing with agricultural systems. 

In fact, around 75% of crops relay on animal pollination for producing fruits 

(Klein et al., 2007), and insect pollination is needed for the production of 3 to 

8% of global crop weight (Aizen et al., 2009). There have been different 

estimates of the economic value of pollination as ecosystem service (Hanley et 

al., 2015). Historically, such estimations were performed using different 

methods: 1) considering the value of pollination as input of crop production by 

means of functions accounting for the pollination dependence of the crop 

(Calderone, 2012). 2) Through econometric techniques that calculate losses due 

to lack of pollination (Gallai et al., 2009). 3) By estimating costs needed to 

compensate for the absence of pollinators (e.g. Allsopp et al., 2008). 

Nonetheless, the difference on the methods and on the parameter adopted in the 

estimation of pollination values have led to great differences between the 

studies. For example, in USA the overall economic value of pollination has 

been estimated to be 2.8 X 109 € by Losey & Vaughan (2006), 14.5 X 109 € by 

Morse & Calderone (2000) and between 3 and 10 X 109 € by Southwick & 

Southwick (1992). Even though estimates can be inaccurate, they are essential 

to illustrate the economic value of the benefits of pollination ecosystem service 

(Costanza et al., 1997). Secondly, estimates are important to build awareness of 

citizens and policy makers about the risk of losing the pollination ecosystem 

services (Abson & Termansen, 2011). Remarkably, decision-makers are 

currently aiming to integrate into their cost-benefits analysis the estimates of the 

pollination economic value.  This type of analyses is of particular interest, 

especially when focused on a specific farming system, since they can provide 

information enabling farmers to improve their practices, or even their income. 
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In fact, pollination ecosystem services, as every other ecosystem service, can 

replace the benefits of farmer managed agricultural inputs, reducing their use 

and their related costs. At the same time, the reduction of agriculture inputs has 

been suggested as a way to enhance agricultural ecosystems and biodiversity. 

The concept of the replacement of agricultural inputs with ecosystem services 

for a sustainable crop production has been called “ecological intensification” 

(Bommarco et al., 2013).  

 

1.4 Pollination service in the framework of ecological 

intensification 

The maximum agriculture yield potential is not reached in most of agricultural 

systems (Lobell et al., 2009). The efforts to reach the maximum yield potential 

fail after a certain threshold when the addition of agriculture inputs has no 

further effects on production, making the costs of the production non-

economical beneficial (Neumann et al., 2010). Ecological intensification 

consists in assessing how agricultural inputs and ecosystem services interact 

together in defining crop production and to exploit this knowledge in order to 

support production (Doré et al., 2011). Nowadays, in many agricultural context, 

the increase of farmer managed inputs does not increase the production, 

therefore, the ecological intensification can be a strategy to tackle the incoming 

challenge of the global increasing food demands (Bommarco et al., 2013). 

Indeed, the study of the interaction between ecosystem services and agriculture 

input can shed light on practices to fulfil the production gap. Theoretically, the 

interactions between anthropic and natural drivers of crop production can be 

additive, positive or negative (Garibaldi et al., 2018). The effect on production 

is additive if the two drivers benefit the crop production but the level of both 

drivers does not enhance nor decrease the benefit on the production of the other 

driver. Positive effects happen when the benefit on production of a driver at a 
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defined level increases as the level of a second production driver changes. 

Finally, the relationship is negative when the benefit of a driver at fixed level 

decreases as the provisioning of second drivers increases, so that the second 

driver has a compensative effect on the second one. 

Focusing on the pollination ecosystem service, there are many examples of 

studies that analyse whether pollination ecosystems services interact with 

agriculture inputs through additive, positive or negative mechanisms 

(Tamburini et al., 2019). For example, the pollination level, water and nutrient 

availability showed an additive effect of yield production of coffee plants, but 

no evidence reported the interaction between these production drivers (Boreux 

et al., 2013). Positive synergic effects were found in Brassica napus, with the 

maximum benefit of pollination realized at high fertilizing doses (Garratt et al., 

2018). An example of negative interaction was described in common bean 

(Phaseolus vulgaris), for which high doses of nitrogen lead to cancel pollination 

benefits to the production (Ramos et al., 2018). Therefore, the study of 

pollination in agrosystems has the potential to unveil unknown mechanisms 

between production drivers and to enhance production, reducing at the same 

time the impacts on the environment.  

 

1.5 Strategies to improve pollination and fruit set in agrosystems 

 

The support to pollination and fruit set in agrosystems should be provided 

preventing pollen limitation and those conditions that can lead to fruit abortion. 

To pursue these objectives, different strategies can be adopted, and they can be 

divided into categories according to the subject of the strategy, as summarized 

in Table 1. 
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 Table 1. Summary of the strategies that could be adopted to improve pollination in 

agrosystems. 

Strategy subject Strategy 

Pollinators 
management 

Evaluating pollinator deficit according to visitation rate 
thresholds and resources provided by the agrosystems to 
pollinators 

  
1) Add managed pollinators and their distribution within the 

field 

  2) Support wild pollinator habitats (food, nesting sites) 

    
Agricultural field 
design 

For self-compatible hermaphrodites or imperfect monoecious 
plants 

  
1) Interplanting distance according to pollinator foraging 

distance 

  For self-incompatible, dioicous dichogamies plants 

  
2) intermixed orchard to spread pollen donors across the 

orchard 

    

Agricultural 
practices 

Agronomic factor management (water, nutrient, light) aiming 
to support pollination and fruit carrying capacity 

  1) good management for supporting pollination 

  2) good management for supporting fruit development 
 

 

1.5.1 Pollinator management 

 

In agrosystems, the issue of pollen limitation has been typically overcome by 

managing the quantity of pollinators, for instance adding honey bee colonies 

close to the pollen dependent crops. In the frame of this strategy, different 

researchers provided indication of the number of honeybee colonies that should 

be placed to have a sufficient transfer of pollen (Free, 1970; Abbasi et al., 2021; 

de Ribeiro et al., 2015). However, the quantity of honey bee is not always 

linked to the amount of pollination service provisioning (Rollin et al., 2015). 
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This missing association between honey bee number and amount of pollination 

might be due to the unpredictable effect of bee dispersion that can highly vary 

depending on the landscape context (Lajos et al., 2021). When the dispersion is 

low and/or managed pollinator density is too high, the excessive visitation rate 

can damage the flowers and reduce crop production (Sáez et al., 2014; Rollin & 

Garibaldi, 2019). The honey bees, as other pollinators have a great dispersion 

capacity and this might be associated to the different flower composition that 

dilutes honey bee density in different landscapes (Holzschuh et al., 2016). As I 

highlighted in the third chapter of the thesis, mass-flowering crops can exert 

different attraction level for honey bee so that honey bee placed for the 

pollination of a specific crop can actually focus most of their visitation efforts 

on another close mass-flowering crop.  

Recently, the assessment of a number of hives that should be placed in a crop 

has been indicated as unsuitable measure aiming to ensure sufficient level of 

pollination, therefore scientists suggested to use visitation rate thresholds, 

instead. A visitation rate threshold is the minimum number of pollinator visits 

that a flower should receive to be sure that the pollination level is sufficient 

(Rollin & Garibaldi, 2019). When these thresholds are not reached, managed 

pollinators should be added. Visitation rate thresholds are of particular interest, 

although for many pollen-dependent crops such data is still missing. The 

increase of pollinators and of pollinator services, can be achieved also through a 

good management of the bee colonies. In pear and apple orchard in Argentina, it 

was observed that the placement of densely populated  honey bee colonies 

instead of lowly populated honey bee colony led to an 7000 $/ha increase of 

farmer’ gain due to more effective pollination services (Geslin et al., 2017).  

Nevertheless, to reach a sufficient pollination level, the pollination service 

should not be planned only by means of managed bee. Different studies 

highlighted that wild bees and other flower-visiting insects can be more 
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efficient pollinators than honeybees (Garibaldi et al., 2014; Garratt et al., 2016). 

The diversity of pollinator communities has shown benefits on the production of 

different crops (Greenleaf & Kremen, 2006; Schurr, Geslin, et al., 2021; 

Vergara & Badano, 2009). For this reason, one of the most suggested strategies 

to prevent pollination limitation in flowering crops is to improve habitats known 

to sustain pollinators. The improvement of pollinator habitat can be addressed 

by increasing the amount and the quality of food resources at landscape scale, 

namely pollen and nectar. These two food sources can be assessed in the 

environment in different ways aiming to evaluate whether food resources are 

sufficient to support a healthy and diverse pollinator community. The 

mainstream method for the assessment of pollen and nectar resources provided 

by flowers is to measure how much of them has been cumulated in a 24h period 

(Baude et al., 2016; Hicks et al., 2016; Timberlake, Vaughan, Baude, & 

Memmott, 2021). However, as I will show in chapter 3 of the thesis, this 

method has some limitations that should be addressed to develop a better 

understanding of pollinator flower resources. One of the most common methods 

to enhance food resources for pollinators is planting flower strips in cultivated 

or urban areas (Requier & Leonhardt, 2020). Flower strips in field edge has 

been shown to increase the species richness of butterflies and wild bees in a 

long-term study (Buhk et al., 2018). The positive effect of flower strips on wild 

bees can be explained by different observed mechanism as the increase of food 

provisioning efficiency, of offspring emerging rate and the reduction of 

parasitism rate (Ganser et al., 2021). Further strategies adopted to improve the 

habitats for pollinators include:  

- providing nesting habitats such as artificial nests or patches of bare ground;  

- conserving areas which provide non-floral resources such as resin leaf or 

honeydew, important as both, food and nesting material. (Requier & Leonhardt, 

2020). 
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1.5.2 Agricultural field design 

Pollen limitation comprehends two components, a quantitative and a qualitative 

one (Aizen & Harder, 2007). The quantitative component is given by the ratio 

between the number of pollen grains that reach the stigma and the number of 

ovules that can be fertilized (Sáez et al., 2018). Besides through pollinators 

managing, the quantitative component could be also influenced by the 

agricultural field design. In fact, low distances between crop plants increase the 

chance of cross-pollination (Kron et al., 2001). For crops which are self-

compatible and can rely on self-reproduction, the distance between plant is of 

little importance, as the pollinator visit on the same plant can still lead to self-

fertilization and fruit development. On the other hand, plant with xenogamy 

reproduction strategy, due to self-incompatibility, dioecy or dichogamy, require 

cross-pollination from close compatible plants. Such requirement has been 

called the qualitative component of pollination (Aizen & Harder, 2007). Crops 

that are affected by both, quantitative and qualitative components, need a well-

planned agricultural field design for maximising pollination benefits on crop 

production. Agricultural field design consists in managing the placement of 

each other compatible plants and their reciprocal ratio. There are many crops of 

great economic interest for which the agricultural field design has been adopted, 

as method for managing quantitative and qualitative components of pollination; 

some examples are apple, kiwi, avocado and coffee (Dymond et al., 2021; Klein 

et al., 2003; Kron & Husband, 2006; Sáez, Negri, Viel, & Aizen, 2019). 

Overall, agricultural field design has been a neglected and understudied factor 

affecting pollination in agrosystems, thus farmers are still experimenting 

different approaches (Sáez et al., 2018). Chapter 1 of this thesis explore apple 

orchard design and how the placement and the density of pollinator plants 

which provide compatible pollen to the main cultivar plants affects the 

pollination. In this study, I found that the intermixed orchard design which 
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consist in placing uniformly pollinator plants within the apple orchard provide 

the highest pollination efficiency. 

 

1.5.3 Agricultural practices 

Limitation or excess of the level of different agronomic factors can affect both, 

pollination and fruit growth process. For instance, not well-watered crops can 

suffer of drought stress, which can affect flower traits and pollinator 

attractiveness (Alqudah et al., 2011). In fact drought can reduce pollen 

availability, decrease the number of ovules and even alter some traits that are 

related to pollinator attraction such as nectar quantity and composition, or 

number of flowers (Descamps et al., 2021; Neumann Andersen et al., 2002; 

Sheoran & Saini, 1996). Nitrogen availability is another agronomic factor that 

has been linked to change of flower traits, nectar quantity and composition, so 

that changes of plant-pollinator interaction due to the nitrogen availability are 

expected (David et al., 2019). However, a comprehensive understanding of the 

effect of nitrogen availability on pollination in cropped areas still require further 

studies. The link between pollination provisioning and other agronomic factor 

can be also indirect. For example Pecenka et al. (2021) observed that in corn 

field, the reduction of pesticides such as neonicotinoid, which is used to reduce 

the risk of insect pest damages, increased pollinator visitation rates in the close 

watermelon field, resulting in 26% higher yield of watermelon and no 

significant negative impact on the yield of corn fields.  

As highlighted by Bos et al. 2007 the evaluation of the benefits of pollination 

also requires a clear understanding of   the fruit set carrying capacity that a plant 

can sustain. This carrying capacity is given by the level of photosynthesis, 

water, nutrients and pest control (Bos et al., 2007; Garratt et al., 2018; 

Tamburini et al., 2019). After the pollination, both water and nutrient 

availability for plant can affect the crop carrying capacity since the two factors 
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might interact with the physiological processes involved in seed formation 

(Alqudah et al., 2011; Tamburini, Lami, & Marini, 2017). Thus, when 

agronomic factors are not well managed, benefits of the pollination can be 

reduced. As the response of pollination to different agronomic factors is 

complex, the effect of pollination on production is context-dependent and it is 

difficult to draw general conclusions (Tamburini et al., 2019). 

A clear example of this complexity is given by the results of a recent study that 

compared the effect of pollination on apple across different countries and 

different cultivars (Garratt et al., 2021). This study suggested that the increase 

of pollination led to contrasting results between apple varieties and study areas.  

Moreover, considering pollinator benefits focusing exclusively on crop yield 

could be misleading. As a matter of facts, the quality of crops of fruits are also 

pivotal on defining their commercial values, as demonstrated in different 

studies. For example, pollination was found to enhance fruit quality reducing 

the proportion of mishappen fruit for strawberries and apples (Klatt et al., 2013; 

Wu et al., 2021), increasing the oil content of oilseed rape and the vitamins in 

almonds (Bommarco et al., 2012; Brittain, Kremen, Garber, & Klein, 2014). In 

chapter 2, I evaluated how pollination can affect the symmetry of apple of 

different commercial grades exploring the link between pollination and 

production quality. The use of yield and quality measures to assess pollination 

effect on production can allow a more comprehensive understanding of 

pollination importance in enhancing food production. Further studies are 

required to identify which are the pollination needs of different crops and 

cultivar in different contexts. This specific knowledge will allow farmers and 

scientist to develop scientific-based agronomic strategies that will face the 

global challenge of increasing food demands. 

 
1.6 Phd Thesis objectives 
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The Phd project was carried out within the Phd Programme in Agriculture, 

Forest and Food Science provided by the University of Torino (Unito). The Phd 

research project on “Insect pollination in agrosystems: management, effect on 

production, and resources provisioning for pollinators” aims to broaden the 

knowledge on pollination in mass-flowering crops areas to better understand the 

positive effects of pollination on crop production, how the pollination 

ecosystem service can be managed to maximise its positive effects on 

production, and finally how food resources for pollinator can be quantified in 

mass-flowering crops areas. The research activities explored such questions in 

two different crop systems. Pollination importance for the production and its 

management were explored in apple orchards in a research project developed in 

partnership with La Fondazione per la ricerca, l’innovazione e lo sviluppo 

tecnologico dell’agricoltura piemontese (Agrion). The research activity focused 

on the provisioning of food resources by mass-flowering crops areas was 

carried out in fennel and lavender cropped areas in France. This last activity 

was part of the project, led by Aix Marseille Université, focused on assessing 

the importance of pollination and pollinator on fennel crops. I participated to 

this project during a 3-months research period in France. The research activities 

granted the preparation of three manuscript, which are presented as individual 

chapter of this thesis. 

 

▪ Chapter 1 “Effects of pollinizer density and apple tree position on 

pollination efficiency in cv. Gala”, a study assessing how density and 

position of apples trees placed in orchard affect the pollination and the 

production. 

▪ Chapter 2 “Influence of seed set on apple symmetry assessed by 

image analysis: an overlooked effect of pollination on fruit shape.” 



   

22 
 
 

 

In this chapter, the effect of pollination on apple symmetry was 

analysed. 

▪ Chapter 3 “The interaction of nectar dynamic and insect visitation 

affects the estimation of nectar resources”. In this study, a simulation 

model to predict the volume of nectar collected by flower-visiting 

insects was developed as new method to assess food resources for 

insects 

The results achieved during the PhD, including some side projects, have been 

shared with the scientific community at national and international conferences, 

both as oral communication and posters. A comprehensive list of these activities 

is available in Annex I. 

In addition to the scientific results of the PhD project, I contributed to research 

focused on the impact of two Hymenoptera alien species, Megachile 

sculpturalis and Vespa velutina. Specifically, the impact of the alien bee 

Megachile sculpturalis on nest of the native species Osmia bicornis was 

investigated. Focusing on Vespa velutina, I contributed to review its impact on 

beekeeping and on native species and I assessed the impact on native wasp 

species in field conditions. The link to the three manuscripts on the alien 

Hymenopterans is available in the Annex II.  
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2. CHAPTER 1 

Effects of pollinizer density and apple tree position  

on pollination efficiency in cv. Gala 

 

Luca Carisio*, Sara Straffon Díaz, Aulo Manino, Marco Porporato 

Scientia Horticulturae, 273: 109629 (2020), doi:10.1016/j.scienta.2020.109629 

*Corresponding author 

 

Abstract: Pollen donor plants (pollinizers) availability and arrangement are 

considered fundamental to provide compatible pollen to main cultivar ensuring 

fruit production in apple orchards. Apple farmers manage pollination efficiency 

by setting the amount of pollinizer plants and the arrangement of 

pollinizer/main cv. tree within the orchard. Nowadays, an intermixed orchard 

design, consisting in mixing pollinizer with production trees, is usually adopted. 

Moreover, it is possible that pollen dispersal could involve pollinizers placed in 

surrounding orchards; therefore, this should be taken into account in orchard 

design. We sampled ‘Gala’ trees with different pollinizer densities combined 

with different positions within row in three orchards of North-West Italy 

assessing pollination efficiency. The density of pollinizer in main cv. tree 

surroundings affected positively pollination efficiency up to 30 m. In addition, 

only trees adjacent to pollinizers showed higher pollination level while trees 

differently positioned had lower and similar pollination efficiency. Our 

outcomes suggest intermixed orchard assures generally uniform pollination 

across the orchard and that farmers should design new orchards with a specific 

focus on pollinizer availability in the surroundings. 

 

Keywords: Malus domestica, Management factor, Orchard design, Cross-

pollination 
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2.1 Introduction 

 

Agricultural production can be improved by increasing regulating ecosystem 

services, while the impacts of intensive agriculture should be reduced 

concurrently (Bommarco et al., 2013). Among the regulating services, insect 

pollination is particularly relevant given that 35 % of the annual agricultural 

production volume is obtained from crops dependent on such ecosystem service 

(Potts et al., 2016). Without regard to relevant synergies between pollination 

and other concomitant factor (Bommarco et al., 2013; Tamburini et al., 2019), 

such as plant growth and physiology (Knight et al., 2005), agronomic factors 

(Musacchi & Serra, 2018) and weather conditions (Sharma et al. 2003;  

Sheffield, 2014; Vicens & Bosch, 2000); insect pollination success depends on 

a complex network of interactions between different players: the plant that 

receives pollen, the plant that provides it, and the pollen vector who carries it 

between plants (Kremen et al., 2007). Farmers may adopt practices of 

ecological intensification by acting on these agents, in order to compensate for 

any pollination limitation and thereby to achieve better yields with less or equal 

impacts on the environment (Kovács-Hostyánszki et al., 2017). Pollinators in 

temperate areas are mainly represented by managed bees (the most important 

are Apis mellifera, Bombus terrestris, and Osmia rufa) and wild bees (Kremen 

et al., 2007). To date, the mainstream strategy adopted by producers to promote 

pollination service through pollinators management is to maintain high 

abundance of honey bees, especially where wild bees are absent or declining 

(Geslin et al., 2017). Within pollination networks, the relationship between 

pollen receptor plants and pollen-donor plants (pollinizer) is defined by two 

components, one quantitative and the other qualitative. The quantitative 

component is given by the ratio between available pollen grains and the ovules 
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to be fertilized (Aizen & Harder, 2007); when ratio is unbalanced with more 

ovules than pollen, then pollen limitation is set up (Knight et al., 2005). In turn, 

pollen limitation could result in a qualitative and/or quantitative reduction of 

pollination-dependent crops productivity (Bartomeus et al., 2014). The 

qualitative component depends on the degree of genetic compatibility between 

pollen donor and receptor plants, along a gradient from self-compatible plants 

to those needing genetically distant pollen donors (Lloyd & Schoen, 1992). This 

component determines that pollination level relays on plant-pollinizer 

compatibility degree (quality component) in case of same amount of pollen 

reaching stigmas (Aizen & Harder, 2007). Among insect pollination-dependent 

crops, apple (Malus domestica) shows a self-incompatible fertilization system, 

with the exception of some self-compatible cv. (Ramírez & Davenport, 2013). 

Moreover, apple plays a major economic role being one of the four most 

consumed fruits worldwide (Musacchi & Serra, 2018). It has been shown that 

pollination represents a critical step affecting quantity and quality of apple 

production (Buccheri & Di Vaio, 2005; Garratt et al., 2014; Geslin et al., 2017; 

Matsumoto et al., 2008; Sheffield 2014). To ensure effective pollination in the 

apple orchard, it is necessary to supply two or more cultivars (one the main cv. 

and at least one pollinizer cv.) (Kron & Husband, 2006; Ramírez & Lee, 2013). 

The set down of a new apple orchard involves quantitative and qualitative 

components in two steps of farmer management: first, to decide the proportion 

between pollinizer plants and main cv. plants and secondly, to determine the 

distribution of the pollinizer trees. A high pollinizer/main cv. ratio increases the 

availability of compatible pollen resulting in higher production (Sharma et al., 

2003). Apple growers widely prefer to maintain low pollen donor proportions 

since their presence in orchards makes fruit harvesting more complex and ex- 

pensive (Free, 1962; Sáez et al., 2018). However, this practice could lead to a 

pollen limitation. In addition, the management of pollination service through the 
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manipulation of pollinizer proportion at single orchard scale could be 

misleading. Indeed, the density of compatible plants surrounding a target plant 

has been demonstrated to impact at wide scales for some wild plant populations 

(Wagenius, 2019). In apple orchards, the highest pollen dispersal occurs at 

ranges from 35 to 86m (Blazek, 1975; Kron, Brian, Peter, & Kevan, 2001; 

Milutinović, Šurlan-Momirović, & Nikolić, 1996) which suggests that apple 

trees pollination near orchard margins could be greatly influenced by the 

pollinizer density of the neighbouring apple fields. In this case, pollination 

management perspective should come out of the single orchard. It has been 

observed that some growers laid out new orchard without including pollinizer 

trees, counting on the presence of adjacent compatible apple orchard, although 

this practice has no basis in current scientific literature. Once the density of 

pollinizer plants in the orchard is defined, the spatial distribution is not trivial. 

In the past, orchards were configured in blocks in which the pollinizer cv. trees 

were planted on few rows alongside several rows of main cv. (Kron, Brian, et 

al., 2001). Nowadays, instead of this orchard design, an intermixed orchard 

planting is used alternating pollinizers trees within main cv. rows. Several 

investigations suggested that the inter- mixed orchard should be the most 

effective design to enhance pollen flow (Free, 1962; Kron, Husband, et al., 

2001; Quinet & Jacquemart, 2017; Sáez et al., 2018). While numerous studies 

have analysed pollen dispersal effect due to orchards block design on certain 

production parameters of apple (Free, 1970; Kron, Brian, et al., 2001; Kron, 

Husband, et al., 2001), only two studies have addressed the effect of intermixed 

orchard on pollen dispersal. One is based on modelling tools (Sáez et al., 2018) 

and the second used an experimental apple orchards with densities and 

conditions that were rather different from those normally adopted for highly 

intensive production purposes (Matsumoto et al., 2008). Therefore, it remains 

necessary to assess how pollination changes across productive intermixed 
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orchard with low pollinizer/main cv. proportion in function of tree position 

within orchard row and pollinizer density in the surroundings. The aims of this 

study are: 1) to verify the effect of pollinizer density on pollination and the 

range in which density has effects; 2) to determine whether different focal 

positions of main cv. trees are associated with differential pollination levels; 3) 

to evaluate whether different conditions of pollinizer density and position show 

pollen limitation, through the use of supplementary pollination as reference of 

optimal pollination. Pollinizer density is expected to have a positive effect on 

pollination at a scale that exceed the size of a single orchard. Additionally, 

considering that selected positions of main focal trees have different 

arrangements in relation to the nearest pollinizer, we expect that the more a tree 

is isolated from pollinizers, the lower its pollination level is, as it has been 

observed by other authors (Blazek, 1975; Kron, Brian, et al., 2001; Milutinović 

et al., 1996). We consider that this knowledge is useful to maximize pollination 

through shaping the orchard design. 

 

2.2 Materials and methods 

 

2.2.1 Study area 

The experiment was settled in 2019 in the intensive fruit growing area of Cuneo 

District, NW Italy. The climate is continental with cold winters and 

intermediate summers  (Casasso & Sethi, 2017). Mean annual temperature is 

12°C and mean annual rainfall is 800mm (Fick & Hijmans, 2017). In study area 

∼18,000 ha are dedicated to apple, pear, peach and cherry farming. Apples 

orchards altogether extend to ∼6300 ha and produce the greatest amount of red 

variety apples in Italy (Vittone et al., 2019). Since apple orchards are the main 

farming landscape component, every orchard is usually surrounded by other 

apple orchards of same or different cultivars. Apple orchard management is 
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highly specialized allowing to reach mean yields of 40−68 t/ha of apples that 

meet the quality standards defined by Council Regulation (EC) No 1234/2007 

(European Comission, 2007). Such production is supported by an intensive 

farming strategy: high tree densities ranging between 1700 and 2700 tree/ha, 

use of different classes of pesticides and phytoregulators, and displacement of 

managed honey bee colonies to satisfy pollination needs since wild bees are 

scarce in the area. Experiment was carried out in three apple orchards located in 

Manta and Verzuolo municipalities (Table 1). Manta and Verzuolo landscape 

matrix is mainly agricultural, while natural or semi-natural areas are few and 

with limited surface. Orchards are composed of ‘Gala’ as main cultivar and 

‘Granny Smith’ as pollinizer and trees are arranged 

into parallel rows. ‘Granny Smith’ is the pollinizer usually adopted in ‘Gala’ 

intensive plantation since its pollen is fully compatible (Broothaerts, Van 

Nerum, & Keulemans, 2004). Orchards have similar tree densities and are 

characterized by an intermixed pollinizer design. This consists in rows in which 

single pollinizer trees are planted after a certain number of main cultivar trees. 

The inner orchard percentage of pollinizer is similar across experimental fields 

(Table 1).  

Table 1.  Experimental orchard features. AM = ‘Ambrosia’,FJ= ‘Fuji’, GS=‘Granny 

Smith’,RD = ‘Red Delicious’. (W) = west, (N) = north, (E) = east, (S) = south. 
 

Orchard Area (m2) Tree/ha 

Inner orchard 

pollinizers 

(GS) (%) 

Within/ Between row 

distance (m) 

Compatible cultivars in 

the surroundings 

1 15279 2180 6.0 1.00 x 3.90 AM (E) 

2 14370 2660 8.1 0.95 x 3.40 RD (W), AM (NW), GS 

(N and S), AM (E), FJ 

(SW) 

3 6870 2480 6.3 1.00 x 3.80 AM (W), GS (N and E) 
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Each selected orchard borders with at least another orchard where different 

apple cultivar are present. Such cultivar are fully compatible donors of ‘Gala’ 

according to literature (Broothaerts et al., 2004; Ramírez & Lee, 2013; 

Schneider, Stern, & Goldway, 2005) with the exception of ‘Ambrosia’, of 

unknown compatibility; however, local farmer technicians accredit ‘Ambrosia’ 

as compatible with ‘Gala’ basing on empirical knowledge. Blooming of apple 

trees inside experimental orchards overlapped with most of flowering period of 

compatible trees in surroundings. During blooming period, the main daily 

temperatures were 5.6–16.3 °C and monthly average rainfall was 67 mm. The 

three orchards are of similar age (∼17 years) with similar agronomic 

management, but they differ in product and timing adopted for thinning 

treatment. In the area, pollination is provided by the distribution of 3 honeybee 

colonies/ha and pollinators visiting fruit flowers are mostly honeybees (∼94 %); 

while other pollinators (bumblebees, wild bees and syrphid flies) are the 

minority (less than 3%) (Unpublished results). 

 

2.2.2 Sapling tree selection 

Every main cv. tree (‘Gala’) inside experimental orchards and every pollinizer 

tree within 45m from orchard edges were located. In order to select sampling 

trees among main cv. trees, firstly we quantified the number of pollinizer trees 

within a 30m buffer area per every main cv. tree placed inside experimental 

orchards using Qgis (version 3.2.3) (Fig. 1a).  
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Fig. 1. Experimental structure. a) 30m buffer area used for sampling tree selection and 9 

buffers (5-45 m) drawn from sampled trees in which density was defined (explanatory 

variable, section 2.3.); b) 30m pollinizer density; trees within the high (170-200), 

medium (95-125) and low (20-50) pollinizer density intervals were used as sampling 

pool; c) proportion of pollinizers among apple trees within 30m buffer area; d) 

proportion of pollinizers placed outside from experimental orchard. Red (*) indicates 

the mean (For interpretation of the references to colour in this figure legend, the reader 

is referred to the web version of this article). 
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Thirty m buffer area was chosen a priori by the reason that most of pollination 

should occur within this distance, according to lowest distances of maximum 

pollen dispersal previously reported (Blazek, 1975; Kron et al., 2001a; 

Milutinović et al., 1996). Since trees differed in their pollinizer densities 

regarding 30m buffer areas (Fig. 1b), we defined three density intervals (low, 

medium, high) applicable to all three orchards. ‘Gala’ trees settled into such 

density intervals were used as pool from which sampling trees were picked. 

Pollinizers among trees within the buffer area (Fig. 1c) and outside 

experimental orchard (Fig. 1d) were determined. Within the pool, we selected 

only trees placed in three focal main cv. tree positions (A, I, M). These 

positions should receive different amount of compatible pollen (explanation in 

section 2.2.3 and Fig. 2c).  

 

 
 

Fig. 2. a) study area with the 3 experimental orchards, b) arrangement of trees within 

high, medium and low density intervals and distribution of pollinizer trees (black dots), 
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c) detail on orchard design with arrangement of A (adjacent to pollinizer), I (pollinizers 

in neighbour rows) and M (no close pollinizer) focal tree positions combined with high, 

medium and low density intervals. 

differed 

 

Within this integrated pool of main cv. trees belonging to density intervals and 

simultaneously placed in focal positions, we chose 108 sampling trees following 

the nested structure position/density/orchard. The experimental structure was 

balanced selecting 4 trees per orchard with the same position/density 

combination (4 replicates X 3 positions X 3 density intervals X 3 orchards=108 

sampling trees). For these 108 sampling trees, explanatory variables and fruit 

measurements were quantified. 

 

2.2.3 Explanatory variables 

Tree position: focal positions A, I and M were defined in relation to the closest 

pollinizers: A, position next to pollinizer in the same row; I, position in the 

middle between pollinizers of its own row and adjacent to two pollinizers on 

flanking rows; M, the most isolated position from pollinizers, located halfway 

between A and I positions (Fig. 2c). We expected differences among positions 

because: 1) pollinators are inclined to visit neighbouring trees (Vicens and 

Bosch, 2000b), usually. belonging to the same row (Sáez et al., 2018), and 2) 

there is a pollinator propensity to move along linear landscapes features 

(Cranmer et al., 2012) such as vegetation rows. Despite A and I positions have a 

direct flying path from pollinizers, pollinators should prefer A because it is the 

closest to pollinizer and arranged within the same row. Given that M position 

has not any neighbour pollinizer, it should implicate A > M and I > M. 

Therefore, positions were assumed to receive different amount of compatible 

pollen as A > I > M. Pollinizer density: in block design orchards, distance 

between pollinizer block and main cv. tree was used assessing pollen dispersal 

and pollination efficiency (Kron et al., 2001a, 2001b). In intermixed orchards, 



   

33 
 
 

 

there is not a single distance from compatible trees since pollinizers are at 

various distances; thus we propose pollinizer density, which has not been tested 

before, as possible proxy alternative to evaluate compatible pollen availability. 

Pollinizer density was quantified around each sampled tree using Qgis within 9 

buffers of 5 m, 10 m, 15 m, 20 m, 25 m, 30 m, 35 m, 40 m, and 45m (Fig. 1a). 

This count defines a density continuous variable per each buffer. We used 

continuous density to evaluate how its effect on fruit measurement changed 

across spatial scales. Scenarios: previously defined density intervals (low, 

medium and high, see Section 2..2.2 and Fig. 2c) were combined with tree 

position setting nine scenarios: M_low, M_medium, M_high, I_low, I_medium, 

I_high, A_low, A_medium, A_high. Pollination levels per each position- 

density scenario were compared with supplementary pollination treatment (see 

Section 2.2.4). 

 

2.2.4 Pollination treatment 

We selected 10 trees within one central row per each orchard with at least one 

not sampled tree between them and minimum distance of 27m from orchard 

edges. This sampling distribution was previously adopted, since it allows for a 

good representation of treatment effects and it reduces edge effects (Garratt et 

al., 2014). Before flowering, we selected one branch per tree at 1.2–1.8 m above 

the ground on the same row side, to avoid influence due to microclimate. 

During flowering (early April), flowers of the selected branches were treated 

with supplementary pollination applying compatible pollen to stigmas with a 

paintbrush. Pollen application was repeated per each flower at least three times, 

each one separated by 2–3 days. Compatible pollen was collected from apple 

trees of ‘Red Delicious’ and ‘Granny Smith’ in neighbouring orchards (see 

Table 1). Treated branches were left open to insect pollination across the whole 

flowering period. The addition of insect pollination with hand supplementary 
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pollination is considered as a reference of the highest pollination level reachable 

in apple orchards (Knight et al., 2005). Every treated branch was labelled in 

order to be identified at fruit setting and at harvest time. 

 

2.2.5 Fruit measurements 

Fruit set: when flowering peak was reached, we counted flowers of selected 

trees on 1–3 branches positioned at 1.2–1.8m above the ground. On 25th July 

all fruits on these branches were counted and fruit set, as ratio between fruits 

and flowers, was determined. To prevent overestimation, the count was done 

after the effect of natural and chemical thinning had occurred. Seed number and 

seed distribution: when apple fruit diameters averaged 10 mm, one fruit per 

corymb on each sampled branch was taken to laboratory and frozen (2013 fruits 

to evaluate position and density effects and 332 to define supplementary 

pollination level). We recorded minimum and maximum height per apple. Fruits 

were cut and seeds were counted (Seed number) in each apple reporting 

presence/absence of seeds for individual carpel. Apples with a continuous 

sequence of three or more seed-filled carpels were assigned to the category 

“optimal seed distribution”; otherwise to the category “inefficient seed 

distribution”, since these categories are linked to symmetry in shape of ripe 

apples (Sheffield et al., 2014). Therefore, we defined a binary variable “seed 

distribution” (optimal vs. inefficient). In our experiment, we consider seed set 

and seed distribution as two proxies of pollination level. Since fruits sampled 

for seed counting were collected before thinning has occurred, we repeated seed 

count on 604 fruits that fell down due to thinning. This test was done as 

preliminary test to evaluate whether seed number and the optimal seed 

distribution were affected by the chemical thinning treatment; test results 

suggest that pre/post thinning samples were not different between them (p value 

of generalized linear model not significant). Fruit shape measurements: during 
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the week before harvest (last week of August), we recorded minimum and 

maximum values of diameter and height of 7–11 apple per each sampled tree 

(589 apple in total) using an electronic calibre. Through these measurements, 

we calculated the fruit shape similarly to Sheffield (2014): 1) mean diameter as 

average between fruit minimum diameter and maximum diameter, 2) mean 

height as average between fruit minimum height and maximum height, 3) the 

ratio mean-diameter/mean-height and 4) the symmetry index as the ratio 

between maximum fruit height /minimum fruit height. Fruit and branch 

measurement replicates and their division among explanatory variable levels 

and orchards are indicated in Appendix S1.  

 

2.2.6 Data analysis 

Generalized linear mixed-effects models (GLMM) were used to investigate 

position and density effects on fruit set, seed number and seed distribution. 

Poisson error was used to analyse seed number, while binomial error was 

adopted to test fruit set and seed distribution. Fruit shape measurement were 

normally distributed with the exception of the symmetry index that was arcsine 

transformed before analysis (Sokal & Rohlf, 1995). Thus, position and density 

effects on fruit shape were evaluated by linear mixed effects models. The 

models included the nested structure branch\tree\row\field as random factor. 

Fruit set models had the nested structure tree\row\field as random factor. To 

evaluate density effect and its scale range, continuous densities were used as 

fixed effect. Each density scale, after scaling, was tested separately avoiding 

correlation between fixed factors. The model with lowest Akaike’s information 

criterion (AIC) was considered as the most explanatory one (Symonds & 

Moussalli, 2011). Position (discrete variable with three levels: A, I and M) was 

used individually as fixed factor. A variable composed of position/density 

scenarios and the supplementary pollination treatment was used as fixed factor 
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to evaluate the differences in seed set and seed distribution between scenarios 

and if any scenario was pollen limited. Per each model that used a discrete 

variable as fixed effect marginal means were estimated and Bonferroni’s post 

hoc test was performed when the fixed effects were significant. All analyses 

were carried out in R software (version 3.5.1); leme4 (Bates, Mächler, Bolker, 

& Walker, 2015) and emmeans (Lenth, Singmann, Love, Buerkner, & Herve, 

2018) packages were used respectively for GLMMs and marginal means. 

 

2.3 Results 

2.3.1 Density effect 

In agreement with our first hypothesis, we found that pollinizer density had a 

positive effect on seed production and the probability of optimal seed 

distribution inside a scale range of 10−30m (Table 2). 

Tab. 2 Results from GLMMs testing pollinizer density effect at different buffer area 

scale on seed set and the probability of optimal seed distribution. (-) indicates models 

that did not converge. 

    
Seed set 
n=2013 

      
  

Seed distribution 
n=2013 

Buffer (m) Intercept Estimates AIC P   Intercept Estimates AIC P   

5 1.665 -0.011 9105 0.505  1.772 -0.110 1713 0.2249  
10 1.663 0.059 9093 <0.0001  1.781 0.331 1706 0.0052  

15 1.667 0.065 9092 <0.0001  1.800 0.389 1703 0.0005  

20 1.669 0.073 9088 <0.0001  1.824 0.464 1695 <0.0001  

25 1.67 0.063 9093 <0.0001  1.821 0.384 1700 <0.0001  

30 1.669 0.049 9098 0.004  1.808 0.281 1706 0.0017  

35 1.668 0.036 9102 0.051  1.795 0.184 1711 0.0539  
40 1.667 0.025 9104 0.216  - - - -  
45 1.665 0.01 9105 0.659   - - - -   

 

 

Instead, fruit set, mean width, mean height, height/width and symmetry index 

were not affected (P value>0.05) (Table 3). 
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Tab. 3 Means of variables that were not significantly affected by position and density 

(P value>0.05 in GLMMs). 

 

  

Fruit set 

(25 Jul) 

Mean width 

(mm) 

Mean height 

(mm) 
height/width 

Symmetry 

index 

Replicates n=191 n=589 n=589 n=589 n=589 

Position      

A 13% 64.7 59.4 0.92 0.95 

I 11% 64.9 59.9 0.92 0.94 

M 13% 65.6 61.2 0.93 0.95 

Density      

high 12% 65.2 60.3 0.92 0.95 

medium 14% 65.4 60.3 0.92 0.95 

low 11% 64.4 59.9 0.93 0.95 

Mean 12% 65.1 60.2 0.92 0.95 

Range 0-55% 45.7-78.4 36.2-76.4 0.72-1.08 0.76-0.99 
 

 

seed distribution response variables (lowest AIC=9088 for seed set and 

AIC=1695 for seed distribution). The effect of density as continuous variable 

across buffer scales, when significant, was always positive both on seed set 

(Fig. 3a) and the probability of optimal seed distribution (Fig. 3b). 
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Fig. 3 Density effect on seed set (a) and the probability of optimal seed distribution (b) 

at 20m buffer scale. Grey area indicates 95 % confidence intervals. 

 

2.3.2 Position effect 

Tree position had a significant effect on seed set and the probability of optimal 

seed distribution (both P value<0.001) (Fig. 4) whereas fruit set, mean width, 

mean height, height/width and symmetry index were not affected (P 

value>0.05) (Table 3). Apple trees in A position produced on average 

significantly more seeds (6.00 seeds) and they had significantly higher 

probability of optimal seed distribution (0.907) than apple trees in I and M 

positions (respectively seed set 5.14 and 4.83; probability of optimal seed 

distribution 0.828 and 0.806). I and M positions did not have a significantly 

different amount of seed per apple and different probability of optimal seed 

distribution. 

 

 

Fig. 4 Seed set a) and the probability of optimal seed distribution b) marginal means 

and 95 % confidence intervals by post hoc test on GLMM using tree position as fixed 



   

39 
 
 

 

factor. Bars with different letters are significantly different according to Bonferroni’s 

post hoc test. 

 

Density showed a positive trend on seed set within tree position (A, I, M). 

However, scenarios characterized by same position were not different between 

them (Fig. 5). Seed set was found significantly different between trees in M 

position, under low and medium densities (scenarios M_low and M_medium 

with seed set of 4.4 and 4.6 respectively), and trees in A position under medium 

and high densities (A_medium=5.9, A_high=6.3). These last two scenarios were 

also significantly different from I_low scenario (4.6). From seed distribution 

perspective (Fig. 6), density had a staggered positive trend that never caused 

different optimal seed distribution probabilities within positions. The highest 

optimal seed distributions were reached by A_medium and A_high scenarios 

(0.931 and 0.916 respectively). A_medium had significantly higher probability 

of optimal seed distribution compared with scenarios M_low, M_medium and 

I_low (0.741, 0.782 and 0.771 optimal seed distribution respectively), whereas 

the scenario A_low (0.866) had significantly different optimal seed distribution 

probability from M_low scenario only. 
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Fig. 5 Box-plot of seed set for nine scenarios (scenarios description in Section 2.3.). 

Boxes sharing letters are not significant different (Bonferroni’s post hoc test). The 

horizontal dotted line indicates mean seed number obtained with hand supplemented 

pollination (6.03). (*) Significant differences comparing scenarios with supplemented 

pollination treatment. 
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Fig. 6 Occurrence of optimal seed distribution in nine scenarios (scenarios description 

in Section 2.3.). Bars sharing letters have not significant different probability of optimal 

seed distribution (Bonferroni’s post hoc test). The horizontal dotted line indicates 

occurrence of optimal seed distribution obtained through hand- supplemented 

pollination (0.903). (*) Significant differences in probability of optimal seed 

distribution between scenarios and supplemented pollination treatment. 

 

2.3.3 Pollen limitation 

Scenarios M_low, M_medium and I_low were significantly different from 

supplementary pollination both for seed set and the probability of optimal seed 

distribution. The rest of scenarios reached same pollination level of 

supplementary pollination and high-density scenarios never suffered of pollen 

limitation (Fig. 5 and 6). Trees within high- density interval (Fig. 1b), which 

should not suffer of pollen limitation, showed a mean ratio pollinizer/trees of 22 

% inside 20m buffer areas. Considering all main cultivar trees within 

experimental orchard, only 25 % reached the 22 % pollinizer/trees ratio (Fig. 7). 

Moreover, such condition was attained only when there was high availability of 

pollinizers outside from experimental orchards. 
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Fig. 7 Pollinizer/total trees ratio per each main cultivar tree placed inside experimental 

orchard (8240 in total) within 20 m buffer area. Histograms are ordered from the lowest 

ratio to the highest. Each histogram shows also the proportion of pollinizers that were 

placed inside/outside experimental orchards. 

 

 

2.4 Discussion 

Pollinizer density effect on pollination occurred within 30m from the apple tree. 

In addition, we found the strongest effect within 20 m. These results are 

consistent with the ∼15m range in which the majority of the pollen is dispersed 

(Kron, Brian, et al., 2001). The placement of pollinizer plants in apple orchards 

is a consolidated practice adopted by farmers to ensure pollination and 

therefore, an adequate production. This practice is coherent with suggestions 

that have been made by several authors across time (Free, 1970; Kron, 

Husband, et al., 2001; Sáez et al., 2018), although it is not free of controversies: 

1) it lowers the number of producing plants within orchard and 2) it makes 

harvesting more difficult and expensive (Sáez et al., 2018). To overcome these 

issues, a common practice in apple farming is to remove pollinizer plants, re- 



   

43 
 
 

 

lying on pollination provided by adjacent apple orchards composed by 

compatible pollinizers. Our findings on the range of pollinizers effect have 

strong implications for the orchard design: pollinizers in orchard interior have a 

fundamental role for pollination success and they should not be removed. 

However, removal of interior pollinizer up to 20m from orchard edges might be 

considered when neighbour orchards composed by compatible pollinizers are 

present. In this assessment, we showed that producing trees had few differences 

in pollination level because of the focal position they have in orchard row. 

Contrary to our expectations, in the context of intermixed orchards, a different 

isolation degree from close pollinizers did not affect seed set and seed 

distribution of producing plant. Pollination of producing plants with pollinizers 

in neighbour rows was equal to pollination of apple trees without any close 

pollinizer. Only apple trees adjacent to pollinizer had higher pollination level. 

This position was probably favoured by the pollinators mobility and their 

tendency to fly between adjacent trees in the same row (Cranmer, McCollin, & 

Ollerton, 2012; Free, 1962; Quinet & Jacquemart, 2017; Vicens & Bosch, 

2000). Trees adjacent to pollinizers are only a small fraction of the amount of 

producing plants, while all the remaining trees are more isolated from 

pollinizers, suggesting uniformity in pollination level among the majority of 

apple trees. Therefore, we can assert that intermixed orchard is the most 

effective one to achieve homogeneous spatial distribution of pollen. Intermixed 

design has been already suggested for pear (Quinet & Jacquemart, 2017) and 

apple cultivation, although in apple farming such recommendation was merely 

based on simulation models and experimental orchards (Matsumoto et al., 2008; 

Sáez et al., 2018). To our knowledge, this is the first study assessing intermixed 

orchard performance in intensive farming. In this study, pollination of hand-

pollinated trees was compared with pollination reached under different 

condition of pollinizer density and position. The results indicated that under low 
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pollinizer density, apple trees were pollen limited with the exception of trees 

adjacent to a pollinizer tree. Whereas, different tree positions did not lead to 

pollen limitation when pollinizer density was high. These findings suggest that 

orchard design should target high pollinizer density to prevent pollen limitations 

and the potentially related production loss. In our experiment, high pollinizer 

density was mostly localized next to the orchard edges and it was 

predominantly due to pollinizers belonging to sur- rounding orchards. 

Therefore, the inner orchard pollinizer/main cv. ratio seen in this experiment 

was not sufficient to reach high pollinizer density and to avert pollen limitation. 

A potential solution might be suggested by our results, adopting a ratio 

pollinizer/main cv. trees of 1:4 in orchard interior. Nevertheless, the suggested 

ratio would increase harvesting complications associated with intermixed 

orchard, thus farmers should find the best compromise between pollination 

needs and management practices (Quinet & Jacquemart, 2017). Apple quality 

parameters and fruit set of Gala cv. were not affected by pollinizer density and 

apple tree position as was found for seed set and seed distribution. Pollination 

efficiency has been habitually measured using the seed set; in addition this 

measure is positively correlated with the size and the weight of different apple 

cv. included Gala (Buccheri & Di Vaio, 2005; Garratt et al., 2014; Matsumoto, 

Soejima, & Maejima, 2012). Seed distribution has been adopted as 

complementary pollination efficiency measure since it is related to apple fruit 

shape (Dražeta et al., 2015; Sheffield et al., 2014). Although, the positive 

relationship between pollination efficiency and apple quality seems not 

supported by our results. This contradiction might be partially explained by the 

narrow differences in pollination efficiency that were found across the 

pollinizer density range and between apple tree positions. Despite we identified 

discrepancies in pollination levels due to orchard design, these were probably 

balanced by manifold agronomic factors that were overlooked in these trials. 
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2.5 Conclusions 

Our study evidenced that pollinizer density and tree position of trees from 

pollinizer should be considered to avoid pollen limitation. These results 

highlight that managing pollination through orchard design is an effective 

option to face the issue of growing pollination service demands. In order to 

maximize pollination, new orchard design should not only consider intermixed 

orchard planting, but also compatible cultivars and pollinizers placed in 

surrounding orchards. Shaping pollination service on the basis of orchard 

improvements is allied to ecological intensification strategies. In this study we 

did not focus on pollinator communities, environmental and farm management 

factors, that commonly affect apple fruit quality. Future researches on the 

interaction between pollination and other crucial factors should be undertaken 

aiming to develop production stability. 

 

2.6 Supplementary materials 

 

Tab S1 – Replicates of fruit measurements 

 

 

Tab S2 – Replicates of seed set and seed distribution measurement in apples developed 

from supplementary pollinated flowers 

  Orchards   
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  Orch1 Orch2 Orch3 Total replicates 

Seed set Seed 

distribution 
124 107 101 332 

 

Tab S3 – Replicates of seed set and seed distribution measurement in apples divided by 

scenario 
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Influence of seed set on apple symmetry assessed by 

image analysis: an overlooked effect of pollination on 

fruit shape 
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ABSTRACT: The role of pollination ecosystem service on crop yield and some 

quality parameters have been largely studied. Nevertheless, the effect of 

pollination on fruit appearance is still a poorly explored field and it has been 

assessed by means of oversimplified measurements. Here, we developed an 

image analysis tool to test the hypothesis that pollination greatly affects the 

symmetry of one of the most consumed fruits worldwide: the apple. The 

hypothesis was tested for three commercial classes separately, to understand 

whether the pollination effect was consistent among classes. We also compared 

the performance of the image analysis tool with a simplified symmetry 

measurement that has been previously used. Finally, the effect of pollination on 

apple symmetry was compared with the effect on weight. We quantified the 

amount of non-symmetrical area of harvested Gala cultivar apples using two-

dimension images of fruits sectioned along the longitudinal plane. We showed 

that increasing pollination led to significant increase of apple symmetry. The 

image analysis tool resulted more precise to assess the pollination effect on fruit 

symmetry than the previously used symmetry measurement, leading to the 

conclusion that pollination effect on apple shape has been probably overlooked 

because of the use of oversimplified symmetry measures. The effect of 

pollination on apple symmetry was not consistent among commercial classes 
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since it resulted significant for little and medium size apples but unimportant for 

large size apples. Differently from the symmetry, apple weight appeared as not 

influenced by the pollination. Our findings suggest that the effect of pollination 

on fruit production should be assessed taking into account different variables 

and different commercial classes of apple.  

Keywords: Fruit growth, Malus domestica, Gala, fruit quality, fruit shape, axi-

symmetric fruit 

Abbreviations: ES: ecosystem services, SDR: Symmetry difference ratio 

 

 

3.1 Introduction 

Intensive agriculture has reached high crop production by suppling a heavy 

amount of inputs (e.g. fertilizers, water, pesticides) (Pretty, 2008; Tilman, 

Cassman, Matson, Naylor, & Polasky, 2002). However, the challenge of 

increasing yields to satisfy growing food demand, should be matched with the 

urgent need to minimize the impact on the environment and on human health 

due to the excessive use of such agricultural inputs (Godfray et al., 2010; Pretty, 

2008). This challenge can be addressed by an “ecological intensification”, that 

means maintaining and integrating ecosystem services (ES) (e.g. soil fertility, 

water retention, pollination, etc.) to support crop production (Bommarco et al., 

2013). ES can replace or even boost benefits from agricultural inputs (Blaauw 

& Isaacs, 2014; Davis, Hill, Chase, Johanns, & Liebman, 2012). To promote 

more sustainable agricultural practices, broadening knowledge on ES effects on 

production is needed. This issue is more effectively addressed by means of 

commercial variables (e.g. fruit grading, colour, quality etc.) that are 

straightforward and thus they are capable to convince farmers of ES benefits 

(Kleijn et al., 2019). Focusing on the horticultural sector, one important 

parameter is the fruit appearance. Fruit size, shape and colour are features that 

influence consumer choice (Djekic, Radivojevic, & Milivojevic, 2019; Loebnitz 
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& Grunert, 2018; Wendin et al., 2019), and are increasingly taken into account 

by farmers when they plan agricultural management. Indeed, a good fruit 

appearance may reduce the amount of fruits excluded from sale and thus, food 

waste.  

Among ES, pollination supports the production in about 75% of most important 

crops (Garibaldi et al., 2013; Klein et al., 2007). On the other hand, pollen 

limitation has been linked to yield loss and quality reduction of different crops 

(Bommarco et al., 2012; Garratt et al., 2014; Klatt et al., 2013; Tamburini, 

Berti, Morari, & Marini, 2016). Worldwide, the expansion of pollination-

dependent crops has accelerated (Aizen et al., 2019); simultaneously, the overall 

amount of pollination ES has dropped because of the decline of pollinators, 

particularly the bees (Herrera, 2020; Potts et al., 2010; Zattara & Aizen, 2021). 

This mismatch between pollination demands and pollination ES provisions has 

raised general concern on effects on global food production (Potts, Imperatriz-

Fonseca, et al., 2016; Vanbergen & Initiative, 2013). However, the relative 

importance of pollination ES in ensuring yield and quality of pollinator-

dependent crops is not ubiquitous, but it depends on crop and cultivar traits 

(Garibaldi et al., 2013; Geslin et al., 2017) and on the interaction between 

pollination and other agronomic and abiotic factors that contribute to modify 

plant physiology (Tamburini et al., 2019).  

As pollination ES is among the critical factors regulating fruit grown, it affects 

also fruit appearance and its marketability. Traditionally, pollination effect on 

fruit appearance has been evaluated as fruit size that is usually strongly 

positively correlated with fruit weight (e.g. Garratt et al., 2014 for apple; Ryder 

et al., 2020 for cherry; Quinet and Jacquemart., 2017 for pear and Sáez et al., 

2019 for kiwifruit). Nevertheless, few studies considered fruit shape and 

malformations as pollination-dependent parameters (e.g. Andersson et al., 2012 

for strawberry; Xiao et al., 2009 for tomato and Sheffield, 2014 for apple).  
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Apple is a pollination-dependent crop cultivated worldwide, and it is one of the 

four most-consumed fruits (Musacchi & Serra, 2018). It is also widely used as a 

model in studies focused on fruit development (Eccher, Ferrero, Populin, 

Colombo, & Botton, 2014). Apple seed fertilisation through cross-pollination is 

needed for fruit development, as parthenocarpy and self-fertilization are unusual 

(Galimba, Bullock, Dardick, Liu, & Callahan, 2019; Musacchi & Serra, 2018). 

The number of fertilized seeds per apple is a measure of pollination ES extent. 

Fertilized seeds are producers of phytohormones involved in fruit abscission 

(Ferrero et al., 2015), and they are also associated with fruit growth. Apple fruit 

growth is a complex process in which many endogenous and exogenous factors 

are involved (Musacchi & Serra, 2018). Despite this complexity, several studies 

pointed out a positive effect of pollination on apple weight (Buccheri & Di 

Vaio, 2005; Webber et al., 2020) and on apple appearance (Buccheri & Di Vaio, 

2005; Garratt et al., 2014). The majority of the studies focusing on the 

pollination effect on apple appearance have explored the differences between 

deformed and regular fruits (Buccheri & Di Vaio, 2005; Elsysy, Serra, 

Schwallier, Musacchi, & Einhorn, 2019; Herrmann, Beye, de la Broise, Hartlep, 

& Diekötter, 2019; Matsumoto et al., 2012; Wu et al., 2021), whereas 

quantitative measures to assess the regularity of fruit shapes have been rarely 

adopted (Carisio, Díaz, Ponso, Manino, & Porporato, 2020; Cory S Sheffield et 

al., 2014). In these last cases, fruit shape measurements were oversimplified 

(e.g. ratio between maximum and minimum fruit heights), thus they may be not 

capable to account for overall irregularities of fruit shape. In addition, the 

pollination effect, either on apple weight or on apple appearance, has been 

seldom analysed among commercial classes (but see Webber et al., 2020). From 

farmer’s perspective, it is pivotal to understand if pollination may be a relevant 

factor to obtain apples fitting the attributes of the most valuable commercial 

class.  
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 A more precise tool to analyse fruit shape is image analysis. Image analysis 

have been developed to measure agricultural products (Sabliov, Boldor, Keener, 

& Farkas, 2002). Focusing on fruits, it has been adopted to measure volume and 

estimate mass (Vivek Venkatesh, Iqbal, Gopal, & Ganesan, 2015), to 

characterize the cultivars of different crops (e.g. common bean (Kara, Sayinci, 

Elkoca, Öztürk, & Özmen, 2013), cherry (Beyer, Hahn, Peschel, Harz, & 

Knoche, 2002),) including apple (Currie et al., 2000; Malladi, Battapady, 

Hampton, & Jing, 2020) and also to investigate apple growth process (Jing & 

Malladi, 2020). However, to our knowledge, image analysis has never been 

used to explore the pollination effect on apple appearance. Moreover, most of 

the analysis on fruit image have been developed by the use of sophisticated 

equipment or implementing not-open-access software code. These factors can 

be considered serious obstacles to reproducing results and replicating 

experiments in agricultural science.  

In this study, we implemented an image analysis tool using R language and R 

libraries by means of scanner pictures, with the aim of exploring the effect of 

pollination, intended as number of seeds per apple, on apple symmetry. 

Notably, we tested for the following hypothesis:  

H1) Pollination has a positive effect on fruit symmetry, thus we expect that the 

number of seeds increases with fruit symmetry, and we tested the hypothesis 

between different commercial classes to understand whether the pollination 

effect is consistent among classes.  

H2) The image analysis is more precise to assess pollination effect on symmetry 

than biometric measurements feasible in field data recording and we tested this 

hypothesis comparing our symmetry measurement with a Symmetry index used 

by (Sheffield, 2014) which is based on calliper measurements.  
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H3) The strength of pollination effect on symmetry is different from that on 

fruit weight, thus we expect that the pollination effect on symmetry is stronger 

and more evident than that on weight.  

 

3.2 Materials and methods 

 

3.2.1  Pollination and fruit samples 

We used apples of Gala cultivar which has been one of the most adopted in 

apple pollination studies (Carisio et al., 2020; Elsysy et al., 2019; Garratt et al., 

2014; Webber et al., 2020). The number of seed per fruit, namely the seed set, 

has been largely used as proxy of pollination efficiency. Accordingly, from now 

on, we will refer to a higher or lower pollination as equal to a greater or lower 

number of seed per apple.  

We used for the analysis apples of three commercial classes: 104 apples of 

waste class (diameter < 65 mm, low colour intensity), this class is destined to 

juice industry, 133 of medium class (70 mm < diameter < 75 mm, good colour 

intensity), and 88 of premium class (85 mm < diameter < 90 mm, good colour 

intensity). The three commercial classes have respectively the lowest, the 

intermediate and highest price in the Italian market. Fruits were provided in 

November 2020 by a large-scale apple distribution industry and stored in a 

refrigerated room until analysis, which was carried out in the last two weeks of 

November. Before performing the fruit image analysis, all apples were 

weighted.  

3.2.2 Fruit image and photo processing 

Apples were sectioned along the longitudinal plane. The vertical plane incision 

passed through the sepal-end cavity and the pedicel-joint (Fig. 1a). We counted 

total amount of seeds per apple (between 0 and 10 in Gala cultivar). Each apple 

sections was placed, separately, on an HP 4520 printer and scanned. The image 
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was saved in jpg format with 300 dpi resolution. After preliminary analysis, it 

was verified inconsistency between pixel counts of the same apple section (see 

2.3 for the details on measurements), due to section position over the scanner 

surface. To adjust scanner measurements, we used a calibrated blue square of 

known area that was pinned under the apple cut surface before scansion (Fig. 

1a). In this way, pixel counts of the same apple section became irrelevant, 

regardless its position on the scanner. Extraneous objects present in scansion, 

such as dust, were removed by the function “subtract background” of ImageJ 

(1.53e). Then per each image, we added two green dots, one over the pedicel-

joint and the second on the sepal-end (Fig. 1a). These were aimed to adjust 

apple rotation and to identify apple central axis in the image analyses process. A 

mismatched fruit orientation would affect measurement of apple symmetry. 

After obtaining two images per apple, we performed apple image analysis by 

means of R language code (Carisio, Straffon Díaz, Manino, & Porporato, 

2021)(see Carisio, 2021 for analysis code). The analysis was executed in R 

4.0.3, using the packages OpenImageR (Mouselimis, Machine, Johanne, 

Mohammad, & Achanta, 2020) for the photo editing (crop and rotate) and 

countcolor (Weller, 2019) to isolate the pixels of the scanned objects (apple and 

the reference square). The image analysis steps are graphically summarized in 

Fig 1 as follows: 1) photo was rotated to have the y-axis passing across the 

green dots. 2) Pixels belonging to apple image and blue square were selected 

through the identification of specific RGB colour frequencies ranges. (Fig 1b). 

All selected pixels were counted. The measure of apple surface in cm2 was 

calculated by the formula:  

 

S = (k * Pa + Ps) / Ps 
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Where k is the known area of the attached square (4 cm2), Pa and Ps are the 

number of pixels that belong to apple and to the square surfaces respectively. 3) 

We identified apple central axis as the line between the green dots (Fig 1a). The 

photo was cropped on the apple central axis and the right image cut was flipped 

in order to have the two photos with the same orientation on x and y axes (Fig 

1c) 4) Apple pixels were transformed in data points (a pixel for each data point) 

of x and y coordinates for both images and stored in two different databases 

(Fig 1d). The height of each of apple halves was measured by the difference of 

y axis values between the highest and the lowest point of the database. This 

procedure simulates the measure of apple heights by means of a calliper 5) We 

contrasted the two databases of right and left halves and we isolated all points 

which were unique for one of the databases (Fig 1e). These selected points 

correspond to the no-overlapping area between the left and the right apple 

halves. The amount of no-overlapping points were counted and transformed in a 

cm2 measure by the formula: 

 

OV = (k * Po) / Ps 

 

Where k is the known-measure of the attached square, Po and Ps are the number 

of pixels of the no-overlapping area and of the square surfaces respectively. 
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Fig 1. Photo analysis process: a) rotation of apple; b) identified pixel (yellow colour) of 

the apple and of the square respectively; c) apple photo cropping and flipping to same 

axis orientation; d) transformation of pixels to data points and measurement of apple 

height simulating calliper measurement; e) isolation of no-overlapping area between the 

apple halves. 

 

3.2.3 Variables and Statistical analysis 

To assess the effect of the seed set on symmetry and the difference in symmetry 

between apple classes we considered three variables: the symmetry index 

according to Sheffield (2014), the no-overlapping area and the symmetry 

difference ratio (SDR). The Sheffield’s symmetry index is calculated as the 

ratio between minimum and maximum apple height. This index has been 

proved as the most correlated to seed number and it is easy to measure in field 

experiments since is based on calliper measurements (Sheffield, 2014). The 

second variable is the measure in cm2 of the no-overlapping area between the 

left and the right apple halves; the third variable, SDR, is calculated as the 

percentage ratio between the no-overlapping area and the total scanned apple 

surface. A 0% SDR indicates a perfect symmetry and correspondence between 

apple halves, otherwise, a value of 100% means total miss-match between 

halves. This last variable was adopted in order to normalise the measure of 

symmetry between apple classes despite their differences in volume. Since we 
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measured the three variables for both sections of each apple, we used for the 

analysis the averaged measures between the two observations. This allows to 

reduce the errors due to apple cut impreciseness. To test the effect of pollination 

on symmetry and if the effect is different between apple commercial classes, we 

used generalized mixed models (glm) with Gaussian distribution and 

logarithmic link function. In these, SDR was used as explanatory variable and 

seed set as fixed effect. At first, model was implemented using all data, and then 

we implemented a model per each apple class. To test the differences in SDR, 

no-overlapping area and seed set between apple commercial classes, we adopted 

a glm with Gaussian distribution and logarithmic link function except for seed 

set which was analysed using a Poisson distribution. The difference between 

classes were validated by a Tuckey post-hoc test. The effect of seed set on the 

symmetry index and the relationship between the symmetry index and SDR 

were tested by a glm with Gamma distribution and logarithmic link function. 

The effect of seed set on apple weight was analysed by a linear model per each 

apple class. The diagnostic of all models was performed checking for patterns in 

model residuals. All statistical analyses were performed with R 4.0.3 (see 

Carisio, 2021 for statistical analysis code). 

 

3.3 Results 

 

Overall, the pollination affected apple symmetry as we found a negative 

correlation between SDR and seed set (Tab1 a, Fig. 4a). However, when we 

distinguished the effect by each apple class, we found that seed set had a 

significant effect on the waste and the medium classes, whereas it was not 

influential in premium class (Fig 2, Tab1.). The pollination effect was more 

evident in the waste class in which the increase of the number of seeds caused 



   

57 
 
 

 

an estimated reduction of SDR from 18.50 % to 4.88 % and less pronounced for 

medium class, as SDR decrease ranged from 9.32 % to 4.88 %.  

 
      Fig 2. Scatterplot between seed set and SDR in waste, medium and 

premium apple classes. For significant relationships (waste and medium), the 

marginal effect was added. Coloured areas indicate 95 % confidence intervals.  
 

Tab1. Generalized mixed model outputs for model with all data a), and 

models with only Premium b), Medium c) and Waste d) apple class 

data. 

 

    Estimate Std. Error t value P R2 

a) Overall data 0.700 

 
Intercept 2.4166 0.093 25.88 <0.0001  

 
seed set -0.0818 0.017 -4.72 <0.0001  

b) Premium 0.015 

 
Intercept 1.770 0.174 10.15 <0.0001  

 
seed set -0.012 0.026 -0.43 0.664  

c) Medium 0.578 

 
Intercept 2.305 0.115 20.06 <0.0001  

 
seed set -0.072 0.023 -3.06 0.0027  

d) Waste 0.986 
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Intercept 2.918 0.164 17.74 <0.0001  

 
seed set -0.133 0.031 -4.25 <0.0001  

 

 

The SDR showed significant differences between apple classes (Fig. 3a): waste 

apple class had the greatest SDR (mean ± sd = 8.89 ± 6.41 %) followed by the 

medium class (mean ± sd = 7.02 ± 3.78 %) and by the premium class (mean ± 

sd = 5.46 ± 2.59 %). The no-overlapping area was similar between the three 

classes (respectively mean ± sd = 2.89 ± 1.40 cm2, 2.39 ± 1.27 cm2, 2.41 ± 1.75 

cm2), and only the difference between medium and premium class was slightly 

significant (Fig. 3b). Seed set was higher for premium class apples (mean ± sd = 

6.35 ± 1.91) and it was significantly different (Fig. 3c) from seed set of medium 

class apples (mean ± sd = 5.06 ± 2.05). Waste class apples had greater seed set 

(mean ± sd = 5.88 ± 1.92) than the medium class, but did not differ from the 

premium class.  

 

 
Fig 3. Differences between commercial classes for the variables: a) SDR, b) no 

overlapping area and c) the total amount of seeds per apple.  

 

The symmetry index was significantly affected by the seed set (β = 0.007 ± 

0.001, p value < 0.0001, Fig. 4b). The relationship between the symmetry index 
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and SDR was strong (β = 0.012 ± 0.000, p value < 0.0001, R2 = 0.899 Fig 4c). 

However, the model that adopted SDR as symmetry measure was more 

explanatory than the model that used the symmetry index (R2 = 0 .700 for SDR 

and R2 = 0 .053 for symmetry index). 
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 Fig4. Marginal effect of seed set a) over SDR and b) over the symmetry index 

using all data. c) Relationship between the symmetry index and SDR. 
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Apple weight was not significantly influenced by seed set for all the 

three apple classes (Tab. S2, Fig S1). 

3.4 Discussion 

Image analysis has been employed for measurement of many agricultural 

products (Sabliov et al., 2002; Vivek Venkatesh et al., 2015). This study 

constitutes the first attempt to assess the effect of pollination ecosystem services 

in fruit symmetry by means of an image analysis tool. This tool was 

implemented aiming to provide an open access software code that allows to 

potentially reproduce the symmetry analysis on a wide range of axi-symmetric 

fruits. The advancement of a low-impact farming trough ecological 

intensification needs a better understanding of the positive effects of ecosystem 

services on agricultural production. Our study demonstrated a strong effect of 

pollination on fruit symmetry. In particular, we found that an increasing number 

of fertilized seeds led to significant increase of apple symmetry. When seed 

number was maximum, apples had in average 5% of asymmetrical scanned 

surface, whereas under low pollination, the non-symmetrical area was about the 

double. This result aligns with previous studies that have identified a positive 

effect of seed number and seed distribution in apple symmetry for ‘McIntosh’, 

‘Cortland’ (Sheffield, 2014) and ‘Fuji’ (Wu et al., 2021), although the effects 

detected by the two studies were slight. In addition, our result differs from a 

previous report of lack of pollination effect on ‘Gala’ symmetry (Carisio et al., 

2020). Due to either low or null effect, these existing studies suggest that 

pollination affects fruit symmetry minimally. In contrast, our study proved a 

strong effect of seed set on ‘Gala’ apples symmetry, leading to the conclusion 

that the role of pollination on defining apple shape has been probably 

overlooked. The concept of an overlooked effect of pollination is supported by 

the comparison between our image analysis measurement and the ratio between 

minimum and maxim apple height (symmetry index), which has been employed 
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as symmetry measurement on previous studies (Carisio et al., 2020; Sheffield, 

2014). In particular, we found that the correlation between the image analysis 

measurement with seed set was greater than that between the symmetry index 

and the seed set. This result indicates that the symmetry index is inaccurate to 

assess pollination effect on fruit symmetry. Although it has not been tested, it is 

likely a lack of reliability for further apple symmetry measurements, as for 

example the subjective distinction between deformed and regular apples that 

have been employed in several studies on apple pollination (Matsumoto et al., 

2012; Wu et al., 2021). Despite the impreciseness in assessing fruit symmetry, 

the symmetry index was found lightly correlated with seed set so it could still 

be a valuable approach for field measurements.  

Surprisingly, we found that the positive effect of the seed set on fruit symmetry 

was not consistent among the three commercial classes employed for the 

analysis. All except one, the greatest size commercial class (here called 

premium), had the symmetry influenced by the seed set. Premium apple class 

showed also an average standardized non-symmetrical area significantly lower 

than the other two commercial classes. We advance two hypotheses to explain 

such a lack of effect of seed set on the premium commercial class. The first one 

is that premium class apples have been not influenced because they had an 

extraordinarily low rate of apple with few seeds. Premium apples showed in 

average a greater number of seed than medium size apple; in addition, 94% of 

premium apples had more than three seeds. Therefore, in premium class, low 

seed set apples were rare, as well as in non-symmetric apples. The second 

hypothesis is that the premium class had a growing process less influenced by 

pollination. Pollination benefits on yield and on fruit growth may be additive, 

synergic, or replaced by the effect of other fruit growth factors (Tamburini et 

al., 2019). In the case of premium apple, it is likely that a trade-off between 

pollination benefits and benefits due to other growth factors has occurred, and 
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therefore pollination resulted as not influential. For example, the flower position 

as growing factor may neutralize pollination effect: central fruitlet within the 

4:6-fruitlets corymb cluster, has shown to dominate the lateral fruitlets in 

resources intake, regardless the number of fertilized seeds (Bangerth, 2000; 

Jakopic et al., 2015). Furthermore, another aspect of apple growth process 

might have been influential. After seeds fertilization, apple developing is 

exponential with intensive cells production (Bain & Robertson, 1951; Jing & 

Malladi, 2020). Then, the growth slows down and most of the apple 

development is due to cell expansion (Malladi & Johnson, 2011). However, the 

cell expansion can reach a plateau since it continues until space between cells is 

still available. As it has been observed by Bain and Robertson (1954), larger 

apples differing each other in volume, had the same space between cells. This 

means that in case of larger size fruit, such as the premium class, a cell packing 

threshold is reached. Therefore, we speculate that premium apples, that were 

non-symmetrical in the first step of growth process, became symmetrical during 

cell expansion because of a compensation process: higher cell expansion in 

apple parts where cell-packing was not reached.  

In our study, we found that the average amount of the non-symmetrical surface 

between commercial classes was either not different or lightly contrasting, 

although differences between classes were significant when the symmetry 

measurement was normalized with overall apple scanned surface. The lowest-

size apples had the highest average amount of normalized non-symmetric 

surface. Furthermore, this commercial class had fruit symmetry most affected 

by seed set. For lowest-size class, a symmetric shape is less important from a 

commercial standpoint, since it is destined to juice industry. 

We are aware that observed symmetry differences between apple commercial 

classes might be the result of a sampling bias and that our data do not allow to 

understand which were the biological processes that led to the symmetry 
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differences. However, our results revealed potential differences in pollination 

effect on fruit growth process between different sizes of apples. In addition, 

they suggest that pollination is important for having symmetric low-medium 

size apples, whereas it is not fundamental regarding larger size apples. We 

believe that an approach distinguishing between commercial classes is pivotal 

to provide clear indications to farmers on the benefits of pollination ecosystem 

service.  

In our study, we did not find an effect of seed set on apple weight. A positive 

effect of pollination on apple weight was found in several studies, some of 

which focused on ‘Gala’ (Buccheri & Di Vaio, 2005; Sheffield, 2014; Webber 

et al., 2020), whereas other did not find such a positive effect (Carisio et al., 

2020; Wu et al., 2021). This confirms that seed set has and indirect link with 

apple weight. Indeed, seed set affects the crop load and thus growth resource 

distribution by regulating the fruitlet abscission, which usually targets fruitlets 

that were poorly pollinated (Ferree & Warrington, 2003). In addition, many low 

seed number apples are likely of being removed through the season by hand 

thinning because they should be more subjected to poor development (Garratt et 

al., 2014). As a result, the weight of harvested apples appears as marginally 

affected by seed set because most of low seed number apples were previously 

discarded. This leads to a pollination effect on apple weight that it is usually, as 

in our study, not detectable. This result underlines that a communication to 

farmer on pollination benefit only focused on weight gain could be misleading, 

since the effect on harvested fruits is not commonly evident. We suggest 

including in to-farmer communications also other variables such as quality, 

grading and shape fruit parameters which contribute in determining crop 

production value (Fijen, Scheper, Vogel, van Ruijven, & Kleijn, 2020). 

Although apple commercial classes in Europe do not take into account fruit 

shape and symmetry, in grading process deformed fruits are usually excluded 
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from market (Musacchi & Serra, 2018). Our results highlight that pollination is 

a critical pre-harvest factor in fruit development and it should be properly 

managed to reduce production losses.  

 

3.5 Conclusions 

The challenge to maintain/increase fruit production, and at the same time to 

reduce agricultural negative impacts, requires an extensive understanding of the 

benefits given by ecosystem services. The benefits of pollination ecosystem 

service to yield and quality of different fruits have been well studied. However, 

focusing on the quality parameter of apple symmetry, the effect of pollination 

has been tested by simple measurement or visual assessments. Here, we showed 

through a precise and simple image analysis approach that pollination greatly 

affects the symmetry of Gala apples and that the effect was not consistent across 

different commercial classes. The image analysis tool developed as an open-

access resource within this study could be applied on a wide range of axi-

symmetric fruits testing different hypotheses. The biological reason that has led 

to an effect of pollination on apple symmetry that changed according to 

commercial classes should be investigated in future researches. Moreover, we 

encourage the research community to evaluate ecosystem service benefits 

taking into account a broad number of fruit quality variables and distinguishing 

the effects between different commercial classes. This approach could allow a 

more practical understanding of ecosystem service that it may be more 

effectively transferred to farmers. 
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3.6 SUPPLEMENTARY MATERIALS 

Tab. 2 Linear model outputs testing the relationship between weight and seed 

set 

Weight models 

    Estimate Std. Error t value Pr(>|t|) 

a) Premium 

 Intercept 280.519 5.632 50.82 >0.0001 

 seed set -0.536 0.828 -0.65 0.53 

      

c) Medium 

 Intercept 155.291 1.130 137.49 >0.0001 

 seed set 0.110 0.207 0.53 0.596 

d) Waste 

 Intercept 117.585 0.939 125.20 >0.0001 

 seed set -0.060 0.152 -0.39 0.696 

4  

5  
6 Fig. 5 Effect of seed set on apple weight per each apple commercial class 

7  

8  
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ABSTRACT 

1. Nectar is a key resource for many insects. Despite its importance, the 

production of nectar by flowers has mainly been assessed with one 

sampling method, in which nectar is replenished over a 24 h period. 

However, detailed knowledge of nectar dynamics is limited, especially 

in cultivated plants. Nectar production can be driven by insect probing 

and visitation rate. This means that exploring the interaction between 

nectar dynamics and insect visits could be particularly important for 

estimating insect nectar resources. 

2. We measured the nectar production dynamics of lavender (Lavandula 

hybrida) and fennel (Foeniculum vulgare) and evaluated the insect 

visitation rate of these crops. We developed a simulation model to 

identify how different scenarios of visitation rates (average and 

maximum) and insect strategies for flower selection (random selection 

or rewarding flower selection) may change the standing nectar and daily 

nectar production of the two crops. We then tested whether simulated 
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estimates of daily nectar production differed from the commonly used 

24 h nectar production measurements. 

3. Lavender and fennel had equal nectar volume replenishment over 24 h, 

but lavender replenished its nectar quicker than fennel. Flower 

preferences of visiting insects and the standing nectar indicated high 

rates of fennel nectar exploitation, likely because fennel also provides 

pollen and its flowers are easy to probe. The simulation models 

suggested that nectar production is insect-driven, but the effects of 

insect selection and visitation differed between the two crops. Finally, 

we found that the measurement of daily nectar production produced by 

the simulation models was always greater than that of the nectar 

replenished within 24 h in flowers isolated from pollinators. 

4. This study is the first to develop a simulation model to predict daily 

nectar production. The model demonstrated the complex effects of 

plant/insect interactions on nectar production. Reliable estimates of 

nectar resources may be achieved when nectar dynamics and visitation 

rates are considered. In contrast, estimates based on the measurement of 

nectar replenished over 24 h may be skewed, especially when flower-

visiting insects are abundant. 

Key words: mass-flowering crops, floral resources, pollen, flower traits, mass-

flowering crops, nectar rewards, insect foraging, plant–insect interactions 

 

4.1  Introduction 

Pollinator richness and abundance are directly linked to the diversity, quality, 

and quantity of plant resources, specifically pollen and nectar (Donkersley et 

al., 2014; Goulson et al., 2015; Roulston & Goodell, 2011). Therefore, it is vital 

to develop pollinator conservation strategies that use extensive knowledge of 

how pollinator floral choices are driven by floral resources, and specifically 
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which natural and cultivated areas provide substantial food resources (Aronne et 

al., 2012; Baude et al., 2016; Quinlan et al., 2021). Several studies have 

addressed the complex issue of food resources by estimating the quantity of 

nectar produced in different environments, along with historical or seasonal 

variations (Baude et al., 2016; Guezen & Forrest, 2021; Hicks et al., 2016; 

Timberlake et al., 2019). These estimates used nectar produced over 24 h by 

flowers that were isolated from flower-visiting insects by a mesh bag as a proxy 

for plant nectar production performance. This assumes that 1) the amount and 

frequency of nectar removal by flower-visiting insects should not affect the total 

nectar produced daily and 2) there are no physiological or physical mechanisms 

that might slow down or accelerate nectar production, or lead to nectar re-

absorption. Hence, these two assumptions are only valid if flowers present a 

linear nectar production dynamic (defined in supplementary materials). 

However, linear nectar dynamics are unlikely. Studies on nectar production of 

some pant species suggest a non-linear dynamic as, for some plant species, 

when the flowers were visited by foraging animals several times,  the nectar 

produced was either more or less than flowers visited a single time (Biella et al., 

2021; Castellanos et al., 2002; Luo et al., 2014; Ordano & Ornelas, 2004; 

Ornelas & Lara, 2009; Stahl et al., 2012; Ye et al., 2017). Moreover, some 

insect-pollinated plants have been found to fully replenish their nectar within a 

few hours before interrupting this replenishment (Castellanos et al., 2002; Luo 

et al., 2014). Other plant species have also displayed nectar reabsorption 

(Burquez & Corbet, 1991; Pacini & Nepi, 2007; Parachnowitsch et al., 2019). 

Despite the importance of nectar dynamics in estimating flower-visiting insect 

resources, studies have focused mostly on wild angiosperms, whereas, few 

examples exist for cultivated plants (e.g., Brassica napus and Borrago 

officinalis) (Burquez & Corbet, 1991; Chabert et al., 2018).  
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To acknowledge the effect of insect visitation on daily nectar production, 

Castellanos et al. (2002) asked, “How much nectar might have been produced if 

the flowers had been emptied at a realistic rate?”. Answering such a question is 

fundamental in determining the number of flower-visiting insects that can rely 

on nectar resources provided by a given environment. Specifically, this question 

is relevant in agricultural lands where the density of managed insects, such as 

Apis mellifera, may be extremely high; therefore, a high visitation rate may 

strongly affect daily nectar production and standing nectar stock (Corbet et al., 

2001; Geslin, Aizen, et al., 2017; Sáez et al., 2017; Torné-Noguera et al., 2016; 

Wignall et al., 2020). Hives are often installed near crops, either for pollination 

services or to produce a specific type of honey. In some cases, the 

overabundance of A. mellifera can lead to either intraspecific or interspecific 

exploitative competition owing to resource shortages (Angelella et al., 2021; 

Balfour et al., 2013; Lindström et al., 2016; Ropars et al., 2019; Torné-Noguera 

et al., 2016). Thus, accurate estimation of the nectar production of crops and 

agricultural landscapes is crucial as it can a) help to estimate the maximal load 

of beehives in agricultural areas, b) design accurate conservation practices for 

wild insects, and c) avoid potential exploitative competition for flower 

resources between managed and wild insects (Angelella et al., 2021; 

Herbertsson et al., 2016; Lindström et al., 2016; Torné-Noguera et al., 2016). 

In this study, we first assessed the potential food resources provided to flower-

visiting insects of two mass-flowering crops, fennel (Foeniculum vulgare) and 

lavender (Lavandula hybrida), by estimating nectar dynamics and pollen 

production. We also evaluated the visitation rate of insects foraging on these 

crops and characterized their resource preferences. We then developed a 

stochastic simulation by means of the measured nectar dynamic and field insect 

visitation rate in order to understand how plausible scenarios of insect visitation 

rates and insect strategies for selecting flowers may change the standing nectar 
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and daily nectar production of the two crops. We hypothesized that i) the 

standing nectar and daily nectar production would be insect-driven, and ii) 

simulation estimates of daily nectar production would differ from the 

commonly used 24 h nectar production measurement. 

4.2 Materials and methods 

4.2.1 Study area 

The experiment was carried out in the Mediterranean area of “Plateau de 

Valensole” (Alpes-de-Haute-Provence, South of France, Figure S1). The area is 

a mosaic of truffle oak groves, grain crops (durum and soft wheat or barley), 

and mass-flowering-crops (Lavandula hybrida, Salvia sclarea, Foeniculum 

vulgare, and Helichrysum italicum). These crops are cultivated for essential oils 

that are used in the pharmaceutical, cosmetic, and beverage industries. Among 

them, we studied lavender (L. hybrida), which is important for both economic 

reasons (medicinal, cosmetic, and honey production) and tourism (Provence’s 

emblematic plant), and fennel (F. vulgare), which is used to flavor aniseed 

drinks. Lavandula hybrida, also called lavandin, is a hybrid of L. angustifolia 

and L. latifolia. Like many hybrids, lavender is sterile, does not produce any 

pollen, and is known to be a good nectar producer (Dussaubat et al., 2021; 

Escriche et al., 2017). This species measures up to one meter high and produces 

numerous blue flowers organized in dense spikes. The flower morphology is 

tubular (7 mm long and 1-2 mm wide) with nectaries located deep at the bottom 

of the flower. The fennel variety used was ‘Jupiter’ (developed by Pernod-

Ricard® company), for which the nectar and pollen production potential is 

currently unknown. This plant can grow to 2.5 m in height and forms numerous 

small, yellow flowers organized in large, flat inflorescences called umbels 

(Piccaglia & Marotti, 2001). Each flower contains five stamens. Fennel 

nectaries are located on the stigma surfaces and are easily accessible to flower-

visiting insects. The flowering period of lavender in the Valensole area extends 
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from mid-June to the end of July. Fennel crops have two blooms, therefore, the 

flowering period extends from mid-June to mid-September. Fennel and 

lavender have a bloom overlap between three and five weeks. 

This area has an intense beekeeping industry, which means that honeybees 

(Apis mellifera) are the most abundant flower-visiting insects (Schurr, Geslin, et 

al., 2021). In the study area, fennel flowers are visited by a wide range of 

insects (Hymenoptera, Lepidoptera, Coleoptera, and Diptera) (Schurr, Geslin, et 

al., 2021) and the same was expected for lavender, as its flowers are known to 

be probed by various insects (Benachour, 2017; Herrera, 1990). 

 

4.2.2 Field measurements of nectar and pollen 

Nectar measurements were taken between the end of June and the end of July 

2019, 2020, and 2021, when the fennel and lavender flowering periods 

overlapped. All 652 measurements were recorded in good weather conditions 

(sunny days and light wind, temperature between 17 and 35 C°) in 17 different 

fields (Table S1, Figure S1). We collected nectar produced by fennel and 

lavender using three methods: a) standing nectar volume, b) replenished nectar 

volume, and c) nectar volume replenished over 24 h. 

a) Standing nectar is the volume of nectar available in randomly selected open 

flowers. This represents the reward that an insect can obtain by visiting a 

random flower at a given time (Corbet, 2003; Parachnowitsch et al., 2019). For 

each plant (Table S1), we measured the nectar volume from an average of 11 

flowers (between 4 and 25) and then calculated the standing nectar as the 

average volume between the sampled flowers per plant. Standing nectar volume 

was recorded between 09:30 and 14:30 for lavender and between 09:15 and 

16:45 for fennel. There was a minimum of 20 m between each sampled plant, 

which were at least 5 m from the border of the field. 
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b) The replenished nectar volume is the amount of nectar accumulated by the 

flower over a defined time span. For each plant (Table S1), we selected one 

inflorescence at the active flowering stage. Active inflorescences were those 

that had most flowers open without any browning, indicating flower senescence 

(Guitton et al., 2010). In addition to standardize the measurement between 

plants of the same species due to spatial process or different flower senescence, 

we excluded lavender inflorescences at the top or the lowest part of the plant. 

For fennel, we selected inflorescences in secondary branches at a standard 

height (approximately 1.6 ± 0.2 m from the ground) and with an average width 

of 10 cm. We considered active fennel umbels with completely yellow flowers, 

at least 50 % of flowers open, and only peripheral flowers withered (Schurr et 

al., 2021). Active flowers are those are after drainage, the inflorescence was 

enclosed in a mesh bag to prevent insect visits for five different time spans: 30, 

60, 120, 210, and 360 min. Then, inflorescences were unbagged and the nectar 

volume of 10 randomly selected flowers was measured and the mean was 

calculated. To account for potential variation due to the time of the day, we 

distributed the treatments across the day, except for the 360 min treatment due 

to time constraints. Measures of the replenished nectar volume were used to 

estimate the average nectar dynamics per species. 

c) The nectar volume replenished over 24 h (Table S1) was assessed similarly to 

the protocol adopted for replenished nectar volume, but inflorescences were not 

drained prior to bagging. This is the standard measurement method for nectar 

production (Baude et al., 2016; Hicks et al., 2016; Timberlake et al., 2019). 

For all three methods, nectar volume was measured by extracting the nectar 

accumulated in flowers by means of microcapillaries of 0.5 μl or 1 μl 

(HIRSCHMANN®, minicaps). The sugar concentration was measured for the 

replenished nectar, and the nectar was replenished over 24 h using a 
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refractometer (Bellingham Stanley) (g sucrose per 100 g solution and expressed 

as brix %). 

The number of pollen grains was estimated for fennel only, as the lavender 

hybrid does not produce pollen (Barbier, 1963). We quantified the number of 

pollen grains produced in one fennel flower (protocol in the supplementary 

materials). 

 

4.2.2 Visitation rate 

The total visits by insects to flowers in a 5 min period were counted in a 0.36 m2 

plot. Plots were delimited by a quadrat measuring 0.6 x 0.6 m. This size was 

chosen after trial observations found it to be the most appropriate for viewing 

all flowers at once in the dense crops. A visit was recorded when an insect 

touched the reproductive parts of a flower to gather resources (i.e., foraging 

behavior; a simple landing was not counted as a visit). Insect visit was counted 

also when the same insect visited different flowers of the same plot during the 

same observation round. The identification of each insect was recorded 

according to two categories (Apis mellifera vs. other insects). The number of 

flowers in the plot was also systematically estimated following the methods 

described by Schurr, Masotti, et al. (2021), excluding non-active inflorescences, 

as indicated for the replenished nectar measurements. 

 

4.2.3 Simulation 

Simulation model overview 

 

We developed a stochastic simulation model of the nectar rewards collected by 

insects (RCI) across the day, of the daily nectar produced by a flower (DNF), 

and of simulated standing nectar. The aim of the simulation was to assess the 

effect of the flower selection performed by insects on RCI, DNF, and standing 

nectar. In the simulation, flower selection was defined by insect visitation rates 
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and the insects’ capacity to select between rewarding and non-rewarding 

flowers. The simulation was developed using plant and insect variables 

extracted from field measurements following the steps highlighted in Figure 1. 

 

 
Fig. 1 Flowchart of the simulation of the Daily Nectar produced by a Flower 

(DNF), the nectar Rewards Collected by Insects (RCI) across the day and 

simulated standing nectar for fennel and lavender 

 

Simulation parameters 

To obtain the simulation parameters, preparation was carried out consisting of 

the estimation and simplification of the field measurements. The simulation 

parameters are as follows:1) nectar dynamic, 2) available flowers, and 3) flower 

selection scenarios. 

The nectar dynamic is the average kinetic curve of replenished nectar within a 

defined time span. The nectar dynamic curve was estimated using field-

replenished nectar volume data (see statistical analysis for details). Because the 

nectar dynamics were unknown for the longer observations (see Figure 2A and 

Discussion), nectar dynamics as a parameter were simplified by maintaining a 

constant nectar value when the estimation reached the peak (Figure S2). At the 
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peak, the flowers were considered full, with neither more nectar production nor 

nectar re-absorption/evaporation. The simulation assumed that flowers repeat 

the same nectar dynamics after an insect visit, without changes in the nectar 

dynamic due to the potential stimulation/depression effects linked to insect 

visits. Despite nectar dynamic is likely to change depending on several factors, 

the methods employed for estimating the nectar dynamic should ensure a 

reliable average estimate. The available flower parameters were estimated by 

calculating the average number of flowers present in the visitation rate 

observation plots (see visitation rate). The effect of different numbers of 

available flowers that could be selected by flower-visiting insects was not the 

focus of this study and it was therefore kept constant in all simulations.  

The flower selection parameters were organized into four scenarios. Each 

scenario is a combination of two levels of visitation rate (average/maximum) 

and two levels of insect selection strategy (random/rewarding). Visitation rates 

were measured in the field (see visitation rate). The average visitation rate was 

estimated between 06:00 and 20:00, when flower-visiting insects were active 

(see the statistical analysis and Figure S3). Due to logistic constrains, we did not 

observe visitations earlier than 08:30 or later than 18:30. Therefore, for earlier 

and later estimates, we assigned the first and last actual estimates, respectively. 

The maximum visitation rate was also considered and set to be constant across 

all simulations, and equal to the maximum visitation rate value recorded for 

each plant species (Figure S3). Although a constant visitation rate is unlikely 

under field conditions, the maximum level allows the simulation of the highest 

insect nectar demands. Flower-visiting insects can also select between 

rewarding and not rewarding flowers, which can affect the timing and 

frequency of flower visits (Goulson et al., 2001; Knauer et al., 2021). In the 

simulation, insects that did not select between rewarding and non-rewarding 

flowers had a random selection strategy (random level), whereas insects with 
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selection capability preferentially adopted a rewarding selection strategy 

(rewarding level). At the random level, all flowers had the same probability of 

being visited. At the reward level, flowers should be visited at longer and more 

regular periods, since insects should avoid flowers without rewards. To simulate 

the latter condition at the reward level, the probability of a flower being visited 

by an insect was set to increase proportionally as the time since the last visit 

increased. Specifically, within the available flowers that insects can select, the 

flowers most recently visited have a probability of insect visits close to 0, 

whereas, the flowers visited the longest time ago have the maximum probability 

of being visited. 

 

Simulation process and outputs 

The simulation process reproduced plant/insect interactions in an area of 

0.36 m2. The simulation was modeled for 14 h, starting at 06:00, when flower-

visiting insects generally begin their foraging activity, and ending at 20:00. We 

divided the 14 h of simulation into units of 5 min and assigned an identification 

to each available flower. Every five minutes the simulation process defined 

which of the available flowers was visited according to the scenario. Then, the 

simulation was extrapolated from the nectar dynamic parameter, the nectar 

volume of each flower at each time unit, according to the time elapsed since the 

last insect visit. To calculate nectar volume, it was assumed that the insects 

collected all available nectar at each visit. This assumption was validated in the 

field prior to data collection, as we had tested using a microcap immediately 

after visits (10 observations per crop), that visiting insects collected all nectar. 

The process of calculating the nectar volume every five minutes allowed 

quantification of the nectar volume that had been collected by insects at each 

visit, producing the simulation output of the RCI. Using the RCI data, we 

determined DNF as the sum of the rewards supplied to flower-visiting insects 
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throughout the day. The complete flower history, which is the measure of nectar 

volume across time considering insect visits (see the example in Figure S4), was 

recorded for a random subset of 50 flowers per simulation. From the flower 

histories, the simulation calculated the simulated standing nectar as the average 

volume of nectar contained by flowers over time. The simulated standing nectar 

was visually compared with the field standing nectar to evaluate the simulation 

reliability and to identify which insect selection scenario produced standing 

nectar trends closest to the true values. The simulation was repeated 10 times 

per plant for each scenario (2 plants × 4 scenarios × 10 simulations), producing 

80 simulations in total. All simulation data were aggregated to assess the 

differences in RCI, DNF, simulated standing nectar, and time between 

consecutive visits between scenarios. The parameters used for the simulation 

could be influenced by different seasonal or climatic factors, however, this was 

not accounted for as it was beyond the scope of this study. The simulations were 

carried out with R 4.0.2 (see Carisio, 2021 for the simulation code). The 

average RCI and standing nectar for the simulation scenario were plotted using 

the geom_smooth function of ggplot2 (Wickham, 2011). 

 

Nectar resources at landscape level 

For each crop, we calculated the daily sugar production per flower (g) using the 

formula described by Baude et al. (2016), first using the average DNF between 

scenarios and the average sugar concentration recorded from replenished nectar 

measurements, and then using the 24h replenished nectar volume and its 

average sugar concentration. We then estimated the daily nectar production at 

the landscape level (g ha-2 day-1) by multiplying sugar production by the average 

estimated number of flowers per hectare. These calculations allow the 

comparison of nectar production at the landscape level assessed by means of 
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nectar dynamic and insect-flower interaction data, with the nectar dynamic 

assessed through the measurement of nectar replenished over 24 h. 

 

4.2.4 Statistical analysis 

We used generalized additive mixed models (GAMM) to test the effect of time 

and plant species on replenished nectar volume and sugar concentration (Wood, 

2017). The time since nectar draining was continuous and modelled with cubic 

spline smoothing. The estimate of the GAMM for replenished nectar volume 

corresponds to species nectar dynamics. A GAMM model was also 

implemented to estimate the average visitation rate across the day using plant 

species, number of flowers, and time of day as fixed factors. The latter two 

variables were modelled using cubic spline smoothers. The average predictions 

of GAMMs for replenished nectar and visitation rates were used to implement 

the simulation parameters. The effects of plant species on the volume of nectar 

replenished over 24 h and on its sugar concentration were analyzed using two 

generalized mixed models (GLMMs). Both models had plant species as a fixed 

factor, but the first adopted a gamma distribution and logarithmic link function, 

while the second adopted a binomial distribution. To test the differences in the 

visitation rates and proportion of honeybees compared to other flower-visiting 

insects between the two crops, we developed a GLMM model with a Poisson 

error distribution for the first variable and a binomial error distribution for the 

second variable. In these two models, plant species were used as a fixed factor 

and field as a random factor. All significant differences in GLMM models 

between groups were validated using Tukey’s post-hoc tests. The normal 

distribution of residuals in each test was routinely checked. All analyses were 

carried out with R 4.0.2 (R Core Team, 2000), using the packages lme4, 

emmeans, car for GLMM models, and the mgcv package for GAMM modelling 

(Bates et al., 2015; Lenth et al., 2018; Wood & Wood, 2015). 



   

80 
 
 

 

 

 

4.3 Results 

4.3.1 Field experiment results 

Fennel and lavender flowers showed non-linear nectar dynamics affected by 

species and time (GAMM, F = 61.921, edf = 5.192, P < 0.001 for plant species 

and time, R–sq (adj) = 62 %) (Figure 2A). Two hours after draining, the 

lavender flowers had, on average, a greater replenished nectar volume than 

fennel flowers (Figure 2A). The sugar concentration of replenished nectar in 6 h 

was not correlated with the time for either fennel or lavender (non-predictive 

GAMM, R–sq (adj) = 6 %). Sugar concentration was on average 56.25 ± 7.45 

% for fennel (n = 48) and 53.39 ± 14.01 % for lavender (n = 56) (mean ± SD). 

The replenished nectar volume and corresponding sugar concentration over 24 h 

were not different between the two crops (non-predictive GLMM) (volume per 

flower: 0.061 ± 0.042 μl and 0.062 ± 0.036 μl; concentration per flower: 66.09 

± 13.33 % and 67.48 ± 6.75 %, respectively, for fennel and lavender) (mean ± 

SD) (Figure 2B). The median fennel pollen count was 1,200 pollen grains per 

flower. The visitation rate was significantly higher for fennel than for lavender 

(GLMM, X2 = 436.34, Df = 1,  P < 0.001) (Figure 2C), and the daily visitation 

pattern changed between fields, with one or two peaks in the day (Figure S5). 

For both crops, the most abundant flower-visiting insect was the honeybee; this 

was especially pronounced for lavender (GLMM, X2 = 8.537, Df = 1,  , P < 

0.003) (Figure 2D). The proportion of honeybees to other insects was 0.86 ± 

0.30 for lavender and 0.62 ± 0.36 for fennel (mean ± SD). 
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Fig. 2. Nectar replenishing potential of fennel and lavender and results on 

flower-visiting insects. (A) Nectar dynamic in six hours since flower draining; 

solid lines are the GAM model estimates, shaded areas are confidence intervals, 

points are the replenished nectar measurements; (B) Replenished nectar in 24 

hours. (C) Insect visitation rate; (D) Proportion of honeybees (Apis mellifera) in 

five minute-intervals. Orange and purple points, smoothlines and boxplot refer 

to fennel and lavender respectively. The asterisks indicate significant 

differences according to Tukey test following a GLMM (n.s = not significant 

difference, ** = P < 0.005, *** = P < 0.0001) 

 

Fennel flowers were always empty throughout the day except in the morning 

(standing nectar: 0.001 ± 0.007 μl, n = 81) (mean ± SD) (Figure 3A). Lavender 

flowers provided a standing nectar, which fluctuated somewhat (mean = 0.06 ± 

0.05 μl, n = 48) without any particular pattern throughout the day (Figure 3A). 



   

82 
 
 

 

 

4.3.1 Simulation results 

The average standing nectar predicted by the simulation differed between 

the species and scenarios (Figure 3B and 3C). The scenario with the 

average visitation rate and random insect selection was the most similar 

to the field average standing nectar of lavender (Figure 3B). For fennel, 

the high visitation rate scenario was most similar to the average field 

standing (Figure 3C). Simulation scenarios differed in average RCI for 

both plant species, although the RCI appeared to be mostly affected by 

visitation rate intensity rather than insect selection (Figure 3B and 3C). 
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Fig. 3. (A) Standing nectar measured in the field for lavender and fennel 

between 09:00 and 16:45. (B and C) Simulated standing nectar and RCI at each 

visit estimated by four different flower selection simulation scenarios (insect 

visitation rate average/maximum X insect selection of flower 

random/rewarding) for lavender (B) and for fennel (C), since the start of the 

simulation (at 06:00). Solid lines are the estimates for standing nectar (orange 

for fennel and purple for lavender) or the estimates for the average reward 

collected by flower-visiting insects (blue line), shaded areas are confidence 

intervals and dots are field measurements of standing nectar.  

 

The DNF varied between scenarios, with lavender having the highest DNF in 

the average visitation rate and rewarding selection scenario (0.260 ± 0.003 μl) 

and the lowest in the maximum visitation rate and rewarding selection scenario 
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(0.233 ± 0.006 μl) (Figure 4A). Fennel DNF was highest in the maximum 

visitation rate and rewarding selection scenario (0.111 ± 0.004 μl) and lowest in 

the average visitation rate and random selection scenario (0.073 ± 0.025 μl) 

(mean ± SD) (Figure 4B). In all the scenarios and for both species, the average 

DNFs were higher than the average nectar production over 24 h. Both for fennel 

and for lavender, the average time between two consecutive flower visits was 

always shorter than the time needed for the flower to reach the peak of 

replenished nectar (highest average time span between visits 3.12 ± 1.82 h and 

2.33 ± 1.22 h respectively for fennel and lavender) (Figure 4C and Figure 4D). 

In the maximum visitation rate scenario, flowers were always visited before the 

nectar peak was replenished. The estimated daily sugar production at the 

landscape level by our simulation was 5,797 g ha-2 day-1 for fennel and 12,798 g 

ha-2 day-1 for lavender, while the estimation over 24 h of measurement was 

4,839 g ha-2 day-1 and 4,231 g ha-2 day-1 for fennel and lavender, respectively. 
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Fig. 4. Daily nectar volume for each flower (DNF) estimated by the simulation 

scenarios (insect visitation rate average/maximum X insect selection of flower 

random/rewarding) for lavender (A) and for fennel (B). Dashed lines indicate 

the average nectar volume replenished by flowers isolated from insects for 24h. 

Prediction of the time between two consecutive visits at the same flower 

according to the simulation scenario for lavender (C) and for fennel (B). Dotted 

lines indicate the time required for flowers to reach nectar dynamic peak. 
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4.4 Discussion 

Our study analyzed a) the nectar production potential of two important mass-

flowering crops, fennel (Foeniculum vulgare) and lavender (Lavandula 

hybrida), b) the preferences of flower-visiting insects for these crops, and c) the 

potential effect of insect-plant interactions on nectar production. Using field 

data, we developed a simulation model that estimated the daily nectar 

production of the two crops, accounting for the effects of insect visitation rates 

and insect capacity to select between rewarding and non-rewarding flowers. Our 

field results, together with the simulation model, indicate that although fennel 

had lower nectar production performance than lavender and close to null 

standing nectar in the field, flower-visiting insects exploited fennel flowers at a 

higher rate. This is likely because the fennel flowers also provided pollen and 

because the open structure of the flowers can be probed by a wider spectrum of 

insects. As hypothesized, our study showed that when nectar production 

dynamics are non-linear, the daily nectar production of a flower can be insect-

driven and can change through interactions with flower-visiting insects. 

Interestingly, our simulation indicated that the effects of different insect 

visitation rates on nectar production were inconsistent between the two crops. 

The daily nectar volume estimated by our simulation was always higher than 

that of the nectar replenished over 24 h. This led us to conclude that in a mass-

flowering crop context, estimating nectar resources by means of the nectar 

replenished over 24 h may be skewed and lead to underestimation of nectar 

production. Therefore, the future attempts to estimate the amount of nectar 

provided by a landscape should consider insect interactions with flowers. 

4.4.1 Food resources produced by lavender and fennel for flower visitors 

We found that lavender flowers produced nectar quickly. The lavender nectar 

dynamics showed that the replenished nectar peaked at 5 h and within 3.75 h 

they exceeded the average replenished nectar of flowers isolated for 24 h. This 
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result suggests that lavender flowers may reabsorb nectar when it is not 

exploited for long periods. Signs of nectar reabsorption have previously been 

found in Lavandula pubescens (Nuru et al., 2015), but not for Lavandula 

hybrida, so this remains to be confirmed through dedicated analyses. As 

hypothesized for other plants, a re-absorption mechanism might reduce the 

energy costs to attract the pollinators needed to ensure seed set (Burquez & 

Corbet, 1991; Nepi & Stpiczyńska, 2008; Pacini & Nepi, 2007). Regarding 

fennel, the estimated nectar dynamics peaked before 4 h, but the peak was lower 

than the nectar replenished in flowers isolated for 24 h. This difference suggests 

that fennel flowers replenished at a slow rate and that nectar dynamics are likely 

to peak after a longer time than was considered in this study. Nectar 

replenishment data were remarkably dispersed over long periods in both 

species, which may have led to an imprecise estimate of nectar dynamic peaks. 

Dispersed nectar data seem to be the ‘rule’ in studies evaluating nectar 

dynamics, as they are greatly affected by individual flower and plant variation 

(Castellanos et al., 2002; Luo et al., 2014; Nicolson & Nepi, 2005), as well as 

by exogenous factors (Chabert et al., 2018). For example, Carum carvi 

(Apiaceae) plants of the same variety grown under the same controlled 

conditions showed fourfold difference in the replenished nectar between 

anthesis and fertilization (Langenberger & Davis, 2002). Therefore, the nectar 

dynamics of lavender and fennel should be considered as rough estimates of the 

average replenished nectar that may greatly change. Despite this limitation, we 

believe that at the landscape level, the nectar dynamic estimate is more accurate 

in assessing pollinator food resources than the measure of nectar replenished 

over 24 h. Indeed, the two crops showed no significant differences in the 

volume and sugar concentration of the nectar replenished over 24 h, thus they 

would appear equally valuable as pollinator food resources. However, if we 

compare the nectar dynamics of the two species over six hours, lavender was 
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more productive than fennel, leading to the conclusion that lavender may be a 

more important nectar resource for flower-visiting insects, especially in areas 

where flowers are visited frequently. 

4.4.2  Standing nectar and flower-visiting insect preferences 

We found that the rate of insect flower visitation was higher in fennel than 

lavender. Honeybees were the dominant flower visitors for both crops, although 

the dominance was less pronounced in fennel. This was likely because of the 

numerous managed honeybee colonies placed in the study area for honey 

production. When measured in an area where flowers were exploited by a 

similar flower-visiting insect community, the standing nectar was constant and 

high for lavender, whereas for fennel, the standing nectar was close to zero from 

the first hour onwards. These results suggest that the nectar produced by fennel 

is immediately consumed by insects. At the same time, flower visitors seemed 

to neglect lavender flowers, despite their larger nectar rewards. 

Focusing on the dominant flower-visiting insect, the honeybee, the exploitation 

of fennel flowers seems to contrast with the finding that honeybees 

preferentially choose flowers with a high nectar reward (Balfour et al., 2015; 

Duffield et al., 1993). In contrast, fennel flowers may also be visited for pollen 

reward. Indeed, several studies have found that the abundance or quality of 

pollen rewards is a major driver of honeybee flower choice (Aronne et al., 2012; 

Quinlan et al., 2021). In addition, according to optimal foraging theory, flower-

visiting insects should adopt a foraging strategy that maximizes energy intake 

(Stephens & Krebs, 1987). The latter can be assessed as the difference between 

the energy provided by the floral food resource (nectar and pollen) and the sum 

of energy costs due to flower choice and flower probing (Balfour et al., 2015). 

We speculate that fennel may have a lower foraging cost because (1) the open 

structure of flowers and inflorescences allows flower-visiting insects to rapidly 

quantify and collect the offered nectar resources, and movements between 
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flowers require less energy expenditure. In contrast, in lavender, quantification 

cues are prevented, and flower handling is more complicated because of the 

narrow flower morphology and dense spikes. The diversity of pollinators 

reported in fennel suggests that fennel flower traits do not constrain insect visits 

(Schurr, Geslin, et al., 2021; Smith-Ramírez et al., 2005; Thompson, 2001). In 

contrast, lavender has shown a tighter spectrum of flower-visiting insects in this 

and previous studies (Balfour et al., 2013; Benachour, 2017; Herrera, 1990). For 

both plants, the flower-visiting insects exploited multiple flowers within the 

same inflorescence. There are on average 381 flowers per fennel umbel, which 

is much higher than the 19 flowers per lavender spike (Schurr, Masotti, et al., 

2021). Therefore, a single foraging flight may allow flower-visiting insects to 

exploit a greater number of flowers in fennel than in lavender plants. 

4.4.3 Simulation model results 

To our knowledge, this study constitutes the first attempt to estimate the daily 

nectar production, standing nectar, and average reward collected by flower-

visiting insects across a daily period, considering the effects of non-linear nectar 

dynamics, insect visitation rates, and insect selection strategy. The simulation 

produced standing nectar trends similar to those observed from the field data, 

suggesting that the model can provide reliable estimates. The average and 

maximum visitation rate scenarios were consistent with the lavender and fennel 

observed in standing nectar. This result supports the hypothesis that fennel 

nectar was overexploited by flower-visiting insects (especially honeybees) and 

is in accordance with previous findings of low-standing nectar due to high 

insect exploitation (Corbet et al., 2001; Geslin, Gauzens, et al., 2017; Sáez et 

al., 2017; Torné-Noguera et al., 2016; Wignall et al., 2020). 

As expected, our simulation showed that daily nectar production varied among 

the scenarios, and identical scenarios produced either increasing or decreasing 

production in the two investigated crops. Therefore, a generalizable effect of 
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insects on daily nectar production among plants is missing. The lack of a 

general pattern is due to the complexity of interactions between plants and 

flower-visiting insects that are not ‘a priori’ predictable. Previous studies have 

found that insect visits have numerous effects on nectar production (Castellanos 

et al., 2002; Luo et al., 2014; Ordano & Ornelas, 2004; Ornelas & Lara, 2009; 

Ye et al., 2017). Nevertheless, we found a consistent pattern of a higher daily 

nectar volume than has been previously found for replenished in flowers 

isolated from insects for 24 h. Indeed, the estimated daily sugar production at 

the landscape level by our simulation was always greater than the estimation 

produced by the 24 h measurement. The explanation for this difference is that in 

an environment such as the one in our study, flower-visiting insects probed 

more often than the time required for the flower to fully replenish, and 

consequently, the rate of nectar replenishment will be higher on average. This 

explanation is consistent with previous studies showing that flowers can 

replenish nectar fully within a few hours, rather than requiring a whole day 

(Castellanos et al., 2002; Luo et al., 2014). Moreover, our results highlight that 

previous studies may have underestimated the total amount of nectar resources 

through the use of the 24 h replenished nectar proxy (Baude et al., 2016; Hicks 

et al., 2016; Timberlake et al., 2019), which could lead to incorrect conclusions 

that plants produce equivalent total nectar supplies. This underestimation may 

be particularly prominent in environments where honeybees are intensely 

managed meaning that visitation rates to mass-flowering crops are particularly 

high. We suggest that a better understanding of nectar resources at the 

landscape level might be achieved by estimating nectar production over 

different time spans and by defining the density and visitation frequency of 

insects. 
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4.5 Supplementary materials 

 

Data availability statement 

The R code of the simulation models, field data and generated data are available 

in the OSF repository at the link:  DOI 10.17605/OSF.IO/AHGVU 

 

Terms and Definitions 

Replenished nectar volume: nectar volume accumulated by one flower within a 

given time period. During this period flowers are isolated from insects to 

prevent nectar removal. Unit measure in this study is μl. Replenished nectar 

volume measures are the dots on Fig 2A. 

Nectar dynamic (or nectar kinetic): the estimate of average nectar replenished 

by one flower in a defined period calculated using the measures of replenished 

nectar volume. In the present study, nectar dynamic has been calculated by 

replenished nectar volume data separately for each species (GAM model). Unit 

measure is μl. Nectar dynamics are the two curves in Fig 2A. 

Nectar volume replenished in 24h: nectar volume cumulated by one flower in a 

24h of isolation from pollinators. The nectar volume is the most usual 

measurement in studies assessing nectar production potential of different plants. 

Unit measure in the present study is μl. 

Standing nectar: The standing nectar is the volume of nectar available in 

randomly selected open flowers. This measure represents the reward that a 

flower-visiting insect could obtain by visiting a random flower at a given time. 

Since there is a high among flowers variation, each measurement is the average 

between numerous flowers (4-25 flowers) measured at the same time (one 

minute to collect all the nectar from multiple flowers). Unit measure in the 

present study is μl. Standing nectar measures are the points in Fig 3A. 
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Average standing nectar: is the average standing nectar across the time 

calculated using standing nectar measures. It was calculated separately for each 

species. Average Standing nectar measures are the curves in Fig 3A. 

Visitation rate: total number of flowers visited within a plot by flower-visiting 

insects in a five minute period. 

Nectar reward collected by insect (RCI): is the nectar reward in volume 

collected by insect in a single flower visit. Flower-visiting insects could select 

between rewarding vs. not rewarding. In this case RCI is higher than the 

standing nectar measured in the field. When insects are not capable of selecting 

flowers according to the reward, and they select them randomly, RCI and 

standing nectar are similar. The average RCI across the day calculated by the 

simulation are the blue line in Fig2B & 2C. 

Daily Nectar production by a Flower (DNF): is the total volume produced by a 

flower and is calculated as the sum of rewards collected by insects. 

Protocol for pollen measurements 

In summer 2020, five flower buds ready to open were harvested on three 

umbels per plant, on three plants, in two fennel fields (N = 90 flowers). We let 

flowers dry in open air in 2 mL Eppendorf tubes, one flower per tube. We then 

extracted the pollen grains following Suehs et al. 2006, directly from the whole 

flower (i.e. from the five stamens). To destroy plant tissues (except pollen 

grains), we put 225 µL of sulphuric acid in each tube and let it degrade for one 

night. We then added 375 µL of Triton solution (a mix of 2 mL of Triton x100 

and 100 mL of distilled water) before crushing flower in it with glass rods 

(subsequently rinsed with 750 µL of Triton water to not lose any pollen grain). 

Samples were then centrifuged during five minutes at 2000 rpm and 20 °C. The 

centrifugation was set to stop slowly to be sure that pollen grains stay in the 

bottom of the tube. The supernatant was then sucked and removed, and the 

pollen grains were re-suspended with 1.5 mL 96% Ethanol. Samples were 
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centrifuged again, then the maximum volume of supernatant were removed, and 

pollen were finally left to dry under a hood. Then, 20 to 30 µL of counting 

solution (20 mL of glycerol + 30 g of saccharose + 80 mL of distilled water for 

100 mL of counting solution) was added in each sample. Tubes were then 

placed in an ultrasonic bath for five to ten minutes to dislocate the pile of pollen 

grains and facilitate the count. The solution was put in a Malassez counting cell 

for counting pollen grains. To have the total number of grains contained in the 

tube, i.e. produced in one flower, we multiplied the number of pollen grains 

found on the slide by the volume of counting solution added. 

 

Reference for pollen measurement 

Suehs, C. M., Charpentier, S., Affre, L., & Médail, F. (2006). The evolutionary 

potential of invasive Carpobrotus (Aizoaceae) taxa: Are pollen-mediated gene 

flow potential and hybrid vigor levels connected? Evolutionary Ecology, 20(5), 

447–463. doi: 10.1007/s10682-006-0013-0 
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Supplementary table 

Tab. S1 – Number of observations per each nectar measurement method divided 

by field. 

 

  
Standing Replenished 24h 

field fennel lavender fennel lavender fennel lavender 

field 1   18 18   

field 2   18 18   

field 3   15    

field 4     12  

field 5     13  

field 6       

field 7   19    

field 8       

field 9   21 21   

field 10   18 15   

field 11   38    

field 12 81 48 57 64   

field 13     12 11 

field 14   21 19   

field 15   24 21 16  

field 16     12  

field 17         12 10 
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Supplementary figures 

 

Fig. S1 Map of the study area  
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Fig. S2 Simplified nectar dynamic used as simulation parameter for lavender 

(purple) and fennel (orange) 

 

Fig. S3 Visitation rate parameters across the time for lavender (purple) and 

fennel (orange). Solid lines are average visitation rate parameters, dashed lines 

are maximum visitation rate parameters. 
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Fig. S4 Single flower visitation history examples for lavender in average and 

random scenario (purple) and for fennel in maximum random scenario. 

 

Fig. S5 Visitation rate observations per each field across hours since 

flower-visiting insects start to forage. An average visitation rate per plant 

species was added through the geom_smooth function of ggplot2.  
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5. CONCLUSIONS 

 

The results and findings described in the chapters of this PhD thesis provide 

important knowledge on different aspects of pollination in agrosystems. The 

study on the effects of density and position of pollinizer trees in apple orchards 

highlights how pollen limitations for self-incompatible crops could be prevented 

through a well-planned orchard design. The study was the first in assessing the 

effect on pollination of an intermixed orchard, where main cultivar and pollen 

donor cultivar are uniformly mixed. Therefore, the results provide clear 

indications of one of the strategies that farmers could adopt in apple orchard. 

The identification of strategies that are easy to implement is a critical step for 

developing more efficient and less environmental impacting agriculture. I also 

found that the farmer practice of reducing density of pollinizer plant within 

orchards can jeopardize the pollination service into the inner orchard part and 

therefore, this practice should be avoided.  

In Chapter 2, I explored the benefits of pollination on the fruit quality, 

specifically on the symmetry of apples. While the effect of pollination on yield 

have been widely studied, data on the effect of various quality parameter are 

still missing. A new image tool method was developed, allowing the 

measurement of the effect of pollination on the quality parameter of fruit 

symmetry.  

The results indicated that probably the classical visual assessment of fruit shape 

adopted to explore the effect of pollination on fruit symmetry tends to overlook 

the pollination effect. The new image analysis method was implemented and 

shared as open access programming code. Therefore, the code could be easily 

adopted to other pollination-dependent fruits for which knowledge on 

pollination effect on fruit shape are still missing. In general, the results provided 
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by the studies performed on apple during this PhD provide a novel practical 

understanding of ecosystem service that  may be more effectively transferred to 

farmers.  

In Chapter 3, I evaluated the resources that can be provided by agrosystems to 

pollinators. As it was previously highlighted, the abundance and the diversity of 

pollinators is crucial to support the pollination ecosystem services. However, 

the study showed that our understanding of the resources provided by pollinator 

is still limited since the method adopted to quality food resources does not 

consider the effect of plant/insect interaction on nectar and pollen production. 

The thesis fills this gap developing a simulation model allowing the estimation 

of the daily nectar production of crops including the effect on the production of 

insects exploitation of the nectar cumulated.  

The novel simulation is a promising new tool to overcome the limitation of the 

method used nowadays for measuring nectar resources. Even in this case, the 

simulation was developed as open access code a could be easily applied to other 

agrosystems. Moreover, the same method could be used to answer important 

unsolved questions regarding the interaction between flower-visiting insects, as 

for example how beekeeping activity can exert food competition pressure on 

wild pollinators.  

In conclusion, the combination of the thesis findings may contribute to improve 

pollination in agrosystems and may give new strategies to support crop 

production through an ecological intensification process. 
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