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Editorial

Pollination Biology: From Pollinators and Floral Traits to
Landscape Management

Yu Gao 1,2

1 College of Plant Protection, Jilin Agricultural University, Changchun 130118, China; gaothrips@jlau.edu.cn
2 Key Laboratory of Soybean Disease and Pest Control, Ministry of Agriculture and Rural Affairs,

Changchun 130118, China

Pollination biology examines the mechanisms, agents, and ecological significance of
pollination [1,2]. As key ecosystem actors, pollinators provide vital ecological services and
help maintain the dynamic balance and stability of natural systems. They are essential
for the reproduction of many plant species and the production of fruits and seeds [3,4].
Their health is tightly linked to green agriculture, food security, and human nutrition.
Insect pollinators alone are responsible for 80–85% of all animal-mediated pollination, a
service widely recognized by both scientists and the public [5,6]. Against this backdrop, the
nine papers (eight articles and one editorial) assembled in this Special Issue on Pollination
Biology weave compelling research findings that spans scales and disciplines. Together,
these studies deepen our understanding of pollination processes and offer insights into
how this knowledge can inform practical, pollinator-friendly management strategies.

Contribution 1: Huancas et al. deliver the first comprehensive review of mathematical
models for pollinator dynamics [7]. Their bibliometric map highlights four dominant
toolkits—ODEs, PDEs, network-patch frameworks, and emerging stochastic or fractional-
order models—while at the same time identifying gaps in optimal control and stochastic
approaches. The findings highlight modeling trends, ecological insights, and policy appli-
cations in agriculture and conservation. This study provides a comprehensive typology of
mathematical models for pollinator dynamics, bridging theoretical ecology and real-world
decision-making.

Contribution 2: Layek et al. investigate seasonal shifts in floral traits, pollinator
assemblages, and fruit set of the wild Solanum sisymbriifolium across the Rarh plains of
West Bengal [8]. Their year-round monitoring reveals that although hot-season flowers are
smaller and produce less nectar, large-bodied bees dominate during this period and drive
the highest reproductive success. This research uniquely links microclimate-driven floral
plasticity to real-time pollinator efficiency.

Contribution 3: Ejaz et al. test whether adding managed honey bee hives can improve
seed yields in Punjab alfalfa fields [9]. Across three commercial farms, they trial 0–4 hives
per hectare, finding a linear increase in seed yield, peaking at 38% boost with four hives.
Notably, wild pollinators contributed less than 12% of total visits. The study highlights
the practical value of hive supplementation as a scalable strategy to enhance forage crop
profitability in Pakistan.

Contribution 4: Laboisse et al. chart how honey bees exploit floral resources across
space and time in the Banja Luka region of Bosnia [10]. Using RFID-tagged workers and
hive scales for two years, they show that 90% of foraging stays within 1.2 km of the hive.
Bees flexibly shift their daily activity to match the phenology of sequentially blooming
crops like apple, acacia, sunflower, and heather. This high-resolution calendar provides
valuable guidance for synchronizing hive placement with peak nectar flows.

Biology 2025, 14, 1420 https://doi.org/10.3390/biology14101420
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Contribution 5: Bukhari et al. examine the impact of nitrophos fertilizer on floral
traits and pollinator visitation in Pakistan’s onion seed fields [11]. While higher fertilizer
doses increase flower size, they simultaneously dilute nectar sugar concentration, reducing
visits from wild bees and hoverflies by 22%, and ultimately lowering seed yield by 14%
compared to moderate fertilization. This study uniquely reveals that excessive nitrogen
input can disrupt plant–pollinator synergy.

Contribution 6: Layek et al. explore how seasonal changes in temperature, humidity,
and photoperiod influence the floral biology and pollination of Turnera ulmifolia in India [12].
Long, humid days enhance pollen viability and bee visits, boosting fruit set. However,
nectar thickens above 35 ◦C, deterring hoverflies and leading to a summer dip in yields. This
work illustrates how climate-driven shifts can desynchronize plant–pollinator interaction.

Contribution 7: Zhang et al. investigate the pollination biology of Iris setosa, a
cold-hardy ornamental native to Jilin, China [13]. Combining field observations, hand-
pollination experiments, and floral scent analysis, they show that large violet perianths
attract bumblebees via visual contrast, while eugenol-rich fragrances reinforce this attrac-
tion. The species is largely self-incompatible; hive supplementation raises seed set from
18% to 62%, pointing to managed bumblebees as a practical tool for commercial seed
production of this northern iris.

Contribution 8: Eggers et al. identify a recessive nuclear gene (al) on the short arm
of chromosome 6 in potato that causes antherless cytoplasmic male sterility (CMS) when
interacting with P-type cytoplasm, but remains fertile with A- or T-type cytoplasm [14].
Exploiting this CMS system eliminates the need for manual emasculation of female parents,
improves hybrid seed production, and significantly reduces berry set in F1 hybrids under
field conditions. This work presents a valuable tool for diploid hybrid potato breeding.

Contribution 9: Leung & Reid examine Canada’s regulatory landscape for the import
and movement of managed bees, focusing on risks to native pollinators in Yukon [15]. They
highlight the lack of ecological risk assessments and permitting requirements in the territory.
Their proposed Yukon-specific framework—combining seasonal transport limits, pathogen
screening, and incentives for domestic bumblebee rearing—offers a replicable model for
northern regions aiming to balance agricultural needs with pollinator conservation.

This Special Issue offers, at best, a modest snapshot of an extraordinarily complex and
rapidly evolving field. While the breadth of topics covered and the depth of individual
studies reflect the momentum in pollination biology, we are acutely aware that any Special
Issue can only scratch the surface. These contributions are intended not as final answers, but
as conversation starters. They remind us that integrative, interdisciplinary collaboration is
not a luxury but a necessity if we are to deepen our still-fragmentary understanding of these
remarkable organisms and craft management strategies humble enough to accommodate
nature’s surprises. Pollination research remains stubbornly place-based; a shift in bloom
phenology, a turnover in pollinator guilds, or even a subtle change in slope aspect can
overturn yesterday’s ‘universal’ finding tomorrow. These geographic fingerprints limit how
far any one dataset can travel, but they also provide the calibration marks that global models
so desperately need. By treating regional idiosyncrasies as adjustable parameters rather
than immovable barriers—and by openly sharing both our successes and our missteps—we
aim to advance the discipline toward more robust and generalizable insights. Pollination
research must move beyond simply mapping ‘who pollinates whom’. At the molecular,
individual, and population levels, we need to understand how environmental factors,
chemical signals, morphological fit, and behavioral decisions collectively influence pollen
transfer. These mechanisms must then be translated into parameters for larger-scale models.
Finally, through collaboration with agronomists, plant breeders, land managers, and policy-
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makers, we must translate these forecasts into actionable spatial plans, cropping systems,
seed technologies, and transnational policy frameworks.
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Identification, Elucidation and Deployment of a Cytoplasmic
Male Sterility System for Hybrid Potato

Ernst-Jan Eggers 1,2,3,*, Ying Su 1, Esmee van der Poel 2, Martijn Flipsen 4, Michiel E. de Vries 1,

Christian W. B. Bachem 1,2, Richard G. F. Visser 2 and Pim Lindhout 1,*

1 Solynta, Dreijenlaan 2, 6703 HA Wageningen, The Netherlands; christian.bachem@wur.nl (C.W.B.B.)
2 Plant Breeding, Wageningen University & Research, P.O. Box 386, 6700 AJ Wageningen, The Netherlands;

richard.visser@wur.nl (R.G.F.V.)
3 Graduate School Experimental Plant Sciences, Wageningen University & Research,

6708 PB Wageningen, The Netherlands
4 Hogeschool Arnhem Nijmegen, Laan van Scheut 2, 6525 EM Nijmegen, The Netherlands
* Correspondence: ernstjan.eggers@solynta.com (E.-J.E.); pim.lindhout@solynta.com (P.L.)

Simple Summary: Conventional potato breeding has produced only limited genetic gain due to
the polyploid nature of the crop. In recent years, hybrid potato breeding at the diploid level has
been developed to overcome this limited genetic gain. In diploid potato breeding, homozygous
inbred lines are developed by self-fertilization, enabling incremental improvements of the material in
each generation. This type of breeding requires self-fertility, which makes hybridization of inbred
lines labor-cumbersome and results in hybrids that produce many undesirable berries in the field.
In many crop species, cytoplasmic male sterility is used to produce maternal inbred lines that are
male sterile. In this study, we explore the antherless cytoplasmic male sterility system in potato.
We identify a recessive locus that is required for sterility and we show that this trait is expressed
in Phureja cytoplasm but not in Andigena or Tuberosum cytoplasm. We implemented this system in
hybrid seed production and show that the resulting hybrids set far fewer berries in the field than
male fertile controls.

Abstract: Recent advances in diploid F1 hybrid potato breeding rely on the production of inbred lines
using the S-locus inhibitor (Sli) gene. As a result of this method, female parent lines are self-fertile and
require emasculation before hybrid seed production. The resulting F1 hybrids are self-fertile as well
and produce many undesirable berries in the field. Utilization of cytoplasmic male sterility would
eliminate the need for emasculation, resulting in more efficient hybrid seed production and male
sterile F1 hybrids. We observed plants that completely lacked anthers in an F2 population derived
from an interspecific cross between diploid S. tuberosum and S. microdontum. We studied the antherless
trait to determine its suitability for use in hybrid potato breeding. We mapped the causal locus to the
short arm of Chromosome 6, developed KASP markers for the antherless (al) locus and introduced
it into lines with T and A cytoplasm. We found that antherless type male sterility is not expressed
in T and A cytoplasm, proving that it is a form of CMS. We hybridized male sterile al/al plants with
P cytoplasm with pollen from al/al plants with T and A cytoplasm and we show that the resulting
hybrids set significantly fewer berries in the field. Here, we show that the antherless CMS system can
be readily deployed in diploid F1 hybrid potato breeding to improve hybridization efficiency and
reduce berry set in the field.

Keywords: diploid potato breeding; cytoplasmic male sterility; QTL analysis; berry and seed production

1. Introduction

In recent years, potato (Solanum tuberosum) breeding has seen a shift towards breeding
on the diploid level [1–6]. Conventional potato breeding is usually performed at the

Biology 2024, 13, 447. https://doi.org/10.3390/biology13060447 https://www.mdpi.com/journal/biology4



Biology 2024, 13, 447

tetraploid level, where two heterozygous clones are crossed and selections take place
among large numbers of F1 offspring. It requires many locations and years (10–15 years) of
testing to select a single commercial cultivar and genetic gain is relatively low [6–8]. The
push towards inbred line-based diploid F1 hybrid breeding is expected to speed up the
breeding process and improve genetic gain by allowing continuous improvement of inbred
lines. In addition, bulking up a new cultivar is fast as millions of hybrid seeds can be
produced per year. Elite inbred lines can be further improved by introgression of favorable
genes, such as resistance genes, by means of a backcrossing program [9].

To allow inbreeding of self-incompatible diploid potato clones, these clones can be
crossed with a line containing the dominant allele of the Sli (S-locus inhibitor) gene, which
enables self-fertilization [10–12]. The Sli gene, which encodes an F-box PP2-B10 protein,
is expressed in pollen and interacts with the maternal components of the gametophytic
self-incompatibility (GSI) system, the S-RNases, during pollination, leading to a breakdown
of the GSI system [13,14]. From a breeding point of view, this system works well and has
resulted in the production of inbred lines in multiple programs [4–6,15–18]. However, as a
consequence of the presence of Sli, maternal inbred lines are self-fertile, which necessitates
emasculation for hybrid seed production. The manual emasculation process takes time
and may lead to reduced hybrid seed set due to the mechanical stress imposed on the
flower buds. Another, more detrimental, effect is that the resulting F1 hybrid offspring are
self-fertile as well. While F1 hybrid fertility is essential in crops where seeds are the end
product, for potato, where the tubers are the end product, this is not the case. Primarily, this
is because the seeds in the berries can remain viable in the field and produce a volunteer
crop, which may act as a reservoir for diseases and disrupt crop rotation schemes [19].
Additionally, the growth of these berries and seeds may sequester photo-assimilates that
might otherwise have been directed to tuber bulking [20]. A straightforward route to
resolve these problems would be to introduce cytoplasmic male sterility (CMS) to the
maternal lines as is commonly performed in many F1 hybrid crops [21]. CMS systems
exploit incongruities between organellar genomes and nuclear genomes, which lead to a
failure to produce fertile pollen.

Sterilizing cytoplasms have been identified in many crop species, like rice, wheat,
soybean, sunflower, rapeseed and several more [21]. CMS has been successfully imple-
mented in breeding programs [22–26]. However, deployment of CMS in crops has not
always gone smoothly. For instance, CMS has been associated with deleterious effects
such as susceptibility to southern corn blight in maize and the inefficiencies of pollen
donors or insect vectors in soybean [27,28]. In crop species where the end product is seed,
implementations of CMS rely on the three-line system in which a CMS line is maintained
by an isogenic maintainer line and male fertility in the hybrid is restored by crossing the
CMS line to the restorer [29–32]. In potato, the end product is the belowground tubers, and
restorer lines are not required. In fact, a major goal of implementing CMS in hybrid potato
breeding would be to avoid fertility in the F1 hybrid to ensure minimal berry and seed
production in the field.

Among potato and its wild relatives, many cytoplasm types are present. In a study of
cultivated potato and closely related wild species, Hosaka and Sanetomo distinguished
129 chloroplast DNA (ctDNA) types and 63 mitochondrial DNA (mtDNA) types using RFLP,
CAPS, SSR and SCAR markers, resulting in 164 unique cytoplasm types [33]. Hosaka and
Sanetomo proposed to group these 164 cytoplasm types into 6 types (T, D, P, A, M and W).
Cytoplasm types T, D and W have been associated with male sterility in multiple breeding
populations, whereas P and A cytoplasm are usually associated with male fertility [34–39].
Recently, Santayana et al. observed segregation for male fertility among CIP potato breeding
populations with T and D cytoplasm and identified parental lines that potentially contain
nuclear Restorer of Fertility (Rf ) genes for D and T cytoplasm [40]. On the cytoplasmic side,
Sanetomo et al. identified a recombinant mitochondrial DNA molecule, RC-I, the presence
of which is completely associated with tetrad sterility (T-CMS) among interspecific hybrids
derived from S. stoloniferum Schltdl. & Bouché [41]. Interestingly, T-CMS must be the result
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of an interaction between a dominant S. tuberosum nuclear gene and the mitochondrial
RC-I molecule, since hexaploid interspecific hybrids containing the complete S. stoloniferum
genome still show T-CMS and thus should contain all dominant Rf genes present in the
S. stoloniferum genome [42]. For the present study, only three cytoplasm types are relevant:
A, P and T cytoplasm, originating from S. tuberosum ssp andigenum Hawkes, S. phureja Juz.
et Buk. and S. tuberosum, respectively.

While most genotypes with P cytoplasm are male fertile, Endelman and Jansky ob-
served segregation for anther length in an F2 derived from the cross DM × M6, whereby
DM carries the P cytoplasm. In this population, 23% of the progeny had short anthers (SA)
that did not shed any pollen. QTL analysis revealed a single recessive allele (sa) on the short
arm of Chromosome 6 to be responsible for this SA phenotype. Interestingly, the recessive
allele was inherited from the male fertile M6 genotype whose self-fertilized progeny do
not show the SA phenotype, leading the authors to suggest that the SA phenotype is
the result of an interaction between the recessive sa allele from M6 and the P cytoplasm
from DM [43]. At Solynta, we observed complete absence of anthers (which we named an-
therless) in F2 genotypes derived from an interspecific hybrid S. tuberosum × S. microdontum
subs. gigantophyllum. The antherless phenotype is similar to the short anther phenotype,
except that the level of malformation varies, ranging from complete absence of anthers to
somewhat malformed anthers. Given the importance of CMS for diploid hybrid potato
breeding, we set out to elucidate the genetics and applicability of the antherless trait. We
aimed to localize the causal locus in the nuclear genome via QTL analysis and to determine
whether it is a form of CMS by introducing the trait to lines with non-P cytoplasm types.
Here, we report on the mapping of the causal gene and the characterization of this CMS
system for fertility traits. Proof of principle was obtained by exploiting this CMS system to
produce male sterile maternal lines and hybrids.

2. Materials and Methods

2.1. Plant Materials

An overview of all plant materials used in this study is available in Table S1. All
S. tuberosum genotypes used in this study are derived from the founders of the Solynta
breeding program as described in Lindhout et al. (2016) [1]. The donor of the antherless
trait was derived from a CGN accession of S. microdontum subs. gigantophyllum, which is
available from CGN (Wageningen, The Netherlands) under accession number CGN18200.
S. microdontum subs. gigantophyllum is a potato wild relative with resistance against late
blight and wart disease [44,45]. It is diploid and has an endosperm balance number
of 2 and is therefore crossable with diploid S. tuberosum.

2.2. Crossing Conditions

To avoid any unwanted out-crossing and control plant growth as best as possible,
experiments involving crossing were conducted in a greenhouse. Greenhouse conditions
were the same as described in Eggers et al. (2021) [13].

2.3. Phenotypic Analysis of Male Fertility

Anther malformation was assessed on a scale from 0 to 3, where a score of 0 means
complete absence of anthers and a score of 3 means normal anthers (Figure 1a). Flowers
with anthers (scores 1–3) were vibrated using an electronic toothbrush while collecting
the pollen in a micro-centrifuge tube. The amount of pollen shed was scored on a scale
from 0–3 (where a score of 0 means no pollen shed, and a score of 3 means abundant pollen
shed). Self-pollinations were made using the collected pollen, and the micro-centrifuge
tubes with leftover pollen were placed in sealed containers with abundant silica gel beads
to dry. To assess the viability of the pollen, one drop of acetocarmine was added to the
pollen and incubated for one minute. The samples were then vortexed and 10 μL of the
mix were pipetted into a counting chamber and observed with normal light microscopy.
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Stained and unstained pollen were counted and viability was scored using the formula:
Viable pollen (%) = Stainable pollen

Total pollen × 100.

2.4. SeqSNP Genotyping, Linkage Analysis and QTL Mapping of Population BC2(P)-1

Leaf discs from 249 individuals of population BC2(P)-1 were sampled in 96-well
plates and were genotyped via SeqSNP™ (LGC Genomics GmbH, Berlin, Germany) [46].
SNPs were extracted from the SeqSNP™ reads using the method described in Adams
et al. (2023) [47], resulting in 2116 SNPs. SNPs that were homozygous alternate between
F2-1 and Solyntus were selected. SNPs with more than 10% missing data and duplicate
SNPs originating from the same SeqSNP™ probes were removed, resulting in a genotypic
dataset of 244 SNPs (Table S2). This dataset was converted to Joinmap coding and genetic
maps for all 12 chromosomes were created using Joinmap 4.1 [48] with population type
BC1 and default settings (Table S3). QTL mapping was performed using interval mapping
in MapQTL6 [49].

2.5. KASP Marker Development and Genotyping

Between 30 and 50 mg of leaf material was collected from genotype F2-1 and submitted
for DNA extraction, library preparation and Illumina PE150 sequencing with 30× coverage
by Novogene UK Company LTD (Cambridge, UK). The reads were mapped to DM4.03 with
BWA and variants were called using BCFtools. Several thousand high-quality variants in
F2-1 and Solyntus were inspected in jBrowse to determine suitability for KASP genotyping.
For KASP genotyping, leaf discs from population BC2(P)-1 were sampled in 96-well plates
and submitted to VHLgenetics (Wageningen, The Netherlands) for DNA extraction and
KASP analysis as described in Eggers et al. (2021) [13]. The quality of the resulting
KASP marker data was assessed using SNPviewer (lgcgroup.com/products/genotyping-
software/snpviewer); markers that did not segregate or showed unexpected segregation
were discarded from further analysis. For the remaining markers, segregation ratios
were tested using χ2 tests with the null hypothesis that the antherless locus segregates in
mendelian 1:2:1 ratio. p-values were calculated from the χ2 to determine the likelihood that
the null hypothesis of mendelian 1:2:1 segregation is true.

2.6. Field Experiment

The field trial was designed with plots of four ridges of 32 plants per plot with 8 plants
per ridge and with plots replicated in two randomized blocks. The plants were spaced at
25 cm on each ridge, and the distance between ridges was 75 cm. Plots were separated
by an empty row, one row of cultivar Bergerac, and then another empty row. The design
included the 13 antherless proof-of-concept hybrids and three male fertile hybrids as
controls. The seeds were sown and raised in a greenhouse and transplanted six weeks
after sowing to a field in Heelsum, The Netherlands on the 17th of May 2023. Crop
handling was performed according to standard agricultural practices, as described by
Kacheyo et al. (2023) [50]. At 108 days after transplanting, we harvested all berries from
the plants on the middle two ridges of each plot, including the berries that were already
detached from the plants but were present between the two middle ridges. All berries were
bulked per plot in a mesh bag and fresh weight was determined and used for analysis.
The significance of the difference in berry weight per plant between the antherless plants
and male fertile controls was determined using a t-test. Two datapoints with more than
two times the standard deviation from the mean among the antherless plants were removed
for the t-test.

3. Results

3.1. Identification of the Antherless Phenotype and Development of a Mapping Population

In a breeding program at Solynta, we identified plants lacking anthers in an F2
population derived from a cross between S. tuberosum × S. microdontum subs. gigantophyllum
(F2-1). We designated this phenotype “antherless”. In this small population of 50 plants,
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we identified three individuals that completely lacked anthers (Figure 1a, score = 0),
suggesting that the phenotype is caused by two recessive loci or one locus with severely
skewed inheritance. We set out to characterize the loci that are responsible for the antherless
phenotype, to elucidate the genetics and to determine the contribution of cytoplasm types.
To generate a dedicated mapping population, we pollinated one antherless plant, F2-1,
with pollen from the S. tuberosum genotype Solyntus [51]. In the resulting BC1 population
BC1(P), all plants had normal anthers, confirming the recessive nature of the antherless
gene(s). To study this locus in more detail, we backcrossed BC1(P)-1 to F2-1 to generate
population BC2(P)-1.

3.2. Segregation of the Antherless Phenotype in Population BC2(P)-1

In the BC2(P)-1 population, we distinguished four anther phenotypes, complete
absence of anthers (score 0), severely reduced anthers (score 1), moderately reduced anthers
(score 2) and normal anthers (score 3) (Figure 1a). Plants that lacked anthers or showed
reduced anthers (scores 0–2) never released any pollen upon vibration with an electric
toothbrush. We grew 252 individuals from this BC2 population in the greenhouse and
obtained 225 flowering plants (Table S4). We identified 84 genotypes which lacked or
had reduced anthers, whereas the remaining 141 plants all had normal anthers. Among
the 84 plants with malformed anthers, 32 showed complete absence of anthers, 35 had
severely reduced anthers, and 17 plants had moderately reduced anthers. We genotyped
the population using SeqSNP, resulting in 656 segregating markers. After removing non-
informative markers, we generated a map with 153 SNPs covering 12 chromosomes which
we used for QTL mapping of the anther phenotype. We found one highly significant QTL
on the top of Chromosome 6 (LOD = 80.92 Figure 1c). Interestingly, other flower-related
traits, such as number of floral buds, bud abortion and corolla shape, mapped to this
locus as well (Table S5). Further inspection of individual recombinants showed that the
causal locus is located in a 25.12 Mb interval between 5.59 and 30.71 Mb on the reference
genome DM6.1 [52]. All plants that are heterozygous in this interval have normal anthers
(score = 3), whereas those individuals that are homozygous for the S. microdontum haplotype
all have reduced or absent anthers (score = 0, 1 or 2), indicating that in this population,
antherless is effectively a monogenic recessive trait (Figure 1c). This locus is designated
Al. We observed significant segregation distortion at the top of Chromosome 6, where the
Al locus is located (χ2 = 14.33, p < 0.001) (Figure 1d).

To reduce the size of the interval, we screened 2011 new seedlings from a closely
related BC2 (BC2(P)-2). We screened this population for recombination in the interval
using four KASP markers, two of which were located at the proximal side and the other
two located at the distal side of the 25.12 Mb interval. We identified only 16 putative
recombinants in this region. As the number of these putative recombinants compared to
the size of the population (n = 2011) was low, these results could also be explained by some
rare errors in the marker analyses. Therefore, we genotyped these 16 putative recombinants
with 25 additional KASP markers. Indeed, the genotypic data of these additional markers
showed that 2 of the 16 putative recombinants had a recombination just outside the interval
at the centromeric side, whereas the other 14 likely resulted from genotyping errors in the
initial genotyping with the flanking markers (Table S6).
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Figure 1. Population BC2(P)-1 segregates for anther length. (a) Anther phenotypes in BC1 population
BC2(P)-1 scored from 0 (complete absence of anthers) to 3 (normal anthers). (b) Genetic map of
Chromosome 6. (c) QTL analysis for anther score reveals a significant QTL on the top of Chromo-
some 6. (d) Segregation distortion on the top of Chromosome 6 reduces the number of antherless
plants. In red, the fraction of plants heterozygous per locus is shown and in green the fraction of
plants homozygous for the antherless donor allele is shown.

3.3. Expression of the Antherless Phenotype in A and T Cytoplasm Types

The results so far show that homozygosity for the recessive al allele leads to the
antherless phenotype in material with P cytoplasm. However, to apply the antherless
system in breeding for male sterile hybrids, it is important to know whether it is a form
of CMS, and we set out to introduce the al allele in lines with different cytoplasm types.
We selected one clone from the proprietary Solynta genebank, D02, that has the A-type
cytoplasm, and D03, D12 and two dihaploids from cultivar VR808 that have the T-type
cytoplasm. These cytoplasm types were identified using pedigree analyses and were
confirmed by using the multiplex PCR markers as described by Hosaka and Sanetomo [53]
(Figure S1). We crossed these five cytoplasm type genitors as females with BC1-1 (Alal) and
used six al-specific KASP markers to identify BC2 plants that received the recessive al allele
from BC1-1. We selected eight self-fertile Alal heterozygous BC2 plants and self-fertilized
these to proceed to the BC2F2 generation. The BC2F2 populations were genotyped with
four KASP markers in the interval to determine the genotype at the Al locus. Interestingly,
we observed distorted segregation in both directions; two populations, BC2F2(A)-1 and
BC2F2(A)-2, showed significant distortion towards the Al allele, five populations showed
no significant distortion, and one population showed significant distortion in favor of the
al allele (Table 1). From all eight populations, we selected all plants that were homozygous
for the antherless haplotype (alal) and transplanted these to pots. For the populations for
which we had fewer than 25 alal plants, we added Alal and AlAl plants to fill up to at least
25 genotypes per population, allowing us to compare the effects of the genotype of the Al
locus on the anther phenotype (Table S7).
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Table 1. Segregation distortion in F2 populations with T and A cytoplasm.

Population Antherless Genotype χ2 p-Value

AlAl Alal alal

BC2F2(A)-1 33 38 6 18.95 0.00008
BC2F2(A)-2 23 34 7 8.25 0.01616
BC2F2(T)-6 16 21 8 3.04 0.21823
BC2F2(T)-1 12 23 10 0.2 0.90484
BC2F2(T)-2 10 19 9 0.05 0.97404
BC2F2(T)-3 11 22 11 0 1
BC2F2(T)-4 8 31 20 5.03 0.08071
BC2F2(T)-5 1 45 39 34.27 0.00001

Generally, we observed poor fertility in the F2 populations, with 80 of the 200 BC2F2
plants not producing any open flowers. Among the flowering F2 plants, anther morphology
segregated, ranging from severely reduced anthers to normal anthers, which we scored
using the same 0–3 scale. Pollen release segregated as well, with many plants not releas-
ing any pollen at all. Interestingly, the level of anther malformation and pollen release
was independent of the genotype of the Al locus, suggesting that factors other than the
antherless locus cause reduced fertility in these populations. Most importantly, from the
120 flowering F2 plants, 8 produced seed after self-pollination, of which three plants were
homozygous alal while the other four were heterozygous Alal (Figure 2, Table 2). Two of
the alal homozygous self-fertile F2 plants have the A-type cytoplasm, and the third has the
T-type cytoplasm. These results are in line with the hypothesis that the homozygous alal
genotype results in male sterility in the P cytoplasm type but not in T and A cytoplasm.

BC2F2(A)-1-29 
alal, A cytoplasm 

BC2F2(A)-2-44 
alal, A cytoplasm 

BC2F2(T)-4-16 
alal, T cytoplasm 

Figure 2. Flowers of alal homozygous genotypes with A and T cytoplasm have anthers that produce
pollen and set self-seed.

To provide further evidence for the male fertility of alal plants with A and T cytoplasm,
we planted five tubers each from four alal F2 plants with A cytoplasm and two alal F2
plants with the T cytoplasm. In addition, we sowed F3 seed from seven self-fertile F2
plants (two with A cytoplasm and fixed for the al allele and five with T cytoplasm of
which four are fixed for the al allele, and two of which segregate for Al and al (Table 2)).
We genotyped the tuber-grown BC2F2 plants, as well the TPS-grown F3 seedlings with
the same KASP markers that we used in the TPS-raised BC2F2 populations. All tuber-
grown F2 plants and F3 populations derived from alal F2 plants were confirmed to be alal,
whereas the F3 populations derived from Alal heterozygous F2 plants segregated for the
Al locus. Interestingly, the BC2F2 plants raised from tubers from genotypes BC2F2(A)-
1-29, BC2F2(A)-2-44 and BC2F2(T)-3-16 showed improved self-fertility compared to the
same genotypes raised from TPS, suggesting improved vigor of the tuber-raised plants
compared to seedling-raised plants (Table 3). The F3 populations suffered from inbreeding
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depression showing overall poor fertility. Nevertheless, seven alal homozygous F3 plants
with A cytoplasm and six alal homozygous F3 plants with T cytoplasm produced berries
and seed upon self-pollination, ranging from 15 to 297 seeds per plant (Table 4).

Table 2. Fertility characteristics of eight self-fertile F2 genotypes and their genotype at the Al locus.

Genotype
Cytoplasm

Type
# Observed

Flowers

Anther
Phenotype

(0–3)

Pollen
Shed (0–3)

# Self-Berries
# Spontaneous

Berries
# Seeds

Antherless
Genotype

F3 Population

BC2F2(A)-1-29 A 20 3 3 5 2 23 alal BC2F3(A)-1
BC2F2(A)-2-44 A 11 2 2 3 0 305 alal BC2F3(A)-2
BC2F2(T)-2-07 T 23 3 1 2 1 106 Alal BC2F3(T)-1
BC2F2(T)-2-20 T 25 3 3 5 2 220 Alal BC2F3(T)-2
BC2F2(T)-3-06 T 6 3 1 3 0 97 Alal BC2F3(T)-3
BC2F2(T)-4-16 T 30 3 3 10 16 140 alal BC2F3(T)-4
BC2F2(T)-4-17 T 14 2 3 2 0 6 Alal
BC2F2(T)-6-02 T 27 2 1 2 1 9 Alal BC2F3(T)-5

Table 3. Flowering, berry and seed set of tuber-grown BC2F2 genotypes.

Genotype
Cytoplasm

Type
Antherless
Genotype

# Flowers
Anther

Phenotype
Pollen

Shed (0–3)
# Selfings # Berries # Seeds Pollen Viability

BC2F2(A)-1-29-C1 A alal 11 3 1-2 6 4 1296 0.9
BC2F2(A)-1-29-C2 A alal 7 3 1 4 2 135 0.9
BC2F2(A)-1-29-C3 A alal 17 3 1 4 1 22 0.9
BC2F2(A)-1-29-C4 A alal 9 3 1-2 3 3 4 0.9
BC2F2(A)-1-29-C5 A alal 11 3 1-2 1 1 49 0.9
BC2F2(A)-2-09-C1 A alal 17 2-3 1 6 26 12 0.8
BC2F2(A)-2-09-C2 A alal 0 N.D N.D 0 N.D N.D N.D
BC2F2(A)-2-09-C3 A alal 3 3 1 1 13 1 0.8
BC2F2(A)-2-09-C4 A alal 7 2-3 1-2 2 25 0 0.8
BC2F2(A)-2-09-C5 A alal 11 2-3 1 1 12 3 0.8
BC2F2(A)-2-39-C1 A alal 4 2 0 0 N.D N.D N.D.
BC2F2(A)-2-39-C2 A alal 3 2 0 0 N.D N.D N.D.
BC2F2(A)-2-39-C3 A alal 0 N.D N.D 0 N.D N.D N.D.
BC2F2(A)-2-39-C4 A alal 1 2 0 0 N.D N.D N.D.
BC2F2(A)-2-39-C5 A alal 0 N.D N.D 0 N.D N.D N.D.
BC2F2(A)-2-44-C1 A alal 32 2-3 3 17 19 740 0.9
BC2F2(A)-2-44-C2 A alal 32 2-3 3 24 28 2457 0.9
BC2F2(A)-2-44-C3 A alal 11 2-3 3 10 23 2320 0.9
BC2F2(A)-2-44-C4 A alal 15 2-3 3 12 19 719 0.9
BC2F2(A)-2-44-C5 A alal 24 2-3 3 13 34 1246 0.9
BC2F2(T)-3-07-C1 T alal 17 3 1 4 2 18 N.D.
BC2F2(T)-3-07-C2 T alal 20 3 1 6 3 40 N.D.
BC2F2(T)-3-07-C3 T alal 24 3 0-1 3 2 3 N.D.
BC2F2(T)-3-07-C4 T alal 33 3 0-1 8 4 82 N.D.
BC2F2(T)-3-07-C5 T alal 38 3 0-1 8 7 75 N.D.
BC2F2(T)-4-16-C1 T alal 52 3 3 16 21 550 0.9
BC2F2(T)-4-16-C2 T alal 47 3 3 17 21 906 0.9
BC2F2(T)-4-16-C3 T alal 40 3 3 10 7 177 0.9
BC2F2(T)-4-16-C4 T alal 44 3 3 14 10 199 0.9
BC2F2(T)-4-16-C5 T alal 43 3 3 20 37 843 0.9

Table 4. Flowering, berry and seed set of TPS-grown BC2F3 genotypes.

Genotype Parent
Cytoplasm

Type
Antherless
Genotype

# Flowers
Anther

Phenotype
(0–3)

Pollen
Shed (0–3)

# Selfings # Berries # Seeds
Pollen

Viability

BC2F3(A)-1-11 BC2F2(A)-1-29 A alal 21 3 1 5 5 15 N.D.
BC2F3(A)-1-12 BC2F2(A)-1-29 A alal 12 3 3 9 3 48 N.D.
BC2F3(A)-2-04 BC2F2(A)-2-44 A alal 9 2 2 7 14 98 N.D.
BC2F3(A)-2-05 BC2F2(A)-2-44 A alal 2 2 3 2 1 125 N.D.
BC2F3(A)-2-14 BC2F2(A)-2-44 A alal 5 2 3 5 3 242 85%
BC2F3(A)-2-17 BC2F2(A)-2-44 A alal 7 2 3 7 10 278 90%
BC2F3(T)-2-06 BC2F2(T)-2-20 T AlAl 5 3 3 5 4 83 60%
BC2F3(T)-2-09 BC2F2(T)-2-20 T Alal 9 3 2-3 8 5 30 70%
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Table 4. Cont.

Genotype Parent
Cytoplasm

Type
Antherless
Genotype

# Flowers
Anther

Phenotype
(0–3)

Pollen
Shed (0–3)

# Selfings # Berries # Seeds
Pollen

Viability

BC2F3(T)-2-24 BC2F2(T)-2-20 T Alal 13 3 2-3 18 11 336 70%
BC2F3(T)-3-27 BC2F2(T)-3-06 T Alal 22 2 3 18 12 1514 90%
BC2F3(T)-3-29 BC2F2(T)-3-06 T Alal 45 3 1-2 22 21 707 90%
BC2F3(T)-4-01 BC2F2(T)-4-16 T alal 35 2-3 2-3 24 10 55 85%
BC2F3(T)-4-07 BC2F2(T)-4-16 T alal 32 3 2-3 19 1 10 60%
BC2F3(T)-4-13 BC2F2(T)-4-16 T alal 15 3 3 24 21 122 70%
BC2F3(T)-4-25 BC2F2(T)-4-16 T alal 17 3 1-2 7 10 59 60%
BC2F3(T)-4-31 BC2F2(T)-4-16 T alal 49 3 2 23 11 69 N.D.
BC2F3(T)-5-02 BC2F2(T)-4-16 T alal 22 3 3 19 13 297 90%

Taken together, the apparent male fertility of the tuber-raised alal homozygous F2 plants
and the seedling-raised alal homozygous F3 plants provide clear evidence that homozygosity
for the al allele does not result in male sterility in T and A cytoplasm, providing convincing
evidence that the antherless trait is a form of cytoplasmic male sterility.

3.4. Application and Deployment of the Antherless Gene

With the antherless CMS system, an improved inbred line-based hybrid breeding
system becomes feasible, whereby male sterile inbred lines and hybrids are generated.
After an initial cross between an elite inbred line with P cytoplasm and an al donor line,
markers can be used to select heterozygous Alal progeny after the initial cross and after
each round of self-fertilization or backcrossing. When a sufficient level of homozygosity
has been achieved, a final round of self-fertilization can be performed and homozygous
alal progeny can be selected using the same markers, resulting in a male sterile maternal
inbred line. Similarly, after an initial cross between an elite line with T or A cytoplasm
and an al donor, the markers can be used to select for heterozygosity during backcrossing
or homozygosity during inbreeding, resulting in male fertile alal inbred lines. With this
system, emasculation of the maternal lines is no longer necessary and hybridization will
result in male sterile F1 hybrids. To determine the feasibility of this system, we fertilized
five male sterile alal homozygous lines in P cytoplasm with pollen from four male fertile
alal homozygous lines with A or T cytoplasm and obtained seeds from 13 crosses (Table S8).
Next, we planted these 13 male sterile hybrids together with male fertile control hybrids
in a field trial and harvested all berries at the end of the growing season. While the male
sterile antherless hybrids did set some berries, the total be yield was significantly lower
than those of male fertile control hybrids (Figure 3).

Figure 3. Berry yield of antherless POC hybrids and male fertile controls in a field trial. Antherless
hybrids (n = 26) produce significantly fewer berries than male fertile controls (n = 8) (p < 0.001).
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The boxes represent the 1st and 3rd quartiles, the horizontal lines in the box represent the medians,
and the × represent the means.

4. Discussion

Diploid hybrid potato breeding is based on the generation of homozygous inbred
parent lines by continuous self-fertilization and hybrid cultivars by crossing these parent
lines. For inbreeding, self-fertilized berry set is crucial, while this is an undesired character
for the cultivation of potato in the field. In this study, we investigated the antherless CMS
system which can be used to generate potato hybrids that set few berries in the field. We
identified a recessive allele (al) on the short arm of Chromosome 6 of S. microdontum subsp.
gigantophyllum which results in complete male sterility due to malformed or absent anthers
in the presence of the P cytoplasm (Figure 1a).

Previously, Endelman and Jansky identified the Sa locus, involved in male sterility,
which was mapped to the short arm of Chromosome 6 in an F2 population from the cross
between DM and M6. The recessive allele sa originates from the M6 parent, and the
short anther phenotype is likely a result of an interaction between the Sa locus and the P
cytoplasm from DM [43]. Given the similarity between the antherless and short anther
traits of the Al and the Sa locus, it is possible that these loci are identical. However, as both
loci originate from distant Solanum species, these loci might also be different. Therefore,
here we use the designation “Al locus” to refer to the antherless locus from S. microdontum
subsp. gigantophyllum

In this study, we have found that the antherless trait is expressed in P, but not in T and A
cytoplasm, proving that antherless is a form of CMS and that it is the result of an interaction
between the nuclear genome and the cytoplasm. It is likely that the dominant allele of the
Al locus encodes a fertility restorer that is required for fertility in genotypes carrying the
P cytoplasm. Unfortunately, our efforts to fine-map the Al locus were hindered by a lack of
recombination in the region of the Al locus. Among 2011 BC2 individuals, we did not find
any true recombinants in the 25.12 Mb interval on the short arm of Chromosome 6 (Table S3).
The suppression of recombination in this interval on Chromosome 6 is observed in many
potato genetic maps, suggesting that this region is pericentromeric and that fine-mapping
approaches will not reduce the size of the interval [16,43,54–57]. Thus, identification of the
causal gene requires an alternative strategy. One strategy would be to perform untargeted
mutagenesis on seed from a population derived from a cross between an alal and an AlAl
individual wherein the maternal parent has the P cytoplasm. All progeny from such a
cross are heterozygous Alal and should have normal male fertile anthers. However, when
the dominant Al allele of such a genotype is knocked out, it results in an alal genotype,
which is antherless and can easily be identified among the fertile plants of this backcross
population. The causal mutation can then be identified by comparing sequence data
from the mutant with the parental genomes. Such a strategy has been successful in the
cloning of several genes from genomic regions with suppressed recombination and could
be used to identify the al allele [58–60]. Alternatively, a targeted mutagenesis approach
could reveal the causal gene for the antherless phenotype. This approach would rely
on knowledge about nuclear Restorer of Fertility (Rf) genes involved in CMS in other
crops and targeted knock-out of candidate genes using CRISPR-Cas. Multiple Rf genes
have been identified, and the majority of those encode pentatricopeptide repeat (PPR)
proteins [61,62]. PPR encoding genes have been implicated in restoration of fertility in
crop species such as pepper [63], rice [64], radish [65,66], sorghum [67], soybean [68],
cotton [69,70], and others. These Rf-PPR exert their function in mitochondria, where they
bind CMS inducing mitochondrial mRNAs, leading to reduced levels of sterilizing protein
via mRNA destabilization, modification or translation inhibition [64,71–73]. In potato,
Anisimova et al. identified 38 sequence fragments with homology to petunia Rf-PPR592
and Capsicum annuum CaPPR6. These fragments map to five genomic loci of the potato
reference genome DM [74]. Interestingly two of the identified Rf-PPR genes are located
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within the interval of the Al locus and are good candidates as causal genes underlying the
antherless and short anther traits.

The Al locus is located on the short arm of Chromosome 6 in a pericentromeric region
where other floral traits like bud abortion and corolla shape mapped to as well. It is unclear
whether the same causal genes are involved in anther malformation, bud abortion and
corolla shape. It is not possible to remove any linked deleterious alleles from the interval
due to the lack of recombination. However, in this study we did not observe obvious
deleterious linkage drag associated with the antherless locus, but it is possible that linkage
drag may reveal itself in more advanced materials and more detailed agronomical studies.
We observed variation in the severity of anther malformation among the alal homozygous
plants from population BC2(P)-1, but the genetic background of this variation remains
unknown. The severity of anther malformation is relatively stable within individual
plants and their clonal offspring, but genetic analysis within the alal homozygous group
did not reveal any significant QTL (Table S5). It is possible that the combined effect of
multiple segregating small-effect loci are responsible for the observed variation in anther
malformation, although epigenetic control of such loci cannot be excluded. Further studies
with large populations which are fixed for the al allele could resolve this question.

The implementation of CMS in hybrid potato breeding will provide two major advan-
tages: (1) seed production becomes more efficient by eliminating the need to emasculate
maternal flowers and (2) ware crop production will benefit from significantly reduced berry
set on the field. In contrast to crops like maize and rice, where the seed are the commercial
end product, implementation of CMS in potato does not require fertility to be restored in
the hybrid, and hence a three-line system is redundant. Here, we show that the antherless
CMS system can be used to develop alal male sterile maternal lines with P cytoplasm and
male fertile alal lines with T or A cytoplasm and that the hybrids derived from crosses
between these parental lines hardly set any berries in the field. Male sterile maternal alal
lines can be generated by introduction of the al allele in the breeding germplasm and
subsequent marker-assisted selection for Alal heterozygosity upon inbreeding. When such
an inbred line has met the criteria for becoming a female parent, breeders can easily select
alal homozygotes based on the clear anther phenotype and proceed with test crosses or com-
mercial seed production. We observed a reduction in fertility upon inbreeding in the BC2F2
and BC2F3 populations; it is not clear to what extent this is caused by the cytoplasm type.
While it is possible that T and A cytoplasm affect fertility upon inbreeding, the BC2F2 and
BC2F3 populations were derived from crosses with non-inbred cytoplasm donors which
likely contained significant recessive genetic load. This genetic load may have resulted
in inbreeding depression and the associated reduction in fertility, which are commonly
observed during inbreeding of potato, especially in early inbred generations [75–78]. So,
we successfully inbred alal lines with T and A cytoplasm up to the BC2F4 generation, used
the alal BC2F2 as male parents in hybrid crosses with male sterile alal lines and showed that
the resulting hybrids produce far fewer berries than male fertile controls. However, the
antherless hybrids did still set some berries, likely caused by insect or wind-driven cross-
pollination. Many male fertile diploid potato genotypes were present in and around our
field experiment, providing ample fertile pollen which could have fertilized the antherless
hybrids. In future commercial application of the antherless CMS system, the produced
CMS hybrids will likely be grown in fields without male fertile diploid pollen donors
where the CMS hybrids would likely set fewer or no berries at all. We consider this an
effective proof of principle of the antherless CMS system. Further research is needed to
determine how inbreeding depression in T and A cytoplasm affects fertility and plant vigor
and whether linkage drag is an issue for the Al locus. Future research may also focus on
identification of the causal gene and several good leads are available.

5. Conclusions

In conclusion, in this study we identified the recessive al locus on chr06 that causes
male sterility in diploid potato with P cytoplasm but not in A and T cytoplasm. Efforts
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to more precisely localize the locus were not successful due to a lack of recombination in
this region of chr06. We implemented the antherless CMS system in a hybrid breeding
scheme and show that the resulting F1 hybrid set significantly fewer berries under field
conditions. Further exploration of this trait could focus on the identification of the causal
nuclear gene via a candidate gene approach and CRISPR-Cas-induced knock-out, as well
as the identification of the corresponding mitochondrial or chloroplast gene.
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Simple Summary: Iris setosa is a cold-tolerant ornamental species, whose pollination
system remains vague. Therefore, the authors aimed to determine the impact of flower
characteristics on pollination biology as well as on the breeding system. In this paper, the
authors conducted an in-depth study on the phenological period and flowering dynamics,
floral organ characteristics, pollen viability and stigma receptivity, breeding habits, and
flower-visiting insects of I. setosa. Furthermore, our study project shows a high adaptive
evolutionary trend between floral morphological characters and pollination biology of I.
setosa species.

Abstract: Floral phenology and features are intricately linked to pollinator behavior and
pollination systems. Iris setosa is one of the ornamental irises of the family Iridaceae with
beautiful flowers and leaves, and little research has been reported on its pollination biology.
This study analyzed how phenology, floral features, breeding systems, and pollinator visits
affect reproductive success of I. setosa populations in Jilin Province. Field observations and
pollination studies demonstrated that I. setosa reached the bud stage in late May, with an
average flowering time of 30 days. The anthers were outwardly dehiscent toward the outer
edge of the style branches. In herkogamy, the relative locations of the anthers and stigma
remained unchanged during flower opening. The stamens matured first. The pollen was
most viable and the stigmas were most receptive on the first day of flowering. The nectar
had the maximum sugar content. The sexual reproduction system was mainly outcrossing,
with some self-compatibility and a need for pollinators. After artificial self-pollination,
fluorescent microscopy revealed the winding of pollen tubes. The predominant flower-
visiting insects were Apis mellifera, Megachile sp., Syrphus corollae, Episyrphus balteatus, and
Lasioglossum sp., among which A. mellifera, Megachile sp., and Lasioglossum sp. were effective
pollinators. Understanding the pollination mechanisms and strategies of I. setosa provides
basic reference data on the potential for reproduction, and conservation efforts.

Keywords: flowering characteristics; breeding system; flower-visiting insects; pollination;
flower development
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1. Introduction

Plants produce flowers until visitation yields the amount of pollen necessary to pro-
duce the maximum number of seeds that resources can support [1]; thus, plants are
simultaneously limited by resources and pollen. The frequency and potential consequences
of pollen limitation for plant populations and communities have been intensely explored
during the last few decades [2,3]. The pollinator limitation of female reproduction occurs
when an inadequate supply of pollen limits the fruit set below the level possible given the
plant’s available resources. A decrease in pollinator frequency (i.e., number of visits) likely
decreases the quantity of pollen deposited onto the stigma [4], reducing the fruit and seed
sets [5–7]. In addition, the plant’s ability to attract pollinators via flower morphological
features can be crucial to fitness [8]. The limitation of fruit and seed production due to
insufficient pollinator visitation is common and ubiquitous across plants [9].

China is one of the distribution centers of Iris. Despite being the largest genus in
the family Iridaceae, with more than 250 species [10], there is little information on the
role that pollinators play in the reproductive success of Iris. Iris setosa is a rhizomatous
geophyte that belongs to the genus Iris and is widely distributed in northern temperate
zones, such as North America and East Asia [11]. The inner perianth of I. setosa is small
and almost invisible compared with other species of the family. The derived features of
Iridaceae include two morphological characteristics: a unifacial isobilateral leaf and the
presence of only three stamens [12]. Over time, the inner and outer whorls of the tepals
have become progressively differentiated in Iris. Stripes, dots, or color gradients on the
outer tepals produce nectar guides, a distinct feature intended to attract pollination insects
to the flowers. In addition, Iris is a typical nectar plant. The nectaries are typically found
between the base of the corolla tube and the base of the style, or they are spread across
the inner wall of the corolla tube [13]. Most known Iris species have nectaries, such as
Iris sibirica, which uses nectar guides to attract insects [14,15]. Many species are primarily
attracted by floral resources and perianth pigments, with various flower fragrances serving
as an attractant. For some pollinators, however, flower physical characteristics, particularly
functional floral symmetry, can be just as significant.

The intricate flowers of the Iridaceae family are finely adapted for pollination by
various animals, including hummingbirds, sunbirds, beetles, butterflies, moths, wasps, and
bees. This intimate connection between flower form and pollination biology reveals how
the wide range of flower colors, shapes, and scents are vital to the lives of the species [16].
Hymenoptera (mainly bees) pollinate the majority of Iridaceae plants. For example, bum-
blebees are one of the main pollinators of Iris lutescens [17,18]. Plants depend on one insect
species or a small number of ecologically related species for pollination [19]. The diversity
of floral characteristics of different Iris species leads to different attraction behaviors of
pollinators. For example, the loose corolla of Iris tectorum is compatible with the pollination
behavior of the large insects Xylocopa appendiculata and X. tranquebarorum [20]; Gladiolus
(Iridaceae) are primarily or exclusively pollinated by flies with elongated mouthparts [21];
the corolla of salty Iris halophila is more tightly packed, and, therefore, the only effective
pollinators are Anthophora sp. [22]; and Iris pseudacorus has narrower pollination pathways
and attracts pollinators such as Episyrphus balteatus, which are flatter in size [23]. Pollinator
limitation has a substantial impact on the reproductive success of cross-pollinated Iris
species [24]. Cross-pollination of I. sibirica is carried out by insects, mainly bumblebees,
honeybees, and male solitary bees, and, less often, by wasps and ants [25]. This ensures
the success of reproduction. Some Iridaceae plants are known to be pollinated by bees and
wasps, apparently seeking nectar rewards, while others are pollinated by beetles and flies,
apparently seeking carrion for brood sites or food [26].
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In this paper, we measured observations of local floral visitors to better understand
I. setosa’s pollination techniques. The impacts of floral morphology and reproductive
systems on pollination were studied to better understand how these elements influence
reproductive success. This research aimed to (i) characterize floral resources foraged by
visitors and pinpoint the most important group of pollinators based on their foraging
behavior and frequency of visits; (ii) perform pollination experiments simulating the high
frequency of visits of pollinators across flowers, assess the reproductive success between
treatments by comparing fruit sets, and follow the plant population throughout the entire
season to describe its phenology; and (iii) define the breeding system of I. setosa.

2. Materials and Methods

2.1. Study Sites and Species

Iris setosa, is in the Iridaceae. The experiment was conducted from April to July
2023–2024 in Jilin Agricultural University, China.

2.2. Observations on Floral Phenology and Morphology

We observed flowering phenology for individual flowers and entire plants in April–
July 2023–2024. The flowering of 87 I. setosa populations was defined as three stages (10% of
plants flowering at the same time was the first flowering period, 50% of plants flowering at
the same time was the full flowering period, and less than 10% still flowering was the last
flowering period). On the first day of flowering, three out of 10 randomly selected plants
with similar growth were used to measure the length and width of 30 flowers in terms of
flower diameter, perianth segments, filaments, anthers, pistils and ovaries of 30 flowers
were measured with vernier calipers.

2.3. Determination of Pollen Viability and Stigma Receptivity

Selected unopened buds were marked, and anthers and stigmas from five flowers
were taken at day before bloom, first day of bloom, second day of bloom, third day of
bloom. TTC (2, 3, 5-Triphenyltetramlium chloride, Beijing, China) staining was used
to test pollen viability on various flowering days, and pollen viability was computed
using pollen coloration rate [27]. Stigma receptivity of I. setosa was detected using the
benzidine-hydrogen peroxide (Beijing, China) method and examined under a microscope.
The results showed that the stigma was strongly receptive if a significant number of air
bubbles developed surrounding it [28].

2.4. Determination of Pollen Viability at Different Storage Temperatures

In mid to early June 2023, the soon-to-be-split I. setosa anthers were collected in four
parts. We loaded them into 5 mL centrifuge tubes with caps and sealed with a small
amount of silica gel desiccant. They were stored at room temperature 25 ◦C, 4 ◦C, −20 ◦C
and −80 ◦C. After 1, 3, 5, 7, 9, 11, 13 and 365 days from the date of storage, five anthers
were extracted from each of the four different temperature treatments. TTC staining was
performed to determine pollen viability and calculate pollen storage life. In the laboratory,
I. setosa anthers were placed on sulfate paper to disperse pollen naturally. We gently
flicked the anthers with forceps to collect the scattered pollen and placed on a glass slide.
We added 1–2 drops of TTC stain with a rubber-tipped dropper and mixed well with a
dissecting needle. We covered the slide and stain for 20 min, protected from light. Then, we
observed in the low magnification of a light microscope. Pollen grains with high viability
were dark red, pollen grains with low viability were light red, and pollen without viability
was colorless.
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2.5. Estimation of Outcrossing Index (OCI) and the Pollen-Ovule Ratio

The Outcrossing index (OCI) was estimated using the criteria suggested by Dafni.
A [29], as followers: (1) Flower diameters ≤ 1 mm were recorded as 0, 1–2 mm as 1,
2.1–6 mm as 2, and >6 mm as 3. (2) Simultaneous maturation of both pistil and stamen, or
pistil first, was recorded as 0, and stamen first, as 1. (3) Pistil and stamen are recorded as 0
for the same height and 1 for herkogamy. When OCI is 0, the breeding habit is cleistogamy.
When OCI is 1, the breeding habit is self-pollination. When OCI is 2, the breeding habit is
facultative selfing. When OCI is 3, the breeding habit is self-compatibility and pollinators
are sometimes required. When OCI is greater than or equal to 4, the breeding habit is
mainly outcrossing, with some self-compatibility and need pollinators.

In I. setosa flower buds, randomly selected stamens were immersed in 1 mol·L−1 HCl
(Guangzhou, China). The anther walls were removed by hydrolysis in a water bath at 60 ◦C
for 1 h. Distilled water was added to the stamen suspension and the volume was fixed to
10 mL. 10 μL of the suspension was pipetted onto a slide, and the amount of pollen per
stamen was observed and measured microscopically. The pollen count per stamen was 1000
by multiplying the mean value X. The ovaries of randomly selected I. setosa flower buds
were dissected through the carpels with a dissecting knife under a stereomicroscope (Leica
DM2500, Wetzlar, Germany) 20 times, the number of ovules was counted and recorded,
and the average value was computed. The type of I. setosa breeding system was evaluated
using Cruden RW’s criterion [30].

2.6. Sampling and Calculation of Nectar Characteristics

Flowers that opened on the same day were chosen to assess the nectar content and
nectar sugar concentration in their natural state Wang [31]. Ten plants were chosen, and two
neighboring flowers were chosen at random from each plant, yielding a total of 20 blooms
for measurement. Flowers were chosen based on the following criteria: they had to be
freshly opened and show no evident signs of insect feeding. Measurement of 24 h storage
capacity: the bud-bearing meristems of I. setosa were bagged with different sizes of mesh
bags, and nectar traits were measured on the first day after the flowers opened, and the
nectar volume and sugar content of entire flowers were measured and estimated.

Nectar volume was measured by aspirating all nectar secreted by the nectar glands
using a disposable capillary tube (5 μL/32 mm, ringcaps®, Hirschmann, Germany)and
measuring the length of the column with a vernier caliper.

Sugar concentration was measured by aspirating nectar using a 5 μL capillary tube
and measuring it with a hand-held glucometer (0–32% Brix, LICHEN, Shanghai, China).
The temperature was 23.9–28.5 ◦C. The nectar volume is calculated by converting the length
of the measured nectar column (L) to the nectar volume (μL, the length of a 5 μL capillary
tube is 32 mm) using the following formula:

Nectar volume = L × 5/32 (1)

Y = 0.00226 + 0.00937X + 0.0000585X2 (2)

The sugar content of nectar (Z, mg) was calculated from the measured values of nectar
volume, where X is the nectar sugar concentration (%) and Y is the sugar content of nectar
per microliter (mg/μL), using the following equation [32]:

Z = V × Y (V is the nectar volume, μL) (3)
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2.7. Sampling and Preservation of Pollen Tubes

We used fluorescence monitoring to observe pollen tube germination and growth in
natural conditions, as well as artificial self-pollination and artificial cross-pollination of I.
setosa. Iris setosa styles and ovaries were collected at 1, 2, 4, 6, and 8 h after pollination. Four
samples were taken at each time point and kept in FAA (Fuzhou, China) fixative at 4 ◦C.

The fixative was poured out and rinsed with distilled water 2–3 times before obser-
vation. 1 mol·L−1 NaOH (Tianjin, China) was added and placed in a 60 ◦C water bath
to soften for about 1 h. 1% Aniline Blue (Water Soluble) was used for staining, and after
staining for 24 h at room temperature under dark conditions, the samples were slowly
placed on slides and the coverslips were pressed. The samples were observed under an
Olympus microscope (Leica DM2500, Wetzlar, Germany) and photographed.

2.8. Observations on Flower Visiting Insect Species and Behavior

In order to understand the types of I. setosa flower visitors and their collection behav-
iors of pollen and nectar, the collection behaviors of different flower visitors were observed
on sunny days in June 2023–2024 at 08:00–11:00 a.m. and 12:00–17:00 p.m. Two plots
(1 × 1 m) were randomly established with approximately 30 flowers per plot. These plots
were observed for 60 min per day for a total of 28 observations. A camera (Canon EOS 70D,
Tokyo, Japan) was used to record the foraging behavior of several floral visitors. Further-
more, the number of flower visits and the number of flowers visited by different flower
visitors per 30 min were recorded, and each flower visitor’s visit rate (the number of times a
flower was visited every 30 min) was calculated by dividing the total number of flowers ob-
served by the number of flowers visited in each 30-min period. The primary pollinators were
identified based on the frequency of flower visits and foraging behavior. Bees bearing pollen
masses were caught and identified as prospective pollinators based on whether the insect
touched the stigma’s pollinable surface during flower visits, resulting in cross-pollination.

2.9. Artificial Pollination Test

Pollinator limitation studies were conducted on I. setosa populations in 2023 and
2024 by comparing hand-pollinated and naturally pollinated flowers. Potential animal
pollinators or seed dispersers were identified through in-person observation and video
camera use. The treatment is as follows:

T1 is control (CK) natural pollination. T2 treatment is direct bagging of flower buds to
detect the need for pollinators in the natural state. T3 treatment is removal of males with
forceps before flowering and bagging to detect the presence of apomixis. T4 treatment is
removal of males with forceps before flowering without bagging to detect the extent to
which pollinators contribute to seed set in the natural state. T5 treatment was to remove
the male with forceps before flowering, set a bag, and artificial self-pollination on the next
day to detect the presence of self-compatibility. T6 treatment was to remove the male with
forceps before flowering, set a bag, and artificial geitonogamy on the next day. T7 treatment
was to remove the male with forceps before flowering, set a bag, and artificial xenogamy on
the next day. Each treatment group needed 20 flowers, bagged immediately after treatment,
and the paper bag could be removed after 15–20 d. Fruit set rate, seed number and seed set
rate of each group were counted.

2.10. Statistical Analysis

Data from this experiment were statistically analyzed using SPSS 26.0 (IBM Corp.,
Chicago, IL, USA) statistical analysis software. One-way ANOVA was used to analyze
whether there were significant differences in the number of seeds and seed set between the
different treatments of the pollination experiment.
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3. Results

3.1. Flowering Characteristics and Flowering Period Characteristics

As shown in Figure 1, the average diameter of Iris setosa flowers was approximately
67.9 mm (Table 1). The outer tepals were three, approximately 45.1 mm long and 23.1 mm
wide, with a pattern of blue-purple pinstripes at their bases as nectar guides (Figure 1A).
The inner tepals were three, approximately 10.1 mm long and 4.5 mm wide (Figure 1B). The
stamens were three, approximately 20.3 mm high, growing close to the stylar branches. The
anthers were purple, outwardly dehiscent, and situated on the outer sides of the styles, just
underneath the stigmas. The filaments were as long as the anthers and white with a purple
halo. The stylar branches were flattened and arching with a pronounced bend (Figure 2).
The style color was lighter than the tepals, forming a semi-enclosed passage with an outer
perianth for pollinating insects to enter. The height was ca. 29.9 mm, the apical lobes were
nearly square, and the margins were sparsely dentate. Three stigmas were located at the
base of the apical lobes of the style, with a height of ca. 2.2 mm. The stigmas folded upward
at maturity (Figure 2). The nectaries were located in the region between the base of the
corolla tube and that of the style. The ovary was inferior, ca. 11.7 mm high, long-cylindrical,
yellowish-green, and three-loculed, with median placentation and numerous anatropous
ovules (Figure 1C).

Iris setosa began to sprout into the nutritive growth stage in late April in 2023–2024
(Figure 3A,B), entered the stem extraction stage in mid-May (Figure 3C), and began to show
buds in late May (Figure 3D). In 2024, the initial flowering period was from 28 May to 1
June (Figure 3E), the blooming period was from 2 June to 13 June (Figure 3F), and the end
flowering period was from 14 June to 23 June (Figure 3G). In 2023, the initial flowering
period was from 25 May to 30 May, the blooming period was from 31 May to 11 June,
and the end flowering period was from 12 June to 20 June (Figure 3G). Since the average
temperature in May–June in 2023 was 3–4 ◦C higher than that in 2024, the overall flowering
period was 2–3 days earlier than that in 2024. During single-flower opening, the buds
gradually expanded (Figure 4A,B), and the outer perianth dispersed one by one, with the
apical part of the perianth drooping until all three outer perianths drooped (Figure 4C–E).
After 2–4 d of flowering, the whole perianth curled up, the stamens dried up (Figure 4) and
gradually withered (Figure 4G–J), and the ovary of the pollinated flower began to expand
(Figure 4K,L). The flowering periods of single flowers and single plants were 2–4 d and
10–14 d, respectively.

 

Figure 1. The characteristics of the flower of I. setosa. (A) The overall structure of the corolla of I.
setosa, (B) top view of corolla, (C) floral unit. sti. Stigma, st. Stamen, pi. Pistil, hg. nectar guide, ct.
Corolla tube, ov. Ovary, op. Outer perianth, ip. Inner perianth, an. Anther, fi. Filament.
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Figure 2. Changes of stamens and pistils in I. setosa during flowering. From left to right, 3 p.m. the
day before bloom, 9 a.m. on the day of bloom, 3 p.m. on the day of bloom, 9 a.m. on the first day of
bloom, and 9 a.m. on the second day of bloom.

Table 1. Floral parameters of I. setosa.

Floral Organ mm Size

Outer perianth length 45.1 ± 3.8
Outer perianth breadth 23.1 ± 1.9
Inner perianth length 10.1 ± 0.6

Inner perianth breadth 4.5 ± 0.6
Ovary height 11.7 ± 1.8
Style height 29.9 ± 2.2

Stigma height 2.2 ± 0.4
Stamen height 20.3 ± 1.7

Flower diameter 67.9 ± 9.1
Data are mean ± SD.

 

Figure 3. Annual phenology of I. setosa group. (A,B) nutritive growth stage, (C) stem extraction stage,
(D) squaring period, (E) initial flowering period, (F) blooming period, (G) end flowering period,
(H,I) fruit period.
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Figure 4. The flowering process of I. setosa. (A) bracts, buds, (B) buds about to open, (C–E) perianths
are scattered one by one, (F) blooming flowers, (G–J) flowers gradually withered, (K,L) ovary enlarged.

3.2. Pollen Viability and Stigma Receptivity

Pollen viability is an important parameter for evaluating pollen quality. As shown in
Table 2, TTC (2, 3, 5-triphenyltetramlium chloride) staining experiments were conducted on
flowers collected on the day before bloom, the first day of bloom, the second day of bloom,
and the third day of bloom. The results show that I. setosa pollen was already highly viable
on the day before flowering (Figure 5). The first day of flowering had the highest viability
of (96 ± 2)%, which was the best time for pollination. Overall, the viability showed an
increasing and then decreasing trend (Table 2).

Table 2. Pollen viability and stigma receptive for I. setosa.

Time/d Pollen Viability/% Stigma Receptive

−1 91 ± 3 −
1 96 ± 2 +++
2 66 ± 9 ++
3 29 ± 7 +

“−” indicates that the stigma is not receptive, “+” indicates that the stigma is receptive, “++” indicates that the
stigma is highly receptive, “+++” indicates that the stigma is extremely receptive.

 

Figure 5. Pollen vitality of I. setosa.

Iris setosa stigmas were not receptive on the day before flowering (Figure 6 and Table 2).
The stigmas were most receptive on the first day of flowering. Thereafter, stigmatic
receptivity declined over time and could last until the third day of flowering, suggesting
that I. setosa exhibits dichogamy.
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Figure 6. Stigma receptivity of I. setosa.

3.3. Effect of Different Storage Temperatures on the Determination of Pollen Viability

As shown in Figure 7, the pollen viability rate of I. setosa pollen was 62% on the first day
at room temperature (25 ◦C), and pollen viability was lost after 24 h. The lifespan of I. setosa
pollen could be prolonged under the three preservation conditions of low-temperature
storage (4 ◦C), low-temperature freezing storage (−20 ◦C), and ultra-low-temperature
freezing storage (−80 ◦C), which could last approximately 24 h, at most, under room-
temperature storage conditions. The figure shows that the pollen viability rate of I. setosa
under cryopreservation, cryogenic freezing, and ultra-low-temperature freezing did not
significantly differ at the start of the preservation period but steadily decreased thereafter.
The viability rate of I. setosa pollen did not significantly differ from that of cryopreserved and
ultra-low-temperature-frozen pollen at the beginning of the storage period. The viability
rate of cryopreserved and cryofrozen pollen gradually decreased with the increase in the
storage time. Moreover, the viability rate of the pollen in cryopreserved and cryofrozen
conditions decreased more slowly than that under other storage conditions. The longest
storage time was 365 days, and the average pollen viability rate reached 74% in 365 d.
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Figure 7. Changes in pollen viability of I. setosa under different storage temperatures.

3.4. Outcrossing Index and Pollen-Ovule Ratio

The pendant petals of the corolla of I. setosa are the most enlarged part of the flower
and can provide a basis for measuring the size of the floral organ. The length and width
of the pendant petals were about 45 mm and 23 mm, respectively (Table 1), and were
larger than 6 mm. Additionally, the outcrossing index (OCI) was recorded as three, and the
stamen-first was recorded as one. The anthers were spatially separated from the stigma,
and the OCI was recorded as one. In summary, the OCI of I. setosa was five, indicating
that the sexual reproduction system of I. setosa was mainly outcrossing, with some self-
compatibility and need for pollinators. The average pollen number of single flowers of
I. setosa was 34,200, the average ovule number was 88, and the pollen-ovule ratio (P-O)
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was 388.6, indicating that the sexual breeding system of I. setosa is facultative selfing or
facultative xenogamy.

3.5. Nectar Characteristics

The calculation of the nectar volume and sugar content of I. setosa on the day of
flowering in the natural state showed that the nectar volume was 19.6 ± 4 μL. The sugar
concentration and content of the nectar were 17% and 3.5 ± 0.7 mg, respectively.

3.6. Fluorescence Microscopy of Pollen Tube Growth

The fluorescence observation of pollen tube growth was carried out on I. setosa after
natural flowering and I. setosa after artificial self-crossing and cross-pollination, respectively.
The results are shown in Figures 8–10.

The growth of pollen tubes after the natural flowering of I. setosa is shown in Figure 8.
When I. setosa naturally flowered for 0 d in the morning, pollen was observed on the stigma
of the pistil. At this time, the anthers dispersed the pollen completely, probably due to the
insects feeding on the nectar or pollen, transferring the pollen they carried to the stigma
(Figure 8A). By the afternoon, we observed pollen sprouting out of the pollen tubes and
growing in bundles (Figure 8B). Based on the previous section, I. setosa pollen was most
active on the day of flowering, prompting pollen tubes that continued to extend downward.
By 1 d of natural flowering in the morning and 1 d in the afternoon, the pollen tubes
reached the vicinity of the ovule. Subsequently, the pollen tubes entered the embryo sac to
complete fertilization (Figure 8C,D).

 

Figure 8. Fluorescence observation of pollen tube growth after natural flowering of I. setosa. (A) Nat-
ural flowering 0 d in the morning, (B) Natural flowering 0 d in the afternoon, (C) Natural flowering
1 d in the morning, (D) Natural flowering 1 d in the afternoon. PG: Pollen grain, PT: Pollen tube,
OU: Ovule.

The results of the fluorescence observation of pollen tube growth after self-pollination
demonstrate the following: After self-pollination for 1 h, I. setosa pollen sprouted pollen
tubes on the stigma (Figure 9B). At 2 h of self-pollination, the pollen tubes grew in bundles
(Figure 9C), and the pollen tube growth trajectory was irregular. A small number of pollen
tubes were observed sprouting and entangled with each other in clusters after 4 h of
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pollination (Figure 9D), and pollen tube anomalies appeared. Pollen tubes continued to
grow downward in the style (Figure 9E,F). A small number of pollen tubes appeared to be
bent and broken within the channel (Figure 9G,H). After 6 h of pollination, the pollen tubes
reached the ovule (Figure 9I). Hence, the pollen tubes took 4–6 h to cross the style, and no
substances that inhibit pollen tube growth were present in the style.

 

Figure 9. Fluorescence observation of pollen tube growth of I. setosa after artificial self-pollination.
(A) Pollen morphology under fluorescence, (B) Pollen germinated on the stigma at 1 h after pollination,
(C) Pollen tube bundle growth at 2 h after pollination, (D) Pollen tube folds intertwined at 4 h after
pollination, (E) Pollen tubes entered the style, (F) Pollen tube continues to grow downward, (G) Pollen
tube bending, (H) Pollen tube fracture, (I) Pollen tubes reaches the ovule at 6 h after pollination. PG:
Pollen grain, PT: Pollen tube, OU: Ovule.

The results of the fluorescence observation of pollen tube growth after cross-pollination
demonstrate the following: After cross-pollination for 1 h, I. setosa pollen sprouted pollen
tubes on the stigma (Figure 10B). At 2 h of cross-pollination, the pollen tubes grew in
bundles (Figure 10C). Numerous pollen tubes were observed to sprout and twist back and
forth with each other 4 h after pollination (Figure 10D), and the pollen tubes continued
to grow downward and appeared to bend (Figure 10E,F). The pollen tubes entered the
bottom of the style and reached the ovule 6 h after pollination (Figure 10G,H). After 8 h of
pollination, many pollen tubes wrapped around the ovule (Figure 10I).
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Figure 10. Fluorescence observation of pollen tube growth of I. setosa after artificial cross pollination.
(A) Pollen morphology under fluorescence, (B) Pollen germinated on the stigma at 1 h after pollination,
(C) Pollen tube bundle growth at 2 h after pollination, (D) Pollen tube folds intertwined at 4 h after
pollination, (E) Pollen tube continues to grow downward, (F) Pollen tube bending, (G) Pollen tube
reaches the bottom of the style, (H) Pollen tubes reaches the ovule at 6 h after pollination, (I) Pollen
tube wrapped around the ovule at 8 h after pollination. PG: Pollen grain, PT: Pollen tube, OU: Ovule.

In summary, the insect vector can pass I. setosa pollen to the pistil stigma under
natural conditions. However, pollen viability is an important prerequisite for pollen tube
growth. The pollen sprouts pollen tubes only when viable. These pollen tubes gradually
extend downward to the ovary ovule to complete fertilization. Then, the I. setosa plant
can bear fruits after natural flowering. In the fluorescence observation of I. setosa after
self-pollination, abnormal phenomena, such as pollen tube folding and twisting, breaking
and bending, and dried pollen grains not sprouting, were found, which made it difficult to
complete the fertilization of the pollen tubes and reduced the fruiting rate of I. setosa after
self-pollination.

3.7. Observations of Flower-Visiting Insect Species and Behavior

Photographs of flower-visiting insects were taken during the experimental observa-
tions. As shown in Figure 11, the species of flower-visiting insects were mainly Apis mellifera
(Figure 11A), Megachile sp. (Figure 11B), Syrphus corollae (Figure 11C), Episyrphus balteatus
(Figure 11D), Lasioglossum sp. (Figure 11E), and others. Small numbers of flower-visiting
insects such as Mordellidae (Figure 11F), ants, and beetles were also observed, alongside a
small number of spiders, which may be predators of flower-visiting insects.
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Figure 11. Flower visiting insect species. (A) Apis mellifera, (B) Megachile sp., (C) Syrphus corollae,
(D) Episyrphus balteatus, (E) Lasioglossum sp., (F) Mordellidae.

Insect flower-visiting behavior is related to the characteristics of the flower itself. Iris
is a typical insect-pollinated flower. The species, number, and frequency of insect visits
are important factors affecting the fruiting rate. Apoidea and Syrphidae were the main
pollinators of Iris. The peak time of flower visits was from 10:00 to 14:00 every day. We did
not observe any insects within flowers during morning observations on rainy or windy
days. The time taken by Apis mellifera to visit a flower in sunny weather ranged from 3 to
17 s. The number of visits to flowers in 30 min was 112 (Table 3). When the insects entered
the pollination channel between the stigma and the outer perianth to feed on pollen or to
suck up nectar in the corolla tube of the upper ovary, they carried a large amount of pollen
via the hairs on their thoraxes and abdomens, and a large amount of pollen mass adhered
to their legs (Figure 12A–C). The pollination was accomplished by touching the stigma of
another flower during the next pollen or nectar collection.

Lasioglossum sp. visited a flower for 8–28 s under clear weather conditions and visited
32 times in 30 min. They entered the pollination channel upside down when collecting
pollen, and the pollen grains adhered to their head and legs could touch the stigma for
pollination (Figure 12D).

Syrphus corollae visited a single flower for 45 s−1 min 7 s on a sunny day, and the
number of flower visits was 10 in 30 min. Their heads and antennae contacted the stigma
first when feeding on pollen. However, their legs did not adhere to the excess pollen mass
during the visits due to having fewer downy hairs on their bodies compared with bees
(Figure 12E,F).

Episyrphus balteatus visited a single flower for 24–32 s on a sunny day and six times in
30 min. They were small in size, and their heads touched the stigma first when burrowing
into the pollination channel to enter the flower to feed on pollen (Figure 12G).

Megachile sp. visited a single flower for 4–16 s on a sunny day, and the number of
flower visits was 106 in 30 min. Its mouthparts were longer than those of other honeybees
to suck nectar directly. The leaf-cutting bees entered the pollination channel directly from
the front side or by holding the styles on the reverse side during the flower visit. The
tomentum on their abdomens adhered to the pollen dispersed on the outer perianth during
frontal visits (Figure 12H,I). On the next visit to the flower, they entered the channel by
holding the style on the opposite side, and the pollen adhering to their abdomens contacted
the stigma for pollination. A few flower-visiting insects, such as flower fleas, ants, and
spiders, bit the corolla tube and sucked the nectar, but no pollen was collected.
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Table 3. Visitors and their behavior on flowers of I. setosa.

Visitor Visitation Rates Number (%) of Visits Visitor Type Reward

Apis mellifera 0.438 ± 0.080 a 112 (42) Pollinator Nectar, pollen
Megachile sp. 0.406 ± 0.087 a 106 (40) Pollinator Nectar, pollen

Lasioglossum sp. 0.154 ± 0.039 b 32 (12) Pollinator Nectar, pollen
Syrphus corollae 0.080 ± 0.058 c 10 (4) Pollen thief pollen

Episyrphus balteatus 0.066 ± 0.052 c 6 (2) Pollen thief pollen
Visits per flower per 30 min (mean ± SE). Different letters show significant differences at p < 0.05 (GLMs). Visits
of insect species percentage of the total visits is indicated in bracket.

 
Figure 12. Behaviour of flower-visiting insects. (A–C) The pollination process of Apis mellifera (p.
pollen ball), (D) Flower Visiting Behaviour of Lasioglossum sp. (p. pollen ball), (E,F) The pollination
process of Syrphus corollae, (G) Flower Visiting Behaviour of Episyrphus balteatus, (H,I) The pollination
process of Megachile sp. (p. pollen ball).

3.8. Artificial Pollination Test Results

As shown in Table 4, seven different pollination treatments had significant effects on
the fruit set, seed set, and seed number of I. setosa. The fruit set, seed set, and seed number
of T2 and T3 were all zero, indicating that I. setosa could not self-pollinate nor be subjected
to apomixis. The seed set in the T4 group was significantly different from that in T1. The
fruit set in T6 and T7 was in the range of 95% and 100%, respectively, and the number
of seeds and seed set were not significantly different from those in T1. Meanwhile, the
number of seeds and seed set were significantly lower in T5 than in T1, T6, and T7. The
results of T6 and T7 were similar, which indicated that the breeding system of I. setosa is
based on outcrossing with a certain degree of self-compatibility.
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Table 4. Results of Artificial Pollination Trial of I. setosa.

Pollination
Test

Number of
Flowers

Fruit Setting
Rate/%

Seed Number/%
Seed Setting

Rate/%

T1 20 90.00 85 ± 10 a 63 ± 11 a

T2 20 0.00 0 ± 0 d 0 ± 0 d

T3 20 0.00 0 ± 0 d 0 ± 0 d

T4 20 55.00 37 ± 23 c 29 ± 14 c

T5 20 85.00 59 ± 9 b 43 ± 10 b

T6 20 95.00 88 ± 5 a 63 ± 9 a

T7 20 100.00 86 ± 7 a 65 ± 9 a

T1 group natural pollination (CK), T2 group was directly bagged, T3 group emasculation and bagged, The
T4 group not bagged and emasculation, The T5 group of artificial self-inbreeding, The T6 group of artificial
geitonogamy, The T7 group of artificial xenogamy, Different lowercases in the same column indicate the significant
(p < 0.05) difference.

4. Discussion

Different species of Iris attract different pollinators because of their varying floral char-
acteristics. For example, Lapeirousia anceps (Iridaceae), which has a bimodal distribution of
floral tube lengths, and the long-proboscid fly Moegistorhynchus longirostris (Nemestrinidae),
its main pollinating insect, have a unimodal distribution of proboscis lengths and show
a preference for the long-tube phenotype [33]. The pollinators of Iris pumila showed a
higher affinity for flowers with taller flower stems and greater brightness and size of floral
organs [34]. In this study, Hymenoptera insects belonging to Apis mellifera, Megachile sp.,
and Lasioglossum sp. were common pollinators of Iris setosa. We did not observe any insects
within flowers during morning observations on rainy or windy days.

The base of the outer perianth often has appendages called barbs or nectar guides
with spots and veins, which can be used as visual signals for insects to land and enter the
pollination channel [35]. The thin bluish-purple stripes that extend outward on the outer
perianth of I. setosa are called nectar guides (Figure 1A). Most of the pollen is also dispersed
on the outer perianth after the anther of I. setosa opens to attract insects. The structure
and function of the outer perianth of I. setosa have been completely specialized during
its long-term evolution process, which may be an important means of attracting a wide
range of insect pollinators. It is hypothesized that there has been an adaptive evolutionary
process between the floral features of I. setosa and the corresponding flower-visiting insects,
which has led to a synergistic evolution.

The scent of the flower and the pollination rewards (pollen and nectar) attract dif-
ferent pollinating insects, which promotes pollination and cross-breeding and enhances
the fertility and resilience of the offspring so that they can reproduce successfully and
evolve over time [36]. The flower size and nectar guide could act as visual signals, where
large flowers/patches indicate larger tunnels (where pollinators shelter), increasing the
probability of fruits and seeds [37]. It was found that the nectaries of I. setosa were located
in the area between the base of the style and the inner part of the corolla tube. Insects
were most active on the day of flower opening, and the volume of nectar from a single
flower was 19.6 ± 4 μL. It was hypothesized that the nectaries of I. setosa secrete a large
amount of nectar on the day of flower opening, which attracts pollinators to visit the
flowers. The frequency of flower visits and the amount of pollination reward were the
main factors affecting the pollination efficiency [38]. Apis mellifera and Megachile sp. had
the highest number of visits within 30 min, which were significantly higher than the other
visiting insects, followed by Lasioglossum sp. During the observation, it was found that
the bees had a large amount of pollen mass adhered to their legs, and the downy hairs
on their bodies carried pollen. The amount of pollen adhered to the contact surface of
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the stigma was larger during the next visit to the flower, thus increasing the success rate
of pollination. Furthermore, the seed-setting rate of I. setosa was higher under natural
pollination conditions.

Spatial (herkogamy) or temporal (dichogamy) separation of sex organs is a mechanism
thought to limit self-pollination and promote cross-pollination [39]. Artificial pollination
and field observations have shown that only natural pollination or artificially pollinated
flowers produce capsules, whereas self-pollination after bagging does not produce fruit.
Flower reward (nectar and pollen) is the main means of attracting insects to plants [40]. The
seed set rate obtained from group T4 (not bagged and emasculated) was significantly lower
than that of group T1 (natural pollination). The main behavior of flower-visiting insects of I.
setosa was to feed on pollen and nectar during the period of flower visitation. When pollen
was not available as a pollinator’s reward, only nectar could be provided, and the number
of flower visits by Syrphus corollae and Episyrphus balteatus was almost zero. The higher
number of flower visits by Apoidea, and the presumed pollination reward of Syrphidae,
which was mainly pollen (Table 3), reduced the attraction of flower-visiting insects, thus
affecting the seed set. The number of seeds and the seed set did not significantly differ
between T1 (natural pollination), T6 (artificial geitonogamy), and T7 (artificial xenogamy),
which is presumed to be due to the high number of species and number of pollinators;
therefore, there is no pollinator restriction. According to the ratio of pollen ovules of I.
setosa and the OCI, the breeding systems were judged to be mainly outcrossing, with some
self-compatibility and need for pollinators, whereas other Mediterranean Iris species are
largely self-incompatible [41,42]. Therefore, domesticated I. setosa is suitable for planting in
natural habitats where insects are more abundant and widespread, easier for natural sexual
reproduction, avoids inbreeding decline, and is important for maintaining species diversity.

5. Conclusions

Iris setosa presents pollen and nectar as a reward to floral visitors. Successful sexual
reproduction indicates that Apis mellifera, Megachile sp., and Lasioglossum sp. are its major
effective pollinators due to the frequency of flower visits and the number of visits. The
unique flower morphology of I. setosa facilitates cross-pollination, which attracts a variety
of flower-visiting insects while also allowing it to adapt to these insects’ characteristics.
In the process of flower visits, these insects complete pollen transfer and promote the
effective reproduction of I. setosa. Moreover, the different pollination efficiencies and
methods of the different insects provide a genetic diversity of I. setosa populations, which
enables these populations to have stronger adaptive ability and survivability in the face of
environmental changes.
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Simple Summary: The study depicted the influences of atmospheric factors and photope-
riod on floral biology, plant–pollinator interactions, and the reproductive success of Turnera
ulmifolia. Temperature, light, humidity, and day length enhanced flowering intensity, pollen,
and ovule production, while flower longevity decreased with higher temperature, humidity,
and longer day length. Visitor traits positively correlated with flowering intensity and
were negatively influenced by rainfall. Effective pollinators were Amegilla zonata, Borbo
cinnara, Halictus acrocephalus, Nomia (Curvinomia) strigata, and Tetragonula iridipennis. They
pollinated the flowers via the ventral thorax and abdomen and also through their legs,
antennae, proboscis, and wings. Nomia (Curvinomia) strigata also employed pulsatory
pollination. The reproductive fitness of the plant species was highest in the hot summer
and lowest during the cold winter seasons.

Abstract: Reproductive traits and plant–pollinator interactions largely depend on seasonal
weather conditions, which are species-specific. Turnera ulmifolia is an ornamental plant
distributed worldwide. There is little information about plant species’ reproductive ecology
and environmental factors’ impact on it. Here, we aimed to examine the effects of seasonal
atmospheric factors (e.g., temperature, light, relative humidity, rainfall) and photoperiod
on flowering, interactions with flower visitors, and the reproductive success of Turnera
ulmifolia in West Bengal, India. Flowering intensity peaked in hot summers and dropped in
cold winters, correlating positively with temperature and humidity. Flower opening and
closing occurred earlier on hot days, while flower longevity increased in winter, showing a
negative correlation with temperature and humidity. Pollen and ovule production were
lower in cold weather, positively linked to temperature and humidity. The self-compatible
plant was moderately dependent on pollinators and had no pollination deficit in open
conditions. Visitor abundance, richness, and diversity varied season-wise, with higher
values during spring–summer. Based on pollinating agents, the plant showed multiple
pollination modes (e.g., melittophily, myophily, myrmecophily, and psychophily). Effective
pollinators were Amegilla zonata, Borbo cinnara, Halictus acrocephalus, Nomia (Curvinomia)
strigata, and Tetragonula iridipennis. The fruit set (%) did not differ significantly season-wise,
but the seed set remained higher in the hot days of summer than in cold winter. Therefore,
it can be concluded that atmospheric factors and photoperiod significantly impact floral
traits, plant–pollinator interactions, and plant reproduction.

Keywords: flowering intensity; flowering phenology; melittophily; myrmecophily;
psychophily; pulsatory pollination
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1. Introduction

Flowering is an essential plant life cycle phase that strongly affects plant fitness [1,2].
Flowering traits (e.g., flowering phenology and floral morphological and functional traits)
are crucial characteristics that determine the reproductive efficacy of plants and are es-
sential for assessing biodiversity threats under changing environmental conditions [3–5].
Plants display various flowering patterns (e.g., timing, duration, and frequency) [6,7].
Flowering patterns determine the number of outcrossing, mates, near-neighbour matings,
and reproductive output [8,9].

Several aspects of floral biology, including pollen vitality and stigma receptivity, play a
crucial role in the reproductive success of a population and are influenced by the timing of
flowering [10,11]. The floral traits (including flower longevity, pollen viability, and stigma
receptivity) and the overlap periods of male and female functional traits (pollen viability
and stigma receptivity) vary across various flowering times and habitats [12,13]. Studies
of these floral traits are fundamental prerequisites for understanding the reproductive
constraints that affect a given population.

In addition to endogenous genetic components, flowering is determined by various
environmental factors, such as day length, temperature, light intensity, moisture, and
stress [14,15]. Photoperiod (i.e., day length) is a prime controlling factor for flower induction
for many plants [16,17]. The light intensity can affect photosynthesis, phytohormone
production, and plant growth [18,19], influencing many plants’ flowering [20,21]. Flowering
may be reduced or delayed as irradiance is reduced [22]. Supplementary light irradiance
can differentially influence flowering depending on the plant species and light quality.
Some researchers (e.g., Armitage and Tsujita [23]) found that supplemental high-pressure
sodium (HPS) lighting hastened flowering in some plants compared with plants grown
under natural daylight conditions. Air temperature influences flowering through several
modes of action. Here, it is essential to distinguish between vernalisation (i.e., the prolonged
cold exposure needed for floral transition in many plants) and ambient temperature (i.e., the
non-stressful temperature range for a species). In plants, ambient temperature fluctuations
impact various physiological and developmental responses—including pigment formation,
cell organelle development, net CO2 assimilation rates, transpiration, flowering, and seed
yield [24–26]. Atmospheric humidity also affects floral traits, including anther dehiscence
and stigma receptivity [27]. Rainfall significantly affects flowering phenology and floral
resource availability for visitors [28,29]. Barrett and Brown [28] showed that absent or
delayed rain altered phenological events and resulted in the decreased production of
flowers.

Flower-visiting insects are another factor that constitutes one of the most critical
interactions for plant reproduction. Plant–pollinator interactions highly depend on flo-
ral traits [30,31] and environmental factors [32]. This interaction may drive the evolu-
tion of flowering time by influencing competition for pollinators, potentially favouring
asynchronous flowering to reduce competition or encouraging synchronous flowering
to enhance pollinator efficiency and service quality [1,33]. Moreover, flowering time and
synchronisation shifts are linked to the regularity and behavioural patterns of insect visits
to flowers, with insect activity patterns typically aligning closely with the flowering phe-
nology of related plant species [2,34]. Changes in the behaviour patterns of flower-visiting
insects severely impact plant reproduction [35]. Investigating the relationships among
flowering phenology, environmental factors, and insect visitors can offer valuable insights
into the selective pressures shaping the evolution of flowering traits.

Turnera ulmifolia L. (Passifloraceae) is a polymorphic complex native to the New
World tropics, composed of heterostylous and homostylous forms [36]. The majority
of heterostylous varieties of Turnera ulmifolia are ruderal weeds. In contrast, varieties
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angustifolia, elegans, and intermedia are also used as garden ornamentals, and man has
played a significant role in expanding their ranges. The plant has many pharmaceutical
activities, including anti-microbial [37], antioxidant [38], anti-inflammatory [39], and anti-
ulcerogenic [39]. However, little information is available about its floral and pollination
biology (e.g., Torres-Hernández et al. [40]). In Asian countries, there are no specific records
about its reproductive fates. Knowledge of the reproductive biology of a plant species
is necessary to manage its population. Therefore, research on floral biology and plant-
pollinator interactions on Turnera ulmifolia is demanding.

Here, we aimed to provide new information about the reproductive biology of Turnera
ulmifolia and the impacts of environmental factors on floral biology, plant-pollinator inter-
actions, and plant reproduction. The following aspects were investigated: (a) floral biology,
(b) floral visitors and pollinators, and (c) impacts of seasonal atmospheric variables on
plant reproduction. We hypothesised that seasonal atmospheric factors and photoperiod
might affect the floral biology of Turnera ulmifolia and thereby influence the plant-pollinator
interactions and reproductive fitness of the plant species.

2. Materials and Methods

2.1. Study Area and Plant Species

We carried out the present works in Bolpur (23.67◦ N and 87.72◦ E) of the Birbhum
district, West Bengal, India. Some flower samples were also collected from the Vidyasagar
University campus’s surrounding vegetation (Midnapore, Paschim Medinipur, West Ben-
gal; 22.43◦ N and 87.30◦ E) for the microscopic study of flower morphological traits. The
study area of Bolpur characterises medium-density vegetation [41]. The majority of regions
cover human habitats. The study zone exhibits hot summer (April–June, day tempera-
tures at around 35–42 ◦C), following monsoon (July–August, annual rainfall 1479.9 mm),
pleasant autumn (September–mid-October), late autumn (mid-October–mid-November),
cold winter (mid-November–January, day temperatures at around 7–15 ◦C), and spring
(February–March).

The present works were conducted on Turnera ulmifolia L. var. angustifolia (Passiflo-
raceae) during 2022–2023. The plant is native to the New World tropics and distributed
worldwide. It is a small shrub that grows erect on roadside walls, cement blocks, and rocks.
This homostylous variety is also cultivated as an ornamental.

2.2. Environmental Factors

We recorded seasonal atmospheric factors (temperature, light intensity, relative hu-
midity, and rainfall) and photoperiod (i.e., day length) within the study area using handy
instruments (thermometer, photometer, and hygrometer, for recording temperature, light
intensity, and relative humidity, respectively). Data were taken throughout the day, and av-
erage values on a sampling day were considered. On a sampling day, rainfall was recorded
as an ordinal number (0—no rainfall, 1—very little rainfall, 2—little rainfall, 3—moderate
rainfall, 4—heavy rainfall, and 5—very heavy rainfall).

2.3. Floral Biology

Flowering phenological data (flowering frequency, time, flowering pattern) were
recorded (according to Gentry [6] and Hopkins [42]). The flowering intensity was measured
as the number of freshly opened flowers per day per individual. For this, we selected
old, medium, and young individuals (but reached the reproductive phase). We recorded
flower opening and closing times on a sampling day (n = 3 flowers per sampling day;
16 sampling days per season). Observations were conducted at one-hour intervals. Then,
flower longevity (time between flower opening and closing) was estimated for each season.
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Flower morphology was studied with the help of microscopes (compound light micro-
scope: Primo Star, Zeiss; stereo microscope: Stemi 508, Zeiss; scanning electron microscope:
Merlin, Zeiss). The methodologies for the SEM study are given in Table S1. All anthers
of a flower were taken into a vial before anther dehiscence in the early morning (one
flower on a sampling day) to determine pollen grain per flower and preserved in 70%
ethanol. During counting pollen grains, anthers were crushed with a glass rod to release
the pollen. After shaking, 10 μL of pollen solution was taken on a glass slide, covered with
a square-shaped cover slip, and the pollen grains were counted at 10× magnification with
a compound light microscope. Then, we estimated the number of pollen grains per flower
by considering the total volume of pollen solution. We studied pollen morphology using
light microscopy and scanning electron microscopy (see Table S1). Three flowers (one per
individual) were randomly chosen on a sampling day (16 sampling days per season) to
determine ovule numbers. The ovaries were dissected with a scalpel, placed in a drop of
water on glass slides, and slightly pressed to spread out. Ovules were counted under a
dissecting magnifying glass.

To assess pollen viability, we used two staining techniques: (i) 2,3,5-triphenyl tetra-
zolium chloride (TTC) [43] and (ii) iodine potassium iodide (IKI) [44]. A total of 1% TTC
(0.1 g TTC and 6 g sucrose dissolved in 10 mL distilled water) was prepared, and a drop of
the mixture was taken on a clean glass slide. Pollen grains (fresh pollen collected from a
flower during opening, one sample per sampling day) were added to this mixture with a
brush and covered with a coverslip. After two hours of incubation, the staining of pollen
grains was observed under a compound microscope (counted ≥100 pollen grains). The
appearance of a red colour indicated viability, and other pollens (i.e., light red, no change,
black, or yellow) were regarded as non-viable. The second staining method dissolved 0.1 g
potassium iodide and 0.05 g iodine in 10 mL distilled water for the IKI solution. Pollen
grains were added to this solution, and after five minutes of incubation, pollen grains were
observed under a compound microscope. Pollen grains stained dark (dark red or brown
colour) were considered viable.

Pollen germinability was tested by in vitro germination with an agarose–sucrose
medium [45]. We used 10% sucrose, 0.5% agar, and 5 ppm boric acid in the medium. A
small amount of medium was taken into a Petri dish, and bulk fresh pollen grains were
added to the medium and incubated for 24 h at 25 ◦C in darkness. Then, pollens with
medium were taken on a slide and observed under a compound microscope (counted
≥100 pollen grains). We considered pollen as germinated if the pollen tube length was
greater than the diameter of the pollen grains.

Stigma receptivity was checked by using hydrogen peroxide [46]. Fresh flowers (one
per time interval of 1 h covering throughout flower longevity) were collected. Stigmas
were excised from the flowers using razor blades and placed on a glass slide. Then, a
drop of H2O2 solution was added. After 10–15 s, stigma receptivity was observed under
a dissecting microscope. The appearance of many bubbles indicates receptivity. More
bubbles indicated stronger stigma receptivity.

2.4. Mating System and Plant Reproduction

To determine the mating system, we carried out five pollination treatments: (i) open
pollination, (ii) spontaneous auto-pollination, (iii) manual selfing, (iv) manual crossing,
and (v) supplementary pollination. We selected flower buds in the late afternoon, and they
were marked. We bagged the selected buds (for auto-pollination and manual pollination
treatments) with nylon netting until the senescence of floral parts. We utilised 40 flowers
for each treatment during summer, except open pollination, which we conducted for
each season with 40 flowers. If butterfly larvae damaged selected flowers, we replaced
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them by selecting new flower buds for that particular treatment. For manual selfing, we
uncovered the net at 7.00–8.00 h, added pollen grains to the stigmas of the same flowers, and
immediately re-bagged them. Buds selected for cross-pollination were emasculated before
anther dehiscence. For the manual crossing, pollen grains were taken from the flowers of
different individuals. For supplementary pollination, we manually added pollen grains
(from the same and other individuals) to the stigmas in addition to the routine pollination
service provided by native pollinators. After 10 days, we recorded each treatment’s fruit
and seed sets.

We measured the index of self-incompatibility (ISI) according to Raduski et al. [47] as
follows:

ISI = 1 − Seed set in self pollination
Seed set in cross pollination

Based on the ISI value, plant species can be placed among the three categories:
(i) self-incompatible (ISI ≥ 0.8), (ii) partial self-incompatible (0.2 < ISI < 0.8), and (iii) self-
compatible (ISI ≤ 0.2).

We calculated the index of dependency of plants on pollinators (IDP) according to
Layek et al. [48] as follows:

IDP = 1 − Re
Rs

Re is the reproductive success (fruit set or seed set; here, we considered seed set per
flower) in pollinator exclusion treatment, and Rs means reproductive success in supple-
mentary pollination treatment. The value of IDP ranges from 0 to 1, and a higher value
indicates a higher dependency on pollinators.

To assess whether plant species experience pollen transfer limitations under open field
conditions, we calculated the ’coefficient of pollination deficit (D)’ following the approach
described by Layek et al. [48]:

D = 1 − Ro
Rs

Ro denotes reproductive success (here, seed set per flower) in open pollination. The
value of D ranges from 0 to 1, and a higher value (D ≥ 0.1) indicates a significant pollination
deficit.

2.5. Floral Visitors

We observed the visitors at four time slots (i.e., 6.00–8.00 h, 8.00–10.00 h, 10.00–12.00 h,
and 12.00–14.00 h) covering the flower longevity. Each survey (i.e., plant-based sampling)
was continued for 5 min on an individual plant. On a sampling day, we conducted one
observation per time slot (n = 4 observations per day; N = 4 × 16 × 6, 16 sampling days
per season, 6 seasons). The encountered visitors were identified in the field or captured for
later identification.

We estimated the abundance (i.e., the number of individuals of a species/plant/5 min)
of each flower-visiting species. For each flower-visiting species, we calculated the relative
abundance (RA) as follows (Layek et al. [31]):

RA (%) =
ni
N

× 100

The variable ni represents the number of individuals recorded for an insect species i,
while N denotes the total number of individuals recorded across all flower-visiting insect
species.
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The richness of the flower-visiting community was estimated using the index (D) of
Margalef [49] as follows:

D =
S − 1
lnN

In this context, S represents the number of flower-visiting species, and N indicates the
total number of individuals observed. The natural logarithm is expressed as ln. The value
of D was calculated for each sample, where one sample corresponds to a single survey (a
5 min observation on an individual plant).

The diversity of flower visitors was determined using the diversity index (H’) of
Shannon–Weaver [50] as follows:

H′ = −
n

∑
i
(pi.lnpi)

Here, pi represents the proportion of each visitor species within the sample (pi = ni/N,
where ni is the number of individuals recorded for species i, and N is the total number of
individuals recorded in the sample).

We recorded the number of visits that received a flower per 5 min duration. Data were
taken for all seasons covering all four time slots (N = 2 × 4 × 16 × 6 = 768 observations;
n = 2 observations/time slot/sampling day, 16 sampling days per season). We documented
the types of floral resources collected by the visitors, including nectar, pollen grains, and
floral tissues. The flower visitation rate (VR), or foraging rate, estimated as the number of
flowers visited per minute, was recorded with up to 20 observations per insect species. For
the visitors with a low visitation rate (e.g., Tetragonula iridipennis), we counted the number
of flowers visited for 5 min. Then, we converted it for a unit of time (i.e., per minute). The
flower handling time (i.e., the duration spent by a visitor on a single flower on a visit) was
also measured. For abundant species, N = 20 × 4 = 80 observations were conducted per
species across all time slots.

2.6. Pollinating Strategies of Visitors

We documented flower visitation events and categorised them as either legitimate
or illegitimate. A visit was classified as legitimate if the visitor made contact with the
stigmatic surface; otherwise, it was deemed illegitimate. For legitimate visitors, we ob-
served the different modes of pollination: (i) nototribic (pollen deposited on the dorsal
side of the visitor), (ii) sternotribic (pollen deposited on the ventral side of the visitor),
(iii) noto-sternotribic (pollen deposited on both dorsal and ventral sides of the visitor), and
(iv) appendages mediated (i.e., through delicate parts like legs, antennae, proboscis, etc.).

We estimate the single-visit pollination efficiency of some dominant visitors. For this
purpose, we bagged matured flower buds in the late afternoon (n = 10 flower buds per
observation day; 20 observation days). The next morning, we uncovered the virgin flowers,
and after receiving a visit, we re-bagged them immediately and tagged them with the
visitor’s specifications. After 10 days, we recorded fruit and seed sets. Then, we estimated
the single-visit pollination efficiency index (PEi) (according to Spears [51]) of dominant
visitors as follows:

PEi =
Pi − Z
U − Z

Pi represents the average number of seed sets per flower in the single-visit experiment
for the visitor species i. Z denotes the average number of seed sets in the pollinator
exclusion treatment. U indicates the average number of seed sets resulting from open
pollination, where visitation is unrestricted.
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We determined a combined parameter, the pollinator importance (PI), for the dominant
flower visitors based on the methodology outlined by Layek et al. [52]. We considered the
numeric values of relative abundance (RA), visitation rate (VR), and single-visit pollination
efficiency index (PEi). As flowers are hermaphrodite, the flower sex selection index (FSI)
would be 1, and we ignored FSI for the calculation of PI by multiplying the numeric values.
Here, PI was calculated as follows:

PI = RA × VR × PEi

A flower visitor species with a high PI value was considered an effective pollinator for
the plant species.

2.7. Statistical Analysis

The data were analysed descriptively to calculate the mean and standard deviation.
The Shapiro–Wilk test was employed to assess the normality of the data distribution. For
data that were not normally distributed, the non-parametric Kruskal–Wallis H test was
applied (e.g., floral display size, flower longevity, ovule and pollen production, seed set,
abundance, richness, diversity of visitors, number of visits per flower, flower visitation rate,
and handling time). When the p-value was significant (p ≤ 0.05), post hoc analyses were
conducted using Dunn’s test following the Kruskal–Wallis test. Spearman’s rank correlation
coefficient (Spearman’s rho) was used to examine the relationships between environmental
factors (e.g., temperature, light, relative humidity, rainfall, and photoperiod) and floral
traits, reproductive success, and flower visitors. Statistical analyses were performed using
SPSS version 25.0 and R (R Core Team 2022).

3. Results

3.1. Floral Biology

Turnera ulmifolia bloomed throughout the years and showed a steady-state flower-
ing pattern. All individuals (that reached the reproductive phase) were flowering syn-
chronously. Flowering intensity varied season-wise (Kruskal–Wallis H test: χ2 = 52.78,
df = 5, p < 0.001), with higher during summer–monsoon and lower in winter (Table 1).
The flowering intensity was highly positively correlated with temperature (Spearman’s
rho = 0.86, p < 0.001, n = 96), humidity (Spearman’s rho = 0.43, p < 0.001, n = 96), and day
length (Spearman’s rho = 0.63, p < 0.001, n = 96) (Figure 1). Flower opening time varied
season-wise. In warmer seasons (e.g., summer and monsoon), flowers opened earlier
(5.00–6.00 h) than in the cold winter (8.00–9.00 h). Flower longevity also varied season-wise
(Kruskal–Wallis H test: χ2 = 263.52, df = 5, p < 0.001). Comparatively, a higher flower
longevity was recorded during cold winter (8.25 ± 0.45 h). Flower longevity was negatively
correlated with temperature, humidity, and day length.

Solitary flowers were borne at the tip of a lateral branch (Figure 2). Calyx had five
sepals, semi-gamosepalous (partially fused at their lower parts), a light green dorsal surface
and light yellow on the ventral side. Each sepal was lanceolate (22.25 ± 1.21 mm long
and 5.12 ± 0.67 mm wide), and the outer surface was hairy. The hairs were narrow and
elongated (256.53 ± 97.26 μm long and 18.34 ± 2.27 μm wide at the base) and with a
beaded surface (Figure 3). The corolla had five petals, polypetalous and yellow. The upper
part was broad (18.60 ± 1.50 mm wide), and the base was very narrow. Five stamens were
free; the filaments were 15.40 ± 1.19 mm long; anthers were 4.60 ± 0.60 mm, basifixed and
dehisced longitudinally. Carpels were three; styles were free, 14.80 ± 0.83 mm long, and
light yellow, each terminated with fibrous stigmas. The ovary was dome-shaped, with a
greenish and hairy surface. There were many ovules within an ovary, and placentation
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was the parietal type. The palynomorphic study showed the pollen grains were monad,
spheroidal (44.46 μm in diameter), amb triangular, trizonocolporate, exine about 2.5 μm
thick, and exine ornamentation was of the reticulate type (Figure 4).

Table 1. Season-wise floral traits of Turnera ulmifolia in West Bengal.

Season
Flowering
Intensity

Flower Opening
Time

Flower Closing
Time

Flower
Longevity

Pollen/Flower Ovule/Flower

Summer 8.96 a ± 5.30 5.00–6.00 h 10.00–11.00 h 4.88 b ± 0.34 14,075 a ± 323.93 60.96 a ± 11.07
Monsoon 8.48 a ± 5.31 5.00–6.00 h 10.00–11.00 h 5.00 b ± 0 14,133 a ± 370.78 61.60 a ± 13.69
Autumn 8.17 a ± 5.17 5.00–6.00 h 11.00–12.00 h 6.31 ab ± 0.48 13,685.42 ab ± 179.13 52.54 ab ± 6.26

Late autumn 7.48 ab ± 4.92 6.00–7.00 h 13.00–14.00 h 7.38 a ± 0.50 13,358.76 ab ± 292.26 51.79 ab ± 7.56
Winter 2.31 b ± 1.67 8.00–9.00 h 15.00–17.00 h 8.25 a ± 0.45 11,389.62 b ± 497.49 44.42 b ± 7.42
Spring 7.54 ab ± 4.95 7.00–8.00 h 12.00–13.00 h 5.25 b ± 0.45 13,918.31 a ± 294.78 51.46 ab ± 8.82

Throughout year 7.16 ab ± 5.20 5.00–9.00 h 10.00–17.00 6.18 ab ± 1.34 13,426.68 ab ± 1008.01 53.80 ab ± 11.12

Statistical
analysis

χ2 = 52.78,
df = 5, p < 0.001

- - χ2 = 263.52,
df = 5, p < 0.001

χ2 = 67.96, df = 5,
p < 0.001

χ2 = 79.64, df = 5,
p < 0.001

Values are given in mean ± standard deviation. Different superscript letters within a column indicate significant
differences (Dunn’s post hoc test at 0.05% level).

Figure 1. Correlation matrix derived from atmospheric factors and flower traits. DL: day length, FI:
flowering intensity, FL: flower longevity, LTH: light intensity, OFR: ovules per flower, PFR: pollens
per flower, RH: relative humidity, TEMP: temperature.

 
Figure 2. A flowering twig of Turnera ulmifolia.
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Figure 3. Flower parts. (A) Flower, (B) calyx, (C,D) sepal, (E,F) a part of sepal showing hairs, (G) part
of a hair, (H,I) petal, (J) stamens, (K) a portion of stamen showing basifixed anther, (L) dehisced
anther showing pollen grains, (M) carpels, (N) ovary, (O) t.s. of ovary showing placentation, (P) hairs
of ovary surface, and (Q) stigmatic surface.

Pollen production (number of pollen grains) per flower was 13,426.68 ± 1008.01
(mean ± SD, n = 96), and ovule per flower was 53.80 ± 11.12 (mean ± SD, n = 288). The
number of pollens and ovules varied seasonally (Pollen: χ2 = 67.96, df = 5, p < 0.001;
ovule: χ2 = 79.64, df = 5, p < 0.001). Pollen and ovule production remained higher during
summer–monsoon and lower during winter (Table 1). The ovule-to-pollen ratio was
1:249.57. Pollen and ovule production positively correlated with temperature (pollen:
Spearman’s rho = 0.81; ovule: Spearman’s rho = 0.75; p < 0.001, n = 96).
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Figure 4. Pollen grains of Turnera ulmifolia. (A,B) light microscopy images, (A) polar view, (B) equato-
rial view. (C–F) scanning electron microscopy images, (C) polar view, (D,E) equatorial view, (F) an
enlarged view showing exine ornamentations.

Anther dehiscence started before the completion of the flower opening. Anther
dehisced by a longitudinal slit on the theca in each locule. At opening time, pollen viability
was 77.56 ± 6.08% for the TTC test and 84.49 ± 6.33% for the IKI test (Table S2). Pollen
germinability was 72.56 ± 6.17%. Pollen viability and germinability did not vary according
to season. At the time of anther dehiscence, the stigma remained non-receptive, and it
became receptive during the completion of the opening of a flower. Stigma remained
receptive throughout the anthesis time (i.e., in opened flowers). Peak receptivity was
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during 8.00–10.00 h. The duration of stigma receptivity varied season-wise (χ2 = 84.32,
df = 5, p < 0.001), with higher during winter (9.44 ± 0.51 h) and lower in summer (5.88
± 0.34) (Figure 5 showing viable pollens and receptive stigma). The duration of stigma
receptivity negatively correlated with temperature, relative humidity, and day length
(temperature: Spearman’s rho = –0.67; RH: Spearman’s rho = –0.47; day length: Spearman’s
rho = –0.67; p < 0.001, n = 96) and positively correlated with flower longevity (Spearman’s
rho = 0.98; p < 0.001, n = 96).

 
Figure 5. (A) Pollens stained with TTC, (B) pollens stained with IKI, (C) a germinated pollen, and
(D) stigma showing receptivity.

3.2. Mating System and Reproduction

All five pollination treatments resulted in fruit and seed sets (Table S3). Fruit set
was very high (i.e., 100%, excluding damaged flowers). Seed sets in selfing and crossing
treatments were almost similar. Therefore, the plant species was fully self-compatible
(index of self-compatibility, ISI = 0.02). The seed set in the pollinator exclusion treatment
was comparatively lower than supplementary pollination treatments. The plant species
showed moderate dependency on pollinators (IDP = 0.34). The value of the coefficient of
the pollination deficit was meagre (D = 0.07), indicating there was no pollination limitation
of the plant species in an open system.
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The reproductive success (in terms of seed set) largely varied according to season
(χ2 = 31.14, df = 5, p < 0.001). In summer, the plant had a greater seed set (54.72 ± 14.96
seeds/flower) and lower during winter (39.98 ± 8.92 seeds/flower) (Figure 6).

Figure 6. Season-wise seed set (number of seeds) per flower. Values are given in mean ± standard
deviation. Different letters indicate significant differences (Dunn’s post hoc test, p < 0.05).

3.3. Floral Visitors

A total of 27 insect species were documented as floral visitors of Turnera ulmifolia
in West Bengal, India (Table 2, Figures 7 and 8). The most represented insect orders
were Hymenoptera (15 species), followed by Lepidoptera (7 species), Diptera (3 species),
and Coleoptera (2 species). Among the hymenopteran members, most belong to Apidae
(8 species), followed by Formicidae (4 species of ants) and Halictidae (3 species). The
butterflies belong to the insect families Hesperiidae (3 species), Lycaenidae (1 species),
Nymphalidae (1 species), and Pieridae (2 species).

Table 2. Flower visitors of Turnera ulmifolia in West Bengal, India.

Floral Visitors Abundance
Relative

Abundance (%)
Flower Visitation

Rate
Flower Handling

Time
Floral Resources

Coleoptera
Aulacophora foveicollis <0.01 0.21 - - FT
Hycleus phalarantha <0.01 0.14 - - FT

Diptera
Armigeres subalbatus 0.02 ± 0.15 0.64 - - N
Episyrphus balteatus 0.05 ± 0.22 1.41 2.95 ± 1.00 13.12 ± 14.28 P
Helophilus peregrinus 0.04 ± 0.20 1.13 - - P

Hymenoptera
Amegilla zonata 0.22 ± 0.58 5.87 4.30 ± 1.56 6.27 ± 3.19 N + P
Apis cerana 0.06 ± 0.24 1.56 3.10 ± 0.91 13.50 ± 13.66 N + P
Apis dorsata 0.05 ± 0.22 1.34 3.70 ± 1.03 10.52 ± 5.23 N + P
Apis florea 0.03 ± 0.17 0.78 3.35 ± 0.93 12.26 ± 10.31 N + P
Braunsapis mixta 0.05 ± 0.24 1.34 1.16 ± 0.30 46.24 ± 16.29 N + P
Camponotus parius 0.14 ± 0.47 3.68 - - FT, N + P
Ceratina compacta 0.05 ± 0.22 1.27 - - N + P
Crematogaster laestrygon 0.14 ± 0.53 3.82 - - FT, N + P
Diacamma indicum 0.05 ± 0.26 1.41 - - FT, N + P
Halictus acrocephalus 0.48 ± 0.94 13.08 1.46 ± 0.28 39.43 ± 14.25 N + P
Lasioglossum cavernifrons 0.28 ± 0.66 7.50 1.29 ± 0.32 42.18 ± 14.62 N + P
Myrmicaria brunnea 0.13 ± 0.47 3.61 - - FT, N + P
Nomia strigata 0.43 ± 0.83 11.60 1.88 ± 0.43 36.24 ± 12.35 N + P
Tetragonula iridipennis 0.79 ± 1.28 21.57 0.71 ± 0.28 57.18 ± 26.44 N + P
Thyreus nitidulus 0.03 ± 0.16 0.71 3.75 ± 1.12 8.37 ± 3.71 N
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Table 2. Cont.

Floral Visitors Abundance
Relative

Abundance (%)
Flower Visitation

Rate
Flower Handling

Time
Floral Resources

Lepidoptera
Acraea terpsicore 0.05 ± 0.28 1.41 - - FT
Borbo cinnara 0.39 ± 0.82 10.61 4.20 ± 1.47 13.47 ± 11.76 N
Catochrysops panormus 0.03 ± 0.17 0.78 1.40 ± 1.12 21.30 ± 18.29 N
Catopsilia pomona 0.02 ± 0.14 0.64 2.15 ± 1.30 8.74 ± 7.56 N
Eurema hecabe 0.02 ± 0.17 0.78 1.72 ± 1.43 17.61 ± 14.82 N
Pelopidas mathias 0.09 ± 0.34 2.40 4.05 ± 1.39 14.93 ± 12.25 N
Suastus gremius 0.03 ± 0.16 0.71 2.30 ± 2.11 18.46 ± 15.03 N

FT: floral tissue, N: nectar, P: pollen. Values are given as mean ± standard deviation.

 
Figure 7. Floral visitors of Turnera ulmifolia in West Bengal. (A) Acraea terpsicore, (B) Apis cerana,
(C) Apis dorsata, (D) Apis florea, (E) Armigeres subalbatus, (F) Aulacophora foveicollis, (G) Borbo cinnara,
(H) Braunsapis mixta, (I) Camponotus parius, (J) Catochrysops panormus, (K) Catopsilia pumona, and (L)
Crematogastor laestrygon. Scale bars = 10 mm.
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Figure 8. Floral visitors of Turnera ulmifolia in West Bengal. (A) Diacamma indicum, (B) Episyrphus
balteatus, (C) Halictus acrocephalus, (D) Helophilus peregrinus, (E) Hycleus phalarantha, (F) Lasioglossum
cavernifrons, (G) Myrmicaria brunnea, (H) Nomia (Curvinomia) strigata, (I) Pelopidas mathias, (J) Saustas
gremias, (K) Tetragonula iridipennis, and (L) Thyreus nitidulus. Scale bars = 10 mm.

Visitors’ abundance, richness, and diversity varied seasonally (Table 3). The highest
abundance, richness, and diversity were recorded during summer (abundance: 4.89 ± 2.97
visitors/5 min/plant; richness, D = 1.13 ± 0.66; the Shannon–Weaver diversity index,
H′ = 0.87 ± 0.52) and the lowest in winter (abundance: 1.94 ± 1.71 visitors/5 min/plant;
richness, D = 0.45 ± 0.60; Diversity H′ = 0.32 ± 0.43). The visitor abundance positively
correlated with flowering intensity (Spearman’s rho = 0.71, p < 0.001, n = 96), temperature
(Spearman’s rho = 0.60, p < 0.001, n = 96), and light (Spearman’s rho = 0.36, p < 0.001, n = 96)
while negatively correlated with rainfall (Spearman’s rho = −0.42, p < 0.001, n = 96). Visitor
traits (abundance, richness, and diversity) significantly varied daytime-wise (Table S4).
The abundance, richness, and diversity remained higher during 8.00–10.00 h and lower at
12.00–14.00 h.
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Table 3. Abundance (number of visitors/individual/5 min), richness (Margalef’s index D), and
diversity (index of Shannon–Weaver, H’) of floral visitors on Turnera ulmifolia in West Bengal.

Season Abundance Richness Diversity

Summer 4.89 a ± 2.97 1.13 a ± 0.66 0.87 a ± 0.52
Monsoon 3.23 b ± 2.78 0.74 b ± 0.70 0.56 b ± 0.53
Autumn 4.06 ab ± 2.93 0.91 ab ± 0.64 0.71 ab ± 0.52
Late autumn 3.94 ab ± 2.36 0.96 ab ± 0.62 0.72 ab ± 0.48
Winter 1.94 c ± 1.71 0.45 c ± 0.60 0.32 c ± 0.43
Spring 4.03 ab ± 2.54 0.94 ab ± 0.66 0.73 ab ± 0.51

Throughout year 3.68 ± 2.54 0.85 ± 0.68 0.65 ± 0.52

Statistical analysis χ2 = 44.10, df = 5,
p < 0.001

χ2 = 36.42, df = 5,
p < 0.001

χ2 = 42.49, df = 5,
p < 0.001

Values are given as mean ± standard deviation. Different superscript letters within a column indicate significant
differences (Dunn’s post hoc test, p < 0.05).

The abundant flower-visiting species were Amegilla zonata (abundance = 0.22 ± 0.58 in-
dividuals/plant/5 min; relative abundance = 5.87%), Borbo cinnara (abundance = 0.39 ± 0.82
individuals/plant/5 min; relative abundance = 10.61%), Halictus acrocephalus (abundance
= 0.48 ± 0.94 individuals/plant/5 min; relative abundance = 13.08%), Lasioglossum cav-
ernifrons (abundance = 0.28 ± 0.66 individuals/plant/5 min; relative abundance = 7.50%),
Nomia (Curvinomia) strigata (abundance = 0.43 ± 0.83 individuals/plant/5 min; relative
abundance = 11.60%), and Tetragonula iridipennis (abundance = 0.79 ± 1.28 individu-
als/plant/5 min; relative abundance = 21.57%) (Table 2).

The number of visits received by a flower per unit of time differed among the seasons
(χ2 = 46.98, df = 5, p < 0.001). Comparatively, a higher number of visits were received
during summer (2.02 ± 2.12 visits/flower/5 min) and a lower number of visits during
winter (0.81 ± 0.95 visits/flower/5 min) (Figure 9). Daytime-wise, the maximum number
of visits received was during 8–10 h, and the lowest number was during the afternoon
(Table S5).

Figure 9. Violin plot showing the season-wise number of visits received by a flower. Different letters
indicate significant differences (Dunn’s post hoc test, p < 0.05).
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3.4. Pollination Strategies

All flower-visiting species legitimately visited Turnera ulmifolia flowers (except the
larvae of the tawny castor butterfly (Acraea terpsichore) and beetles) (Table 4). Butterflies
have transferred pollens on stigma through the ventral side of the thorax and abdomen
and also through their delicate body parts, including legs, antennae, proboscis, and wings
(Figure 10A–D). Flies provided pollination services through their legs. Mosquitoes also
touched stigmatic surfaces through their legs (Figure 10F) and provided pollination services.
Sometimes, ants touched anthers and stigmatic lobes through their legs. Honeybees
pollinated in a sternotribic manner (through the ventral side of the thorax and abdomen).
Their legs also touched the stigmas, and occasionally, corbicular pollen loads touched the
stigmatic surface. Rarely was pollination carried out through their wings. Solitary bees,
when they collected nectar and pollen, touched stigmas through their legs and the ventral
side of the thorax and abdomen. Sometimes, they (especially Braunsapis mixta, Halictus
acrocephalus, Lasioglossum cavernifrons) travelled from one anther to another of a flower over
the stigmatic surfaces and smeared pollens on stigmas. Nomia (Curvinomia) strigata showed
different visitation patterns, including vertical visits with the bee’s ventral side remaining
facing the flower’s centre (Figure 10P–Q). In most cases, their abdomens touched the flower
anthers. During nectar suction from the flowers, they showed the ‘pulsatory movement’
of their abdomen part. They undulated the anthers through their abdominal oscillation,
resulting in pollen release, and provided pollination services (i.e., pulsatory pollination).
Stingless bees (Tetragonula iridipennis) touched stigmas through their legs during pollen
collection from an anther. They also travelled over the stigmatic surfaces to move from one
anther to another and provided pollination services (Figure 10T).

Table 4. Pollinating strategies of flower visitors on Turnera ulmifolia.

Visitors Visitation Type Mode of Pollination PEi PI

Ants ** S; ventral side of thorax and abdomen, legs - -
Beetles IV - - -
Butterflies
• Acraea terpsicore IV - - -

• Borbo cinnara *** S; ventral side of thorax and abdomen, legs,
antennae, proboscis, wings 0.21 9.36

• Catochrysops panormus *** S; ventral side of thorax and abdomen, legs,
antennae, proboscis, wings - -

• Catopsilia pomona *** S; ventral side of thorax and abdomen, legs,
antennae, proboscis, wings - -

• Eurema hecabe *** S; ventral side of thorax and abdomen, legs,
antennae, proboscis, wings - -

• Pelopidas mathias *** S; ventral side of thorax and abdomen, legs,
antennae, proboscis, wings 0.21 2.04

• Suastus gremius *** S; ventral side of thorax and abdomen, legs,
antennae, proboscis, wings - -

Flies ** S; ventral side of thorax and abdomen, legs - -
Mosquitoes * Legs - -

Honeybees *** S; ventral side of thorax and abdomen, legs, wings,
corbicular pollen loads - -

Solitary bees
• Amegilla zonata *** S; ventral side of thorax and abdomen, legs, 0.66 16.66
• Braunsapis mixta *** S; ventral side of thorax and abdomen, legs, - -
• Ceratina compacta *** S; ventral side of thorax and abdomen, legs, - -

• Halictus acrocephalus *** S; ventral side of thorax and abdomen, legs, scopal
pollen loads 0.52 9.93

• Lasioglossum cavernifrons *** S; ventral side of thorax and abdomen, legs, 0.47 4.55

• Nomia (Curvinomia) strigata *** S, pulsatory pollination; ventral side of thorax and
abdomen, legs, 0.50 10.90

• Thyreus nitidulus ** S; ventral side of thorax and abdomen, legs, - -

Stingless bees *** S; ventral side of thorax and abdomen, legs,
corbicular pollen loads 0.62 9.50

PEi: single-visit pollination efficiency index, PI: pollinator importance, S: sternotribic, *: rarely legitimate visit, **:
frequently legitimate visit, ***: mostly legitimate visit, IV: illegitimate visit.
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Figure 10. Pollinating strategies of floral visitors. (A–D) Butterflies, legs, antennae, proboscis,
and wings, respectively; (E) fly touching through legs and ventral side of thorax and abdomen;
(F) mosquito touching through legs; (G–I) ants touching through legs and antennae; (J–M) honeybees
touching through the ventral side of thorax and abdomen, legs, corbicular pollen loads, and wings;
(N,O) Halictus acrocephalus touching through the ventral side of thorax and abdomen, legs, scopal
pollen loads; (P–R) Nomia (Curvinomia) strigata touching through the ventral side of the abdomen
and legs and showing pulsatory pollination; (S,T) stingless bees touching through the ventral side of
thorax and abdomen, legs, and corbicular pollen loads.

Single-visit pollination efficiencies (PEi) were higher for Amegilla zonata (PEi = 0.66),
Tetragonula iridipennis (PEi = 0.62), Halictus acrocephalus (PEi = 0.52), and Nomia (Curvinomia)
strigata (PEi = 0.50). Pollinator importance (PI) value was the highest for Amegilla zonata,
followed by Nomia (Curvinomia) strigata, Halictus acrocephalus, Tetragonula iridipennis, and
Borbo cinnara (Table 4). These insect species provided significant pollination services to the
plant and were considered effective pollinators for Turnera ulmifolia.
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4. Discussion

Several researchers have classified the flowering patterns of plants differently. For
example, Gentry [6] classified the species of Bignoniaceae into five categories (steady state,
modified steady state, cornucopia, big bang, and multiple bang); Bawa [53] segregated
the flowering patterns of plants into two groups (massive and extended); and Frankie
et al. [54] classified them into two groups (seasonal and extended). The studied plant
species showed steady-state flowering throughout the year. The steady-state flowering
increases the chance of cross-pollination. It also may assure reproductive success against
adverse weather conditions. All individuals bloomed synchronously. Due to the flowering
synchrony, each plant can exchange genes with most plants, increasing the genetic diversity
of the same population [55,56]. Flowering intensity, flower longevity, ovules, and pollen
production were influenced by temperature, light, humidity, rainfall, and day length. The
sensitivity of floral traits against environmental factors was well documented for many
plant species (e.g., Barley [57], cocoa [58], and white yam [59]). These floral traits were
favoured during summer–monsoon and declined during winter.

Regarding the maturation of reproductive traits, the plant species was protandrous,
which is more common in angiosperms than protogyny [60]. This type of dichogamy
is less effective for promoting outcrossing for the species. Here, most flowers may be
perceived as self- and non-self-pollens, resulting in both autogamy and xenogamy. Pollen
viability and germinability did not differ seasonally. The duration of stigma receptivity
varied with seasons and depended on flower longevity. During winter, the longer receptive
period may mitigate the low flowering frequency and effort to optimise reproductive
success [61]. This feature may be an adaptation that allows biotic pollination under adverse
environmental conditions. The duration of female receptivity also depends on whether pol-
lination occurred [62,63]. In addition, long-lived stigmas allow extended cross-pollination
opportunities for the plant species.

Fruit and seed sets resulted in bagged flowers, indicating that the plant species spon-
taneously auto-pollinated. This strategy gives the plant extra assurance of reproductive
success in hazardous environments with limited pollinator activity. Seed sets in selfing
remained almost equal to the output of crossing treatments, implying the self-compatibility
of the plant species. Barrett and Shore [64] worked out the breeding systems of different
varieties of Turnera ulmifolia and reported the phenomenon of self-compatibility. Self-
fertilisation (the pollination referred to as ‘selfing’) can be advantageous in the short term
for several reasons. Firstly, plants that self-fertilise gain a 50% transmission advantage over
outcrossing plants, as they can both self-fertilise their own ovules and contribute outcross
pollen simultaneously [65,66]. Secondly, selfing is beneficial in environments where pollina-
tors or potential mates are scarce, providing reproductive assurance [67,68]. Additionally,
selfing may enhance colonisation ability [69]. However, a key factor opposing the shift to
selfing is inbreeding depression, which refers to the reduced fitness of inbred offspring
compared to outcrossed progeny [70]. The seed set in the pollinator exclusion treatment
was relatively lower than in the supplementary pollination treatments, indicating that the
plant species relied moderately on biotic pollinators. Other species of Turnera also depend
on pollinators for reproduction (e.g., Turnera subuata [71]). The value of the coefficient of
pollination deficit was meagre (D = 0.07), indicating there was no pollination limitation
of the plant species in an open system. Successful pollination of plant species depends on
their flower characteristics, environmental factors, and pollinator activity [48,72].

The reproductive success of the plant species largely varied seasonally, with higher
during summer and lower during winter. The seed set depends mainly on successful
pollination, linked to flowering intensity, weather conditions, and pollinator activity [73,74].
In summer, some floral traits (e.g., flowering intensity, pollen and ovule production, etc.)
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remained higher than in winter. More ovule production was also linked to a higher seed
set. The relationship between ovule production and seed set was established by many
researchers (e.g., Strelin and Aizen [75]; Cucinotta et al. [76]). In addition, high flowering in-
tensity may attract more pollinators, which results in higher reproductive success. The seed
sets in four seasons (e.g., monsoon, autumn, late autumn, and spring) did not significantly
differ, though environmental factors varied. In the monsoon season, flowering intensity,
pollen, and ovule production were higher than in the other three seasons. In contrast,
visitor abundance was lower in the monsoon due to adverse atmospheric conditions that
may have constrained plant reproduction.

Here, we first recorded detailed floral visitors of Turnera ulmifolia. Many insect species
(here, 27) visited flowers. A similar number of insect species was also reported for an-
other species, Turnera subulata, in NE Brazil [71]. Meanwhile, fewer flower-visiting species
were recorded for Turnera subulata in Bahia, Brazil [77]. The visitor spectrum depends
on plant species and varies across geographical regions [41]. Visitor abundance, richness,
and diversity remained higher during summer and lower during monsoon and winter.
Environmental variables highly influenced visitor traits and positively influenced flow-
ering intensity. Many researchers (e.g., McCall and Primack [78]; Goodwin et al. [32])
also revealed that flowering patterns and environmental factors are the most important
variables influencing insect visitation rates. In addition to atmospheric factors, plant–visitor
interactions are also influenced by factors such as habitat fragmentation [79] and pesti-
cide use [80]. The most abundant visitors for Turnera ulmifolia in West Bengal were Borbo
cinnara, Halictus acrocephalus, Nomia (Curvinomia) strigata, and Tetragonula iridipennis. The
visitor abundance largely depends on the plant’s floral architecture, floral resources, and
surrounding vegetation that deter the habitat and foods for native pollinators [81,82].

Diverse insect groups (e.g., flies, butterflies, ants, honeybees, solitary bees, and stin-
gless bees) pollinated the plant species. Mosquitoes also legitimately visited the flowers.
However, their abundance as visitors and visitation rate were very low and played a
minor role in plant reproduction. Ant pollination (i.e., myrmecophily) is not very common
in angiosperms, only reported for a few plant species (e.g., Vega et al. [83]; Dutton and
Frederickson [84]). Here, ants were attracted by floral tissues, flower nectar, and extrafloral
nectar [83], and reproductive success was enhanced by pollinating and helping in seed
dispersal [85]. Many solitary bees (e.g., Amegilla zonata, Halictus acrocephalus, Lasioglossum
cavernifrons, Nomia (Curvinomia) strigata, etc.) provided pollination services to the plant
species. The solitary bee-mediated pollination was also recorded for other species, e.g.,
Turnera subulata [71,77]. Most visitors pollinated Turnera ulmifolia flowers sternotribically
through the ventral surface of the thorax and abdomen. The pollination mode for a plant
species largely depends on pollinator species and flower architecture [86]. Funnel-shaped
flowers with exposed anthers may serve as sternotribic flowers for most visitors. The
visitors transferred pollen to the stigmatic surface through their thorax and abdomen
as well as delicate parts such as the legs, antennae, proboscis, and wings. The centrally
placed stigmatic branches provided landing substrates for visitors, and most pollinators
travelled from one anther to another over the stigmas and provided pollination services.
Additionally, Nomia (Curvinomia) strigata performed another pollination mode, i.e., pul-
satory pollination. This phenomenon was the first time we reported it for a pollinator
species. In this case, the ventral surface of the abdomen was touched by anthers, and the
oscillation of the abdomen caused the release of pollens from the anther and then to be
deposited on stigmas. Though many insect species provided pollination services to the
plant species, their efficiency (considering pollination services) varied. The pollination
efficiency of pollinators depends on their abundance, foraging activity, resource-collecting
behaviour, and flower traits [31]. Here, we estimated the pollinator importance (PI) of
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visitor species by considering relative abundance, flower visitation rate, and single-visit
pollination efficiency. Based on the PI value, effective pollinators were Amegilla zonata,
Borbo cinnara, Halictus acrocephalus, Nomia (Curvinomia) strigata, and Tetragonula iridipennis.

5. Conclusions

The study depicted the influences of atmospheric factors (e.g., temperature, light inten-
sity, humidity, and rainfall) and photoperiod on floral biology, plant–pollinator interactions,
and the reproductive success of Turnera ulmifolia. Temperature, light, humidity, and day
length positively impacted flowering intensity, pollen, and ovule production. Temperature,
humidity, and day length negatively influenced the flower longevity. Consequently, higher
flowering intensity, pollen, and ovule production were recorded during the hot and humid
summer and monsoon compared to the cold winter. Floral visitor abundance, richness, and
diversity positively correlated with flowering intensity and were negatively influenced
by rainfall. Therefore, visitor traits remained higher during summer and lower during
monsoon and winter. Diverse insect groups pollinated the plant species, including ants,
bees, butterflies, and flies. Effective pollinators were Amegilla zonata, Borbo cinnara, Halic-
tus acrocephalus, Nomia (Curvinomia) strigata, and Tetragonula iridipennis. Most pollinators
showed a sternotribic pollination mode, carried out through the ventral surface of the tho-
rax and abdomen and through their delicate parts like legs, antennae, proboscis, and wings.
Nomia (Curvinomia) strigata showed a unique mode of pollination, i.e., pulsatory pollination.
Considering reproductive success, higher reproductive fitness was revealed during the hot
summer, while comparatively lower reproductive success was revealed during the cold
winter. Therefore, it can be concluded that the floral biology, plant-pollinator interactions,
and reproductive success of Turnera ulmifolia varied seasonally, with significant influences
from atmospheric factors and photoperiod.
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Simple Summary: The seed yield of flowering crops is influenced by nutrient availability
and pollination. However, the combined effects of these factors have not been extensively
studied. This research investigated the impact of varying insect pollination levels (0%, 25%,
50%, and 100%) and nitrophos fertilizer doses (188, 375, and 750 kg/hectare) on onion seed
production. The results demonstrated that onion seed yield increased with pollination at
moderate fertilizer levels. Pollinator abundance varied with fertilizer levels; honey bees
were more prevalent at lower fertilizer levels, while syrphid flies were more abundant at
higher levels. The umbel weight and number of seeds per umbel were highest with the
intermediate fertilizer treatment. Additionally, our findings highlighted the single-visit
effectiveness of the Apis florea bee. The data revealed a complex interplay between fertilizer
treatment and pollination services, underscoring the role of insect pollination in enhancing
onion seed production.

Abstract: The yield of flowering crops depends on multiple factors, with pollination and the
availability of nutrients being particularly crucial. However, fewer studies have explored
the combined effects of nutrients and insect-mediated pollination on onions (Allium cepa L.).
Here, we studied how different levels of insect pollination (0%, 25%, 50%, and 100%) and
nitrophos fertilizer application (188, 375, and 750 kg/hectare) affect onion seed yield. We
found that pollination benefits to yield were maximum at intermediate levels of nitrophos
availability. A higher pollinator abundance was recorded at a high nitrophos level, followed
by intermediate and low levels. Syrphid flies and honey bees were the most abundant
insect pollinators. The abundance of honey bees was higher at a low nitrophos level,
while syrphid flies were more abundant at a higher nitrophos level. Moreover, the umbel
weight and seed number were higher at the intermediate fertilizer level. Also, single
visits by insect pollinators were observed, and the highest umbel weight was found at
the intermediate fertilizer level with a single visit from A. florea. This finding provides
evidence that resource and pollination availability have interactive, nonlinear effects on
seed production. Our results also support ecological intensification as a reliable strategy
for sustainable agro-ecosystem management.

Keywords: pollination ecology; honey bees; syrphid flies; umbel weight; nutrient–pollination
interaction; sustainable agriculture
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1. Introduction

Promoting insect pollination and improving crop diversity through non-conventional
farming practices are essential to enhance food security and sustainability [1]. Even in
self-compatible crops, pollination is necessary for maximum seed and food production [2].
Crops have varying pollination needs, and many depend on insect pollinators for pollen
transfer, ensuring successful fertilization and fruit and seed production [3–5]. Many crops
depend partially or entirely on insect pollination services.

After tomatoes, onions are the second most widely consumed vegetable globally and
have the most extended history of cultivation [6]. They are consumed both raw in salads
and in processed form [7]. Onion flowers are protandrous, i.e., releasing pollen before
the stigma becomes receptive; therefore, cross-pollination relies mainly on biotic factors.
The anther produces sticky, wet pollen grains, and, due to this factor, insect pollination
contributes more than wind pollination [8]. A few studies demonstrated that effective
pollination by insects leads to significantly higher seed set and yield (44 and 6 times greater,
respectively) compared to self-pollinated plants [9,10]. Another study found that a lack of
insect pollinators can result in a 5–14% reduction in seed quantity and a decline in seed
quality [11,12].

A strong linkage between crop management practices and insect-mediated pollination
has been reported [13,14]. Studies have shown that water and nutrient levels affect pollina-
tion success [13,15]. Moreover, these factors also influence pollinator health and behavior
due to changes in floral resource quality and availability. For example, the maximum yield
in okra, Abelmoschus esculentus (L.) (Moench) (Malvaceae), depends on optimal soil fertiliza-
tion coupled with adequate pollinator visitation [1]. A study on common beans, Phaseolus
vulgaris L. (Fabaceae), also showed that low nitrogen levels led to a higher abundance of
insect pollinators [16]. Similar results have been reported in oil-seed rape (Brassica napus L.
var. oleifera) (Brassicaceae), where low nitrogen application led to increased insect pollina-
tion [17]. Another study on sunflowers (Helianthus annuus L.) (Asteraceae) reported higher
pollinator visitation and yield at intermediate nitrogen levels [18]. Moreover, ornamental
flower Scarlet gilia Ipomopsis aggregata (Pursh) V.E.Grant (Polemoniaceae) and Lewis flax
Linum lewisii Pursh (Linaceae) showed no changes in reproductive success due to fertilizer
application [19].

Nutrients indirectly affect pollen quantity and quality [20], flower production, pol-
lination, pollinator attraction, and seed setting [19]. Soil-available nutrients (nitrogen,
phosphorus, and potassium) have an important influence on floral traits and pollinator
attraction [21]. The insect visitation rate has been reported to correlate to nectar amino
acids, pollen fatty acids, and amino acids [22]. Nitrogen and phosphorus are key nutrients
that enhance crop productivity [23]. However, their use also negatively affects the environ-
ment by increasing water and soil eutrophication and greenhouse gas emissions [24,25]. In
insects, bees are the most important pollinator group for plant reproduction [26]. Wild bees
are essential for improving the productivity of pollinator-dependent crops [27], but their
abundance and diversity are negatively affected by agricultural intensification [28]. The
combined impact of pollination services and fertilizer application on onion yield has not
been documented in the literature.

The current study aimed to identify the effect of soil fertilization and pollinator
visitation on onion yield. To test the hypothesis that insect pollination services could be
maximized at specific levels of nitrophos application, we created various insect-mediated
pollination gradients along with the nitrophos application levels and assessed the onion
seed yield.
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2. Materials and Methods

2.1. Plant Selection

We selected the red phulkari variety of onion (A. cepa L.) because it has been culti-
vated on a large scale in Pakistan. Onions are biennial herbaceous plants grown for their
edible bulbous base. Their umbels typically contain 50–2000 florets enclosed in 2–3 white-
colored spathes. Being protandrous, onions require cross-pollination, and insect-mediated
pollination is important in determining the final seed yield [29].

2.2. Experimental Site and Design

This study was conducted from November 2019 to April 2020 at the experimental farm
of Muhammad Nawaz Shareef University of Agriculture, Multan, Pakistan. The Multan
district has been categorized as a subtropical desert due to its hot summers and chilly
winters, with temperatures ranging from 38 to 50 ◦C at maximum and from 8 to 12 ◦C at
minimum. During summer, the average monthly rainfall is around 18 mm.

We arranged nine plots into three blocks using a randomized complete block design,
with each block containing three plots. Each plot measured 15.24 m in length and width
and was isolated from the surrounding plots by 2 m. Onion bulbs were sown directly
into the soil at a depth of 3 cm in four rows, with a row-to-row spacing of 0.45 m and a
plant-to-plant spacing of 0.15 m. Plant density was similar across the plots. After sowing,
all plots were irrigated individually.

2.3. Fertilization Treatment

Fertilizer treatments began six weeks after sowing, when plants reached an average
height of 8–12 cm. Three levels of nitrogen (N) and phosphorus (P) fertilizer were applied
in doses of 188 kg/hectare (T1, low), 375 kg/hectare (T2, moderate), and 750 kg/hectare
(T3, high). Nitrophos fertilizer was applied three times, i.e., when plants reached a height of
8–12 cm, at 20% of flowering, and 60% of flowering. To estimate the flowering percentage,
we counted the total number of flowering umbels at the anthesis stage, divided them by
the total number of plants, and multiplied the result by 100.

2.4. Pollination Treatment

Four levels of insect pollination treatment were used to calculate the effectiveness
of pollination, i.e., 0%, 25%, 50%, and 100%. Pollination treatments were assigned before
the flower opening stage. Plants of similar height and vigor were randomly selected and
assigned a pollination treatment level within each plot. Pollination gradients were managed
by covering umbels with fine mesh net bags. We achieved 0% pollination by completely
covering the umbels, 25% pollination by removing the fine mesh bags for one day and then
covering them for three days, 50% pollination by removing the fine mesh bags for two days
and covering them for two days, and 100% pollination by keeping the umbels uncovered.
For all the treatments with the net bags, we adjusted the bags to avoid contact with the
umbels [15]. We covered and uncovered the umbels between 10:00 am and 12:00 pm, which
was the peak foraging time of the pollinators [10].

2.5. Yield Parameters and Pollinator Visitation Rate

At physiological maturity, umbels were manually harvested and placed in paper bags
to prevent moisture accumulation, then dried for six weeks. Seeds were harvested by
shaking the umbels. We calculated the umbel weight and seed number per umbel in grams.

During the flowering stage, pollinator diversity and abundance were recorded by
randomly selecting ten umbels per plot and observing each umbel for one minute, counting
the visiting insect pollinator species in each plot. The foraging behavior of abundant insect
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pollinators was recorded in terms of visit duration (time spent on an umbel) and the number
of umbellules (flowers within an umbel) visited per visit (visitation rate). Observations
were made between 10:00 a.m. and 12:00 p.m.

2.6. Effectiveness of Pollinators in Fertilizer Treatment

The effectiveness of pollinators was measured by recording pollen deposition from
a single visit. Nine umbels of the same age, size, and vigor were visually selected from
each fertilizer treatment plot. Umbels were covered with nylon mesh bags before flowering.
During peak activity time (10:00 a.m.–12:00 p.m.) [10], the bags were removed when 50%
of the flowers had opened. One pollinator (bee or fly) was allowed to visit the umbel,
which was covered again after the pollinator visit [10]. Open-pollinated plants and caged
plants (with no insect visitation) were also kept for yield comparison. Yield parameters,
including umbel weight and number of seeds per umbel, were recorded using a digital
weighing balance.

2.7. Statistical Analysis

Statistical analyses were performed using XL STAT and Statistics 8.1. Data for abun-
dance, visit duration, and visitation rate of insect pollinators in each treatment were
transformed using log transformation to ensure a normal distribution. After that, a two-
way analysis of variance (ANOVA) was performed. When the interaction between factors
was not significant, the main effects of each factor were evaluated independently within
the two-way ANOVA. Similarly, yield parameters, i.e., umbel weight and seeds per umbel
were analyzed. The means were separated using Tukey’s HSD all-pairwise comparisons
test. The abundance, visit duration, and visitation rate of bees and flies were subjected to a
paired-sample t-test.

3. Results

The pollinators visiting onion umbels included three bee species, twelve dipteran
fly species, and two wasp species (Figure 1). Among the bees observed, A. florea was the
most abundant species, followed by Xylocopa sp. We also observed twelve dipteran fly
species belonging to five families: Calliphoridae, Muscidae, Sarcophagidae, Syrphidae, and
Stratiomyidae. The abundance of hoverfly Eristalinus aeneus was the highest, followed by
Episyrphus balteatus and Sphaerophoria bengalensis (Table 1).

Table 1. List of insect pollinators foraging on onion flowers in plots with different levels of fertilizer.

Pollinator Group Order Family Scientific Name

Honey bees and wild bees
Hymenoptera

Apidae
Apis florea

Apis dorsata
Xylocopa sp.

Wasps Vespidae Vespa orientalis
Polistes sp.

Flies Diptera

Calliphoridae Calliphoridae sp.
Muscidae Musca domestica

Sarcophagidae Sarcophaga sp.

Syrphidae

Eristalinus aeneus
Eupeodes corollae

Sphaerophoria scripta
Syrphus ribesii

Episyrphus balteatus
Eristalis tenax

Mesembrius sp.
Melanostoma sp

Stratiomyidae Hedriodiscus sp.
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Figure 1. Different insect pollinators forage on onion crops: (A) Apis florea; (B) Apis dorsata; (C) Xylo-
copa sp.; (D) Polistes sp.; (E) Vespa sp.; (F) Calliphora sp.; (G) Stratiomyidae sp.; (H) Eristalinus aeneus;
(I) Eristalinus laetus; (J) Eupeodes corollae; (K) Musca domestica; (L) Episyrphus balteatus; (M) Eristalinus
megacephalus; (N) Sphaerophoria bengalensis; (O) Eristalis tenax; (P) Sarcophaga sp.; (Q) Chrysoperla carnea;
and (R) Vanessa cardui.

Other insects, such as Chrysoperla carnea, and a butterfly species, Vanessa cardui, were
occasionally found visiting the onion umbels. No significant differences were found for
the effect of fertilizer on the total abundance of major pollinator species, including bees
and flies (p = 0.6784) (Table 2). Overall, the abundance of bees was significantly higher
compared to flies (Figure 2).

Table 2. The abundance of major insect pollinators at different levels of nitrophos fertilizer.

Pollinator Nitrophos Levels Abundance

Bees

Low 14.72 ± 9.22
Moderate 8.0 ± 5.09

High 7.8 ± 5.2

Flies

Low 18.0 ± 10.21
Moderate 22.25 ± 11.71

High 24.33 ± 12.52
F = 0.39, df = 2

p = 0.6784

Overall, bees demonstrated a higher number of visits per umbel and a higher stay
time per umbel compared to the flies (Figure 3). Furthermore, the visitation rate of primary
insect pollinators on onions revealed differences across low-, medium-, and high-fertilizer
plots. Bees had the highest visitation rate in medium-level fertilizer plots (T2), while flies
had the highest visitation rate in high-level fertilizer plots (T3). The impact of fertilizer
on the visit duration of bees and flies was not significant (p = 0.1509) (Table 3). Overall,
moderate and high levels of nitrophos application led to significantly higher stay times of
pollinators (bees and flies) compared to lower application levels. However, no significant
differences were recorded for several umbels visited by pollinators (Figure 4).
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Figure 2. Overall abundance of onion crop pollinators (bees and flies) at all levels of fertilizer. Bars
having different letters (a, b) show a statistically significant difference between groups based on a
t-test (p < 0.05).

Figure 3. Foraging behavior of onion crop pollinators (bees and flies) at all levels of fertilizer: (A) no.
of visited onion umbel/minute by bees and flies and (B) visit duration of bees and flies on the umbel.
Bars having different letters (a, b) show a statistically significant difference between groups based on
a t-test (p < 0.05).

Table 3. Yield parameters under three levels of fertilizer application and different pollination treatments.

Pollination Treatment Nitrophos Levels Umbel Weight (Grams) No. Seeds per Umbel

100%

Low 7.64 ± 0.73 a 37.00 ± 4.85
Moderate 8.04 ± 0.79 a 45.22 ± 5.49

High 7.50 ± 0.47 a 34.55 ± 2.88

50%

Low 4.68 ± 0.42 cd 13.55 ± 2.59
Moderate 6.73 ± 0.67 ab 20.88 ± 2.18

High 4.91 ± 0.74 cd 16.33 ± 3.94

25%

Low 3.98 ± 0.49 d 6.11 ± 1.24
Moderate 4.29 ± 0.32 cd 9.77 ± 1.16

High 5.44 ± 0.48 cd 8.00 ± 1.93

0%

Low 2.47 ± 0.29 e 2.11 ± 0.77
Moderate 1.93 ± 0.26 e 1.22 ± 0.49

High 2.36 ± 0.30 e 1.77 ± 0.68
F = 2.13, df = 6 F = 0.81, df = 6

p = 0.0567 p = 0.5677

Means within a column followed by different letters show significant differences, as determined by Tukey’s HSD
all-pairwise comparisons test. The column without letters shows no differences between means.
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Figure 4. Foraging behavior of onion crop pollinators (bees and flies) at different levels of fertilizer
application: (A) no. of visited onion umbel/minute by bees and flies and (B) visit duration of bees
and flies on umbel. Bars with different letters are significantly different (Tukey’s HSD all-pairwise
comparisons test). Bars without letters are not significantly different.

The results of pollination treatments at low, medium, and high fertilizer levels showed
that the maximum umbel weight and number of seeds were recorded in the 100% polli-
nation treatment, followed by the 50% pollination treatment (Table 4). The highest umbel
weight (8.04 ± 0.79) and number of seeds (45.22 ± 5.49) were observed at moderate fer-
tilizer levels with the 100% pollination treatment. However, there was a decline in seed
yield at high fertilizer levels (T3) with 100% pollination. The least reproductive success
was recorded for 0% pollination across all fertilizer levels. The effects of fertilization and
pollination treatments on onion umbel weight were insignificant (p = 0.567). Overall, the
moderate fertilizer level (375 kg/hectare) combined with 100% pollination provided the
highest seed yield in onions (Table 4).

Table 4. Visitation rate and visit duration of major pollinator groups on onion flowers at different
nitrophos fertilizer levels.

Pollinator Nitrophos Levels
Visitation Rate
(No. of Visited
Umbel/min.)

Visit Duration
(Seconds)

Bees

Low 7.33 ± 2.52 b 93.37 ± 40.38
Moderate 11.11 ± 3.59 a 203.86 ± 78.54

High 9.44 ± 3.47 b 146.33 ± 96.33

Flies

Low 3.23 ± 0.75 c 36.77 ± 8.35
Moderate 3.61 ± 0.44 bc 66.65 ± 11.61

High 4.26 ± 0.76 bc 56.45 ± 11.71
F = 8.68, df = 2 F = 1.91, df = 2

p = 0.0002 p = 0.1509
Means within a column followed by different letters show significant differences, as determined by Tukey’s HSD
all-pairwise comparisons test. The column without letters shows no differences between means.

The effectiveness of a single visit by bees and flies differed significantly in terms
of umbel weight. Moreover, the effect on seed number was not significantly different
(p = 0.615). The highest umbel weight was achieved with a single visit from bees at the
low fertilizer level, followed by the high fertilizer level, with a slight difference (Table 5).
Overall, a significantly higher number of seeds and a higher umbel weight were recorded
for moderate nitrophos application (Figure 5). Moreover, the 100% pollination treatment
led to higher umbel weight and number of seeds (Figure 6).
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Table 5. Single-visit efficacy at different levels of fertilizer.

Pollinators Nitrophos Levels Umbel Weight (Grams) No. Seeds per Umbel

Bees

Low 9.27 ± 0.27 a 35.00 ± 0.82
Moderate 6.98 ± 0.17 ab 32.00 ± 0.41

High 7.45 ± 0.29 a 28.00 ± 1.08

Flies

Low 3.05 ± 0.28 c 16.60 ± 3.74
Moderate 4.91 ± 0.81 bc 18.80 ± 4.20

High 0.91 ± 0.48 c 16.80 ± 2.63
F = 7.0, df = 2 F = 0.5, df = 2

p = 0.0046 p = 0.6149
Means within a column followed by different letters show significant differences, as determined by Tukey’s HSD
all-pairwise comparisons test. The column without letters shows no differences between means.

Figure 5. Yield parameters under three levels of fertilizer application: (A) weight of umbel in grams
and (B) no. of seeds/umbel. Bars with different letters are significantly different (Tukey’s HSD
all-pairwise comparisons test). Bars without letters are not significantly different.

Figure 6. Reproductive parameters under different pollination treatments: (A) weight of umbel in
grams and (B) no. of seeds/umbel. Bars with different letters are significantly different (Tukey’s HSD
all-pairwise comparisons test).

4. Discussion

The current study revealed that hymenopterans (71%) and dipterans (29%) were the
most abundant visitors of onion flowers, while neuropterans and lepidopterans were
occasionally found visiting the onion umbels. These findings aligned well with other
studies that identified honey bees as the most abundant pollinators of onions [12,30–32].
Additionally, some studies have shown that syrphid flies played a vital role in onion polli-
nation [10,33]. In our study, dipterans were the most species-rich order of onion pollinators.

Our research established the link between nitrophos fertilizer application and polli-
nator visitation. Hymenopterans (bees) preferred low- and medium-level fertilizer plots,
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while dipterans (flies) preferred to visit high-level fertilizer plots. The current results
differed from the published findings, which showed that the bumble bee visitation rate was
significantly higher for Impatiens capensis Meerb plants treated with high fertilizer amounts
compared to those which had received low and no fertilizer treatments [34].

Published data showed that high fertilizer application altered the quantitative floral nu-
trition composition by changing the quality of nectar and pollen, which, in turn, influenced
pollinator behavior [16,22,35–37]. It was shown that high fertilizer application decreased
the quantity of essential amino acids in the plant and negatively affected bumble bees’
behavior [16]. The decreased visitation rate of onion flowers by bees in high-fertilization
plots could be due to a similar effect of suboptimal fertilizer levels. The higher attraction of
dipterans could be explained by their preferences for high levels of lipids, sugars, fructose,
glycogen, and carbohydrates necessary for survival [38]. This finding suggests that high
fertilizer levels can change the abundance and species composition of onion pollinators.
On the other hand, another study reported that soil fertilizer application in okra, up to its
optimal level, played an important role in improving the floral cues and attracting more
pollinator fauna [1]. The impact of high fertilization levels on flower-visiting insects is
pollinator-flowering plant species-specific and widely variable [39].

Our study showed that the benefits of pollination on onion yield could be maximized
at moderate or recommended nitrophos applications, with a decrease in yield observed
at higher nitrophos applications. Fertilizer application had a direct effect on the mature
umbel weight [40]. We found that the combination of soil fertilization and insect pollination
led to heavier umbel/plant in plants that were 100% pollinated compared to those with
0% pollination. Plants with 0% pollination, representing self-pollination, exhibited the
lowest yield parameters due to suboptimal soil nutrients during both vegetative and
reproductive growth phases, decreasing plant biomass production and yield parameters
throughout the cropping seasons. This suggests that, while self-compatible plants can
produce seeds without cross-pollination, they may experience reduced seed production in
the absence of pollinators [10]. Our findings demonstrate that pollinators enhance onion
seed production by increasing flower attractiveness and boosting seed production. We
observed that exposure to 25% pollination had a minimal impact on onion yield, similar
to when pollinators were entirely absent, while successful pollination exposures occurred
at 50% and 100% under minimal and optimal soil fertilization. The variability in insect
pollinator abundance suggests a potential influence on pollinator efficiency. The low
yields in plants with 0% and 25% pollination were probably due to insufficient insect
visitation, resulting in limited or no pollen transfer between plants, thus reducing the
number and weight of seeds. This aligns with previous evidence, highlighting the positive
interaction between soil fertilization and sufficient pollinators to improve sunflower and
okra production parameters [1]. Another study reported that insect pollination enhances
the average crop production by 18% to 71% (depending on the crop type) [41].

In addition, this study is the first example of single visits by insect pollinators, aiming
to evaluate the effectiveness of pollinators at different nitrophos application levels. The
mature umbel weight was highest where bees visited both at low and high levels of fertilizer,
while a higher umbel weight was recorded at intermediate levels of fertilizer application.
On the other hand, a decrease in umbel weight was seen when fertilizer levels increased.
Interestingly, when the fertilizer was combined with a single pollinator visit, the amount
of seeds produced per umbel was not significantly different. Furthermore, similar results
were observed in fly single visits for all treatment levels, supporting the hypothesis that
higher fertilizer concentrations reduce onion crop productivity and pollination efficiency.

Our results highlight the complex interlinkage between fertilizer application, crop pro-
ductivity, and pollinator activity, emphasizing the importance of management strategies in
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agricultural landscapes. Understanding these mechanisms can help conserve the pollinator
population. Further studies are needed to understand the physiological mechanisms associated
with higher fertilizer application levels and low pollinator visits. Moreover, field trials should
be conducted in different locations with different pollinator networks. Long-term studies are
needed to evaluate the effects of different fertilizers on plant–pollinator interactions.

5. Conclusions

This study demonstrated the significant impact of nitrophos fertilizer application
and insect pollinator visitation on onion (Allium cepa L.) seed production. Moderate
fertilizer levels enhanced pollinator activity and onion umbel weight. Specific patterns of
insect pollinator preferences emerged, with bees, including Apis species, favoring low-to-
moderate fertilizer levels, while syrphid flies preferred higher levels. The highest umbel
weight was achieved with the moderate fertilizer treatment, highlighting the bottom–up
effects of moderate fertilizer use on pollinators and, consequently, onion seed yield. Future
research could explore the use of other fertilizers, including micronutrients, and consider
conducting long-term trials under diverse field conditions and across various crops to
understand better fertilizer-mediated changes in pollinator behavior and their impact on
crop yield.
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Simple Summary: Natural ecosystems support a rich variety of native bees, many of
which are important economically. Honey bees, which are not native to North America,
and domesticated bumble bees spread pathogens (diseases and parasites) and outcompete
native bees for nectar and pollen. We aimed to reduce these threats by finding Cana-
dian provincial legislation that could direct legislation in Yukon Territory, where native
pollinator communities are still healthy and essential for pollinating agricultural crops.
We classified the legislative requirements as follows: tracking numbers and locations of
honey bee hives (registry); controlling the spread of pathogens (inspections, quarantines,
and cleaning); controlling the competition with native pollinators (limiting shared use of
space); and applying regulations to all domesticated bee species. There is little Canadian
legislation controlling the interactions of honey bees and native pollinators; the competition
problem is poorly addressed. We recommend controls on the numbers, locations, and
timing of honey bee hives on public lands in the form of permitted “foraging leases” (for
domestic insect livestock), similar to “grazing leases” (for domestic mammalian livestock).
We detail changes to Yukon legislation (Animal Health, Animal Protection and Control,
Wildlife, and Public Lands Acts) to deal with pathogen spread and competition. Protecting
native pollinators will conserve the successful pollination of flowers producing foods and
medicines for people.

Abstract: Imported, non-native honey bees and bumble bees threaten native pollinators
by spreading pathogens (disease and parasites) and outcompeting native pollinators for
nectar and pollen. We reviewed Canadian federal, provincial/territorial, and municipal
legislation to find governance requirements that potentially reduce these threats. We
classified the requirements as follows: tracking the number and location of honey bee hives
(registry); controlling the spread of pathogens (registry with inspections, quarantines, and
cleaning regimes); controlling the competition with native pollinators (limiting shared
use of space); and making regulations applicable to all domesticated bees in addition
to honey bees. Policies and regulations to control the competition from honey bees are
generally lacking. So, we propose the concept of “foraging leases” to manage the location
and duration of honey bee apiaries on public lands. Based on the identified requirements,
we recommend amendments to the legislation in Yukon Territory, a jurisdiction that still
has healthy native pollinator communities that pollinate various human food and medicine
crops. Recommendations include tracking hives and their pathogen status with beekeeping
regulations enabled by the Animal Health Act, controlling the use of imported bumble
bees with changes to the Animal Protection and Control Act and/or the Wildlife Act, and
restricting use of public lands for apiaries with the Public Lands Act.
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1. Introduction

Pollinators are necessary for the functioning and stability of terrestrial ecosystems,
and natural ecosystems function well with native pollinator species [1]. The most efficient
pollinators, the bees, are experiencing a disproportionate amount of global insect decline [2].
Two factors contributing to this are (i) novel pathogens transmitted by, and (ii) competition
with, honey bees and managed bumble bees.

The honey bee (Apis mellifera), a domesticated species not native to North America, can
infect native bees and other arthropods with various pathogens (e.g., deformed wing virus,
sac brood virus, and small hive beetle) [3–5]. Commercially raised bumble bee species
(Bombus sp.) carrying Nosema bombi, a microsporidian parasite, are implicated in the decline
of several native bumble bee species [6,7]. Less understood are the impacts of imported
alfalfa leaf-cutter bees (Megachile rotundata) and blue orchard mason bees (Osmia lignaria) [8]
that are closely related to native Megachile and Osmia species in northern Canada.

Honey bees and introduced bumble bees also outcompete and displace native pollina-
tors and disrupt plant–pollinator networks [9,10]. Honey bee hives typically begin with
10,000 worker bees in spring and grow throughout summer. The displacement of native
bumble bees by introduced bumble bees has occurred in Canada. The common eastern
bumble bee (Bombus impatiens), which is used in commercial greenhouses, has expanded its
range into southern British Columbia and Washington State [11] and is the most recorded
bumble bee in the Greater Vancouver Area of British Columbia [12].

Yukon Territory, Canada, is mostly in the northern boreal biome, with a relatively
low human population density, low extent of private agricultural land, and high extent
of wild lands under public (i.e., territorial government) jurisdiction compared with many
parts of Canada. It is a jurisdiction where native pollinator populations are still largely
intact and perform a vital pollination service for human food sources in both wild and
agricultural ecosystems, including various berry crops [13–15]. Native pollinator species
(e.g., Bombus spp.) are more cold-tolerant than imported honey bees, and thus, are better
adapted to provide this pollination service [15]. Imported honey bees and bumble bees
have limited agricultural functions in pollinating field and greenhouse crops and in honey
production [16]. Pro-active management of these imported species has the best chance of
conserving native pollinators in this context.

Four bumble bee species that occur in Yukon have been assessed by the Commit-
tee on the Status of Endangered Wildlife in Canada [17–20]. The main threats identified
for these bumble bees are pathogens, pesticides, climate change, invasive/problematic
species, and habitat loss. These threats also pose risks to the native pollinator community
in general. In the Recovery Strategies and Management Plans for the four at-risk bumble
bees, a high priority is placed on addressing the threats by creating, amending, or influ-
encing environment-related provincial or territorial laws and/or regulations, policies, and
guidelines. This legislative approach makes sense for Yukon, which already has some
legislation resembling that of the provinces where beekeeping is more tightly controlled to
reduce the risk of pathogen spread. Internationally, this legislative approach aligns with
the Kunming–Montreal Global Biodiversity Framework’s targets 6, 11, and 14 [21], which
aim to mitigate the impacts of alien species, maintain pollination services, and integrate
the valued contributions of biodiversity into legislation. It would also help fulfil Canada’s
2030 Nature Strategy that aims to address these targets [22].
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Our aim was to review legislation and regulations from federal, provincial/territorial,
and municipal governments across Canada for examples of how the threats (pathogen
introduction; competition) posed by non-native pollinators (honey bees, domesticated
bumble bees) can be reduced and managed so that we can (i) recommend changes to
current legislation and regulations in Yukon Territory and (ii) provide a review and general
recommendations for improvements to legislation in other Canadian and North Ameri-
can jurisdictions.

We found that the most useful regulatory and management approaches include the
mandatory registration and monitoring of honey bee apiaries, prescriptive rather than per-
missive approaches to commercial extractive uses of public lands, the concept of foraging
leases for honey bees on public lands, and seasonal limitations on the use of domesticated
bumble bees in greenhouses.

2. Materials and Methods

To understand how Canadian governments currently aim to reduce the threat of
pathogen spillover to, and competition with, native pollinators, we examined the leg-
islation governing beekeeping and the use of other managed bees at the federal and
provincial/territorial levels.

We searched Canadian federal legislation for regulations dealing with bees, which led
to the work of the Canadian Food Inspection Agency (CFIA) under the Health of Animals
Act. The 10 provinces and 3 territories in Canada have jurisdiction over most animals and
lands, so we searched their legislation for the governance of honey bees, other domesticated
and imported bees, animal pathogens (particularly for honey bees), and beekeeping on
public lands. This involved searches through the consolidated statutes for each jurisdiction.

The “legislation” consists of acts, regulations, and enabling statutes supplemented by
other legally enforceable policies, such as protocols. This legislation can be implemented
by the federal, provincial/territorial, or municipal levels of government (see the Results
Section), though the bulk of it is provincial (Table 1).

Though we recognize that the main purpose of honey bee legislation and regulation is
to protect the health of honey bees and the honey bee industry (including by reducing the
risks of pathogen transmission between honey bee hives), many of these precautions also
reduce the risk to wild pollinators by averting the introduction and spread of diseases and
pests that potentially affect wild pollinators.

We categorized the legislative requirements by general function or intent (termed
“requirement”) with respect to their benefit to native pollinators. We considered five
categories: tracking the number and location of honey bee hives; controlling the spread
of pathogens; controlling the competition with native pollinators; reducing the lethal and
sub-lethal effects of pesticides; and making regulations applicable to domesticated bees
other than honey bees. Within each category of requirement, we itemized the various
actions required to satisfy the intent. For each requirement and action, we documented
the example wording and noted additional clauses that could potentially abate threats. No
dedicated legislation exists for beekeeping in Yukon, but what other legislation does exist
was examined for its applicability to the categories identified from the provincial pieces
of legislation.

We also tabulated the pathogens identified by each province and whether they were
considered reportable in each jurisdiction. The intent here was to understand the scope
and sufficiency of the listing processes.

75



Biology 2025, 14, 282

Table 1. The statutes and regulations governing beekeeping in each Canadian province.

Province Statute Regulations

British Columbia

Animal Health Act, Statutes of British
Columbia (2014 c. 16)
Lands Act, Revised Statutes of British
Columbia (1996, c. 245)

Bee Regulation, British Columbia Regulation
3/2015
Reportable and Notifiable Disease Regulation
7/2015 O.C. 14/2025
British Columbia Land Use Policy
Permission, 2023

Alberta Bee Act, Revised Statutes of Alberta
(2000, c. B-2) Bee Regulation, Alberta Regulation 194/2003

Saskatchewan

The Apiaries Act, Statutes of Saskatchewan
(2005, c. A-22.01)
The Animal Health Act, Statutes of
Saskatchewan (2019, c. A-20.01)

The Apiaries Regulations, Saskatchewan
Regulations, 2005
The Animal Health Regulations, 2019

Manitoba

The Bee Act, Continuing Consolidation of the
Statutes of Manitoba (1988, c. B15)
Animal Diseases Act, Continuing
Consolidation of the Statutes of Manitoba
(2022, c. A85)

Diseases of Bees Designation Regulation, 2024
Reportable Diseases Regulation, 2007

Ontario Bees Act, Revised Statutes of Ontario
(1990, c. B-6)

Regulation 57 General, Revised Regulations of
Ontario 1990

Quebec Animal Health Protection Act, Revised Statutes
of Quebec (1964, P-42)

Regulations Respecting the Registration of
Beekeepers, 2024
Regulation Respecting the Inscription Affixed
on Hives, 2024
Regulations to Designate Contagious or
Parasitic Diseases, Infectious Agents and
Syndromes, 2020

New Brunswick Bee Act, Statute of New Brunswick (2021, c. 21) New Brunswick Regulation 13/2023

Nova Scotia Bee Industry Act, Statutes of Nova Scotia
(2005, c. 3)

Bee Industry Regulations, Nova Scotia
Regulation 133/2012

Prince Edward
Island

Animal Health Act, Revised Statutes of Prince
Edward Island (1988, c. A-11.1) 1 Bee Health Regulations, 2019

Newfoundland Animal Health and Protection Act, Statutes of
Newfoundland and Labrador (2013, c. 1)

Animal Health Regulations, 2012
Animal Reportable Diseases Regulations, 2012

1 This is under revision (An Act to Amend the Animal Health Act Bill No. 45, 2024).

We then identified the requirements within municipal bylaws. Many municipali-
ties have bylaws regulating beekeeping in urban areas. These are often less prominent
than provincial/territorial governance but can still potentially reduce the risk of pathogen
spillover to, and competition with, native pollinators. An exhaustive search of all munic-
ipalities across Canada was beyond the scope of this study. Instead, municipal bylaws
and regulations were collected for the northern territories where available, along with a
selection of representative ones from each province, if available.

To understand what legislation exists to reduce the risks associated with introduced
bumble bees competing with, or spreading pathogens to, native bumble bees, we iden-
tified provincial and territorial legislation that complements the federal Species at Risk
Act (SARA) and examined it for its relevance to pollinator species at risk. Other fed-
eral legislation relevant to the use of managed bumble bees was also identified, which
was mainly legislation related to the importation of live organisms into Canada or into
individual provinces.
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3. Results

Three levels of government—federal, provincial/territorial, and municipal—have
legislation relevant to honey bees, managed bumble bees, or other introduced bees. The
federal government is responsible for regulating the import of organisms into Canada and
the reporting of pathogens listed by the World Organisation for Animal Health. It is also
responsible for wildlife species at risk on federal lands. The provinces and territories have
the most jurisdiction over domestic livestock, such as honey bees, and animal husbandry,
such as beekeeping. They also have jurisdiction over what may enter the province or
territory, and over management of non-federal public lands and species at risk on non-
federal lands. Municipalities govern activities within urban boundaries, including activities
that have traditionally been carried out on rural lands, such as the raising of chickens or
pigs and beekeeping.

3.1. Federal

For all of Canada, the federal Health of Animals Regulation (Consolidated Regulations
of Canada, c. 296), enabled by the Health of Animals Act (Statutes of Canada, 1990, c.21),
applies. The Canadian Food and Inspection Agency (CFIA) enforces the regulations and
issues import permits for honey bees that meet the requirements of permissible source
countries and any other measures intended to reduce the spread of pathogens [23]. Ap-
plications to import other species of bees, such as blue orchard mason bees and bumble
bees, into Canada are assessed on a case-by-case basis under the authority of the Plant
Protection Act (Statute of Canada, 1990, c.22) and CFIA Directive 12-02 [24]. The CFIA
prohibits importation of alfalfa leaf-cutting bees from outside Canada due to the risk of
pathogens, including chalkbrood [25]. Only one provincial region, Newfoundland and
Labrador, also prohibits the importation of alfalfa leaf-cutting bees (which could come from
other provinces), as well as all other managed bees (e.g., bumble bees, blue orchard mason
bees) aside from honey bees; this is regulated by the Wild Life Regulations (Consolidated
Newfoundland and Labrador Regulation 1156/96 s.83).

3.2. Species at Risk Legislation

Species at risk legislation governs the assessment process for identifying wildlife
species at risk and implementing conservation actions. Federally identified wildlife species
at risk do include some native pollinators, such as the Gypsy Cuckoo Bumble Bee (Bombus
bohemicus) and McKay’s Bumble Bee (Bombus mckayi). However, Canada’s federal Species
at Risk Act only applies to federal lands, such as National Parks. In Yukon, there is no
complementary territorial Species at Risk Act for territorial public lands, which account
for approximately 85% of the Yukon’s land base [26]. Six provinces and one territory have
some form of a species at risk act (Table 2) [27]. All the provinces with species at risk
legislation have included at least some insect pollinators in their lists of species at risk.
These pollinators include bees, butterflies, and moths. Northwest Territories’ Species at
Risk Act has enabled the assessments of three bumble bees that are listed federally and
in some other provinces but has not included them in the resulting list of species at risk
(Table 2).
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Table 2. Provincial and territorial statutes for species at risk and a list of any pollinator species to
which the legislation applies.

Province Statute Listed Pollinator Species

British Columbia None

Alberta None

Saskatchewan None

Manitoba

The Endangered Species and
Ecosystems Act, Continuing
Consolidation of the Statutes of
Manitoba (1989–1990, c. 39)

Dakota skipper (Hesperia dacotae)
Ottoe skipper (Hesperia ottoe)
Uncas skipper (Hesperia uncas)
Dusky dune moth (Copablepharon longipenne)
Pale yellow dune moth (Copablepharon grandis)
Poweshiek skipperling (Oarisma poweshiek)
Verna’s flower moth (Schinia verna)
White flower moth (Schinia bimatris)

Ontario Endangered Species Act, Statutes of
Ontario (2007, c. 6)

Bogbean buckmoth (Hemileuca sp.)
False-foxglove sun moth (Pyrrhia aurantiago)
Gypsy cuckoo bumble bee (Bombus bohemicus)
Mottled duskywing (Erynnis martialis)
Rusty-patched bumble bee (Bombus affinis)
Suckley’s cuckoo bumble bee (Bombus suckleyi)
Northern oak hairstreak (Satyrium favonius ontario)
Reversed haploa moth (Haploa reversa)
American bumble bee (Bombus pensylvanicus)
Dukes’ skipper (Euphyes dukesi)
Monarch (Danaus plexippus)
Red-tailed leafhopper (Aflexia rubranura)
West Virginia white (Pieris virginiensis)
Yellow-banded bumble bee (Bombus terricola)

Quebec
Act Respecting Threatened or
Vulnerable Species, Revised Statutes
of Quebec (1989, c. E-12.01)

Rusty-patched bumble bee (Bombus affinis)
Salt marsh copper (Lycaena dospassosi)
Maritime ringlet (Coenonympha nipisiquit)

New Brunswick
Endangered Species Act, Revised
Statutes of New Brunswick
(2012, c. 6)

Bumble bee, Bohemian cuckoo (Bombus bohemicus)
Bumble bee, rusty-patched (Bombus affinis)
Bumble bee, Suckley’s cuckoo (Bombus suckleyi)
Monarch (Danaus plexippus)
Ringlet, maritime (Coenonympha nipisiquit)

Nova Scotia Endangered Species Act, Statutes of
Nova Scotia (1998, c. 11. s. 1)

Gypsy cuckoo bumble bee (Bombus bohemicus)
Macropis buckoo bee (Epeoloides pilosulus)
Monarch (Danaus plexippus)
Sable Island sweat bee (Lasioglossum sablense)
Yellow-banded bumble bee (Bombus terricola)

Prince Edward Island None

Newfoundland
Endangered Species Act, Statutes of
Newfoundland and Labrador (2001,
c. E-10.1)

Gypsy cuckoo bumble bee (Bombus bohemicus)
Suckley’s cuckoo bumble bee (Bombus suckleyi)
Yellow-banded bumble bee (Bombus terricola)

Yukon None

Northwest Territories Species at Risk (NWT) Act, Statutes
of Northwest Territories (2009, c. 16) No pollinators listed 1

Nunavut None
1 NWT Species at Risk Committee (SARC) considers gypsy cuckoo bumble bee and McKay’s bumble bee to be
data deficient and yellow-banded bumble bee to be not at risk; Suckley’s cuckoo bumble bee is not assessed.
SARC assessments enabled by Species at Risk (NWT) Act.
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3.3. Provincial and Territorial Legislation

All provinces have legislation that actively governs beekeeping. Six provinces have
statutes specific to bees or apiaries (apiary: a collection of honey bee hives). The other four
provinces—British Columbia, Quebec, Newfoundland, and Prince Edward Island—use
their statutes on animal health to enable regulations pertaining to beekeeping (Table 1).
Additional statutes also support beekeeping in some provinces. For example, despite
Saskatchewan having an Apiaries Act, its Animal Health Act and Regulations control the
reporting of bee pathogens. None of the three territories—Yukon, Northwest Territories, or
Nunavut—has territorial statutes specific to beekeeping or beekeeping regulations. How-
ever, the Yukon’s Animal Health Regulation (O.I.C. 2018/159) lists mandatory reporting
of suspected or confirmed cases of two honey bee “transmissible hazards”: American
foulbrood (Paenibacillus larvae) and the small hive beetle (Aethina tumida).

From the statutes and regulations overseeing beekeeping, we identified sets of require-
ments that are of benefit to native pollinators (Table 3) while facilitating the management
of the honey bee industry. These legislative requirements, and associated actions, comprise
a systematic assessment of governance functions.

Table 3. Requirements within provincial legislation pertaining to beekeeping that potentially reduce
risk to native pollinators. Requirements are organized first by general functions, and then by actions
(identified in italics). See Table S1 in the Supplementary Materials for example legislative wording
for each action identified here.

1. Requirements that track the number and location of honey bee hives.

Registering hives:
Bee Regulation (Alberta Regulation 194/2003; 221/2004, s.3)

Identification of hives:
New Brunswick Regulation 2023-13, s.18(1)

Registering specific location of hives:
Bee Industry Regulations (Nova Scotia Regulation 319/2007, s.5)

Mandatory reporting of movement of honey bee hives/colonies:
Bee Health Regulations (Pursuant to Section 4 of the Animal Health and Protection Act, Revised Statutes of Prince
Edward Island. 1988, Cap. A-11.1, s.6(1), s.6(2))

2. Requirements that control the spread of pathogens

Mandatory inspection of bees prior to importation:
Animal Health Regulations (Newfoundland and Labrador Regulation 33/2012, s.7(1), s.7(2))

Mandatory quarantine period:
Animal Health Regulations (Newfoundland and Labrador Regulation 33/2012, s.7(3))

Mandatory inspection of used honey bee equipment prior to importation:
Bee Industry Regulations (Nova Scotia Regulation 319/2007, s.6(1), s.6(2a), s.6(2b))

Mandatory sanitization of equipment prior to importation:
2024 Nova Scotia Honey Bee Health Importation Protocol

Mandatory reporting of disease and pests:
Bees Act (Revised Statutes of Ontario, 1990, c. B.6, s.10)

Listing of specific pathogens: refer to Table 4 for a list by province

Restrictions on the source of honey bees and honey bee equipment:
The Apiaries Regulation (Saskatchewan 2005 cA-22.01 Regulation 1, s.4)
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Table 3. Cont.

3. Requirements that can control competition with native pollinators

Regulations controlling apiaries on public land:
British Columbia Land Use Policy Permission, 2023. Appendix 4. Conditions for temporary apiaries
(issued under authority of Lands Act (C.245, Revised Statutes of British Columbia, 1996, s.60))

Restricting number of hives:
The City of Dawson Bylaw #12-28, s.6.08

4. Requirements that reduce lethal and sub-lethal effects of pesticides on native pollinators 1

Restricting pesticides while flowers are in bloom:
Animal Health Protection Act (Revised Statutes of Quebec, 1964 Ch. P-42, s. 11.12)

5. Requirements that make regulations applicable to domesticated bees in addition to honey bees

Defining imported bee species (e.g., honey bees, bumble bees, alfalfa leaf-cutter bees, blue orchard bees):
The Bee Act (Continuing Consolidation of the Statutes of Manitoba c. B15, s.1)

1 Although we note this as an existing legislative requirement in some jurisdictions, we do not discuss this topic
further because of its complexity. Substantial research has been performed, often on species other than bees,
leading to diverse governance outcomes beyond the scope of this paper.

Table 4. Pathogens identified in provincial and territorial statutes and regulations: X—identified
only; R—reportable; N—notifiable. “Reportable” and “Notifiable” are defined in the text. Two-letter
codes for jurisdictions are as follows: YT—Yukon Territory; BC—British Columbia; AB—Alberta;
SK—Saskatchewan; MB—Manitoba; ON—Ontario; QC—Québec; NB—New Brunswick; NS—Nova
Scotia; PEI—Prince Edward Island; NL—Newfoundland and Labrador.

Common Name Scientific Name YT BC AB SK MB ON QC NB NS PEI NL

Mites
Asian bee mite sp. 1 Tropilaelaps mercedesae X X R R R R
Asian bee mite sp. 2 Tropilaelaps clareae R X X X R R R R

Euvarroa genus Euvarroa X R R
Tracheal mites Acarapis woodi N X X R R X R R R
Varroa mites Varroa destructor N X X X R X R 1 R 1 R R

Bees, Wasps, and Hornets

Africanized honey bee Apis mellifera scutellata and
hybrids R X X X R R R R X

Asian honey bee Apis cerana and species
complex R X X R R R X

Cape honey bee Apis mellifera capensis R X X R R R X

Dwarf honey bee Apis florea and species
complex X R R

Giant honey bee Apis dorsata X X R R
Asian predatory wasp Apis vilutina R
Northern giant hornet Vespa mandarinia R X X R R R
Southern giant hornet Vespa soror X X R
Yellow-legged hornet Vespa velutina X X R X

Beetles
Large African hive beetle sp. 1 Oplostomus fuligineus X R R
Large African hive beetle sp. 2 Oplostomus haroldi X R R

Small hive beetle Aethina tumida R R X X R R R X R R X

Moths
Greater wax moth Galleria mellonella N X X R
Lesser wax moth Achoia grisella N X X

Other insects
Bee louse Braula coeca X X

80



Biology 2025, 14, 282

Table 4. Cont.

Common Name Scientific Name YT BC AB SK MB ON QC NB NS PEI NL

Fungi
Chalkbrood Ascosphaera apis N X X X X
Nosema sp. 1 Nosema apis (Vairimorpha apis) N X R R X X R

Nosema sp. 2 Nosema ceranae (Vairimorpha
ceranae) N X X R X R

Bacteria
American foulbrood Paenibacillus larvae R R X N R R R R R R R

European foulbrood Melissococcus plutonius and
bacteria N X R R R R R

Viruses
Acute bee paralysis virus N X

Black queen cell virus N X
Chronic bee paralysis virus X

Deformed wing virus N X
Israel acute paralysis virus N X

Kashmir bee virus N X
Sacbrood virus Family Iflaviridae N X X X X

Varroa destructor virus N X
1 Reportable for miticide-resistant types only.

The first requirement is the obligation to track the number and location of honey bee
hives, including the following specific actions: register hives; identify individual hives;
register the specific location of each hive; and report all movements of hives or colonies
(Table 3). Except for Prince Edward Island, all provinces require beekeepers to register their
hives. Information collected during registration usually includes the number and location
of hives, which is essential in tracking and containing pathogens, and may provide a density
estimate of honey bees on the landscape. For the adequate tracking and containment of
the threats of pathogen spread and competition, we consider all four of these actions to
be necessary.

The second requirement is to control the spread of diseases and pests (pathogens). This
category includes various legislated actions, not all of which are mandatory or enacted in
every province. These actions include restrictions on the sources of honey bees, quarantines,
inspections of colonies, sanitization of equipment, and mandatory reporting of diseases
and pests. All provinces control the importation of honey bees and beekeeping equip-
ment from other provinces, and in the case of British Columbia, the movement of hives
within the province is closely regulated, allowing for quarantine zones when pathogen
outbreaks occur.

The third requirement, to control competition between honey bees and native pol-
linators, has had very little legislative attention (Table 3). British Columbia is the only
province to have specific regulations for apiaries on public (“Crown”) land. These allow
the province to control the locations, densities, and duration of privately owned hives on
public lands, all of which are necessary tools to influence the competition between honey
bees and the already established native pollinator community. This approach is easier with
public lands legislation that is prescriptive (i.e., prohibiting any private use of public lands
unless that use is explicitly allowed with conditions detailed in the legislation) as compared
with permissive (i.e., allowing all private uses of public land with controls and prohibitions
only occurring when specifically addressed in the legislation). Restrictions on the number
of hives on any piece of land were generally absent in provincial legislation, but common
at the municipal level, which is discussed later.
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The fourth requirement, to reduce the negative effects of pesticides on bees, is generally
addressed in legislation other than what we reviewed and was beyond the scope of this
study. However, it is worth mentioning that Ontario’s Bee Act and Quebec’s Animal Health
Protection Act both prohibit the spraying of fruit trees with any substance toxic to bees
while the trees are in bloom.

The fifth requirement is to make regulations applicable to all domesticated bee species,
including honey bees (Table 3). This has had relatively little legislative attention, partly
because importation into Canada is controlled by federal legislation (see above). Some
provinces list various domesticated species, as well as honey bees, giving the government
the option to act on threats these domesticated species pose.

Returning to the question of pathogen reporting and control (the second requirement),
all provinces have identified some pathogens associated with beekeeping. These pathogens
are listed in provincial legislation used to facilitate their control and eradication. The
pathogens, including disease organisms and pest species, listed from provinces across
Canada comprise the following numbers of species: five mites, five honey bees, four
wasps or hornets, three beetles, two wax moths, one louse, three fungi, two bacteria,
and eight types of virus (Table 4). All 10 provinces list the small hive beetle, Varroa
mite, and American foulbrood. Only British Columbia and Manitoba identify viruses in
their legislation. Some provinces specifically list “reportable” and “notifiable” pathogens.
“Reportable” pathogens require immediate action to contain their spread. “Notifiable”
pathogens are monitored to help understand their presence and impacts. In provinces
where notifiable and reportable pathogens are named, the beekeeper is obligated to report
suspected cases within a limited time.

At 23, British Columbia identified the most pathogens in its legislation, followed
by Alberta and Ontario at 18. All provinces have at least one reportable or notifiable
pathogen, with the exception of Alberta, which has no honey bee pathogens listed in
its Reportable and Notifiable Diseases Regulation (Alberta Regulation 129/2014). The
reporting of some pathogens is still recommended in Alberta [28]. The Canadian Federal
Inspection Agency also monitors tracheal mites, the small hive beetle, American foulbrood,
and European foulbrood (Health of Animals Regulations, Consolidated Regulations of
Canada, 2024, c. 296). Mandatory reporting by laboratories across Canada contributes to
this monitoring effort.

3.4. Municipal Legislation

Municipal legislation pertaining to beekeeping is generally more developed in west-
ern Canada than in central or eastern Canada, with British Columbia having upward of
20 municipalities permitting and regulating beekeeping. There were considerable simi-
larities between bylaws, and the sample (see Table S2 in the Supplementary Materials)
appeared sufficient to identify the main requirements. Regulations are usually enabled by
animal control bylaws (e.g., Edmonton Animal Licensing and Control Bylaw No. 13145),
zoning bylaws (e.g., Winnipeg Zoning Bylaw), or dedicated urban beekeeping bylaws (e.g.,
Chilliwack Urban Beekeeping Bylaw 2019, No. 4680).

The focus of the regulations is on keeping the public safe from the defensive behavior
of honey bees, especially bee stings. Regulations usually stipulate the maximum number
of beehives for the size of the property and the placement of beehives relative to property
boundaries, and often mention having the hive entrance directed away from adjacent
properties and/or requirements for a physical barrier, such as a fence or hedge to discourage
the direct flight of honey bees to adjacent properties (e.g., Municipal Planning Guide to
Zoning Bylaws in Manitoba [29]). A few municipalities require proof that the applicant has
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taken a beekeeping course or is being mentored by an experienced beekeeper (e.g., Mount
Pearl Development Regulations 2010).

The two municipalities in Yukon that explicitly allow beekeeping use different bylaws
to regulate the activity. The City of Whitehorse uses its Zoning Bylaw 2012–20 to specify
where, within the city limits, beekeeping is permitted. Beyond this, there are no published
regulations on the placement of beehives within properties or the permissible number of
beehives and no permitting process to keep track of beekeeping activity. The beekeeping
regulations in Dawson City are enabled by its Animal Control Bylaw and are similar to the
municipalities in southern Canada, with well-developed beekeeping regulations specifying
the maximum number of beehives, placement, and management practices to reduce risks
to neighbouring properties. Dawson City has a permitting process in place that provides a
record of the beekeeper, where hives are located, and from where they were moved.

4. Discussion

4.1. The Yukon Context

Having a diversity of pollinators for the large diversity of plants native to Yukon
creates a complex plant–pollinator network. The production of northern wild foods, such
as blueberries, lingonberries (Vaccinium spp.), and cloudberries (Rubus chamaemorus), as
well as some domestic crops (e.g., haskap (Lonicera caerulea), beans (Phaseolus spp.), and
squash (Cucurbita spp.)), depends on these pollinators [13–15]. In Yukon, there are over
a hundred species of bees; over a hundred species of butterflies; and many more moths,
flies, and other pollinator insects [30]. This native pollinator network is thought to be
relatively intact compared with networks farther south in Canada and North America
because Yukon has a relatively low human footprint. The bumble bees listed in Canada’s
Species at Risk Act are believed to be closer to historic levels in Yukon than in other parts
of Canada because less of the landscape has been subjected to alteration by agriculture,
resource extraction, or other uses. So, now is an appropriate time to act to strengthen the
conservation of native pollinator species in Yukon before very many become threatened.

The Canadian legislative framework for reducing threats to native pollinators has
improved in recent years. A 2007 review of federal and provincial legislation [31] concluded
that Canadian federal and provincial legislation lacked explicit provisions for pollinator
conservation, but did have provisions related to pollinator conservation. Since that study,
there have been numerous amendments to existing legislation and the introduction of
new legislation. Although provisions specific to the conservation of native pollinators
are still generally lacking across Canada, there are many examples of legislation that is
potentially useful in reducing the risks to native pollinators. In the context of legislation
across the country, we examined current Yukon legislation to evaluate its ability to address
the threat of pathogen spillover to native pollinators from introduced bees and the threat
of competition with native pollinators by introduced bees.

4.2. Pathogen Spillover

The main sources of pathogens affecting native bees are imported honey bees, a species
not native to Canada, and commercially raised and imported bumble bees (mainly Bombus
impatiens) used in greenhouse operations [32,33]. Pathogens and parasites weaken native
pollinators, and when pervasive, or combined with other stressors, are capable of reducing
the populations of native pollinators [1]. The pathogens associated with honey bees have
been found in arthropods other than bees, likely transmitted at floral feeding sites or by
predation on infected honey bees [3].

Compared with the provinces, Yukon Territory has very little legislative infrastructure
to protect native pollinators from pathogen spillover imposed by honey bees and other
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managed bees. This makes Yukon vulnerable to the importation of infected honey bees
from other Canadian jurisdictions. The territorial legislation is limited to the mandatory
reporting of two “transmissible hazards”: American foulbrood and the small hive beetle
(Table 4). Dawson City is the only region in Yukon that reinforces this mandatory reporting.

Mandatory reporting is difficult to enforce without a system to register beekeepers and
the location of their hives and a system to inspect and track imported honey bees. Unlike
all the provinces, Yukon does not monitor honey bees or beekeeping equipment being
moved into the territory and does not systematically regulate from where honey bees may
be imported. Though, like the rest of Canada, Yukon beekeepers should be complying with
the federal Health of Animals Regulation (C.R.C., c. 296), which includes restrictions on
which countries honey bees can be imported from. For many years, a long-time beekeeper
in Yukon was a proponent of sourcing honey bees from mite-free colonies to keep Yukon
free of varroa mites [16], but there was no legislation to support this initiative. Today, honey
bees in Yukon are commonly infected by varroa mite [16] and this could be widespread
throughout Yukon. Beekeeping is widespread in Yukon, ranging north to Dawson City,
west to Haines Junction, east to Watson Lake, and south to Teslin [34]. However, the actual
number of beekeepers and number of hives remains unknown because the territory lacks a
formal registry.

The pathogens associated with honey bees that could enter Yukon are not reflected in
the territory’s current legislation. The list of two pathogens identified for honey bees by
Yukon’s Animal Health Act (Statutes of Yukon 2013, c.10) is shorter than any province, and
notably far less than the bordering provinces of British Columbia, with 23 listed pathogens,
and Alberta with 18 (Table 4). It could be argued that the mandatory reporting of select
pathogens in British Columbia offers some protection to Yukon; mandatory reporting in
British Columbia facilitates the isolation and disinfection of affected hives. The same cannot
be said of Alberta, where reporting is recommended but not legislated [28].

Across Canada, legislation abating the risk of pathogen spillover from managed
bumble bees is less developed than that from honey bees. The necessary management
approaches to mitigate the risks of managed bumble bees to native bees are as follows: the
monitoring of pathogens in commercial bumble bee stock, preventing escape from green-
houses, and regulating the movement of commercial bumble bees [33]. Newfoundland’s
prohibition of any species other than those listed in their Wild Life Regulations (Consol-
idated Newfoundland and Labrador Regulation 1156/96 s.83) is the strictest provision
pertaining to the movement of managed bumble bees. It prohibits any importation of bum-
ble bees and is, in part, enforceable because it defines “wild animal” as “any live animal,
including without limitation, any amphibian, arthropod, bird, coelenterate, crustacean, fish,
other invertebrate, mammal, mollusk or reptile, whether or not bred, hatched or born in
captivity and including any egg or offspring of them”. By contrast, the Animal Protection
and Control Act of Yukon (Statutes of Yukon, 2022, c.13) currently does not enable the
control of any invertebrates. Furthermore, the Wildlife Act (Revised Statutes of Yukon 2002,
C.229) for Yukon only includes vertebrate species in its definition of “wildlife”, so is unable
to offer any protection to invertebrates, such as insect pollinators.

Another avenue for protecting native pollinators from pathogen spillover is possible,
specifically for pollinator species listed in Canada’s Species at Risk Act (SARA). When
species are listed under the SARA, the federal government is obligated to prepare Recovery
Strategies for “endangered” and “threatened” species, and Management Plans for “special
concern” species. Such action plans identify approaches to reducing threats to the species,
and it is mandatory to track the progress of these strategies and plans (Species at Risk Act,
Statutes of Canada 2002, c.29). An example of an action within a Recovery Strategy to
protect a native pollinator against pathogen spillover is the promotion of the Bumblebee

84



Biology 2025, 14, 282

Sector Guide to the National Bee Farm-level Biosecurity Standard [35]. This standard
provides details on how to confine managed bumble bees to greenhouses and to prevent
the spread of pathogens [35].

Action plans enabled by the federal Species at Risk Act (SARA) are limited in their
ability to achieve the goal of arresting or reversing species decline. One main limitation
is the fact that for terrestrial species, the SARA only applies to federal lands (those “that
belong to His Majesty in right of Canada”). In the provinces, this is only 4% of the land [27].
The vast majority of land in Yukon is public land, still vested in the federal Crown but
administered under territorial jurisdiction (Yukon Act S.C. 2002, c. 7) [26]. In practice,
the application of the SARA in Yukon has come to refer only to federally controlled or
administered lands, as is conducted in the provinces. Federally controlled lands in Yukon
(mostly conservation lands) comprise c. 8% of the land base [36]. Unlike the Northwest
Territories and seven provinces, Yukon does not have legislation that complements the
federal SARA (Table 2) [27]. Provincial and territorial equivalents of the federal SARA
usually adopt components of federal Recovery Strategies and Management Plans for use
on public lands under provincial and territorial administration.

4.3. Competition

Unlike native bees, worker honey bees can recruit each other to harvest the best
sources of nectar and pollen, thereby monopolizing the food source [10,37]. The level of
numerical dominance by honey bees increases with flower abundance [38]. The amount of
pollen a honey bee colony collects from June to August is equivalent to the amount needed
to produce 100,000 progeny of an average solitary bee [39]. Under such competition from
honey bees, the most affected native species would have difficulty maintaining the local
population levels into the future.

Legislation that could reduce the risk of resource competition from honey bees and
other managed bees is limited, with most examples coming from municipal bylaws. Urban
beekeeping is a growing trend in Canada, with many municipalities moving away from
the prohibition of beekeeping, not enforcing the prohibition, or developing regulations
around beekeeping. Municipal regulations have the potential to control the amount of
competition with native pollinators and the risk of pathogen spillover, by either prohibiting
beekeeping or by limiting the number of honey bee hives. However, because public safety
is the main rationale for restricting the number of bee hives within municipal boundaries,
the overall density of bee hives and their risk to native pollinators has yet to be factored
in. The risk of competition was highlighted by the finding that the high honey bee density
in Montreal was negatively impacting wild bee species richness [40]. Similar findings
have been documented from elsewhere in Canada and Europe [41,42]. Beyond municipal
boundaries, most provinces track the location and number of honey bee hives by using a
registry system, where such registries have the potential to track the density of bee hives
and competition risk to native pollinators.

Legislation specifically restricting the placement of apiaries on public lands appears
lacking for most provinces. The lack of regulation would indicate it is a prohibited ac-
tivity if the particular provincial Lands Act is prescriptive in nature, meaning that by
default, activities are prohibited unless authorized. British Columbia appears to be the
only province that has explicitly authorized regulations pertaining to apiaries on public
lands, and these were enabled by its provincial Lands Act (C.245, R.S.B.C., 1996, s.60.).
Unlike British Columbia, which has a prescriptive Lands Act, the existing Yukon Lands
Acts (Territorial Lands (Yukon) Act, Revised Statutes of Canada, 1985, c. T-7; Lands Act
Revised Statutes of Yukon 2002, c. 132) are permissive, allowing any activities to occur
without restrictions unless those activities are specifically addressed in the Act or by its
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enabled legislation. At present, this means that beekeeping on public lands administered
by the Yukon Government is permitted without restriction. This may change as the Yukon’s
Lands Acts are undergoing major changes [26].

Providing sufficient forage is a general concern and recommendation for beekeep-
ers [43]. Honey bees are essentially free-ranging livestock, travelling beyond property
lines to collect nectar and pollen. Unrestricted access to public lands by beekeepers with
apiaries potentially creates problems with competition between beekeepers and their honey
bees, and competition between honey bees and native pollinators. For other livestock
in Yukon, such as cattle, sheep, and horses, competition with wildlife is a consideration
in deciding whether a land parcel can be a grazing lease. Adopting the approach of the
Yukon Grazing Policy [44] for identifying public lands for grazing livestock could be a
starting point for developing an assessment of where suitable sites would be for apiaries
on public lands. Specifically, the Yukon Grazing Policy stipulates a minimum amount of
available forage within a defined area, and how the period of time that the land can be
used for grazing livestock is determined. The policy also summarizes a process to identify
conflicting land uses and states that applications for grazing are subjected to review by the
Yukon Government or the Yukon Environmental and Socio-economic Assessment Act.

We recommend the establishment of foraging leases as a necessary condition for
private honey bee keepers to place apiaries on public lands. By using an approach like
the Yukon Grazing Policy, regulators would limit the number of hives to the capacity of
the forage (nectar and pollen) in defined areas (foraging leases), and such leases would
be limited in time and space. These limitations could help mitigate the competition with
native insects reliant on similar nectar and pollen sources.

Management practices need to be in place to reduce the number of apiaries on public
lands during time periods outside the period of mass flowering [32]. Mass flowering
refers to events during which a set of plant species produce many blooms within a short
period of time. Competition with native pollinators would be the most intense before
and after such mass-flowering periods when fewer food sources are available [32]. The
prohibition of apiaries in protected areas is also recommended to avoid disruption to native
pollinators [32]. This is supported by a study that found the carrying capacity of floral
resources in protected areas was exceeded by the introduction of honey bees [45]. As is
conducted in British Columbia, restricting the window of time during which apiaries can
be on public lands and regulating cleanup would help ensure that the public lands will
return to their original state as much as possible.

Precedents for limiting the density of honey bees and assessing risk to native pollina-
tors on public lands are generally lacking in Canada. However, there are initiatives in the
United States that demand environmental assessments prior to deciding whether to issue
permits for apiaries on public land. Such assessments would consider the risk of displacing
native pollinators from their essential food sources, and also the risk of potential pathogen
spillover from honey bees to native bees [46,47].

4.4. Recommendations for Legislative Change in Yukon

Through a combination of amending the existing Yukon legislation and introducing
new legislation, it would be possible to reduce the risk of pathogen spillover to native
pollinators and mitigate the competition between introduced bees and native pollinators.

4.4.1. Pathogen Spillover

For Yukon, existing legislation can be used to reduce the risk of pathogen spillover
from honey bees. The Animal Health Act has the ability to create regulations to prevent the
entry and spread of disease to domestic and wild animals. We recommend creating a set of
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regulations enabled by the Animal Health Act specific to beekeeping. In the regulations,
we suggest the inclusion of the following stipulations:

• Registration of apiaries, including the beekeeper’s name, number of hives, and specific
location(s) of hives;

• Onsite identification of apiaries to facilitate contact with the beekeeper if needed;
• Reporting of any movement of apiaries and equipment so as to track the potential

spread of pathogens;
• Inspection of honey bees and equipment prior to import into Yukon, and certification

to ensure that the honey bees and equipment are free of pathogens;
• Updated list of pathogens to include all pathogens at risk to honey bees in the

provinces from which the bees are being imported;
• Continued mandatory reporting of “transmissible diseases” as in the current Animal

Health Regulations.

To reduce the risk of pathogen spillover from managed bumble bees, there are two
options: one that would prohibit the use of managed bumble bees altogether, and another
that would control the use of managed bumble bees. We prefer the higher effectiveness of
the first option but discuss how to implement either through legislative changes to existing
Yukon Acts or Regulations.

Under option 1, prohibiting the use of managed bumble bees in Yukon would either
need amendments to the Animals and Species Regulation (Ministerial Order 2024/12) or
amendments to Yukon’s Wildlife Act.

Currently, the Animals and Species Regulation enabled by the Animal Protection and
Control Act prohibits “an animal that is not livestock and does not belong to an allowed
species or a restricted species” (s 6(a)). This wording offers the possibility of preventing the
import of non-native bumble bees if the definition of “animal” in the Animal Protection
and Control Act were to include non-native bumble bees. That definition currently only
includes vertebrates and “prescribed” species, and the “prescribed species” in the Animals
and Species Regulation are limited to cephalopods, tarantulas, and scorpions. Adding
bumble bees as “prescribed” species to Schedule 1 of the Animals and Species Regulation
would enact a prohibition on the import of non-native bumble bees.

For the Wildlife Act to prohibit managed bumble bees, the definition of “wildlife”
would need better clarity to include native insects so that stipulations to protect wildlife
through the Wildlife Act are applicable to native pollinators. The current definition of
“wildlife” as “wild by nature” may or may not apply to native insects. Then, a new
section would be needed in the Act to prohibit the importation of any species unless
authorized, akin to Newfoundland and Labrador’s Wild Life Regulations (Consolidated
Newfoundland and Labrador Regulation 1156/96 s.83). This would enable the prohibition
of insects considered a risk to Yukon’s wildlife and insects that are considered invasive.

Under option 2, controlling the use of managed bumble bees to minimize pathogen
spillover to native pollinators would require amendments to the Animal Protection and
Control Act and its regulations. For the purposes of the Animal Protection and Control Act
and the Animal Protection and Control Regulations (O.I.C. 2024/62), livestock is defined
by the species in Schedule 2 of the Animals Species Regulation and Schedule A of the
Game Farm Regulations (O.I.C. 1995/015). Adding non-native bumble bees as livestock
to Schedule 2 of the Animals and Species Regulation would enable the Animal Protection
and Control Act to prescribe conditions for the use of managed bumble bees in Yukon. The
conditions should include assurances that the bees are only permitted for use in winter
(November to March) and that they are confined to greenhouses. This would prevent
contact between the managed bumble bees and native bees; native bees are dormant in
winter. We also recommend the destruction of the managed bumble bee colonies at the end
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of winter to prevent any individuals from escaping out of the greenhouses. If the option of
a standardized disease-free stock of bumble bees becomes available [48], we recommend
the mandatory sourcing of commercial bumble bees from facilities that produce such stock.

4.4.2. Competition

The changes to legislation that we recommend in the Pathogen Spillover Section
(Section 4.4.1) are applicable to mitigating the competition between managed bees and
native pollinators. Regarding honey bees, the establishment of a registry that can track the
location and density of apiaries throughout Yukon is not only useful for understanding
where the competition risk to native pollinators is the highest, but also useful for beekeepers
wanting to ensure adequate food for their honey bees. Regarding managed bumble bees,
by prohibiting the use of managed bumble bees or confining their use to greenhouses in
winter, competition with native pollinators would be avoided.

Beyond the recommended changes discussed in the Pathogen Spillover Section, there
are additional amendments to Yukon’s territorial legislation and municipal bylaws that
could reduce the competition with native pollinators by honey bees. Apiaries are kept on
both public and private lands in Yukon, though in both circumstances, the honey bees have
access to food on public lands and compete with native pollinators. This competition cannot
be avoided altogether while beekeeping continues in Yukon because, unlike livestock that
can be confined by fences, honey bees are free-ranging. However, restrictions on the
number of hives and the placement of apiaries can reduce the competition with native
pollinators from honey bees.

At the municipal level, having municipalities, such as Whitehorse, adopt wording
similar to the Dawson City beekeeping regulations into its Zoning Bylaw or Animal
Control Bylaw would potentially limit the placement and density of honey bees within
the municipality. The Dawson City regulations include a maximum of two hives for
properties smaller than 0.41 ha, and a maximum of four hives for properties 0.41 ha or
larger. Additionally, imposing a total quota of apiaries within city limits could reduce
competition with native pollinators.

At the territorial level, the new Public Lands Act that the Yukon Government is
now developing could direct the conditions by which apiaries would be permitted on
public lands. At one extreme, apiaries on public lands could be prohibited altogether,
and this would produce the least risk to native pollinators. At the other extreme, in
what currently exists, apiaries would be permitted without restriction because, by default,
activities are allowed unless prohibited by the current Lands Acts and enabled regulations.
Somewhere between these extremes would require a regulated approach that mitigates the
risk of competition with native species while still allowing some use of public lands. We
recommend that the new Public Lands Act be prescriptive, rather than permissive, so that
it includes clause(s) that prohibit apiaries on public land except under specific conditions
and through a permitting process similar to how grazing agreements are devised in Yukon.

To mitigate the negative consequences of competition with native species, the permit-
ting process would include the following considerations:

• Forage: Identify sites that have a high abundance of floral resources, such as recent
burns in forested lands, or repeatedly disturbed sites (rights of way and gravel pits).
Estimate the longevity of the abundance, as some sites will lose their abundant floral
resources as part of forest succession or changes to land use.

• Timing: Restrict the window of time during which honey bees can be at a site. This
could reduce competition against native pollinators when food is most limiting (e.g.,
early spring), and permit apiaries when flowers are most abundant, and thus, least
likely to be limiting to native pollinators.
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• Quota: limit the total number of apiaries so that the total competition with native
pollinators is reduced.

• Placement A: Avoid remote sites to reduce the chances of pathogen spillover to native
pollinator populations that are currently less affected by introduced pathogens and to
maintain native plant–pollinator networks without intrusion. Instead, only use sites
with easy road access. For native species, road access often indicates that the area is
already disturbed compared with a remote site. For beekeepers, road access to sites
facilitates the easier placement of hives and removal at the end of the growing season.

• Placement B: Prohibit apiaries in rare ecosystems and protected areas. Disrupting
the native plant–pollinator network in ecosystems that are already spatially limited
compromises their future. In particular, native grassland ecosystems in Yukon often
support rare and/or range-restricted plant species [49], and their pollinator networks
are incompletely understood and may contain specialist species.

4.4.3. Species at Risk

Creating species at risk legislation in Yukon would help to implement Management
Plans and Recovery Strategies for safeguarding our native pollinators that are federally
listed species at risk. Yukon has previously signed on to the 1996 Accord for the Protection
of Species at Risk, and the 2018 Pan Canadian Approach to Transforming Species at Risk
Conservation in Canada. The Canada–Yukon Nature Agreement [50] states that its purpose
“is to establish the framework for cooperation between the Participants for measures and
plans by the Participants for the protection, conservation and recovery of biodiversity,
habitat, and species at risk in the Yukon”. These initiatives all point to the need and existing
mandate for Yukon to enact species-at-risk legislation.

5. Conclusions

Given that imported non-native honey bees and bumble bees can threaten the viability
of native bee pollinator species, and the native bees’ service of pollinating northern boreal
food crops, our review of the Canadian governance regime indicates that legislation needs
to (i) track the number and location of honey bee hives; (ii) control the spread of pathogens;
(iii) control competition with native pollinators; and (iv) make regulations applicable to
all domesticated bees, in addition to honey bees. These four requirements or functions
of governance need to occur in provincial or territorial legislation; currently, they are
very unevenly satisfied across these jurisdictions within Canada. In particular, policies
and regulations aimed at controlling honey bee competition with native pollinators are
generally lacking. In response, we propose the concept of “foraging leases” to manage any
proposed location of honey bee (i.e., domestic insect livestock) apiaries on public lands
because these lands often support a full complement of native pollinators. Foraging leases
would be modelled on “grazing leases”, a management tool already well established for
the management of domestic mammalian livestock on public lands.

Specific to Yukon Territory, we recommend new regulations under the Animal Health
Act to satisfy the need to track the number and location of honey bee hives, and to control
the potential spread of pathogens into and within the territory. We explain alternative
options for managing domestic bumble bees under the Animal Protection and Control Act
or the Wildlife Act, each of which would require the explicit listing of domestic bumble bees
as species requiring management. To control the competition for floral resources between
introduced bees and native bees, we recommend a new Public Lands Act (currently under
development) that is prescriptive and controls all placement of apiaries on public lands
within a set of conditions defined by the abundance of forage (flowers), the timing window
within the growing season, a quota (density of hives), and the placement with respect to
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permitted and non-permitted land covers. The resulting spaces and times when apiaries
are allowed on public lands could be called foraging leases. We also recommend the
establishment of a Yukon Territory Species at Risk Act to provide habitat protection for
pollinators already at risk.

Supplementary Materials: The following supporting information can be downloaded from https:
//www.mdpi.com/article/10.3390/biology14030282/s1: Table S1. Requirements within provincial
legislation pertaining to beekeeping that potentially reduce risk to native pollinators. Requirements
are organized first by general functions, and then by actions (identified in italics). Each action is
followed by example wording directly quoted from existing legislation. Table S2. Sample list of
bylaws pertaining to urban beekeeping.
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Simple Summary: A better understanding of resource exploitation by honeybees is funda-
mental for beekeeping production. More specifically, the spatial and temporal variability of
the exploration area around the hive helps beekeepers to anticipate production levels and
quality. The present study aimed at understanding the fine variability of these resources
in space and time in northern Bosnia & Herzegovina. The combined use of geographi-
cal information system tools, field observations, and modelling contributed to elaborate
monitoring maps of potential honey production levels over time, and to assess the impact
of different land uses on the area, particularly on the plant species that contributed most
to this potential. Forest and grassland had better contribution on potential, respectively
in May–June and in July–August. Nevertheless, some specific land uses contributed to
increasing the honey production potential, such as orchards in late March to the beginning
of April, and wasteland for some plant species.

Abstract: Interactions between honeybees and the environment are often difficult to achieve,
particularly when the purpose is to optimize beekeeping production. The present study
proposed to monitor the space-time variations of melliferous resources potentially exploited
by colonies within a foraging area in Bosnia & Herzegovina, characterized by contrasting
landscapes. The combination of methods involving Geographical Information Systems,
floristic monitoring, and modelling enabled honey production potential to be calculated
for the entire foraging area. In particular, the location of taxa, their abundance, diversity,
and phenology enabled us to determine the spatial distribution and temporal variation of
production potential. Robinia pseudoacacia and Rubus sp. made a major contribution. This
potential was highly contrasted, with distant areas from the apiary more attractive than
closer ones, depending on the moment. Specific periods, such as June were particularly
conducive to establishing a high potential. Forest and grassland played a major role in
the temporal succession, mainly because of the area covered, but moments with lower
potential were supported by specific land uses (orchards). Land uses with a small surface
area, such as orchards, wasteland, and riparian zones had a high potential per unit area,
and improving the production potential within a foraging area could involve increasing
these specific surfaces.

Biology 2025, 14, 422 https://doi.org/10.3390/biology14040422
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1. Introduction

Animal pollination, at the forefront of which is entomophilic pollination, is of vital
importance in the production of many fruits and seeds used in food and feed [1]. In
this context, the foraging activity of honeybees Apis mellifera L. represents an interesting
opportunity to optimize pollination of many crops, but also to ensure the reproductive
function of plant biodiversity in natural environments. Among the diversity of pollinators
that play a major role in pollination of ecosystems [2], the honeybee is singular because
it is dependent not only on the beekeeper’s practices but also on its physiological and
behavioral specificities [3]. Many publications deal with the loss of pollinators [4–7], but it
seems crucial to understand the involvement of bees in the current landscape, the one that
still allows us to survive [8].

Bees are eusocial insects. Each individual interacts with others within a colony, which
is based in a hive in the case of beekeeping activity. This colony is spatially positioned
within a territory, and interactions with landscape elements will determine its survival.
Therefore, it is interesting to know in detail the spatial distribution of resources available
among the plant diversity with the foraging area, which is defined as the area of interactions
favoured by foragers to gather the various resources the colony needs to survive. In order
to collect these resources (mainly nectar and pollen), they can explore the foraging area
over quite long distances, in excess of ten kilometers [9]. Most often, however, these
distances remain between 1 and 3 km in radius around the hive [10]. The variability of
this distance depends on the type of habitat considered [9,11–15]. The structure of the
landscape, particularly in terms of quality, quantity, density, homogeneity, and seasonal
variations in availability, also has an influence on the definition of the foraging area for
the colony in question [14]. Each type of landscape has a different performance, and even
forests that are not considered a good type could have some interest according to the period
or the specific honey that beekeeper wants to obtain [16].

The match between melliferous resources and bee foragers is at the heart of beekeepers’
strategies for optimizing the resources used by the colony and guiding bee management,
particularly in the choice of location and/or productive activities [17,18]. Several studies
have evaluated this spatial distribution, notably [19], which have modeled the dynamics
of nectar supply within the landscape, and on several temporal scales, from very fine
(3–4 days) to coarser (months). Therefore, the foraging area needs to be known in detail in
order to give beekeepers the ability to evaluate a territory in terms of production potential.
Nevertheless, the fine monitoring of space and time variations of melliferous resources
available within a precise foraging area remains poorly evaluated in this context.

The melliferous resource can be considered in first approximation as a surface, for
which the nectar and/or pollen supply is provided by a plant species [3]. However, except
in special cases (intensive monocultures), several plant species coexist on a given surface,
which can give rise to competition between different melliferous plants, as several plant
species compete to provide the best possible resource for the bee, and hence to be visited.
In such cases, we need to be able to reason about the bee’s choice of the most interesting
melliferous resource.

A number of ethological characteristics influence the interest of a geographical position
in terms of melliferous resources. Floral constancy is defined as the preference of foragers
to visit only one resource at a time during a trip [20]. Many foragers are conditioned during
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their flight by the recruitment of scouts within the hive, with dancing and trophallaxing
behaviors [21]. Numerous studies chose dance activity as a tool for assessing interaction
with melliferous resources [14,22,23]. This choice allows the clear identification of resources
actually foraged by the recruiters, even if some variability can exist between previous
resources exploited by recruiters and the next resources visited by recruits [22]. On the other
hand, it does not give access to the potential of the foraging area and hence to the possible
anticipation of impacts of weather conditions or agricultural choices in cultivated areas.

Numerous studies have modelled the functioning of bee colonies, proposing dynamics
in terms of population and foraging behavior (for example [24] for a review). The presence
and attractiveness of sectors to pollinators as a function of the geographical characterization
of the landscape have been investigated [25,26], but few of these studies also consider the
ecological variation that may exist within these environments [27]. Geographic Information
System (GIS) approaches are often used to characterize the landscape as part of a model of
bee colony functioning. However, they are very often used for regional or national scales [3]
which makes them difficult to apply to the assessment of melliferous resources around a
hive within the foraging area. In order to model the space and time variations of honey
production potential in fine detail within the restricted territory of the foraging area, the
present work proposes an approach combining a geographical approach using GIS tools,
botanical inventories, phenological monitoring of flowering, and mathematical modelling.
By taking into account not only the landscape but also plant development, we can gain a
more accurate picture of variations in the nutritional resources available to colonies.

2. Materials and Methods

2.1. Study Site

Bosnia and Herzegovina (B&H) is located in the western part of the Balkans Peninsula.
The north comprises the southern edge of the Pannonian plain, belonging to the peripan-
nonian region. The study area was located near the village of Bistrica (44.81◦ N, 17.05◦ E),
on the territory of the region of Banja Luka, The Republic of Srpska (B&H). As suggested
by [14], a radius of 1.5 km around the apiary location was used to define the foraging
area. This territory is characterized by a heterogeneous landscape and a relief structuring
the landscape into valleys and hills, forests, field crops, orchards, and residential areas
that follow one another without really dominating the landscape (Figure 1). Landscape
observation and preliminary GIS assessment were carried out at the start of the study to
confirm the heterogeneous nature of the area.

2.2. Environmental Data

Field monitoring was carried out over two consecutive years (2022 and 2023) to capture
inter-annual variability. These years were consistent in terms of average, minimum, and
maximum temperatures, with the typical trend for this area (Table 1).
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Figure 1. Location of the area and examples of landscapes. The study area is located in northern
B&H, North-West of Banja Luka.

Table 1. Mean monthly, maximum, and minimum temperatures for 2022 [28], 2023 [29], and 1991–
2020 period [30].

Month Jan. Feb. Mar. Apr. May June Jul. Aug. Sept. Oct. Nov. Dec.

Te
m

pe
ra

tu
re

(◦
C

)

Mean monthly in 2022 0.60 5.00 4.90 10.3 17.8 22.7 22.4 21.9 16.3 13.5 7.70 5.30
Mean monthly in 2023 3.80 3.20 8.70 10.3 15.6 20.2 22.7 21.6 18.8 15.6 8.40 4.90

1991–2020 mean 0.64 1.95 5.73 10.2 14.7 18.4 20.4 20.6 15.9 11.0 6.03 1.09

Mean monthly minimum in 2022 −4.00 −0.60 −2.00 3.70 10.8 15.2 14.6 15.8 11.0 8.50 4.20 2.10
Mean monthly minimum in 2023 0.30 −2.30 2.40 5.00 11.4 14.4 16.4 15.4 12.7 9.80 3.30 0.40

Mean 1991–2020 minimum −2.70 −1.97 0.94 5.10 9.23 12.8 14.3 14.4 10.1 6.09 2.26 −2.03

Mean monthly maximum in 2022 6.30 12.6 13.1 17.6 25.2 29.8 30.6 28.9 23.8 21.4 12.3 9.20
Mean monthly maximum in 2023 8.40 10.0 16.1 16.2 20.8 26.6 30.4 29.3 26.8 23.4 14.0 10.9

Mean 1991–2020 maximum 3.98 5.89 10.6 15.4 20.2 23.9 26.6 26.9 21.8 16.0 9.84 4.21

Data for 2022 and 2023 were measured at the Sanski Most station, 30 km from the study site, and data for the
period 1991–2020 were assessed for the Republic of Srpska using data compiled by the Climatic Research Unit of
the University of East Anglia.

2.3. Characterisation of Land Use Using a Combined Field and GIS Approach

All geospatial analyses were represented with QGIS software, version 3.22.15 [31]. The
aim was to create a graphical representation that shows the Land use Station (LUS) [32].
This is a spatial entity considered homogeneous, with specific biophysical characteristics
that it covers (without taking into account its socio-economic use, although the two are
linked). Therefore, it corresponds to the whole surface with the same land use, although it
is not necessarily continuous. In order to refer more specifically to a continuous area with
the same land use, we defined the term Land Use Unit (LUU). This is the spatial structuring
unit of the foraging area in question. Two databases were used in the foraging area. The
first was the “WorldCover 10 m 2020” developed by [33]. With a resolution of 10 m, this
image is derived from remote sensing data from the Sentinel-1 and Sentinel-2 satellites. The
second used the NDVI (Normalized Difference Vegetation Index) to highlight differences
in vegetation density over the foraging area under consideration [34]. It was calculated
using the 4 Sentinel-2 L2A red and 8 Sentinel-2 LSA near infrared spectral bands [33].
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In addition to these GIS approaches, further field observations were carried out in
order to refine the initial representations of land use. For all of the forest sectors, main tree
species were evaluated along transects, and LUU was divided up if changed. All the crop
fields were observed on site to identify orchards and plots of arable land. For this land
use, only wheat, barley, and maize plots were identified. Maize was isolated because can
play a role in bee nutrition as a pollen source. For most field crops, crop rotation was very
low or non-existent in the study area. Therefore, we decided to fix the land use of field
crops for the year 2023. For wasteland, the representation based on satellite images was
not very accurate. It was identified by analysing aerial photographs using Google Earth
software version 10.78.0.2 [35] and verifying them in the field (geolocated field surveys
using the Field Maps application developed by ArcGIS Pro [36]). Riparian vegetation
was very difficult to characterize by using GIS tools alone, and therefore it is very rarely
mentioned in similar research [32]. Streams were exhaustively mapped in the foraging area
during the month of April, after snowmelt and heavy rainfall, to increase their visibility,
including temporary ones [37]. Each stream was followed from downstream to upstream
and all the bends and branches encountered were recorded using Field Maps, in order
to map the structure of the associated riparian forest in detail. In this way, eight LUSs
were selected and described: forest, grassland, wasteland, riparian forest, arable crops
(excluding maize), maize crops, orchards, habitations and others.

2.4. Analysis of Landscape Structure

Two levels of scale are used to assess the overall organization landscape within the
foraging area under consideration: the LUU, which characterises the degree of fragmenta-
tion within the area, and the general landscape, which characterises its diversity [38]. For a
quantitative approach, various indicators from the Fragstats software version 4.2 [39] were
used, as detailed below.

Si is the average surface area of LUU for a given LUS i (ha), which gives an idea of the
average size of LUU within an area:

Si =
∑ni

j=1 aij

ni
(1)

With aij the surface area (m2) of the LUU ij and ni the total number of LUU within a
LUS i.

Dti is the density of LUU per 100 ha for a LUS i. This gives an idea of the fragmentation
of LUU and hence of the landscape:

Dti =
ni

A
(10, 000)(100) (2)

where A is the total area of the landscape (m2).
ENNi is the average distance between two LUU of the same LUS i (m), which makes

it possible to estimate the connectivity and dispersion of land use types:

ENNi =
∑ni

j=1 dij

ni
(3)

where dij is the distance between two nearest neighboring spots of the same LUS i (m).
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2.5. Characterisation of Melliferous Flora
2.5.1. Sampling Method

In 2022, systematic sampling was set up to cover the entire foraging area. 150 m stretch
separated each observation point from its neighbors in all directions. Only points that were
inaccessible in the field or were not in exploitable areas were not determined. A total of
142 points were studied. The year 2023 was used to take account of inter-annual changes
and to provide a more detailed description of certain areas/landscapes that are often given
little consideration in this type of study. The observation points were placed according to a
stratified sampling strategy. Each type of land use was assessed by setting up botanical
observation points, with the exception of inhabited areas which were too difficult to access
and fields cultivated with grasses, which are all characterized by the very low percentage of
weeds present, the absence of rotations involving melliferous crops and the low melliferous
interest of the main crops [40]. Within each type, the number of observation points was
determined based on the share of the surface area allocated to the foraging area and the
botanical diversity characterized in 2022. Each observation point was positioned at random
within the LUUs of the same type.

2.5.2. Botanical Parameter

At each observation point, a circular plot was positioned, the area of which depended
on the stratum considered [41]. For an herbaceous layer (height less than 0.5 m) the radius
was 0.56 m. For a shrub layer (height between 0.5 and 2 m) the radius was 4 m. Finally,
for a tree layer (height greater than 2 m), the radius was 8 m. Within this plot, all the
species were taken into account. Only grasses were not considered. The nomenclature and
determination of species were conducted using modern systematic principles according
to [42,43], and specific references linked to the region [44–48].

2.5.3. Phenological Parameter

The floral development of the various melliferous species was monitored. Three
specific phenophases, which can have an impact on nectar availability for bees, were
considered on the basis of [49]:

• the early flowering phase, where less than 50% of the flowers were open (the rest were
in the form of flower buds),

• the full flowering phase, where more than 50% of the flowers were open,
• the late flowering phase, where less than 50% of the flowers were open and the rest

were wilted.

A qualitative assessment by direct observation for each melliferous species present
at the observation points was carried out over weeks 10 to 34, from March to August to
describe the evolution of phenology.

2.5.4. Ecological Parameter

For each taxon present within an LUU, the rate of coverage was assessed using the
Braun-Blanquet abundance-dominance coefficient methodology [50,51]. The total plant
species, which is the total number of species present on a LUS, and the average plant
species number per plot for each LUS, defined as the quotient of the sum of the species and
the number of LUU for the LUS in question were evaluated.

2.6. Modelling
2.6.1. Estimation of Honey Production Potential

Initially developed by [52] and taken up by [32], the honey production potential
(HPP), which includes the main parameters that affect the attractiveness of a melliferous
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resource [53], was calculated by integrating the various parameters developed above,
in particular phenology, in order to accurately monitor the temporal variability of the
resources. This landscape element represents the sum of the HPPs of each melliferous
species present in the LUU under consideration. It varied on a weekly basis, in contrast to
previous studies:

HPP =

(
1 − D

10, 000

)
∗ S ∗ ∑

t
(Rt ∗ pnht) (4)

With:
HPP the honey production potential per LUU and per unit of time (kg/week),
t the number of considered nectariferous taxons,
D the distance between the center of gravity of the LUU and the apiary (m),
S the area covered by the LUU (ha),
Rt the coverage rate of the taxon on the LUU worked (%),
pnht the weekly nectariferous potential of the taxon t (kg/ha), calculated as follows:

pnht =
pnt
Sf

If (5)

With:
pnt the annual nectariferous potential of a given taxon t. This value was taken from

the literature, in particular [46–48,52,54,55]. For species not listed in the literature, either
values for the generic genus were still used if available (for Campanula sp., Knautia sp.,
Ranunculus sp., Rubus sp., Salix sp. and Stachys sp.), or they were not included due to lack
of data,

Sf the number of weeks of flowering,
If the flowering intensity, value 0.5 for early and late flowering, 1 for full flowering,

0 otherwise.

2.6.2. Mapping the Space and Time Evolution of Melliferous Resources

For each LUU considered, the botanical, phenological, and ecological parameters used
to calculate an HPP were associated with at least one observation made within the LUU.
For the others, the nearest observation point located on another LUU was used to feed
the equation. In this way, each pixel making up the foraging area was characterized by
an LUU identification and a HPP value per week. This information was then vectorized
on the mapping of the area using QGIS software in order to visualise the space and time
variability of the HPP over the entire foraging area.

2.7. Statistical Analysis

A non-parametric test (Kruskal-Wallis test) and a two-by-two multiple comparison
test were carried out to assess the significance of the effect of the LUS on the mean LUU
surface area, the mean distance between the nearest LUUs and the average plant species
number per observation plot, using R version 4.0.4 [56].

3. Results

3.1. Landscape Characterisation

The total surface area of the foraging area was 707 ha. 36.3% was covered by forest,
26.1% by grassland, 12.5% by housing, 9.06% by wasteland, 6.11% by orchards, 4.17% by
arable crops excluding maize, 4.04% by maize and 1.71% by riparian vegetation (Figure 2).
The average surface area of the LUU was fairly small (1.75 ha), with cultivated LUU being
even smaller on average, at around 0.5 ha (Table 2). Only the forested LUUs were larger,
although they vary greatly in size. The landscape mosaic was particularly represented by
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the grassland and orchard LUU, which have a higher Dti and a lower ENNi than the other
LUSs. On the other hand, riparian vegetation was very little represented in the landscape
and was exclusively linked to water (therefore very punctual in the landscape and linked
to the watercourse and the small lakes present in the foraging area). The arable LUUs were
particularly remote from one another. It should be noted that the average distance between
two LUUs of the same type varies greatly from one LUS to another.

Table 2. Landscape characterization of the type of land use.

Type of Land Use Number of LUUs Si (ha) Dti (LUU/100 ha) ENNi (m)

Cropfield
excluding corn 43 0.685 ± 0.52 ab 6.08 118 ± 110 a

Forest 40 6.41 ± 11.0 a 5.66 51.4 ± 51.7 bc

Wasteland 38 1.68 ± 2.95 a 5.38 81.9 ± 112 abcd

Maize 49 0.583 ± 0.50 b 6.93 99.7 ± 106 ab

Grassland 114 1.62 ± 3.44 ab 16.1 24.7 ± 28.7 d

Riparian
forest 13 0.929 ± 1.28 abc 1.84 72.3 ± 142 abcd

Orchard 132 0.327 ± 0.545 c 18.7 29.5 ± 45.5 cd

Statistical analysis - X2 = 116.84, df = 6, p < 0.001 - X2 = 71.35, df = 6, p < 0.001

Values are given in mean ± standard deviation. Different superscript letters within a column indicate significant
differences (two-by-two multiple comparison test).

Figure 2. Distribution of land use types within the foraging area.

3.2. Link Between Land Use and Botanical Diversity

Total plant species were highest in grassland throughout the foraging area (Table 3).
Orchards and wasteland had the lowest one. For this first LUS, non-cultivated flora was
considered a weed and the management contributed to limiting the associated diversity. In
the case of wasteland, these areas were in transition and were mainly colonized by plants
considered to be pioneers or even ruderals, with fairly strong competition, particularly
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from Rubus sp. On the other hand, if we considered the number of species present on
average within a plot, the diversity was greater for grassland and riparian zones, unlike for
woodland and wasteland. Thus, the use of a restricted area (a LUU) by bees would allow a
greater potential number of species to be used. The average plant species number for the
orchard plots had not been evaluated, as the measurement process was different for this
LUU, as most of the plots were inaccessible. An average value based on the only accessible
plots was therefore generalized to the entire LUS.

Table 3. Total and average plant richness of the research area.

Land Use Type Total Plant Species
Average Plant Species

Number per Observation Plot

Forest 66 5.39 ± 3.07 a

Wasteland 50 5.78 ± 2.65 a

Grassland 84 14.4 ± 6.05 b

Riparian forest 69 16.7 ± 5.88 b

Orchard 45 -

Statistical analysis - X2 = 59.12, df = 3, p < 0.001
For the statistical analysis, values are given in mean ± standard deviation. Different superscript letters within a
column indicate significant differences (two-by-two multiple comparison test).

3.3. Spatial and Temporal Distribution of HPP

The detailed space and time characterization of the foraging area (Figure 3) enabled
the HPP to be monitored precisely over the weeks making up the beekeeping season.
From a very low potential in the first few weeks (W10 and W11), concentrated on a few
LUUs giving access to HPP of a few dozen kg but relatively far from the apiary, to a more
substantial potential in W12 and W13, this led to a general increase in HPP in the area (W14
to W20), where less than half of the LUUs exceed an HPP of 10 kg and some were already
at 100 kg or more, culminating in the most generous periods between W21 and W27, where
almost all the LUUs were likely to provide an HPP of more than 50 kg. From W28 onwards,
there were specific areas that were very attractive among others less generous. These areas
of interest remained relatively close to the apiary.

3.4. Temporal Variations in Cumulative Weekly HPP in the Foraging Area

Figure 4 provided a clear picture of the temporal variability and the general impact
of each type of land cover considered. Four periods followed one another in the honey
production potential between weeks 10 and 34 (Figure 4a). The first concerned weeks
were 10 to 15. It showed rather low levels of HPP with a major contribution from the
forests. However, in the downward phase, the orchards made a significant contribution
to the weekly HPP in weeks 12 to 15, with, for example, up to 45% of the HPP in week 14
coming from the orchards. Weeks 14 and 15 showed the lowest weekly HPP and similar
values were not seen again until August. The second period ran from weeks 16 to 19 and
was characterized by a greater contribution from grassland, up to 21.5% in week 17. The
contribution from orchards became negligible from week 16 onwards. The third period
ran from week 20 to 27. It was characterized by an increase in the contribution from
all the LUSs, which contributed to a very significant increase in the weekly HPP, with a
maximum value in week 23 for the season. From weeks 20 to 26, the forest made the largest
contribution then equaled the contribution from grassland in weeks 25, 26, and 27. Weeks
21 to 27 allowed a contribution from wasteland, up to 10% in week 25. In the fourth period,
from week 28 and almost all in weeks 29 to 34, grassland accounted for most of the HPP.
Although forests represented the largest share of potential honey production, meadows
provided a steady and substantial foraging resource throughout June, July, and August.
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This indicated the importance of grassland as a significant foraging area for bees. The
contribution of riparian vegetation remained very low, with an increase between weeks 21
and 27.

Figure 3. Space and time variation of HPP. The represented time step is the week, each card is
linked to a week number during the year (for example W10 for week 10). Each circle has a diameter
equivalent to 3 km.
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Figure 4. Temporal variation in cumulative HPP per week as a function of land use type: (a) total
HPP (×108 kg); (b) HPP per unit area (kg/ha).
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The importance of forest and grassland in the establishment of total HPP was clearly
visible. Nonetheless, rarer land used such as orchards, riparian forests, and wasteland were
useful insofar as they represented a significant contribution to the HPP in relation to their
surface area (Figure 4b). Using the periods described above, their relative involvement
varied greatly. In the first phase, the involvement of orchards and riparian vegetation was
very high, reaching 59.3% and 25.7% respectively in week 14, while grassland and forest
were at 5.31% and 6.20%, respectively. In the second phase, forest and riparian forest shared
the bulk of the contributions, as in week 18, when they accounted for 42.6% and 31.2%
respectively. The third phase saw the most significant implications for all land uses except
orchards. Initially dominated by forest, the implications were equivalent in weeks 25, 26,
and 27. Finally, in the last phase, grassland dominated the implications in relation to the
other land uses.

3.5. Contribution of the Main Taxa to Overall HPP

Identifying the contribution of each taxon to the overall HPP by considering all the
observation points enabled to characterize the most abundant taxa (Figure 5). These were
mainly found in forests, with trees such as Carpinus betulus or Robinia pseudoacacia, but
also Rubus. Grasslands also played an important role, as ten of these major taxa were
mainly found in this LUS. Forests and grasslands were the main hosts for these taxa, but
land-use types less important in terms of surface area were heavily involved for certain
abundant taxa, where, for example, 24.7% of the surface area covered by Rubus caesius,
48.8% for Rubus plicatus and up to 55.8% for Cornus sanguinea were attributed to wasteland
and riparian vegetation. Similarly, in the case of orchards, Filipendula vulgaris accounted
for 6.02%, Centaurea jacea for 23.3%, and up to 96.9% for Prunus domestica, the main species
cultivated in these orchards.
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Figure 5. Cumulative HPP over 25 weeks of the 20 taxa contributed most to the total HPP of the
foraging area.
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4. Discussion

The diversity of melliferous resources within a landscape makes it possible to supply
the colony with complementary nutritional inputs that maximize its fitness [57]. A variety of
melliferous resources which will follow one another in time due to their specific phenology,
and in space due to the diversity of communities associated with land use, will make it
possible to offer colonies resources in sufficient quantity and quality to meet the diverse
of their physiological needs. As Apis mellifera is a polylectic pollinator [58] and the colony
is structured as a complex system [59], the organization of foraging makes it possible to
take advantage of the different spatial and temporal opportunities for access to melliferous
resources [60–62]. Wasteland and riparian zones are particularly interesting because they
combine several vegetation strata, often in a small area, making available a diversified
melliferous resource [63] and offering staggered flowering throughout the season [54].
On the other hand, landscapes characterized by a large number of arable plots have a
strong impact on bee colony dynamics [64]. In our example, the presence of arable plots
did not provide colonies with melliferous resources, apart from maize, which provides
a potential pollen resource. Nevertheless, the small surface area allocated (less than 10%
of the foraging area considered) remained small compared with other types of LUS and
the impact on colony dynamics hence remained small. Similarly, the HPP responded to a
question about honey production from nectar resources, which excluded maize. Studies
carried out in landscapes with a high proportion of arable crops [62,65] had identified a
harvest peak in April followed by a trough in June. In the case of our study, April was
a low period, partly offset by the flowering of orchard plots, and June corresponded to
the highest potential with the transition in exploitable melliferous resources from forests
to meadows. Several studies [10,16,66] have shown an increase in flight distances due to
the scarcity of melliferous resources during the summer months, particularly in July. Our
study is in line with this trend, showing a decrease in HPP in summer, with resources
almost exclusively provided by meadows. Similarly, [16] showed that the ‘summer blues’
are more pronounced in forested landscapes than in more open environments. Our study,
which shows a forest landscape at less than 40%, shows a 5.7-fold decrease in overall
HPP between periods 3, which relied mainly on forest resources, and 4, which relied on
grassland resources.

The number of species potentially exploitable by bees within the foraging area
(162 species) is consistent with other results of pollen analysis studies (between 149 and
168 species, in particular for [67] which worked on the subspecies Apis mellifera carnica
present in the Balkans). Four of the twenty most important plant species contributing
to the overall HPP for our study are found in [55], nine if we generalize to genera, for a
study area located around 200 km away as the crow flies. Most of the HPP identified in the
foraging area is borne by a small number of plant species. However, it has been shown that
the diversity of the resources visited, as well as their sufficient availability throughout the
colony’s activity, has a strong impact on the colony’s long-term survival [11]. This diversity
will make it possible to meet the colony’s nutritional needs and improve the general health
of the individuals making up the colony [68]. Moreover, landscape diversity does not
influence the abundance and diversity of the resources collected. Low values in the nearby
landscape are compensated for by the exploitation of a larger foraging area [11]. This leads
to a greater flight distance per forager in simple landscapes compared with more complex
ones [14]. Wasteland could be interesting to increase the diversity of potential melliferous
resources. This LUS was characterized by several strata (shrub, bush, sometimes with a
herbaceous stratum) made up of spontaneous vegetation, formerly maintained and/or
cultivated then abandoned and evolving towards a forest formation [69]. Several species
are abundant there, especially Rubus sp., even if, in our study, the total plant species was
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lower than other LUSs, and weeks with the highest values of HPP contribution coincide
with forest and grassland ones.

This work enabled us to model the theoretical availability of the melliferous resource
for bees by identifying the most attractive sectors in space and time. However, this upstream
availability does not condition the actual ability of bees to visit flowers and bring nectar
and pollen back to the hive. In [70], only half of the available melliferous resources were
found in honey and beebread. In natural habitats, the proportion of flowering species not
utilized in colony products can reach up to 60%, depending on the time of year. Estimating
the nectariferous potential of each taxon poses a challenge. Nectar production depends on
the plant’s physiology. The quantity of nectar produced and available fluctuates during
the day, via hormonal control, particularly by jasmonate [71], but also by competition
for food with other pollinators [72]. Nectar produced but not used by a pollinator may
even be reabsorbed by the plant [73]. Experimental methods can be used to monitor
fluctuations in production and availability, in particular by collecting nectar inside the
flowers [74,75], but they are difficult to set up and monitor. Modelling can also be used to
monitor nectar potential [74,76]. Finally, remote sensing approaches have been proposed
to anticipate and assess flowering, some of them even proposing an evaluation of honey
production [77–80]. However, although these approaches are useful for obtaining a general
view of the production potential over a large area with homogeneous resources, such as in
the context of large plots, large orchards, or little diversified forests, it is difficult to use in
the context of specific work on the capacity of an apiary to exploit a restricted area such as
a foraging area, in a heterogeneous landscape such as northern B&H.

The ability of a colony to exploit a foraging area and its resources depends on a variety
of factors: organoleptic and chemical characteristics of the products harvested from the
resource [81–83], ecological characteristics of the populations and communities of the plants
of interest, and structure of the landscape [84], phenology and capacity to supply nectar
and/or pollen [85], individual and collective ethological characteristics of bees (distance to
the hive, resource encountered by a scout, recruitment within the hive) [22,86], weather
conditions which will influence the phenology of the plant and the capacity of the foragers
to leave the hive and ensure the harvest [87–89]. Our model focused on the capacity of the
resource to produce and the interaction with a colony but did not take into account the
dynamics of the colony and its capacity to forage effectively. Models of interaction with
the climate and colony dynamics [76,90–92] could be coupled to our approach in order to
model more finely the effective interaction between a bee colony and a melliferous resource
in order to come closer to a coherent prediction of the productivity of an apiary. Similarly,
pollinator communities within ecosystems coexist and interact to exploit resources. A
detailed understanding of an area’s capacity to provide effective honey production therefore
requires the integration of the effect of other pollinators. Pollinator-resource networks are
complex and specific [72,93] and contribute to the ecosystem. Honeybees integrate these
networks through direct and indirect competition [94]. Competition between different
apiaries also remains problematic insofar as the functioning of colonies remains similar.
Several studies have attempted to optimize the positioning of apiaries according to the
potential productivity of a zone [77,95,96]. One of the possible perspectives of our study
could be the generalization of the understanding of the space-time variation of HPP over
a zone larger than the foraging area in order to optimize the positioning of apiaries and
minimize mutual competition.

5. Conclusions

This study is part of the drive to better understand the interaction between bees and
the environment. In particular, it enabled us to map the spatial and temporal variations in
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HPP in an area close to an apiary, which is most used by the colonies. It made it possible
to associate the specific features of the landscape, particularly in terms of land use, with
the production capacity of an apiary. Successions over time in terms of the contribution
made by LUS, as well as the intensity of the production potential, could be highlighted
in detail, down to the week. It was also possible to identify the plant species that make
the greatest contribution to HPP. The results presented in this study are largely in line
with the literature and reflect the specific features of a contrasting landscape environment
where forest dominates in the establishment of HPP. This work is an example of a detailed
understanding of the environment around the apiary, corresponding to the questions
beekeepers are asking about their ability to anticipate the production potential of an area,
both in terms of the reasoning behind honey flows and the triggering of transhumance.
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45. Kojić, M. Livadske Biljke; Naučna Knjiga: Baograd, Serbia, 1990.
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Simple Summary: Alfalfa is a widely grown crop used as an animal feed because of its
protein and fiber content. However, alfalfa plants cannot produce seeds without the assistance
of flower-visiting insects, which transfer pollen between flowers. In this study, we tested
whether placing honey bee colonies near alfalfa fields could improve pollination and increase
seed production. We compared three types of field setups: one without honey bees, one with
two colonies, and one with three colonies. We recorded how often insects visited the flowers,
how they behaved while feeding, and how many seeds were produced. Honey bees were
the most common visitors in the fields where hives were placed, although native wild bees
also contributed significantly to pollination. We found that the setup with two honey bee
colonies produced more seeds than the setup with three. This suggests that more bees do not
always lead to better results. Our results also showed that both honey bees and native wild
bees played a role in seed development. This research shows that a balanced use of managed
honey bees has the potential to improve seed production in alfalfa.

Abstract: Alfalfa (Medicago sativa) is an important fodder crop with 16–25% protein and
20–30% fibre content. It requires pollinators for seed development through a process known
as “tripping”. Honey bees are preferred for their easy management and mass rearing to
enhance pollination. In a field experiment, we tested three treatments: two honey bee
colonies (moderately supplemented), three honey bee colonies (highly supplemented),
and a control with no honey bee colonies. The colonies European honey bee, A. mellifera,
were used, starting at the flowering stage. We assessed the abundance, foraging, and
tripping behaviour of pollinators, as well as the number of seeds per pod, pod weight,
and seed weight. Honey bees were the most abundant in supplemented plots, followed by
solitary bees, with increased honey bee visitation in the second year. Megachile cephalotes,
M. hera, and A. mellifera were the most efficient pollinators regarding seeds per pod and
seed weight. The plot with two honey bee colonies had a higher seed yield than the one
with three colonies. Conservation of these pollinators and the introduction of managed
A. mellifera colonies can lead to sustainable alfalfa seed production. Our findings suggest
that honey bee supplementation, along with conservation efforts for solitary bees, can
enhance pollination and seed yield in alfalfa.

Keywords: bees; fodder; foraging behaviour; tripping behaviour
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1. Introduction

With the increasing human population, the demand for dairy and meat products is
increasing; therefore, the livestock industry is expanding. The healthy development of
livestock relies on the consistent availability of high-quality fodder. Pakistan produces
approximately 55.47 million tons of fodder annually [1]. The main fodder crops in Pakistan
include sorghum (Sorghum bicolor L.) (Poales: Poaceae), pearl millet (Pennisetum glaucum
L.) (Poales: Poaceae), maize (Zea mays L.) (Poales: Poaceae), cowpeas (Vigna unguiculata
L.) (Fabales: Fabaceae), guar (Cyamopsis tetragonoloba L.) (Fabales: Fabaceae), berseem
clover (Trifolium alexandrinum L.) (Fabales: Fabaceae), alfalfa (Medicago sativa L.) (Fabales:
Fabaceae), oats (Avena sativa L.) (Poales: Poaceae), and ryegrass (Lolium perenne L.) (Poa-
les: Poaceae).

M. sativa is an important fodder crop, containing 20–30% fibre and 16–25% protein [2].
Due to its high nutritional value and yield, alfalfa is known as “the queen of fodders” [3]. It
is a perennial forage legume, a deep-rooted crop with multiple cuttings and a fast-growing
nature, characterised by purple flowers [4,5]. The inflorescence of alfalfa is trifoliolate,
1.0–2.5 cm long, and 0.3–1.6 cm wide. Papilionaceous flowers remain closed during anthesis
and only open after being “tripped” by a pollinator, making alfalfa highly dependent on
entomophilous pollination. Furthermore, alfalfa has a reproductive system that is primarily
self-incompatible and self-sterile [6]. The fruit of alfalfa is a polyspermous pod. Small,
sickle-shaped, or corkscrew-coiled alfalfa pods typically have one or more coils, with a
maximum of five. Alfalfa seeds are tiny, reniform, angular, or oval-shaped, with colours
ranging from yellow to light brown and greyish brown [7].

In Pakistan, alfalfa is cultivated as a mixed crop for fodder and seed production. After
multiple cuttings, the crop is left to mature for seed production [8]. Pakistan has a low
output of alfalfa fodder and seeds. The total cultivated area under fodder crops is projected
to exceed two million hectares, with an annual fodder production of 55.4 million tons.
However, to meet the feeding requirement, this amount of fodder is insufficient [9]. The
low production levels can be attributed to the unavailability of high-quality seeds and the
farmers’ limited awareness of advanced crop production technologies [10].

Effective pollination in alfalfa requires a tripping mechanism, where pollinators must
physically force and open flower parts to release pollen grains, enabling successful seed
production [11]. There are different pollinators of the alfalfa crop, among which bees
are considered the primary pollinators [12–15]. Managed honey bee Apis mellifera L. (Hy-
menoptera: Apidae) ranks as the most frequently visiting single species in many crops,
including alfalfa [16]. A. mellifera is an important pollinator of alfalfa crops mainly due to
its ability to forage for more extended periods up to 11 h per day. This prolonged forag-
ing activity improves its effectiveness in pollinating alfalfa, which makes it particularly
valuable for optimising seed yield [17].

Supplementary bee pollination has been used to enhance the productivity and quality
of various crops. For example, in melons, supplemental pollination by managed solitary
bees and honey bees enhanced the fruit set, fruit size and yield parameters of the crop [18].
Moreover, another study on oil tree peonies has shown that supplementary honey bee
pollination can significantly enhance fruit growth rate and yield [19]. In the same study,
managed honey bees in controlled pollination settings have increased seed production and
oil content [19]. Often, a single pollinator species is insufficient for efficient pollination,
therefore, the presence of other pollinators is necessary [20–22].

To increase alfalfa crop yield, farmers use bee colonies and place them near crops
for the best pollination [23]. For optimal alfalfa seed production, 4–6 colonies have been
recommended per hectare [24]. Although honey bees are highly effective in increasing
pollination rates and seed yields due to their ability to be mass-reared and easily managed,
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they are less efficient at pollinating alfalfa flowers compared to some solitary bees [25,26].
However, the management of solitary bees requires year-round maintenance of floral
resources as well as nesting sites [27]. For example, Megachile spp. are highly efficient
in tripping alfalfa flowers, yet they present unique management challenges due to their
nesting needs and lower tolerance to environmental disturbances [27]. Moreover, due to
climate change, the number of native solitary bees is expected to decrease [28,29]. In these
scenarios, honey bee supplementation could serve as a quick option to improve pollination
services in alfalfa crops.

The increased presence of A. mellifera can lead to enhanced competition for floral
alfalfa resources, potentially affecting foraging behaviour and the population dynamics of
local pollinators [30]. Despite this, when combined with conservation efforts for solitary
bees, honey bee supplementation can create a balanced approach that enhances overall
pollination efficiency and seed production in alfalfa fields [30].

Little is known about the effect of A. mellifera supplementation on foraging behaviour
and the abundance of local pollinators in alfalfa fields. To our knowledge, only one study
has compared the single-visit efficiency of native solitary bees in alfalfa crops in Pak-
istan [31]. No previous study has reported the role of A. mellifera supplementation in
increasing the seed yield of alfalfa crops. Therefore, the current study was designed to in-
vestigate the optimal number of honey bee colonies for alfalfa seed production, considering
the presence of local pollinators. We hypothesise that supplemental honey bee pollination
significantly enhances alfalfa seed yield in response to pollination deficits. Based on this
hypothesis, we predicted that alfalfa plots with supplemental honey bee pollination would
yield higher seed yields than those without supplementation.

2. Materials and Methods

2.1. Study Site

The research was conducted at the experimental farm of Muhammad Nawaz Shareef
University of Agriculture, Multan, Punjab, Pakistan (30.1575◦ N, 71.5249◦ E) over two sea-
sons, including the years 2021–2022 and 2022–2023. The experimental crop was Alfalfa
(Medicago sativa L.). Alfalfa cultivar ‘Sargodha 2000’ was sown at a rate of 8 kg per acre over
a three-acre area on 8 November 2021 (first year) and 10 November 2022 (second year).
The climate in Multan is subtropical, characterised by dry and hot summers, mild winters,
and an average annual rainfall of 175 mm [32]. The minimum and maximum temperatures
in this area in summer are 24 ◦C and 42 ◦C, respectively, while in winter, the range is
between 4.5 ◦C and 22 ◦C [33,34]. The experimental plots and alfalfa sowing were managed
homogeneously to exclude any variance that might impair the experiment’s analytical
comparisons. Standard pest management practices (use of neem-based biopesticides) and
agronomic practices (thinning and two cuttings) were implemented for the alfalfa crop,
and manual weed removal was also performed.

2.2. Experimental Design and Layout

Three plots (each measuring 4046.86 m2) were established, which were at least 1 km
apart from each other, and named as a highly supplemented block, a moderately sup-
plemented block, and a non-supplemented plot. We used the distance measurement tool
available in Google Maps to ensure that all selected experimental fields were at least 1 km
apart. Three honey bee colonies were introduced into a highly supplemented block, while
two colonies were placed in a moderately supplemented block (Figure 1). No colonies
were introduced into the non-supplemented block, which was the control in both years.
All honey bee colonies were healthy, with no signs of disease or pest infestation observed
during or after the experiment. Throughout the experiment, all colonies were maintained
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under standard apicultural practices. They were provided with sugar syrup (1:1 ratio of
sugar and water) as a supplemental food source. We also conducted routine inspections
to monitor colony health, queen presence, and overall brood development. We did ob-
serve any absconding or swarming behavior during or after the experiment. Standard
agronomic practices were followed for growing the alfalfa crop [35]. A. mellifera colonies,
each housed in hives containing 10 frames, were used for this experiment. Each hive
measured 20 cm (length) × 30 cm (height) × 16 cm (width), and the hive cover measured
20 cm × 16 cm × 4 cm. Each colony had an estimated strength of ~25,000–30,000 worker
bees at the start of the experiment. The colonies were purchased from a progressive bee-
keeper in Layyah, Punjab, Pakistan, and were transported at night on a mobile vehicle due
to the low activity of the bees. The bee colonies were then placed on an iron stand under
the shade of a tree in the experimental farm of Muhammad Nawaz Shareef University of
Agriculture, Multan, Punjab, Pakistan. For moderate honey bee supplementation, two hives
were placed diagonally opposite each other, facing southeast. For high honey bee supple-
mentation, three hives were arranged in a triangular formation, with two colonies aligned
on one side and the third colony placed in the middle on the opposite side, facing southeast.

Figure 1. Experimental layout showing three pollination treatments in alfalfa fields: (A) Non-
supplemented plot with no honey bee colonies, (B) Moderately supplemented plot with two Apis
mellifera colonies placed at the field edges, and (C) Highly supplemented plot with a three A. mellifera
colonies surrounding the field. The illustration represents the relative abundance of honey bees
and colony placement across the treatments to assess the impact of honey bee supplementation on
pollinator activity and seed set.

2.3. Abundance of Honey Bees and Other Insect Pollinators

The abundance of honey bees and other insect pollinators was measured using a
one-square-meter iron frame placed in ten randomly selected quadrats per plot during the
flowering period (April–May). The one-square-meter iron frame was randomly tossed to
determine the observation area by dividing the experimental plot into units, assigning serial
numbers to the units and using a random number generator to select places for the iron
frame. After the frame landed, a one-minute pause was observed to ensure that pollinator
activity had returned to normal. After the data collection from that area, the frame was
tossed again while standing at the previous data point, and this process was repeated. The
frame was placed directly on the ground to prevent any movement that could hinder the

116



Biology 2025, 14, 599

observation process. Insect pollinator counts were conducted twice weekly at four-hour
intervals (06:00, 10:00, 14:00, and 18:00) throughout the flowering season (April–May) in
both study years. Abundance was assessed by observing each quadrat for five minutes
and recording the number of insect visitors [36].

2.4. Foraging Behavior

The duration of stay for honey bees and other insect pollinators was measured by
visual observation of how long each pollinator stayed on a single raceme during a 60-s
duration. The duration was recorded by using a digital stopwatch (XL-011, Binloo, China).
The observer stood at least 0.3 m away from the alfalfa plant. During the observation period,
care was taken to ensure that the observer remained still and avoided any unnecessary
movement to prevent disturbance to pollinator activity. The visitation rate was calculated
by counting the number of racemes visited by honey bees and other insect pollinators
within 60 s. Visual observations were conducted twice weekly throughout the flowering
season (April–May) at four different times of day: 06:00, 10:00, 14:00, and 18:00 h, to capture
variation in pollinator activity [25,37].

2.5. Tripping Behaviour of Honey Bees and Other Pollinators

Tripping behaviour of insect pollinators was assessed through counting: (1) the num-
ber of flowers tripped per raceme (exposure of anthers upon pollinator interaction), and
(2) the number of already tripped flowers visited per raceme (already exposed anthers
due to a previous pollinator interaction) [38,39]. A tripped alfalfa flower was identified by
the visible stigmas and anthers. In contrast, untripped flowers remained closed, with the
reproductive structures not yet exposed. Data were collected twice a week throughout the
entire flowering season of alfalfa.

2.6. Single-Visit Seed Set Efficiency and Reproductive Success of Alfalfa

To measure the single-visit seed set efficiency, the observer placed himself at least
0.3 m away from an unopened flower (un-tripped) and waited for a pollinator to trip it.
After being tripped by a specific insect, the flower was caged using a butter paper bag
(3 cm × 3 cm) and tagged with the name of the pollinator; the remaining flowers on that
raceme were removed. Ten pollinators of the same species were each allowed a single
visit to different flowers. After the seed ripened, the cages were removed, and the pods
were harvested at maturity in June. After harvesting, the pod weight was measured using
digital weighing balance. After weighing, pod was crushed manually to harvest the seeds.
Following hand crushing, the seed weight was measured using digital weighing balance.
Following the weight measurements, the number of seeds was counted in each floret.
Single visits of seven pollinator species were assessed in the first year of the trial, as the
pods visited by the two pollinator species, Amegilla sp. and E. aeneus, were damaged due
to rainfall, and no seed was recovered. Moreover, no data regarding single-visit efficiency
were collected during the second year.

2.7. Seed Yield

To assess the effect of honey bee supplementation on seed yield, seed weight per
square meter was measured across three treatments: highly supplemented, moderately
supplemented, and non-supplemented plots. We selected ten quadrats of 1 m2 with similar
plant densities and marked them across the entire acre. These same plants were then
used to assess reproductive success and record seed weight (in grams). Seed weight was
then compared across treatments to evaluate the impact of honey bee supplementation on
overall seed yield.
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2.8. Statistical Analysis

To estimate abundance, the number of different insect pollinators visiting the flowers
was analysed in 2022 and 2023. For stay time, the average time spent by each pollinator in
seconds was compared between the two years. For the visitation rate, the mean number
of flowers visited per minute was analysed for 2022 and 2023. For tripping efficiency, the
average number of flowers tripped versus already-tripped flowers was recorded for each
bee species and analysed separately for the two years. The mean seed weight per m2 across
three honey bee supplementation treatments was also analysed separately each year. The
single-visit efficiency of individual bee species was measured as the mean pod weight,
mean seed weight, and mean seed number per visit of each bee species, and these metrics
were analysed annually. We used the Shapiro–Wilk test to check whether the data followed
a normal distribution and applied a log transformation to achieve normality. Analysis
of variance (ANOVA) was performed, and means were compared using the Tukey test
(Statistix 8.1).

3. Results

3.1. Abundance of Insect Pollinators

There was a significant difference in the abundance of pollinator species in all the
non-supplemented block (F = 12.2, df = 5, p < 0.001), moderately supplemented block
(F = 16.7, df = 5, p < 0.001), and highly supplemented block (F = 16.4, df = 5, p < 0.001)
during the first year (Figure 1). Similar differences were found in the second year in non-
supplemented block (F = 20.3, df = 5, p < 0.001), moderately supplemented block (F = 20.6,
df = 5, p < 0.001), and highly supplemented block (F = 46.1, df = 5, p < 0.001) (Figure 2). In
the first year, the abundance of other honey bees (A. dorsata and A. florea) was significantly
higher in the highly supplemented block where three honey bee colonies were kept for
supplementary pollination and in the non-supplemented block compared to the abundance
of other pollinator species (Figure 1A,C). Syrphid flies (E. aeneus and E. arvorum) were also
significantly higher than solitary bees (M. cephalotes, M. hera, and Eucera sp.), butterflies
and wasps in the moderately supplemented block where two honey bee colonies were
installed for supplementary honey bee pollination. The abundance of European honey bees
(A. mellifera) was significantly greater in the moderately supplemented block than in other
supplementary treatments (Figure 2).

Figure 2. Cont.

118



Biology 2025, 14, 599

Figure 2. Abundance of different pollinator species visiting lucerne flowers in 2022: (A) non-
supplemented block, (B) moderately supplemented block, and (C) highly supplemented block.
Standard error bars with the same letters are not significantly different (Tukey–Kramer test, α = 0.05).
Pollinator group abbreviations: AMEL—Apis mellifera, OBEE—other honey bees; SFLY—syrphid flies;
SBEE—solitary bees; BTFS—butterflies; WASP—wasps.

In the second year, the abundance of pollinator species was lowest where no honey
bee hives were kept for supplementary pollination. The highest abundance of European
honey bees (A. mellifera) was recorded in the moderately supplemented block compared
to other blocks with varying levels of supplementation. The abundance of syrphid flies,
solitary bees, butterflies, and wasps was not significantly different from one another in all
of the supplementary pollinated plots in the second year (Figure 3).

Figure 3. Abundance of different pollinator species visiting lucerne flowers in 2023: (A) non-
supplemented block, (B) moderately supplemented block, and (C) highly supplemented block. Standard
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error bars with the same letters are not significantly different (Tukey–Kramer test, α = 0.05). Pol-
linator group abbreviations: AMEL—Apis mellifera, OBEE—other honey bees; SFLY—syrphid flies;
SBEE—solitary bees; BTFS—butterflies; WASP—wasps.

3.2. Stay Time

The time spent per flower by individual pollinator species differed significantly be-
tween the years 2022 (F = 12.5, df = 8, p < 0.001) and 2023 (F = 9.9, df = 8, p < 0.001). The
stay time of E. aeneus was significantly higher than that of all other pollinator species in
both years, while Amegilla sp. were significantly less frequent visitors in both years. There
was no significant difference in the stay time of A. mellifera, A. dorsata, M. cephalotes, M. hera
and Eucera sp. in both years. A. florea and E. arvorum were significantly lower than all other
insect pollinators except Amegilla sp. (Figure 4).

Figure 4. Stay time (time spent per flower) of different pollinator species in two years, (A) 2022 and
(B) 2023. Standard error bars with the same letters are not significantly different (Tukey–Kramer test,
α = 0.05).

3.3. Visitation Rate

The number of visited flowers per minute by each pollinator species was significantly
different in 2022 (F = 5.6, df = 8, p < 0.001) and 2023 (F = 8.7, df = 8, p < 0.001). The visitation
rates of Amegilla sp., A. mellifera, and M. cephalotes were significantly higher than all other
recorded pollinator species in both years. Eucera sp., A. florea and E. aeneus were not
significantly different from each other and had a lower visitation rate as compared to other
pollinator species. E. arvorum had the significantly lowest visitation rate of all pollinator
species in both years (Figure 5).

Figure 5. Visitation rate (number of flowers visited per minute) of different pollinator species in
two years, (A) 2022 and (B) 2023. Standard error bars with the same letters are not significantly
different (Tukey–Kramer test, α = 0.05).
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3.4. Tripping

The tripping behaviour of insect pollinators differed significantly between the
two years: 2022 (F = 11.19, df = 8, p < 0.001) and 2023 (F = 11.83, df = 8, p = 0.004).
Megachile sp. was the most effective pollinator in terms of tripping efficiency, with tripping
by M. cephalotes and M. hera being significantly greater than that of all other pollinator
species. The number of tripped flowers due to the visits of A. mellifera was higher than
that of other solitary and honey bees, followed by Megachille sp. bees. The number of
already visited tripped flowers was higher in A. florea, followed by solitary bees (M. hera,
M. cephalotes, Eucera sp.) in both years of data recordings (Figure 6).

Figure 6. Tripping trends in alfalfa flowers (tripped vs. already-tripped flowers) by different
pollinator species in (A) 2022 and (B) 2023. Error bars indicate standard error.

3.5. Seed Weight

Seed weight per square meter differed significantly across various supplementary
treatments in 2022 (F = 5.2, df = 2, p = 0.031) and 2023 (F = 11.8, df = 2, p = 0.002). Seed weight
was highest in the moderately supplemented block, where two honey bee colonies were
placed for supplementary pollination. There was no significant difference in seed weight
per square meter in the highly supplemented and non-supplemented blocks (Figure 7).

Figure 7. Seed weight (grams) per square meter in different supplementary pollination treatments
in (A) 2022 and (B) 2023. Standard error bars with the same letters are not significantly different
(Tukey–Kramer test, α = 0.05).
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3.6. Single-Visit Seed Set Efficiency

There was a significant difference among the pollinator species in terms of pod weight
(F = 2.2, df = 7, p = 0.015), seed weight (F = 2.8, df = 6, p = 0.017), and number of seeds pro-
duced (F = 4.3, df = 6, p < 0.001) of the tested pollinator species in a single visit. Single-visit
efficacy showed that M. hera and M. cephalotes were the most effective insect pollinators,
followed by A. mellifera. Syrphid flies (E. arvorum) were the least effective in terms of pod
weight, seed weight and seed number (Figure 8). Moreover, the Pearson’s correlation
analysis showed that flower tripping by pollinators was positively and significantly associ-
ated with all measured seed yield parameters (Table 1). Statistically significant correlation
was observed between flower tripping and pod weight (r = 0.2575, p = 0.0433). Similarly,
flower tripping showed a stronger correlation with the number of seeds per pod (r = 0.3605,
p = 0.0040) and seed weight (r = 0.3347, p = 0.0078). Among the seed parameters themselves,
significant positive correlations were found. Pod weight was significantly correlated with
both the number of seeds (r = 0.4812, p < 0.001) and seed weight (r = 0.5286, p < 0.001).
The strongest correlation observed was between the number of seeds and seed weight
(r = 0.8907, p < 0.001) (Table 1).

Figure 8. Yield parameters after a single visit by different pollinator species in a lucerne crop: (A) pod
weight in grams, (B) seed weight in grams, and (C) seed number per pod. Standard error bars with
the same letters are not significantly different (Tukey–Kramer test, α = 0.05).
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Table 1. Correlation matrix showing Pearson’s correlation coefficients (r) and corresponding signifi-
cance levels p-values for showing the relationships between flower tripping by pollinators and seed
yield parameters (pod weight, number of seeds, and seed weight).

Variables Flower Tripping Pod Weight (g) No. Seeds Seed Weight (g)

Flower tripping

Pod weight (g)
0.2575
(p = 0.0433)

No. Seeds
0.3605
(p = 0.0040)

0.4812
(p < 0.001)

Seed weight (g)
0.3347
(p = 0.0078)

0.5286
(p < 0.001)

0.8907
(p < 0.001)

4. Discussion

The present research showed that Megachile cephalotes and M. hera were the most
prevalent visitors of alfalfa flowers, followed by syrphid flies, solitary bees, honey bees,
and wasps, while lepidopterans were sporadically observed in non-supplemented fields.
Some previous studies have reported variable results regarding the effects of supplemen-
tary honey bee pollination on the yield of different crops. In this study, we observed that
the bee population affects pollination efficacy on the crop, and ultimately, yield differ-
ences were observed in different supplemented fields. Honey bee colonies were placed
around the alfalfa field to test the varying pollination efficacy by A. mellifera according to
the supplemented treatments, while in one plot, no honey bee hive was installed. It was
found that the abundance was higher in honey bee-supplemented plots as compared to
non-supplemented plots. Within the supplemented plots, the abundance of A. mellifera was
higher with the moderately supplemented treatment compared to the higher supplemen-
tary treatment. Zhang et al. [19] reported that bees at lower abundances pollinated more
efficiently than those at higher abundances. While it is generally assumed that a higher
number of supplemented honey bees will enhance crop pollination and production, some
studies have shown that this is not always the case [17,40]. Sufficient bee pollination could
ensure stable yield and maintenance of genetic variability of crop species [41]. It is also
reported that the highest yield was obtained when the optimum number of A. mellifera
(6–8 bees per 1000 flowers) was present for pollination of kiwifruit (Actinidia chinensis) [42].
They also revealed that when there were 60 flowers in a square meter, pollination services
by A. mellifera were better with 22 honey bees present per square meter, compared to
44 honey bees per square meter [42].

In this study, we found that the highly supplemented alfalfa field yielded less than
the moderately supplemented field. This suggests that foraging resources become limited
when a high number of supplemented honey bees are introduced to enhance pollination.
Similar results have been reported in a study where increased pollen deposition on the
stigma of a flower, due to frequent visits by A. mellifera, did not affect the drupelet set
of raspberries. However, it is suggested that a higher visitation rate of bees can have a
detrimental effect on fruit production, ultimately reducing crop yield [43]. The honey bee
A. mellifera demonstrates a low tripping rate of flowers, but this is compensated by a high
frequency of visits, resulting in greater pollination effectiveness. However, a saturation
point may be reached where pollination effectiveness no longer improves despite an
increase in visit frequency [44]. Contrary results have also been obtained from previous
studies, which reported no effects on yield from supplementary treatments, regardless of
whether pollinators were present or absent in the soybean crop [45,46]. One reason for the
low contribution of supplementary pollination may be the insufficient number of honey
bees visiting the crop. Another reason could be the low yield potential of the cultivars
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used for the experiment. However, installing honey bee colonies in watermelon fields can
have a negative impact on native insect pollinators, which are essential for sustainable crop
practices [18]. A high abundance of honey bees could reduce native pollinator populations.
However, if there is already a low abundance of solitary bees causing a pollination deficit,
supplementary pollination using A. mellifera is the only feasible option available to increase
seed production in alfalfa [44].

A single visit by pollinator species is an essential criterion for assessing the efficacy of
native insect pollinators [37]. In our study, Megachile sp. gave the highest number of seeds,
and seed and pod weights in a single visit, followed by A. mellifera, the supplemented bee. A
sufficient population of effective pollinators is necessary to pollinate crops properly [26,47].
Previous studies have reported the effectiveness of a single visit of A. mellifera [18]. Solitary
bees are difficult to manage under agricultural intensification practices due to their complex
seasonal behaviour and low availability of suitable nesting sites. However, low abundance
of the most efficient pollinators can lead to a pollination deficit [48]. The reduction of
pollination in crops can lead to decreased yield production [49,50]. To fulfil this pollination
deficit in the crop, supplementary honey bee pollination is necessary to ensure that an
adequate number of insect pollinators are available in the field [51].

In this study, bees were identified as the most abundant pollinators in the field,
followed by syrphid flies, butterflies, and wasps. In the first year of the study, the abundance
of M. cephalotes and M. hera was higher than that of A. mellifera, likely due to the presence
of other crops, such as sponge gourd, cucumber, and other cucurbits, which attracted bees
from our study fields. In the second year, we observed a significantly higher abundance
of A. mellifera. This may be due to climatic factors, such as higher rainfall in the second
year, which reduced flight activity and led to a low availability of other bees attracted to
flowers. The presence of pollinators in sufficient density is essential to achieve adequate
pollination, and this can be managed by supplementing with A. mellifera [44]. However,
honeybees physically disturb and exclude smaller pollinator species from flowers [52]. In
several earlier investigations, solitary bees were seen in more significant numbers at alfalfa
flowers [39]. It has been noted that other crops, such as canola [37], pumpkin [53], sponge
gourd [54], and radish, have larger abundances of A. mellifera and solitary bees [14].

In alfalfa, effective pollination is essential for seed production due to its unique
floral morphology, which requires a mechanical action known as “tripping” to expose
reproductive structures. Our results show a correlation between flower tripping and seed
parameters, which proves the dependence of alfalfa on efficient pollinators [26]. However,
the ability of a pollinator to trip alfalfa flowers is influenced by several morphological,
behavioural, and ecological traits. Specialized bees like Megachile species are more efficient
as compared to the honey bees, which are less efficient due to sudden strike of anthers on
their head during the alfalfa flower tripping process [14]. Taking into consideration the
tripping efficiency of different pollinator species, we found that M. cephalotes and M. hera
showed the best performance, while A. mellifera demonstrated moderate tripping efficiency.
Moreover, A. florea showed a nectar-feeding habit without tripping a flower. A. florea bees
inserted their proboscis to feed on the nectar from the base of a flower, and the flower
remained mostly untripped [55]. The low tripping rate of alfalfa by A. florea bees was due
to this type of behaviour. These findings highlight the importance of selecting efficient
pollinator species and optimizing their densities to maximize pollination success and seed
yield in alfalfa cultivation.

5. Conclusions

Pollinator management, particularly through the supplementation of honey bee
colonies, played a key role in increasing pollinator abundance and consequently improved
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seed weight and overall reproductive success of alfalfa plants. The lack of significant dif-
ferences in seed weight between the highly supplemented and non-supplemented blocks
draws attention to the nuances of pollination dynamics. This indicates that optimal con-
ditions for pollination might extend beyond the number of pollinators present and could
involve the interactions and behaviour of individual species—a critical consideration
for future agricultural practices. The visitation rate analyses corroborated these findings,
revealing that species like Amegilla sp. and M. cephalotes were significantly more active,
thereby potentially influencing pollination outcomes positively. Furthermore, the tripping
behaviour exhibited by different pollinator species provided a fascinating layer of com-
plexity; M. cephalotes and M. hera demonstrated superior tripping efficacy, indicating their
crucial role in ensuring adequate flower fertilisation. The integration of both managed and
wild pollinators into agricultural systems could underpin sustainable practices that bolster
biodiversity while optimising crop yields.
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Simple Summary: This study examined the seasonal variations in flower traits, plant–
pollinator interactions, and reproductive success of Solanum sisymbriifolium. The flowering
intensity, flower display size, and pollen and ovule production peaked during spring,
summer, and the monsoon, while flower longevity and stigmatic receptivity were the
longest in winter. The plant species showed self-compatibility and strong dependency on
pollinators. Visitor traits also varied seasonally, with the peak during the spring–monsoon
period. Vital pollinators were solitary bees and stingless bees. The fruit and seed sets were
higher during the spring–monsoon period and lower in winter. This study will help in the
management of the weed species and the conservation of associated bee populations.

Abstract: The wild tomato (Solanum sisymbriifolium) is a globally distributed shrubby weed
with both negative and positive impacts, including its invasive properties and the potential
for pharmaceutical and traditional medicinal uses. Despite its ecological significance, the
plant’s reproductive biology and pollination ecology remain poorly understood. This study
aimed to investigate the floral biology, pollination ecology, and plant reproduction of the weed
species. Some flower traits, such as flowering intensity, flower display size, and pollen and
ovule production, peaked during spring, summer, and the monsoon, while flower longevity
and stigmatic receptivity were the longest in winter. The plant species was self-compatible
(ISI = 0.02), heavily depended on pollinators (IDP = 0.72), and experienced minimal pollination
limitation (D = 0.10) under open-pollination conditions. Flower visitors’ traits (e.g., abundance,
diversity, and richness) were higher in the spring, summer, and the monsoon, and these were
lower in winter. The vital pollination service was provided by Amegilla zonata, Ceratina
binghami, Lasioglossum cavernifrons, Nomia (Curvinomia) strigata, Tetragonula pagdeni, Xylocopa
aestuans, Xylocopa amethystina, Xylocopa fenestrata, and Xylocopa latipes. Reproductive success,
as indicated by fruit and seed set, varied seasonally, being higher during the spring–monsoon
period and lower in winter. These findings support effective management of this weed species
and help conserve the associated bee populations.

Keywords: buzz pollination; flower display size; flowering intensity; flowering phenology;
pollination; pollination service index
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1. Introduction

Flowering is a key stage in the life cycle of angiosperms, marking the shift from
vegetative growth to reproductive maturity and playing a crucial role in the plant’s ability
to produce seeds. This transition is foundational not only to individual survival and
fecundity but also to broader population dynamics, species interactions, and ecosystem
functioning [1,2]. Flowering influences ecological networks by determining the timing of
resources, which affects pollinators, herbivores, pathogens, seed dispersers, and microbial
interactions [3,4]. The characteristics of flowering—its onset, frequency, duration, and
intensity—emerge from an intricate balance between internal regulators such as genetic
programs and hormonal signals [5,6], and external stimuli including ambient temperature,
day length, moisture availability, and soil fertility [7–9]. Across taxa and landscapes, these
flowering patterns exhibit remarkable diversity, mirroring both evolutionary legacies and
local adaptive responses. For example, Gentry [10] categorised the flowering patterns of
Bignoniaceae into five types: steady state, modified steady state, cornucopia, big bang, and
multiple bang. Frankie et al. [11] grouped flowering patterns into two categories: seasonal
and extended, while Bawa [12] divided them into massive and extended types. These
flowering patterns can influence the extent of outcrossing, availability of mates, frequency
of near-neighbour matings, and overall reproductive output [13,14].

Floral characteristics lie at the heart of angiosperm reproductive ecology, shaping both
the timing and success of pollination and fertilisation. Key attributes—including the flower
longevity, moment of anthesis, the quantity of pollen and ovules produced, pollen viability,
and the period of stigma receptivity—together govern a plant’s reproductive potential.
These traits vary widely within and between species, influenced by environmental con-
straints and the evolution of mating systems [15,16]. For example, precise scheduling of
flower opening can align pollen availability with peak pollinator foraging, while extended
flower longevity may buffer against unpredictable pollinator visits. Likewise, the alloca-
tion of resources to pollen versus ovule production reflects strategic trade-offs in male
and female function, and the overlap of pollen viability with stigma receptivity ensures
optimal fertilisation.

A wide variety of animals visit the flowers of different plant species to collect resources
like nectar and pollen, including insects such as bees, flies, butterflies, and beetles, as well
as vertebrates like birds and bats. The species composition of the flower visitors’ spectrum
is plant species-specific and also varies spatially and temporally [17,18]. The interaction
between flowering plants and their animal visitors represents a cornerstone of terrestrial
ecosystems, underpinning the reproductive success of most angiosperms. Not all floral
visitors are effective pollinators; distinguishing between casual visitors and those that ac-
tively transfer pollen is key to understanding the ecological dynamics of plant reproduction.
Accurately identifying which species are effective pollinators and understanding how their
behaviours affect plant fitness are crucial for conserving biodiversity, sustaining ecosystem
services, and ensuring the stability of plant–pollinator networks. The role of a pollinator
is evaluated by measuring several parameters, including visitation pattern (legitimate or
illegitimate), visitation rate, single-visit pollination efficiency [19], and pollinator impor-
tance [20]. As pollinator populations decline globally due to anthropogenic pressures such
as habitat loss, pesticide use, and climate change [21,22], understanding the efficiency and
specificity of these interactions becomes increasingly urgent.

Plant reproductive fitness, typically measured by fruit and seed set, serves as a vital
indicator of a species’ capacity to sustain viable populations over time. In flowering plants,
successful reproduction hinges on an intricate interplay of biotic elements, such as the
presence and behaviour of pollinators, and abiotic factors, including temperature, rainfall,
and photoperiod [9,23,24]. Seasonal fluctuations in these variables can significantly alter
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the timing, frequency, and efficiency of pollination [25,26], resulting in notable differences
in both the quantity and quality of reproductive output. For instance, peak pollinator
activity during optimal weather conditions may boost fruit set, while adverse conditions in
off-peak seasons can suppress seed production or skew resource allocation.

Litchi tomato (Solanum sisymbriifolium Lam.) originates from South America and is a
shrubby weed currently distributed worldwide, including hotter parts of India [27]. The
plant exhibits various pharmaceutical activities, including antimicrobial and antioxidant
properties [28,29]. Different plant parts have been widely used to treat numerous diseases,
including diarrhoea, hypertension, and respiratory and urinary tract infections [30,31]. The
plant is also used as a good trap crop against potato cyst nematodes, root-knot nematodes,
and root-lesion nematodes [32]. Limited information exists on the floral and pollination
biology of Solanum sisymbriifolium, as noted by Saha and Dutta [33] and Hill and Hulley [34].
Additionally, the seasonal variation in flower biology and reproductive ecology is not
well understood. Plant–pollinator interactions are also not characterised for the plant
species. Understanding the reproductive biology of a plant species is essential for effective
population management. Therefore, a comprehensive study of the biology of the flower,
plant–pollinator interactions, and reproduction of Solanum sisymbriifolium is crucial.

This study intended to expand knowledge on the reproductive biology of Solanum
sisymbriifolium and assess the seasonal variation in flower traits, visitor traits, and plant re-
productive success. Specifically, we investigated the following: (i) flower biology, (ii) floral
visitors and pollinators, and (iii) the seasonal variation in flower traits, visitor traits, and
plant reproductive success in the Rarh region of West Bengal, India. We hypothesised that
flower traits change with the seasons, leading to fluctuations in plant–pollinator interactions
and affecting the reproductive fitness of the species.

2. Materials and Methods

2.1. Study Area

We conducted surveys across various sites in the Rarh region (Bankura, Birbhum,
and Paschim Medinipur districts) of West Bengal, India. The study areas characterise
medium-density, mixed vegetation, with human habitats. The study area experiences
seasonal variations—(i) summer (April to June, with daytime temperatures ranging be-
tween 35 and 42 ◦C), (ii) monsoon (July to August, day temperatures ranging 28 to 35
◦C, an annual rainfall of 1479.9 mm), (iii) autumn (September to mid-October, day tem-
peratures ranging between 30 and 33 ◦C), (iv) late autumn (mid-October to November,
daytime temperature ranging from 29 to 32 ◦C), (v) winters (December to January, with
daytime temperatures between 7 and 15 ◦C), and (vi) spring (February to March, daytime
temperature ranging from 20 to 30 ◦C).

2.2. Plant Species

The study was conducted on Solanum sisymbriifolium Lam. (Solanaceae) from 2020 to 2023.
The plant is known as vila-vila, sticky nightshade, or litchi tomato. It is originally native to
Central and South America but is now found worldwide. The small, shrubby plant grows
on roadside, uncultivated lands, and wastelands. The plant has sticky stems and branches
with orange-yellow spines.
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2.3. Floral Biology

The data about flower phenological events (e.g., flowering frequency, timing, and
patterns) were recorded following the methods outlined by Gentry [10] and Hopkins [35].
We estimated flowering intensity (FI) and flower display size (FDS) as follows:

Flowering intensity = Fn (1)

Flower display size = Ft (2)

Here, Fn is the number of freshly open flowers (i.e., 1st day flowers) per day per
reproductive unit, such as an inflorescence, flowering twig, or individual plant (in this
case, an individual plant was considered). On the other hand, Ft is the number of to-
tal open flowers at a time per reproductive unit. For this purpose, individuals of old,
medium, and young age classes (all of which had reached the reproductive phase) were
chosen (N = 60 × 6 = 360 observations; 6 seasons, data equally derived from each age class).
Flower display size was considered during the peak visitation period (i.e., 6:00–8:00 h) of
flower visitors.

Flower opening and closing times were documented through field observations on
flowers (N = 40 × 6 = 240 observations, 6 seasons) at a two-hour interval throughout the
day, and the longevity of selected flowers was recorded.

Flower morphological traits were examined using various microscopes [including
(i) a simple microscope, (ii) a compound light microscope (Primo Star, Zeiss), (iii) a stereo
microscope (Stemi 508, Zeiss), and (iv) a field emission scanning electron microscope
(FE-SEM, GeminiSEM 450, Gemini 2 column)]. The methods used for the SEM study are
detailed in Table S1. For pollen count per flower, we collected all anthers of a mature
flower bud (before dehiscence of anthers; N = 10 × 6 = 60 buds, 6 seasons) in a vial.
We added 5 mL of sucrose solution to the anthers and crushed the anthers. Then, we
added 1 mL of Lycopodium spore solution (which standardised about 75,600 spores/mL).
Through microscopic observation, we counted Lycopodium spores and pollen grains from
flowers. Then we estimated the number of flower pollens as ‘[(number of counted flower
pollen ÷ number of counted Lycopodium spore) × number of Lycopodium spores added to
solution]’ (as described by Layek et al. [36]). We studied pollen morphology (processed
pollens: acetosyled according to Erdtman [37], and also unprocessed pollens) using a light
microscope and a scanning electron microscope (detailed in Table S1). To count ovules per
flower, we took an ovary (N = 40 × 6 = 240 ovaries, 6 seasons) on a glass slide, ruptured the
ovary wall, and slightly pressed it to spread out the ovules. Then, we counted the ovules
using a simple dissecting microscope.

Pollen viability was assessed using the 2,3,5-triphenyl tetrazolium chloride (TTC)
staining method [38]. To prepare a 1% solution, 0.1 g of TTC and 6 g of sucrose were
dissolved in 10 mL of distilled water. One drop of this solution was placed on a glass
slide, and then pollen grains were added to the TTC solution. The pollen solution was
veiled with a cover slip and kept in the dark for two hours. After this incubation period, a
minimum of 100 pollen grains per sample were observed under a compound microscope.
Grains exhibiting a reddish stain were classified as viable, whereas those displaying no
colour change (or other colours like black or yellow) were considered non-viable. We
tested pollen viability for all seasons (N = 10 × 6 = 60 flowers for pollen viability test,
6 seasons). Additionally, we assessed viability considering different day times with a
12 h interval starting from 0 h (i.e., during flower opening time) to 48 h after opening
(N = 10 × 5 = 50 flowers, 5 time slots).

Pollen germinability was evaluated using an in vitro germination assay, following the
protocol of Parfitt and Ganeshan [39], which utilised a germination medium consisting of
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0.5% agar, 5 ppm boric acid, and 10% sucrose. A small quantity of the prepared medium was
poured into sterile Petri dishes, and bulk pollen grains were then sprinkled onto the surface.
The Petri dishes were incubated in the dark at 25 ◦C for 24 h. Following incubation, the
medium containing pollen was gently transferred onto microscope slides for examination
under a compound microscope. For each sample, at least 100 pollen grains were counted,
and germination was considered successful when the length of the pollen tube was greater
than the diameter of the corresponding pollen grain. Like the pollen viability test, the
pollen germination test was conducted for each season (N = 10 × 6 = 60 flowers for the
pollen germinability test, 6 seasons).

Stigma receptivity was assessed using the hydrogen peroxide test [40]. We collected
flowers at different stages of development, spanning their longevity (e.g., 1st day morning,
late afternoon; 2nd day morning, late afternoon; 3rd day morning, late afternoon, etc.),
and tested stigma receptivity (n = 10 stigmas for each interval for each of the six seasons).
For the last day of flower longevity, we tested receptivity at two-hour intervals, starting
from morning until senescence. Stigmas, along with a small portion of the style, were
carefully excised from the flowers using razor blades and placed on a glass slide. A drop of
hydrogen peroxide (H2O2) solution was then applied, and after 10–15 s, stigma receptivity
was examined under dissecting and stereo microscopes. The formation of numerous
bubbles indicates receptivity to stigma, and a comparatively greater number of bubbles
signifies a higher level of receptivity.

2.4. Mating System

To evaluate the mating system, we performed five pollination treatments during the
peak flowering season in summer: (i) open pollination, (ii) pollinator exclusion to test
for spontaneous autogamy, (iii) self-pollination (manually), (iv) cross-pollination (manu-
ally), and (v) supplementary pollination. In the late afternoon, matured flower buds were
randomly selected (n = 100 flowers per treatment), marked, and enclosed in nylon mesh
bags (except for those in the open and supplementary pollination treatments) to prevent
external pollination until the floral parts were senesced. For manual self-pollination, we
unbagged the flowers between 8:00 and 10:00 a.m., manually transferred pollen from the
same flower to its stigma, and then immediately re-bagged the flowers. Flowers selected
for cross-pollination treatment were emasculated prior to anther dehiscence. During the
receptive period (8:00–10:00 h), the flowers were unbagged, pollens were added (collected
from different individuals) on the stigma, and again re-bagged. In supplementary polli-
nation, pollen (collected from the same or different individuals) was manually applied to
the stigmas in addition to the natural pollination by native pollinators. Fruit development
was recorded 5–7 days post-pollination, and seed set was assessed approximately 15 days
thereafter for each treatment.

We calculated the index of self-incompatibility (ISI) using the method described by
Raduski et al. [41], as follows:

ISI = 1 − Rsp
Rcp

(3)

Rsp and Rcp refer to reproductive success in the self-pollination and cross-pollination
treatments, respectively. We considered it as the seed set per flower. Based on the ISI value, a
plant species can be classified into one of the three categories: (1) self-compatible (ISI ≤ 0.2),
(2) partially self-incompatible (0.2 < ISI < 0.8), and (3) self-incompatible (ISI ≥ 0.8).

To determine the plant species’ dependency on pollinators, we calculated the index of
dependency on pollinators (IDP) following the method described by Layek et al. [36], as
outlined below:

IDP = 1 − Re
Rs

(4)
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Re and Rs represent the number of seeds produced per flower in the pollinator
exclusion and supplementary pollination treatments, respectively. The IDP value ranges
from 0 to 1, with higher values indicating a stronger dependence of the plant on pollinators.

To assess whether the plant species experience pollination limitations under open-
field conditions, we calculated the pollination deficit coefficient (D) following the method
described by Layek et al. [25], as detailed below:

D = 1 − Ro
Rs

(5)

Ro represents the number of seeds produced per flower under open pollination. The
value of D ranges from 0 to 1, with a higher value (D ≥ 0.1) indicating a significant
pollination deficit in the plant species.

2.5. Floral Visitors

We conducted daytime field surveys to observe flower visitors, dividing the observa-
tion period into seven two-hour time slots between 4:00 and 18:00 h. Each survey, based
on individual plant sampling, lasted 5 min per plant. One observation was conducted
during each time slot per sampling day, totalling seven observations per day. Over the
study period, a total of 1260 observations (N = 30 × 7 × 6 = 1260; 30 observations per
time slot per season) were conducted. Visitors were either identified directly in the field or
captured for identification at a later time.

Visitor abundance was estimated as the number of individuals observed per plant
within a 5 min period. Next, we calculated the relative abundance (RA) for each flower-
visiting species following Layek et al. [42]. Visitor richness was assessed using Margalef’s
index (D) [43], and the diversity of flower visitors was measured using the Shannon-Weaver
diversity index (H′) [44]. The methodologies are given in Table S2.

We recorded insect visitors collecting floral resources (e.g., nectar, pollen grains, and
floral tissues). The flower visitation rate (VR), defined as the number of flowers visited per
minute, was measured (n ≥ 20 observations for an insect species). For visitors with low
visitation rates (such as beetles, flies, and stingless bees), the number of flowers visited over
a 10 min period was recorded and then standardised to a per-minute rate. Additionally,
flower handling time—the duration an insect spent on a single flower during a visit—was
recorded (n ≥ 20 observations for an insect species).

2.6. Pollinating Strategies of Visitors

We recorded the visits made by different insect species on the flowers (N ≥ 300 visits).
Then, we estimated flower visit proportion (FV) for each flower-visiting species as follows:

FV =
Vi
Vt

(6)

Vi is the number of visits recorded for the i species, and Vt is the total number of visits
considering all species.

We recorded the visitors’ visitation patterns (i.e., legitimate and illegitimate types
of visits). We examined the pollen adherence sites on visitors using a stereo microscope
and a scanning electron microscope. For this purpose, visitors were captured using a
medium-sized plastic container, immobilised by freezing, and then dried in a hot air oven
(Digilab). Then, the samples were studied under a stereo microscope and a scanning
electron microscope (the methodology is provided in Table S1).

For legitimate floral visitors, we documented various pollination modes (e.g., nototribic,
sternotribic, notosternotribic, appendage-mediated, or a special type such as buzz pollina-
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tion or pulsatory pollination [9]). To identify the vital pollinators of the plant species, we
used a composite metric—the pollination service index (PSi)—by combining the standard-
ised values (ranging from 0 to 1) of several key parameters.

PSi = FV × FSi × AR × SR (7)

FV is the flower visit proportion for visitor species i. FSi is the flower sex type
selection index. For hermaphrodite flowers, each visitor is assigned an FSi value of 1. If
a visitor’s FSi is greater than 1, all values are rescaled on a 0–1 scale, with the highest
value normalised to 1 and the other values adjusted proportionally. AR and SR are the
anther contact rate and stigma contact rates, respectively (calculated by dividing the
number of visits involving contact by the total number of visits). When flower visit
proportion (FV) data are unavailable, an alternative parameter can be used as a substitute
[e.g., RA × VR/Σ(RA × VR); here RA is relative abundance and VR is flower visitation
rate]. The pollination service index (PSi) ranges from 0 to 1, with higher values indicating a
greater pollination service provided by the pollinator species.

2.7. Seasonal Reproductive Success

Fruit and seed sets were observed under open-field (i.e., unmanipulated) conditions
throughout all seasons. In the morning, newly opened flowers (characterised by greenish-
yellow anthers) were selected and marked by applying an ink spot to the pedicel and
adding tags (n = 10 × 10 = 100 flowers per season, with ten sampling days per season).
Subsequently, fruit and seed sets were recorded, following the same procedure as in the
previously described pollination treatment experiment.

2.8. Statistical Analysis

We examined the data within each group, assessing key assumptions for parametric
tests, including normality (using the Shapiro–Wilk test and Q-Q plots), homoscedasticity
(using scatter plots and the Breusch-Pagan test), and the homogeneity of variance (using
Levene’s test). The non-parametric Kruskal–Wallis H test was used for data that did
not follow a normal distribution (e.g., seasonal flower traits: flowering intensity, flower
longevity, ovule number, pollen production, pollen viability and germinability, stigma
receptivity; seasonal visitor traits: abundance, richness, diversity; reproductive success:
fruit and seed sets). When the p-value was significant (p ≤ 0.05), Dunn’s test was used as
the post hoc analysis. Statistical analyses were conducted using IBM SPSS Statistics version
26.0 and R software 2022 (R Core Team, Vienna, Austria).

3. Results

3.1. Floral Biology

Solanum sisymbriifolium flowered consistently each year, displaying a steady-state
flowering pattern. All individuals that had reached the reproductive stage bloomed syn-
chronously. Flowering intensity showed significant seasonal variation (Kruskal–Wallis
H test: χ2 = 39.12, df = 5, p < 0.001), with higher intensity observed in spring, summer,
and the monsoon, and lower intensity during winter (Table 1). The flower display size
also varied according to the seasons (Kruskal–Wallis H test: χ2 = 18.40, df = 5, p < 0.01),
as did flowering intensity. The time of flower opening varied seasonally. During warmer
seasons, such as summer and the monsoon, flowers opened earlier (between 5:00 and
6:00 a.m.) compared to the colder winter, when they opened later (between 7:00 and 8:00
a.m.). Flower longevity also varied across different seasons (Kruskal–Wallis H test: χ2 =
176.42, df = 5, p < 0.001). Comparatively, a higher flower longevity was observed during
cold winter (55.60 ± 1.37 h) and lower in hot summer (32.60 ± 1.58 h). On the first day, in
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the late afternoon, the flowers became flaccid and closed up until the next morning. On
the second day morning, closed flowers were reopened, and then closed again in the late
afternoon (Figure 1). Anther colour also slightly changed from greenish yellow (in freshly
opened flowers) to deep yellow in aged flowers.

Table 1. Flower traits of Solanum sisymbriifolium across different seasons in West Bengal, India.

Flower Traits Summer Monsoon Autumn Late Autumn Winter Spring Statistics

Flowering intensity 3.85 a ± 4.61 4.12 a ± 5.12 3.03 ab ± 2.97 2.13 bc ± 1.98 1.33 c ± 1.46 3.47 a ± 2.49 χ2 = 39.12, ***
Flower display size 7.75 a ± 9.21 8.18 a ± 9.73 6.47 ab ± 6.14 5.68 bc ± 5.17 4.13 c ± 4.58 7.17 a ± 4.81 χ2 = 18.40, ***
Flower
longevity (hours)

32.60 d ±
1.58 33.10 d ± 1.81 33.90 d ± 1.92 48.05 b ± 8.98 55.60 a ± 1.37 38.10 c ± 6.55 χ2 = 176.42, ***

Pollen (no. of
grains flower−1)

515,306.93 a

± 49,153.55
520,167.56 a ±

21,340.97
428,793.87 b ±

60,018.43
350,910.06 c ±

32,606.08
319,852.16 c ±

11,734.98
439,075.23 b ±

62,140.65 χ2 =44.37, ***

Ovule (no. of
ovules flower−1)

80.25 a ±
15.01 83.20 a ± 13.97 73.38 b ± 13.40 68.32 bc ± 11.57 64.95 c ± 11.40 74.38 b ± 12.52 χ2 = 50.35, ***

Pollen viability 79.98 ± 7.23 80.73 ± 7.02 81.05 ± 7.11 81.77 ± 7.38 82.16 ± 7.31 81.54 ± 7.28 χ2 = 1.25, p = 0.94
Pollen germinability 74.35 ± 6.42 74.76 ± 6.25 75.12 ± 6.32 75.86 ± 6.57 76.82 ± 6.54 75.27 ± 6.51 χ2 = 1.23, p = 0.82
Stigma receptivity
(duration in hours)

51.80 c ±
1.82 52.40 c ± 1.90 52.90 c ± 1.89 57.50 b ± 5.76 76.90 a ± 2.29 56.30 b ± 4.51 χ2 = 83.74, ***

Values are presented as mean ± standard deviation. Different superscript letters within a row (i.e., across seasons)
indicate statistically significant differences (Dunn’s post hoc test at the 0.05 level). Statistics: df = 5 for each
parameter, ***—p < 0.001.

 
Figure 1. Flowers of different ages. (A) 1st day morning (freshly opened flower), (B) 1st day late
afternoon, (C) 2nd day morning, (D) 2nd day late afternoon, (E) 3rd day morning, (F) 3rd day late
afternoon, (G) 4th day morning, and (H) 5th day morning.

Flowers were borne on raceme inflorescence (Figure 2). Inflorescences were 82.70 ± 34.78 mm
(53.20–134.80 mm) in length. There were two types of flowers: (i) normal fertile bisexual
flowers, and (ii) female-sterile flowers with short styles (Figure 3). Most flowers were nor-
mal, bisexual flowers, and female-sterile flowers were very rare (approximately 3% of
the total flowers). Flowers were actinomorphic, bisexual, hypogynous, and white. The
calyx had five sepals, which were gamosepalous (upper parts were free and fused at the
base), persistent, and had a dorsal surface with spines of variable length and glandular
hairs (Figure 4). The corolla had five petals, gamopetalous, with an acute apex, and was
white. The outer surface of the petals bore branched, star-shaped hairs. Five stamens,
epipetalous (attached at the base of petals), filaments very short (about 2.5 mm), anthers
elongated (about 11 mm), basifixed, yellow-coloured, and dehisced by apical pores. The
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palynological analysis revealed that the pollen grains were monads with a spheroidal
shape, measuring approximately 25.96 μm in diameter. Their ambs were sub-triangular,
and they had trizonocolporate apertures. The exine of a pollen grain was about 2.5 μm
thick and exhibited micro-verrucate ornamentation (Figure 5). Gynoecium had two carpels,
syncarpous; stigma capitate, greenish, and apart from the anthers; style long (about 18 mm),
whitish; ovary dome-shaped, and whitish. Many glandular hairs were on the style base
and the upper part of the ovary. Ovules were many; placentation was the axile type. Fruit
was berry type, globose, bright red when mature, and covered by an enlarged calyx. Each
fruit contained many reniform seeds (Figure 6).

 
Figure 2. Flowering twig of Solanum sisymbriifolium.

 
Figure 3. Two types of flowers of Solanum sisymbriifolium. (A) Fertile bisexual flower and (B)
female-sterile flower. Scale bars = 20 mm.
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Figure 4. (A,B) Calyx; (C) outer surface of sepal; (D) inner surface of sepal; (E,F) a portion of sepal
showing glandular hairs; (G) corolla; (H) outer surface of petal showing branched, star-shaped hairs;
(I) androecium; (J) epipetalous stamens; (K) basifixed anther; (L) openings at the top of anther lobes;
(M) gynoecium; (N) upper part of ovary showing hairs; (O) style surface showing glandular hairs;
(P) t. s. of ovary showing axile placentation.
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Figure 5. Microphotographs of pollen grains of Solanum sisymbriifolium. (A–D) Light microscopy
(A,B: unprocessed pollens; C,D: processed pollens). (E–G) Scanning electron microscopy (E: polar
view, F: equatorial view, G: exine ornamentation).

 

Figure 6. (A) Fruit and (B,C) seeds of Solanum sisymbriifolium.

Each flower produced an average of 429,017.64 ± 86,608.11 pollen grains (mean ± SD,
n = 60), while the number of ovules per flower averaged 74.08 ± 14.37 (mean ± SD, n = 240).
The number of pollen grains and ovules per flower varied significantly across seasons
(pollen grains: χ2 = 44.37, df = 5, p < 0.001; ovules: χ2 = 50.35, df = 5, p < 0.001). Pollen and
ovule production were higher in the summer and monsoon seasons and lower during the
cold winter (Table 1). The ovule to pollen ratio was 1:5791.27.

Anther dehiscence began 2 to 3 h after the flower had fully opened. Anther dehiscence
was through apical pores (formation of a small opening at the top of the anther lobe). At the
time of flower opening, pollen showed a viability of 82.16 ± 7.31% and a germinability of
76.82 ± 6.54%. Pollen viability and germinability showed no seasonal variation. However,
pollen viability and germinability decreased with time elapsed (Table S3), being highest
during opening time and very low by the 3rd day morning (i.e., at the end of flower
longevity). Stigma remained receptive for the entire lifespan of the flower, from the
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moment it opened until it withered. Therefore, the flowers showed the protogynous
type of dichogamy. During the time of flower opening (1st day flowers in the morning),
stigma receptivity was lower, gradually reached its peak on the 2nd day flowers, and then
decreased gradually. The duration of stigma receptivity varied significantly across seasons
(χ2 = 83.74, df = 5, p < 0.001), being longest in winter (76.90 ± 0.23 h) and shortest in
summer (51.80 ± 1.82 h). Figure 7 illustrates viable pollen and receptive stigmas.

 

Figure 7. (A) Pollen viability test using the TTC staining method (v—viable, nv—non-viable),
(B–F) stigma receptivity test using H2O2 (different ages of flowers: (B)—bud condition, (C)—1st day,
(D)—2nd day, (E)—3rd day, (F)—4th day).

3.2. Mating System

All five pollination treatments led to both fruit and seed formation (Table S4). Fruit
and seed sets differed from pollinator exclusion treatments with other treatments (fruit
set: χ2 = 27.01, df = 4, p < 0.001; seed set: χ2 = 145.54, df = 4, p < 0.001), with the lowest
in pollinator exclusion treatment (fruit set: 45 ± 10.80%; seed set: 20.06 ± 23.87 seeds per
flower). Fruit and seed sets did not differ among open pollination, manual selfing, manual
crossing, and supplementary pollination treatments. The index of self-incompatibility (ISI)
was calculated as 0.02, indicating that the plant species is fully self-compatible. The species
exhibited a strong reliance on pollinators, with an index of dependency on pollinators (IDP)
of 0.72. The coefficient of pollination deficit was very low (D = 0.10), suggesting that the
plant species experienced minimal to no pollination limitation under open conditions.
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3.3. Floral Visitors

A total of 21 insect species were recorded as floral visitors of Solanum sisymbriifolium
in West Bengal, India (Table 2, Figure 8). The majority belonged to the order Hymenoptera,
comprising 15 species. Within this group, most were from the family Apidae (12 species),
followed by Halictidae (3 species).

Table 2. Flower visitors of Solanum sisymbriifolium in West Bengal, India.

Flower Visitor RA VR HT Resource

Pollination Strategies

FV
Visitation
Pattern

Buzzing
Activity

Pollinating
Mode

Pollen Adhering
Parts

AR SR PSi

Coleoptera
Epuraea luteola 16.21 0.11 ± 0.03 - P 0.011 IL No - H, VA, VT, L - - -
Hycleus phalarantha 0.19 0.10 ± 0.0 - FT 0.001 IL No - - - - -
Diptera
Eristalinus megacephalus 0.51 0.34 ± 0.13 - P 0.003 IL No - H, L - - -
Helophilus peregrinus 0.33 0.32 ± 0.14 - P 0.002 IL No - H, L - - -
Lucilia sericata 1.17 0.28 ± 0.10 - P 0.002 IL No - H, L - - -
Paragus serratus 1.03 1.40 ± 0.57 - P 0.003 L No - H, L, VA, VT 1 0.53 0.002
Hymenoptera
Amegilla zonata 6.45 5.13 ± 1.20 0.74 ± 0.23 P 0.096 L Yes S, A VA, VT, L 1 0.92 0.088
Apis cerana 1.31 3.43 ± 1.20 15.54 ± 22.17 P 0.014 L No S, A VA, VT, L 1 0.44 0.006
Apis dorsata 1.45 3.73 ± 1.38 14.38 ± 20.26 P 0.016 L No S, A VA, VT, L 1 0.45 0.007
Apis florea 0.56 3.27 ± 1.07 16.63 ± 21.75 P 0.005 L No S, A VA, VT, L 1 0.42 0.002
Brounsapis mixta 3.69 2.43 ± 1.13 12.04 ± 13.38 P 0.029 L No S, A VA, VT, L 1 0.40 0.012
Ceratina binghami 7.90 2.87 ± 1.21 20.52 ± 29.81 P 0.068 L No S, A VA, VT, L 1 0.42 0.029
Ceratina hieroglyphica 2.43 3.51 ± 1.49 15.85 ± 24.64 P 0.026 L No S, A VA, VT, L 1 0.41 0.011
Halictus (Seladonia) lucidipennis 3.36 3.33 ± 1.47 15.73 ± 23.80 P 0.024 L No S, A VA, VT, L 1 0.41 0.010
Lasioglossum cavernifrons 14.63 3.17 ± 1.39 17.68 ± 28.44 P 0.143 L Yes S, A VA, VT, L 1 0.48 0.069
Nomia (Curvinomia) strigata 13.60 5.97 ± 1.71 8.18 ± 10.23 P 0.224 L Yes S, A VA, VT, L 1 0.52 0.116
Tetragonula pagdeni 12.34 0.74 ± 0.26 100.78 ± 82.15 P 0.075 L No S, A VA, VT, L 1 0.37 0.028
Xylocopa aestuans 4.49 6.53 ± 1.53 1.38 ± 0.50 P 0.088 L Yes S, A VA, VT, L 1 0.94 0.083
Xylocopa amethystina 2.10 7.27 ± 1.64 0.78 ± 0.24 P 0.045 L Yes S, A VA, VT, L 1 0.91 0.041
Xylocopa fenestrata 4.30 6.97 ± 1.38 1.29 ± 0.48 P 0.089 L Yes S, A VA, VT, L 1 0.96 0.085
Xylocopa latipes 1.96 6.10 ± 1.63 1.42 ± 0.53 P 0.036 L Yes S, A VA, VT, L 1 0.92 0.033

RA—relative abundance (%); VR—flower visitation rate; HT—flower handling time (s); Resource: FT—floral
tissue, P—pollen; FV—flower visit proportion; Visitation pattern: IL—illegitimate, L—legitimate; Pollinating
mode: S—sternotribic, A—appendage-mediated; Pollen adhering body parts: H—head, L—legs, VA—ventral side
of abdomen, VT—ventral side of thorax; AR—anther contacting rate; SR—stigma contacting rate; PSi—pollination
service index.

The abundance, richness, and diversity of floral visitors fluctuated across seasons
(Table 3). The greatest abundance, richness, and diversity of visitors were observed dur-
ing summer (abundance: 2.40 ± 2.05 visitors/plant/5 min; richness, D = 0.52 ± 0.55;
Shannon–Weaver diversity index, H′ = 0.38 ± 0.38), while the lowest values occurred in
winter (abundance: 0.88 ± 1.13 visitors/plant/5 min; richness, D = 0.23 ± 0.50; diversity
index, H′ = 0.13 ± 0.28). Visitor traits such as abundance, richness, and diversity showed
significant variation across different times of the day (Table S5). The abundance, richness
and diversity of flower visitors remained higher during 6.00–10.00 h for most seasons
(except in winter, traits were higher at 10.00–12.00 h) and lower at 16.00–18.00 h.

Table 3. Abundance, richness, and diversity of floral visitors on Solanum sisymbriifolium in
West Bengal.

Season Abundance Richness Diversity

Summer 2.40 a ± 2.05 0.52 a ± 0.55 0.38 a ± 0.38
Monsoon 2.07 ab ± 2.05 0.48 ab ± 0.55 0.34 ab ± 0.39
Autumn 1.60 cd ± 1.71 0.39 bc ± 0.56 0.26 cd ± 0.36
Late autumn 1.33 d ± 1.41 0.30 cd ± 0.50 0.19 de ± 0.31
Winter 0.88 e ± 1.13 0.23 e ± 0.50 0.13 e ± 0.28
Spring 1.91 bc ± 1.83 0.43 ab ± 0.54 0.30 bc ± 0.38

Throughout year 1.70 ± 1.80 0.39 ± 0.54 0.27 ± 0.36

Statistical analysis χ2 = 87.45, df = 5, p < 0.001 χ2 = 51.72, df = 5, p < 0.001 χ2 = 62.99, df = 5, p < 0.001
Abundance: number of visitors/individual/5 min; richness: Margalef’s index D; diversity: index of Shannon-
Weaver, H’; Data are presented as mean ± standard deviation. Different superscript letters within the same
column denote statistically significant differences (Dunn’s post hoc test, p < 0.05).
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Figure 8. Flower visitors of Solanum sisymbriifolium in West Bengal. (A) Amegilla zonata, (B) Brounsapis
mixta, (C) Ceratina binghami, (D) Epuraea luteola, (E) Halictus (Seladonia) lucidipennis, (F) Hycleus
phalarantha, (G) Lasioglossum cavernifrons, (H) Lucilia sericata, (I) Nomia (Curvinomia) strigata, (J)
Paragus serratus, (K) Tetragonula pagdeni, and (L) Xylocopa fenestrata. Scale bars = 10 mm.
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The flower-visiting species with greater abundance were Ceratina binghami (relative
abundance = 7.90%), Epuraea luteola (relative abundance = 16.21%), Lasioglossum cavernifrons
(relative abundance = 14.63%), Nomia (Curvinomia) strigata (relative abundance = 13.60%),
and Tetragonula pagdeni (relative abundance = 12.34%) (Table 2).

All the flower visitors collected pollen grains. Beetles also feed on floral tissues,
especially the anther wall. The visitation rates for beetles and flies were very low. Among
the hymenopteran members, the visitation rates were higher for Amegilla zonata, Nomia
(Curvinomia) strigata and Xylocopa spp., while the visitation rate remained very low for
stingless bees. Flower handling time was higher for beetles, flies, and stingless bees. The
handling time for Amegilla zonata and Xylocopa spp. was very low.

The weed flowers received a higher amount of visits by Nomia (Curvinomia) strigata
(FV = 0.224), Lasioglossum cavernifrons (FV = 0.143), Amegilla zonata (FV = 0.096), Xylocopa
fenestrata (FV = 0.089), Xylocopa aestuans (FV = 0.088), Tetragonula pagdeni (FV = 0.075), and
Ceratina binghami (FV = 0.068) (Table 2). The hymenopteran members (honeybees, solitary
bees, and stingless bees) legitimately visited Solanum sisymbriifolium flowers (Table 2).
Beetles and some flies visited flowers in an illegitimate manner. However, beetles and flies’
bodies adhered to Solanum sisymbriifolium pollens (Figure 9). Pollen was primarily attached
to the legs—particularly the scopae in solitary bees and the corbiculae in honeybees and
stingless bees—as well as to the ventral surfaces of the thorax and abdomen. Some solitary
bees (e.g., Amegilla zonata, Nomia (Curvinomia) strigata and Xylocopa spp.) showed buzz
pollination. They primarily contacted the stigma with the ventral side of their abdomen.
Sometimes, they touched the stigmatic surface via the lateral sides of the thorax. Honeybees
and stingless bees did not exhibit buzz pollination; instead, they employed the sternotribic
pollination mode via the ventral surface of their abdomen and thorax. Bees also conducted
appendage-mediated pollination. The anther touching rates were higher for all bee species.
Stigma touching rates were higher for blue banded bees (Amegilla zonata) and carpenter
bees (Xylocopa spp.). Based on the pollination service index (PSi), vital pollinators were
Nomia (Curvinomia) strigata (PSi = 0.116), Amegilla zonata (PSi = 0.088), Xylocopa fenestrata
(PSi = 0.085), Xylocopa aestuans (PSi = 0.083), Lasioglossum cavernifrons (PSi = 0.069), Xylocopa
latipes (PSi = 0.033), Ceratina binghami (PSi = 0.029), and Tetragonula pagdeni (PSi = 0.028).

3.4. Seasonal Plant Reproduction

Reproductive success, measured by fruit and seed set, varied significantly across
seasons (fruit set: χ2 = 11.19, df = 5, p < 0.05; seed set: χ2 = 46.22, df = 5, p < 0.001).
The fruit set remained higher during spring (82 ± 9.19%), summer (86 ± 9.66%)
and monsoon (85 ± 8.50%) (Figure 10). Seed set was the highest during summer
(63.86 ± 34.20 seeds/flower) and the lowest in winter (38.68 ± 28.59 seeds/flower). During
summer, the plant produced a higher number of seeds (63.86 ± 34.20 seeds per flower),
while seed set was lower in winter (38.68 ± 28.59 seeds per flower).
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Figure 9. Showing attachment of pollen grains on insect body parts. (A–C) Illegitimate visitor,
beetle Epuraea luteola. (A) Pollen attached to the segment of the leg, and (B,C) the margin of the
wing. Arrows are showing attached pollen grains. (D–L) Legitimate visitors. (D–F) Ceratina binghami
(ventral abdomen, leg, and ventral thorax, respectively), (G–I) Lasioglossum cavernifrons (ventral
abdomen, leg, and ventral thorax, respectively), (J,K) Nomia (Curvinomia) strigata (ventral abdomen
and ventral thorax), (L) Tetragonula pagdeni (pollen grains on legs and ventral abdomen and thorax).
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Figure 10. Season-wise fruit set (A) and seed set (B) of Solanum sisymbriifolium in West Bengal,
India. Different superscript letters within a row (i.e., season-wise) indicate significant differences
(Kruskal–Wallis H test and Dunn’s post hoc test at 0.05% level).

4. Discussion

The classification of flowering patterns in angiosperms has been conducted in various
ways by several researchers. For example, Gentry [10] mentioned five types of flowering
patterns (cornucopia, big bang, multiple bang, steady state, and modified steady state),
Bawa [12] divided into two groups (i.e., extended and massive), and Frankie et al. [11]
classified flowering patterns into two groups (i.e., extended and seasonal). The plant
species under study displayed steady-state flowering year-round in the Rarh region of
West Bengal. A similar flowering pattern has been observed in many tropical plant species
(e.g., Turnera ulmifolia [9]). Steady-state flowering enhances cross-pollination and may
ensure reproductive success under adverse weather. Synchronous blooming among indi-
viduals allows widespread gene exchange within the population, boosting genetic diver-
sity [45,46]. The majority of flower traits, including flowering intensity, flower longevity,
ovule number, pollen production, and duration of stigma receptivity, varied seasonally
in Rarh Bengal. This may be due to variations in seasonal atmospheric factors. The re-
sponsiveness of floral traits to environmental factors has been well documented in many
plant species (e.g., Hordeum vulgare [47], Theobroma cacao [48], and Turnera ulmifolia [9]).
Certain floral traits—such as flowering intensity, flower display size, and ovule and pollen
production—were enhanced during the summer and monsoon season and declined in
winter. In contrast, some others (e.g., flower longevity and duration of stigma receptivity)
showed a reverse trend. In winter, an extended period of stigma receptivity may help offset
the low flowering frequency, thereby improving reproductive success [49]. This trait likely
aids biotic pollination under harsh conditions. The duration of female receptivity is also
influenced by the occurrence of pollination [50,51], and long-lasting stigmas increase the
chances of cross-pollination. The pollen viability and germinability did not vary seasonally
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but significantly decreased with the ageing of flowers. During senescence (especially 3rd
day old flowers), viability and germinability were retained very little.

In terms of anther and stigma maturation, the plant species exhibited protogyny, a
condition less common in angiosperms compared to protandry. It has also been reported
for some other Solanaceae members, such as Anthocercis gracilis [52], Jaltomata sinuosa [53],
and Mandragora caulescens [54]. This form of dichogamy is highly effective in promoting
outcrossing in the species. Based on its mating system, fruit and seed development in
bagged flowers suggested that the plant species is capable of spontaneous self-pollination.
This strategy provides reproductive assurance in challenging environments where polli-
nator activity is limited. Additionally, similar seed set levels between self-pollination and
cross-pollination treatments suggested that the species was self-compatible. Among differ-
ent species of Solanum, researchers found both phenomena: self-compatibility [55,56] and
self-incompatibility [52,57,58]. The reproductive assurance is considered a major selective
force driving the evolution of self-fertilisation [59,60]. Self-fertilisation enables individuals
to reproduce even when the success of cross-fertilisation is constrained by limited access
to compatible mates or pollinators. Additionally, selfing may enhance the colonisation
ability of a plant species [61]. In contrast, cross-fertilisation is thought to be superior to
selfing, considering it reduces inbreeding, which is often associated with the production
of offspring of lower genetic quality [62]. Seed set in the pollinator exclusion treatment
was relatively lower than in the supplementary pollination treatments, indicating that the
plant species has a moderate reliance on biotic pollinators. The pollinator dependence of
fruit and seed sets has also been reported for various species of Solanum (e.g., Solanum
aethiopicum [63], Solanum anguivi [63], and Solanum melongena [64]). In open field conditions,
the plant species had a negligible or very low pollination deficit (coefficient of pollination
deficit, D = 0.10). Pollination limitation in a plant species is influenced by floral traits,
pollinator availability, and weather conditions during the flowering period [9,36,65].

Only a limited amount of work has been performed on the flower visitors of the weed
species. Saha and Dutta [33] worked from Tripura, India, and Hill and Hulley [34] reported
flower visitors for the weed from South Africa. We provided detailed information about
flower visitors and their interactions on Solanum sisymbriifolium, for the first time from
the Rarh region of West Bengal, India. The weed flowers were visited by beetles, flies,
honeybees, solitary bees, and stingless bees, with beetles, solitary bees, and stingless bees
being the most dominant. The most solitary bees (e.g., Amegilla zonata, Nomia (Curvinomia)
strigata, Xylocopa spp.) showed buzzing activity on the weed species. The buzzing activity
of visitors is well established on the Solanaceae members [66,67]. The effective pollinators
(based on pollination service index, PSi) of the weed species were solitary bees (e.g.,
Amegilla zonata, Lasioglossum cavernifrons, Nomia (Curvinomia) strigata, Xylocopa spp.) and
stingless bees (Tetragonula pagdeni). Previous studies (e.g., Saha and Dutta [33]; Hill and
Hulley [34]) have also shown the importance of blue-banded bees (Amegilla spp.) and
carpenter bees (Xylocopa spp.) as pollinators of the weed. However, the composition of
insect species varied across studies. The composition of flower visitors depends not only on
the plant species but also varies across time and space [18]. Regarding temporal variation,
visitor traits, including abundance, richness, and diversity, were higher in summer and
lower in winter. The greater flowering intensity and flower display size during summer
positively influenced visitor traits. The influence of floral traits on pollinator characteristics
has been demonstrated in several plant species by numerous researchers (e.g., McCall and
Primack [68]; Ebeling et al. [69]; Layek et al. [9]). The pollinator traits are also influenced
by the surrounding vegetation [36,70], as it deters the availability of food and habitat for
native pollinators.
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The fruit and seed set of the weed species showed seasonal variation, with higher
levels observed in spring, summer, and the monsoon season, and lower levels during winter.
Reproductive success (i.e., fruit and seed set) of a plant species depends on several factors,
including nutrient availability [71], the physiological condition of the individuals [72], and
pollination services [36,73]. The pollination service is also linked to flowering intensity,
pollinator traits and weather conditions [9,74]. During the spring to monsoon season,
the higher flowering intensity and floral display size of the weed species remained more
attractive to pollinators, resulting in higher pollinator abundance, increased pollination
services, and ultimately, higher reproductive success. Additionally, flower traits, especially
a higher number of ovule production during these seasons, were also associated with
higher seed set. A positive correlation between ovule production and seed set has been
well documented by several researchers (e.g., Strelin and Aizen [75]; Layek et al. [9]).

5. Conclusions

The wild tomato (Solanum sisymbriifolium) bloomed throughout the year with a steady-
state pattern. Flower traits varied seasonally, with some (e.g., flowering intensity, flower
display size, ovule and pollen production) peaking during spring, summer, and the mon-
soon, while values remained lowest during winter. Some other flower traits, such as flower
longevity and the duration of stigma receptivity, exhibited a reverse seasonal variation.
The plant species exhibited full self-compatibility (ISI = 0.02), showed a high reliance on
pollinators (IDP = 0.72), and faced only slight pollination limitation under open condi-
tions (pollination deficit coefficient, D = 0.10). Considering flower visitors, beetles, flies,
honeybees, solitary bees, and stingless bees visited Solanum sisymbriifolium flowers. The
most abundant visitors were Epuraea luteola, Lasioglossum cavernifrons, Nomia (Curvinomia)
strigata, and Tetragonula pagdeni. Based on the pollination service index (PSi), effective polli-
nators were Amegilla zonata, Ceratina binghami, Lasioglossum cavernifrons, Nomia (Curvinomia)
strigata, Tetragonula pagdeni, Xylocopa aestuans, Xylocopa amethystina, Xylocopa fenestrata, and
Xylocopa latipes. The reproductive success of the plant, as measured by fruit and seed set,
varied seasonally. The fruit and seed set remained higher during hot seasons (i.e., spring–
monsoon) and comparatively lower in cold winter. The present work provided information
about flower biology, visitors and plant–pollinator interactions on the weed species, and
these data will help in the management of the weed and also in the conservation of the
associated wild bee fauna.
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Simple Summary: Pollinators are crucial for diverse biological processes, but it is recog-
nized that there has been a decline in their populations in recent years. Hence, the study
of the population dynamics of pollinators is a relevant topic for research. In this study,
to contribute to the state of the art of mathematical modeling of population dynamics,
we searched the relevant literature in two databases. This review explores the different
contributions, develops a summary and classification, and states some future work to
understand the behavior of pollinator interactions.

Abstract: In this paper, we develop a systematic review of the existing literature on the
mathematical modeling of several aspects of pollinators. We selected the MathSciNet and
Wos databases and performed a search for the words “pollinator” and “mathematical
model”. This search yielded a total of 236 records. After a detailed screening process, we
retained 107 publications deemed most relevant to the topic of mathematical modeling in
pollinator systems. We conducted a bibliometric analysis and categorized the studies based
on the mathematical approaches used as the central tool in the mathematical modeling
and analysis. The mathematical theories used to obtain the mathematical models were
ordinary differential equations, partial differential equations, graph theory, difference
equations, delay differential equations, stochastic equations, numerical methods, and other
types of theories, like fractional order differential equations. Meanwhile, the topics were
positive bounded solutions, equilibrium and stability analysis, bifurcation analysis, optimal
control, and numerical analysis. We summarized the research findings and identified some
challenges that could inform the direction of future research, highlighting areas that will
aid in the development of future research.

Keywords: pollinators; plant–pollinator interaction; pesticides

1. Introduction

In the last few decades, the study of pollinators has attracted the attention of several
researchers, as it is known that pollinators play a crucial role as ecosystem regulators in
nature [1–5]. It is known that there are several types of pollinators, including birds, bats,
butterflies, moths, flies, beetles, wasps, small mammals, and, most importantly, insects
like bees. These animals are responsible for the bulk of pollination, which significantly
affects our daily lives. Some important facts about pollinators are that three out of four
crops depend on pollinators; in the extreme case of total disappearance of pollinators, this
would lead to a decrease in world food production; and the causes of pollinator decline
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include disease, climate change, and pesticides. The problem associated with pollinators is
complex and should be analyzed from multiple scientific perspectives, particularly biology,
chemistry, and mathematics.

Pollination is a crucial event in the reproductive cycle of flowering plants. In this
context, several characteristics associated with the evolutionary process of species help
maintain and optimize the functioning of various ecosystems [6]. Two widely studied
phenomena are flowers that produce nectar and those that do not. First, we consider
flowers that produce nectar to be a food source. Some plants provide nectar to pollinators
as a reward for their assistance in pollination. In this context, a notable aspect is the fact
that plants conceal their nectar, which prevents pollinators from detecting its presence
without first entering the flower. Second, we know that there are plants that do not produce
nectar. Nectar production requires a considerable amount of energy; some flowers can
employ deceptive strategies by not producing nectar. Despite lacking nectar, these flowers
can still be pollinated by pollinators. An example of this type of plant is found in certain
orchid species, which are pollinated through a phenomenon known as Batesian mimicry.
Nectarless flowers are likely the result of evolutionary optimization. Additionally, other
pollination-related phenomena include the fact that flowers can also attract pollinators
by producing large floral displays, even if they provide no reward. There are pollinators
skilled at extracting nectar without pollinating the flower, known as nectar robbers. There
are also indirect pollinators, such as ants, which seek other plant nutrients or prey on
insects living on the plant, rather than directly seeking nectar or pollen.

In this paper, we aim to elucidate the existing studies on pollinators from a math-
ematical perspective. Several phenomena related to pollinators can be analyzed using
mathematical modeling, such as the dynamics of pollinator populations, plant–pollinator
interactions, the effects of climate change on pollinator decline, the impact of pesticides on
pollinator populations, and the spread of infectious diseases among pollinators. A recent
review developed by Chen et al. introduced the framework of different mathematical
models related to the dynamics of honeybee populations [7]. However, to the extent of
our knowledge, there is no comprehensive review of the state of the art in mathematical
modeling of pollinators and related topics. Therefore, we conducted a systematic literature
review using bibliometric methods and following the methodology detailed in [8] (see
also [9]).

We surveyed the MathSciNet and WoS databases and examined the topics of each
work. We obtained a set of 107 works, comprising 105 journal articles, 1 PhD thesis, and
1 book chapter related to the mathematical modeling of pollinators. The retained list of
articles ranged from 1978 to 2025. We analyzed the papers and established a classification
based on the mathematical theory involved in the mathematical modeling formulation.
The classification introduced considers four groups: ordinary, differential equation models,
partial differential equation models, network-based models, and other methodologies. In
the case of other methodologies, we found discrete mathematical-based models, stochastic
models, and others. We outlined some key contributions of the papers and compiled a
list of topics that highlight potential challenges and perspectives for further research on
the topic.

This paper is outlined as follows. In Section 2, we describe the methodology, includ-
ing the list of selected relevant works that were identified and analyzed, as well as the
bibliometric analysis. In Section 3, we report the results of the main findings arising from
analysis of the existing literature on the mathematical modeling of pollinators. In Section 4,
we discuss some biological issues of the retained list. In Section 5, we collect some aspects
which are not included in the previous sections but are relevant for the completeness of the
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work. Finally, in Section 6, we present the conclusions of the paper and also outline some
possible future research directions.

2. Methodological Framework

The methodology supporting the present work combines two approaches to devel-
oping a literature review: a systematic review and a bibliometric analysis. To be more
precise, we adopted the methodology presented in [8], which consists of the five steps
given in [9]: (1) framing questions for a review, (2) identifying relevant work, (3) assessing
the quality of studies, (4) summarizing the evidence, and (5) interpreting the findings. The
results for steps (1) and (2), step (3), and steps (4) and (5) are presented below in Section 2.1,
Section 2.2, and Section 3, respectively. A synthesized visualization is presented in Figure 1.

236 Works

MathSciNet
Web of Science

(WoS)

69 Articles

2 PhD thesis

pollinator 
Search anywhere: 

pollinator 
All fields: 

Refine results: 

1 Book chapter
189 Articles

model 
mathematical

233 Articles 2 PhD thesis 1 Book chapter

Retained: 107 works (105 Articles, 1 PhD thesis, and 1 Book chapter)

Figure 1. Schematic summary of the process used for identifying the relevant work (see Section 2).

2.1. Framing Questions for a Review and Identifying Relevant Work

We considered the following two questions:

Question 1: What are the studies developed for mathematical modeling of the pollinator
population’s dynamics?
Question 2: What types of modeling approaches were used in those studies?

Meanwhile, related to the step of identification of the relevant work, we selected two
databases, MathSciNet and the Web of Science (WoS), with the following details:

- MathSciNet (https://mathscinet.ams.org/mathscinet/, accessed on 14 April 2025):
We searched for the word “pollinator” using the option “search term: anywhere”
and found that the response reported a total of 71 items: 69 journal articles and
2 PhD theses.

- WoS (https://www.webofscience.com/, accessed on 14 April 2025). We used the
option “all fields” for the platform’s search engine to search for the word “pollinator”,
obtaining 26,938 items. Then, by using the keyword “mathematical model” in the
option “refine results”, we found 199 items: 198 journal articles and 1 book chapter.

When combining the two lists, we found that there were 34 duplicated items. Then,
we obtained a list of 236 works: 233 journal articles, 2 PhD theses, and 1 book chapter.
Here, we note that the search in both databases was not limited to the keyword “pollinator”
being specified in the works.
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We performed an examination of the 236 works and retained those which were related,
namely with mathematical modeling as the topic of the paper, obtaining a list of 107
works [10–116]. In [19], there is a book chapter in conference proceedings, while [31] is
a PhD thesis, and the other works are journal articles. We note two additional facts: the
present review is registered in OSF (https://doi.org/10.17605/OSF.IO/3DWSR , accessed
on 5 September 2025)), and for the inclusion criteria, we considered a work to be about
mathematical modeling of pollinators when there was a proposal to research the population
dynamics of pollinators.

2.2. Assessing the Quality of the Studies

A graphical distribution of the list, by year and by decade from 1978 to 2025, is shown
in Figure 2. Here, we observe that the oldest reference was from 1978, and the most
recent one was from 2025. Also, we noticed a clear increase in articles over the decades,
even though there were slight decreases in some years. Additionally, we also noted the
geographic location declared by each of the authors in the corresponding affiliation for
each article; the results are graphically presented in Figure 3. The affiliations of the authors
were counted in the 236 works. The details for the retained list are given in Appendix A
and more specifically in Table A1. The regions with the highest number of records were
the United States of America (USA), the United Kingdom (UK), and China, with 205, 102,
and 100 records, corresponding to 27%, 10%, and 10% of the works, respectively. These
rankings were followed by regions with less than 4% representation as detailed below:

- Brazil (45) and Australia (35) with 4% each;
- India (29), Japan (29), Canada (28), France (28), Mexico (28), the Czech Republic (26),

and Spain (25) with 3% each;
- Brazil (22), Hungary (21), and Serbia (16) with 2% each;
- Italy (14), South Africa (13), Denmark (11), Israel (10), Sweden (10), Taiwan (10), the

Netherlands (9), New Zealand (9), Chile (8), Russia (8), Norway (7), Argentina (6), and
Belgium (5) with 1% each;

- Bulgaria (4), Finland (4), Poland (4), the Republic of Korea (4), Switzerland (4), the Philip-
pines (3), Slovakia (3), Greece (2), Kenya (2), Estonia (2), Ecuador (1), Indonesia (1), Ireland (1),
Pakistan (1), Portugal (1), Saudi Arabia (1), Slovenia (1), and Thailand (1) with 0% each.

Here, the number in parentheses is the number of records for the region. A graphical
interpretation is given in Figure 3, with The oldest article being [5].
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Figure 2. Number of works in MathSciNet and the WoS related to the keywords “pollinators” and
“mathematical models”. (a) Number of articles by year from 1978 to 2025. (b) Number of articles by decade.
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Figure 3. Percentages of the number of authors according to the geographic locations declared by the
authors. We rounded off all percentages to their integers.

The indicators for journals and authors in the list are presented below. The retained
articles in the list were published in 59 journals. Table 1 shows the nine journals which
were in the first four positions according the published articles. We found that there
were 13 journals with 2 publications and 37 journals with 1 publication. In Table 2, we
show the top 10 journals according to the H index of the SCImago Journal & Country
Rank (https://www.scimagojr.com/ accessed on 4 May 2025), and the SJR 2023 indicators,
quartiles, and subject areas of those journals were obtained from SJR (https://jcr.clarivate.
com/ accessed on 4 May 2025). Refer to Appendix B for more details. Moreover, in
Table 3, we present the top four prolific authors. Meanwhile, Tables 4 and 5 provide an
extensive and structured synthesis of the retained literature. In Table 4, we detail the main
findings of [10–116], and in Table 5, we organized the results by the seven major modeling
domains identified (see Section 3.5). Each domain is characterized by its underlying
biological assumptions, mathematical formulation, parametrization strategies, validation
or calibration procedures, and key ecological insights. The table also highlights the potential
policy implications derived from each modeling approach, thereby bridging theoretical
contributions with applied relevance. This typological classification facilitates comparative
analysis across studies and supports interdisciplinary integration of mathematical ecology,
conservation planning, and empirical calibration. Representative references are included
to exemplify each category and guide further exploration of methodological trends and
thematic priorities.

Table 1. The nine journals in the first four positions, considering the number of articles published.

Rank Journal Record Count % of 106

1◦ Journal of Theoretical Biology 12 11.32

2◦ Bulletin of Mathematical Biology 8 7.55

3◦
Ecology Letters 4 3.7
International Journal of Biomathematics 4 3.77
Theoretical Ecology 4 3.77

4◦
Journal of Mathematical Biology 3 2.83
Oikos 3 2.83
Plos One 3 2.83
Theoretical Population Biology 3 2.83
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Table 2. The top 10 journals based on the H index, SJR index, and quartile. The information was
obtained from Scimago https://www.scimagojr.com/ (accessed on 20 April 2025). Refer to Table A2
for the complete list of journals.

Rank Journal H Index SJR 2024 Quartile SJR Subject Area and Category

1◦
Proceedings of the National
Academy of Sciences of the United
States of America

896 10.8 Q1 Multidisciplinary Sciences

2◦ Plos One 467 3.3 Q1 Multidisciplinary Sciences

3◦ Scientific Reports 347 4.3 Q1 Multidisciplinary Sciences

4◦ Ecology 343 5.5 Q1 Ecology

5◦ Ecology Letters 330 9.8 Q1 Ecology

6◦ Plos Pathogens 260 5.5 Q1 Microbiology, Parasitology

7◦ American Naturalist 236 3.3 Q2 Ecology

8◦ Evolution 227 3.0 Q2 Ecology/Evolutionary Biology

9◦ Journal of Ecology 219 6.1 Q1 Ecology, Plant Sciences

10◦ Journal of Applied Ecology 216 6.2 Q1 Biodiversity Conservation,
Ecology

Table 3. The top four authors with the highest number of articles in the selected list.

Author Institution Number of Articles

Yuanshi Wang Sun Yat-sen University, P. R. China 16

Hong Wu Sun Yat-sen University, P. R. China 7

Faustino Sánchez-Garduño Universidad Nacional Autónoma de
México, Mexico 6

Fernanda S. Valdovinos University of California Davis, USA 4
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Table 5. Summary of retained studies according to biological topics and other characteristics.

Modeling Domain Assumptions Parametrization Validation Findings Policy Works

Biological consistency
and population
viability

Non-negative,
bounded population
variables.

Logistic or saturating
growth; constrained initial
conditions.

Analytical
consistency.

Avoids spurious
extinction or
explosion.

Supports viability
thresholds. [15,19,20]

Long-term dynamics
and species persistence

Equilibrium-based
persistence or
extinction.

Reproduction, mortality,
and interaction sensitivity.

Stability via
Lyapunov function
and linearization.

Identifies
resilience
thresholds.

Informs
sustainability
planning.

[10–12]

Regime shifts and
critical transitions

Threshold-driven
qualitative change. Bifurcation parameters. Bifurcation

diagrams.
Reveals tipping
points.

Enables adaptive
management. [16,30,53]

Mutualism and
network structure

Mutualistic coexistence
and spatial structure.

Patch connectivity and trait
evolution.

Network
simulations.

Biodiversity
maintenance.

Corridor design
and zoning. [13,16,18]

Seasonal and
oscillatory behavior

Seasonal forcing and
delay effects.

Time-dependent
coefficients. Periodicity analysis. Captures seasonal

fluctuations.
Supports crop
planning. [30,47,65]

Simulation and
empirical calibration Empirical realism. Optimization and

sensitivity analysis.
Simulation observed
data.

Enhances
credibility.

Enables
data-driven
decisions.

[19,25]

Intervention and
optimization

Ecological outcomes
modifiable via control.

Pontryagin’s maximum
principle and dynamic
programming.

Optimality
conditions.

Cost-effective
strategies.

Informs adaptive
conservation. [88,97]

3. Summarizing the Evidence and Interpreting the Findings

In Section 2.1, we introduced two questions. “Question 1” is clearly answered by the
retained list [10–116]. Meanwhile, to answer “Question 1”, we introduce two classifications
pertaining to the mathematical approaches used and the topics researched. We revised the
retained list and defined the following four groups according to the mathematical theories
applied for mathematical modeling:

(1) Ordinary differential equations group (see Section 3.1): Here, we distinguish between
three types of models based on the methodology used for modeling. First, we consid-
ered the Lotka–Volterra models for two populations (see Section 3.1.3). The works of
this type are [10,11,15,22,28,30,33,47,55,68,73,76,86,88,91,96,104,106]. The second type
was the Lotka–Volterra models for more than two populations (see Section 3.1.2), with
the articles being [15,16,19,24,28,30,33,34,37,42,44–46,48,51,62–64,67,70,71,74,75,78,79,
81,87,100,107,114,115]. The third class of ordinary differential equations systems was
obtained via application of the compartmental methodology (see Section 3.1.3), and
the works of this type are [14,36,38,39,41,61,83,85,89,90,93,98,105,110].

(2) Partial differential equations group (see Section 3.1): The generalization of the ordinary
differential equations to include the spatial displacement of pollinators was studied
in [19,26,27,31,32,50,111].

(3) Patch network (see Section 3.3): Consideration of groups of pollinators in different
patches and the interaction of network concepts was conducted in [13,21,25,35,40,43,
49,52,54,65,69,80,82,95,97,99,101,103,108,113]

(4) Other methodologies (see Section 3.4): Other kinds of works like letters, reviews,
and emergent methodologies like fractional-order or delay models were introduced
in [12,17,18,20,23,26,29,53,56–60,66,84,94,102,104,109].

Extensive details are presented below in Sections 3.1–3.4. We include a summarization
of the topics covered by the studies in Section 3.5. We note that some works were considered
to be in more than one group, as they examined mathematical modeling from multiple
perspectives. For instance, the more typical case is that partial differential equation models
are obtained as a generalization of ordinary differential equation models, and the same
work can be considered to be in groups (1) and (2) (see, for example, [19]). Another example
is [110], which involves multiple species and a class-structured (compartmental) framework,
and it also incorporates nonlinear interaction terms that are characteristic of Lotka–Volterra
systems. Therefore, it could alternatively be included in Section 3.1.2. However, it was
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placed in this subsection because the study’s primary focus lies in disease propagation and
infestation dynamics rather than population-level coexistence or competitive interactions.
This aligns it more closely with classical compartmental models such as SIR, SEIR, and
related formulations. Furthermore, we obtained a Cohen’s kappa coefficient of 0.78.

3.1. Mathematical Models Based on Ordinary Differential Equations
3.1.1. Two Population Mathematical Models Using Lotka–Volterra-Like Methodologies

In the retained list, there are several works where the mathematical models were
obtained through the interaction of two populations, such as plants and pollinators. The
two basic assumptions required to obtain these mathematical models were as follows: there
is an interaction between the pollinator and the plant, and the impact of various ecological
and environmental variables is neglected. Then, the modeling approach focused on how
the birth and death rates of both populations drove their changes or, equivalently, how
the birth, death, and interactions of the populations affected population growth. Then, we
deduced that ⎡

⎢⎣ rate of change of
plants

population

⎤
⎥⎦ =

⎡
⎢⎣ plants

population
birth rate

⎤
⎥⎦−

⎡
⎢⎣ plants

population
dead rate

⎤
⎥⎦, (1)

⎡
⎢⎣ rate of change of

pollinator
population

⎤
⎥⎦ =

⎡
⎢⎣ pollinator

population
birth rate

⎤
⎥⎦−

⎡
⎢⎣ pollinator

population
dead rate

⎤
⎥⎦. (2)

Let us denote the total population of plants and pollinators as p and a, respectively.
Then, we have⎡

⎢⎣ rate of change of
plants

population

⎤
⎥⎦ =

dp
dt

,

⎡
⎢⎣ rate of change of

plants
population

⎤
⎥⎦ =

da
dt

· (3)

To model the birth and death rates, we must consider several assumptions. To specify
the algebraic forms modeling birth and death rates, we considered the discussion provided
in [10]. We note that they modeled the plant–pollinator interaction via analogy with the
Lotka–Volterra or prey-predator systems, assuming that the plants are predators and the
pollinators are the prey.

The deduction of plant and pollinator birth rates in [10] was obtained by considering
the following two assumptions: the plants are self-incompatible, and the plant birth rate is
related to flower visits by the pollinators. They considered that the birth rate is proportional
to the pollinator visits, neglected some factor like the finite supply of ovules, and assumed
that the number of pollinator visits was modeled by a Holling’s functional such that the
model was of the following form:

⎡
⎢⎣ plants

population
birth rate

⎤
⎥⎦ = k1a

⎡
⎢⎣ pollinator

plant
visit rate

⎤
⎥⎦ = k1a

αp
1 + αβp

, (4)

where k1, α, and β model the number of ovules fertilized per visit, the searching rate
constant multiplied by the encounter probability, and the handling time per visit, respec-
tively. The encounter probability and the handling time depend on the energetic reward.
More precisely, we have
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α = σμ, β = φμ, (5)

where σ is the probability of an encounter, φ is the reciprocal speed of nectar extraction,
and μ is the energetic reward. By combining Equation (5) with Equation (4), we deduce
that ⎡

⎢⎣ plants
population
birth rate

⎤
⎥⎦ =

k1σμap
1 + σφμ2 p

· (6)

It is assumed that the pollinator birth depends on the density and some variables such
as the competition for nest sites or protein resources such that

⎡
⎢⎣ pollinator

population
birth rate

⎤
⎥⎦ = a(δ − εa), (7)

where δ is the maximum per capita pollinator birth rate and ε is the density-dependent
regulation constant.

The deduction of plant and pollinator dead rates introduced in [10] is as follows. In the
case of plant mortality, assume that it is proportional to the plant density, i.e., we have

⎡
⎢⎣ plant

population
dead rate

⎤
⎥⎦ = γp, (8)

where γ is the mortality rate. Meanwhile, for pollinators, it is assumed that the mortality
pollinator rate is inversely related to the rate of energy intake, which in turn is jointly
proportional to the visit rate and the energetic reward:

⎡
⎢⎣ pollinator

population
dead rate

⎤
⎥⎦ = λa − k2a

⎡
⎢⎣ pollinator

plant
visit rate

⎤
⎥⎦μ = λa − k2σμ2ap

1 + σφμ2 p
, (9)

where k2 is a constant of energetic transformation and λ is the maximum death rate of
pollinators in the absence of plants.

By combining Equations (3), (6)–(9) with Equations (1) and (2), we obtain a system of
the form

dx1

dt
= f (x1, x2)x1,

dx2

dt
= g(x1, x2)x2, (10)

where

(x1, x2) = (p, a), f (p, a) =
k1σμa

1 + σφμ2 p
− γ, g(p, a) = ε

(
δ − λ

ε
− a

)
+

k2σμ2 p
1 + σφμ2 p

· (11)

Here, we observe that (δ − λ)/ε is the carrying capacity of the pollinator popula-
tion. Other mathematical models of the general form in Equation (10) were introduced
in [11,15,22,28,30,33,47,55,68,73,76,86,88,91,96,104,106]. We remark that there are eight
types of models, depending on the interaction populations: plant–pollinator [10,11,15,22,
28,30,55,68,73,91,96], plant–robber [28], pollinator–secretor [33], pollinator–cheater [33],
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plant–novice pollinator [47], novice pollinator–expert pollinator [47], plant–plant [76,86],
juvenile pollinator–adult pollinator [88,104], and honeybee–mite [106].

3.1.2. More Than Two Population Mathematical Models Using
Lotka–Volterra-Like Methodologies

Analogous to the analysis developed in Section 3.1.1, we can consider that more than
two species are interacting. To illustrate the concept, we consider the model introduced
in [15], where the authors examined the interaction among three species—herbivores,
plants, and pollinators—with populations denoted by x, y, and z, respectively. Then, by
realizing a balance of birth rates, death rates, and interaction of the three populations, they
deduced that the mathematical model is given by

dx
dt

= bx(K − x) +
g(z)k2μ2σxy
1 + φσμ2y

, (12)

dy
dt

=
g(z)k1μσxy
1 + φσμ2y

− γy − m1yz
a + y

, (13)

dz
dt

=
m2yz
a + y

− δz, (14)

where b is a density-dependent regulation constant, K measures the diversity of pollinators
of plants, k2 is a constant of energetic transformation, μ is the energetic reward, σ is the
probability of an encounter, φ is the reciprocal speed of nectar extraction, k1 is an efficiency
constant representing the number of ovules fertilized per visit, γ is the plant mortality
rate, δ is the pollinator mortality rate, a is the half-saturation constant, m1 is the maximal
ingestion rate, m2 is the herbivore maximal growth rate, and g(z) is a function depending
on the herbivore population density. We observe that Equations (12)–(14) can be rewritten
in the following general form:

dxi
dt

= fi(x1, . . . , xd)xi, i = 1, . . . , d, (15)

where xi is the density of the ith species, d is the number of interacting species, and fi

models the birth rates, death rates, and interactions.
The mathematical models of the general form in Equation (10) with d ≥ 3 were in-

troduced in the following 31 works from the retained list: [15,16,19,24,28,30,33,34,37,42,44–
46,48,51,62–64,67,70,71,74,75,78,79,81,87,100,107,114,115]. In these works, the interacting
populations were described as follows: plant–pollinator–hervibore [15,19,24,42,67,74,107],
plant–pollinator–ant [24,44–46,51], plant–pollinator–robber [28,30,34,37,48,64], pollinator–
secretor–cheater [33], plant–pollinator–flower [70,71,78,87], plant–novice pollinator-expert
pollinator [47], two plants and one pollinator [63], two plants and two pollinators [62],
plant–pollinator–pesticide [75], plant–pollinator–predator [100], plant–pollinator– para-
site [114,115], plant–pollinator–green house gases–temperature [79], plant–seed–pollinator–
seed disperser [81], and three general species [16].

3.1.3. Mathematical Models Based on Compartmental Methodology

The pollination system is formed by plants and pollinators. The plant population
is divided into three sub-populations: susceptible (xv), pollinated (x f ), and infected by
a fungus (xi). Similarly, the pollinator population is divided into three states: can carry
neither pollen nor fungal spores (yn), can carry pollen (yp), and can carry spores (ysp).
Moreover, we consider that the pollinated plants have a rate of return to the susceptible
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class. Then, by considering other assumptions regarding the interaction, Ingvarsson and
Lundberg [14] introduced the following mathematical model:

dxv

dt
= (b + δ)x f −

ωβ1ypxv

xv + x f + xi
− ωβ2yspxv

xv + x f + xi
− μxv,

dx f

dt
=

ωβ1ypxv

xv + x f + xi
− (μ + δ)x f ,

dxi
dt

=
ωβ2yspxv

xv + x f + xi
− μxi,

dyn

dt
= kN − νβ3xv

yn

N
− νβ4xi

yn

N
− γ(yp + ysp)− kyn,

dyp

dt
= νβ3xv

yn

N
− νβ4xi

yn

N
− (γ + k)yp,

dysp

dt
= νβ4xi

yn

N
− (γ + k)ysp,

where N = yn + yp + ysp and b, δ, ω, β1, β2, μ, β3, β4, γ, k, and ν are positive parameters.
The mathematical models governed by ordinary differential equations which are based

on the compartmental methodology were introduced in the following 14 works from the
retained list: [14,36,38,39,41,61,83,85,89,90,93,98,105,110]. The populations modeled in the
different articles are diverse. More precisely, they are a plant population with susceptible,
pollinated, and infected classes and a pollinator population divided into three classes, where
they can carry neither pollen nor fungal spores, can carry pollen, or can carry spores [14];
healthy bees and impaired bees [36]; an uncapped brood, capped brood, hive bees, foragers,
and food [38]; plants biomass with adult insects and adult insects with larvae [39]; a
pollinator with pollen, pollinator without pollen, unpollinated flowering plants, and
pollinated flowering plants [41]; the interactions of adult and non-adult pollinators [61];
four types of pollinators [83]; infected bumblebees, infected honeybees, and infected
flowers [85]; the dynamics of viral genotypes [89]; contamined flowers, infected bees, and
virus carrying [90]; a honeybee-–parasite interaction model with seasonality [93]; hive bees,
unimpaired forager bees, and impaired forager bees [98]; the transmission dynamics of
deformed wing virus in a honeybee colony infested with Varroa mites [105]; and three
plants and two pollinators with juvenile, male, and female plant classes and insects [110].

3.2. Mathematical Models Based on Partial Differential Equations

The mathematical models based on partial differential equations were obtained by as-
suming the spatial movement of the pollinators. It is considered that the displacement of
pollinators satisfies a diffusion law. Then, the partial differential equations are extensions of
ordinary differential equation models. For instance, in the case of the interaction of two popula-
tions, the authors of [19] considered the ordinary differential equation for a pollinator–plant
interaction system:

da
dt

= a(K − a) +
ap

1 + p
, (16)

dp
dt

= − p
2
+

ap
1 + p

, (17)

where K is the carrying capacity for the pollinator population and a and p are the population
densities of the pollinators and plants, respectively. Assuming that the pollinator population
moves toward negative values of the gradient of the population density direction, the plants
do not disperse, but their spatial distribution changes because of the interaction with the
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pollinator population. Then, the authors of [19] defined the new system extending the model
in Equations (16) and (17) as follows:

∂a
∂t

= DΔa + a(K − a) +
ap

1 + p
, (18)

∂p
∂t

= − p
2
+

ap
1 + p

, (19)

where the parameter D > 0 is the diffusivity of the pollinator population and Δ is the
Laplacian operator. Similarly, the authors of [19] assumed an ordinary differential model
for pollinator–plant–herbivore interactions of the following type:

da
dt

= ba(K − a) +
g(h)k2μσap
1 + φσμ2 p

, (20)

dp
dt

= −γp +
g(z)k1μσap
1 + φσμ2 p

− m1 ph
c1 + p

, (21)

dh
dt

= −δh +
m2 ph
c1 + p

, (22)

where K is the carry capacity for the pollinator population; a, p, and h are the population
densities of pollinators, plants, and hervivores, respectively; g is a real function such that
g ∈ C1[0, ∞), g(0) = 1, in which g′(h) < 0 and g(h) > 0 for all h > 0, modeling the
reduction rate of visits of pollinators to plants due to herbivore interaction; k1 is the number
of fertilized ova in each pollinator visit; σ is the probability of visits; φ is a measure of
the speed of nectar extraction; and μ is the energetic recompense. The generalization of
Equations (20)–(22) to a partial differential system is given by

da
dt

= D1Δa + ba(K − a) +
g(h)k2μσap
1 + φσμ2 p

, (23)

dp
dt

= −γp +
g(z)k1μσap
1 + φσμ2 p

− m1 ph
c1 + p

, (24)

dh
dt

= D2Δa − δh +
m2 ph
c1 + p

, (25)

where the parameters D1 > 0 and D2 > 0 are the diffusivity of the pollinator and herbivore
populations, respectively. Similar extensions of ordinary differential equations models
were deduced via application of the compartmental methodology.

The mathematical models based on partial differential equations were considered in
the following seven works: [19,26,27,31,32,50,111]. The modeled populations considered
in the different articles are the following: the interaction of plant, pollinator, and herbi-
vore populations [19,26]; harvester and scout populations Tyson [27]; multiple species of
pollinators [31,32]; and plant and pollinator populations [50,111].

3.3. Network and Patch Mathematical Models

In the retained list, several works applied networks and patch concepts to model the
dynamics of pollinator populations. In order to be precise, we consider [21], where the au-
thors considered the interaction of a plant pi and animal aj, obtaining the following system:

dpi
dt

=
n

∑
j=1

(
cij

piaj

wj

)
(1 − d − pi)− ei pi, 1 ≤ i ≤ n,

daj

dt
= cjaj(wj − aj)− ejaj, 1 ≤ j ≤ n,
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where cij models the per capita colonization rate of a population of plants i when pollinated
or dispersed by a pollinator j; cj is the per capita colonization rate of a pollinator j; ei and ej

denote the per capita extinction rates for a plant i and animal j, respectively; d models the
fraction of patches permanently lost through habitat destruction; and wj is the union of the
patches occupied by n plant species interacting with the same j pollinator species.

In the retained list, we found that there were 20 works focused on the modeling
of pollinator population dynamics using networks and patches [13,21,25,35,40,43,49,52,
54,65,69,80,82,95,97,99,101,103,108,113]. In [13], the authors applied patch concepts to
study the age-structured pollinator population model considering adult and non-adult
pollinators [13]. Meanwhile, in the other works, the authors used networks and patch
concepts [25,35,40,43,49,52,54,65,69,80,82,84,95,97,99,101,103,108,113].

3.4. Other Methodologies

Other articles that were difficult to include in the previous classification are the
following 19 articles: [12,17,18,20,23,26,29,53,56–60,66,84,94,102,104,109]. These included
a letter to the editor with an opinion on the mathematical model for mutualism on a
patch [12], two review articles [26,102], a study on discrete models [20], a work focused
on the study of virulence [23], a study on microscopic populations by considering five
types of cells [17], a study on the fractional order mathematical mould for plant–pollinator–
nectar interactions [84], a study on the modelization of pollen transport [58], studies
on the concept of delaying ordinary differential equations to model a plant-pollinator
system [59,94], a study on adult and juvenile pollinators [104], a study on the idealization
of bumble bees [56], studies on the application of stochastic differential equations [18,109],
a study on the analysis of flowering [29], studies on the modellization by hybrid ordinary
differential equations and partial differential equations [53,60], a study on a particular form
of ordinary differential system for modeling genotypes [57], and an empirical study which
developed data fitting for ordinary differential models [66].

3.5. A Summary of the Topics Studied in the Retained List

The analysis and main results of the articles of the retained list focused on the following
seven topics:

(1) Positive bounded solutions: The variables of the mathematical models are the popu-
lation or the density of the population. Then, the first question of the consistence
of the mathematical model with the biological system is for analyzing if the math-
ematical model’s solutions are positive and bounded. In this sense, the following
works [15,19,20,26,28,30,41,50,54,59,65,66,71,75,78,93,102] have explicit results prov-
ing that the dynamics of the mathematical systems have positive bounded solutions.

(2) Equilibrium and stability analysis: In the mathematical analysis of dynamical sys-
tems, the study of linearization and asymptotic behavior is strongly related to the
analysis of stability analysis. In particular, mathematical models are an impor-
tant tool for characterizing the large time behavior of the system and answering
other important questions, like the prevalence or extinction a species of pollinator.
The works focused on the development of equilibrium and stability analysis are
the following [10–12,14,15,19,20,22,26,33,34,36,39,43–48,54,55,57,60,61,63,67,68,70,71,
73–76,78,79,81,84,86,90–93,95,96,98,100,102–104,107,111,113,114].

(3) Bifurcation: One topic related to equilibrium and stability analysis is bifurcation
analysis. Indeed, the analysis of bifurcation was introduced in [16,30,53,67,74,94,103,
106,107,114].

(4) Mutualistic interactions: In the case of mathematical models based on networks and
patch concepts, there are several topics which have been researched, including coex-
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istence [13,16,18,21,24,25,28,30,33,35,37,39,40,43–46,51–54,62,64,65,68–72,80–82,92,96,
97,99–101,103,108],
dissipation [28,33,34,48,74,78,94], and eco-evolution [59,67,68,94].

(5) Periodicity of the solution: An interesting question for pollinators strongly related
with seasonality is what the periodicity behavior of the populations of the different
variables involved in pollination models is. Indeed, the following topics have been
researched: periodic orbits [30,47,65,93], non-periodic orbits [28,45,48,65,74], and
oscillation [30,53,63].

(6) Numerical solutions and comparison with empirical data: The mathematical models
are strongly nonlinear, and the analytical solution cannot be construed. Conse-
quently, numerical solutions of the mathematical models are introduced in order
to simulate and calibrate the mathematical models. In the retained list, the authors
of [19,25,26,31,32,35–37,42,53,56–58,60,61,66–69,75,78,84,85,87–90,92,94,96,98–101,103–
106,108,110,111,113,115,116] developed numerical simulations.

(7) Mathematical control: Optimal control of the pollination systems via introducing appro-
priate control variables was conducted in [88,97].

4. Biological and Applied Problem Typologies in the Retained Literature

The retained articles address a spectrum of biological and applied problems through
mathematical modeling. These can be categorized into seven thematic domains, each
reflecting distinct modeling priorities, parametrization strategies, and implications for
ecological policy and management:

(1) Biological consistency and population viability: In this group, we consider the works
addressing biological realism in population dynamics and focus on the research of
positive bounded solutions. Models in this category ensure that population variables
remain biologically meaningful, i.e., non-negative and bounded over time. This foun-
dational consistency is critical for validating ecological interpretations and avoiding
spurious predictions. Parametrization typically involves biologically constrained ini-
tial conditions and growth functions (e.g., logistic or saturating terms). These models
support policy decisions related to conservation thresholds and population viability.
Representative works include [15,19,20,26,28,30,41,50,54,59,65,66,71,75,78,93,102].

(2) Long-term dynamics and species persistence: In this group, the problems to study are
prevalence, extinction, and asymptotic behavior. These studies examine the conditions
under which pollinator populations persist or collapse, often through linearization
techniques and Lyapunov-based stability criteria. Parametrization emphasizes sensi-
tivity to reproductive rates, mortality, and interaction coefficients. The results inform
long-term sustainability planning and resilience forecasting. Representative works
include [10–12,14,15,19,20,22,26,33,34,36,39,43–48,54,55,57,60,61,63,67,68,70,71,73–76,
78,79,81,84,86,90–93,95,96,98,100,102–104,107,111,113,114].

(3) Regime shifts and critical transitions: In this group of works, the authors focus on the
bifurcation analysis and address the study of threshold phenomena and qualitative
change. Bifurcation studies identify parameter regimes where small changes induce
qualitative shifts in system behavior, such as transitions from coexistence to extinction.
These models often employ continuation methods and bifurcation diagrams to explore
critical thresholds, with implications for adaptive management and early warning
indicators. Representative works include [16,30,53,67,74,94,103,106,107,114].

(4) Mutualism and network structure: In this group, the focus is mutualistic interactions and
the study of phenomena like coexistence, dissipation, and eco-evolutionary dynamics.
These models incorporate spatial structure, network topology, and evolutionary feed-
back to explore how mutualistic systems maintain biodiversity. Parametrization in-
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cludes patch-based connectivity, trait evolution, and interaction matrices. The findings
support the design of pollinator corridors, agroecological zoning, and biodiversity
incentives. Representative works include [13,16,18,21,24,25,28,30,33,35,37,39,40,43–
46,51–54,62,64,65,68–72,80–82,92,96,97,99–101,103,108], as well as dissipation-focused
studies [28,33,34,48,74,78,94], and eco-evolutionary dynamics studies [59,67,68,94].

(5) Seasonal and oscillatory behavior: The addressed problem is the temporal variability and
seasonality, along with the study of periodicity and oscillations in model solutions.
Models in this group address how seasonal forcing and intrinsic dynamics lead
to periodic or chaotic population fluctuations. Parametrization incorporates time-
dependent coefficients and delay terms. These insights guide seasonal pollination
services, crop planning, and phenological synchronization. Representative works
include [28,30,45,47,48,53,63,65,74,93].

(6) Simulation and empirical calibration: In this group, we consider works focused on numer-
ical solutions and data comparison and developed for model validation and empirical
integration. Due to nonlinear complexity, many models rely on numerical simula-
tions to explore parameter spaces and fit empirical data. Parametrization strategies
include optimization techniques, sensitivity analysis, and empirical calibration. These
models enhance the credibility of model-based recommendations and support data-
driven decision making. Representative works include [19,25,26,31,32,35–37,42,53,56–
58,60,61,66–69,75,78,84,85,87–90,92,94,96,98–101,103–106,108,110,111,113,115,116].

(7) Intervention and optimization: There are some works on solving the problem of ap-
plied control and resource allocation, which are focused on mathematical control.
These studies introduce control variables—such as habitat enhancement or pesti-
cide reduction—to optimize ecological outcomes. Parametrization uses Pontryagin’s
maximum principle or dynamic programming to derive optimal strategies. The re-
sults directly inform cost-effective conservation and adaptive management protocols
(see [88,97]).

5. Other Aspects of the Literature Review

5.1. Research Gaps and Future Directions for Control, Stochastic Modeling, and Network-Based PDEs

Despite the breadth of topics addressed in the retained literature, three modeling do-
mains remain notably underdeveloped: (1) optimal control under uncertainty, (2) stochastic
ecological modeling, and (3) network- or patch-based partial differential equations (PDEs)
for spatially structured systems. These gaps are particularly relevant given the increasing
complexity of ecological systems and the need for robust, data-informed decision making:

(1) Optimal Control under Uncertainty: While mathematical control was explored in [88,97],
current models rely on deterministic frameworks and assume full observability of
system states and parameters. These assumptions limit applicability in real-world set-
tings, where ecological responses to interventions (e.g., pesticide reduction or habitat
restoration) are uncertain and data are sparse. Neither study incorporated stochastic
perturbations or feedback mechanisms, nor did they address parameter uncertainty
or adaptive control strategies. This restricts the robustness and generalizability of the
proposed solutions.

(2) Stochastic Modeling: Across the retained list, stochastic formulations are conspicuously
absent. Although several studies addressed oscillatory behavior and bifurcation
phenomena (e.g., [30,53,63]), they did so within deterministic systems. The lack
of stochastic differential equations or probabilistic transitions limits the capacity to
model demographic noise, environmental variability, and uncertainty propagation,
especially in fragmented landscapes or under climate stress. This gap is critical given
the increasing emphasis on resilience and risk-aware ecological planning.
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(3) Network-Based PDEs and Patch Dynamics: Numerous studies incorporated network or
patch structures in mutualistic systems (e.g., [13,21,28,33,40,65,71,72,96,100]), yet most
relied on discrete or compartmental models. Continuous-space PDEs on networks or
graph-based domains are rare, and when present, they often lack empirical calibration
or realistic topologies. For example, the authors of [28,48,74] explored dissipation and
spatial dynamics but did not integrate high-resolution landscape data or adaptive
dispersal mechanisms. This limits the ecological realism and policy relevance of
spatial predictions.

5.2. Limitations of Current Findings

Across these domains, a recurring limitation is the scarcity of longitudinal, high-
resolution data for model calibration and validation. Many studies rely on synthetic
simulations (e.g., [67–69,75,78]) or static parameter estimates, which constrain ecological
realism and hinder generalization across systems. Furthermore, sensitivity analysis and
uncertainty quantification are rarely formalized, reducing the interpretability and robust-
ness of model outcomes. Additionally, we report at least three limitations of this research:
a checklist for data extraction was not constructed, only two databases were considered,
and the analysis of data was developed without using advanced methodologies.

5.3. Methodological Pathways

To address these gaps, future research should pursue hybrid frameworks that integrate
stochasticity into control models (e.g., stochastic optimal control or robust model predic-
tive control), and embed network-aware partial differential equations within empirically
grounded landscapes. Promising techniques include the following:

(1) Graph Laplacians and metapopulation partial differential equations for dispersal modeling;
(2) Bayesian inference and ensemble simulations for uncertainty quantification;
(3) Data assimilation methods for real-time calibration.

5.4. Potential Data Sources

Empirical grounding can be strengthened using the following:

(1) Remote sensing data for habitat fragmentation and land use change;
(2) Citizen science platforms (e.g., iNaturalist or eBird) for species occurrence;
(3) Long-term ecological monitoring networks (e.g., Global Biodiversity Information

Facility—GBIF, or Long Term Ecological Research—LTER) for population dynamics.

5.5. Roadmap for Future Work

A strategic agenda should include the following:

(1) Development of modular, interoperable modeling platforms that integrate control,
stochasticity, and spatial structure;

(2) Co-design of models with stakeholders to ensure contextual relevance and usability;
(3) Formal incorporation of sensitivity analysis and uncertainty quantification;
(4) Establishment of typological benchmarks to compare model performance across

ecological and socio-political scenarios.

Such efforts will enhance both theoretical rigor and translational impact, positioning
mathematical ecology as a key contributor to adaptive management and evidence-based
policy design.
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5.6. Implications of the Retained Modeling Topics for Agricultural Planning, Habitat Management,
and Pesticide Regulation

The seven modeling themes identified in Section 3.5 provide a rigorous mathematical
foundation for informing real-world decision making in agroecological systems. Their
relevance extends to agricultural planning, habitat conservation, and the formulation of
pesticide policies. Below, we detail the practical implications of each topic:

(1) Positive Bounded Solutions: Ensuring that model solutions remain positive and bounded
is essential for biological realism, particularly when variables represent population
densities. This property supports the development of ecologically valid simulations
that can guide agricultural interventions and pesticide thresholds, preventing unin-
tended population collapses.

(2) Equilibrium and Stability Analysis: Stability analysis enables the characterization of
long-term system behavior, including species persistence or extinction. In agricultural
contexts, it informs crop-pollinator compatibility and resilience, while in habitat
management, it supports the design of restoration strategies and ecological corridors.

(3) Bifurcation Analysis: Bifurcation theory reveals how small parameter changes can induce
qualitative shifts in system dynamics. This is critical for anticipating nonlinear responses
to environmental stressors, such as pesticide application or habitat fragmentation, and
for designing adaptive management strategies that avoid tipping points.

(4) Mutualistic Interactions: Modeling mutualistic networks elucidates mechanisms of
coexistence, dissipation, and eco-evolutionary dynamics. These insights inform the
diversification of cropping systems, the conservation of keystone mutualists, and the
regulation of agrochemicals that may disrupt ecological interactions.

(5) Periodicity of Solutions: Seasonal and periodic behaviors in pollinator populations are
central to synchronizing agricultural calendars with ecological cycles. Understanding
periodicity aids in optimizing planting schedules, flowering periods, and pesticide
applications to align with pollinator activity.

(6) Numerical Simulations and Empirical Validation: Given the nonlinear nature of most
models, numerical simulations are indispensable for calibration and scenario testing.
These simulations support evidence-based agricultural planning and policy evaluation,
enabling cost-benefit analyses of proposed interventions.

(7) Mathematical Control: Optimal control frameworks allow for the strategic modula-
tion of system variables to achieve desired ecological or economic outcomes. In
agriculture, this translates to resource-efficient practices that sustain pollinator popu-
lations, while in regulatory contexts, it supports dynamic policy design responsive to
ecological feedback.

Collectively, these modeling approaches bridge theoretical ecology with applied deci-
sion making, offering quantitative tools for sustainable land use, biodiversity conservation,
and environmental governance.

5.7. A Particular Comparative Analysis

In this subsection we develop a comparative analysis between [74] and the Thematic
Synthesis in Section 3.5.

The authors of [74] offered a focused and technically rigorous contribution to the
mathematical modeling of ecological systems, particularly in the context of bifurcation
analysis, dissipative dynamics, and non-periodic oscillatory behavior. Chen’s work em-
ployed nonlinear differential equations to explore critical transitions and qualitative shifts
in population dynamics, with emphasis on parameter sensitivity and system resilience. The
model demonstrates how small perturbations can lead to significant changes in ecological
outcomes, contributing to the literature on regime shifts and early warning indicators.
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However, when compared with the broader synthesis presented in Section 3.5, the
scope of [74] appears more specialized and thematically constrained. The retained literature
encompassed seven interrelated modeling domains, ranging from positive boundedness
and stability analysis to mutualistic networks, seasonality, empirical calibration, and opti-
mal control. This thematic architecture enables a more comprehensive understanding of
pollinator dynamics and ecological decision making.

Notably, the synthesis in Section 3.5 integrates multiple methodological layers:

• It links biological realism (e.g., positive bounded solutions [15,19]) with long-term
system behavior (e.g., stability analysis [10,44]).

• It incorporates spatial and network structure in mutualistic interactions [21,33], ex-
tending beyond the local dynamics emphasized in [74].

• It addresses empirical calibration and numerical simulation [68,75], which are not
central in Chen’s formulation.

• It introduces optimal control frameworks [88,97], offering policy-relevant strategies
absent in [74].

In this light, the novelty of Section 3.5 lies in its integrative typology, which not only
categorizes the retained studies but also reveals methodological synergies and thematic
gaps. While [74] contributes valuable insights into bifurcation and dissipation phenomena,
the broader synthesis provides a multidimensional roadmap for future research—bridging
theoretical modeling with empirical validation and policy design.

This comparative perspective underscores the importance of typological frameworks
in advancing ecological modeling, enabling researchers to situate individual studies within
a structured landscape of methodological and applied relevance.

6. Conclusions

In this paper, we applied a systematic bibliographic review. Our research method-
ology adeptly allowed us to identify and analyze a substantial body of research on the
mathematical modeling of pollinators. We retrieved and reviewed 107 works published
between 1981 and 2025, leveraging databases such as the Web of Science and Mathscinet.
We examined the mathematical theory and the topics analyzed. Our findings reveal a sig-
nificant increase in research dedicated to the introduction or improvement of mathematical
modeling to study the dynamics of pollinators. The landscape of mathematical modeling
of pollinators has covered the standard topics of dynamical systems, like equilibrium and
stability analysis. However, in recent years, the field has shifted dramatically, moving away
to include some new topics like the fractional-order or diffusion models. In particular,
modeling by using networks has promise in the future development of research. Moreover,
given that the mathematical models arise from different mathematical approaches, it is
essential to use an interdisciplinary approach for constructing complex models that more
closely resemble pollination phenomena.

Research on the mathematical modeling of pollinators is an active area. However,
there is still much to be developed in the context of addressing the challenges of pollination
dynamics. We identified four issues that require further detailed exploration. First, there is
the study of mathematical control theory about biological control. We identified only two
works related to control theory (see [88,97]). Therefore, constructing mathematical models
that incorporate the principles of optimal control is necessary. Second, the development
of stochastic models is an area that needs strong attention from researchers. Third, the
inclusion of network and patch concepts with mathematical models based on partial
differential equations is a topic that requires attention and future development. Fourth,
we reduced the present analysis to the word pollinators and two databases. Clearly, some
representative works researching mathematical models for pollinators were excluded. We
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plan to expand our search to other specific pollinators and to other bibliographic databases,
including Scopus, PubMed, BIOSIS Previews, and AGRICOLA.
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Appendix A. Details on Counting the Regions

In order to count the regions, we considered the affiliations declared by the authors.
For instance, in [10], the authors, Soberon and Rio, declared Mexico as their affiliation, and
in [11], the author, Wells, declared USA for the affiliation. Extensive details for the retained
list are presented on Table A1. We note that in the case of the same author declaring
multiple affiliations, we considered only the first declared region.

Table A1. Affiliations of the authors declared on the retained list. Here, RR stands for retained reference.

RR Affiliations RR Affiliations RR Affiliations RR Affiliations

[10] Mexico (2) [37] USA (2), China (2) [64] China (1) [91] USA (4)

[11] USA (1) [38] Australia (3) [65] USA (4), China (2), UK (1) [92] China (3)

[12] USA (1) [39] Netherlands (2), France (1) [66] Spain (4) [93] USA (6)

[13] USA (2) [40] Ecuador (1), Spain (2) [67] Mexico (2) [94] China (4)

[14] Sweden (2) [41] USA (5), Brazil (1) [68] Australia (1), UK (1) [95] China (1), Brazil (1), Nether-
lands (1), France (1), Spain (4)

[15] USA (1) [42] Mexico (3) [69] R. of Korea (3) [96] Germany (4)

[16] Italy (1) [43] Mexico (1) [70] China (1) [97] India (3)

[17] UK (3) [44] China (2) [71] China (1) [98] USA (2)

[18] USA (2) [45] China (2) [72] USA (1) [99] China (2)

[19] Mexico (2) [46] China (1), USA (2) [73] Czech Republic (2) [100] Japan (2)

[20] Argentina (2) [47] Mexico (2) [74] China (3) [101] India (3)

[21] Chile (5) [48] China (3) [75] India (2) [102] USA (4)

[22] Israel (2) [49] USA (4) [76] China (2), USA (1) [103] Czech Republic (3)

[23] UK (3), Canada (1), USA (1) [50] China (3) [77] China (3) [104] Bulgaria (3)

[24] Germany (2) [51] France (2) [78] China (4) [105] South African (2),
Netherlands (1)

[25] Argentina (2), Germany (1) [52] South African (2) [79] India (2) [106] India (2)
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Table A1. Cont.

RR Affiliations RR Affiliations RR Affiliations RR Affiliations

[26] Mexico (2) [53] China (1), France (1),
USA (1) [80] China (3), USA (2) [107] Mexico (3)

[27] Canada (3) [54] Ecuador (1), Spain (2) [81] USA (2), France (1),
Switzerland (1) [108] South Africa (4)

[28] China (1), USA (3) [55] Mexico (2) [82] USA (6), UK (1) [109] Netherlands (2), Canada (1)

[29] USA (4) [56] USA (5), Sweden (2) [83] USA (6), New Zeland (6) [110] Japan (3)

[30] China (3) [57] Canada (2), Australia (2) [84] Saudi Arabia (2),
Mexico (1), Pakistan (1) [111] China (4)

[31] USA (1) [58] Belgium (2), Canada (2),
Netherlands (1) [85] USA (6) [112] China (2)

[32] USA (3) [59] China (2), USA (1) [86] Czech Republic (3) [113] Czech Republic (1)

[33] China (2) [60] Japan (1) [87] USA (3) [115] China (1), Canada (1)

[34] China (1) [61] South Africa (1), France (2) [88] Spain (2), Hungary (6) [114] India (3)

[35] Chile (3), USA (1) [62] Czech Republic (2) [89] Italy (4), Germany (7) [116] Czech Republic (1)

[36] UK (5) [63] Mexico (2) [90] USA (4)

Appendix B. Details on Journals for Retained List

We identified the journals and searched for the impact factor, H index and quartiles,
which are presented in Table A2.

Table A2. List of the journals appearing in the retained reference list.

Journal H Index SJR Quartile

Agronomy-Basel 114 3.7 Q1

Alexandria Engineering Journal 112 5.6 Q1

American Naturalist 236 3 Q2

Annals of Botany 215 4.1 Q1

Applied Ecology and Environmental Research 48 0.9 Q4

Applied Mathematical Modelling. Simulation and Computation for
Engineering and Environmental Systems 150 4.2 Q1

Applied Mathematics and Computation 182 3.1 Q1

Applied Sciences-Basel 162 2.7 Q2

Biosystems 85 0.392 Q2

Boletín de la Sociedad Matemática Mexicana. Third Series 20 0.414 Q2

Bulletin of Mathematical Biology 101 0.702 Q1

Chaos, Solitons & Fractals 175 1.184 Q1

Chaos. An Interdisciplinary Journal of Nonlinear Science – – –

Communications in Nonlinear Science and Numerical Simulation 143 0.956 Q1

Discrete and Continuous Dynamical Systems. Series A 80 1.065 Q1

Discrete and Continuous Dynamical Systems. Series B. A Journal
Bridging Mathematics and Sciences 65 0.735 Q1

Discrete and Continuous Dynamical Systems. Series S 43 0.514 Q2

Ecological Modelling 189 0.896 Q1

Ecological Research 87 0.616 Q2

Ecology 345 5.5 Q1

Ecology and Evolution 109 0.858 Q1

Ecology Letters 330 9.8 Q1

European Journal of Applied Mathematics 53 0.750 Q2
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Table A2. Cont.

Journal H Index SJR Quartile

Evolution 227 3.4 Q2

Evolutionary Applications 95 1.362 q1

Evolutionary Ecology 96 0.645 Q2

Evolutionary Ecology Research 82 – –

International Journal for Parasitology-Parasites and Wildlife 44 0.618 Q1

International Journal of Bifurcation and Chaos in Applied Sciences
and Engineering 120 0.596 Q1

International Journal of Biomathematics 38 0.527 Q2

Journal of Applied Ecology 216 6.2 Q1

Journal of Biological Dynamics 46 0.597 Q2

Journal of Biological Systems 39 0.487 Q2

Journal of Ecology 219 6.1 Q1

Journal of Evolutionary Biology 148 0.921 Q1

Journal of Mathematical Biology 111 0.921 Q1

Journal of Mathematics 30 0.322 Q3

Journal of Statistical Mechanics: Theory and Experiment 95 0.373 Q3

Journal of the European Mathematical Society 68 3.043 Q1

Journal of the Royal Society Interface 177 1.025 Q1

Journal of Theoretical Biology 178 0.532 Q2

Lobachevskii Journal of Mathematics 31 0.435 Q2

Mathematical Biosciences 114 0.555 Q2

Mathematical Methods in the Applied Sciences 87 1.991 Q1

Modeling Earth Systems and Environment 66 0.654 Q1

Natural Resource Modeling 38 0.521 Q2

Nonlinear Analysis. Real World Applications. An International
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