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Flowering shrubs in fragmented habitats often experience pollen limitation,

which can lead to strong natural selection on floral display and affect

reproductive success. Effective management and protection of dominant

shrubs in fragmented habitats require a thorough understanding of the factors

driving plant reproduction. However, the impact of fragmented habitats on

reproductive success through floral display and pollinator visitation has not

been experimentally quantified. We examined pollen limitation by comparing

female fitness between open-pollinated and hand-pollinated plants. We also

assessed the impact of natural selection (b) on floral display by comparing natural

selection gradients in plants from natural and fragmented habitats. Our results

show that this species is pollen-limited, with supplemental pollen increasing

female fitness by 32%. This species exhibits directional selection for more open

flowers and longer keel petals. We found that the number of open flowers is the

main factor influencing pollinator visitation frequency and female fitness, and

that pollinator visitation positively affects female fitness. This study provides

insights into how fragmented habitats influence linear selection gradients

related to the number of open flowers. Furthermore, this study highlights that

fragmented habitats significantly influence reproductive success, with floral

display being a crucial factor to consider when designing conservation

strategies for this population.
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fragmented habitat, floral display, pollen limitation, female fitness, pollinator
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Introduction

Habitat fragmentation is widely recognized as a major driver of

biodiversity loss and the growing isolation of ecosystems (Newman

et al., 2013). In evolutionary ecology, the floral display of plants

influences reproductive success by affecting pollinator transfer

efficiency. Habitat fragmentation can affect the plant flowering

period and flower number, while human disturbance influences

pollinator visitation. These factors result in variations in floral

display that may ultimately impact pollination success (Zhong

et al., 2019; Chen et al., 2022). Desert ecosystems typically feature

sparse vegetation and are particularly sensitive to human

disturbance (Villagra et al., 2009). Environmental changes can

lead to variations in floral display (such as flower number and

spatial arrangement) and pollinator activity (Chen et al., 2020). As

human disturbance and environmental changes persist, alterations

in habitat structure caused by degradation and desertification will

diminish the reproductive success of many plant communities

(Chen et al., 2022).

An insufficient supply of pollen can reduce pollination success

and limit fecundity (Lennartsson, 2002; Knight et al., 2005). Pollen

limitation refers to the insufficient quantity or quality of pollen

transfer that impedes reproductive success (Gómez et al., 2010).

Habitat fragmentation alters plant-pollinator mutualisms, as many

flowering plants depend on pollinator services. The diversity and

abundance of pollinators decrease in isolated habitats (Chen et al.,

2020). Pollinator visitation can be limited by factors such as resource

availability (e.g., rewards and the number of open flowers), which

influence pollen transfer efficiency (Asikainen and Mutikainen,

2005). Inadequate pollen transfer is a key factor that limits

pollinator visitation efficiency (Chen et al., 2022; Fernández et al.,

2012). The quality and quantity of pollen that reaches the stigma are

crucial factors influencing pollination success (Corbett, 2003; Harder

and Aizen, 2010). There is substantial evidence of pollen limitation

caused by insufficient pollinator visitation. Floral traits, particularly in

flowering plants, show remarkable diversity in their impact on

pollinator visitation efficiency (Ishii and Kadono, 2002).

Floral specialization plays a key role in plant-pollinator

interactions, and the influence of natural selection on floral

display warrants greater attention (Sletvold and Ågren, 2010).

Floral display is positively correlated with pollinator visits, which

in turn enhances female fitness (Sletvold et al., 2010; Sun et al.,

2018). Pollen reception efficiency often influences natural selection

on floral display and female reproductive success in many plant

species (Knight et al., 2005; Ashman andMorgan, 2004). Pollinators

are typically attracted to flowers with higher densities, as these

flowers tend to offer more pollen and rewards (Ashman et al., 2004;

Hadley and Betts, 2012). Additionally, pollinator visitation may

decline in fragmented habitats, as environmental fragmentation and

isolation can reduce pollinator foraging time and activity (Steffan-

Dewenter et al., 2006). Pollinator-mediated selection for flower

number may enhance pollination success (Sletvold and Ågren,

2010). A related study suggests that female reproductive success is

positively correlated with plant height, flower number, and spur

length in orchids (Gigord et al., 2001).
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Caragana korshinskii Kom., a leguminous shrub, is a dominant

species in desert steppe ecosystems, playing a crucial role in

ecosystem stabilization and soil erosion prevention (Newman et al.,

2013). As a nitrogen-fixing legume, it acts as a pioneer species for

sand fixation in arid regions, enhancing soil fertility, promoting

herbaceous vegetation growth, and bolstering ecosystem resilience

(Yao et al., 2019). However, despite its ecological significance, C.

korshinskii faces challenges related to habitat fragmentation and

limited pollination, which may impact its long-term survival and

regeneration. Predominantly pollinated by insects, the species’

reliance on biological pollination raises concerns about pollen

limitation in fragmented habitats (Chen and Zhao, 2019). Given its

ecological importance and dependence on pollinators, C. korshinskii

serves as an ideal model for studying the effects of habitat

fragmentation on pollen limitation in desert steppe ecosystems.

However, studies directly quantifying the effect of natural selection

on this species remain scarce, limiting the understanding of how

floral display drives reproductive evolution in fragmented habitats.

This study aimed to: 1) test the differences in pollen limitation

intensity between open-pollinated and hand-pollinated plants, 2)

quantify natural selection on floral display across different habitats,

and 3) examine how fragmented habitats influence reproductive

success via floral display, while comparing the relationships

between pollinator visitation frequency and female fitness.

Furthermore, this study provides strategies to improve reproductive

success and conservation efforts for dominant shrub species.
Materials and methods

Study site

This study was conducted in the Urat desert steppe (106°59’-

107°05’E, 41°06’-41°25’N, Figure 1), located in the western part of

Inner Mongolia Province, northwestern China. The region

experiences a mean annual precipitation of approximately 153.9

millimeters, with the majority of precipitation concentrated

between May and September, characteristic of a temperate steppe

climate (BSk, Köppen Climate Classification; Guo et al., 2022). In

this region, Caragana korshinskii Kom is the dominant shrub

species (Wang et al., 2022).
Study species

C. korshinskii, a widespread leguminous shrub in desert

grasslands, is a vital component of these ecosystems. It significantly

contributes to soil stabilization, nitrogen fixation, and the formation

of the vegetation structure. This species is distributed across Inner

Mongolia and Ningxia provinces in northern China. The flowering

period of C. korshinskii typically lasts from May to July, while the

fruiting period extends from July to August. Furthermore, C.

korshinskii, primarily an outbreeding species with partial self-

compatibility, relies on pollinators for effective pollen transfer

despite some self-fertilization capacity (Chen and Zuo, 2019).
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Field experiment design

The experiment was conducted from May 2017 to September

2023. In 2017, age-matched C. korshinskii plants were selected for

the study, with plant height standardized through regular cutting.

Two experimental habitats were designed: 1) a natural habitat and

2) a fragmented habitat. Twelve plots were selected for each habitat,

with habitats separated by 1 km to minimize pollinator interference.

The fragmented habitat was located in a desert area with eroded

topsoil. In the fragmented habitat, the twelve plots were distributed

across cleared vegetated regions. The corresponding natural
Frontiers in Plant Science 03
habitats were arranged similarly, with the same plant population

(Figure 2). In 2023, experiments were conducted on floral display,

natural selection, and pollinator visitation efficiency in both natural

and fragmented habitats.
Measured floral display

To assess floral display in both habitats, 144 plants with

flowering buds were tagged across twelve natural and twelve

fragmented plots (six plants per plot). In 2023, three
FIGURE 2

Experimental design for two treatments, natural habitat (A) and fragmented habitat (B), from 2017 to 2023. The 24 selected plots (50 m × 50 m)
were separated by mown vegetation (white area).
FIGURE 1

The study area is located in the Urat Desert steppe in Inner Mongolia Province, northwestern China.
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inflorescences per tagged plant were marked, and digital calipers

were used to measure keel petal length and corolla size (length and

width) at the onset of flowering. In late May, tagged inflorescences

with similar numbers of flower buds were selected. The number of

open flowers was also recorded in June. Floral display indices of C.

korshinskii were assessed as follows:

IFD = (I� AC)=100

where IFD is the floral display index, I is the number of

inflorescences, and AC is the area (m²) covered by plants in the

natural and fragmented habitats. Seed production of the marked

plants was evaluated during the seeding period, along with the

relative female fitness of C. korshinskii in both habitats.
Quantified natural selection

We quantified the intensity of natural directional selection (b)
by analyzing floral displays and estimating the selection gradients in

both natural and fragmented habitats (Sletvold and Ågren, 2010).

We also evaluated floral displays, including the number of open

flowers, corolla size, and keel petal length, and compared the

selection gradients (bN and bF) between natural and

fragmented habitats.
Pollen limitation

In 2023, we tested whether C. korshinskii plants experience

pollen limitation by measuring mean female fitness in both open-

pollinated and hand-pollinated plants. In each plot, we tagged 18

inflorescences (six plants, three per plant) with flowering buds for

both open- and hand-pollinated treatments. During the flowering

period, we conducted supplemental hand pollinations, and all the

tagged flowers received supplemental pollen from untagged

individuals. In late September, we counted mature seeds and seed

masses in the laboratory. We calculated an index of pollen

limitation using the mean fitness (number of intact seeds × seed

mass) of open-pollinated (MFC) and hand-pollinated (MFHP)

plants in different habitats:

IPL = 1 − (MFC=MFHP)

Positive values indicate greater mean fitness in the hand-

pollinated (HP) treatment than in the open-pollinated (C)

treatment, suggesting that C. korshinskii experiences pollen

limitation. Negative or zero values indicate no pollen limitation.
Effect of pollinator visitation on female
fitness in fragmented habitats

We assessed the relationship between pollinator visitation

frequency and relative female fitness to determine whether
Frontiers in Plant Science 04
visitation frequency influences female fitness (Gómez et al., 2010).

We tagged 144 plants (six per plot) in both natural and fragmented

habitats based on floral display measurements. During the flowering

period (June–July), we marked the number of open flowers on each

tagged inflorescence and selected three inflorescences per labeled

plant. We observed the labeled plants for five days during the

flowering period. To prevent self-pollination, we removed the

stamens from selected flowers. We recorded pollinator behavior

and visit duration for the tagged flowers using an HD camera from

08:00 to 18:00. We captured the dominant pollinator with an insect

net and identified it to the species level. A microscope was used to

check whether the pollinators carried pollen grains. To prevent

pollen contamination, we euthanized the captured insects in

numbered glass bottles, each containing a single insect. In

September, we recorded the number of open flowers (OF),

pollinator visitation frequency (VF), and measured relative female

fitness (RFF; individual fitness divided by mean fitness) for the

tagged flowers.

We compared the relationships between OF and VF and

between VF and RFF to estimate how pollinator visitation affects

female fitness (FF) in the visited flowers.

The pollinator visitation frequency is expressed as follows:

VF = NV=TP

where NV is the number of pollinator visits to tagged plants and

TP is the observation period (in days).
Statistical analysis

We used Analysis of Variance (ANOVA) to assess the impact of

fragmented habitats on OP, corolla size, and keel petal length. We

applied the same models to test the impact of floral display on

female fitness. When significant effects were detected, we performed

post-hoc tests using Fisher’s least significant difference. We then

performed linear regressions to measure selection.

Relative female fitness was used as the response variable. Floral

displays (standardized by Z score: OF, corolla size, and keel petal

length) were used as explanatory variables. Additionally, we

quantified mean female fitness (number of seeds × seed mass)

and calculated the standardized values for each floral display.

Initially, we evaluated female fitness and standardized floral

displays in each habitat, incorporating quadratic terms (gii) to

quantify nonlinear selection. However, quadratic gradients were

statistically insignificant, so we report only linear gradients. We also

assessed multicollinearity by inspecting variance inflation factors

(VIFs) and found that the VIF for floral display was < 2.5, indicating

that collinearity was not a significant issue.

The same models were applied to explore the relationships

between OF and VF. Additionally, we conducted Spearman

correlations. We performed linear regressions to assess the

relationship between OP and VF. We also conducted linear

regressions to explore the relationship between VF and FF in
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different habitats. Finally, we applied piecewise structural equation

modeling (SEM) to examine the direct and indirect pathways

through which floral displays (OF, corolla size, and keel petal

length) and pollinator visitation frequency influence female

fitness in fragmented habitats (Hu et al., 2024). Model adequacy

was assessed using Fisher’s C statistic in the “piecewiseSEM”

package (R4.3.2) (Lefcheck, 2016). All statistical analyses were

conducted using RStudio (R Core Team, 2023.09.1).

ANCOVA was applied to test whether different habitats affect

linear selection gradients. We used relative fitness as the dependent

variable. Additionally, standardized floral displays, habitat type

(natural vs. fragmented), and the interaction between floral

display and habitat were used as independent variables. To

examine the effect of fragmented habitats, we quantified the

estimated selection gradient for each floral display in different

habitats. The analyses were performed using SPSS 24.0.
Results

Floral display

The number of open flowers, corolla size, and keel petal length

for C. korshinskii are shown in Table 1. Our results show that both

habitats had similar corolla sizes and keel petal lengths, but the

number of open flowers was significantly greater in the natural

habitat than in the fragmented habitat (P < 0.05; Table 1). Female

fitness was significantly correlated with the floral display index (R²

= 0.68, Natural; R² = 0.82, Fragmented; Figure 3). Plants with a

higher floral display index had greater seed production and

seed mass.
Pollen limitation

Female fitness was significantly higher in hand-pollinated

plants compared to open-pollinated plants in both habitats (P <

0.05; Table 2). Our results suggest that pollen supplementation

significantly increased mean fitness in both natural and fragmented

habitats (Figure 4). Additionally, supplemental pollen increased

female fitness by 32%, and the index of pollen limitation (IPL) was

0.24 in the natural habitat. Our findings indicate that this species

experiences severe pollen limitation. For open-pollinated plants, the

mean fitness was 6.5 in the natural habitat and 4.6 in the fragmented

habitat. Plants in the natural habitat had significantly higher mean
Frontiers in Plant Science 05
female fitness than those in the fragmented habitat (Habitat effect,

df = 1, P < 0.001; Table 3).
Natural selection gradients for floral
display

In C. korshinskii, directional selection favored plants with more

open flowers and longer keel petals (Figure 5A, C). Additionally,

corolla size was not significantly associated with selection

(Figure 5B). Our findings suggest that the number of open

flowers and keel petal length underwent significant positive

directional selection (Table 4).

Our results show that natural selection differed between the

natural (bN) and fragmented habitats (bF; Table 4). In the natural

habitat, the directional selection for the number of open flowers

(bN) was 0.24, while the selection gradient for open flowers in the

fragmented habitat was lower (bF = 0.18; Table 4). Moreover, the

intensity of directional selection on the number of open flowers and

keel petal length in natural habitats was significantly higher than

that in fragmented habitats (PDisplay < 0.001; Table 4). In both

habitats, our results also showed that habitat type significantly

affected linear selection gradients for the number of open flowers

(habitat effect, PDisplay × Habitat < 0.05; Table 4).
Effect of pollinator visitation frequency on
female fitness in fragmented habitats

During the observation period, Apis mellifera ligustica Spinola

was the most frequently observed floral visitor, constituting 81% of

the 120 recorded insect visits. Additionally, the list of occasional

insect visitors is provided in Supplementary Table S1. We found

that C. korshinskii flowers possess a tripping mechanism, with

visiting pollinators acting as tripping agents. Pollinators use their

bodies to touch the petals, causing the flowers to open earlier.

Furthermore, the visitation time of A. mellifera coincided with the

observation period.

Pollinator visitation frequency significantly differed between the

natural and fragmented habitats (P < 0.05). In both habitats,

standardized pollinator visitation frequency was positively

correlated with the number of open flowers (R² = 0.91, Natural;

R² = 0.92, Fragmented; Figure 6A). In the natural habitat, seed

production per selected flower was 4.6, and pollinator visitation

frequency was 22.6. Our findings show that relative female fitness

was significantly positively correlated with standardized pollinator

visitation frequency (R² = 0.85, Natural; R² = 0.63, Fragmented; P <

0.01; Figure 6B).

Although the fragmented habitat strongly affected the number

of open flowers (OF) and corolla size, SEM results showed that the

number of open flowers primarily influenced female fitness through

its indirect effect on pollinator visitation frequency (OF → VF,

covariance coefficient = 0.72) and direct effect on female fitness (OF

→ FF, covariance coefficient = 0.37) (Figure 7A). Our results

indicate that keel petal length did not directly or significantly
TABLE 1 Floral display (Mean ± SD) for natural plants (N) and
fragmented plants (F) in the C. korshinskii.

Floral Display Natural Fragmented P

No. open flowers 29.0 ± 5.0 20.2 ± 3.9 < 0.05

Corolla size (cm2) 3.2 ± 0.9 2.8 ± 0.5 > 0.05

Keel petal
length (mm)

17.2 ± 3.2 15.4 ± 4.2 > 0.05
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affect pollinator visitation frequency or female fitness. Furthermore,

the fragmented habitat indirectly affected female fitness by

cascading its effects on the number of open flowers, which in turn

affected pollinator visitation frequency (VF → FF, covariance

coefficient = 0.56). By calculating the total effects of each

individual driver on female fitness, our findings suggest that the

number of open flowers had the greatest positive and integrated

effect on female fitness, followed by pollinator visitation frequency

(Figure 7B). Additionally, the fragmented habitat had negative

effects on female fitness.
Discussion

Study limitations

While this study advances our understanding of pollen

limitation dynamics in fragmented habitats, three key

methodological considerations warrant explicit discussion to

contextualize its contributions. First, although we established

correlations between pollinator visitation frequency and female

fitness, our experimental design did not incorporate two critical

components of pollination efficiency: (1) taxonomic identification

of floral visitors, and (2) quantitative pollen transfer metrics (e.g.,

pollen load quantification on insect vectors or stigma pollen
Frontiers in Plant Science 06
deposition counts). This gap constrains our ability to

mechanistically link specific pollinator behaviors, such as

interspecific variation in pollen carryover rates to observed

differences in floral display selection pressures between

habitat types.

Second, although pollen limitation assessments were conducted

in both 2021 (pilot phase) and 2023, we strategically focused on

2023 data to minimize confounding effects of interannual

environmental variability. While this approach aligns with our

core objective of disentangling spatial drivers of pollen limitation,

it necessarily excludes temporal dimension analyses. Future

longitudinal studies spanning at least five reproductive cycles

could elucidate whether the observed patterns represent

evolut ionari ly stable se lect ive regimes or ephemeral

ecological responses.
Pollen limitation and pollinators in
fragmented habitats

Pollen quantity and quality may decrease due to insufficient

pollen delivery or inefficient pollinator visits, leading to pollen

limitation (Knight et al., 2005; Ashman et al., 2004). Many

flowering plants experience severe pollen limitation due to limited

pollen availability and unreliable pollinator visits (Lennartsson,

2002; Nayak and Davidar, 2010). The intensity of pollen

limitation is also related to pollinator visitation efficiency, as

pollination services are crucial for animal-pollinated plants (Liu

et al., 2020). Previous studies indicate that fragmented habitats

often reduce pollinator visitation efficiency and disrupt pollination

processes (Newman et al., 2013; Chen et al., 2016). In this study,

variation in floral displays often translates into differences in female

fitness due to its effect on pollinator visitation frequency in
FIGURE 3

Mean female fitness was significantly related to the index of floral display.
TABLE 2 Mean female fitness (Mean ± SD) for open-pollinated plants (C)
and hand-pollinated plants (HP) in different habitats.

Habitats C HP P

Natural 6.5 ± 1.6 8.6 ± 1.1 < 0.05

Fragmented 4.6 ± 1.1 5.3 ± 0.8 < 0.05
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fragmented habitats. Our findings show that C. korshinskii

experiences more severe pollen limitation in fragmented habitats

than in natural habitats, with supplemental hand pollination being

the dominant factor influencing female fitness.

Our results demonstrate a positive impact of open flower

number on female fitness within fragmented habitats (Figure 7A).

This stems from enhanced nectar and pollen availability due to

more open flowers, crucial for attracting pollinators. Consequently,

optimal floral displays boost pollinator visitation and pollination

efficiency (Vaughton and Ramsey, 2010). Moreover, our study

indicates that floral resource abundance significantly influences

pollinator visitation frequency and female fitness (Figure 5),

highlighting the key role of open flower quantity in determining

reproductive success for pollinator-dependent plants.
Natural selection on floral display affects
reproductive success in fragmented
habitats

To understand how fragmented habitats influence floral display

evolution, it is essential to quantify them as selective agents

(Sletvold et al., 2017). An optimal floral display attracts

pollinators and increases visitation frequency, with a positive
Frontiers in Plant Science 07
correlation between flower density and pollinator visits (Ortıź

et al., 2010). In fragmented habitats, plants with fewer flowers

may experience directional selection, and floral display can reduce

pollination efficiency (Kishore et al., 2012; Sletvold et al., 2017). In

C. korshinskii, habitat fragmentation influences the selection

pressure on the number of open flowers.

Plant–pollinator interactions drive floral diversity, and pollen

transfer limits female reproductive success, suggesting that natural

selection on floral display is widespread (Ashman and Morgan,

2004). Pollinators typically prefer more open flowers and longer

keel petals, with the number of open flowers often setting the upper

limit on seed production (Ashman et al., 2004; Gómez, 2003). Many

studies show that the number of open flowers influences pollinator

visitation and outcrossing rates, leading to higher seed production

(Ortıź et al., 2010). In our study, 42% of plants in the natural habitat

were strongly selected for more open flowers. In the fragmented

habitat, 50% of plants were under directional selection for a greater

number of open flowers. Shortening keel petal length significantly

reduces female fitness, while longer keel petals enhance pollination

efficiency (Sletvold et al., 2017; Gómez, 2003). Additionally, this

species exhibits directional selection for longer keel petals, though

habitat type does not significantly affect the linear selection gradient

for keel petal length. Our study is the first to experimentally

quantify the impact of natural selection on floral display in

*Caragana* species across different habitats. This study enhances

our understanding of how fragmented habitats shape floral display

evolution in C. korshinskii.

Many studies have noted a challenge in quantifying natural

selection through hand-pollination treatments, particularly in

distinguishing the effects of display variation on pollen quality

and quantity (Sletvold et al., 2017). In this study, however, the

impact of the hand-pollination treatment on pollen quality was

minimized. In C. korshinskii, self-pollination efficiency is low.

Additionally, hand-pollinated plants received a mixture of

pollinator-transferred and hand-supplemented pollen, with

minimal differences in pollen quality. Therefore, natural selection

on floral display reflects variation in pollen deposition quantity.
Relationships between pollinator visitation
and female fitness in fragmented habitats

Plants are immobile and rely on pollinators for pollen transfer, a

critical strategy for sexual reproduction (Harder and Aizen, 2010).

Pollinator selection of floral display plays a key role in pollen

transfer and seed production (Karron and Mitchell, 2012; Gómez,

2003). Over the past two decades, the fragmentation of natural

habitats due to urbanization and human disturbance has increased

significantly (Delnevo et al., 2019). In fragmented habitats, the

spatial distance between animal-pollinated plants increases, while

pollinator visit time decreases, resulting in lower pollinator

visitation frequency and increased genetic isolation of plants

(Newman et al., 2013). Pollinator services primarily depend on

visitation efficiency, which is considered a direct causal factor

influencing female fitness (Knight et al., 2005; Herrera, 2020).
FIGURE 4

In natural and fragmented habitats, the mean fitness of C. korshinskii
under different treatments (C and HP). C, open pollination
treatment; HP, hand pollination treatment.
TABLE 3 Impact of treatments (C and HP) and different habitats (Natural
and Fragmented) on mean female fitness of C. korshinskii.

Traits df F P

Treatment 1 11.050 < 0.05

Habitat 1 55.674 < 0.001

Treatment
* Habitat

1 4.968 < 0.05
C, open pollination treatment; HP, hand pollination treatment.
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Pollinator visits are positively correlated with flower resource

density, and higher visitation frequency can enhance cross-pollen

transport (Ortıź et al., 2010). Additionally, habitat fragments

increase edge effects on potential pollinator visits, which may

prevent or hinder pollinator movement between fragments. In

this study, *Apis mellifera* was more common in natural

habitats. Moreover, plants in natural habitats exhibited more

open flowers than those in fragmented habitats, offering an

explanation for the observed difference in female fitness.

Habitat fragmentation is a widespread change in terrestrial

ecosystems that profoundly impacts plant-pollinator interactions

(Potts et al., 2016). Plant reproductive success significantly affects

the population viability and ecological stability of desert steppes

(Chen et al., 2022). In desert steppes, pollinator abundance and

diversity are declining due to human-related factors such as habitat

fragmentation, climate change, and overgrazing (Potts et al., 2016).

Habitat change affects biomass allocation to reproductive organs,

leading to altered reproductive strategies (Revel et al., 2012). A

suitable floral display can enhance pollination services and

reproductive success (Sletvold et al., 2017). Previous studies

suggest that floral display influences pollinator selection and is
Frontiers in Plant Science 08
linked to habitat loss and climate change (Revel et al., 2012; Delnevo

et al., 2019). Similar studies have shown that plants exhibit lower

female fitness when pollinator visitation frequency decreases, with

visitation linked to reproductive success (Cresswell, 1997; Suzuki,

2000; Jones and Agrawal, 2017). In our study, pollinator visitation

frequency positively influenced female fitness, which is considered a

key indicator of reproductive success. Most importantly, we found

that the number of open flowers, rather than corolla size or keel

petal length, was the primary driver influencing the relationship

between pollinator visitation frequency and female fitness, with

fragmented habitat affecting female fitness through its cascading

effects on the number of open flowers. Our study provides strong

evidence that the effects of habitat fragmentation cascade through

multiple levels, influencing various factors. Most previous studies

on floral display-reproduction relationships focus on a single level,

whereas this study advances our understanding of the overall effects

of habitat fragmentation on female fitness from multiple

perspectives. Therefore, this study demonstrates that fragmented

habitats affect reproductive success through natural selection on the

number of open flowers and pollinator visitation frequency in

desert steppes.
FIGURE 5

Standardized linear phenotypic selection gradients for (A) number of open flowers, (B) corolla size, and (C) keel petal length within the natural and
fragmented habitats.
TABLE 4 Phenotypic linear selection gradients for plants in natural habitat (bN) and for plants in fragmented habitat (bF) in C. korshinskii.

Display bN bF PDisplay P Display × Habitat

No. open flowers 0.24 0.18 < 0.001 < 0.05

Corolla size -0.02 -0.01 > 0.05 > 0.05

Keel petal length 0.16 0.11 < 0.001 > 0.05
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Conclusions

We experimentally quantified how fragmented habitats affect

floral display and natural selection on pollinator visitation. In C.

korshinskii, 42% of plants in the natural habitat were strongly selected

for more open flowers (bN = 0.24), and 50% of plants in fragmented

habitats showed directional selection for greater numbers of open

flowers (bF = 0.18). We conclude that the number of open flowers is

the primary selective factor, with fragmented habitats significantly
Frontiers in Plant Science 09
influencing the linear selection gradients for this trait. Additionally,

the number of open flowers directly and significantly impacts

pollinator visitation frequency and female fitness. Our work

provides the first evidence that changes in the number of open

flowers in fragmented habitats are a primary driver of floral display-

reproduction relationships. This study highlights the need to

investigate the interactions between floral display and pollinator

visitation in fragmented habitats to better manage pollen limitation

and reproductive success in dominant Fabaceae species.
FIGURE 6

Relationships between number of open flowers (OF) and pollinator visitation frequency (VF) influence female fitness (FF). (A) Relationships between
OF and VF, and (B) relationships between VF and FF.
FIGURE 7

Structural equation modeling that depicts the direct and indirect impacts of fragmented habitat on female fitness. (A) Structural equation modeling
revealing the impacts of the OF and VF on female fitness (Fisher’s C= 13.65; P = 0.32; df = 12). The red and green arrows respectively show
significant positive and negative effects (P < 0.05), while gray arrows indicate non-significant relationships. The values adjacent to the arrows
represent standardized path coefficients. The width of the arrows corresponds to the strength of the path coefficients. R2 donates the proportion of
variance explained. Significant levels for each predictor are denoted as *P < 0.05, **P < 0.01, ***P < 0.001. (B) Standardized total effects of all
variables on female fitness derived from the SEM depicted above.
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