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Abstract
Seedlings recruitment is key to maintaining populations and depends on diverse biotic interactions before
and after seed dispersal. Cacti recruitment is infrequent and occurs at sporadic pulses associated with
rainy years. Furthermore, biotic interactions can limit seeds availability due to scarce or ine�cient
pollinators, dispersers or to antagonistic interactions with �orivores and seed predators, as cactus depend
on animals for pollination and dispersal. We identi�ed interactions and traits involved in the regeneration
process of Lophophora diffusa, during seven-years (2015–2021). We assessed �oral rewards, pollination
rates, intensity of �orivory and seed removal, to estimate the probability of recruitment in a population
located in Queretaro, Mexico. We found that pre-dispersal events reduced recruitment as �ower–fruit
transition has a low probability. High �orivory and low pollinator visitation rate due to low nectar
availability decreased seed formation in all years. Seed predation was not limiting recruitment, since
most seeds escaped predation. Even so, a low proportion of seeds established as seedlings, possibly due
to water limitation or seed dormancy. The interactions with pollinators and �orivores decreased ovule-
seed transition, once the seeds are formed, there is a high probability of evade predation. Hence, pre-
dispersal interactions during �owering determine the availability of seeds, and reduce recruitment in
peyote, rather than post-dispersal interactions.

Introduction
The recruitment of plant populations, de�ned as the incorporation of new individuals through the
generation of seeds and survival and establishment of seedlings (Eriksson and Ehrlén 2008), has been
recognized as the main process limiting population growth for many species (Harper 1977; Rees 1994;
Kitajima and Fenner 2000; Silvertown and Charlesworth 2001; Godínez-Álvarez et al. 2003). The
recruitment dynamic involves successive steps that can be affected by diverse abiotic and biotic factors
(Harper 1977; Houle 1989; Eriksson and Ehrlén 2008; Holland and Molina-Freaner 2012), including
limitation of the number of suitable sites for seed germination (Andersen 1989; Franco and Nobel 1989;
Eriksson and Ehrlén 1992; Baskin and Baskin 2014), prolonged drought and high temperatures that
impede germination and increase the likelihood of death of seedling and juveniles (Nobel 1984; Rey and
Alcántara 2000; Traveset et al. 2003; Holland and Molina-Freaner 2012), as well as by the effect of plant-
animal interactions that occur during stages of the reproductive cycle, both before and after seed
formation; such effect may depend on the type of interaction (mutualist or antagonist), and the frequency
with which the interaction occurs (Herrera et al. 1994; Hulme 1997; Herrera 2000; Picó and Retana 2000;
Grass et al. 2018).

Population regeneration, as a complex process in the plant demography, requires the simultaneous
tracking of a set of plant traits and biotic interactions during �owering, fruiting, germination, and survival
of seedlings in order to identify the most critical steps for recruitment in a particular population (Harper
and White 1974; Harper 1977; Waloff and Richards 1977; Traveset et al. 2003; Giménez-Benavides et al.
2008). The availability of seeds may be limited by the amount of pollen during a reproductive event as
well as by the frequency of pollinators and �orivores (Baker et al. 2000; Wilcock and Neiland 2002; McCall
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and Irwin 2006). Florivores can limit seed availability by directly consuming ovules and/or pollen, or they
can decrease the attractiveness of �owers to pollinators (Kudoh and Whigham 1998; Wilcock and Neiland
2002; McCall and Irwin 2006). In experimental studies, it has been tested whether the exclusion of
�orivores increases the number of viable seeds for several species (Breedlove and Ehrlich 1968; Louda
1982; Grass et al. 2018).

Studies of how a lack of �ower-pollinator interactions affects recruitment dynamics continue to be scarce
(but see Herrera 2000; Johnson et al. 2004; Gómez et al. 2007; Lundgren et al. 2015; Rering et al. 2020),
even though biotic pollination is a necessary interaction for seed formation for many species (Larson and
Barrett 2000; Wilcock and Neiland 2002; Mandujano et al. 2010; Ollerton et al. 2011). It is well known that
showy �owers with rewards such as pollen and nectar facilitate connections with pollinators (Bell 1985;
Kudoh and Whigham 1998; Krupnick et al. 1999; Kariyat et al. 2021), which could increase the probability
of incorporating new individuals into the population (Spira 2001; Rering et al. 2020). However, if �owers
are unattractive and/or produce few rewards, pollination could be a limitation on population regeneration
(Wilcock and Neiland 2002; Flores-Martínez et al. 2013; Briseño-Sánchez et al. 2020, Rering et al. 2020;
Kariyat et al. 2021).

Plant-animal interactions that occur during �owering, can impact the number of individuals that can
potentially incorporate into a population and therefore represent a demographic bottleneck for
recruitment (Breedlove and Ehrlich 1968; Louda 1982; Mandujano et al. 1996; Herrera 2000). Given the
current loss of biodiversity, particularly of pollinator insects (Potts et al. 2010; van der Sluijs 2020), a
decrease in the frequency of mutualistic �ower-insect interactions during one or more �owering periods
could affect the conservation of threatened plants, especially those that have a small number of
reproductive individuals at the population level or whose �owers are not attractive to pollinators (Spira
2001; Wilcock and Neiland 2002; Johnson et al. 2004; Rering et al. 2020; Kariyat et al. 2021).

On the other side, plant-animal interactions during post-�owering events, such as predation or dispersal
of seeds, have been identi�ed as key points in the process of population regeneration (Dirzo and
Domínguez 1986; Howe 1989; Herrera et al. 1994; Kiviniemi and Eriksson 1999; Rey and Alcántara 2000;
Godínez-Álvarez and Jordano 2007; Schupp et al. 2010). It is common that a large proportion of seeds
from desert plants are depredated by ants or rodents shortly after their formation (Brown et al. 1979;
Bowers 2000; Mandujano et al. 2001; Ortiz-Martínez et al. 2021). For example, in Opuntia rastrera
(Cactaceae), seeds losses are more than 90% in a yearly base (Mandujano et al. 2001), which strongly
decreases the probability of recruitment. The nurse-protégé interaction is particularly important in desert
plants since it reduces the risk of seed predation and increases the probability of recruitment (Flores and
Jurado 2003, García-Chávez et al. 2010), and on many occasions, this nurse-protégé interaction requires
biotic agents that disperse the seeds to the safe sites (Montiel and Montaña 2000; Nathan and Müller-
Landau 2000; Godínez-Álvarez et al. 2002).

Studies of diverse plant species that link the effects of plant-insect interactions during more than one
stage of the reproductive cycle have shown the importance of incorporating the interactions that occur
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during �owering, in addition to the dispersal and predation of seeds, to determine the probability of
seedling recruitment (English-Loeb and Karban 1992; Eriksson 1995; Picó and Retana 2000; Traveset et
al. 2003). At the same time, for some species, such as Rhamnus ludovici-salvatoris (Rhamnaceae), post-
dispersal seed predation continues to represent the most critical biotic interaction for seedling
establishment (Traveset et al. 2003), while the pre-dispersal losses in response to plant-insect
interactions, such as �orivory, have been pointed out as one of the most immediate causes affecting
recruitment in species like Haplopappus squarrosus (Asteraceae) (Louda 1982). Also, the effect of plant-
animal interactions on the population dynamic can depend on spatial variation associated, for example,
with the degree of disturbance among sites (Traveset et al. 2003), and on temporal variation, among
other causes, in response to resource availability, or the population density and patterns of activity of
mutualists and antagonists between periods (Alcántara et al. 1997; Krupnick et al. 1999; Nathan et al.
2000).

In addition to post-�owering interactions (seed dispersal and seed predation), we hypothesized that the
interactions prior to seed dispersal (pollination and �orivory) may signi�cantly affect the probability of
recruitment of cacti such as peyote, Lophophora diffusa (Cactaceae). This species is a perennial plant
with low production of pollen and nectar that is pollinated by insects (Díaz-Segura et al. 2017; Briseño-
Sánchez et al. 2020). A loss of nearly half of its populations has been reported, mainly due to land use
change (Díaz-Segura et al. 2012). It is possible that the low production of �oral rewards in L. diffusa
affects its pollination success and exacerbates the negative effects of �orivory and seed predation,
limiting seed availability in the population. To identify the most critical stages in the recruitment process,
we determined the probability of transition between consecutive events from �owering through seedling
survival, for one population over the course of seven years. Speci�cally, we addressed the following
questions: (1) Is the production of seeds limited by plant-pollinator and plant-�orivore interactions? (2)
What proportion of seeds is removed? (3) What is the probability of transition from ovule to seedling?
and, (4) Does the critical process for recruitment differ among years?

Materials And Methods

Study System
Lophophora diffusa is a species that is endemic to the Chihuahuan Desert (Hernández-Magaña et al.
2012). Its populations are restricted to the arid zones of Querétaro, Mexico (Anderson 1969), between
1300 and 1600 m a.s.l. (Gómez-Hinostrosa et al. 2017). The species is xenogamous with facultative
intercrossing and requires biotic pollination to form fruits and seeds but suffers from pollen limitation
(Briseño-Sánchez et al. 2020). Its �owering period is extensive, with two or more �owering peaks per year
(Díaz-Segura et al. 2017; Briseño-Sánchez et al. 2020). The �owers have a one day anthesis, rarely up to
three days, the production of �oral rewards such as pollen and nectar is low, and the �owers interact with
diverse insects such as beetles, orthopterans, and solitary bees, the last of which are considered the main
pollinators for the species (Díaz-Segura et al. 2017; Briseño-Sánchez et al. 2020). The fruits are small in
size and mature approximately two months after pollination, this species produces few seeds, generally
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fewer than 40 seeds per fruit (Díaz-Segura et al. 2017; Briseño-Sánchez et al. 2020). The seeds have an
elaiosome and an impermeable coating that allows them to �oat (Trujillo-Hernández 2002; Ríos-Carrasco
2017; Ríos-Carrasco et al. 2019), such that they may be dispersed by ants or by water during rains. The
seeds are also dispersed by gravity close to the mother plant (personal observation). The area occupied
by the species has been reduced from 775 km2 to 50 km2, according to the report by Díaz-Segura and
collaborators (2012). Currently it is considered a vulnerable species (VU) (IUCN, Gómez-Hinostra et al.
2017), and a species in danger of extinction (P) on the Mexican red list (NOM-059, SEMARNAT-NOM-
ECOL-2010).

This work was carried out between January, 2015 and November, 2021 in a population located at 20°57–
21°14' north latitude and 99°42'–100°02' west longitude, at an altitude of 1438 m a.s.l. (locality
Peñamiller, Querétaro). The vegetation type is microphyllous xerophytic scrub, dominated by shrubs such
as Larrea tridentata, Fouquieria splendens, Mimosa sp., and Bursera sp., among others (Zúñiga et al.
2005). The population of L. diffusa is composed of seedlings, juveniles, and a percentage of reproductive
individuals above 50% with spatially aggregate, distribution with a density of 0.79 individuals/m2

(Briseño-Sánchez et al. 2020).

Nectar production and pollinator observations
Nectar production was measured during the reproductive season of 2018 (n = 70 �owers, 62 individuals).
We excluded �oral visitors using tulle bags and recorded the presence of nectar after the opening of each
�ower. We used 1µL capillary tubes to measure nectar volume. We obtained the percentage of �owers
with the presence of nectar as well as the mean and standard error of the sample of �owers with nectar
(Shivanna and Tandon 2014).

To determine the rate of pollinator visitation, we carried out observations during the 2017, 2018, and 2021
reproductive seasons. A pilot study showed that the number of visitors was too low to carry out
observations of individual �owers (Briseño-Sánchez et al. 2020), so we observed groups of �owers, each
group of �owers had 3 to 6 plants, and 3 to 11 �owers, recording visitors between 10:00 h and 14:00 h for
one 15-minute interval each hour (this schedule was established because it was the time of peak activity
of the pollinators). During each observation period, we recorded the number of contacts that a pollinator
had with the anthers and/or stigma of the �owers, and we recognized the identity of the �oral visitors to
establish differences in the pollinator guilds among reproductive seasons. The rates of pollinator visits
were considered as the number of �owers of Lophophora diffusa visited per minute. The pollinator–
�ower contacts per season were analyzed using a generalized linear model with a Poisson error
distribution for the frequencies (Crawley 1993). Given the low number of visits, the observations were
grouped into two intervals for the analysis: 1 (10:00–12:00) and 2 (12:00–14:00), with 30 minutes of
observation per interval.

Pollination and �orivory
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The study population is found in an area of approximately 20 × 30 m (N = 468 individuals). Each plant
was labelled at the beginning of the study, with a total of 340 reproductive individuals (plants > 3 cm in
diameter). We carried out censuses throughout the year to recognize the reproductive seasons between
January 2015 and November 2021. During each census we recorded the number of buds, open �owers,
wilted �owers, and fruits for each plant. Lophophora diffusa requires biotic vectors to move pollen
between �owers (Briseño-Sánchez et al. 2020), so as a measure of pollination success, we calculated the
fruit set (proportion of the total �owers that formed fruits), and the seed set (the proportion of the total
ovules that formed seeds) (Traveset et al. 2003; Giménez-Benavides et al. 2008). In addition, each year
we collected at least 10 mature fruits in 4 × 8 cm glassine paper bags. In the laboratory, we counted the
seeds per fruit and calculated the average.

To determine the effect of �orivory on individual reproductive success, we recorded the proportion of
�owers that presented damage during the �owering period in 2021 (n = 92 reproductive individuals). The
type of �orivory was classi�ed according to the extent of the damage as follows: (a) consumption of the
perianth and anthers, (b) consumption of the perianth and stigma, or (c) consumption of the perianth,
stigma, and anthers. We monitored the �owers until fruit formation to calculate the fruit set.

Seed removal experiment
During the spring of 2021, we carried out an experiment under natural conditions to determine the
proportion of seeds that is removed (regardless of their fate) as well as the proportion of seeds that is
depredated. We collected fruits from at 25 different individuals and established a random block design
with three conditions: (a) protected seeds, (b) seeds exposed to ants, and (c) seeds exposed with no
protection. We placed 20 replicates with �ve seeds per experimental unit for each of the three conditions
(n = 60 experimental units). For the protected seeds condition we used cellulose cones covered with
plastic mesh; the seeds exposed to ants condition also consisted of cellulose cones covered with mesh,
but the mesh was perforated to allow access to dispersers like ants; the exposed seeds condition
consisted of thin strips of plastic mesh to which we glued �ve seeds using a drop of silicone glue; the
strips were anchored to the substrate using nails, ensuring that the seeds were in contact with the
substrate (Ortiz-Martínez et al. 2021). The number of seeds remaining on each experimental unit was
checked every other day for two weeks. A seed was considered to be depredated if the seed was found
empty and with remnants of the testa in the experimental unit. The results of the seeds remaining was
compared among the three conditions using a generalized linear model, with a Poisson error distribution
for the counts (Crawley 1993).

Seedling emergence and survival
We carried out two censuses each year from 2015 to 2021 to record the emergence of seedlings. We
carried out intensive searches in the whole area occupied by the population, paying special attention near
adult plants and under shrubs that are considered nurse plants (Zúñiga et al. 2005). We recorded the
number of seedlings that emerged per year as well as the proportion of seedlings that survived to the
following year.
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Transition probabilities (TP)
The probability that an ovule would form a seedling was determined based on a series of sequential
stages from pollination through seedling survival for each year. We de�ned each of these transition
probabilities (TP) as the probability that an event would occur:

TP =
n
N

where n represents the number of successful results of an event and N is the total of equally probable
results (Gotelli and Ellison 2013). We calculated a total of �ve transition probabilities:

TP1: Probability of transition from �ower to fruit. That is, the number of fruits in relation to the number of
�owers produced each year.

TP2: Probability of transition from ovule to seed. Based on the average number of ovules per �ower
reported for this species (32.5 ± 1.27, Briseño-Sánchez et al. 2020), we determined the seed set as the
proportion of ovules that formed seeds each year.

TP3: Seed survival. For this stage we considered two possible scenarios:

1. Intense seed predation: under the assumption that all of the seeds that are removed are depredated,
the probability that a seed survives and is available to germinate is equal to the number of seeds
remaining in relation to the total seeds included in the seed removal experiment.

2. Moderate seed predation: the probability that a seed survives and is available to germinate is equal
to the number of seeds without signs of predation in relation to the total seeds included in the seed
removal experiment.

TP4: Probability of transition from seed to seedling. Number of seedlings recorded in relation to the
number of seeds produced per year. For this stage we considered two possible scenarios of seed survival
(Intense seed predation and Moderate seed predation).

TP5: Probability of seedling survival. That is, the proportion of seedlings that survived to be recorded the
following year.

We estimated the cumulative probability of recruitment for each year (CP) as the product of all of the
transition probabilities (TP) involved. Each TP was considered an independent event (Gotelli and Ellison
2013):

CP = TP1 × TP2 × TP3 × TP4 × TP5

We used the data from the seed removal experiment from 2021 as �xed estimator and used these results
to estimate the cumulative probability of recruitment for each year. The CP represented the probability
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that an ovule from a �ower in anthesis would become a seedling. In addition, we estimated the coe�cient
of variation (CV) for each of the estimated transition probabilities (Gotelli and Ellison 2013).

Results

Nectar production and pollinator observations
In 78% of the �owers we found the presence of nectar and the remaining �owers did not produce this
reward. The average volume of nectar per �ower was 0.054 µL ± 0.007 (x̄ ± SE), with a maximum value of
0.36 µL. However, the production of nectar per �ower rarely exceeded 0.1 µL.

With respect to pollinator activity, in 2017 we recorded 36 visits, of which 29 events had behaviors
indicating search for pollen and/or nectar by the insects which included at least one �ower of L. diffusa
(n = 50 �owers, 29 plants). In 2018, we recorded 13 visits with 10 pollen and/or nectar search events by
insects (n = 18 �owers, 16 plants), while for 2021, the number of contacts recorded between pollinators
and �owers was 28 of a total of 33 visits (n = 53 �owers, 33 plants). The pollinator guild consisted of one
beetle (Acmaeodera sp.) and several species of solitary bees (Macrotera sp., Lasioglossum (Dialictus) sp.,
Ashmeadiella sp., and one species from the subfamily Halictidae). The majority of the visits during 2017
and 2021 were by the bee Macrotera sp., with 41% and 95% in each year, respectively, while in 2018 most
of the visits were by the beetle Acmaeodera sp., with 70% (Fig. 1). The number of �owers visited by
pollinators per minute (that is, the visitation rate, x̄ ± SE), was higher in 2017 and 2021, with 0.1
visits/min ± 0.027 and 0.098 visits/min ± 0.023, respectively. Meanwhile in 2018 the visitation rate was
lower, with 0.039 visits/min ± 0.016. The generalized linear model showed differences in the number of
pollinator–�ower contacts among reproductive seasons (years) (χ² = 11.16, df = 2, P < 0.05). In 2018 we
recorded signi�cantly fewer pollinator–�ower contacts than in 2017 (χ² = 9.07, df = 1, P < 0.0025) and
2021 (χ² = 9.49, df = 1, P < 0.002).

Pollination and �orivory
The pollination success, measured as the proportion of �owers that form fruits, was highly variable
between study seasons (Table 1). In general, less than half of the �owers produced fruits, with the
exception of the 2019 reproductive season, which had a value of 0.62. The same pattern was observed
for the seed set, with less than half of the ovules forming seeds for most of the reproductive seasons,
except for 2019. Although 2019 was the year with the highest fruit set and seed set values, it was also the
year with the lowest total �ower production and the second lowest in terms of seedlings.
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Table 1
Reproductive and recruitment success of the Lophophora diffusa population (Peñamiller, Querétaro,

Mexico). Measured as the proportion of �owers that formed fruits (fruit set), the proportion of ovules that
formed seeds (seed set), and the number and survival of seedlings recorded in a 20 × 30 m area during

the reproductive seasons from 2015 through 2021 (N = 468 individuals). We present the values of x̄ ± SE
in parentheses for the number of fruits per individual and the number of seeds per fruit.

Reproductive
period

Flower
production

Fruit set

(Fruits per
individual)

Seed set

(Seeds per
fruit)

Seedlings Survival of seedlings
(Proportion)

2015 462 0.443

(1.79 ± 0.1)

0.36

(26.37 ± 
0.95)

21 0.8

2016 562 0.222

(1.62 ± 0.13)

0.191

(27.95 ± 
2.55)

21 0.66

2017 783 0.263

(1.73 ± 0.11)

0.229

(28.33 ± 
2.31)

31 0.64

2018 835 0.445

(2 ± 0.11)

0.395

(28.88 ± 
2.38)

30 0.66

2019 115 0.626

(1.16 ± 0.05)

0.52

(27.1 ± 
1.15)

5 1

2020 162 0.259

(1.61 ± 0.14)

0.219

(27.53 ± 
0.41)

1 1

2021 423 0.328

(1.73 ± 0.15)

0.268

(26.56 ± 
2.69)

18 0.99

With respect to �orivory, 23% of the �owers in the 2021 reproductive period showed some degree of
�orivory (n = 113 �owers, 92 reproductive individuals). The highest proportion corresponded to �owers
with damage to the perianth and anthers (0.57), while damage that included consumption of the perianth,
anthers and stigma was recorded in a lower proportion (Table 2). The reproductive success was null for
�owers with the most intense �orivory category (Table 2c), while a very small proportion achieved the
transition from �ower to fruit in the other two �orivory categories (Table 2a and b).
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Table 2
Type of �orivory and frequency recorded at the peak of �owering in June

2021 in the Lophophora diffusa population (Peñamiller, Querétaro, Mexico).
A total of 113 �owers from 92 individuals were assessed, and 23% of the

�owers presented �orivory (n = 26 �owers, 19 individuals).
Type of �orivory Proportion Fruit set

(a) Damage to the perianth and anthers 0.57 0.26

(b) Damage to the perianth and stigma 0.23 0.16

(c) Damage to the perianth, anthers and stigma 0.2 0

Seed removal experiments
The probabilities of seed removal and predation were very low; of the total seeds, 13% of the seeds were
removed, and only 0.66% presented some sign of predation. Although empty testas (considered a sign of
seed predation) were only recorded in the exposed seed treatment, it is possible that seeds that were
completely removed were also depredated. The removal of seeds was observed even in the protected
seed treatment, possibly by very small ants that were able to pass through the mesh (with 8% of the
seeds removed). The rest of the seeds that remained in the experiment (86.33%) would be available to
germinate or be removed later. The generalized linear model did not show signi�cant differences in seed
removal among the three experimental conditions (χ² = 0.55, df = 2, P = 0.75).

Seedling emergence and survival
We recorded a total of 127 seedlings during the study period with a maximum value of 31 seedlings in
2017, and only one seedling recorded in 2021. In general, more than half of the seedlings recorded in one
period were present in the following year (Table 1).

Transition probabilities (TP)

A summary of the TP among each of the stages considered in this study is presented in Table 3. The
potential recruits decreased to reach just 19% of the original number of ovules by 2016 and around 50%
of the original number of ovules by 2019, before the seed dispersal stage due to the low proportion of
�owers that result in fruits as well as the low proportion of ovules that form seeds. The mutualistic
(pollination) and antagonistic (�orivory) interactions during the reproductive season, in conjunction with
the transition from seed to seedling, were the most critical stages in the recruitment process in all years
analyzed in this population. The survival of the seedlings after one year was generally high in all study
seasons (> 50%). The CP was highest for 2019, indicating that an ovule had a 0.0008 probability of
surviving as a seedling for one year.
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Table 3
Recruitment dynamics in the Lophophora diffusa population (Peñamiller, Querétaro, Mexico), in the

period from 2015 through 2021. The transition probabilities (TP) between the stages considered were
TP1: Probability of �ower–fruit transition, TP2: Probability ovule–seed transition, TP3: Seed survival,
Scenario a. Intense seed depredation and Scenario b. Moderate seed depredation, TP4: Probability of

seed–seedling transition, TP5: Seedling survival. We also show the cumulative recruitment for each year
(CP): Scenario a. Intense seed depredation and Scenario b. Moderate seed depredation, and the

coe�cient of variation (CV) for each TP.
Transition
probabilities (TP)

2015 2016 2017 2018 2019 2020 2021 CV

TP1 Flower-Fruit
transition

0.44 0.22 0.26 0.44 0.62 0.25 0.32 39.39

TP2 Ovule-Seed
transition

0.36 0.19 0.22 0.39 0.52 0.21 0.26 39.41

TP3 Seed survival Scenario a. 0.863

Scenario b. 0.993

 

TP4 Seed-Seedling
transition

Scenario a

Scenario b

4.40E-
03

3.90E-
03

6.90E-
03

6.05E-
03

6.15E-
03

5.34E-
03

4.20E-
03

2.81E-
03

2.96E-
03

2.57E-
03

1.00E-
03

8.70E-
04

5.60E-
03

4.90E-
03

45.14

47.99

TP5 Seedling
survival

0.8 0.66 0.64 0.66 1 1 0.99 20.94

CP

Scenario a.

Scenario b.

4.80E-
04

4.90E-
04

1.64E-
04

1.65E-
04

1.92E-
04

1.94E-
04

4.10E-
04

3.10E-
04

8.00E-
04

8.20E-
04

4.532 E-
05

4.536E-
05

3.90E-
04

4.00E-
04

73.6

73.61

Discussion
The probability of transition from ovule to seedling in Lophophora diffusa was modulated by mutualistic
and antagonistic interactions that were present from �owering to seedling recruitment. The interactions
with pollinators and �orivores were important for the ovule-seed transition, once the seeds are formed,
they were a high probability of remaining and escaping predation. Prior to seed dispersal, the production
of �oral rewards, pollination, and �orivory was factors that in�uenced the seedling recruitment of L.
diffusa. The production of nectar was present in more than half of the �owers, however the volume of
this reward is very small, which could represent a limitation for pollinators to move pollen among �owers.
Dimorphism in nectar production has been reported in the family Cactaceae (e. g., Mammillaria
huitzilopochtli). As well as L. diffusa, some �owers of M. huitzilopochtli do not produce this reward and
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the amount of nectar in the �owers that do produce it may not be su�cient to ensure �ower–pollinator
contact (Flores-Martínez et al. 2013).

In arid environments, hidric stress can affect nectar production, decrease �ower-pollinator interactions,
and reduce the reproductive success of plants (Rering et al. 2020). In addition, in species that have
suffered reductions in their populations, the presence of inbreeding may affect �oral traits such as nectar
production, and affect negatively pollinator visits (Kariyat et al. 2021). In species pollinated by insects,
the formation of fruits may depend on the presence of pollinators, their population densities, and the
patterns in which they search for food (Herrera 2000; Ollerton et al. 2011; Lundgren et al. 2015; Grass et
al. 2018). L. diffusa showed pollinator visitation rates well below those reported for other insect-
pollinated species (e. g., Fijen and Kleijn 2017; Latif et al. 2019). Overall, less than half of the L. diffusa
�owers formed fruits, which leads us to consider that low production of �oral rewards and lack of
pollination may be limiting seed formation. An average of 60% of the ovules are not pollinated or are
aborted in intact �owers, that is, without damage caused by �orivores, which strongly reduces the
probability of ovule-seed transition. A previous study showed that the addition of pollen in the �owers of
L. diffusa can increase seed formation by 20% due to the pollen limitation suffered by the species
(Briseño-Sánchez et al. 2020). Although it is not the main factor limiting the �ower–fruit transition,
�orivory also affects the reproductive success of L. diffusa individuals, probably exacerbating the low
attraction of pollinators, which frequently occurs in insect-pollinated species that present damage to
reproductive tissues (Schemske and Horvitz 1988; Krupnick et al. 1999; Herrera 2000; McCall e Irwin 2006;
Grass et al. 2018).

During the post-�owering events, seed predation is recognized as one of the main antagonistic
interactions that impedes plants populations growth (Louda 1982; Godínez-Álvarez and Jordano 2007;
Holland and Molina-Freaner 2012). Contrary to expectations, for L. diffusa, seed predation after dispersal
is apparently low; the results of the present study suggest that seed predation does not represent a strong
limitation on seedling recruitment, since the majority of the seeds escaped depredation, unlike other
species that develop in arid environments in which high proportions of seeds are reported to be
depredated (Mandujano et al. 2001; Traveset et al. 2003; Godínez-Álvarez and Jordano 2007; Ortiz-
Martínez et al. 2021). Notwithstanding, seed predation could be higher in other years, since it has been
described that the dynamics of predators like ants and rodents are not consistent over time (Hulme 1997;
Picó and Retana 2000; Traveset et al. 2003). It is therefore necessary to continue to carry out these
experiments under natural conditions to better understand the effects of temporal variation.

In addition to biotic interactions like pollination that determine the availability of seeds, the recruitment
probability may also depend on precipitation patterns. It has been reported that the lack of rain mainly
affects germination and could lead to the death of seedlings (Rey and Alcántara 2000; Traveset et al.
2003). Water stress has been recognized as an important limiting factor determining the emergence and
survival of seedlings in arid zones (Nobel 1984; Godínez-Álvarez et al. 2003; Holland and Molina-Freaner
2012). Although the survival of the seedlings from one year to the next was above 50%, the transition
from seed to seedling was very low, probably due to a lack of sites with the moisture and requirements
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necessary for germination. The processes after seed dispersal also impacted the recruitment probability,
especially the seed–seedling transition, which was below germination rates reported in the laboratory
(0.0045 compared to > 70%, Rojas-Aréchiga et al. 2013), which suggests that abiotic factors such as
water stress also play a determining role in the growth of this population.

Conclusion
This study supports the idea that mutualistic and antagonistic plant–insect interactions, can limit the
probability of recruitment from �owering to after seed dispersal. Our results suggest that interactions that
occur during the �owering season are decisive for the availability of seeds, and could more strongly
reduce the chances of recruitment in Lophophora diffusa, than post-dispersal interactions. In threatened
species with restricted populations that have suffered a decrease in the number of adult individuals over
recent years, the limitation of pre-dispersal transition probabilities may represent the most critical events
for population conservation. In particular, low production of rewards and low rates of visits from
pollinators before dispersion, combined with the low transition from seed to seedling due to water stress
in arid zones, represent critical stages in the recruitment dynamic of L. diffusa over the 7 years of the
study.

Declarations
Funding: This work was supported was by Consejo Nacional de Ciencia y Tecnología (CONACyT),
Institute of Ecology, UNAM and grant number 221362 to María C. Mandujano.

Data availability: Data available from the Dryad Digital Repository, upon acceptance.

Code availability: N/A.

Con�ict of interest: The authors declare that they have no con�ict interest.

Author Contributions: All authors contributed to the study conception and design. María I. Briseño
Sánchez and María C. Mandujano participed in data sample in the �eld. All authors performed data
analysis. All authors read and approved the �nal manuscript.

References
1. Alcántara JM, Rey PJ, Valera F, Gutiérrez JE, Sánchez-Lafuente AM (1997) Temporal pattern of seed

dispersal of wild olive (Olea europaea var. sylvestris): Its effect on intra-speci�c competition.
Lagascalia 19:583–590. http://hdl.handle.net/11441/62283

2. Andersen AN (1989) How important is seed predation to recruitment in stable populations of long-
lived perennials? Oecologia 81:310–315. https://doi.org/10.1007/BF00377076

3. Anderson EF (1969) The Biogeography, Ecology, and Taxonomy of Lophophora (Cactaceae).
Brittonia 21:299–310. https://doi.org/10.2307/2805756



Page 14/19

4. Baker A, Barrett S, Thompson J (2000) Variation of pollen limitation in the early �owering
Mediterranean geophyte Narcissus assoanus (Amaryllidaceae). Oecologia 124:529–535.
https://doi.org/10.1007/s004420000417

5. Baskin CC, Baskin JM (2014) Seeds: ecology, biogeography, and evolution of dormancy and
germination, 2nd edn. Academic Press, San Diego, USA

�. Bell G (1985) On the Function of Flowers. Proc Royal Soc B 224:223–266.
http://www.jstor.org/stable/36033

7. Bowers JE (2000) Does Ferocactus wislizeni (Cactaceae) have a between-year seed bank? J Arid
Environ 45:197–205. https://doi.org/10.1006/jare.2000.0642

�. Breedlove DE, Ehrlich PR (1968) Plant-herbivore coevolution: lupines and lycaenids. Science 8:671–
672. https://doi.org/10.1126/science.162.3854.671

9. Briseño-Sánchez MI, Martínez-Peralta C, Mandujano MC (2020) Population structure and
reproductive biology of peyote (Lophophora diffusa, Cactaceae), a threatened species with pollen
limitation. J Torrey Bot Soc 147:243–257. https://doi.org/10.3159/TORREY-D-18-00055.1

10. Brown JH, Reichman OJ, Davidson DW (1979) Granivory in Desert Ecosystems. Annu Rev Ecol Evol
Syst 10:201–227. http://www.jstor.org/stable/2096790

11. Crawley MJ (1993) GLIM for Ecologists. Blackwell Scienti�c Publications, Oxford, UK

12. Díaz-Segura O, Jiménez-Sierra CL, Matías-Palafox ML, Vázquez-Díaz E (2012) Evaluación del estado
de conservación del peyote queretano Lophophora diffusa Croizat (Bravo), cactácea endémica del
Semidesierto Querétaro-Hidalguense, México. Cact Suc Mex 57:68–85

13. Díaz-Segura O, Jiménez-Sierra CL, Matías-Palafox ML (2017) Algunas características de la biología
reproductiva del peyote queretano Lophophora diffusa (Croizat) Bravo, (Cactaceae). Cact Suc Mex
62:116–127

14. Dirzo R, Domínguez CA (1986) Seed shadows, seed predation and the advantages of Dispersal. In:
Estrada A, Fleming T (eds) Frugivores and seed dispersal. Dordrecht, The Netherlands, pp 237–249

15. English-Loeb GM, Karban R (1992) Consequences of variation in �owering phenology for seed head
herbivory and reproductive success in Erigeron glaucus (Compositae). Oecologia 89:588–595.
https://doi.org/10.1007/bf00317168

1�. Eriksson O (1995) Asynchronous �owering reduces seed predation in the perennial forest herb
Actaea spicata. Acta Oecol Int J Ecol 16:195–203

17. Eriksson O, Ehrlén J (1992) Seed and microsite limitation of recruitment in plant populations.
Oecologia 91:360–364. https://doi.org/10.1007/BF00317624

1�. Eriksson O, Ehrlén J (2008) Seedling recruitment and population ecology. In: Leck M, Parker V,
Simpson R (eds) Seedling Ecology and Evolution. Cambridge, University Press, pp 239–254

19. Fijen TPM, Kleijn D (2017) How to e�ciently obtain accurate estimates of �ower visitation rates by
pollinators. Basic Appl Ecol 19:11–18. https://doi.org/10.1016/j.baae.2017.01.004



Page 15/19

20. Flores J, Jurado E (2003) Are nurse-protégé interactions more common among plants from arid
environments? J Arid Environ 14:911–916. https://doi.org/10.1111/j.1654-1103.2003.tb02225.x

21. Flores-Martínez A, Manzanero MGI, Golubov J, Mandujano MC (2013) Biología �oral de Mammillaria
huitzilopochtli, una especie rara que habita acantilados. Bot Sci 91:349–356

22. Franco AC, Nobel PS (1989) Effect of Nurse Plants on the Microhabitat and Growth of. Cacti J Ecol
77:870–886. https://doi.org/10.2307/2260991

23. García-Chávez J, Sosa VJ, Montaña C (2010) Variation in postdispersal predation of cactus seeds
under nurse plant canopies in three plant associations of a semiarid scrubland in central Mexico. J
Arid Environ 74:54–62. https://doi.org/10.1016/j.jaridenv.2009.07.016

24. Giménez-Benavides L, Escudero A, Iriondo JM (2008) What shapes the altitudinal range of a high
mountain Mediterranean plant? Recruitment probabilities from ovule to seedling stage. Ecography
31:731–740. https://doi.org/10.1111/j.0906-7590.2008.05509.x

25. Godínez-Álvarez H, Jordano P (2007) An empirical approach to analysing the demographic
consequences of seed dispersal by frugivores. In: Dennis AJ, Schupp EW, Green RJ, Westcott DA
(eds) Seed Dispersal: Theory and Its Application in a Changing World. CAB International, Wallingford,
pp 391–406

2�. Godínez-Álvarez H, Valiente-Banuet A, Rojas-Martinez A (2002) The role of seed dispersers in the
population dynamics of the columnar cactus Neobuxbaumia tetetzo. Ecology 89:2617–2629.
https://doi.org/10.1890/0012-9658(2002)083[2617:TROSDI]2.0.CO;2

27. Godínez-Álvarez H, Valverde T, Ortega-Baes P (2003) Demographic trends in the Cactaceae. Bot Rev
69:173–201. https://doi.org/10.1663/0006-8101(2003)069[0173:DTITC]2.0.CO;2

2�. Gómez JM, Bosch J, Perfectti F, Fernández J, Abdelaziz M (2007) Pollinator diversity affects plant
reproduction and recruitment: the tradeoffs of generalization. Oecologia 153:597–605.
https://doi.org/10.1007/s00442-007-0758-3

29. Gómez-Hinostra C, Sánchez E, Martínez JG, Terry M (2017) Lophophora diffusa (amended version of
2013 assessment). The IUCN. International Union For Nature Conservation. Red List of Threatened
Species 2017. Accessed 12 September 2021 http://www.iucnredlist.org

30. Gotelli NJ, Ellison AM (2004) A Primer of Ecological Statistics. Second Edition. Sunderland,
Massachusetts, USA

31. Grass I, Bohle V, Tscharntke T, Westphal C (2018) How plant reproductive success is determined by
the interplay of antagonists and mutualists. Ecosphere 9:e02106. https://doi.org/10.1002/ecs2.2106

32. Harper JL (1977) Population Biology of Plants. Academic Press, London

33. Harper JL, White J (1974) The demography of plants. Annu Rev Ecol Evol Syst 5:419–463.
https://doi.org/10.1146/annurev.es.05.110174.002223

34. Hernández-Magaña R, Hernández-Oria JG, Chávez R (2012) Datos para la conservación �orística en
función de la amplitud geográ�ca de las especies en el Semidesierto Queretano, México. Acta Bot
Mex 99:105–140. http://www.scielo.org.mx/scielo.php?script=sci_arttext &pid=S0187-
71512012000200007&lng=es&nrm=iso



Page 16/19

35. Herrera CM (2000) Measuring the effects of pollinators and herbivores: evidence for non-additivity in
a perennial herb. Ecology 81:2170–2176. https://doi.org/10.1890/0012-
9658(2000)081[2170:MTEOPA]2.0.CO;2

3�. Herrera CM, Jordano P, Lopez-Soria L, Amat JA (1994) Recruitment of a Mast-Fruiting, Bird-Dispersed
Tree: Bridging Frugivore Activity and Seedling Establishment. Ecol Monogr 64:315–344.
https://doi.org/10.2307/2937165

37. Holland JN, Molina-Freaner F (2012) Hierarchical effects of rainfall, nurse plants, granivory and seed
banks on cactus recruitment. J Veg Sci 24:1053–1061. https://doi.org/10.1111/jvs.12021

3�. Houle G (1998) Seed Dispersal and Seedling Recruitment of Betula alleghaniensis: Spatial
Inconsistency in Time. Ecology 79:807–818. https://doi.org/10.2307/176580

39. Howe HF (1989) Scatter-and clump-dispersal and seedling demography: hypothesis and
implications. Oecologia 79:417–426. https://doi.org/10.1007/BF00384323

40. Hulme PE (1997) Post-dispersal seed predation and the establishment of vertebrate dispersed plants
in Mediterranean scrublands. Oecologia 111:91–98. https://doi.org/10.1007/s004420050212

41. Johnson SD, Neal PR, Peter CI, Edwards TJ (2004) Fruiting failure and limited recruitment in remnant
populations of the hawkmoth-pollinated tree Oxyanthus pyriformis subsp. pyriformis (Rubiaceae).
Biol Conserv 120:31–39. https://doi.org/10.1016/J.BIOCON.2004.01.028

42. Kariyat RR, Bentley TG, Nihranz CT, Stephenson AG, De Moraes CM, Mescher MC (2021) Inbreeding in
Solanum carolinense alters �oral attractants and rewards and adversely affects pollinator visitation.
Am J Bot 108:74–82. https://doi.org/10.1002/ajb2.1594

43. Kitajima K, Fenner M (2000) Ecology of seedling regeneration. In: Fenner M (ed) Seeds: the ecology
of regeneration in plant communities. CAB International, London, pp 331–359.
https://www.cabi.org/cabebooks/ebook/20003037671

44. Kiviniemi K, Eriksson O (1999) Dispersal, Recruitment and Site Occupancy of Grassland Plants in
Fragmented Habitats. Oikos 86:241–253. https://doi.org/10.2307/3546442

45. Krupnick GA, Weis AE (1999) The effect of �oral herbivory on male and female reproductive success
in Isomeris arborea. Ecology 80:135–149. https://doi.org/10.1890/0012-
9658(1999)080[0135:TEOFHO]2.0.CO;2

4�. Kudoh H, Whigham DF (1998) The effect of petal size manipulation on pollinator/seed-predator
mediated female reproductive success of Hibiscus moscheutos. Oecologia 117:70–79.
https://doi.org/10.1007/s004420050633

47. Larson BMH, Barrett SCH (2000) A comparative analysis of pollen limitation in �owering plants. Biol
J Linn Soc Lond 69:503–520. https://doi.org/10.1006/bijl.1999.0372

4�. Latif A, Malik SA, Saeed S, Iqbal N, Saeed Q, Khan KA, Ting C, Ghramh HA (2019) Diversity of
pollinators and their role in the pollination biology of chickpea, Cicer arietinum L. (Fabaceae). J Asia
Pac Entomol 22:597–601. https://doi.org/10.1016/j.aspen.2019.03.009

49. Louda SM (1982) Limitation of the Recruitment of the Shrub Haplopappus squarrosus (Asteraceae)
by Flower- and Seed-Feeding Insects. J Ecol 70:43–53. https://doi.org/10.2307/2259863



Page 17/19

50. Lundgren R, Lázaro A, Totland Ø (2015) Effects of experimentally simulated pollinator decline on
recruitment in two European herbs. J Ecol 103:328–337. https://doi.org/10.1111/1365-2745.12374

51. Mandujano MC, Montaña C, Eguiarte LE (1996) Reproductive ecology and inbreeding depression in
Opuntia rastrera (Cactaceae) in the Chihuahuan Desert: why are sexually derived recruitments so
rare? Am J Bot 83:63–70. https://doi.org/10.1002/j.1537-2197.1996.tb13875.x

52. Mandujano MC, Montaña C, Franco M, Golubov J, Flores-Martínez A (2001) Integration of
demographic annual variability in a clonal desert cactus. Ecology 82:344–359.
https://doi.org/10.1890/0012-9658(2001)082[0344:IODAVI]2.0.CO;2

53. Mandujano MC, Carrillo-Ángeles I, Martínez-Peralta C, Golubov J (2010) Reproductive biology of
Cactaceae. In: Ramawat KG (ed) Desert Plants: Biology and Biotechnology. Springer-Verlag, Berlín, pp
197–230

54. McCall AC, Irwin RE (2006) Florivory: the intersection of pollination and herbivory. Ecol Lett 9:1351–
1365. https://doi.org/10.1111/j.1461-0248.2006.00975.x

55. Montiel S, Montaña C (2000) Vertebrate frugivory and seed dispersal of a Chihuahuan Desert cactus.
Plant Ecol 146:221–229. https://doi.org/10.1023/A:1009819419498

5�. Nathan R, Müller-Landau HC (2000) Spatial patterns of seed dispersal, their determinants and
consequences for recruitment. Trends Ecol Evol 15:278–285. https://doi.org/10.1016/S0169-
5347(00)01874-7

57. Nathan R, Safriel UN, Noy-Meir I, Schiller G (2000) Spatiotemporal Variation in Seed Dispersal and
Recruitment near and Far from Pinus halepensis Trees Ecology 81:2156–2169.
https://doi.org/10.2307/177104

5�. Nobel PS (1984) Extreme temperatures and thermal tolerances for seedlings of desert succulents.
Oecologia 62:310–317. https://doi.org/10.1007/bf00384262

59. NORMA OFICIAL MEXICANA NOM-059-SEMARNAT-2010-Protección ambiental-especies nativas de
México de �ora y fauna silvestres-Categorías de riesgo y especi�caciones para su inclusión,
exclusión o cambio.Lista de especies en riesgo

�0. Ollerton J, Winfree R, Tarrant S (2011) How many �owering plants are pollinated by animals? Oikos
120:321–326. https://doi.org/10.1111/j.1600-0706.2010.18644.x

�1. Ortiz-Martínez E, Golubov J, Mandujano MC, Arroyo-Cosultchi G (2021) Factors affecting germination
and establishment success of an endemic cactus of the Chihuahuan Desert. Plant Ecol 222:953–
963. https://doi.org/10.1007/s11258-021-01153-1

�2. Picó FX, Retana J (2000) Temporal variation in the female components of reproductive success over
the extended �owering season of a Mediterranean perennial herb. Oikos 89:485–492.
https://doi.org/10.1034/j.1600-0706.2000.890307.x

�3. Potts SG, Biesmeijer JC, Kremen C, Neumann P, Schweiger O, Kunin WE (2010) Global pollinator
declines: trends, impacts and drivers. Trends Ecol Evol 25:345–353.
https://doi.org/10.1016/j.tree.2010.01.007



Page 18/19

�4. Rees M (1994) Delayed germination of seeds: A look at the effects of adult longevity, the timing of
reproduction and population age/stage structure. Am Nat 144:43–64.
https://doi.org/10.1086/285660

�5. Rering CC, Franco JG, Yeater KM, Mallinger RE (2020) Drought stress alters �oral volatiles and
reduces �oral rewards, pollinator activity, and seed set in a global plant. Ecosphere 11:e03254.
https://doi.org/10.1002/ecs2.3254

��. Rey PJ, Alcántara JM (2000) Recruitment dynamics of a �eshy-fruited plant (Olea europaea):
connecting patterns of seed dispersal to seedling establishment. J Ecol 88:622–633.
https://doi.org/10.1046/J.1365-2745.2000.00472.X

�7. Ríos-Carrasco S (2017) Ontogenia de los apéndices seminales de la familia Cactaceae. Tesis de
Maestría. Universidad Nacional Autónoma de México. México

��. Ríos-Carrasco S, Espinosa-Matías S, Vázquez-Santana S (2019) Micromorfología de semillas de
Cactoideae que presentan elaiosoma. Cact Suc Mex 64:4–16

�9. Rojas-Aréchiga M, Mandujano MC, Golubov JK (2013) Seed size and photoblastism in species
belonging to tribe Cacteae (Cactaceae). J Plant Res 126:373–386. https://doi.org/10.1007/s10265-
012-0526-2

70. Schemske DW, Horvitz CC (1988) Plant-Animal Interactions and Fruit Production in a Neotropical
Herb: A Path Analysis. Ecology 69:1128–1137. https://doi.org/10.2307/1941267

71. Schupp EW, Jordano P, Gómez JM (2010) Seed dispersal effectiveness revisited: a conceptual
review. New Phytol 188:333–353. https://doi.org/10.1111/j.1469-8137.2010.03402.x

72. Shivanna KR, Tandon R (2014) Reproductive Ecology of Flowering Plants: A Manual. Springer India

73. Silvertown J, Charlesworth D (2001) Introduction to plant population biology. Blackwell Science,
Oxford

74. Spira TP (2001) Plant-Pollinator Interactions: A Threatened Mutualism with Implications for the
Ecology and Management of Rare Plants. Nat Areas J 21:78–88.
http://www.jstor.org/stable/43911970

75. Traveset A, Gulias J, Riera N, Mus M (2003) Transition probabilities from pollination to establishment
in a rare dioecious shrub species (Rhamnus ludovici-salvatoris) in two habitats. J Ecol 91:427–437.
https://doi.org/10.1046/j.1365-2745.2003.00780.x

7�. Trujillo-Hernández A (2002) Ecología �siológica de la germinación de las cactáceas del género
Lophophora. Tesis de Maestría. Universidad Nacional Autónoma de México. México

77. van der Sluijs JP (2020) Insect decline, an emerging global environmental risk. Curr Opin Environ
Sustain 46:39–42. https://doi.org/10.1016/j.cosust.2020.08.012

7�. Waloff N, Richards OW (1977) The Effect of Insect Fauna on Growth Mortality and Natality of Broom,
Sarothamnus scoparius. J Appl Ecol 14:787–798. https://doi.org/10.2307/2402810

79. Wilcock C, Neiland R (2002) Pollination failure in plants: why it happens and when it matters. Trends
Plant Sci 7:270–277. https://doi.org/10.1016/s1360-1385(02)02258-6



Page 19/19

�0. Zúñiga B, Malda G, Suzán H (2005) Interacciones Planta-Nodriza en Lophophora diffusa
(Cactaceae) en un Desierto Subtropical de México. Biotropica 37:351–356.
http://www.jstor.org/stable/30043194

Figures

Figure 1

Pollinator guild for the Lophophora diffusa population (Peñamiller, Querétaro, México) during the
reproductive periods of 2017, 2018 and 2021. The proportion of visits of each of the pollinators recorded
in each period is presented.


