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ABSTRACT
Pollen deposition and pollen tube formation are key components of angiosperm
reproduction but intraspecific variation in these has rarely been quantified. Documenting and partitioning (populations, plants and flowers) natural variation in these
two aspects of plant reproduction can help uncover spatial mosaics of reproductive
success and underlying causes. In this study, we assess variation in pollen deposition
and pollen tube formation for the endemic monoecious shrub Cnidoscolus souzae
throughout its distribution range in Mexico, and determine how this variation is
structured among populations, plants and flowers. We also infer the relative importance of pollen quantity and quality in determining pollination success in this species.
While we found no evidence suggesting that pollen receipt limits C. souzae reproduction across 19 populations, we did find extensive variation in pollen load size and pollen tube number per flower. Total variation in pollen receipt and pollen tube number
was mostly explained by intra-individual and among-population variance. Furthermore, pollen load size had a stronger effect on the number of pollen tubes at the base
of the style than pollen germination rate, suggesting that pollen quantity may be more
important than quality for pollen tube success in C. souzae. Our results suggest that
both small within-plant flower differences and broad-scale differences in community
attributes can play an important role in determining pollination success. We emphasise the need to evaluate patterns and sources of variation in pollen deposition and
pollen tube formation as a first step in understanding the causes of variation in pollination success over broad spatial scales.

INTRODUCTION
Successful sexual reproduction of angiosperms in natural populations is highly dependent on the transfer of male gametes
(i.e. pollen) to and from flowers of potential mates. Therefore,
documenting patterns of natural variation in pollen deposition
in flowers and uncovering the potential causes of such variation are of key importance for understanding the mechanisms
that determine successful plant reproduction and to identify
potential opportunities for selection in nature (Burd 1995;
Herrera 2002). However, to date, only a handful of studies have
documented natural variation in pollen receipt by flowers (e.g.
Niesenbaum 1994; Plitmann & Levin 1996; Quezada et al.
2001; Herrera 2004; Bernasconi et al. 2007) and even fewer
have attempted to identify its underlying causes (Niesenbaum
1994; Herrera 2004; Alonso 2005).
Evaluating patterns of natural variation in pollen receipt
across wide spatial scales can also help to uncover potential
spatial mosaics in the frequency and magnitude of pollen limitation (when ratio of pollen to ovule number <1 = pollination
deficit; Herrera 2002) across a species distribution range (Herrera 2002; Bernasconi et al. 2007). Evaluating pollination success at such broad scales can be a daunting task using
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traditional (i.e. manipulative) techniques for assessing pollen
limitation (Parra-Tabla et al. 1998; Ashman et al. 2004; Knight
et al. 2005; Alonso et al. 2012). Thus, methods that allow for
broad sampling of the pollination environment are an important first step in evaluating the potential for pollen limitation
over a regional and even across a species entire distribution
range. Furthermore, studies that evaluate the incidence of pollen shortage for a single species over broad spatial scales are
crucial if we aim to fully assess the effects of environmental
conditions and community attributes on pollination success
(Herrera 2002; Vamosi et al. 2006; Alonso et al. 2010; Sargent
et al. 2011; Arceo-G
omez & Ashman 2014a). This is particularly important given the accelerated rate of human-mediated
disturbances that are altering the biotic and abiotic conditions
that influence plant reproductive success in natural populations (e.g. Traveset & Richardson 2006; Bjerknes et al. 2007;
Memmott et al. 2007; Hegland et al. 2009; Forrest et al. 2010).
Evaluating how intraspecific variation in pollen receipt is
structured spatially at different hierarchical levels of organisation (i.e. populations, plants within populations and flowers
within plants) can provide important insights into the factors
underlying variation in plant reproductive success in nature
(Herrera 2002). For instance, greater among-population
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variance would suggest that environmental conditions and
community attributes, such as plant density (e.g. Knight 2003;
Spigler & Chang 2008), co-flowering diversity (e.g. Schuett &
Vamosi 2010; Sargent et al. 2011; Arceo-G
omez & Ashman
2014b) and the abundance and composition of the pollinator
community (e.g. Moeller 2006; G
omez et al. 2010), are the
major drivers of pollination success. In contrast, greater
among-plant variance would indicate that intrinsic plant traits
that affect pollinator foraging behaviour, such as flower (e.g.
Totland 2001; Fishman & Willis 2008) and floral display size
(e.g. Sandring & 
Agren 2009), may play a more important role.
Finally, if greater variance in pollen deposition is observed
among flowers within individual plants, a frequently dismissed
level, then fine-scale differences among flowers in traits such as
size, colour and shape and/or stochastic events would be the
main factors underlying intraspecific variation in pollination
success (Herrera 2002, 2004). Knowledge of the main source(s)
of variation in pollen receipt is also important for determining
the potential for natural selection to act on floral and plant
traits that influence pollen deposition and fertilisation success
(Herrera 2002, 2009), as well as for the evolution of plant
reproductive strategies (Burd 1995).
The amount of conspecific pollen deposited on stigmas
can determine not only the quantity but also the quality
of the progeny produced (Winsor et al. 2000; Herrera
2002; Bernasconi et al. 2007) by affecting the intensity of
competition among male gametophytes (Snow 1986; Winsor et al. 2000; Herrera 2004; Alonso et al. 2012). Therefore, pollen load size has been typically viewed as a strong
indicator of pollination success. However, large pollen loads
do not always lead to higher ovule fertilisation, as pollen
germination and pollen tube growth can also be influenced
by other factors, such as environmental conditions and
pollen–stigma interactions (Herrero & Johnson 1980;
Stephenson et al. 1992). Thus, in addition to documenting
natural pollen loads on stigmas, evaluating the number of
successful pollen tubes that enter the ovary (hereafter, pollen tube success) is also necessary in order to have a more
complete understanding of the reproductive environment
experienced by plants in natural populations (Herrera 2002;
Alonso et al. 2012). Although factors such as late-acting self
incompatibility can disrupt the link between pollen tube
formation and seed production, pollen tube success has
often been recognised as a reliable estimator of reproductive success (e.g. Winsor et al. 1987; Waser & Price 1991;
Arceo-G
omez & Ashman 2014b), but this interpretation
should be taken with caution. Nevertheless, evaluating how
pollen tube success relates to pollen load size and pollen
germination rate can help to elucidate the potential relative
importance of factors affecting the quantity (i.e. pollen load
size) and/or the quality (i.e. pollen germination rate) of
the pollen received for plant reproductive success (Alonso
et al. 2012).
In this study, we sampled 19 populations of the endemic
Cnidoscolus souzae (Euphorbiaceae), a monoecious, self-compatible shrub distributed in the Yucatan Peninsula (southern
Mexico,) to address the following goals: (i) assess the magnitude of variation in pollen load size and pollen tube success
across this species’ distribution range in Mexico, and in doing
so assess the potential for geographic mosaics of pollen limitation; (ii) determine how variation in pollen load size and tube
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success are partitioned at different hierarchical levels of organisation, namely populations, plants and flowers, to better
understand the underlying causes of variation in pollination
success in this species; and (iii) infer the relative importance of
the quantity versus quality of pollination in determining
C. souzae pollen tube success by examining how the number of
pollen tubes at the base of the style relates to pollen load size
and pollen germination rate, respectively. In addressing the
above, this study will be the first to describe the patterns and
potential causes of variation in pollination success in a monoecious species across a broad spatial scale.
MATERIAL AND METHODS
Study species
Cnidoscolus souzae (Euphorbiaceae) is a self-compatible,
monoecious (male and female flowers on the same individual)
tropical shrub with a very narrow distribution in the Yucatan
Peninsula in Mexico and in small areas of Belize and Guatemala (Standley & Steyermark 1949). C. souzae produces small
(ca. 2-cm long) white actinomorphic flowers that bloom during the rainy season (July–October), remain open for 1 day
and are visited by at least 15 species of butterfly and ten species
of bee (Parra-Tabla unpublished research). Although selfcompatible, C. souzae is entirely dependent on pollen vectors
for successful pollen transfer from male to female flowers,
which typically have four ovules (Parra-Tabla & Herrera 2010).
As with other Cnidoscolus species flowers are arranged in
inflorescences with a dichotomous ramification pattern with
female flowers at the base and male flowers above (Standley &
Steyermark 1949).
Study populations and sampling design
To evaluate spatial variation in conspecific pollen load size and
pollen tube success in flowers of C. souzae we sampled 19 populations distributed along a northwest to southeast transect
within the Yucatan Peninsula (Fig. 1), thus covering most of
this species’ distribution range in Mexico. Distance between
populations ranged from 0.5 to 5.0 km. (mean: 2.9 km). Populations of C. souzae are small (<70 plants), occur in open
patches of tropical dry forest, and experience similar climatic
conditions (Parra-Tabla, personal observations).
Due to the aggregate distribution of plants within populations, we established three to five blocks per site and marked
three to five plants within each block, for a total of 12–23
plants sampled per population (Table 1), depending on the
abundance of C. souzae at each site. All sites were visited during
peak flowering, and three wilted female flowers were collected
per plant (36–69 total flowers per population) and stored in
individual microcentrifuge tubes with a formalin-acetic-alcohol (FAA) solution. Since flowering phenology does not vary
among populations (Parra-Tabla unpublished research), all
sites were visited during a 3-day window to reduce temporal
variation in pollination success across populations. Styles from
each flower were softened and stained with decolourised aniline blue (Arceo-G
omez & Ashman 2011). We recorded the
number of conspecific pollen grains on the stigma, the number
of pollen grains that germinated and produced tubes in the first
0.5 cm of the style (hereafter, germinated pollen), and the
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Fig. 1. Map showing the location of the 19 Cnidoscolus suozae populations evaluated in this study. All populations are located in the south of the Yucatan
Peninsula, along C. souzae narrow distribution range in Mexico.

Table 1. Mean (SE) pollen load size, pollen tube success (number of pollen tubes at the base of the style), pollen germination rate and their respective coefficients of variation (CV) for each one of the 19 populations studied. The percentage of styles with more pollen tubes than ovules per flower and the total number of plants sampled per population are also given.

population
no.

number
of
plants

mean (SE)
conspecific pollen
load size

CV conspecific
pollen load
size

mean (SE)
pollen tube
success

CV pollen
tube
success

mean (SE)
conspecific pollen
germination rate

CV conspecific
pollen germination
rate

% styles
with > four
tubes

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

18
19
18
13
14
19
15
16
17
18
23
14
12
12
12
13
12
14
12

246.5  26.2
105.3  17.7
108  12.2
134.8  18.1
59  8.5
248.3  35.2
101.8  19.1
283.8  39.3
168.1  23.8
227.5  42.8
110  24
316.7  37.7
232.9  45.1
109.4  16
100.9  22.2
151.4  28.6
52.4  9.9
92.3  16.7
106.7  14.1

77.4
120.1
85.6
102.3
76.9
72.3
132.9
60.4
73.6
92.1
102.3
75.4
79.8
101.5
103.3
102
128.5
116.2
92.5

17.3  1.5
22.9  2.8
44  5
31.3  3.7
13.8  1.9
64.8  10.2
14.2  2.5
27  5.2
26.7  4.1
55.2  12.3
14.5  2.8
30.4  4.3
38.2  10.2
11  2
10.5  1.8
17.2  3.2
9.4  1.4
20.1  3.8
11.9  1.4

63
88.2
86.9
91.6
75.6
80.2
124.8
84.4
80.3
109.2
91.7
90.1
110.2
130.4
83.3
100.5
106.7
122.2
82.5

0.12  0.01
0.36  0.03
0.46  0.02
0.33  0.02
0.3  0.03
0.25  0.01
0.27  0.03
0.12  0.02
0.18  0.01
0.29  0.03
0.16  0.02
0.11  0.01
0.26  0.06
0.24  0.03
0.15  0.02
0.21  0.03
0.28  0.03
0.28  0.02
0.22  0.03

115.1
66.3
46.6
57.8
67.5
35.7
102.4
89.3
49.3
56
62.1
93.9
101.8
107.3
87.3
98.8
83.1
62.3
97.9

90
82
93
83
89
96
72
100
100
87
77
97
88
73
81
82
61
73
87

number of conspecific pollen tubes reaching the base of the
style (i.e. pollen tube success) using a fluorescence microscope
(Nikon e200; Nikon, Tokyo, Japan). We estimated conspecific
pollen germination rate per flower by dividing the number of
pollen grains that germinated by the total number of pollen
grains on the stigma.
596

Data analyses
Spatial variation in pollen load size and pollen tube success
We performed a nested ANOVA (proc glm; SAS Institute, Cary,
NC, USA) to evaluate the statistical significance of differences
in conspecific pollen load size and pollen tube success among
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populations, blocks nested within populations and plants
nested within blocks. All factors were considered random
effects in the model. Residuals from both models exhibited a
normal distribution (K-S test, P > 0.05). Means  SE are
reported throughout the paper.
We estimated the contribution of population, block nested
within population, plant nested within block and flower nested
within plant (i.e. residual variation) to the total amount of
variation observed in conspecific pollen load size and pollen
tube success in each model by partitioning the variance into
each of the different components (proc varcomp; SAS). To further evaluate the variability in conspecific pollen load size and
pollen tube success we also calculated the coefficient of variation (CV) for each response variable and used ANOVA to test for
differences in CV among populations, blocks nested within
population and plants nested within blocks (proc glm; SAS).
These latter analyses allowed us to further evaluate if the degree
of variation in conspecific pollen load size and pollen tube success differed significantly among populations, blocks and plants
within a population (Herrera 2009). It is worth pointing out
that we were unable to detect any large-scale spatial structure
in pollen receipt, since population mean conspecific pollen
load size is not related to a population location on the sampled
transect (Fig. 1; r = 0.02, P = 0.9, data not shown). Furthermore, Moran’s I (proc variogram; SAS) showed no evidence of
spatial autocorrelation in conspecific pollen receipt across all
sites (Z = 0.46, P = 0.6). These results suggest a lack of spatial
autocorrelation in the dataset and further suggest that any variation in pollination success among populations would be due
to inherent differences among them or to temporally fluctuating patterns of pollinator abundance.
Contribution of pollen quantity and quality to variation in pollen
tube success
To evaluate whether the quantity and quality components of
pollination contribute to pollen tube success we performed a
multiple regression (proc reg; SAS) using population means
where conspecific pollen load size (i.e. quantity component)
and pollen germination rate (i.e. quality component) were predictors of pollen tube success. We then estimated standardised
regression coefficients (stb; Landis 2005) to infer the relative
importance of quantity and quality of pollination for pollen
tube success. A variance inflation factor was estimated to test
for potential multicollinearity influencing our results. Residuals
from this model exhibited a normal distribution (K-S test,
P > 0.05).
RESULTS
Spatial variation in pollen load size and pollen tube success
Cnidoscolus souzae flowers received on average 146.7  5.9
conspecific pollen grains and produced 24.1  1 pollen tubes
that reach the ovary across all populations. However, there was
extensive spatial variation in both response variables across the
19 studied populations, with populations receiving, on average,
52.4–283.8 conspecific pollen grains and forming between 9.4
and 64.8 successful pollen tubes per flower (Table 1). Accordingly, we found significant variation in conspecific pollen load
size and pollen tube success among populations as well as
among blocks and plants (plant individual range for pollen
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load size: 2.5  0.5–672.6  143.0 and tube success: 1.5  0.5–
184.0  9.7) within populations (Table 2).
The estimation of variance components for conspecific pollen load size revealed within-plant variation (i.e. residual) as
the most important source of variation (70%), followed by
variation among populations (17%), blocks within a population (10%) and plants within blocks (3%). Likewise, variation
among flowers within a plant explained most of the variation
in successful pollen tubes (70%), followed by variation among
populations (18%), blocks within a population (7%) and
plants within blocks (5%). Analysis of the CV for conspecific
pollen load size and pollen tube success in C. souzae flowers
revealed significant differences among populations, but not
among blocks or plants within a population, for both response
variables (Table 2).
Contribution of quantity and quality of pollination to
variation in pollen tube success
Population mean conspecific pollen load size and germination
rate significantly affected the number of successful pollen tubes
that reached the ovary across the 19 populations (r2 = 0.75,
P < 0.0001, N = 19; Fig. 2). Furthermore, standardised regression coefficients indicated that conspecific pollen load size had
a stronger effect on pollen tube success (stb = 0.95) compared
to pollen germination rate (st = 0.76; Fig 2). The variance inflation factor showed no effect of multicolllinearity influencing
our results (VIF < 2).
DISCUSSION
We found substantial variation in conspecific pollen load size
and pollen tube success in female flowers of C. souzae throughout its distribution range in Mexico, with population differences of up to five and seven orders of magnitude in the
number of pollen grains and tubes, respectively (Table 1).
However, we found little evidence suggesting pollen limitation
of reproductive success across the 19 populations studied, as
indicated by three major lines of evidence. First, the least successful population received on average 13 times more conspecific pollen and produced > than two times more pollen tubes
than ovules per flower (pop 17 in Table 1). Second, <5% of all
flowers sampled received fewer conspecific pollen grains than
ovules per flower (i.e. <4). Third, the percentage of styles with
a larger number of successful pollen tubes than number of
Table 2. ANOVA results for the effects of population, block nested within
population and plant nested within block on pollen load size, pollen tube
success (number of pollen tubes at the base of the style) and their respective
coefficients of variation (CV).

pollen load
size

pollen tube
success

CV pollen
load size

CV pollen
tube
success

source

df

F

df

F

df

F

df

F

population
block (population)
plant (block)

18
70
27

9.9**
2.8**
2.1**

18
70
27

10.1**
2.6**
2.1*

18
70
27

2.11**
0.84
0.73

18
70
27

1.92*
0.89
0.51

Values in bold are statistically significant, *P < 0.01, **P < 0.001.
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Fig. 2. Effect of (A) population mean pollen load size (stb = 0.95,
P < 0.001, N = 19) and (B) pollen germination rate (stb = 0.76, P < 0.001,
N = 19) on average pollen tube success (number of pollen tubes at the base
of the style) for each population.

ovules per flower was consistently high across all populations
(mean: 84%, range: 61–100%; Table 1), particularly when compared to what has been reported for other species (e.g. Ballota
hirsuta 25%, Rosamarinus officinalis 30% and Teucrium rotundifolium 32%; Herrera 2004; also see Alonso et al. 2013). It is
worth nothing, however, that in many cases more than one
pollen grain per ovule is needed for successful fertilisation.
Nonetheless, these results suggest that the potential for pollen
quantity (amount of pollen) and quality (number of successful
pollen tubes) limitation of reproductive success in C. souzae is
low throughout its distribution range in Mexico. Such large
pollen loads and high pollen tube success could be attributed,
at least partly, to this species’ generalist pollination system
(>25 different flower visitors) and to high visitation rates
observed at all sites (Parra-Tabla personal observation). In
addition, Apis mellifera, one of the main pollinators of
Cnidoscolus species in Yucatan (Rodriguez 2004; Arceo-G
omez
et al. 2009; Parra-Tabla & Herrera 2010), is known to be a
highly efficient pollinator, able to carry and deposit large
amounts of pollen (e.g. Tepedino 1981; Freitas & Paxton 1998),
likely contributing to the large conspecific pollen loads in
C. souzae. Another important factor likely contributing to
potential low pollen limitation in this species is the small number of ovules available for fertilisation (~4), which limits the
number of conspecific pollen grains required for successful
reproduction. It is also important to point out that despite the
fact that pollen germination rate in C. souzae is very low
(<50% in all populations; Table 1), flowers still had, on average, six successful pollen tubes per ovule, suggesting that flowers may need to receive large conspecific pollen loads in order
to compensate for low-quality pollen. Because this species is
598

self-compatible and floral displays tend to be large, low-quality
pollen deposition could result from a high degree of geitonogamous pollination. Furthermore, the large conspecific pollen
loads and the high number of pollen tubes found in C. souzae
flowers also suggest that microgametophyte competition can
be intense. Especially because pollen arrival and germination
likely take place synchronously (Snow 1986; Spira et al. 1992)
as flowers of C. souzae remain open for <1 day (Parra-Tabla
personal observation; also see Parra-Tabla & Herrera 2010).
Having said this, a detailed study on the intensity of microgametophyte competition across populations of C. souzae is
needed in order to assess the importance of this phenomenon
as an agent of selection on traits that influence pollen performance in this species.
Although there was little evidence suggesting pollen limitation in C. souzae, flowers of this species varied extensively in
conspecific pollen load size and in the number of successful
pollen tubes (Table 1), indicating large differences in the magnitude of pollination success. Variance partitioning showed
that variation in conspecific pollen load size and pollen tube
success was mainly determined by within-plant differences,
which accounted for 70% of the total variance observed for
these variables. It is important to acknowledge this residual
variation may include biologically relevant differences among
the smallest sampling units (i.e. flowers within a plant), as well
as other sources of variation (e.g. count errors). However, a
high degree of variation among flowers within plants (e.g. 60–
92%; Herrera 2004) and even among styles within flowers has
been shown in at least eight other plant taxa (e.g. Levin 1990;
Niesenbaum 1994; Herrera 2002, 2004). Therefore, it is possible that a substantial portion of residual variation in conspecific pollen load size and tube success was due to flower
differences and stochastic events that affect fine-scale patterns
of pollen deposition and pollen performance within plants,
which have been shown to be important factors determining
differential pollination success in natural plant populations
(Niesenbaum 1994; Herrera 2002, 2004). For instance, pollinator foraging patterns could be a strong driving factor leading to
small-scale (within-plant) variability as different pollinators
(individuals and/or species) may carry different pollen loads of
different quantity and quality (e.g. proportion of heterospecific
and conspecific pollen; Arceo-G
omez et al. 2016). Furthermore, all flowers within plants may not receive equal numbers
of visits, depending on their position in the inflorescence.
Thus, these two factors may contribute to the large withinplant variability in the stigmatic pollen loads observed. It is also
possible that small differences in light (Feng et al. 2000) and
water availability (Lush et al. 1998) among flowers can affect
the rate of pollen germination and the directionality of pollen
tube growth, respectively, and this could contribute to high
amounts of within-plant variation in pollen tube success, but
this has not been evaluated. Detailed studies on the mechanisms underlying intra-individual variation in patterns of conspecific pollen deposition and pollen tube success are need if
we aim to fully comprehend the factors that affect plant reproductive success in natural populations.
Among-population differences were the second most important factor determining variation (17–18%) in C. souzae pollination success. Accordingly, analyses of the degree of
variability (CV) in conspecific pollen load size and pollen tube
success also revealed significant among-population differences.
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Studies with other congeneric species of Cnidoscolus (e.g.
C. aconitifolius) sharing a similar pollinator community and
floral characteristics, and conducted in the same study area,
have also shown a high level of variation in pollination success
(pollen tube formation) among populations (Parra-Tabla &
Herrera 2010). These results suggest that large-scale differences
in plant and pollinator community attributes and/or environmental conditions, which have been shown to influence the
pollination environment (e.g. Herrera 2002; Knight 2003;
G
omez et al. 2010; Schuett & Vamosi 2010; Arceo-G
omez &
Ashman 2014a), may also play an important role in determining differential pollination success in C. souzae and other species of this genus. It is also worth noting that we found a small
contribution of among-block variance to total variation in
C. souzae pollination success, suggesting that the location of a
plant within a population or the characteristics of the surrounding plant neighbourhood (e.g. density or diversity) have
the potential to influence pollination success (e.g. Spigler &
Chang 2008; Jakobsson et al. 2009) in this species.
A closer look at the underlying factors potentially driving
population-level variation in pollination success for C. souzae
suggests that factors that affect the amount rather than the
quality of conspecific pollen reaching the stigmas are more
important drivers of differential pollination success in this species. Such factors may include differences in the co-flowering
context (density and diversity), which have been shown to alter
pollinator foraging behaviour through facilitation or competition processes (e.g. Knight 2003; Moeller 2004; Bell et al. 2005;
Schuett & Vamosi 2010; Sargent et al. 2011; Arceo-G
omez &
Ashman 2014a), and/or differences in the abundance and identity of the pollinator community, which can directly influence
the amount of pollen deposited on stigmas (e.g. Moeller 2006;
G
omez et al. 2007, 2010). However, detailed studies that assess
spatial variation in plant and pollinator community composition are needed in order to have a complete understanding of
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the community attributes that may influence pollination success in C. souzae. Finally, factors affecting conspecific pollen
quality also appear to have an impact on pollen tube success in
C. souzae, but to a much lesser extent (~20%) than factors
affecting pollen load size, as suggested by the relationship
between conspecific pollen germination rate and pollen tube
success, a result that is surprising given the low pollen germination rate in this species.
Overall, this study lends support to studies that have proposed within-plant variance as the most important source of
variation in pollination success in natural plant populations
(Levin 1990; Niesenbaum 1994; Herrera 2002, 2004), and thus
we emphasise the need to understand the causes and consequences of such variation if we are to fully comprehend the factors affecting plant reproductive success. Our results also
suggest that among-populations differences in community
attributes, in this case affecting pollen quantity to a larger
degree than pollen quality, can play an important role in determining pollination success at broad spatial scales. Therefore,
we highlight the importance of conducting studies that evaluate sources of variation in pollen receipt and pollen tube formation as an important first step towards understanding
patterns and causes of differential pollination success in plant
species over broad spatial scales.
ACKNOWLEDGEMENTS
This work was supported by CONACYT [33138 to VPT]. GAG
was supported by CONACyT postdoctoral fellowship
[290847]. We thank Heinz Rennenberg and one anonymous
reviewer for their valuable comments on the manuscript. The
authors thank A. Canto and L. Salinas for collecting flower
samples, and S. Chiriguchi and Cristopher Albor for helping
creating the map. Special thanks to N. Celaya and P. Tellez for
their help in counting pollen grains and tubes.

reproduction in Mimulus guttatus vary with co-flowering community context. Oikos, 123, 1261–1269.
Arceo-G
omez G., Parra-Tabla V., Navarro J. (2009)
Changes in sexual expression as result of defoliation and environment in a monoecious shrub in
Mexico: implications for pollination. Biotropica,
41, 435–441.
Arceo-G
omez G., Abdala-Roberts L., Jankowiak A.,
Kohler C., Meindl G.A., Navarro-Fernandez C.M.,
Parra-Tabla V., Ashman T.-L., Alonso C. (2016) Patterns of among- and within-species variation in
heterospecific pollen receipt: the importance of ecological generalization. American Journal of Botany,
doi:10.3732/ajb.1500155.
Ashman T.-L., Knight T.M., Steets J.A., Amarasekare
P., Burd M., Campbell D.R., Dudash M.R., Johnston
M.O., Mazer S.J., Mitchell R.J., Morgan M.T., Wilson W.G. (2004) Pollen limitation of plant reproduction: ecological and evolutionary causes and
consequences. Ecology, 85, 2408–2421.
Bell J.M., Karron J.D., Mitchell R.J. (2005) Interspecific
competition for pollination lowers seed production
and outcrossing in Mimulus ringens. Ecology, 86,
762–771.
Bernasconi G., Lang D.J., Schmid B. (2007) Microgametophyte population sizes and plant reproductive
output in the insect-pollinated Prunella grandiflora
(Lamiaceae). New Phytologist, 173, 393–400.

Plant Biology 18 (2016) 594–600 © 2016 German Botanical Society and The Royal Botanical Society of the Netherlands

Bjerknes A.L., Totland Ø., Hegland S.J., Nielsen A.
(2007) Do alien plant invasions really affect pollination success in native plant species? Biological Conservation, 138, 1–12.
Burd M. (1995) Ovule packaging in stochastic pollination and fertilization environments. Evolution, 49,
100–109.
Feng H.Y., An L.Z., Tan L.L., Hou Z.D., Wang X.L.
(2000) Effect of enhanced ultraviolet-B radiation on
pollen germination and tube growth of 19 taxa
in vitro. Environmental and Experimental Botany, 43,
45–53.
Fishman L., Willis J.H. (2008) Pollen limitation and
natural selection on floral characters in the yellow
monkeyflower, Mimulus guttatus. New Phytologist,
177, 802–810.
Forrest J., Inouye D.W., Thomson J.D. (2010) Flowering phenology in subalpine meadows: does climate
change variation influence community co-flowering
patterns? Ecology, 91, 431–440.
Freitas B.M., Paxton R.J. (1998) A comparison of
two pollinators: the introduced honey bee Apis
mellifera and an indigenous bee Centris tarsata
on cashew Anacardium occidentale in its native
range of NE Brazil. Journal of Applied Ecology,
35, 109–121.
G
omez J.M., Bosch J., Perfectti F., Fernandez J., Abdelaziz M. (2007) Pollinator diversity affects plant

599

mez, Alonso, Abdala-Roberts & Parra-Tabla
Arceo-Go

Spatial variation in pollination success

reproduction and recruitment: the tradeoffs of generalization. Oecologia, 153, 597–605.
G
omez J.M., Abdelaziz M., Lorite J., Mu~
noz-Pajares
A.J., Perfectti F. (2010) Changes in pollinator fauna
cause spatial variation in pollen limitation. Journal
of Ecology, 98, 1243–1252.
Hegland S.J., Nielsen A., Lazaro A., Bjerknes A.L., Totland Ø. (2009) How does climate warming affect
plant pollinator interactions? Ecology Letters, 12,
184–195.
Herrera C.M. (2002) Censusing natural microgametophyte populations: variable spatial mosaics and
extreme fine-graininess in winter-flowering Helleborus foetidus (Ranunculaceae). American Journal of
Botany, 89, 1570–1578.
Herrera C.M. (2004) Distribution ecology of pollen
tubes: fine-grained, labile spatial mosaics in southern
Spanish Lamiaceae. New Phytologist, 161, 473–484.
Herrera C.M. (2009) Multiplicity in unity: plant
subindividual variation and interactions with animals.
University of Chicago Press, Chicago, IL, USA.
Herrero M.P., Johnson R. (1980) High temperature
stress and pollen viability of maize. Crop Science, 20,
796–800.
Jakobsson A., Padron B., Traveset A. (2009) Competition for pollinators between invasive and native
plants: effects of spatial scale of investigation. Ecoscience, 16, 138–141.
Knight T.M. (2003) Floral density, pollen limitation,
and reproductive success in Trillium grandiflorum.
Oecologia, 137, 557–563.
Knight T.M., Steets J.A., Vamosi J.C., Mazer S.J., Burd
M., Campbell D.R., Dudash M.R., Johnston M.O.,
Mitchell R.J., Ashman T.-L. (2005) Pollen limitation
of plant reproduction: pattern and process. Annual
Review of Ecology, Evolution and Systematics, 36,
467–497.
Landis R.S. (2005) Standardized regression coefficients.
Encyclopedia of statistics in behavioral science. Wiley
and Sons, Edison, NJ, USA.
Levin D.A. (1990) Sizes of microgametophyte populations in pistils of Phlox drummondii. American Journal of Botany, 77, 356–363.
Lush W.M., Griezer F., Wolters-Arts M. (1998) Directional guidance of Nicotiana alata pollen tubes
in vitro and on the stigma. Plant Physiology, 118,
733–741.

600

Memmott J., Craze P.G., Waser N.M., Price M.V.
(2007) Global warming and the disruption of plant–
pollinator interactions. Ecology Letters, 10, 710–717.
Moeller D.A. (2004) Facilitative interactions among
plants via shared pollinators. Ecology, 85, 3289–3301.
Moeller D.A. (2006) Geographic structure of pollinator
communities, reproductive assurance, and the evolution of self-pollination. Ecology, 87, 1510–1522.
Niesenbaum R.A. (1994) Spatial and temporal variation in pollen tube numbers in Lindera benzoin
(spicebush). Canadian Journal of Botany, 72, 268–
271.
Parra-Tabla V., Herrera C.M. (2010) Spatially inconsistent direct and indirect effects of herbivory on floral
traits and pollination success in a tropical shrub.
Oikos, 119, 1344–1354.
Parra-Tabla V., Vargas C., Eguiarte L. (1998) Is Echeveria gibbiflora (Crassulaceae) fecundity limited by
pollen availability? An experimental study. Functional Ecology, 12, 591–595.
Plitmann U., Levin D.A. (1996) Microgametophytes in
flowers with and without fruits of Phlox drummondii
(Polemoniaceae). Plant Systematics and Evolution,
201, 211–221.
Quezada M., Fuchs E.J., Lobo J.A. (2001) Pollen load
size, reproductive success, and progeny kinship of
naturally pollinated flowers of the tropical dry forest
tree Pachira quinata (Bombacaceae). American Journal of Botany, 88, 2113–2118.
Rodriguez R.F.P. (2004) Biologia floral y diversidad
genetica en dos poblaciones contrastantes de Cnidoscolus aconitifolius (Mill) I. M. John (Euphorbiaceae). Bs
thesis. Universidad Autonoma de Yucatan, Mexico.
Sandring S., 
Agren J. (2009) Pollinator-mediated selection on floral display and flowering time in the
perennial herb Arabidopsis lyrata. Evolution, 63,
1292–1300.
Sargent R.D., Kembel S.W., Emery N.C., Forrestel E.J.,
Ackerly D.D. (2011) Effect of local community phylogenetic structure on pollen limitation in an obligately insect-pollinated plant. American Journal of
Botany, 98, 283–289.
Schuett E.M., Vamosi J.C. (2010) Phylogenetic community context influences pollen delivery to Allium
cernuum. Evolutionary Biology, 37, 19–28.
Snow A.A. (1986) Pollination dynamics in Epilobium
canum (Onagraceae): consequences for gameto-

phytic selection. American Journal of Botany, 73,
139–151.
Spigler R.B., Chang S.M. (2008) Effects of plant abundance on reproductive success in the biennial Sabatia angularis (Gentianaceae): spatial scale matters.
Journal of Ecology, 96, 323–333.
Spira T.P., Snow A.A., Whigham D.F., Leak J. (1992)
Flower visitation, pollen deposition, and pollen-tube
competition in Hibiscus moscheutos (Malvaceae).
American Journal of Botany, 79, 428–433.
Standley P.C., Steyermark J.A. (1949) Euphorbiaceae.
In: Standley P.C., Steyermark J.A. (Eds), Fl. Guatemala, Part VI, Fieldiana, Bot. Field Museum of Natural History, Chicago, IL, USA, pp 25–170.
Stephenson A., Lau T.C., Quesada M., Winsor J.
(1992) Factors that affect pollen performance. In:
Wyatt R. (Ed), Ecology and evolution of plant reproduction. Chapman & Hall, New York, USA, pp 119–
136.
Tepedino V.J. (1981) The pollination efficiency of the
squash bee (Peponapis pruinosa) and the honey bee
(Apis mellifera) on summer squash (Cucurbita pepo).
Journal of the Kansas Entomological Society, 54, 359–
377.
Totland Ø. (2001) Environment-dependent pollen limitation and selection on floral traits in an alpine species. Ecology, 82, 2233–2244.
Traveset A., Richardson D.M. (2006) Biological invasions as disruptors of plant reproductive mutualisms. Trends in Ecology & Evolution, 21, 208–216.
Vamosi J.C., Knight T.M., Steets J.A., Mazer S.J., Burd
M., Ashman T.-L. (2006) Pollination decays in biodiversity hotspots. Proceedings of the National Academy of Sciences of the United States of America, 103,
956–961.
Waser N.M., Price M.V. (1991) Outcrossing distance
effects in Delphinium nelsonii: pollen loads, pollen
tubes, and seed set. Ecology, 72, 171–179.
Winsor J., Davis L., Stephenson A. (1987) The relationship between pollen load and fruit maturation and
the effect of pollen load on offspring vigor in Cucurbita pepo. The American Naturalist, 129, 643–656.
Winsor J.A., Peretz S., Stephenson A.G. (2000) Pollen
competition in a natural population of Cucurbita
foetidissima (Cucurbitaceae). American Journal of
Botany, 87, 527–532.

Plant Biology 18 (2016) 594–600 © 2016 German Botanical Society and The Royal Botanical Society of the Netherlands

