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Abstract

Seed production can be affected by water availability and also depend on the amount (pollen intensity) and quality of 
pollen deposited. The way pollen receipt on the stigma translates into seeds produced follows that of a saturating dose–
response. Not only can water availability and pollen intensity each influence seed production, these factors could interact 
in their effects on seed production. Changes to the relationship between seed production and pollen intensity can in turn 
influence pollinator effectiveness and pollinator-mediated selection. We asked how water availability affected indices 
of plant fitness (seed set, fruit set and seed mass) and the relationship between pollen intensity and seed production in 
Phacelia parryi. We conducted a greenhouse experiment where we manipulated water availability (either high- or low-
water) to pollen recipient plants and hand-pollinated each plant with a range of pollen intensities. We conducted 703 
hand-pollinations on 30 plants. For each hand-pollinated flower we measured pollen deposited, seed production and seed 
mass. We then generated a piecewise regression of the relationship between pollen intensity and seed production, and 
determined average effects of water on plant fitness measures. This experiment was paired with a field observational study 
aimed to document natural variation in pollen deposition. Average seed production per fruit was 21 % higher in the high-
watered plants. The relationship between pollen intensity and seed production differed between the two water treatments. 
Plants under high-water exhibited a wider range in which pollen deposition increased seed production. Average natural 
pollen intensities fell within different regions of the piecewise regression for low- and high-water plants. Water availability 
can alter the efficiency by which pollen received is translated into seeds produced. Our greenhouse data suggest that only 
under certain pollen intensity environments will water availability affect how pollen received is translated into seeds 
produced.

Keywords:  Phacelia parryi; pollen deposition; pollen intensity; pollen limitation; resource limitation; seed production; water 
availability.

  

Introduction
The transfer of pollen via animal or abiotic vectors, a critical 
component of sexual reproduction in flowering plants, determines 
the amount of pollen deposited on a stigma (hereafter referred 
to as ‘pollen intensity’). Once pollen is deposited onto a stigma, 
post-pollination processes (such as pollen–style interactions, the 

quantity and quality of ovules and resources for expanding seeds) 
determine seed production. Environmental factors experienced 
by pollen-receiving plants could influence these post-pollination 
processes and affect seed production. For example, even when 
pollen intensity remains the same, plant interactions with 
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herbivores and microbes can alter seed production (Hawkes 
and Sullivan 2001; Thomson et  al. 2004; Lau and Lennon 2012). 
In other instances, abiotic conditions—such as water, light and 
nutrient availability—experienced by the maternal plant affect 
seed production despite similar pollen intensities (de Jong and 
Klinkhamer 1989; Campbell and Halama 1993; Galen 2000; 
Asikainen and Mutikainen 2005; Kilkenny and Galloway 2008). 
These environmental effects on seed production are usually 
evaluated using constant levels of either field average or saturating 
levels of pollen intensity. Because the amount of pollen reaching 
a stigma varies among individual plants and flowers (Herrera 
2004; Arceo-Gomez et  al. 2016), and environmental factors can 
influence post-pollination processes, it is possible that pollen 
intensity interacts with environmental factors to influence seed 
production. One way environmental factors could interact with 
pollen intensity is if environmental conditions, such as water 
availability, affect ovule provisioning. In that case, under drought, 
pollen intensity might have little effect on seed production, as 
seed production is limited by water (through effects on ovule 
provisioning), whereas, when water is abundant, flowers receiving 
more pollen would have the resources to produce more seeds. 
Therefore, the potential exists for environmental conditions, such 
as water availability, to interact with pollen intensity to influence 
seed production.

The response of seed production to pollen intensity is known 
to vary across individuals in some populations. For example, 
Lesquerella fendleri shows great intraspecific variation in the 
pollen-to-seed relationship (Mitchell 1997), although potential 
environmental causes were not investigated. Another study 
reported a difference in the relationship between a greenhouse 
study and a previous study of the same species in natural 
populations, but did not directly demonstrate the difference 
was due to the environment (Hildesheim et  al. 2019). These 
studies suggest that the relationship between seed production 
and pollen intensity can be highly variable, but do not ascribe 
this variation to a particular feature of the environment. In 
this study, we take the novel approach of examining how an 
experimental alteration of water availability influences the 
relationship of seeds to pollen received. Water availability has 
a high importance to plant reproductive success under natural 

conditions (Galen 2000; Carroll et al. 2001; Waser and Price 2016; 
Gallagher and Campbell 2017), and is likely to change with 
future climate change (IPCC 2014; Jiménez Cisneros et al. 2014). 
Thus water availability could be a candidate explaining the 
variation in the relationship between pollen intensity and seed 
production.

Defining the quantitative relationship between pollen 
intensity and seed production provides us with a framework to 
study how the environment influences the fitness gains obtained 
from different pollen intensities. The relationship between 
pollen intensity and seed production is generally thought to 
be a saturating one, in which seed production increases as 
pollen intensity increases until it plateaus at a saturating level 
of pollen (Bierzychudek 1981; Haig and Westoby 1988; Ashman 
et al. 2004). One way to quantify the saturating relationship is 
with a piecewise regression. This method has recently been 
implemented to document pollen-to-pollen tube relationships 
(Alonso et al. 2012 2013; Arceo-Gómez and Ashman 2014). Here, 
we adopt it for the pollen-to-seed relationship, condensing it 
to three attributes: the first slope (b1, see Fig. 1A), when seeds 
increase most rapidly with greater pollen intensity; the second 
slope (b2), when seeds increase less rapidly with greater pollen 
intensity; and the breakpoint (c), defined as the amount of 
pollen at which the pollen-to-seed relationship switches from 
high efficiency (b1) to low efficiency (b2) (adapted from Alonso 
et  al. 2012). For pollen-to-pollen tube relationships, piecewise 
regression models have been used to determine differences 
among species in the degree of limitation by pollen quantity 
(region before the breakpoint) or by pollen quality (region 
after the breakpoint) (Alonso et  al. 2013). These models were 
also used to describe changes in the degree to which plants 
are limited by pollen quantity versus pollen quality in female 
and hermaphroditic individuals found in marginal and central 
populations (Castilla et  al. 2016). By using this framework to 
study the pollen-to-seed relationship, we expect pollen quantity 
to be most important in the region before the breakpoint and 
resource limitation experienced by pollen recipients to be most 
important after the breakpoint. In this framework, aspects of 
pollen quality or reproductive traits in recipient plants could 
influence seed production at any point in the pollen-to-seed 

Figure 1. (A) Diagram of pollen-to-seed relationships using piecewise regression analysis. Slope 1 (b1) depicts the most efficient part of the pollen-to-seed relationship 

and Slope 2 (b2) depicts the least efficient part of the pollen-to-seed relationship. The breakpoint (c) shows the point at which the slope changes. The grey rectangle 

around the c value represents the c value confidence interval. Figure adapted from Alonso et al. (2012). (B) Potential outcomes of how pollen-to-seed relationships could 

be influenced by stressful environmental conditions. Solid line represents a pollen-to-seed relationship of plants under adequate environmental conditions. Dashed 

and dotted lines represent potential alternative outcomes of how a stressful environment could influence a pollen-to-seed relationship. Notice that the dashed line is 

from a pollen-to-seed relationship that exhibits a shallower b1, a later c value and maintains the same intercept for b2. In contrast, the dotted line is from a pollen-to-

seed relationship that exhibits a steeper b1, an earlier c value and a decrease in the intercept for b2.
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relationship. Still, after the breakpoint (c) seed production stops 
being governed by pollen quantity, because additional pollen 
becomes less important to seed production.

Changes to the pollen-to-seed relationship could influence 
the degree to which seed production is pollen-limited. For 
example, if there are changes to the pollen-to-seed relationship 
due to changes in the maternal environment, then plants 
under different environmental conditions receiving the same 
amount of pollen could vary in the degree of pollen limitation. 
In particular, a plant with a shallow initial slope (dashed line, 
Fig. 1B) may be more likely to be pollen-limited than a plant with 
a steep initial slope (solid line, Fig. 1B) when both are receiving 
naturally low amounts of pollen, and theoretically exhibit the 
same maximum number of seeds. If environmental conditions 
decrease the maximum number of seeds, then there is a higher 
probability of seed production to be resource-limited.

Conceptual models for pollen limitation generally 
acknowledge that the relationship of seeds to pollen depends 
upon the environment. For example, Ashman et  al. (2004) 
illustrates an increase in both slope and maximum seed set with 
increasing resources. Understanding how these pollen-to-seed 
relationships vary with the abiotic environment is important 
because it indicates how the minimum pollination level needed 
for full seed set will change. The idea, however, has received little 
testing. Prior studies have been limited to factorial manipulations 
of resources with two levels of pollination (Delph 1986; Campbell 
and Halama 1993; Asikainen and Mutikainen 2005; Sletvold et al. 
2017) or in one case with the three levels of natural, supplemental 
pollen and reduced pollen (Brookes et al. 2008).

Changes to the pollen-to-seed relationships could also 
influence pollinator effectiveness, defined as the number of 
seeds produced from a single pollinator visit compared to that 
of unvisited flowers (Spears 1983). For example, a shallow initial 
slope (b1) in a plant can make a visit by two pollinators, one 
depositing less pollen than the other, contribute more similar 

amounts to seed production (dashed line, Fig. 2A) and thus 
have very similar pollinator effectiveness as defined by seeds 
per visit. In contrast, plants that exhibit differences in their b1 
slope (dashed and solid line, Fig. 2A) and are visited by the same 
pollinator species could display differences in the effectiveness 
of such pollinator visit (y-axis top bracket, Fig. 2A).

A change to the pollen-to-seed relationship can also 
influence the intensity of pollinator-mediated selection on 
floral traits through female function (Campbell and Bischoff 
2013). If this relationship becomes affected by the environment, 
then the environment could influence the degree to which 
pollen deposition affects seed production and, thereby, the 
intensity of selection. For example, the strength of pollinator-
mediated selection could be weakened if b1 is shallow enough 
that any pollinator preferences would not lead to substantial 
differences in seed production (Fig. 2B). Alternatively, pollinator-
mediated selection could be strengthened if b1 is steep enough 
that pollinator preferences lead to large differences in seed 
production (Fig. 2B).

The main goal of this study was to determine if changes 
in water availability affect the efficiency of translating pollen 
received to seeds produced. We tested that effect with a 
greenhouse experiment in which we manipulated water 
availability and applied known amounts of pollen to stigmas. 
We then used an observational field study to estimate pollen 
deposition in a natural population to see whether these values 
fell in the range over which water availability could influence 
the impact of pollen deposition on seed production.

Materials and Methods

Study species and greenhouse conditions

Phacelia parryi (Hydrophyllaceae) is an annual herb native to 
Southern and Baja California, where it grows in coastal sage 

Figure 2. (A) Implications of changes to the pollen-to-seed relationship for pollinator effectiveness: a scenario when two different pollinators visit the same plant 

(dashed line), and a scenario when the same pollinator species visits plants with different pollen-to-seed relationships (vertical dotted line furthest to the right). Solid 

and dashed lines represent different individuals. (B) Implications of changes to the pollen-to-seed relationships for pollinator-mediated selection. Solid and dashed 

lines represent different individuals.
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scrub and chaparral ecosystems (Bruckman and Campbell 
2014). A single plant of P. parryi produces from a few to hundreds 
of flowers. Flowers are hermaphroditic and self-compatible, 
although flowers produce higher seed production per fruit from 
outcross pollen (Bruckman and Campbell 2014). Although many 
species of Phacelia have a low ovule number (many species 
producing 1–10 seeds per flower), a P.  parryi flower commonly 
produces from 40 to more than 90 seeds (Walden et  al. 2013). 
Plants in natural populations are pollinated by honeybees, 
bumblebees, solitary bees and some flies (Bruckman and 
Campbell 2014). Phacelia parryi plants bloom from March through 
May (Walden et al. 2013).

Phacelia parryi plants were grown from seed during Fall 
2014 inside a pollinator-free greenhouse at the University of 
California, Irvine. Plants were grown in 3-L pots with a soil 
mixture of 1:1:1 part of peat moss, vermiculite and perlite. Bulk 
seeds were obtained from the Irvine Ranch Conservancy seed 
farm. The greenhouse was used for the main component of this 
study, to determine the influence of water availability on the 
pollen-to-seed relationship (detailed methods described below).

Greenhouse water manipulation treatment

Two water availability treatments, low- and high-water, were 
applied to potted plants germinated from seed in the greenhouse. 
Water treatment started in October 2014 on plants that had more 
than two leaves and ended when plants senesced. Every 2 days 
each low-water plant received 120  mL of fertilized water, and 
each high-water plant received 120 mL of fertilized water and 
an additional 120 mL of water filtered through reverse osmosis. 
Fertilized water contained a mix with 95 % of Peters Professional 
20-20-20 complete water-soluble fertilizer and 5  % of Best 
Ammonium Sulfate 21-0-0 at a concentration of 350–400 ppm 
in water. The low-water treatment simulated average February 
precipitation from 1906 to 2014 for Santa Ana, CA, and the high-
water treatment simulated twice the average precipitation value 
(Recart et al. 2019). Thirty P. parryi individuals—randomly chosen 
from the germinated bulk seeds—were used as recipient plants, 
with 15 exposed to a low-water treatment and the other 15 
exposed to a high-water treatment. Another 10 plants of P. parryi 
were used as donor plants and received similar water amount as 
the pollen recipient plants under the high-water treatment, to 
keep constant effects of water on pollen quality and quantity. To 
document water treatment effects, soil volumetric water content 
(VWC) was measured using a soil moisture probe (HydroSense 
II, Campbell Scientific, Logan, UT, USA)—immediately before 
watering and 24  h after watering. Plants in the low-water 
treatment averaged 1.5 % (±1 SE = 0.2 %) and those in the high-
water treatment 17.5 % (±1 SE = 0.8 %) VWC, respectively.

Greenhouse hand-pollination treatments

The biggest purple buds of P.  parryi recipient plants were 
emasculated to avoid deposition of self-pollen on hand-
pollinated stigmas. Pollen movement from other flowers to 
emasculated flowers is highly unlikely due to lack of pollinators 
in the greenhouse and the arrangement of flowers on P. parryi 
plants. Hand outcross pollinations were made after 24  h 
of emasculation when the stigma was receptive (appeared 
bifurcated). To ensure that each plant received a similarly 
wide range of variation in pollen deposition, we performed 
hand-pollinations in three ways for each plant. To provide a 
low level of pollen, a toothpick was swabbed from a randomly 
selected pollen donor, then the toothpick was flicked four 
times to clear some pollen before swabbing onto the stigma of 

a recipient flower. For a medium level of pollen, we used the 
same procedure but flicked the toothpick twice, and for a high 
level the toothpick was only shaken quickly before swabbing 
onto the stigma of a recipient flower. Each plant was exposed 
to all three hand-pollination methods, and each method was 
replicated at least five times (up to 14 times) on each plant, for 
a total of 15–42 hand-pollinated flowers per plant. These hand-
pollinations represented only a subset of the total number of 
flowers produced by each P.  parryi individual. Mean, standard 
deviations and sample sizes of pollen deposited using each 
method are provided in Supporting Information—Table S1. We 
did not analyse statistically the effect of the three methods, 
as the purpose was to ensure a wide enough range of pollen 
intensity to characterize the form of the relationship between 
seed production and pollen intensity, which would not be 
possible if the continuous variable of pollen intensity was 
collapsed into three levels. A total of 703 hand-pollinations were 
done. Each hand-pollinated flower was given a unique flower 
number to be able to relate pollen received to seeds produced.

Greenhouse stigma collection, pollen count and 
fitness measurements

Stigmas were collected in a microcentrifuge vial after 48  h of 
hand-pollination and squashed with basic fuchsin gel on a 
microscope slide (methods detailed in Kearns and Inouye 1993). 
Pollen on the stigma slide was counted and related to its flower 
identification number. Fruits were harvested at the time of 
ripening, and seeds were counted and weighed to relate seed 
production to pollen deposition and to calculate average fitness 
for a plant in terms of average seeds per flower (seed production 
of all hand-pollinated flowers), fruit set (total number of fruits 
divided by total number of pollinated flowers) and average 
seeds per fruit (seed production of hand-pollinated flowers that 
developed into a fruit). Seeds were separated from fruit tissue 
and weighed together for each fruit. Seed mass (per seed) was 
calculated as total seed mass by number of seeds per fruit. We 
chose to document mean seed production per flower and per 
fruit, since the former is perhaps the best index of plant fitness, 
whereas seeds per fruit tests for an impact in expanded fruits 
only. Note that seeds per flower and seeds per fruit can differ 
because not all flowers that receive pollen make a fruit, and 
a threshold amount of pollen is required for a fruit in some 
species (e.g. Snow 1982).

In situ pollen deposition

We also measured in situ pollen deposition in the field, primarily 
to determine the potential range of pollen deposition values 
experienced under field conditions. Although previous studies 
had provided some field data on pollen deposition levels for this 
species (Bruckman and Campbell 2016), those were for potted 
plants, not for unmanipulated plants. We used these field data 
to estimate the average pollen intensity of naturally occurring 
P. parryi plants to determine if it fell in a pollen range where the 
impact on seed production could depend on water availability, 
as determined from our greenhouse experiment. For these field 
plants, we also measured soil moisture to see how soil moisture 
in the field compared to the greenhouse soil moisture. For each 
plant, a soil VWC measurement was taken using a 12-cm-long 
soil moisture probe (HydroSense II, Campbell Scientific, Logan, 
UT, USA). Stigmas were collected from 31 P.  parryi individuals 
flowering at Crystal Cove State Park in Orange County, CA, USA 
near the Lower Moro Campground (33.575694, −117.794115 
WGS 84 Web Mercator) on the side of the trail on a sandy and 
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steep slope in coastal sage scrub habit. At this field site P. parryi 
started blooming between 25–29 March 2018; however, stigmas 
were collected on 17 April and 23 April 2018 (2 days near the end 
of the flowering period for this population) when plants were 
still in bloom. During sampling dates, honeybees and halictid 
bees were seen visiting P. parryi flowers. Stigmas were collected 
from 31 P. parryi flowering individuals, and from each plant we 
collected one to three stigmas, for a total of 57 collected stigmas 
from 15 plants on the first date and 16 plants on the second date. 
The number of open flowers per plant at the time of sampling 
ranged from 1 to 5; thus one to three collected stigmas accounted 
for much of the variation each sampled plant experienced on 
that day. Each stigma was placed in a microcentrifuge vial and 
squashed with basic fuchsin gel on a microscope slide to allow 
counting of pollen grains, as described above. Collection date did 
not influence the average amount of pollen deposited per flower 
on a plant in an initial ANOVA (F1, 29 = 0.28, P = 0.60).

Statistical analysis

All statistical analyses were done using the R statistical program 
version 3.5.2 (R Core Team 2018).

Greenhouse data analysis. We first analysed the overall impact 
of water availability on four fitness measures averaged by 
plant identity (regardless of hand-pollination method): seed 
production per flower (seed production of all hand-pollinated 
flowers regardless of whether they set fruit or not), proportion 
of fruits set (total number of fruits divided by total number of 
pollinated flowers), seed production per fruit (seed production 
of hand-pollinated flowers that developed into a fruit) and seed 
mass. The purpose was to provide overall assessments of the 
impact of water availability as typically performed in studies of 
plant reproduction. These overall means were analysed using 
ANOVA with water treatment set as a fixed factor. The same 
analysis was done to check for absence of a water effect on 
average pollen deposition per flower (measured as the number of 
pollen grains counted in the stigma of a hand-pollinated flower) 
averaged by plant identity. The linear model was implemented 
using the ‘lm’ function in the ‘stats’ package (R Core Team 2018). 
Normality of the residuals was tested with the Shapiro–Wilks 
test using the ‘shapiro.test’ function in the ‘stats’ package (R 
Core Team 2018).

We then analysed how water treatment affected the pollen-
to-seed relationship using two approaches: (i) piecewise 
regression analyses and (ii) general linear mixed models on raw 
seed production values per flower. Both approaches used single 
pollen deposition and seed production values obtained from 
our hand-pollinated flowers (i.e. 15–42 flowers per plant) and 
included plant identity as a random effect nested within water 
treatment. We describe each approach in turn. The piecewise 
regressions were especially valuable to determine the point at 
which pollen intensity no longer had much influence on seed 
production. By using the piecewise regression approach, we 
were able to distil the curve into two slopes (b1 and b2) with a 
breakpoint value (c) marking the pollen amount at which the first 
slope no longer fits the rest of the pollen-to-seed relationship 
(Alonso et al. 2012). As demonstrated by Alonso et al. (2012), both 
a negative exponential model and the piecewise regression 
approach can produce similar outcomes. We also compared 
these two approaches with our data and determined that there 
was no substantial difference between the two models [see 
Supporting Information—Model S1 and Table S2].

To generate the piecewise regression, we used a linear model 
where seed number was dependent on plant identity and the 

amount of pollen deposited. This model was used to estimate 
b1, b2 and c values (Fig. 1A). This model was run separately for 
the low-water treatment plants and the high-water treatment 
plants. The ‘segmented’ function in the ‘segmented’ package 
was used to run the piecewise regression model. For each 
model we used the ‘davies.test’ function to determine whether 
the change in slope was significant (Davies 2002). The ‘slope’ 
function was used to obtain the slope estimates and associated 
confidence intervals. The ‘confint’ function was used to obtain 
the breakpoint estimates and associated confidence intervals.

To test for a significant difference between water treatments 
in the b1 and b2 slope, for each water treatment, we divided 
the data into two data sets using the breakpoint value obtained 
for each water treatment (Arceo-Gómez and Ashman 2014). To 
detect differences between water treatment in the b1 slope we 
used all the data points below the breakpoint value (<c), and to 
detect differences in the b2 slope we used all the data points 
above the breakpoint value (>c). We then used two linear mixed 
models to determine if water treatment influenced the b1 and 
b2 slope, respectively (Arceo-Gómez and Ashman 2014). For 
these two models (using pollen amount <c and >c, respectively) 
we used seed number as the response variable and pollen 
amount and water treatment as crossed fixed effects, with plant 
identity nested within water treatment and set as a random 
effect. Including plant identity as a random effect in our models 
ensured that multiple flowers on the same plant were treated 
as repeated measures on the experimental unit. An interaction 
between pollen amount and water treatment would indicate 
that water availability influenced the slope of seeds on pollen.

A linear mixed model was also used to test whether the 
second slope differed significantly from zero. Two models were 
run, one for low-water plants and one for high-water plants. For 
both models, seed count was set as the response variable, and 
pollen amount was set as a fixed effect with plant identity set as 
a random effect. A t-test was done to compare the breakpoints 
between the low- and high-water treatments using their 
estimates of mean and standard error across plants.

Our second approach to evaluating the change in the pollen-
to-seed relationship was to use a general linear mixed model to 
analyse seed number of individual flowers. Unlike the piecewise 
regression, this model allows for a smooth relationship between 
seeds and pollen intensity. We tested for both a linear and quadratic 
effect of pollen amount on seed number, and whether those 
relationships were influenced by water treatment (low- versus 
high-water) as assessed by interactions between water treatment 
and the linear or quadratic effect of pollen. For this model we tried 
both a Poisson distribution and a Gaussian distribution, and then 
settled on a Gaussian which provided a better fit and yielded a 
much lower Aikake information criterion (AIC) value (AIC = 15 918 
and 6526 for Poisson and Gaussian, respectively). In this model 
we set seed number as the response variable, and included as 
crossed factors the linear pollen term by water treatment and 
the quadratic pollen term by water treatment, with plant identity 
nested within water treatment and set as a random effect.

The general linear mixed models were specified with the 
‘glmmadmb’ function of the ‘glmmADMB’ package (Fournier 
et  al. 2012; Skaug et  al. 2016). For these models, we used the 
‘Anova’ function in the ‘car’ package, set to type 3 sum of squares 
to detect effects of our explanatory variables on the response 
variable (Fox and Weisberg 2011).

In situ pollen deposition. In situ pollen deposition data were 
used to calculate the average pollen deposition experienced by 
a P. parryi plant which we then used to see where field pollen 
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deposition falls in our pollen-to-seed relationship model. 
We also compared soil moisture in the field to soil moisture 
experienced by greenhouse plants to see which of our water 
treatments mimicked more closely field conditions.

Results
At the whole-plant level, the water treatment primarily 
influenced average seed production per fruit, which was 21 % 
higher in the high-water availability than in the low-water 
availability treatment (F1, 28  = 6.80, P  = 0.02; mean ± 1 SE: low-
water = 42.09 ± 2.58, high-water = 51.06 ± 2.27). We did not detect 
an effect of water availability on average fruit set (F1, 28 = 0.26, 
P = 0.62; mean ± 1 SE: low-water = 0.72 ± 0.04, high-water = 0.69 ± 
0.03) or average seed mass (F1, 28 = 1.54, P = 0.23; mean ± 1 SE: low-
water = 0.30 ± 0.01, high-water = 0.28 ± 0.01). The effects on fruit 
set and seeds per fruit together led to an estimated increase of 
19 % (although not statistically significant) in average seeds per 
flower (F1, 28 = 4.00, P = 0.06; mean ± 1 SE: low-water = 29.61 ± 
2.04, high-water = 35.32 ± 2.00). Average pollen transferred per 
flower to each pollen recipient plant did not differ significantly 
with water treatment (F1, 28 = 3.69, P = 0.07; mean ± 1 SE: low-
water = 73.88 ± 1.71, high-water = 84.20 ± 5.09).

Water availability influenced the shape of the relationship 
between pollen intensity and seeds, as shown by both the 
piecewise regression approach and the general linear mixed 
model used to fit a smooth relationship. Overall pollen intensity 
ranged from 1 to 652 pollen grains across both water treatments 
(Fig. 3). Overall seed production ranged from 0 to 162 seeds per 
flower (Fig. 3). In the piecewise regression the b1 slope did not 
change significantly with water treatment (interaction term: 
F1,  553  =  0.05, P  =  0.81), but the b2 slope did (interaction term: 
F1, 136 = 11.29, P = 0.001) (Figs 4 and 5A). The b2 slope for the low-
water treatment was significantly higher than zero (F1, 107 = 8.17, 
P  = 0.005), whereas the b2 slope for the high-water treatment 
was not significantly different from zero (F1, 27 = 3.56, P = 0.07). 
The breakpoint for the two regressions was also significantly 
different (t1, 699 = 93.77, P < 0.0001), with the low-water treatment 
having an early breakpoint (mean ± 1 SE: 87.3  ± 13.0 pollen 
grains) compared to the high-water treatment (mean ± 1 SE: 
184.1 ± 14.2 pollen grains; Figs 4 and 5B).

Using the general linear mixed model, we detected an 
interaction between water availability and the linear effect of 
pollen amount (Fig. 3; F1, 695 = 5.73, P = 0.02), with pollen recipient 

plants under low-water conditions having a shallower slope 
than high-water plants. We detected a negative quadratic effect 
of pollen amount on seed production (Fig. 3; F1,  695  =  117.51, 

Figure 3. Scatterplot of pollen intensity and seed production data obtained from 

the 703 hand-pollinations. White circles represent hand-pollinations to low-

water treatment plants and black circles represent hand-pollinations to high-

water treatment plants. The quadratic relationship between pollen intensity and 

seed production is shown with a dashed line for low-water treatment plants 

and a solid line for the high-water treatment plants. Grey shading around each 

regression line represents 95 % confidence intervals.

Figure 4. (A) Piecewise regression slopes of pollen recipient plants exposed to 

the low-water treatment. (B) Piecewise regression slopes of pollen recipient 

plants exposed to the high-water treatment. For both panels, the grey rectangle 

represents confidence intervals around the breakpoint. The vertical black solid 

line represents average P.  parryi pollen intensity per flower found on P.  parryi 

hand-pollinated stigmas. The vertical blue solid line represents average P. parryi 

pollen intensity per flower found on P. parryi field-collected stigmas.

Figure 5. (A) Piecewise regression Slope 1 (b1) and Slope 2 (b2) estimates for 

pollen recipient plants under low- and high-water treatments. (B) Piecewise 

regression breakpoint (c) estimates for pollen recipient plants under low- and 

high-water treatments. Both figure panels show means and 95  % confidence 

intervals.
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P  <  0.0001). Water treatment and the quadratic effect of 
pollen amount did not interact to influence seed production 
(F1, 695 = 0.09, P = 0.77).

In our observational field study, conspecific pollen deposition 
ranged from 9 to 524 pollen grains and averaged 135.9 (SE = 16.3) 
grains per stigma. Thus, the mean pollen intensity fell after 
the breakpoint value for the low-water plants and before the 
breakpoint value for the high-water plants (Fig. 4). Soil moisture 
at the time of collection ranged from 0 to 4 % VWC.

Discussion
Using a continuous range of pollen intensities, we found that 
water availability affected specific aspects of the pollen-to-
seed relationship in P.  parryi. In a piecewise regression, the 
breakpoint changed with water as well as the slope after that 
breakpoint. However, the initial slope at low levels of pollen 
intensity remained unchanged. In comparison with high-water 
plants, low-water plants exhibited a smaller range of pollen 
deposition values over which seed production was limited by 
pollen quantity (Fig. 4). That change in the breakpoint conforms 
with the expectation that seed production would be more 
subject to resource limitation and less so to pollen limitation 
when water availability is low.

Here we found no influence of water availability on the initial 
slope (b1) of the seeds to pollen relationship, even though it 
did change the slope after the breakpoint. In contrast, in other 
plant species, pollen-to-pollen tube relationships varied within 
a species in the initial slope depending on whether a plant was 
at the edge or centre of a population (Castilla et al. 2016), and 
whether or not co-flowering species were present (Arceo-Gómez 
and Ashman 2014). In those cases, the slope difference likely 
reflected differences in pollen quality (e.g. via Allee effects, 
self-pollen or changes in heterospecific pollen), a factor that 
we constrained to be the same for our two water treatments by 
using high-water pollen donors. These changes in pollen quality 
due to changes in abiotic conditions to pollen-producing plants 
(Turner 1993) could influence the pollen-to-seed relationship. 
For example, deposition of low-quality pollen could decrease 
the b1 slope, since additional low-quality pollen may not lead to 
the same increase in seed production as additional deposition 
of high-quality pollen. In natural populations of P.  parryi, it is 
possible that the initial slope of seeds on pollen would also 
vary with water availability, because water supplied to donors 
is known to influence seed production in this species, likely 
through variation in pollen quality (Recart et al. 2019).

Using these seed-to-pollen relationships can help with 
interpretation of reproductive success in natural populations. 
For example, if pollen deposition is the same under high- and 
low-water conditions, then pollen limitation could be high for 
plants in wet sites or wet years and low for plants under water 
stress. Here we provide three specific examples of applications 
to P. parryi that illustrate how pollen-to-seed relationships can 
be used in generating hypotheses on how changes to pollination 
will affect seed production. First, the average pollen deposition 
found in naturally occurring P.  parryi individuals at our field 
site fell within the initial slope (b1) of high-watered plants but 
after the breakpoint for low-watered plants (Fig. 4). As a result, 
changes to pollen intensity could have different effects on seed 
production depending upon the natural moisture regime. In the 
specific natural population studied, soil moisture was low at the 
time of stigma collection (0 to 4 % VWC) and similar to conditions 
for our low-water treatment greenhouse plants. Thus for that 
population at that point in time (near the end of its flowering 

period), assuming that the seed-to-pollen relationships depend 
only on water availability to pollen-receiving plants and not 
other factors that could vary between greenhouse and field, we 
expect small effects of pollen intensity on seed production and 
greater resource limitation than pollen limitation. It is worth 
noting that we had only a snapshot of pollen deposition at a 
particular time point, and in many species pollen deposition 
is highly variable within a plant, across plants in a population 
and across populations (Herrera 2002; Burd et  al. 2009; Alonso 
et al. 2013). Thus, we expect the spatial and temporal context in 
which a plant blooms to influence the range of pollen deposition 
experienced by that plant and the effect this pollen deposition 
has on seed production.

A second application pertains to an earlier study in which 
the presence of the invasive plant Brassica nigra drove variation 
in pollen deposition to P. parryi (Bruckman and Campbell 2016). 
In that study, pollen deposition on P.  parryi stigmas was low 
when Brassica individuals were at least 5–7 m away (average of 
10 conspecific pollen grains) but high when Brassica was within 
3 m (average of a hundred conspecific pollen grains) (Bruckman 
and Campbell 2016). That difference in pollen deposition would 
lead to a larger difference in seed set for high-water plants than 
for low-water plants. At 100 pollen grains low-water plants 
already show a breakpoint in slope beyond which seeds increase 
little (Fig. 5B). Thus, we predict the distance from a patch of the 
highly invasive B. nigra (Bell and Muller 1973) may have a greater 
impact on seed set in wet than in drought years, all else equal, 
as these southern California coastal sage scrub communities 
swing between precipitation extremes (Kimball et al. 2018).

A third application pertains to pollinator effectiveness on 
a single visit basis. In P.  parryi pollen deposition by a single 
visit ranges from an average of 14 pollen grains for non-native 
honeybees to 28–29 for bumblebees and other native bees 
(Bruckman and Campbell 2014). All of these values fall well below 
the breakpoint in the region governed by the initial b1 slope that 
was not influenced by water treatment. Thus we expect water 
availability to pollen recipient plants to have little to no impact 
on relative effectiveness of pollinators on a single visit basis. 
Thus, native bees would be better pollinators than honeybees 
in terms of seeds per single visit, as observed by Bruckman and 
Campbell (2014), regardless of year-to-year differences in water 
availability.

Here we documented a change in the pollen-to-seed 
relationships due to changes in water availability, in particular 
we saw a change in the breakpoint value when flowers switch 
from being mostly limited by pollen amount to being mostly 
limited by abiotic resources and pollen quality. Other biotic 
or abiotic environmental conditions besides water could also 
have the potential to influence the pollen-to-seed relationship 
or the pollen-to-pollen tube relationship. For example, 
co-flowering species in the area influenced the extent to which 
pollen tube number was limited by pollen quantity in Mimulus 
guttatus (Arceo-Gómez and Ashman 2014). On the other hand, 
heterospecific pollen deposition on stigmas, and thus possibly 
also presence of co-flowering species, had little effect on the 
pollen-to-seed relationship in Ipomopsis aggregata (Waser and 
Fugate 1986), suggesting that the presence of other plant species 
nearby might not influence the relationship. More studies are 
needed to identify whether environmental conditions are 
frequently influencing the pollen-to-seed relationship.

Lastly, environmental factors that have been shown to 
directly influence seed production can be an ideal starting 
point to determine whether changes in seed production are 
caused by changes in the pollen-to-seed relationship. For 
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example, nutrient availability in the soil can directly influence 
seed production (Campbell and Halama 1993; Asikainen 
and Mutikainen 2005). Low nutrient availability to pollen 
recipient plants can decrease pollen germination (Smith-
Huerta et  al. 2008) and could thereby reduce the initial b1 
slope describing how seeds increase with pollen. With rapidly 
changing environmental conditions around the globe (IPCC 
2014; Jiménez Cisneros et al. 2014), it is important to consider 
how new temperature, moisture or nutrient regimes might 
influence the minimum pollination intensity needed for full 
seed set. Such knowledge could help to predict whether climate 
change will influence the importance of pollen limitation and 
guide restoration efforts by indicating whether reproduction 
in a threatened species could be increased more by managing 
pollination or resource conditions.

Conclusion
Water availability can alter the efficiency by which pollen received 
is translated into seeds produced. In the insect-pollinated P. parryi, 
water availability influenced the breakpoint value at which an 
increase in pollen receipt no longer has much of an effect on seed 
production. Moreover, this change in the breakpoint value altered 
the range of pollen deposition values for which seed production 
is mainly limited by pollen quantity. Our study suggests that only 
under certain pollen intensity environments will water availability 
affect how pollen received is translated into seeds produced.
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