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ABSTRACT 

 
Components of Pollen Limitation in Relation to Reproductive Success in Small 

Populations of Big Bluestem (Andropogon gerardii) 
 
 

Zackary Harris                                                                                        Advisor: 
 
University of Guelph, 2015                                                                     Brian C. Husband 

 
 

 Reduced population size and plant density in fragmented habitats can limit 

fecundity due to inadequate pollination; however, the magnitude of pollen limitation in 

wind-pollinated species and the contributions of pollen quality versus quantity are poorly 

known. Here I investigated limits to reproduction in fragmented populations of 

Andropogon gerardii by quantifying seed production and its relation to pollen quantity 

and quality. The number of seeds per floret declined significantly with both population 

size and local density. Contrary to prediction, local density and population size were not 

related to pollen load. The percentage of compatible pollen and the percentage of 

florets with more than one pollen tube reaching the base of the style increased with both 

measures of abundance, likely due to increased mate availability. However, measures 

of pollen quality were weak predictors of seed set. In conclusion, fragmentation may 

affect reproduction in wind pollinated species through reductions in population size and 

local plant density, which influence the quality of pollen available.   
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INTRODUCTION 

 Habitat fragmentation is an important contemporary cause of the decline of 

species due its influence on population viability. As fragmented plant populations 

become reduced in size, and increasingly isolated from their neighbouring populations 

(Fahrig 2003), they become more susceptible to genetic, environmental, and 

demographic stochasticity (Hobbs and Yates 2003, Bennett and Saunders 2010). These 

processes cause fluctuations in population vital rates, which can lead to increased risk 

of extinction (Barrett and Kohn 1991, Frankham 2005). However, habitat fragmentation 

can also lead to deterministic effects on population viability as a result of declining plant 

abundance. 

 If population size or density drops below a certain threshold, population growth 

rate can decline disproportionately due to positive density dependence of female 

fitness, referred to as demographic Allee effects (Allee et al. 1949, Stephens 1999, 

Hobbs and Yates 2003, Ghazoul 2005, Lee et al. 2011), which can increase the 

likelihood of population extinction (Groom 1998, Bennett and Saunders 2010). Pollen 

limitation, in which an insufficient quantity or quality of pollen is received by stigmas to 

fertilize all available ovules (Ashman et al. 2004, Knight et al. 2005) is one cause of 

Allee effects in fragmented plant populations (Ashman et al. 2004, Davis et al. 2004, 

Cheptou and Avendano 2006, Wagenius 2006). 

 Quantitative pollen limitation arises when the number of pollen grains dispersed 

between individuals is insufficient to pollinate all of the receptive flowers (Harder and 

Routley 2006). For insect-pollinated species, a reduction in pollinator abundance 

following habitat disturbance may reduce pollen dispersal between flowering individuals 
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(Hobbs and Yates 2003, Aguilar et al. 2006). Wind-pollinated species are generally 

thought to be less susceptible to pollen limitation because they produce ample pollen 

relative to the number of flowers (i.e. high pollen-ovule ratios; Cruden 1977), and wind-

borne pollen can travel large distances (Loveless and Hamrick 1984). However, wind-

borne pollen is dispersed in a strongly leptokurtic distribution (i.e. long-tailed) due to 

abiotic (e.g. wind speed, turbulence, direction) and biotic (e.g. pollen grain size and 

roughness) factors (Niklas 1985), which results in rapidly decreasing pollen density with 

distance from donor plants (Levin and Kerster 1974, Regal 1982, Tonsor 1985). 

Therefore, the distance between plants within a population (i.e. density) should be an 

important determinant of the amount of pollen exchanged between individuals, and 

hence the extent to which seed set is pollen-limited (Regal 1982, Allison 1990, Honig et 

al. 1992, Rognli et al. 2000, Davis et al. 2004, van Treuren et al. 2006, Wagenius 2006, 

Friedman and Barret 2009). The few studies on pollen limitation in wind-pollinated trees 

(Allison 1990, Knapp et al. 2001, Sork et al. 2002) and grasses (Davis et al. 2004; 

Firestone and Jasienuik 2012) have demonstrated that reproduction in wind-pollinated 

species can indeed be pollen-limited at low population densities (Ghazoul 2005). For 

example, Davis et al. (2004) found seed set for plants in high-density areas of 

populations to be eight times higher than plants in low-density areas in invading 

populations of Spartina alterniflora, which was attributed to significantly reduced stigma 

pollen loads. Similarly, Firestone and Jasieniuk (2012) showed that populations of the 

annual grass Lolium multiflorum with fewer, smaller, and more widely dispersed plants 

had significantly lower seed production than larger and denser populations. These 

studies demonstrate the potential dependence of pollen receipt on plant density, and 
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suggest that pollen limitation may play a more important role in the population dynamics 

of wind-pollinated species than previously thought (Koenig and Ashley 2003, Friedman 

and Barrett 2009). 

 Qualitative pollen limitation can arise if seed production is limited by the viability or 

compatibility of pollen, which can vary with the age of pollen (Dafni and Firmage 2000), 

genetic variation in cross-compatibility amongst conspecific pollen donors (Nemeth and 

Smith-Huerta 2002, Kron and Husband 2006), the amount of heterospecific pollen 

deposition (Burson and Young 1983, Arceo-Gomez and Ashman 2011), and 

environmental influences on pollen performance (Delph et al. 1997). Self-incompatible 

(SI) species are expected to suffer from higher levels of qualitative pollen limitation than 

self-compatible species due to variation in pollen-stigma compatibility between 

individuals or genotypes in a population (Heslop-Harrison 1982, Byers and Meagher 

1995). The extent to which individuals are compatible is dependent on the diversity of 

alleles at loci controlling SI specificities (S locus or loci), since pollen and stigmas 

carrying the same alleles will generally be incompatible. Variation at the S-locus is 

maintained in populations by negative frequency-dependent selection because the 

selective advantage of an allele is negatively related to its frequency within the 

population (Wright 1939, Lawrence 2000). This frequency-dependent selection tends to 

maintain a high number of alleles in plant populations (Wright 1939). For instance, in a 

survey of 19 species by Lawrence (2000), the number of SI alleles estimated within 

populations ranged from 5 for Ipomoea trifida to 41 for Trifolium pretense. Yet, despite 

frequency-dependent selection maintaining high allele numbers, small populations 

should still have a lower diversity of compatibility alleles in comparison to large 
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populations due to genetic drift (Byers and Meagher 1992). Genetic drift erodes genetic 

diversity in small populations through the loss of rare alleles and the fixation of common 

alleles (Ellstrand and Elam 1993, Conner and Hartl 2004, Leimu et al. 2006). In the 

case of self-incompatibility loci, this directly reduces genetic compatibility between 

individuals (mate compatibility) within populations (Young et al. 2000). This likely 

explains why self-incompatible species often suffer greater losses of reproduction in 

disturbed or fragmented habitats (Aguilar et al. 2006, McKechnie and Sargent 2013).  

 A reduction in mate compatibility due to low allelic diversity at S-loci will have 

fitness consequences if ovule fertilization is reduced (Byers and Meagher 1992). 

Reduced female fitness as a result of mate limitation has been observed in both natural 

and experimental populations. Byers (1995) compared mate availability and seed set in 

populations of the rare Eupatorium resinosum to the more common Eupatorium 

perfoliatum. Mate availability and seed set were both found to be lower and more 

variable in small E. resinosum populations in comparison to a larger population of the 

same species and both large and small populations of the rare E. perfoliatum. Firestone 

and Jeseniuk (2012b) manipulated population size and genetic diversity in experimental 

populations of Lolium mutliflorum, and found that the proportion of florets producing 

seed was highest in larger and more genetically diverse populations, and that the effect 

of increasing population size was the strongest when genetic diversity was low. These 

findings corroborate an earlier study by Elam et al. (2007) using wild radish (Raphanus 

sativus), which showed that reproductive success was limited by both population size 

and relatedness between individuals. Demography and genetics can therefore interact 

to determine the strength of Allee effects (Ghazoul 2005) by limiting both the availability 
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and compatibility of pollen.  

 Traditional approaches to estimating pollen limitation typically involve pollen 

supplementation experiments in which flowers are saturated with a mixture of outcross 

pollen, and the resulting fruit or seed set is compared to that of open-pollinated flowers. 

If fruit or seed set is higher in supplemented flowers, open-pollinated flowers are 

considered to be pollen-limited. However, estimates of pollen limitation using this 

approach are thought to be biased for several reasons: the experimental procedures fail 

to account for variation in resource availability or reallocation of energy among flowers, 

they sample from few flowers or reproductive events, and they do not distinguish 

between quantitative and qualitative pollen limitation due to the difficulty in accounting 

for the quality and quantity of supplemental pollen (Aizen and Harder 2007, Knight et al. 

2005, Alonso et al. 2012). Because of these factors, studies attempting to quantify the 

relative contributions of pollen quantity versus pollen quality on reproductive failure are 

scarce. In a recent study, Arceo-Gomez and Ashman (2014) investigated both aspects 

of pollen limitation in multiple populations of Mimulus guttatus that contrasted in 

community context (i.e. species diversity and conspecific density). They predicted that 

pollen quantity would be influenced by interspecific competition for pollinators in higher-

diversity plant communities, whereas differences in population genetic structure and 

diversity between sites would influence pollen quality. Using a novel approach based on 

evaluating pollen grain-pollen tube dose-response curves for open-pollinated flowers 

(Alonso et al. 2012), they observed that some level of pollen limitation was occurring at 

all sites regardless of species diversity or conspecific density. In support of their 

predictions, plants growing in low-diversity/high-conspecific density sites were subject to 
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stronger quality limitation of reproduction, whereas plants within high-diversity/low-

conspecific density sites were limited more by pollen quantity. This is one of few studies 

to show the contributions of both pollen quantity and pollen quality to the pre-zygotic 

stages of reproduction without confounding the effects of pollen addition or resource 

limitation (but see Arceo-Gomez and Ashman 2014). 

 Understanding the consequences of these limitations and their relative 

contributions to seed production is important from both ecological and evolutionary 

perspectives because population dynamics and reproductive evolution may both be 

influenced in the long-term (Harder and Routley 2006). For instance, counter-acting 

pollen limitation in quantity-limited populations may involve increasing plant density, 

whereas quality-limited populations would benefit from the introduction or translocation 

of individuals with novel SI genotypes (Pickup and Young 2008). Pollen limitation may 

also lead to the loss of self-incompatibility in populations with few compatible mates 

(Busch and Schoen 2008), and therefore may be an important mechanism for 

reproductive assurance and the evolution of mating systems. However, the influence of 

such processes on the reproductive success of herbaceous, self-incompatible, and 

wind-pollinated species specifically is not well understood (Larson and Barrett 2000, 

Ashman et al. 2004, Knight et al. 2005, Friedman and Barrett 2009, but see Davis et al. 

2004, Firestone and Jesieniuk 2012a, b).  

 One group of herbaceous plants that are primarily wind-pollinated, have a unique 

self-incompatibility system, and are prevalent in fragmented ecosystems is the grasses 

(Poaceae) (Linder and Rudall 2005). Grasses are important keystone species in native 

tallgrass prairie ecosystems in North America, with species such as Andropogon 
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gerardii, a wind-pollinated and self-incompatible grass, often forming as much as 80% 

of the biomass (Lauenroth and Adler 2008). Tallgrass prairies have been vastly reduced 

in size and extent due to human disturbance, with less than 1% remaining in most 

states and provinces (Samson and Knopf 1994). In Ontario where tallgrass prairies are 

at the north-eastern limit of their range, habitat destruction and mismanagement have 

resulted in a reduction to less than 3% of the original prairie, and most remnants consist 

of small and isolated patches (Rodger 1998). Seed set (i.e. the number of seeds per 

floret) within remnant populations of A. gerardii is low in many parts of its range e.g. 

Kansas (Branson 1941), Missouri (Rabinowitz et al. 1989), South Carolina (Chappell et 

al. 2003), North Carolina (Tompkins et al. 2011), and very small populations have 

particularly low seed production due to a lack of outcrossing among different genotypes 

(Chappell et al. 2003, Tompkins et al. 2011). However, whether or not this is due purely 

to low compatibility among mates, low dispersal of pollen among available mates, or 

some combination of both is unknown because no systematic examination of pollination 

and reproduction across a range of population size and density has been undertaken for 

this species. In this study, my research goal was to examine whether reproduction is 

reduced in small, fragmented populations of A. gerardii in Ontario, and to determine if 

pollen quantity and pollen quality are potentially limiting factors. I asked the following 

questions: 

1.  Does seed set within individual A. gerardii tussocks vary with the size of the 

population they reside in, and with the local density of tussocks? 

2.  Do pollen loads (i.e. pollen quantity) and pollen compatibility (i.e. pollen quality) 

on open-pollinated florets within individual A. gerardii tussocks vary with the size 
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of the populations they reside in, and the local density of tussocks? 

3.  Does seed set on open-pollinated florets within individual A. gerardii tussocks 

vary with pollen load and pollen compatibility on open-pollinated flowers?  

4. What is the relative importance of quantitative pollen limitation versus qualitative 

pollen limitation of seed set with respect to variation in population size and local 

density? 

 

 I hypothesized that reproductive success in fragmented populations of 

Andropogon gerardii depends on the quantity of pollen available for fertilization (i.e. 

pollen load), as influenced by the local density of tussocks. I expected that tussocks 

with few neighbours (low local density) would have smaller pollen loads in comparison 

to those with more neighbours, because pollen availability should be lower when fewer 

pollen donors are available (Honig et al. 1992, Davis et al. 2004, Wagenius 2006, 

Steven and Waller 2007). As a result, I predicted that seed set would increase with local 

density. I also hypothesized that reproductive success in fragmented populations of 

Andropogon gerardii depends on the quality of pollen (i.e. pollen compatibility) available 

for fertilization, as influenced by population size. I expected that tussocks in smaller 

populations would receive a lower proportion of compatible pollen than those in larger 

populations, because small populations should have fewer compatible SI mating types 

in comparison to larger populations (Byers and Meagher 1992, Byers 1995, Young et al. 

2000, Campbell and Husband 2007). Therefore, I predicted that seed set would also 

increase in larger populations.  

 The local density and number of plants within populations can interact in their 
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effect on reproductive success (Ghazoul 2005), so the above hypotheses are not 

mutually exclusive.  Therefore, I also hypothesize that the relative effect of pollen quality 

versus pollen quantity on reproductive success in fragmented populations of 

Andropogon gerardii will vary depending on the relative magnitudes of population size 

and the local density of tussocks. I predict that in populations that are large and dense, 

the majority of flowers will receive high quantities of high quality pollen, and thus will 

have high stigma pollen loads with a high proportion of pollen grains forming pollen 

tubes. In contrast, the majority of flowers in small and sparse populations will receive 

low quantities of low quality pollen, and thus will have low stigma pollen loads with a low 

proportion of pollen grains forming pollen tubes (i.e. qualitative and quantitative pollen 

limitation). In populations that are small but dense, the majority of flowers will receive 

high quantities of low quality pollen, and thus will have high stigma pollen loads with a 

low proportion of the pollen grains forming pollen tubes (i.e. qualitative pollen limitation). 

In populations that are large but low in local density, the majority of flowers will receive 

low quantities of high quality pollen, and thus will have low stigma pollen loads with a 

high proportion of the pollen grains forming pollen tubes (i.e. quantitative pollen 

limitation). It follows that average reproductive success will vary along a gradient of both 

population size and local density, such that reproductive success will be lowest for 

populations that are both small and sparse, intermediate for populations that are either 

small and dense or large and sparse, and highest in populations that are large and 

dense. 
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METHODS 

Study system and sampling design 

Study species 

Big Bluestem (Andropogon gerardii) is a warm-season grass that is dominant 

throughout North American prairies (Curtis 1959, McKone et al. 1998, Smith and Knapp 

2003). It is a self-incompatible, long-lived perennial that spreads primarily through the 

production of short-lived rhizomes (underground stems). These rhizomes can split over 

time (McKendrick et al. 1975), resulting in physically independent ramets (i.e. individual 

culms) of the same genet (Hartnett 1989). However, ramets typically originate from a 

central location within the genet, giving the genet a circular tuft or tussock-like form 

(Hitchcock and Chase 1950). A study by Keeler et al. (2002) estimated average clone 

size to be approximately 2m in diameter at the Konza Prairie, a large remnant tallgrass 

prairie in Kansas.  

 Flowering in A. gerardii populations can extend from late June to late September, 

with seeds maturing in September and October (Selbo and Snow 2005). A. gerardii 

plants are andromonoecious in that sessile spikelets, which contain a single 

hermaphroditic floret, are paired with a pedicellate spikelet which most often contains a 

single staminate floret (Figure 1). Pedicellate florets can occasionally be neuter or 

hermaphroditic, perhaps due to ecotypic differences between populations (Boe et al. 

1983, McKone et al. 1998). Florets are also protandrous (i.e. anthers dehisce prior to 

female receptivity) with anthesis occurring between 4am and 9am (Norrmann et al. 

1997, Selbo and Snow 2005), and undergo anthesis from the tips of inflorescence 

branches to the base (pers. obs.). Individual inflorescences will flower over a 7 - 9 day 
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period depending on the maturity of the tillers and the number of florets (Moore et al. 

1991). Pedicellate florets less often produce fewer seeds than sessile florets; however, 

seed yield from pedicellate florets has been shown to be correlated with both sessile 

and total seed production in some populations (Boe et al. 1983). Pollen from sessile 

florets is larger in diameter and has higher germination rates than pollen from 

pedicellate florets (Springer et al. 1989).  

Study sites 

 My research was conducted within the Rice Lake Plains and nearby Ganaraska 

Forest in southern Ontario. Historically, this area may have contained nearly contiguous 

tallgrass prairie and savannah (Catling 2008a). Tallgrass communities within the Rice 

Lake Plains and surrounding area were largely destroyed during early settlement 

between 1875 and 1885, with only small, scattered remnant patches remaining along 

roadsides, utility corridors, and within reforested areas (Catling et al. 1992; White 2004). 

I identified more than 80 patches of Andropogon gerardii within the Ganaraska Forest 

and Rice Lake Plains area ranging from 1 to >5000 tussocks (i.e. genets) during July 

and August of 2011. The sites differed in plant density from nearly contiguous tussocks 

to populations made up of several discrete patches (Figure 2). Many of the larger 

populations are defined as tallgrass prairie, savannah, or sand barren communities 

according to the Ecological Land Classification system for Ontario (White 2004), while 

many smaller populations contain only a single or few A. gerardii tussocks along rural 

roads, forest service roads, or trails maintained by motorcycle and equestrian activities. 

The origins of the road-side populations are unknown, and these populations may not 

be part of the historical remnants. In a study by Jones and Newell (1946), less than 5% 



 

12 
 

of pollen dispersed more than 30m from source plants; therefore, to ensure that pollen 

dispersal between populations is minimal, I considered a population to be a discrete 

patch of Andropogon gerardii plants separated by at least 50m from the nearest patch. 

Thirty-one of the identified populations of Andropogon gerardii representing a range of 

population sizes and densities were selected (Table 1). The area of each study 

population was delineated using a Trimble GeoXH high-resolution GPS unit and 

interpretation of satellite imagery (OMNR 2002; OMNR 2009). 

Demographic estimates 

 Population size and the local density of tussocks were estimated for all populations 

after flowering in the fall of 2013 and early spring 2014, as new ramets can emerge 

throughout the growing season (Bensen and Hartnett 2006). The size of each 

population was determined by counting all tussocks that flowered in 2013. Population 

size was estimated as the total number of tussocks, and local density was expressed as 

the number of tussocks within a specific radius of the focal tussocks. Interplant 

distances among tussocks were measured in small populations by mapping all plants by 

trilateration to determine their x and y coordinates from fixed reference points (0,0). The 

distance between each plant and its neighbours within 10m was then calculated using 

the Pythagorean Theorem: 

 

where a = the focal tussock and b = neighbouring tussocks (Dale 1999). In larger 

populations mapping each individual plant was impractical, so the distance to each 

neighbour within 10m was measured for each focal tussock. 

 I chose a radius value for local density by regressing average seed set per focal 



 

13 
 

tussock against the number of tussocks within each 1m interval (1 - 10m), and then 

used the radius size with the highest R2 value. I also looked at average seed set for 

populations in relation to mean local density to determine if the individual-based 

patterns were consistent at the population-level. Variation in mean seed set per 

inflorescence for focal tussocks was best explained by the number of neighbouring 

tussocks within a 6m radius (Figure 3). However, R2 values for local densities from 3m 

to 6m were all within close range of each other (0.30-0.33). The number of neighbouring 

tussocks within 1m explained the least variation in seed set across the ranges 

measured. At the population-level, R2 values for mean local density explaining mean 

seed set peaked at 3m (R2 = 0.60), and declined above and below this radius (Figure 3). 

Based on this information, I chose a radius of 3m from focal plants to estimate local 

density.   

Population sampling 

 Populations were monitored every two weeks starting in the first week of June, 

2013, to determine the onset of anthesis. After the first flowering date, study populations 

were visited every 14 - 21 days for the duration of flowering and seed ripening stages to 

make observations and collect plant material. Within each study population the first 10 

tussocks to flower with at least three ramets were flagged and given a unique 

identification number, these were designated focal tussocks. In populations with fewer 

than 10 tussocks all were marked, whereas in populations with more than ten tussocks 

flowering simultaneously, 10 focal tussocks were chosen haphazardly along a linear 

transect placed across the longest axis of the population while maintaining a minimum 

distance of 2m between each tussock to avoid sampling from the same genet.   
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 Up to three pairs of flowering ramets per focal tussock were selected during each 

visit, depending on how many ramets were available at that time. One ramet from each 

pair was used to determine stigmatic pollen loads, (hereafter “pollen ramets”) while the 

second of each pair was used to estimate seed set (hereafter “seed ramets”). To 

estimate stigmatic pollen loads, the terminal branch from the terminal inflorescence of 

each pollen ramet was collected after all florets had undergone anthesis, which was 

indicated by a change in stigma and anther colour (McKone et al. 1998). Each branch 

was placed in a vial of 70% ethanol and stored in a cooler until they could be 

transported back to the laboratory (Kearns and Inouye 1993). Samples were then stored 

at 4oC in the laboratory until they could be processed. The terminal inflorescence on 

each seed ramet was collected from each focal tussock between the end of September 

and mid-October, 2013, after seeds had ripened, and stored in desiccant until they 

could be analyzed. 

Pollen quantity and quality estimates 

 Pollen quantity and quality were estimated on focal tussocks in twenty-two 

populations (Table 1). In total, 100 tussocks were sampled with at least three 

inflorescences sampled per tussock (range: 3 -11), and three florets sampled per 

inflorescence (range: 3 - 17 per inflorescence) during each sampling visit (1-3 per 

tussock). Each floret was then placed in a vial of 10mol/L NaOH, and after 20 minutes 

rinsed with deionized water, stained with 0.1% aniline blue in 0.1M K3PO4 for a 

minimum of 4 hours, and mounted on a glass microscope slide in 3:1 glycerol to 0.1% 

aniline blue (Kearns and Inouye 1993, McKone et al. 1998). Each floret was gently 

flattened under the coverslip to improve visibility of pollen tubes within the style, and 
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viewed using fluorescence microscopy (Leica DMRB with B480/40 excitation filter, 

Figure 4) to estimate the number of pollen grains and number of germinated pollen 

grains on both stigmas, and the number of pollen tubes that grew to the base of the 

style for each floret.  

 I treated the total number of pollen grains on both stigmas (i.e. total pollen load) 

as a measure of pollen quantity. The SI reaction in grasses occurs primarily within the 

style rather than on the stigma hairs (Heslop-Harrison 1979). Therefore, to avoid 

confounding low pollen germination with low pollen compatibility, I subtracted the grains 

that failed to germinate from the total pollen load and used the proportion of germinated 

pollen grains to form pollen tubes that grew to the base of the style as a measure of 

pollen quality (i.e. pollen compatibility). I also used the proportion of florets per 

inflorescence with one or more pollen tubes reaching the base of the style as a measure 

of pollen quality because it should relate most directly to the proportion of florets setting 

seed, and therefore might better reflect the effect of pollen quality on reproduction at the 

inflorescence-level. For analysis, pollen load, pollen germination, pollen compatibility, 

and the proportion of florets with one or more pollen tubes were averaged across all 

florets sampled within each inflorescence (total n = 430).  

Mate compatibility estimates 

 Mate compatibility (proportion of crosses between tussocks that were compatible) 

was estimated for fourteen populations (Table 1). Rhizomes were collected from each 

focal tussock in the fall of 2012 after the onset of dormancy. A 15cm x 15cm section 

from the centre of each tussock was harvested using a sod knife, and each piece was 

stored separately in a sealable bag with moist paper towel. The rhizomes from each 
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tussock were cleaned of all soil to prevent the introduction of pests into the greenhouse, 

and divided into even sections and placed in sand in cold storage at 4oC to maintain 

dormancy throughout the winter (Pyter 2012). These rhizomes were then planted in 

10cm pots and grown in the greenhouse at 25oC days and 20oC nights (DeLucia et al. 

1992) in mid-March, 2013.   

 I estimated mate compatibility for each population by performing hand-

pollinations between paired focal tussocks. Initially, pairs were drawn at random; 

however, due to asynchrony in flowering between tussocks, pairs were eventually 

chosen based on availability to obtain a minimum of three crosses per tussock. I used 

Lundqvist’s (1961) method of hand pollinating stigmas on agar media to perform hand 

pollinations. Prior to the release of pollen in the greenhouse, inflorescences were 

collected, placed in plastic vials with water, and bagged to prevent the movement of 

pollen between vials. One branch was selected from each inflorescence and the pistils 

were dissected from florets and planted in an agar plate where they were incubated at 

room temperature until the stigmas became receptive. Stigma receptivity was indicated 

by the colour of the stigmas, which turn dark purple-red upon maturity, as well as the 

expansion of stigmas hairs. This typically occurred approximately 4 hours after planting 

in the agar. The agar solution consisted of 2% agar, 10% sucrose, and 100ppm boric 

acid (Lundqvist 1961). To prevent pollen contamination, a single agar plate was used for 

each pollen-donor treatment, with each plate containing pistils from each of the recipient 

focal plants. Stigmas were hand-pollinated by collecting pollen on dry filter paper and 

gently applying pollen grains to stigmas with the tip of a probe. Controlling the quantity 

of pollen applied to stigmas was difficult due to the small size of pollen grains (~34-
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44μm, Andrews et al., 1973) and their abundance; however, I attempted to evenly coat 

at least one side of each stigma when applying pollen to ensure that an adequate and 

comparable amount was used. Stigmas with fewer than five pollen grains applied were 

excluded from the analysis to minimize the effect of pollen quantity on germination or 

pollen tube growth. Similarly, stigmas with fewer than three germinated pollen grains 

were excluded to avoid confounding low pollen viability (lack of pollen germination) with 

incompatibility (lack of pollen tube growth to the base of the style). These excluded 

crosses were repeated where possible. Self-pollinations were included to confirm self-

incompatibility, either by bagging inflorescences to exclude outcross pollen, or using the 

same approach as outcross pollination. Mate compatibility was then estimated for each 

population as the proportion of all crosses that resulted in at least one pollen tube 

growing to the base of the style.  

Seed set estimates 

 Seed set, or the number of seeds per floret within an inflorescence, was 

estimated for thirty-two of the thirty-four study populations. Populations 11 and 18 were 

both mowed in late summer, so these populations could not be used to estimated seed 

set. The terminal inflorescence on each seed ramet was collected from each focal 

tussock between the end of September and mid-October, 2013 after seeds had ripened. 

Each inflorescence was photographed using an X-ray imager at the United States 

Department of Agriculture (USDA) Seed Testing laboratory in Dry Branch, Georgia, as 

per Tompkins (2012). Florets with mature seed appear to have a white, dense mass that 

fills the outline of the floret (Figure 4). Florets containing no white mass or white mass 

that occupied less than approximately 50% of the floret outline were interpreted as not 
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having seed. Only sessile florets were included in seed set estimates as the sex of the 

pedicellate florets cannot be determined from X-ray images.  

Statistical analysis 

Seed set, pollen quantity, pollen quality, and mate compatibility 

 The hypotheses and predictions of this study aim to compare variation in 

reproductive success at the inflorescence-level to both individual (i.e. local density) and 

population-level abundance. I analyzed variation in seed set, pollen quantity (pollen 

load), and pollen quality (pollen germination, pollen compatibility, and the proportion of 

florets with one or more pollen tubes) at the inflorescence-level using generalized linear 

mixed effects models (GLMM) using the glmer function (lme4 package of R; Bates et. 

al., 2014) with the Laplace approximation method in R software (R Core Development 

Team, 2014). A summary of the models used is provided in Table 2. GLMMs for binomial 

variables (seed set, pollen germination, pollen compatibility, the proportion of florets with 

one or more tubes) specified a logit link function, which linearizes the binomial response 

variable by performing a natural log transformation on the odds ratio (Crawley 2007). 

The response variable seed set per inflorescence, for example, would then be ln(p/q), 

where p = the number florets with seeds and q = the number of florets without seeds. 

The advantage of this approach over a linear mixed model with seed set expressed as 

the proportion of florets with seed, is that it takes into account variation in inflorescence 

size in the response of seed set to population size and/or local density (i.e. density 

dependence of inflorescence size on reproduction), while the link function accounts for 

non-constant binomial variance (Crawley, 2007). Pollen loads were treated as Poisson 

data with GLMMs specifying a negative binomial error distribution for the link function to 
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account for overdispersion (i.e. unexplained variation in the response variable) 

(Crawley, 2007). I included population, focal tussock (nested within population), and 

sampling date as random effects in each of the models to account for non-

independence among inflorescence samples due to the hierarchy within my sampling 

design (i.e. spatial and temporal pseudoreplication; Crawley 2007, Le Cadre 2008). 

Square root transformations were applied to the independent variables population size 

and local density prior to analysis as each variable consisted of count data and were 

highly right-skewed. This improved the diagnostics of each model. Some focal tussocks 

had no neighbours within 3m, so a value of one was added to all local density values to 

allow for the transformation. I initially included nearest-neighbour distances for focal 

tussocks and an interaction term for population size and local density but found they 

were not statistically significant (p > 0.40), so they were not included in the final models. 

I also included tussock size (total number of ramets) in each model to account for the 

effect of maternal vigour and local resource availability on seed set, and isolate these 

factors from the effects of variation in population size and local density (Firestone and 

Jaseniuk 2012a). The significance of parameters for each fixed effect were tested using 

the Wald z-value (|z|) for models based on binomially distributed residuals and t-values 

for negative binomially distributed residuals, which test the hypothesis that the 

corresponding parameter is 0. All parameters were considered significant at α = 0.05. 

Overdispersion was checked using the overdisp.glmer function (‘RVAideMemoire’ 

package for R, Herve 2014), which estimates the overdispersion parameter (Φ = ratio of 

residual deviance to residual degrees of freedom). Models with dispersion parameters 

greater than 2 are considered overdispersed, while values under 0.5 are considered 
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underdispersed (Logan 2010). Plots were generated for each GLMM predictor showing 

response variables back-transformed to probabilities using the plotLMER.fnc function 

(LMERConvenienceFunctions package for R, Tremblay 2013). I also report smoothing 

splines (lambda =1) through population averages in seed set to provide a comparison to 

population-level trends. 

 To compare pollen compatibility to mate compatibility I averaged pollen 

compatibility across all hand-pollinated florets collected within each population to obtain 

population-level averages. The relationships between mate compatibility, and population 

size and mean local density were analyzed using linear regression with the lm function 

(‘stats’ package for R; R Core Development Team, 2014).  

Pollen dose-response curve analysis 

 I used the method developed by Alonso et al. (2012) to test my third hypothesis 

and corresponding predictions. This method uses pollen grain x pollen tube dose-

response curves to estimate the qualitative and quantitative components of pollen 

limitation. By isolating the pre-zygotic stages of reproduction (pollen deposition and 

pollen germination), this approach provides insight into the relative importance of 

qualitative versus quantitative pollen limitations to ovule fertilization prior to the influence 

of resource availability, early inbreeding depression. It is also more applicable to studies 

of natural populations because it only requires collecting flowers post-pollination rather 

than seeds. 

 Alonso et al. (2012) postulate that, as stigma pollen loads increase, the relative 

importance of pollen quantity versus pollen quality changes (Alonso et al. 2012, Figure 

1a). At low stigma pollen loads, the number of pollen grains deposited on the style may 
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be insufficient to fertilize the ovule(s), hence imposing a quantitative limitation on ovule 

fertilization. As the number of pollen grains deposited increases, this quantity effect is 

alleviated and the quality of pollen received becomes more important within increased 

competition among pollen tubes for space within the stigma and style (light grey section, 

Figure 1a). The competitive ability of pollen grains varies due to compatibility, 

germination, and pollen tube growth rates, and as space for pollen tubes becomes 

limited within the stigma and style, fewer pollen grains than are deposited can 

successfully germinate and grow to the ovule.  Both the qualitative and qualitative 

components are eventually diminished at high pollen stigma loads (dark grey section, 

Figure 1a).  

 This dose-response relationship can be modelled using piecewise regression, 

where two linear relationships with independent slopes (b1, b2) are fit to the data 

(Figure 1b). The point where these slopes meet, the “breakpoint” (c), indicates where 

the rate of pollen tube penetration changes relative to stigma pollen loads (i.e. pollen 

quality becomes more important than quantity) (Alonso et al. 2012, Figure 1b). I used 

piecewise regression on pollen grain-pollen tube dose-response data for all florets 

collected within each population to identify each parameter (b1, b2, c) as per Alonso et 

al. (2012) and Arceo-Gomez and Ashman (2014).  Assumptions of normality and 

homoscedascity were evaluated independently for each regression line using diagnostic 

plots. Confidence intervals around the breakpoint were estimated using 1000 

bootstraps. The range defined by confidence limits around c represents the range of 

pollen stigmas loads where the importance of pollen quality on pollination success 

begins to exceed that of pollen quantity (Alonso et al. 2012, Figure 2). Therefore, florets 
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falling below the confidence limits around c can be considered to be limited by pollen 

quantity, whereas florets above the confidence interval are limited by the quality of 

pollen received. Flowers within the confidence intervals are considered to be equally 

limited by pollen quality and quantity.  

 Pollen grain-tube dose-response relationships were constructed for each 

population. As per Alonso et al. (2012), I first applied a linear model (lm function, ‘stats’ 

package for R, R Core Development Team, 2014) to evaluate residuals, and then 

constructed a generalized additive model with a smoothing spline, a Poisson error 

distribution, and log-link function to test for nonlinearity (gam function in ‘mcvg’ package 

for R, Wood 2014). A significant spline component indicates non-linearity within the 

pollen grain-tube relationship, and the curvature of the smoothing spline is used to 

determine the initial starting parameter for the breakpoint in the piecewise regression. A 

piecewise regression was fitted for the entire sample of florets for each population to 

estimate b1, b2, and c values as well as confidence intervals around c were estimated 

with non-parametric bootstrapping (put in parameters here) (‘segmented’ package for R, 

Muggeo 2015). Unlike the SAS procedure used by Alonso et al. (2012) (PROC NLIN), 

which uses a grid-searching approach to estimate b1, b2, and c, the segmented 

function in R uses an iterative procedure, which is less sensitive to initial starting 

parameters. I then determined the frequency of flowers that fell below (region I), within 

(region II), and above (region III) the estimated confidence intervals around c. Estimates 

for b1, b2, and c were compared to population size and mean local density using linear 

regression. The relative importance of pollen quantity versus pollen quality within each 

population was tested using a Chi-square test on the frequency of florets in each of 
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these three regions (Alonso et al. 2012, Figure 2). 
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RESULTS 

Population size, local density, and tussock size 

 The local density per focal tussock (n = 169) averaged 7.8 conspecifics within 3m 

(SE = 0.57), and ranged from 0 to 34. Mean local density per population ranged from 0 

for single-tussock populations to 16.1 (population 7; Table 1). Population size ranged 

from one to 492 tussocks, and the mode population size was one (n = 9). Mean local 

density and population size were correlated (ρ = 0.80, < 0.01), with larger populations 

having more closely-aggregated plants, but local densities for individual focal tussocks 

were less correlated with their population size (ρ = 0.59, p < 0.01) indicating moderate 

correlation between these variables and potential collinearity. Focal tussock size, that is 

the number of ramets produced throughout the growing season, ranged from two to 424 

ramets, with an average per tussock of 52 ramets (SE = 4.67). Most focal tussocks 

(90%) produced fewer than 113 ramets. There was no significant correlation between 

average tussock size and population size (ρ = -0.072, p = 0.75) or mean local density (ρ 

=-0.14, p = 0.54).  

Effects of population size and local density on seed set 

 Seed set averaged 0.28 (SE = 0.01) seeds per floret and ranged from 0 to one 

seeds per floret across all inflorescence samples (n = 450 inflorescences). Mean 

population seed set ranged from 0.01 (SE = 0.00; population 30) to 0.63 (SE = 0.04; 

population 49) overall (Table 3), and did not exceed 0.07 (SE = 0.02) in single-tussock 

populations. No individual tussocks completely failed to produce some seed. Seed set 

increased positively with population size (|z|= 4.06, p < 0.01) (Table 4) independent of 
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the effect of local density. However, local density also had a positive independent effect 

on seed set (|z| = 4.93, p < 0.01), which was approximately three times that of 

population size (Table 4.). Seed set was also highly variable across the range of 

population size and local density (Figures 5a and 5b). Tussocks without neighbours 

within 3m often produced seed, although the majority failed to produce more than 0.20 

seeds/floret. In contrast, all inflorescences with local densities greater than roughly 22 

tussocks produced seed, and all but one produced more than 0.20 seeds/floret (Figure 

5b). Cubic smoothing splines on Figure 5 show that average population seed set 

increased more rapidly at low population sizes and densities than individual 

inflorescences. 

 Tussock size was also a significant predictor of seed set. Larger tussocks tended 

to produce fewer seeds per floret after accounting for variation in population size and 

local density (|z| = -1.80, p = 0.07, Table 4); however, maximum seed set was highest at 

intermediate tussock sizes (25 -100 ramets) (Figure 5c). Populations with larger 

average tussock sizes also tended to have lower average seed set, as indicated by the 

cubic smoothing spline shown on Figure 5c, but the highest seed set was observed in 

populations with tussocks ranging from 25-50 ramets in size. 

 Before accounting for fixed effects, variation in seed set was highest among 

populations (SD = 1.26), followed by focal tussocks (SD = 1.10) and sampling dates 

(SD = 0.36). Including population size and local density in the model decreased 

variation in seed set attributed to population-level effects by 46% (SD=0.68), and 

tussock-level effects by 12% (SD = 0.98), indicating the strong influence of abundance 

at both spatial scales, particularly among populations. However, variation among 
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sampling dates only decreased slightly after accounting for both measures of 

abundance (SD = 0.35), indicating that the number of flowering tussocks was constant 

among sampling dates.   

Effects of population size and local density on pollen quantity and quality 

 Estimates of pollen quantity (number of grains on stigmas) and pollen quality 

(pollen germination, pollen compatibility, proportion of florets with more than one pollen 

tube) per floret (n = 2262 florets) were all significantly correlated with one another (Table 

5), but correlations coefficients were all less than 0.20 except for pollen compatibility 

and potential seed set (ρ = 0.99, p < 0.01). The proportion of fertilized ovules was 

therefore both a good indicator of pollen quality and suitable for comparison to seed set.  

 Mean pollen load across all inflorescences (n = 428) was 76.0 (SE = 3.3) grains 

per floret, and ranged from 0 to 499 grains per floret. Average pollen loads were highly 

variable among populations, ranging from 13.3 (SE = 8.9; population 34) to 120.0 (SE = 

57.3; population 68) grains/floret, with isolated tussocks being more variable than 

populations with two or more tussocks in (Table 3). Only 1.3% of individual florets 

sampled did not have any pollen. Most of the variation among inflorescences in average 

pollen loads was among sampling dates and tussocks rather than populations (Table 

6a). Pollen loads did not change significantly with population size (t = −1.08, p = 0.28) 

(Table 6a, Figure 6a), local density (t = 0.83, p = 0.41) (Table 6a, Figure 6b), or tussock 

size (t = -1.05, p = 0.29) (Table 6a, Figure 6b). However, pollen loads did peak in 

tussocks of intermediate size (roughly 35 ramets; Figure 6c), suggesting a non-linear 

relationship. No over dispersion in the data was detected (Φ = 1.01).  

 Mean pollen germination was 0.46 (SE = 0.02), and ranged from 0 to 1. None of 
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the populations or tussocks completely lacked pollen that germinated within their open-

pollinated inflorescences. Only two of the 428 inflorescences sampled completely 

lacked pollen germination, but 10% of the florets sampled that had pollen lacked any 

germination. Populations did range widely in mean pollen germination, from 0.07 (SE = 

0.02) to 0.80 (SE = 0.13), with the most extreme values observed within isolated 

individual tussocks (Table 6b). As with pollen load sizes, most of the variation in pollen 

germination was at the level of sampling date (Table 6b). The number of pollen grains 

that germinated was correlated with pollen load size (ρ = 0.60, p < 0.01), but there was 

no linear effect of pollen load on pollen germination rate (linear regression; t = 0.35, p = 

0.28). Pollen germination did not change with population size (|z| = 1.43, p = 0.15), but 

decreased slightly with local density (|z| = -2.10, p = 0.036) (Table 6b, Figures 7a and 

7b) and increased significantly with tussock size (|z| = 0.093, p = 0.004) (Figure 7c). 

Overall, over-dispersion in the data was also high (Φ = 43.86), indicating substantial 

unexplained variation in pollen germination.  

 The mean pollen compatibility across all inflorescences was low at 0.027 (SE = 

0.004) tubes/pollen grain, and as with pollen loads and pollen germination, pollen 

compatibility varied most among sampling dates and least among populations (Table 

6c). The majority (63%) of inflorescences lacked compatible pollen, having no pollen 

tubes reaching the base of the style, and 84% of the florets sampled had no compatible 

pollen grains. Population averages for pollen compatibility were also low, and ranged 

from 0 to 0.09 (SE = 0.01) pollen tubes/germinated pollen grain (Table 6c). Out of the 

twenty-two populations investigated, eleven had no compatible pollen on their open-

pollinated stigmas, and 9 of these were isolated tussocks. Pollen compatibility was 
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positively related to population size (|z| = 3.97, p < 0.001) and local density (|z| =4.79, p 

< 0.001), but was also more variable among inflorescences at intermediate levels of 

abundance (Table 6c, Figures 8a and 8b). In terms of tussock size, inflorescences 

within intermediate-sized tussock received more compatible pollen on average than the 

largest or smallest tussocks, but there was a linear relationship overall (|z| = -2.97, p = 

0.003). No overdispersion in the data was observed (Φ =1.71).  

 On average, the proportion of florets with one or more compatible pollen tubes was 

0.13 (SE = 0.012) across all collected inflorescences. Mean values for populations 

ranged from 0 to 0.55 (SE = 0.06) (Table 5d); however, population 14 was the only 

population to exceed 0.20 florets with one or more pollen tube per inflorescence. 

Variation was the highest most among sampling dates and populations, but no variation 

at the level of tussocks was detected (Table 6d). The probability of a floret having at 

least one pollen tube within the style varied positively with population size (|z| = 5.2, p < 

0.001) and local density (|z| = 3.9, p < 0.01) with local density having a slightly stronger 

effect (Table 5d, Figures 9a and 9b). Potential seed set was also lower in larger 

tussocks, and as with pollen germination and pollen compatibility, peaked at 

intermediate-small tussocks sizes (Figure 9c). No overdispersion in the data was 

detected (Φ = 0.69).  

Self-compatibility and mate compatibility within populations 

 Out of 238 individual self-pollinations across 64 tussocks and 12 populations, only 

15 showed signs of self-compatibility (typically one pollen tube approaching the base of 

the style), indicating overall high, but potentially inconsistent, levels of self-

incompatibility at the individual floret level. These compatible crosses were from eight of 
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the 64 tussocks self-pollinated, and six of these also had additional crosses without any 

self-compatible pollen present. Only one of the five isolated individual tussocks showed 

signs of self-compatibility, and this was inconsistent among replicate crosses.  

 Mate compatibility at the population-level ranged from 0 to 0.70 (SE = 0.04) (Table 

7). Population size was a strong predictor of mate compatibility with (b = 0.03, t = 4.97, 

d.f. = 13, p < 0.01) and without the inclusion of self-pollinations (b = 0.02, t = 1.90, d.f. = 

8, p = 0.1) (Figure 10). Mean local density had a slightly stronger effect on mate 

compatibility (b = 0.14, t = 7.37, d.f. = 13, p < 0.01) than population size, even after self-

pollinations were excluded (b = 0.23, t = 2.34, d.f. = 8, p = 0.05) (Figure 10); however, 

the effect of local density is likely explained by the correlation between mean local 

density and population size (ρ = 0.96, p < 0.01).  

Effects of pollen quantity, pollen quality, and mate availability on seed set 

 Pollen quantity and quality were overall weak predictors of seed set. Mean seed 

set of inflorescences within sampling visits was not related to mean pollen load (|z| = 

0.86, p = 0.39), mean pollen germination (|z| = -1.41, p = 0.16), mean pollen 

compatibility (|z| = 0.87, p = 0.38), or the proportion of florets with at least one pollen 

tube (|z| = 1.70, p = 0.09) on paired pollen ramets. This was after accounting for the 

effect of tussock size, which had an overall larger effect, though non-significant, effect 

on seed set than pollen quantity or each measure of pollen quality (Table 8a-d, Figures 

11a-d). Overdispersion values ranged from 0.2 - 2.2, indicating a general lack of 

overdispersion in the data.  

 
 
 



 

30 
 

 

Pollen dose-response curve analysis 

 The relationship between pollen grains and pollen tubes per floret was investigated 

for all populations; however, only 9 of the 31 populations had florets with pollen tubes 

and could be used for the piecewise regression analysis (Tables 1 and 9, Figures 12a-i). 

These populations all had population sizes greater than 14 tussocks. Mean pollen loads 

per floret for these nine populations ranged from 54.63 (SE = 7.21) to 124.60 (SE = 

7.87), and pollen tubes per floret ranged from 0.065 (SE = 0.02) to 5.47 (SE = 0.36), 

though only population 14 exceeded an average of one pollen tube per floret (Table 9).  

Regardless of the number of florets receiving compatible pollen and the range of pollen 

load sizes observed, all populations were characterized by a peak in the number of 

pollen tubes at between 50 and 200 pollen grains (Figures 13-21). Higher pollen loads 

consistently failed to produce as many pollen tubes as smaller pollen load sizes 

(Figures 13-21).   

 Only three populations investigated (14, 35, and 49) had significant non-linear 

components to their pollen load-pollen tube dose-response relationship, as indicated by 

cubic smoothing splines (Table 9). The six remaining populations had too few florets 

with pollen tubes or too few pollen tubes per floret to fit a non-linear model, but the 

piecewise regression was completed anyway for comparison. These populations also 

had fewer than the number of flower samples recommended (n = 150 - 200) by Alonso 

et al. (2012), suggesting that sample sizes were too low to encounter enough florets 

with pollen tubes to accurately characterize the dose-response relationship. 

 The slope of the relationship between pollen tubes and grains/floret (b1) can be 
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used as a proxy for pollen quality. Values approaching one indicate higher quality pollen, 

and values approaching zero indicate poor quality pollen (Alonso et al. 2012). Pollen 

quality (b1) did not exceed 0.15 among the nine populations studied, and seven of 

these populations had b1 values that were less than 0.006 (Table 9). Population 14, the 

largest and one of the most dense populations, out-performed all other populations in 

terms of pollen quality (b1 = 0.15). The b1 slope increased significantly with population 

size (R2 adj. = 0.86, t = 7.06, p < 0.01), but not mean local density (R2 adj. = 0.23, t = 

1.83, p = 0.11) (Figure 22). When population 14 was treated at an outlier and removed, 

the relationship between b1 population size (R2 adj. = 0.05, t = 0.57, d.f. = 7, p < 0.59) 

and local density (R2 adj. = 0.07, t = 1.24, d.f. = 7, p = 0.26) disappeared, indicating that 

population 14 had a disproportionate effect on the results. 

 All populations except 35 and 49 shared the same characteristic of having 

negative values for the second slope (b2) (Table 9), which indicates that beyond pollen 

load sizes of size c, increasing pollen had detrimental effects on pollen tube growth 

within the style. In contrast, populations 35 and 49 had positive b2 values, indicating 

that pollen quality still plays a role beyond the breakpoint. These populations contrasted 

in both size and mean local density (Table 1). However, no overall relationship between 

b2 and population size (R2 adj. = -0.17, t = 0.07, d.f. = 8, p < 0.95) or mean local density 

(R2 adj. = -0.16, t = -0.25, d.f. = 8, p < 0.81) were detected.  

 The confidence intervals around c estimate the range of pollen loads over which 

pollen quality limitation transitions to pollen quantity. In terms of the relative frequencies 

of flowers in regions I, II, and III, no differences in the frequency of florets in each region 

was detected for any of the populations (Table 9). In six of the nine populations, the 
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highest frequency of florets was observed within the transitional phase (region II; Bca); 

however, because confidence intervals are sensitive to small sample sizes, the large 

Bca values may be poor estimates for these populations. I tested whether sample size 

and the width of the confidence interval were correlated, implying a sample-size effect, 

and found that they were not (t = -0.35, d.f. = 8, p = 0.36)
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DISCUSSION 

 Pollen limitation of seed set is widespread within the angiosperms (Burd 1994, 

Larson and Barrett 1999, Ashman et al. 2004, Knight et al. 2005) and is often 

exacerbated in fragmented habitats due to changes in plant abundance, pollinator 

abundance and foraging activity, or environmental factors (Lamont 1993, Morgan 1999, 

Cunningham 2000, Aizen et al. 2002, Wagenius 2006, Cheptou and Avendano 2006, 

Aizen and Vasquez 2007, Newman et al. 2013, but see Costin et al. 2001, Kolb and 

Lindhorst 2006). However, the extent to which wind-pollinated species are susceptible 

to pollen limitation is unclear because they are poorly represented in the pollination 

literature (Larson and Barrett 2000, Koenig and Ashley 2003, Wesselingh 2006, 

Friedman and Barrett 2009). The role of pollen quality versus pollen quantity in limiting 

reproduction is also rarely accounted for in pollen limitation studies (Alonso et al. 2012, 

Aizen and Harder 2007). The goal of this study was to determine if reproduction was 

reduced in small fragmented populations of Andropogon gerardii, a self-incompatible 

and wind-pollinated grass, and if such effects were related to pollen quantity or quality 

limitation. I observed a decline in seed set with population size and local density 

consistent with an Allee effect caused by both population and local-scale factors. Pollen 

loads were sufficient to result in fertilization of the majority of ovules, but the low 

compatibility of pollen on open-pollinated stigmas, reduced mate compatibility with 

declining population size, and strong dependence of seed set on the local density of 

tussocks within a range of 3-6m from focal plants suggest that the observed Allee effect 

is the result of low mate availability. Therefore, in fragmented populations of A. gerardii, 

reproduction is limited by pollen quality rather than quantity.   
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Allee effects in small populations of Andropogon gerardii 

 Seed set increased with both population size and local density, ranging from 0.01-

0.07 seeds per floret in isolated single-tussock populations to a maximum of 0.55-0.63 

seeds per floret in the largest and most dense populations (Tables 3 and 4, Figures 5a 

and 5b). A positive relationship between the number or density of conspecifics and a 

component of individual fitness (e.g. seed set) indicates a component Allee effect 

(Stephens et al. 1999). In similar cases, isolated Spartina alterniflora plants along the 

low-density edges of populations produced 8 times fewer seeds per floret than plants 

within high-density interior meadows (Davis et al. 2004), while seed set for the clonal 

macrophyte Scirpus maritimum decreased significantly with the area colonized within 

the isolated ponds occupied by this species (Charpentier 2000). Evidence for such Allee 

effects have also been demonstrated for other wind-pollinated species (Nilsson and 

Wastljung 1987, Smith et al. 1988, Allison 1990, Knapp et al. 2001, Sork et al. 2002, 

Stevens and Waller 2007, Hesse and Pannell, 2011, but see Honig et al. 1992), 

including grasses (Eppley 2005, Firestone and Jeseniuk 2012a). These results confirm 

my prediction that Allee effects are causing diminished seed set in fragmented 

populations of A. gerardii, and also demonstrate that declines in both population size 

and local plant density are both important for wind-pollinated species.  

 The probability of setting seed was over three times higher for an increase in local 

density by one tussock than an increase in overall population size by one tussock. 

Despite a moderate correlation between these variables, this indicates that variation in 

fecundity is likely more sensitive to changes in abundance locally than within the 

population as a whole. This interpretation is supported by the fact that plants are sessile 
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and have restricted pollen dispersal capabilities, such that the conspecifics with whom 

they most often mate are found within a relatively small area in comparison to the size 

of their population (Levin 1988). The local density of tussocks within a radius of 3m-6m 

from focal tussocks was a better predictor of seed set than the nearest neighbours or 

farthest neighbours up to 10m, indicating restricted mating. Several mechanisms likely 

explain this pattern. First, plants within close proximity to each other are more likely to 

be related, and therefore incompatible (Byers and Meagher 1992), because A. gerardii 

and reproduces clonally (Keeler et al. 2002) and disperses seed locally (Rabinowitz and 

Rapp 1981). Second, the density of pollen diminishes rapidly within several meters of 

source plants (Connor 1979, Li et al. 2008), so that pollen from tussocks beyond 6m is 

less frequently received. Overall, these findings are consistent with the few wind-

pollinated species studied, which indicate that the density or proximity of flowering 

conspecifics is a strong predictor of seed set for wind-pollinated species (Ghazoul 

2005). 

Evidence of pollen quantity limitation 

 The average amount of pollen received by open-pollinated A. gerardii florets was 

76 grains per floret (populations ranged from 26 - 155 grains/floret), suggesting that 

open-pollinated inflorescences received a sufficient quantity of pollen to fertilize their 

single-ovule florets, and are not limited by the quantity of pollen received. In fact, the 

pollen loads sizes observed here were much higher than other grasses capable of 

producing seed with much less pollen e.g. Spartina alterniflora (~6 per stigma; Davis et 

al. 2004) and Leymus chinensis (~16.5 per stigma; Huang et al. 2004). In contrast to my 

predictions, population size and local density had no relation to the number of pollen 



 

36 
 

grains per floret. This unexpected given that most other studies on wind-pollinated 

species have found that that pollen load sizes strongly reflect the abundance of 

conspecifics (Tonsor 1985, Allison 1990, Cruden 2000, Knapp et al. 2001, Davis et al. 

2001; Steven and Waller 2007, but see Wang 2013, Seltmann et al. 2007). For 

instance, Davis et al. (2004) found that both pollen load on the stigmas of Spartina 

alterniflora and ambient pollen conditions were strongly related to local plant density, 

and were strong predictors of seed set. For A. gerardii, pollen load size also had a 

weakly negative relationship with seed set (Table 8, Figure 11), suggesting that 

additional pollen would have no effect on increasing seed set. The only comparable 

findings for this species are from McKone et al. (1998), who performed supplemental 

pollinations on A. gerardii tussocks using pollen from neighbours within 2m, and found 

no increase in seed set over open-pollinated controls. The compatibility of the 

supplemental pollen was likely similar to that received by open-pollinated flowers given 

the proximity of the pollen donors, suggesting that these plants were not limited by 

pollen quality. Further evidence against quantitative pollen limitation from the current 

study comes from the isolated individual tussocks, who had comparable pollen loads yet 

produced substantially less seed over tussocks in large populations with high local 

density. High pollen loads on isolated tussocks are likely the result of geitonogamous 

pollination between ramets, given the high numbers of ramets produced throughout the 

season and the extensive overlap in flowering time. Overall, his suggests that pollen 

quantity is not a limiting factor for reproduction in Andropogon gerardii.  

 The high unexplained variation in pollen receipt suggest a stochastic pollination 

environment; however, the timing of collection within sampling dates may also 
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contribute to this. For instance, grass pollen is deposited continuously on stigmas 

throughout anthesis (Huang et al. 2004), which is expected to occur from 4am - 9am for 

A. gerardii (Norrmann et al. 1997, Selbo and Snow 2005). By visiting each site in late-

morning to early afternoon, I attempted to collect floras post-pollination. However, 

differences in microclimate within and between sites may result in inconsistent flowering 

times between tussocks or populations, and as a result some inflorescences may have 

been collected before stigmas were fully pollinated. The apparent stochastic pollination 

may also have been the result of the low sample sizes per inflorescence (n = 3 – 10) 

relative to the number of florets produced (mean = 33 sessile florets per inflorescence). 

Therefore, the highly variable pollen load sizes observed may not accurately reflect 

open-pollinated conditions, but experimental error.  

Evidence of pollen quality limitation 

 Pollen germination was moderate across all of the florets sampled, with the 

proportion of pollen grains producing tubes only 0.46 on average. This is substantially 

lower than the prairie grass Dichanthelium liebergii with germination rates of 0.68 -0.96 

(Wang 2014), but was higher than Spartina angelica who's pollen germination ranged 

from 0.20 – 0.28 (Li et al. 2008). In both of these studies supplemental outcross 

pollination resulted in significant increases in seed set, indicating pollen quality 

limitation. However, low pollen germination isn't likely to limit seed production given that 

the average pollen load size is large enough to counteract low germination and 

overcome pollen population effects e.g. 2-10 grains per stigma (Cruden 2000). 

Furthermore, only 2 of the 428 inflorescences sampled had any florets with no 

germinated pollen. I also found no evidence that pollen germination varied with 
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population size or local density, or that it was a good predictor of seed set. In fact, pollen 

germination was more variable among sampling dates than populations or tussocks, 

which suggests that climatic factors, such as daily temperature fluctuations, may have a 

stronger influence (Delph et al. 1997).  

 Estimates of pollen compatibility showed that proportionally only 0.03 of 

germinated pollen grains were compatible, and this ranged from roughly 0 in the 

majority of populations to only 0.07 in the largest and most dense population (population 

14; Table 3). This translated to an average proportion of only 0.13% of florets having at 

least one pollen tube that grew to the ovule, which ranged from 0 – 0.55 between the 

smallest and largest populations. The piecewise regression analysis also indicated that 

pollen quality was low based on the weak effect (b1) of increasing pollen load size on 

pollen tube production (Table 9, Figures 12-20). As expected, these findings indicate 

that pollen quality has the potential to limit seed set, particularly in the smallest 

populations and for tussocks with few neighbours. Indeed, mate compatibility increased 

with population size for the subset of populations investigated (Figures 13-21), 

indicating that the number or diversity of SI mating types is higher in larger populations, 

as observed by Byers (1995), Charpentier et al. (2000), Campbell and Husband (2007), 

Pickup and Young (2008), Fischer et al. (2003), Berjano et al. (2013). However, mate 

compatibility for each population was calculated from an uneven number of focal 

tussocks and crosses per population, so these estimates may be inaccurate. The local 

density of tussocks also had a slightly stronger effect on pollen compatibility and seed 

set than population size did, suggesting that individual tussocks are more limited by 

access to compatible mates (i.e. mate availability) rather than the total number of 
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compatible mates within a population.  

Relative Importance of Pollen Quality and Quantity on Reproduction  

 I found stronger evidence for pollen quality limitation of seed set based on ample 

pollen supply but poor pollen tube growth on open pollinated florets, as well as declining 

mate compatibility with population size. However, reproduction was most dependant on 

the local density of neighbours within 3m. These findings suggest that mate availability, 

that is access to compatible mates, is most limiting for A. gerardii. Therefore, A. gerardii 

tussocks are likely to be pollen quality limited if they have too few neighbours within 

close proximity (e.g. 3-6m), even if they are within large populations. Importantly, this 

indicates that both minimum population sizes and densities are likely important for 

preventing Allee effects in fragmented populations of wind-pollinated species, but that 

relatively small populations are more likely to persist if their plants are aggregated.  

 The dose-response curves for each population also showed that pollen tube 

numbers peaked at low-intermediate pollen load sizes (Figures 18-20), suggesting a 

sufficient pollen load size may be required to maximize pollen tube growth, and hence 

an interaction between pollen quantity and quality. Pollen competition is likely highest at 

intermediate pollen load sizes, because pollen competition increases with the number of 

pollen tubes within the style. This phenomenon can have fitness consequences 

because it causes selection for rapid pollen tube growth rates, which translates to 

increased offspring vigor because many of the genes controlling pollen tube growth 

rates are also expressed in the sporophyte (Mulcahy 1987). Pollen competition effects 

on fitness are widely documented for plant species (Windsor et al. 2000, Erbar 2003). 

Therefore, while pollen receipt had only a weak direct relationship with seed set, it likely 
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still contributes considerably to qualitative pollen limitation through its regulation of 

pollen tube numbers within the style, and ultimately offspring performance. The weak 

relationship between pollen quantity and quality and seed set may also be because 

pollen quantity/quality and seed set estimates were made from different ramets; 

therefore, they are not directly comparable.   

Effect of Tussock Size on Pollen Limitation and Reproduction 

 Seed set declined slightly with the number of ramets per tussock (Table 4); 

however, intermediate-sized tussocks outperformed those above 100 ramets in size and 

below 10 ramets (Figure 5). This pattern was also present in comparisons between 

tussock size and pollen load size, pollen germination, pollen compatibility, and the 

proportion of florets with at least one pollen tube, indicating a consistent influence on 

patterns of reproduction through pollen quantity and quality. This result may reflect an 

optimum tussock size for reproductive success. Smaller tussocks may have reduced 

seed set because they are less efficient at capturing pollen (De Jong and Klinkhamer 

1983). For instance, grasses that are taller and have more inflorescences can capture 

more pollen in comparison to smaller plants, as in Festuca pratensis (Rognli et al. 

2000). However, large plants are also more likely to pollinate geitonogamously (Harder 

and Barrett 1995, Routley et al. 2004), and hence suffer from stigma clogging (Proctor 

et al. 1996) and increased self-incompatibility (De Jong et al. 1993, Reusch 2001). A 

decline in reproduction in large genets may also occur due to competition among 

ramets and a reduction in resources allocated to inflorescence (Stephenson 1981, 

Wesselingh 2006, Klinkhamer and de Jong 1987). Furthermore, larger Andropogon 

gerardii tussocks may suffer from self-shading, where their interior ramets become 



 

41 
 

shaded by their exterior ramets resulting in lower ramet production (Jurik and 

Kleibenstein 2000), and hence less opportunity for mating. 

Implications for wind-pollinated species in fragmented habitats  

 The evidence for pollen limitation in my study has important implications for the 

conservation of self-incompatible, wind-pollinated species, such as Andropogon 

gerardii. Fragmented populations of such species are vulnerable to Allee effects 

because reproductive success becomes reduced in small and low density populations. 

For Andropogon gerardii, this is due to low mate availability, or the combined effect of 

low mate compatibility in small populations and restricted dispersal between compatible 

individuals at low plant densities. As Berec et al. (2006) show, multiple Allee effects can 

lead to disproportionate effects on components of individual fitness, and hence 

threshold population sizes or densities. Therefore, determining if and how pollen 

limitation influences population dynamics are important for mitigating their effects and 

preventing extirpation (Ashman et al. 2004).  

 If biologists hope to maintain or establish self-sustaining populations, determining 

whether pollen limitation is impacting reproduction, and to what extent pollen quality or 

quantity are most limiting are critical for determining effective conservation or restoration 

approaches. For instance, overcoming low mate-compatibility may require the addition 

of novel genotypes (e.g. translocation) (Pickup and Young 2008, Berjano et al. 2013), 

ideally from a number of different populations (Levin 2009) to maximize S-allele 

diversity (Lawrence 2000, Castric and Vekemans 2004. However, if these new plants 

are not planted within close proximity to existing plants, than they may have little impact 

on increasing sexual reproduction. Rather, augmenting low-density populations by in-
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filling would both increase the diversity and availability of mates simultaneously. Pollen 

limitation within populations can also vary within seasons and among years (Burd 1994, 

Ashman et al. 2004, Knight et al. 2005). If pollen limitation is chronic, then populations 

are expected to either evolve in their reproductive or life history characteristics to 

minimize pollen limitation, or decline until they become extinct. In fact, many clonal, self-

incompatible species are threatened by extinction due to chronic mate limitation (Les et 

al. 1993, Amat et al. 2011). Future studies should therefore determine the influence of 

both qualitative and quantitative pollen limitation on Allee effects over the complete 

lifecycle of plants, or at least multiple seasons (e.g. Dudash and Fenster 1997, Berjano 

et al. 2013), particularly for long-lived, clonal, and self-incompatible species, in order to 

fully understand the implications of pollen limitation on population persistence (Ashman 

et al. 2004).  
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Table 1. List of study sites and their locations, population size, mean local density, and 
the analysis included. Population size is the number of Andropogon gerardii tussocks, 
and mean local density is the average number of tussocks within 3m of focal tussocks. 
All sites are within UTM Zone 17 except population 62, which was in UTM Zone 18. 

Site ID 

UTM Coordinates 

Size 
Mean 
Local 

Density

Statistical Analyses  

X Y 
Pollen 

Qty & Qly 
Seed 
Set 

Mate 
Compatibility 

Piecewise 
Regression

1 2 696153 4883445 108 10.10 X X X X 

2 3 695263 4883540 53 5.75 X X X X 

3 4 695127 4883454 31 3.56 X X X X 

4 5 694055 4883048 14 6.43 X X X X 

5 6 693029 4883512 117 14.38 X X X X 

6 7 693021 4883645 43 16.14 X X X X 

7 8 693364 4883923 120 11.10  X X  

8 11 695098 4884552 1 0.00   X  

9 12 695922 4885177 1 0.00 X X X  

10 14 699030 4885708 492 15.60 X X X X 

12 18 695714 4877654 1 0.00   X  

13 26 698135 4881386 1 0.00 X X X  

14 29 708058 4883057 4 0.00 X X   

15 30 693468 4883478 1 0.00 X X   

16 31 694005 4885131 5 4.00 X X   

17 34 702094 4879307 1 0.00 X X X  

18 35 699002 4885268 30 5.40 X X X X 

19 41 703468 4879848 1 0.00 X X   

20 42 703845 4879973 1 0.00 X X   

21 43 706107 4880822 2 1.00 X X   

22 49 699065 4886290 103 9.00 X X  X 

23 56 733342 4888564 36 6.38  X   

24 58 734286 4886318 14 5.50  X   

25 59 734190 4886211 27 5.22  X   

26 60 734363 4886327 140 8.89  X   

27 62* 260393 4888222 250 13.67  X   

28 63 734468 4886314 5 2.80  X   

29 68 698366 4885699 1 0.00 X X   

30 69 711556 4876678 14 7.50  X   

31 70 707775 4884767 1 0.00 X X   

32 72 698946 488654 2 0.00 X X   

33 73 694280 4884001 3 2.00 X X   

34 75 734654 4886338 1 0.00   X     
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Table 2. Summary of generalized linear mixed effect models (GLMM) used to estimate 
the effects of population size, local density, maternal size (number of ramets), and mate 
availability on pollen quantity (pollen load), measures of pollen quality (pollen 
germination, pollen compatibility, and the proportion of florets with one or more pollen 
tubes), and seed set. Random effects for each model include population, tussock 
(nested within population), and sampling date. GLMMs specified a binomial link function 
for all models except pollen load, which used a negative binomial link function to 
account for overdispersion. 

Response Variable Fixed Effects 

Pollen load Square root (population size) + square root (local density+1) 

Pollen viability Square root (population size) + square root (local density+1) 

Pollen compatibility Square root (population size) + square root (local density+1) 

Proportion of florets with >0 
pollen tubes 

Square root (population size) + square root (local density+1) 

Seed set Pollen compatibility +  tussock size  

Seed set Pollen load +  tussock size 

Seed set Pollen viability +  tussock size 

Seed set Proportion of ovules fertilized +  tussock size  

Seed set Mate compatibility +  tussock size  

Seed set 
Square root (population size) + square root (local density+1) + 
tussock size 
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Table 3 mean values (SE) of pollen quantity (pollen grains per floret), measures of 
pollen quality; (pollen germination (Pg; proportion of germinated pollen grains), pollen 
compatibility (Pc; the proportion of pollen grains with tubes reaching base of style), the 
proportion of florets with one or more pollen tubes (Pt), and seed set, for each 
population. Values were obtained by averaging across all floret and seed samples 
collected within each population. Astrices (*) indicate single tussock populations.  

ID 

Pollen Quantity   Pollen Quality   Seed Set 

Mean  SE   
Mean 
(Pg) 

SE 
Mean 
(Pc) 

SE 
Mean 
(Pt) 

SE   Mean SE 

2 77.46 8.99  0.34 0.04 0.03 0.01 0.06 0.02  0.56 0.04 

3 39.63 7.53  0.38 0.06 0.01 0.01 0.05 0.02  0.13 0.02 

4 55.00 9.62  0.09 0.03 0.04 0.02 0.04 0.01  0.15 0.05 

5 104.78 21.62  0.18 0.06 0.05 0.02 0.05 0.02  0.36 0.06 

6 69.08 8.04  0.48 0.05 0.01 0.00 0.12 0.04  0.27 0.04 

7 104.37 16.98  0.56 0.06 0.01 0.00 0.13 0.04  0.38 0.04 

8 - -  - - - - - -  0.55 0.04 

12* 84.80 21.23  0.80 0.05 0.00 0.00 0.00 0.00  0.02 0.01 

14 75.64 9.56  0.59 0.03 0.09 0.01 0.55 0.06  0.55 0.04 

26* 74.29 35.05  0.80 0.13 0.00 0.00 0.10 0.06  0.03 0.02 

29 66.35 8.23  0.57 0.08 0.00 0.00 0.00 0.00  0.12 0.03 

30* 117.33 46.16  0.51 0.10 0.00 0.00 0.00 0.00  0.01 0.00 

31 64.60 15.93  0.57 0.05 0.00 0.00 0.01 0.01  0.13 0.06 

34 13.33 8.95  0.64 0.23 0.00 0.00 0.00 0.00  0.02 0.01 

35 69.60 11.70  0.69 0.03 0.01 0.00 0.15 0.03  0.21 0.03 

41* 73.50 27.32  0.32 0.13 0.00 0.00 0.00 0.00  0.05 0.02 

42* 83.17 16.09  0.37 0.16 0.00 0.00 0.00 0.00  0.01 0.01 

43 77.20 12.72  0.32 0.12 0.02 0.02 0.03 0.01  0.03 0.01 

49 92.95 10.30  0.47 0.06 0.07 0.02 0.19 0.03  0.63 0.04 

56 - -  - - - - - -  0.04 0.01 

58 - -  - - - - - -  0.18 0.05 

59 - -  - - - - - -  0.24 0.04 

60 - -  - - - - - -  0.29 0.04 

62 - -  - - - - - -  0.31 0.04 

63 - -  - - - - - -  0.04 0.01 

68* 120.00 57.33  0.58 0.15 0.00 0.00 0.00 0.00  0.02 0.01 

69 - -  - - - - - -  0.17 0.04 

70* 74.00 15.70  0.55 0.11 0.00 0.00 0.01 0.01  0.07 0.02 

72 76.60 27.01  0.05 0.01 0.01 0.01 0.03 0.03  0.06 0.02 

73 84.50 26.08  0.07 0.02 0.00 0.00 0.00 0.00  0.03 0.02 

75* - -   - - - - - -   0.02 0.01 
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Table 4 Summary of the generalized linear mixed effects models (GLMM) of the effect of 
population size, local density, and tussock size (number of ramets) on inflorescence 
seed set (average number of seeds per floret). 
Random Effects SD       

Population 0.6814    

Tussock Size 0.9785    

Date 0.3489    

Fixed Effects Estimate SE Z-value P-value 

Interecept -3.387 0.377 -8.990 <0.01 

Square root (population size) 0.1362 0.0334 4.0860 <0.01 

Local density 0.4216 0.0855 4.9300 <0.01 

Tussock Size -0.0533 0.0296 -1.7970 0.0724 
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Table 5 Matrix of Spearman rank correlations (ρ) for pollen quantity (pollen load) and 
measures of pollen quality (pollen germination (Pg), pollen compatibility (Pc)) and the 
proportion of floret with one or more pollen tubes (Pt). Correlations significant at p = 
0.05 are in bold, and p = 0.01 are in bold and italics. 

  Pollen load Pg Pc Pt 

Pollen Load 1.00 0.05 0.13 0.19 

Pg 0.05 1.00 0.08 0.16 

Pc 0.13 0.08 1.00 0.99 

Pt 0.19 0.16 0.99 1.00 
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Table 6. Summary of the GLMMs of the effect of population size, local density, and 
tussock size (number of ramets) on average A) pollen load, B) pollen germination, C) 
pollen compatibility, and D) potential seed set. Estimates are Log Likelihood ratios. 
A)  Pollen load         

Random Effects SD       

Population 0.1852       

Tussock 0.2658    

Date 0.3512    

Residual 0.9902       

Fixed Effects Estimate SE t-value P-value 

Intercept 4.3470 0.2105 20.6550 < 0.001 

Square root (population size) -0.0157 0.0146 -1.0760 0.2820 

Square root (local density+1) 0.0413 0.0498 0.8300 0.4070 

Square root (tussock size) -0.0177 0.0168 -1.0520 0.2930 

B) Pollen germination     

Random Effects SD       

Population 0.6428       

Tussock 0.7895    

Date 2.1185       

Fixed Effects Estimate SE Z-value P-value 

Intercept -0.7514 0.6860 -1.0950 0.2734 

Square root (population size) 0.0497 0.0348 1.4300 0.1529 

Square root (local density+1) -0.1844 -0.1844 -2.0990 0.0358 

Square root (tussock size) 0.0926 0.0322 2.8740 0.0041 

C) Pollen compatibility     

Random Effects SD       

Population 0.4326       

Tussock 0.9739    

Date 1.8409       

Fixed Effects Estimate SE Z-value P-value 

Intercept -8.3017 0.8102 -10.2460 < 0.001 

Square root (population size) 0.1511 0.0381 3.9670 < 0.001 

Square root (local density+1) 0.6450 0.1346 4.7910 < 0.001 

Square root (tussock size) -0.1626 0.0548 -2.9690 0.003 
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Table 6 continued. 
D) Proportion of florets with >0 
pollen tubes 

        

Random Effects SD       

Population <0.0000       

Tussock 0.7399    

Date 1.0910       

Fixed Effects Estimate SE Z-value P-value 

Intercept -4.4547 0..56.194 -7.9270 < 0.001 

Square root (population size) 0.1358 0.0261 5.2030 < 0.001 

Square root (local density+1) 0.4602 0.1177 3.9110 < 0.001 

Square root (tussock size) -0.1240 0.0479 -2.5890 0.0096 
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Table 7 Population size, the number of cross-pollinations performed, and estimates of 
mate compatibility for each population. 

Population ID Population Size No. Crosses 
Mean Proportion of 
Compatible Crosses 

SE 

2 108 237 0.51 0.05 

3 53 130 0.31 0.05 

4 31 167 0.41 0.05 

5 14 103 0.47 0.07 

6 117 129 0.46 0.06 

7 43 101 0.44 0.07 

8 120 187 0.54 0.05 

11 1 10 0.33 0.33 

12 1 3 0.00 0.00 

14 492 163 0.70 0.04 

18 1 25 0.00 0.00 

26 1 8 0.00 0.00 

34 1 10 0.00 0.00 

35 30 217 0.29 0.05 
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Table 8 Summary of the GLMMs of relationship between A) pollen load, B) pollen 
germination, C) pollen compatibility, D) the proportion of florets with one or more pollen 
tubes, and average seed set within inflorescences on paired seed ramets. Tussock size 
is included as a covariate in each analysis. 

 A) Pollen load         

Random Effects SD       

Population 1.4480       

Tussock 0.9467    

Date 0.4515    

Fixed Effects Estimate SE Z-value P-value 

Intercept -1.4777 0.5726 -2.5810 0.0099 

Square root (pollen load) -0.0783 0.0221 -3.5390 0.0004 

Maternal size -0.0619 0.0460 -1.3470 0.1781 

B) Pollen germination         

Random Effects SD       

Population 1.4450       

Tussock 0.9463    

Date 0.4489    

Fixed Effects Estimate SE Z-value P-value 

Intercept -1.9059 0.5682 -3.3540 0.0008 

Pollen viability 0.2398 0.1705 1.4070 0.1595 

Maternal size -0.0710 0.0460 -1.3250 0.1852 

C) Pollen compatibility         

Random Effects SD       

Population 0.7884       

Tussock 0.6664    

Date 1.3922    

Fixed Effects Estimate SE Z-value P-value 

Intercept -1.6851 0.4878 -3.4550 0.0006 

Pollen compatibility 2.0383 2.3315 0.8740 0.3820 

Maternal size -0.0799 0.0445 -1.7970 0.0724 

D) Proportion of florets with >0 pollen tubes       

Random Effects SD       

Population 1.4659       

Tussock 0.9531    

Date 0.3835    

Fixed Effects Estimate SE Z-value P-value 

Intercept -1.7709 0.5521 -3.2080 0.0013 

Proportion of fertilized ovules 0.2119 0.1644 -1.2880 0.1976 

Maternal size 0.0620 0.0463 -1.3380 0.1809 
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Table 9 Population-level summaries of piecewise regression models describing pollen dose-response relationships in 9 
populations. The florets column indicates the number of samples per population.  

ID 
Population 

Size 

Average 
Local 

Density 
Florets 

Pollen Load Summary  Piecewise Regression 

Mean Pollen 
Load Per 

Floret (SE) 

Mean 
Pollen 

Tubes Per 
Floret (SE)  

R2 
adj 

First 
Slope 
(B1) 

Breakpoint (Bca) 
Second 
Slope 
(B2) 

X2  
p-

value

2 108 10.1 145 109.65 (9.13) 0.23 (0.07)  0.06 0.00 248.30 (15.62-480.90) 0.00 1.82 0.40 

3 53 5.75 107 54.63 (7.21) 0.11 (0.05)  0.04 0.01 25.89 (-8.116 – 59.89) 0.00 1.30 0.52 

4 31 3.56 153 63.013 (7.21) 0.07 (0.02)  0.06 0.00 117.6 (4.25 – 230.90) 0.00 2.04 0.56 

5 14 6.43 125 111.76 (16.23) 0.09 (0.03)  0.06 0.00 25.09 (-25.83 – 76.01) 0.00 0.84 0.66 

6 117 14.37 148 71.35 (7.20) 0.24 (0.08)  0.06 0.01 75.52 (2.66 – 148.40) 0.00 1.79 0.41 

7 43 16.41 156 108.19 (10.63) 0.22 (0.07)  0.07 0.02 19.50 (0.385 – 38.61) 0.00 0.89 0.64 

14 492 15.6 215 105.735 (6.73) 5.47 (0.36)  0.63 0.11 74.64 (59.24 – 90.03) -0.01 0.26 0.88 

35 30 5.4 254 86.74 (7.15) 0.41 (0.06)  0.26 0.01 123.7 (7.89 – 239.50) 0.00 1.45 0.48 

49 103 9 290 124.60 (7.89) 0.62 (0.09)  0.15 0.03 17.03 (2.84 – 31.22) 0.00 1.15 0.56 
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Figure 1 Andropogon gerardii ramet and inflorescence architecture showing sessile 
(hermaphrodite) and pedicellate (male or neuter) floret arrangement. Image from 
McKone et al. (1998). 
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Figure 2 Contiguous distribution of tussocks within population 14 (top, background), and 
relatively isolated tussocks within populations 14 (top, foreground) and 59 (bottom). 
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Figure 3 The distribution of R2 values explaining variation in seed set for populations 
(open circles) and focal tussocks (closed circles) across a range of local density radii. 
Mean seed set for populations and focal tussocks was best explained by local densities 
at 3m and 6m for distances up to 10m. 
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Figure 4 Inflorescence sample from population 12 showing 38 sessile florets (dark blue 
dots), 38 pedicellate florets (pale blue dots) and one seed (white arrow). 
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Figure 5 Mean seed set per inflorescence versus a) population size, b) local density and 
c) tussock size. Solid lines depict the partial effects for each predictor on the probability 
of seed set after accounting for the nested random factors. Each point on the figure 
represents an average value per inflorescence for each sampling date. Dashed lines 
are cubic smoothing splines (λ = 1) through population averages. 
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Figure 6 Mean pollen loads (pollen grains per floret) for individual inflorescences versus 
a) population size, b) local density, and c) tussock size. Solid lines depict the partial 
effects of each predictor on the probability of receiving pollen after accounting for the 
nested random. Each point on the figure represents an average value per inflorescence 
for each sampling date.  
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Figure 7 Mean pollen germination (proportion of pollen load that germinated; Pg) for 
individual inflorescences versus a) population size, b) local density, and c) tussock size. 
Solid lines depict the partial effects of each predictor on the probability of receiving 
viable pollen after accounting for the nested random factors. Each point on the figure 
represents an average value per inflorescence for each sampling date.  
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Figure 8 Mean pollen compatibility (proportion of pollen load with tubes to the base of 
the style; Pc) for individual inflorescences versus a) population size, b) and local 
density, and c) tussock size. Solid lines depict the partial effect of each predictor on the 
probability of receiving compatibility pollen after accounting for the nested random 
factors. Each point on the figure represents an average value per inflorescence for each 
sampling date.  
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Figure 9. The mean proportion of ovules with one or more pollen tubes (Pt) per 
inflorescence versus a) population size, b) local density, and c) tussock size. Solid lines 
depict the partial effects of each predictor on the probability of having at least one pollen 
tube within the style after accounting for the nested random factors. Each point on the 
figure represents an average value per inflorescence for each sampling date.  
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Figure 10 a) Mate availability as a function of the square root of population size (R2 adj 
= 0.646, B = 0.032, t = 4.973 p < 0.01) for fourteen (n = 14) populations (solid line), and 
with the five isolated individual populations removed (R2 adj = 0.610, B = 0.018, t = 
3.678, p < 0.01; broken line); and b) mate availability as a function of average local 
density with (R2 adj = 0.773, B = 0.041, t = 6.730, p < 0.01) and without (R2 adj = 0.669, 
B = 0.020, t = 4.42, p < 0.01) isolated individual populations. The solid circles represent 
three overlapping points, all isolated individual tussocks.  
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Figure 11 Partial effects of pollen load (A), pollen germination (B), pollen compatibility 
(C), and potential seed set (D) on seed set for inflorescences. Solid lines depict the 
partial effects (probability) of each predictor after accounting for the effect of tussock 
size (not shown) from each GLMM. 

Proportion of florets with >0 pollen tubes 
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Figure 12 Piecewise regression scatterplot for population 2, and the corresponding 
histogram showing the proportion of florets sampled below (region I), within (region II), 
and above (region III) the 95% confidence interval (indicated by dotted vertical lines) 
around the breakpoint (indicated by a break in the solid regression line). 
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Figure 13 Piecewise regression scatterplot for population 3, and the corresponding 
histogram showing the proportion of florets sampled below (region I), within (region II), 
and above (region III) the 95% confidence interval (indicated by dotted vertical lines) 
around the breakpoint (indicated by a break in the solid regression line). 
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Figure 14 Piecewise regression scatterplot for population 4, and the corresponding 
histogram showing the proportion of florets sampled below (region I), within (region II), 
and above (region III) the 95% confidence interval (indicated by dotted vertical lines) 
around the breakpoint (indicated by a break in the solid regression line). 
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Figure 15 Piecewise regression scatterplot for population 5, and the corresponding 
histogram showing the proportion of florets sampled below (region I), within (region II), 
and above (region III) the 95% confidence interval (indicated by dotted vertical lines) 
around the breakpoint (indicated by a break in the solid regression line). 
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Figure 16 Piecewise regression scatterplot relationship for population 6, and the 
corresponding histogram showing the proportion of florets sampled below (region I), 
within (region II), and above (region III) the 95% confidence interval (indicate by dotted 
vertical lines) around the breakpoint (indicated by a break in the solid regression line). 
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Figure 17 Piecewise regression scatterplot for population 7, and the corresponding 
histogram showing the proportion of florets sampled below (region I), within (region II), 
and above (region III) the 95% confidence interval (indicated by dotted vertical lines) 
around the breakpoint (indicated by a break in the solid regression line).  
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Figure 18 Piecewise regression scatterplot for population 14, and the corresponding 
histogram showing the proportion of florets sampled below (region I), within (region II), 
and above (region III) the 95% confidence interval (indicate by dotted vertical lines) 
around the breakpoint (indicated by a break in the solid regression line). 
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Figure 19 Piecewise regression scatterplot for population 35, and the corresponding 
histogram showing the proportion of florets sampled below (region I), within (region II), 
and above (region III) the 95% confidence interval (indicated by dotted vertical lines) 
around the breakpoint (indicated by a break in the solid regression line). 
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Figure 20 Piecewise regression scatterplot for population 49, and the corresponding 
histogram showing the proportion of florets sampled below (region I), within (region II), 
and above (region III) the 95% confidence interval (indicated by dotted vertical lines) 
around the breakpoint (indicated by a break in the solid regression line) around the 
breakpoint (indicated by a break in the solid regression line).  


