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ABSTRACT 

 Many populations are locally adapted to their environment, but across an environmental 

gradient, trade-offs among phenotypic traits may result in a failure to adapt. Species exist across 

a seasonal gradient, which can create selection for phenology, the timing of key life history 

events. Flowering phenology is important because flowering late exposes the plants to abiotic 

risks, like frost damage, whereas flowering early can lower fecundity if there is a trade-off 

between time to and size at flowering. This trade-off should result in different patterns of 

selection across a seasonal gradient, with stabilizing selection favouring intermediate flowering 

in long growing seasons, and selection favouring early flowering in short growing seasons. 

While this theory is well established, few studies have measured selection on flowering 

phenology across a seasonal gradient in natural populations. 

 In 2015 and 2016, I measured selection on the time to and size at flowering from 12 

populations (24 site × year combinations) of the annual herb Rhinanthus minor (yellow rattle), 

across an elevational gradient of 900m, in the Rocky Mountains of Alberta, Canada. For each 

site × year I quantified the growing season length measured using cumulative growing degree 

days (CGDD).  

 I predicted that 1) CGDD would vary linearly with elevation, 2) There would be selection 

favouring early flowering in sites with low CGDD, 3) There would be stabilizing selection for 

intermediate flowering in sites with moderate and high CGDD, 4) There would be a trade-off 

between time to and size at flowering.  

 Contrary to my predictions I found that 1) CGDD varied quadratically with elevation, as 

low and mid elevational sites had similar CGDD, 2) Selection favoured early flowering plants 
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across the gradient in season length, 3) There was no stabilizing selection for flowering time, 4) 

There was no evidence of a trade-off between time to and size at flowering. 

 There was no evidence for a trade-off, therefore earlier flowering plants were able to 

flower both early and at a larger size, resulting in higher fitness. My results challenge commonly 

held life history assumptions and demonstrate the importance of foundational research in natural 

systems. 
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CHAPTER 1: INTRODUCTION 

1.1 MAIN INTRODUCTION  

Local adaptation is a fundamental process in the ecological and evolutionary 

diversification of plants and animals (Leimu and Fischer 2008). It occurs when selection favours 

different trait optima in different environments so that a population, in a given environment, 

evolves closer to its local phenotypic optimum, compared to a population from a different 

environment (Kawecki and Ebert 2004). When populations are large and genetically diverse, 

with little gene flow between them, stabilizing selection will cause mean trait values to match 

optimal trait values in that environment (Kirkpatrick and Barton 1997), therefore populations 

will be locally adapted (Fig. 1). However, when a population is small with little genetic 

variation, or has antagonistic gene flow from larger populations at different optima restricting 

adaptive potential, they may experience chronic directional selection towards their optimum but 

never reach it (Fig. 1) and therefore be maladapted (Kirkpatrick and Barton 1997). 

It is likely that all species ultimately fail to adapt to some environmental challenges. For 

instance, after a speciation/diversification event or a successful introduction into a new region, a 

species may expand outwards across environmental gradients through incremental local 

adaptation at each new location, yet they almost always reach a geographical/environmental limit 

that likely results from a failure of local adaptation (Kirkpatrick and Barton 1997). It is 

commonly assumed that populations at the center of their geographic range are optimally 

adapted to their environment (Kingsolver and Diamond 2011), hence there should be stabilizing 

selection for key phenotypic traits with trait frequencies exhibiting a normal distribution 

(Colautti et al. 2010a; Fig. 2). At the edge of a range, failure to adapt may occur due to i) a lack 

of genetic variation for a phenotypic trait that would allow persistence in edge environments 
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("genostasis", Bradshaw 1991), ii) pleiotropic effects with other traits that are under antagonistic 

selection (Blows and Hoffmann 2005), or iii) maladaptive gene flow from larger and more 

central populations adapted to different optima (Kirkpatrick and Barton 1997; Paul et al. 2011). 

In all of these scenarios, the mismatch between the optimal trait value (θ) and actual mean trait 

value in a population (z) increases towards the range edge until it is large enough that individual 

fitness, and therefore population growth rates, fall below self-replacement, thereby creating a 

range limit (Kirkpatrick & Barton, 1997; Fig. 1). Under this scenario, edge populations may 

experience directional selection favouring the more extreme phenotypic trait values, and the 

phenotypic distribution of key traits is likely to be narrower and skewed (Fig. 2). Although some 

studies show patterns of phenotypic distribution for traits matching these predictions (see, 

Colautti et al. 2010a), few studies have measured the mode and strength of phenotypic selection 

for these traits across natural environmental gradients.  

Seasonality, predictable temporal variation in biotic and abiotic conditions across the 

yearly cycle, is an environmental pressure that may commonly cause species range limits. 

Seasonality varies across a species geographic range, hence selection should favour timing of 

important life history events (phenology) to coincide with the timing of optimal environmental 

conditions (Chuine and Beaubien 2001). Phenology involves several sequential life history 

events, as the timing of emergence (Donohue et al. 2010), reproductive maturity (Austen et al. 

2017), migration (Cotton 2003), and senescence (Chuine and Beaubien 2001) may all influence 

an individual’s fitness in seasonal environments. In this rapidly changing climate, it is important 

to understand how phenology evolves or fails to evolve in seasonal environments. 

In plants, the initiation of flowering is a heritable phenological trait that often influences 

fecundity and may be under strong selection at range margins (Chuine and Beaubien 2001; 
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Elzinga et al. 2007; Austen et al. 2017). Flowering is also expected to divert resources from 

vegetative growth to reproductive production (Obeso 2002). In short growing seasons, 

individuals that flower early may have a higher likelihood of successful reproduction compared 

to individuals that flower later, which risk increased exposure to adverse conditions, such as 

frost, at the end of the growing season (Inouye and Weigolaski 2003). However, plants that 

flower early may flower at a smaller size and therefore will have less vegetative resources for 

reproduction, lowering their fecundity (Scheepens and Stöcklin 2013). High latitudes and 

elevations are consistently associated with shorter growing seasons (Diez et al. 2014), therefore 

populations at high elevations should be under selection to flower relatively early.  

If there is a trade-off between time to and size at flowering, as well as strong selection to 

flower early, then plants at the upper latitudinal or elevational range limit may fail to adapt to 

their optimal flowering time (Roff 2002).  This will result in a right skewed distribution of 

flowering time, and negative directional selection favouring early flowering at the range limit 

(Colautti et al. 2010a), which will cause recurrent directional selection for early flowering, 

limiting adaptive potential. Beyond this range, plants will not have enough time in their growing 

season to acquire sufficient vegetative resources needed to flower before the onset of frost or 

snow, therefore there will be a stable range limit. Furthermore, this trade-off will favour later 

flowering under longer growing seasons, because individuals that continue to acquire vegetative 

resources instead of reproducing as soon as possible will experience the fecundity benefits of 

growing to a larger size before initiating flowering (Colautti et al. 2010a). 

As local environments are changing from those which plants are historically adapted, 

phenological mismatches are expected to become more common (Forrest and James 2011). This 

may result in untimely exposure to extreme abiotic conditions (Inouye and Weigolaski 2003), 
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pollinator and plant phenological mismatch (Hegland et al. 2009; Forrest and James 2011), and 

altered timing of herbivory (Elzinga et al. 2007). Therefore, we require an understanding of how 

natural selection on phenology varies across gradients of seasonality, to understand how species 

adapt to seasonal pressures inside their range, as well as during range expansion and contraction  

associated with climate change (Van De Putten et al. 2010). Although many studies have 

quantified selection on important phenological traits, like flowering time, in individual 

populations (Hall and Willis 2006; Elzinga et al. 2007; Munguía-Rosas et al. 2011), very few 

have investigated variation in the strength and mode of selection across gradients in growing 

season length, and even fewer have studied patterns of selection up to the upper range limit that 

occurs across a continuous environmental gradient, thereby investigating the evolutionary 

constraints on phenology. 

Here, I present one of the most comprehensive studies of natural selection on phenology 

across a seasonal gradient, using the annual plant Rhinanthus minor L. (Orobanchaceae). In two 

consecutive generations and years, I measured 150 naturally occurring R. minor plants at 12 sites 

distributed along an elevational gradient, in the Canadian Rocky Mountains. On each plant, I 

measured key phenotypic traits such as date of and plant size at the initiation of flowering, as 

well as lifetime fitness. I also measured temperature throughout the growing season at each site 

in 2015 and 2016, as well as other environmental factors that may jointly influence time and size 

at flowering and fitness. With this data, I determine how the mode and strength of selection for 

flowering time varies across a seasonal gradient in growing season length, as well as quantify the 

relationship between time to and size at flowering. In the following introductory sections, I 

provide background on seasonality, selection, phenology, and life history trade-offs in plants, as 

well as my specific research predictions.  
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1.2 SEASONALITY 

 Different measures of seasonality will have different impacts on a species life history, 

therefore it is important to determine biologically meaningful seasonal trends for a species. The 

most common abiotic seasonal trends involve variation in temperature, precipitation, and 

photoperiod (Spano et al. 1999; Menzel et al. 2001). There are also biotic seasonal pressures, 

such as the abundance and timing of pollinator visitation (Herrera 1998), and herbivory (Malo 

and Suárez 1995), which are likely influenced by abiotic seasonality. Growing season represents 

the amount of time during which abiotic and biotic conditions permit plant growth and 

reproduction, therefore different growing season lengths will affect a plants phenology and 

fecundity (Linderholm 2006). In montane environments temperature decreases with increased 

elevation, therefore higher elevations typically have shorter growing seasons which may be 

reduced by months from valley bottom to mountain peak (Körner 2007). 

Although growing season length correlates negatively with elevation, it can be influenced 

by physical features in montane environments (Friend and Woodward 1990). For instance, 

higher elevations experience cooler temperatures, but cool air may flow down elevational 

gradients into valley bottoms during certain times of the day, lowering the temperature at the 

valley bottom (Whiteman et al. 2004). Precipitation can be variable over short elevational and 

geographic distances, because of a mountains topographic effect on wind (Beniston 2005). This 

can affect growing season length by influencing the snowpack depth, which will alter the start of 

a plants growing season (Wipf 2010). The ability of soil to hold moisture as well as the average 

amount of heat energy a plant receives varies with a mountains slope, aspect, soil type, and 

vegetation cover, which all can vary over short distances (Beniston 2005; Dobrowski 2011). 

Montane environments also have high annual variation in seasonality (Dobrowski 2011), 
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influencing a  populations growing season length year to year. While most studies use elevation 

as a proxy for seasonality, it fails to account for the intricacies involved in determining the 

growing season length (Wipf 2010), therefore a more biologically relevant metric of growing 

season for the organism of interest is needed. 

The biological length of a plants growing season is influenced by the accumulation of 

heat energy which is commonly measured as growing degree days (GDD) (Miller et al. 2001). A 

growing degree day is the mean daily temperature above a base temperature at which that plant is 

physiologically capable of growing. Every mean daily degree Celsius increase in temperature 

above the base temperature is one growing degree day (Miller et al. 2001). Growing degree days 

can be summed across the growing season to give cumulative growing degree days (CGDD), a 

biologically relevant measure of heat energy (Körner 2007). Farmers and agricultural researchers 

have widely used CGDD to determine when crops should be sown and harvested (Miller et al. 

2001). Using growing degree days in ecological research requires that the start and end of the 

growing season are defined. For example, growing seasons in temperate latitudes are often 

defined by the melting or accumulation of snowpack in spring and autumn, respectively, and by 

the occurrence of killing frosts. The base temperature threshold must accurately reflect the 

biology of the study species (Cleland et al. 2007). This provides an organism-based view of the 

amount of heat energy a plant has received in a single season.  

1.3 SELECTION 

Phenotypic selection is the co-variation between a phenotypic trait and fitness, often 

measured by the number of offspring produced by an individual. The mode and strength of 

selection indicate how traits exhibiting heritable phenotypic variation may evolve within a 

population (Kawecki and Ebert 2004). Directional selection is a simple linear regression between 
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a trait (x) and fitness (y) (y = a + b(x)), with negative values of b (slope) indicating increased 

fitness for individuals with lower trait values (b < 0), and positive values indicating increased 

fitness for higher trait values (b > 0; Fig. 3). A quadratic regression between the trait and fitness 

(y = a + b(x) + c(x) 2) indicates stabilizing selection favouring the intermediate phenotypes if the 

quadratic coefficient (c) is positive, or disruptive selection favouring individuals at the extremes 

of the trait distribution if the quadratic coefficient is negative (Fig. 3). If variation in the trait is 

heritable, the distribution for that trait in future generations will shift towards phenotypes with 

the highest fitness as the population becomes locally adapted (Kawecki and Ebert 2004).  

 The most commonly used approach to measure natural selection on phenotypic traits was 

developed by Lande & Arnold (1983) and uses multiple regression to estimate two measures of 

selection: direct selection (selection differentials), the slope of a univariate regression between a 

trait and fitness, and total selection (selection gradients), the slope of the partial regression from 

a multiple regression of multiple phenotypic traits on fitness. Predictors are phenotypic trait 

values standardized to a mean of 0 and a standard deviation of 1 (z = x – x̅/sd(x)), and the 

response variable of fitness is relativized to a mean of 1 (ω = y/ ̅y) within each population. By 

standardizing traits and relativizing fitness, selection coefficients can be compared among traits 

and different populations (Geber and Griffen 2003). Selection differentials measure the direct 

strength and direction of selection on traits along with indirect selection on correlated traits, and 

selection gradients measure the “total” strength and direction of selection on traits after 

accounting for selection on correlated traits included in the analysis. For both selection 

differentials and gradients, the first-order regression coefficient represents directional selection, 

and the second-order or squared coefficients represent stabilizing or disruptive selection 

(Stinchcombe et al. 2008). Linear selection differentials are represented by S, quadratic selection 
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differentials are represented by G, linear selection gradients are represented by β, and quadratic 

selection gradients are represented by ү. 

 Phenotypic selection has been measured for hundreds of traits in hundreds of populations 

of diverse species (Kingsolver et al. 2001; Geber and Griffen 2003), however most of these 

studies do not measure selection across natural environmental gradients. Various studies 

measured selection on a variety of plant traits across different environmental gradients, for 

example: Across an aridity gradient from four populations in the annual plant Biscutella didyma 

had selection for more branches in arid environments while there was selection for larger height 

in wetter habitats (Petrů et al. 2006). Selection for flowering phenology along a gradient in 

herbivory, from 20 populations of Gentiana pneumonanthe, changed from favouring early 

flowering to favouring late flowering with the increased presence of its primary herbivore 

Phenagris alcon (Valdés and Ehrlén 2017). There was stronger directional selection for seed 

dispersal structures along an urbanization gradient of 11 populations for the weedy plant Crepsis 

sancta (Cheptou et al. 2008). Finally, selection for early flowering in Campanulastrum 

americanum was stronger in more shaded environments across a gradient of canopy closure 

(Kilkenny and Galloway 2008). Many studies that attempt to measure selection across 

environmental gradients have little replication in the number of populations, and no temporal 

variation. Although there are few studies that measure selection across natural environmental 

gradients, there are even fewer that measure phenology across gradients of seasonality. 

1.4 PHENOLOGY 

There are several phenological events in a plants lifecycle that influence its reproductive 

success (Chuine 2010). In annual plants, phenology is the timing of a linear sequence of 

developmental events: emerging from a seed in the spring, growing vegetatively above and 
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below ground, initiating reproductive structures, flowering, developing fruits, producing viable 

seeds from those fruits, and finally senescence (Fig. 4). Although these life history events follow 

a linear pattern, plants may have multiple reproductive structures that overlap in their timing 

depending on their position on the plant (Fig. 4). As a plant matures, reproductive structures are 

lost through herbivory, disease, abiotic damage from frost and drought, and abortion (Obeso 

2002). Therefore, there may be fewer reproductive structures at each new phenological phase 

(Fig. 4). Other factors that associate with phenology, but are not direct measures include flower 

development time, the amount of time it takes to develop from a flower to produce mature seeds, 

and flowering duration (Austen et al. 2017). 

Two of the most important life history decisions are cotyledon emergence (Donohue et al. 

2010) and flower initiation (Elzinga et al. 2007). Timing of emergence comes with similar trade-

offs as flowering; if a plant emerges too early it risks an early season frost, and if a plant emerges 

too late it risks being outcompeted for light, moisture, and nutrients (Donohue et al. 2010). 

However, among montane plants, emergence date generally coincides with snowmelt, as plants 

germinate rapidly at the beginning of their growing season (Wipf 2010). In contrast, the date of 

first flower can vary widely within a population, as it is influenced by multiple factors including, 

environmental conditions, biotic interactions, and genes that contribute to the onset of flowering 

(Elzinga et al. 2007). This likely generates opportunity for phenotypic selection to influence 

adaptation in flowering phenology within populations of montane plants (Scheepens and 

Stöcklin 2013).   

The initiation of flowering exhibits both genetic and plastic variation influenced by 

several factors (Forrest and Miller-Rushing 2010). A meta analysis that compared different 

classes of phenotypic traits in plants, found the heritability of phenological traits was 0.15, 
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higher than that of vegetative traits (survivorship, biomass, herbivore resistance) but lower than 

morphological and physiological traits (Geber and Griffen 2003). Plasticity also contributes to 

variation in flowering phenology, responding to environmental cues such as temperature, 

photoperiod, and soil moisture (Forrest and Miller-Rushing 2010). The plastic response of 

flowering phenology to temperatures has been extensively studied finding, both co-gradient 

(plants that experience a shorter growing seasons develop more slowly), and counter-gradient 

(plants that experience shorter growing seasons develop faster) patterns of phenology (Conover 

et al. 2009). Precipitation may influence flowering phenology through the snowpack depth 

(accumulated winter precipitation), with increased snowpack resulting in later emergence and 

flowering time (Wipf 2010), and the onset of drought resulting in a plastic response to flowering 

initiation (Brearley et al. 2007). Finally photo period may influence the initiation of flowering as 

plant development is often linked to cycles of daily sunlight (Ausín et al. 2005). In most 

selection studies environmental factors are not measured at a microhabitat scale (Geber and 

Griffen 2003), therefore they cannot account for the influence of different microhabitat factors 

on flowering phenology.  

While studies measuring phenology in plants are common (Elzinga et al. 2007), very few 

studies measure selection on phenology across environmental gradients in natural populations. 

Some approaches testing the environmental influence of selection on phenology include; 

common gardens (Geber and Griffen 2003), artificial environmental manipulations (Dudley and 

Schmitt 1996), and using genetic/ genomic data to infer historical selection (Alberto et al. 2013). 

Although these studies inform how phenology is influenced by environment, natural populations 

experience stochastic biotic and abiotic conditions that can only be replicated in the field.  
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In an exhaustive literature search where I looked for studies measuring selection on 

phenology across an environmental gradient that included at least three natural populations, I 

found only three studies matching that criteria. Etterson (2004) conducted an observational study 

at three sites along a ~1250 km latitudinal gradient in temperature and precipitation, using 200 

plants per site, of the annual legume Chamaecrista fasciculata. During a single year, there was 

strong selection favouring early flowering in the wetter and colder northern site in Minnesota, 

whereas the mode of selection favoured thicker leaves in the warmer drier southern sites in 

Kansas and Oklahoma (Etterson 2004). Stinson (2004) measured selection on phenology for the 

perennial plant Potentilla pulcherrima, in 15 populations of 25 individuals measured over 3 

years, across an elevational gradient in seasonality of 1000m.  There was selection for early 

flowering at both high and low sites, but not at mid elevation, while selection for larger 

maximum size was favoured at all sites (Stinson 2004). Griffith and Watson (2005) measured 

selection on germination and flowering phenology in the annual plant Xanthum strumarium, in 3 

reciprocally transplanted sites along a 1050 km latitudinal gradient, from the center of its range 

in southern Tennessee, to its upper latitudinal limit it central Michigan. As predicted, selection 

favoured large, late flowering phenotypes in the central site, transitioning to selection favouring 

early flowering small phenotypes at the upper latitudinal limit (Griffith and Watson 2005). These 

studies provide evidence that seasonality may influence selection on phenology (Etterson 2004; 

Stinson 2004; Griffith and Watson 2005), but with a limited number of studies that are explicitly 

designed to measure selection on phenology across environmental gradients, it is difficult to 

make generalizations.  
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1.5 TRADE-OFFS 

 Early flowering is likely to be favoured in a short growing season, but if there is a trade-

off between time to and size at flowering the optimal flowering time may never be reached. This 

will reinforce the range limit, preventing local adaptation to environmental conditions beyond 

the range. Conversely the trade-off could reinforce stabilizing selection for flowering time in 

longer growing seasons, as plants that delay reproduction have increased time to acquire more 

resources that can be used for reproductive investment. Determining if there is a trade-off is 

central to understanding how selection on phenology varies across environmental gradients. Life 

history theory predicts that there should be trade-offs between resource acquisition (vegetative 

growth) and reproductive maturity (flowering time; Roff 2002). Therefore, we expect early 

flowering plants will have less time to gather vegetative resources and will flower at a small size. 

This trade-off was detected in a common garden study where populations of Lythrum salicaria 

from northern environments flowered early at a small size, whereas southern populations 

flowered late at a large size (Colautti et al. 2010a). However, both time to and size at flowering 

are conditionally dependent on both genetics (Forrest and Miller-rushing 2010), and or 

environment (Ehrlén and Münzbergová 2017). Therefore, variation among resource acquisition 

or resource status can allow for plants with higher vigor (genetics or microhabitat) to gather 

resources more quickly, and therefore flower both early and at a large size, obscuring the trade-

off expected (Austen et al. 2017). In 24 of 28 studies from natural populations, early-flowering 

plants flowered at a larger size than late flowering plants (Forrest 2014), suggesting variation in 

plant vigor often influences the relationship between time to and size at flowering, especially in 

natural populations. Although phenotypic trade-offs between flowering time and size at 
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flowering have been measured many times (Forrest 2014), few studies attempt to measure the 

sources of confounding variation in environmental or genetic quality in natural populations.  

1.6 PREDICTIONS 

The major goal of my study is to determine how growing season length influences 

selection on flowering time, across an elevational gradient in seasonality. In a previous study 

investigating the elevational range limit of R. minor, Hargreaves and Eckert (unpublished data) 

found that fitness of transplanted individuals above the range was low, and plants that survived 

were small and often failed to flower or produce mature seed due to environmental constraints at 

the end of the growing season. However, when the growing season length was extended by using 

open top chambers, plants had higher survival after germination, grew to a larger size, and 

sometimes produced viable seed, suggesting that there should be selection to flower early under 

short growing seasons. A trade-off between time to and size at flowering could result in 

directional selection, favouring early flowering plants at sites with short growing seasons 

because earlier flowering towards an optimum time to flower would be constrained, and 

stabilizing selection for the optimum flowering time in moderate and long growing seasons 

because of a fecundity advantage to delayed reproduction. Using naturally occurring populations 

of R. minor across an elevational gradient in season length in the Rocky Mountains of Alberta, I 

tested 4 specific predictions: 1) Elevation will correlate negatively with growing season length. 

2) Selection will most strongly favour early flowering in the shortest growing seasons. 3) The 

mode of selection for flowering phenology will be stabilizing in moderate and long growing 

seasons but directional in short growing seasons. 4) There will be a trade-off between date of 

first flower and size at first flower after controlling for variation in plant vigor and abiotic 

microhabitat environment.  
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1.7 FIGURES: CHAPTER 1 

 

 

Figure 1: Range-wide expectations of optimal trait values versus mean trait values. 

A) Hypothetical variation between the population mean trait value (z) and the optimal 

phenotypic trait value (θ) across a geographic range. B) In the center of the geographic range, the 

phenotypic distribution centers on θ, therefore the population is optimally adapted to the local 

environment for that trait. C) At the limit of the range, the phenotypic distribution falls well short 

of θ resulting in low fitness. Ultimately this maladaptation leads to a range limit beyond which 

fitness is too low for a population to persist. Figure based on (Kirkpatrick and Barton 1997).
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Figure 2: Expected range wide patterns of selection on flowering time. 

Conceptual diagram of the relationship between flowering time (date of first flower) and individual fitness (solid lines), as well as the 

phenotypic distribution of flowering dates (dotted lines) across a gradient in seasonality, in the center of a species range (red lines), 

compared to the upper elevation or latitude of a species range (blue lines). The grey dotted line represents a constraint on earlier 

flowering due to either a trade-off between time of flowering versus size at flowering, or a lack of genetic variation for earlier 

flowering time. Total fitness is maximized in the center of the range because of an extended growing season, allowing for a plant to 

grow larger and flower later (red solid line). There is also more variation in the center of the range because at the range edge there is a 

limited window in which a plant can produce seeds in a short growing season at upper range edge sites. At the range edge there is 

stronger selection against late flowering individuals as those plants do not have enough time and resources to produce seed before the 

end of the growing season. Figure based on (Colautti et al. 2010a).  
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Figure 3: Potential modes of selection 

The different modes of selection depicted as regressions of fitness (y) on a phenotypic trait (x) estimated using linear regression with 

the formula y = a + b(x), with b estimating the linear correlation between a trait and fitness. When b=0 there is no phenotypic selection 

(regression coefficients = 0), when b is there is positive directional selection where the highest trait value correlates with the highest 

fitness, and when b is there is negative directional selection where the lowest trait value correlates with the highest fitness. To estimate 

the quadratic (second order) relationship between phenotypic traits (x) with fitness (y) I used a univariate or multivariate regression 

with the formula y = 1 + b(x) + c(x)2 where c is the estimate between the quadratic trait value and fitness. When c is there is positive 

disruptive selection where extreme trait values correlate with the highest fitness, and when c is negative there is stabilizing selection 

where the mean trait values correlate with the highest fitness.
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Figure 4: Typical phenological life history of an annual plant.  

Life history stages progress from top to bottom. There is overlap in vegetative growth and 

production of buds, flowers, developing fruits, and mature fruits. There is also often a reduction 

in the number of reproductive structures at each sequential life history stage via drought, 

herbivory, and fruit abortion (represented by the height of the curves for reproductive structures). 

Logistic growth rate (r), depicted as the dashed blue line in vegetative growth, represents the 

slope of the maximum rate of growth, and is used as a measure of plant vigor. 
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CHAPTER 2: METHODS 

2.1 STUDY SPECIES  

 To study phenology across a seasonal gradient, I required an annual plant that is 

accessible for frequent visits, occurring across a broad gradient of growing season length. These 

criteria were met by Rhinanthus minor (Fig. 5) (Orobranchaceae), a facultative root-hemiparasite 

distributed across Europe and North America (Westbury 2004). It is found in grassy meadows 

and disturbed open environments, in a variety of soil types (Westbury 2004). It parasitizes a 

diverse range of hosts (Westbury 2004), including conspecifics (Gibson and Watson 1989), 

although it preferentially associates with grasses and legumes (Cameron et al. 2006). Root 

haustoria directly penetrate the host xylem to obtain water and nutrients, as the plant is drought 

sensitive and will often wilt and die if its host provides insufficient water (Westbury 2004).  

A summer annual, R. minor follows a predictable life-history growth pattern, from 

germination to seed maturation (Fig. 4). Primary stems are erect with opposite leaves, with either 

secondary branches or flowers developing at upper leaf axils ( ≥ 7th leaf node). Flowers are 

produced in pairs under the leaf axils, and develop sequentially from the bottom up, on the 

primary branches first, then later on secondary and higher order branches (though branches 

beyond secondary are rarely produced) (Fig. 5). As a result, bud production, flowering, and fruit 

development often occur simultaneously within individuals (Fig. 5). In the Rocky Mountains of 

Alberta, bumble bees (Bombus spp.) are the primary pollinators, although plants can produce a 

full complement of seeds through autonomous self-fertilization (Ter Borg, 2005) and 

reproductive plants in the Rocky Mountains of Alberta appear to be predominantly self-

fertilizing and highly inbred (Hargreaves et al. 2015). Each fruit develops within an inflated 

calyx and produces 1-20 seeds (mean = 8.5). Plants produce relatively few fruits (< 50 fruits per 
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plant), with large seeds (average weight = 1.41 mg), allowing accurate estimation of individual 

lifetime fitness (Hargreaves 2014). Once a fruit is mature (~29 days after flowering) the fruit 

capsule splits open, and seeds are passively dispersed, predominantly within 1m of the maternal 

plant. Possible rare long distance dispersal may be mediated by ungulates, as seeds adhere to 

deer fur when wet (Murphy L, Hargreaves AL, Eckert CG, unpublished data), or by small 

mammals that store seeds in burrows (Reichman and Smith 1990). During seed maturation the 

plant senesces and dies, though many plants die prematurely from drought, herbivory, or frost. 

2.2 STUDY AREA 

I studied R. minor at 12 sites ranging from below the elevational center of the range to the 

upper elevational limit in the Kananaskis Valley of the Rocky Mountains of Alberta, Canada 

(Fig. 6).  The upper range limit occurs abruptly at 2300-2400 meters above sea level (further 

elevational measurements made against sea level = 0m), even though what seems like 

appropriate habitat occurs regularly above this limit. The upper range limit was determined 

through extensive field surveys by Dr. Anna Hargraves and Dave Ensing (PhD*) in 2014. Sites 

were ≤ 5km apart, all on east and south east facing slopes, therefore they experienced similar, 

precipitation, sunlight, and day length. Sites were located on the Mount Kidd Lookout Hill (Kd) 

and the Nakiska Ski Hill’s south side (NkS) and north side (NkN). Along each of these transects, 

a site was in each of four elevational classes: Low (~1450m), Mid-Low (~1750m), Mid-High 

(~1975m) and High (2200-2330m) (Fig. 6). Each site had different densities of R. minor and land 

use (Table 1). All high sites were within 150m of the species upper elevational limit, though only 

NkN-H was at the elevational range limit. 
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2.3 PHENOLOGICAL TRAITS AND LIFETIME FITNESS  

To measure phenotypic selection on phenology in R. minor across a gradient of growing 

season length, I monitored ~150 plants per site at ~5-day intervals across their life cycle, from 

near germination to either final fruit maturation or death. At every site, I located 28-46 plots 

(~1m radius) per site, each containing 1-7 plants (Fig. 7). Within a site, all plots were within 

200m of each other (In 10/12 sites, plots were within 50m of each other), and the locations of 

plots varied in 2015 and 2016 depending on where high densities of plants were found. In total, 

two generations of plants were measured within the same 12 sites, for a total of 24 unique site × 

year combinations in which I measured phenotypic selection in R. minor.  

For each plant at each visit, I recorded the number of buds, flowers, developing fruits, 

and mature fruits containing viable seeds, to determine every plant’s reproductive phenology and 

lifetime fitness (Table 2). Specifically, I measured date of first flower as the Julian date between 

the visit in which the first flower was observed and the previous visit. To provide a precise 

estimate of the date of first flower, I estimated it as the Julian date between the date where the 

first flower was observed and the previous measurement date, scaling the date based on the 

proportion of buds that had flowered from the previous visit (Appendix A1). If a relatively high 

proportion of buds had flowered from the previous visit, then the date of first flower was set 

closer to the Julian date of the previous measurement, and if a relatively lower proportion of 

buds had flowered from the previous visit, the date of first flower was set closer to the Julian 

date where the first flower was measured (Appendix A1). To estimate size at flowering I 

measured vegetative traits including plant height, number of leaf nodes, and the number of 

secondary branches, (Table 2) and derived a multivariate PCA based measurement of plant size 

at first flower (Appendix A2). The measurement of plant size was based on a supplementary 
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study using 125 plants from across the elevational range, which were harvested at first flower, 

measured for vegetative and reproductive traits (Table 2), and weighed for dry above-ground 

biomass (g). Because all measured aspects of plant size were inter-correlated, I estimated the first 

principle component (PC1) of the correlation matrix involving height at first flower, number of 

leaf nodes at first flower, and number of buds and flowers at first flower. PC1 correlated strongly 

with above-ground biomass (R = 0.86, R2 = 0.75, P < 0.0001, DF = 123) and was used as the 

measure of plant size at first flower. Height at first flower, number of leaf nodes at first 

flowering, and number of buds and flowers at first flower were estimated as the number between 

the first visit in which a flower was observed, and the previous visit, using the same weighting 

procedure as date of first flower (Appendix A1).  

During each visit I visually determined if a plant had either died or lost any fruits to 

drought, herbivory, frost or snow. I also found the number of plants where reproductive loss was 

unknown, calculated as the difference between the maximum number of reproductive structures 

during a single visit, minus the total number of mature fruits, accounting for other modes of 

reproductive loss. 

If a focal plant died before flowering, it could not be used in the selection analysis 

described below, so I recorded it as dead and selected a new plant that had not flowered within 

the same plot and measured it until death or final fruit maturation. These replacement plants did 

not differ from initial plants for their date of first flower at 19 of 24 sites or total seed production 

at 21 of 24 sites (Table S1), therefore they were included in the selection analysis below.  

I estimated lifetime fitness as the total number of seeds produced by every plant that 

produced at least one mature fruit, indicated by the presence of mature (potentially viable) seeds 

inside a dried and open fruit capsule (Fig. 5). Following Hargreaves (2014b) I estimated total 
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seed production by counting the number of seeds per fruit in a subset (~25%) of mature fruits 

sampled across the plant (primary, and secondary branches), and multiplied the average number 

of seeds per fruit by the total number of mature fruits produced (Appendix A3). If a plant did not 

produce any seeds its fitness was zero.  

2.4 POTENTIAL ENVIRONMENTAL CORRELATES OF PHENOLOGY AND FITNESS 

2.4.1 GROWING SEASON LENGTH 

I measured growing season length as the number of cumulative growing degree days 

(CGDD) (Miller et al. 2001) between the beginning and end of the potential growth season (see 

2.5.1). In 2015 and 2016 I recorded ground level temperature in 1-hour intervals from two evenly 

spaced locations within each site. To record temperature throughout the year I used two HOBO 

Pro v2 2-channel External Temperature Loggers (Onset Computer Corporation) each with two 

temperature probes on them spaced ~1m apart. I measured temperature at ground level as R. 

minor is a small (mean max height = 20.78 cm) annual herb, therefore plants experience ground 

level temperatures (Körner 2007).   

2.4.2 MICROHABITAT 

Within a site, variation in microhabitat quality can influence a plant’s resource 

acquisition potential. This may obscure the trade-off between time to and size at flowering, as 

plants in better microhabitats can potentially acquire resources more quickly and therefore flower 

both earlier and at a larger size (Reznick et al. 2000). In an attempt to control for this 

environmental variation, I measured microhabitat factors which may influence resource 

acquisition potential including percent canopy closure, percent cover of R. minor’s preferred 

hosts (grasses and legumes), and percent soil volumetric water content, from the center of each 

plot (Fig. 7).  
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Percent canopy closure is a proxy for total daily solar radiation, where microhabitats with 

a more open canopy have more daily time in which a plant can photosynthesise, but an increased 

likelihood for drought stress. Once a year, during summer months (June-August) when trees had 

all their leaves, I took a 180° hemispherical photo (2448 × 2448 pixels, 72 dpi) using a fisheye 

lens (oloclip) attached to an iPhone 5 (Apple, California) at every plot. From those photos I used 

SolarCalc 7, manually setting color thresholds to match appropriate lighting conditions, to 

calculate the proportion of the photo that was clear sky, relative to the radial section of the 

hemispherical photo (Mailly et al. 2013), thereby providing an estimate of canopy closure.  

Despite being a hemiparasite, R. minor is sensitive to drought and is rarely found in dry 

or sporadically dry areas (Westbury 2004). I measured percent volumetric water content (VWC) 

in the soil 7-19 times throughout the growing season in 2016, using a handheld moisture probe 

(Beckman Instruments). In 2016, at each visit to a site, I measured soil VWC at ~ 1/3 plots 

chosen at random. Each plot was measured 5-15 times, and from these I calculated average soil 

moisture at each plot, as well as each site’s average and minimum soil moisture (Table S2). 

Heterospecific plants that surround the focal R. minor may compete for light and other 

resources, but also serve as potential hosts. Preferred hosts include grasses (Poaceae) because 

they have easily penetrable roots due to thin cell walls and a lack of external mycorrhizae, and 

legumes (Fabaceae) because they provide an additional benefit by fixing nitrogen (Gibson and 

Watson 1989; Westbury 2004). Therefore, the percent cover of all grass and legume species was 

measured within a 20 x 50 cm Daubenmire quadrat (Daubenmire 1959) placed in the center of 

each plot. 
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2.5. STATISTICAL ANALYSIS 

2.5.1 GENERAL 

 Because each year represented a separate generation of plants that experienced different 

environmental conditions, each site × year was analyzed independently in 2015 and 2016. The 

analyses included often had a different number of plants as each analysis had unique 

requirements for what data needed to be included in the predictors (i.e. date of first flower versus 

size at flowering; Appendix A). For all selection analyses, I estimated both linear and quadratic 

relations, and evaluated their significance using likelihood ratio tests (α = 0.05). Statistical 

analyses were performed using R (R: project for statistical computing, R Core Team 2017; 

version 3.3.2). 

Several analyses involved analyzing variation in a response variable (i.e. selection 

coefficients) across CGDD or elevation. Because every site was studied in both years, I needed 

to account for variation in the site and year from comparisons across CGDD (or elevation) as 

they are non-independent. Therefore, to account for variation in the pattern of the response 

within a site and between years, I created a mixed-effects model that included, CGDD (or 

elevation), squared CGDD (or elevation), year, and the interaction involving year as fixed 

effects, along with site as a random effect on the response variable (Y).  

(i.e. Y ~ CGDD + year + CGDD:year + CGDD2 + CGDD2:year + (1|site)) 

To present the most informative model representing variation in Y across CGDD (or elevation), I 

used the Zuur et al. (2009) approach for determining the minimum adequate model, with 

stepwise backwards elimination using likelihood ratio tests. First, I evaluated the random effect 

of site by comparing a mixed-effects model fit with restricted maximum likelihood (REML) 

using the lmer function in R (lme4 package, version 1.1-12) to a fixed-effects model without site 
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included, fit with REML using the lm function in base R and adjusting the likelihood ratio P 

value (following Zuur et al. 2009). If the random effect of site was significant, indicating that 

data from individual sites were non-independent, I tested the significance of each fixed term by 

comparing mixed-effects models with and without that term fit with maximum likelihood (ML) 

using lmer, removing variables that did significantly improve the predictive power of the model. 

When random variation among sites was not significant, I compared models with different fixed 

effects fit with ML using lm, removing variables that significantly improved the predictive power 

of the model. I conducted the model elimination approach in the same order for every 

comparison, removing terms that did not have sufficiently lower log likelihood values, in the 

following order from top to bottom: 

1. (Y = CGDD + year + CGDD:year + CGDD2 + CGDD2:year + (1|site)) 

2. (Y = CGDD + year + CGDD:year + CGDD2 + CGDD2:year) 

3. (Y = CGDD + year + CGDD:year + CGDD2) 

4. (Y = CGDD + year + CGDD2) 

5. (Y = CGDD + CGDD2) 

6. (Y = CGDD) 

7. (Y = 0) 

A model that includes a significant random effect of site (1.) indicates that sites are non-

independent for their response. A model that includes the significant interaction between CGDD 

and year (2. and 3.) indicates that the pattern of the response variable was different across CGDD 

in 2015 and 2016. A model that includes the significant effect of year (4.) indicates that the 

response differed between years. A model that includes a significant quadratic relation (5.) 

indicates that the pattern of the response changes non-linearly across CGDD. A model that 
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includes a significant linear relation (6.) indicates the pattern of the response varies linearly 

across CGDD. A model that includes no significant terms (7.) indicates the response does not 

vary consistently across CGDD.  

2.5.2 PREDICTION 1: GROWING SEASON LENGTH 

To estimate growing season length for each site in each year, I calculated growing degree 

days from the HOBO data. I averaged hourly temperature from across the four combined probes 

(2 temperature loggers x 2 probes on each) at each site × year combination to find the daily 

maximum (Tmax) and minimum (Tmin). I defined the growing season as bounded by spring and 

fall hard frosts (minimum daily temperature ≤- 4°C) because a hard frost severely damages 

above-ground tissue (though not seeds) or by an insulating snow pack that lasted longer than 

three days (indicated by temperature values between -1.5°C to 1.5°C for 72 hours), because 

plants typically do not survive a snowpack lasting > 3 days (Hargreaves 2014). For each day 

within the growing season, I calculated the daily growing degree days by averaging the daily 

maximum and minimum temperatures and subtracting the base growing temperature (Tbase) of 

5°C ((Tmax + Tmin/ 2) – Tbase). If a growing degree day was less than 0 it was set to 0 for that 

day. I used 5°C as my base as it is the temperature below which North American montane plants 

typically do not grow (Forrest and James 2011). Above 30°C, most plants do not benefit from 

increased growing temperatures (Miller et al. 2001), therefore maximum daily temperatures 

above 30°C were set to 30°C. I summed daily growing degree days across the potential growth 

season to give CGDD for each site during each year. Hargreaves (2014) used a base temperature 

of 10°C which is common for agricultural studies (Miller et al. 2001), however montane plants 

often have a lower base temperature at which they can grow (Forrest and James 2011). I 

compared cumulative growing degree days with a base temperature of 5°C, which is common for 
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montane plants (Forrest and James 2011) to a base temperature of 10°C at each site × year 

combination using a Pearson’s correlation test. I found that cumulative growing degree days 

were highly correlated when using a base temperature of 5°C versus 10°C (R = 0.97, R2 = 0.94, 

P < 0.0001 , DF = 22 ; Fig. S1), therefore my CGDD results could be compared to Hargreaves 

(2014a). 

To test prediction 1 that growing season would vary linearly with elevation, I regressed 

CGDD by elevation (m) using the model comparison approach listed above (2.5.1). I determined 

if CGDD within sites was correlated between years using a Pearson’s correlation test. To 

determine if CGDD differed between years, I used a paired t-test comparing CGDD values in 

2015 and 2016. 

2.5.3 CLINAL PATTERNS OF VARIATION 

To determine if key phenotypic traits (time to flower, and size at flowering) varied in a 

way that is consistent with patterns of local adaptation, I regressed the average number of CGDD 

to first flower and the multivariate size at first flower, independently on the growing season 

length (total CGDD) using my model selection approach (2.5.1). The number of CGDD to first 

flower was calculated as the number of CGDD from the beginning of the growing season to the 

estimated date of first flower. To determine if CGDD to first flower was correlated with a 

common metric of time to first flower, I compared CGDD to flowering with the number of Julian 

days in the growing season using a Pearson’s correlation. I used CGDD to flowering in this 

analysis as it is a common metric of time to flowering that can be compared across growing 

seasons, while date of first flower would be influenced by the start of growing seasons within a 

site. I did not use CGDD to flowering as my estimate of plant phenology as I do not have the 

individual dates of emergence for all plants, therefore I do not know the differences in CGDD to 
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first flower of among plants, within a site. However, within a site I have a strong estimate of the 

date of first flower, which is a common metric that can be compared among plants. 

2.5.4 PREDICTION 2/3: PHENOTYPIC SELECTION ON PHENOLOGY 

I conducted several analyses to test whether the strength and mode of selection is 

influenced by the variance in fitness and phenotypic traits, and if this variation differs across the 

growing season. To measure phenotypic variation, I calculated each site × year’s coefficient of 

variation (CV), by dividing the trait standard deviation by the trait mean and multiplying by 100 

to give a percentage (CV = SDtrait/ meantrait *100) for date of first flower, and each component 

trait from the multivariate estimate for size at flowering (plant height, leaf nodes, number of buds 

and flowers). Variation in fitness within each site was measured as opportunity for selection (Is) 

by dividing the standard deviation of fitness (seeds per plant) by the square of mean fitness (Is  = 

(SD(ω)/Mean(ω))2). To determine if these patterns of variation differed across the growing 

season, I regressed each individual measure of variation against CGDD using my model 

selection approach (2.5.1). 

I measured phenotypic selection using multiple linear regression, following Lande and 

Arnold (1983). The response variable was relativized lifetime seed production (mean = 0) and 

the predictors were standardized to a mean of zero and a standard deviation of one within each 

site × year combination. Selection differentials were estimated as the slope of the univariate 

regression of relative fitness on standardized date of first flower and standardized size at first 

flower, individually. Selection gradients are partial regression coefficients of relative fitness on 

standardized date of first flower and standardized size at first flower as predictors. I doubled the 

value of quadratic selection gradients and their standard errors to properly estimate the strength 

of selection (Stinchcombe et al. 2008). 
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Selection analyses included only plants that flowered, were measured at least once before 

flowering, and had no apical herbivory before flowering (apical herbivory could increase the 

time to flowering, reduce the size at flowering, and reduced seed production). However, if a 

plant that met the prior requirements flowered, it was included in the selection analyses 

regardless of whether it produced any seed or experienced factors directly reducing seed 

production after first flower (e.g. herbivory), as zero fitness individuals can be informative for 

the patterns of selection (Shaw et al. 2008). I evaluated collinearity of predictors (which could 

bias selection coefficients) by calculating the variance inflation factor (VIF) between date of first 

flower and size at first flower at each site × year. I found that all VIF values were below 2 (Table 

S3), the common cut-off for collinearity in a multiple regression (Graham 2003), therefore date 

of first flower and size at flowering were included together in the selection gradient.  

To test prediction 2, that selection for earlier flowering will be stronger under shorter 

growing seasons, I regressed linear selection differentials (S) and gradients (G) against CGDD, 

for each site × year combination using the model selection approach listed above (2.5.1). If 

prediction 2 was correct there would be a pattern of stronger negative directional selection 

favouring early flowering in shorter growing seasons. To test prediction 3, that there will be 

increased stabilizing selection in longer growing seasons, I regressed the quadratic selection 

differentials and gradients regression coefficients for date of first flower, against CGDD, for 

each site × year combination using the model selection approach listed above (2.5.1). I also 

regressed the linear and quadratic regression coefficients of selection differentials and gradients 

for the size at flowering against CGDD as the predictor, testing for both linear and quadratic 

patterns of selection for flowering size across different growing season lengths.  
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I compared selection coefficients between different measures of selection to determine 

differences in the strength of selection. I compared linear to quadratic coefficients to determine if 

quadratic selection values were an artifact of increased directional selection at extreme ends of 

the phenotypic distribution, indicated by stronger linear selection coefficients (Stinchcombe et al. 

2008). I compared differentials to gradients to determine the difference between direct versus 

total selection. I also compared selection gradients for date of first flower versus size at first 

flower, to determine which was the stronger target of selection. For each comparison I 

determined if one measure had stronger selection using a paired t-test with absolute selection 

coefficient values at each site × year combination (Geber and Griffen 2003). 

2.5.4 PLANT DEATH 

I expected that sites with shorter growing seasons will selectively favour early flowering 

plants, in part because late flowering plants in short growing seasons are at increased risk of 

complete reproductive loss due to frost and snow at the end of their growing season. Other 

factors such as herbivory, and drought may contribute to direct reproductive loss. If these modes 

of direct reproductive loss are inter-correlated with date of first flower or size at flowering they 

could be the causal mechanism for selection favouring a phenotypic trait, known as the agent of 

selection (Kudo and Hirao 2006).  

I found the proportion of plants in each site × year combination that had experienced 

direct reproductive loss from drying, frost or snow, herbivory, and unknown factors (2.3). The 

mode of direct reproductive loss was measured as a binary variable (0 = no reproductive loss, 1= 

direct reproductive loss) that could include a range of losses from a single fruit, to complete 

reproductive loss, or death. This is because it was difficult to measure the precise number of fruit 

lost from each mode when a plant was continuously producing new reproductive structures. A 
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plant may have experienced multiple modes of direct reproductive loss. To determine if any of 

the modes of reproductive loss varied across different growing season lengths, I regressed the 

proportion of reproductive loss for each of the four modes individually with CGDD, in every site 

× year using my model selection approach (2.5.1).  

If the date of first flower, or size at first flower influenced the mode of direct 

reproductive loss, it would have an indirect effect on fitness mediated through the agent of 

selection (Valdés and Ehrlén 2017). If these agents of selection influence the fecundity of plants 

differently across sites it may explain patterns of selection for phenotypic traits. Therefore, to 

determine if the mode of direct reproductive loss was influenced by date of first flower and/or 

size at first flower, as well as if it had a confounding influence on fitness, I fit a structural 

equation model (lavaan package; version 0.5-23.1097) for each mode of death/ reproductive loss 

affecting >5%. This is known as a path model and it is a form of multiple regression that 

measures the strength and direction of selection for each relationship when predictors are 

intercorrelated (Scheiner et al. 2000). In the path model the mode of direct reproductive loss 

(herbivory and drying) was the first response variable, with date of first flower, and size at first 

flower as predictors (Fig. 8). Fitness was the second response variable, with date of first flower, 

size at first flower, and modes of direct reproductive loss as predictors (Fig. 8). 

2.5.5 PREDICTION 4: TRADE-OFFS 

To test for a trade-off between date of first flower and size at flowering, I regressed 

standardized date of first flower with standardized size at flowering for each site × year 

combination using my model selection approach (2.5.1). Positive coefficients indicate a trade-off 

where earlier flowering is associated with a smaller plant size, and negative coefficients indicate 

that early flowering plants were larger than later flowering plants.  
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Like other expected life-history trade-offs, the correlation between time to and size at 

flowering can be obscured by among-individual variation in genetic and/or environmental 

quality that positively associates with both traits (Reznick et al. 2000) (Fig. 9). The date of first 

flower, size at flowering, and fitness may all be influenced by variation in microhabitat quality. 

Therefore, to determine which factors significantly influenced the relationship between date of 

first flower and size at flowering, I regressed the standardized size at first flower to the 

standardized date at first flower, as well as all standardized microhabitat traits (size at flowering 

= date of first flower + % canopy closure + % grass cover + % legume cover + % VWC) in 

every site × year individually. Soil volumetric water content was only measured in 2016, 

therefore I used a reduced model for 2015 (size at flowering = date of first flower + % canopy 

closure + % grass cover + % legume cover). I used backwards stepwise model selection using 

maximum likelihood to determine which microhabitat traits significantly influenced the 

relationship between size at flowering and date of first flower (2.5.1). These microhabitat traits 

can be included together in a multiple regression as they do not intercorrelate with each other 

(strongest correlation, % canopy closure vs. % legume cover; R = 0.20, R2 = 0.038, DF = 5752). 

To determine if there was a difference in the strength of the relationship between date of first 

flower and size at flowering I used a paired t-test to compare the coefficients, from every site × 

year, for date of first flower between the fully saturated model (size at flowering = date of first 

flower + % canopy closure + % grass cover + % legume cover + % VWC), with the model that 

directly compared standardized size at flowering to standardized date of first flower (size at 

flowering = date of first flower). If the coefficient for date of first flower was more positive when 

microhabitat traits were included, it indicates that variation in microhabitat quality was partly 
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obscuring the time-size trade-off, and positive values indicate that there is a trade-off between 

date of first flower and size at flowering when accounting for microhabitat factors. 

The capacity to gain resources for vegetative growth (plant vigor) may also obscure the 

relationship between time to and size at flowering (Fig. 9). Therefore, I calculated a measure of 

plant vigor that might reflect individual genetic and/or environmental quality by estimating 

logistic growth rate (r).  For every plant that had < 4 leaf nodes at first measurement, 

experienced no apical herbivory, and survived to produce at least 1 potentially viable seed, I fit a 

logistic curve using a non-linear least squares regression, with Julian date as the predictor and 

plant height (mm) as the response, from measurements throughout the growing season on that 

plant. I used plant height as my measure of vegetative size as my multivariate measure of plant 

size can only be estimated at flowering (Appendix A2) From the logistic growth curve, I found 

the slope of the maximum point on the curve (r). Higher values of r indicate faster development 

rate and increased plant vigor. To determine if there was a significant influence of r on the 

relationship between date of first flower and size at flowering I regressed standardized size at 

flowering with standardized date of first flower and standardized r (size at flowering = date of 

first flower + r) using maximum likelihood to compare the full model and the reduced model 

(size at flowering = date of first flower). To determine if there was a difference in the 

relationship between date of first flower and size at flowering when accounting for plant vigor I 

used a paired t-test to compare coefficients between the model which includes r (size at 

flowering = date of first flower + r) and the reduced model (size at flowering = date of first 

flower). If the coefficient for date of first flower was more positive when microhabitat traits were 

included, it indicates that variation in plant vigor was partly obscuring the time-size trade-off, 
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and positive values indicate that there is a trade-off between date of first flower and size at 

flowering when accounting for plant vigor. 
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2.6 TABLES: CHAPTER 2 

Table 1: Site identification code, elevation above sea level (m), habitat type and land use. 

Transect Site Site ID Elevation (m) Habitat type and land use 

Nakiska North  

 Low NkN-L 1439 Open field, riverside 

 Mid-Low NkN-ML 1760 Small forest clearing road 

 Mid-High NkN-MH 1990 Open meadow on a ski run 

 High  NkN-H 2314 Open meadow above tree line 

Nakiska South 

 Low NkS-L 1459  Forest openings beside road 

 Mid-Low NkS-ML 1747  Open meadow on mountain slope 

 Mid-High NkS-MH 1995  Openings in sparse forest 

 High NkS-H 2299  Open meadow on mountain slope 

Mt. Kidd  

 Low Kd-L 1455  Openings in sparse forest 

 Mid-Low Kd-ML 1790  Openings in sparse forest 

 Mid-High Kd-MH 1960 Meadow on mountain slope 

 High Kd-H 2206 Open meadow on mountain slope 
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Table 2: Phenotypic traits related to phenology and plant size, and measurements used to 

quantify them. 

Trait Measurement 

Height mm, plants straightened for measurement 

Leaf nodes Count, 1° (main stem), 2° and 3° (branches) 

Secondary branches Count, 2°, and 3° branches 

Flower buds Count, note aborted / dead and 1°, 2°, 3° 

Flowers Count, note aborted / dead and 1°, 2°, 3° 

Developing fruits Count, note aborted / dead and 1°, 2°, 3° 

Mature fruits Count, noted on 1°, 2°, and 3° 

Reproductive loss Inferred cause of direct reproductive loss: drought, frost/snow, 

herbivory, unknown 

Fitness Lifetime seed production = mature fruits per plant x mean filled seeds 

per fruit  
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2.7 FIGURES: CHAPTER 2 

 

Figure 5: Rhinanthus minor photo depicting phenotypic traits measured. 

Image of a flowering Rhinanthus minor showing some of the common phenotypic traits that 

were measured in ~5-day intervals. Vegetative traits include height, number of leaf nodes, and 

number of secondary branches. Reproductive traits include buds, flowers, developing fruits, and 

mature fruits.  
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Figure 6: Site map showing natural population locations. 

Site map of the 12 study locations located on Mount Kidd Lookout hill (4), south side of Mt. Nakiska (4), north side of Mt. Nakiska 

(4). Elevation is given for each site in meters above sea level. Scale bar is approximate as distance is distorted by elevation. 
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Figure 7: Sampling design within a site. 

At every study site there was 30-47 plots centered around the plot marker (brown dots), placed in 

areas of high Rhinanthus minor density, with 5-7 plants per plot, marked by a unique colored 

skewer. All plants were within a 2m radius of the center of their plot (although most were within 

1m) marked with a wooden stake. If a plant died before it flowered a previously unmarked R. 

minor plant within the same plot was measured until death or all fruits matured. Environmental 

measures including, percent canopy closure, percent grass cover, percent legume cover, and 

percent soil volumetric water content were measured from the centre of each plot.  
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Figure 8: Illustration of the path model between phenotypic traits, modes of reproductive loss and fitness. 

A path model showing how the relationship between date of first flower, size at flowering, and fitness can be mediated by the effects 

on reproductive loss from herbivores and drying, plus direct effects. Each arrow represents a correlation between the two variables 

presented in the path output (Table 5).
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Figure 9: The relationship between phenotypic traits, environmental correlates, and fitness.  

Date of first flower is expected to trade-off with size at flowering (positive relationship), resulting in early flowering plants flowering 

at a small size. However, if there is increased plant vigor (measured by logistic growth rate), a plant can gain resources more quickly. 

Therefore, it will decrease the relationship between time to and size at flowering, allowing that plant to flower early and at a large size. 

Increased microhabitat quality (measured through; percent canopy closure, percent grass cover, percent legume cover, and percent soil 

volumetric water content) can provide increased plant vigor. 
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CHAPTER 3: RESULTS 

3.1 PREDICTION 1: GROWING SEASON LENGTH 

Cumulative growing degree days (CGDD) ranged from 752–1673 among sites across 

both years (Fig. 10). Among-site variation in CGDD correlated positively between years (R = 

0.91, R2 = 0.82, P = 4.68 x 10-5, DF = 10), although among-site variation was relatively high in 

some sites, up to a maximum of a 250 CGDD difference at Kd-ML (Fig. 10). There was also 

high variation in CGDD among sites with similar elevations (i.e. 638 CGDD difference between 

NkN-MH 2015 to NkS-MH 2016, which differed by 35m in elevation; Fig. 10). Cumulative 

growing degree days did not differ consistently between years (t = -1.62, P = 0.13, DF= 10) as 

different sites had more CGDD in either 2015 or 2016 (Fig. 10). CGDD showed a significant 

quadratic relationship with elevation (m) accounting for variation in site (F(2,22) = 14.6, Slope = -

0.0013, SE =0.00042, P = 0.0063, R2=  0.41; Fig. 10.; Table 3). 

3.2 CLINAL PATTERNS OF VARIATION 

Plants flowered in a fewer number of CGDD in sites with shorter growing seasons (F(1,22) 

=  18.79, Slope = 0.45, SE = 0.11, P = 0.00056, R2=0.46; Table 3; Fig 11.), but there was no 

linear relationship for the multivariate size at flowering across CGDD (Table 3; Fig. 11) 

Cumulative growing degree days to flowering was correlated with the number of Julian days 

from the beginning of the growing season to the date of first flower (R = 0.37, R2 = 0.13, P < 

0.0001, DF = 2507). 

3.3 PREDICTION 2/3: PHENOTYPIC SELECTION ON PHENOLOGY 

I monitored 6,279 plants, 48.42% flowered, and 27.74% produced at least 1 potentially 

viable seed (Table 4). The percentage of initial plants that survived throughout the entire growth 
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season from approximate germination to producing at least one viable seed ranged from 5–74% 

(Table 4). 

Julian date of first flower (mean CV = 51.41%) and the number of buds and flowers at 

first flower (mean CV = 54.54%) were more variable than height at first flower (mean CV = 

26.46%) and the number of leaf nodes at first flower (mean CV = 35.12%). The opportunity for 

selection ranged from 0.15-0.57 across all site × year combinations (Table S4). There was no 

linear correlation for the coefficient of variation in any phenotypic trait, or for the opportunity for 

selection, across CGDD (Table 3). 

Linear selection differentials (S) on the date of first flower were negative, favouring early 

flowering, in 22 of 24 site × year combinations, and significantly so in 19 of 24 site × year 

combinations (Fig. 12) with values ranging from -0.81 to 0.15 (Mean = -0.41, SD = 0.23). There 

were no linear or quadratic patterns of selection across growing season as measured by CGDD 

(Table 3). 

There was little evidence for stabilizing selection for date of first flower, as quadratic 

selection differentials (G) were mostly neutral (range = -0.20 to 0.23, mean = 0.0617, SD = 

0.119) with 4 of 24 significant (three positive and one negative, Fig. 12). There were no 

significant linear or quadratic patterns of G for date of first flower across CGDD (Table 3). 

Positive quadratic coefficients were likely an artifact of increased negative directional selection 

strongly favouring plants that flowered earliest. This was supported by stronger absolute 

selection coefficients for S compared to G in every site × year combination (t = 8.42, P = < 

0.0001, DF= 10; Table S5), indicating the mode of selection was most often directional.  



44 

 

Linear selection differentials for size at flowering were positive in all site × year 

combinations, and significantly so in 22 of 24 site × year combinations with values ranging from 

0.06 to 1.38 (Mean = 0.62, SD = 0.29; Fig. 13), indicating larger plants were favoured. There 

was a linear trend favouring increased S for size at flowering with increased CGDD (F(1,22) = 

6.95, Slope = 0.00057, SE = 0.00022, P = 0.015, R2= 0.24; Table 3).  

There was little evidence for stabilizing selection for size at flowering, as quadratic 

selection differentials were mostly neutral (range = -0.22 to 0.56, mean = 0.033, SD = 0.19) with 

2 of 24 significantly positive (Fig. 13). There was a linear trend favouring increased G for size at 

flowering with increased CGDD (F(1,22) = 7.99, Slope  = 0.00038, SE = 0.00013, P = 0.0098, R2= 

0.27; Table 3).  Positive quadratic coefficients were likely an artifact of increased negative 

directional selection strongly favouring plants that flowered at a larger size, supported with 

stronger selection coefficients for S compared to G in each site × year combination (t = 5.42, P = 

<0.0001, DF = 23; Table S5), indicating the mode of selection was most often directional.  

Linear selection gradients (β) for the date of first flower were mostly negative and neutral 

(Fig. 14), ranging from -0.75 to 0.20 (mean = -0.19, SD = 0.22). 22 of 24 selection coefficients 

were negative, with 9 of 24 significant, and of those 8 of the 9 were in the 13 shortest growing 

seasons, with the two most negative values in two of the three shortest growing seasons (Fig. 

14). However, there was no significant linear or quadratic relationship of β for date of first 

flower across CGDD (Table 3). Absolute S coefficients for date of first flower were significantly 

stronger than β for date of first flower (t = -5.64, P = <0.0001, DF = 23). Absolute β coefficients 

were stronger for size at flowering compared to date of first flower (t = -3.24, P = 0.0036, DF = 

23).  
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There was little evidence of stabilizing selection for date of first flower as quadratic 

gradients (ү) were mostly neutral (Fig. 15), with coefficients ranging from -0.40 to 0.65 (mean = 

0.12, SD = 0.23). 17 of 24 selection coefficients were positive with 3 of 24 significantly positive 

(Fig. 15). There were no significant linear or quadratic patterns of ү for date of first flower across 

CGDD (Table 3). Again, positive quadratic coefficients were likely an artifact of increased 

negative directional selection strongly favouring plants that flowered earliest, supported by 

stronger selection for β compared to ү (t = 3.25, P = 0.0035, DF = 23; Table S3), indicating the 

mode of selection was most often directional. 

Directional selection gradients on size at flowering were positive at all sites, and 

significantly so in 19 of 24 site × year combinations (Fig. 14), with coefficients ranging from 

0.10 to 1.29 (mean = 0.54, SD = 0.30), indicating larger plants were favoured. There was a 

significant linear relationship for increased β for size at flowering as CGDD increases (F(1,22) = 

8.27, Slope = 0.00063, SE = 0.00022, P = 0.0088, R2= 0.27; Table 3).  

There was little evidence of stabilizing selection on the size at flowering as values were 

mostly neutral with ү ranging from -0.36 to 1.18 (mean = 0.063, SD = 0.18), with 8 of 24 

negative (one was significant), 3 of 24 neutral, and 13 of 24 positive (5 were significant) (Fig. 

15). There was no significant linear or quadratic pattern of selection across CGDD (Table 3). 

Again, positive quadratic coefficients were likely an artifact of increased negative directional 

selection strongly favouring plants that flowered at a larger size, supported by stronger selection 

coefficients for β compared to ү (t = 4.89, P = <0.0001, DF = 23; Table S3), indicating the mode 

of selection was most often directional.  
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3.4 MODES OF DIRECT REPRODUCTIVE LOSS 

 The total number of plants that experienced direct reproductive loss ranged from 29% to 

90% (mean = 61.04%, SD = 14.06%; Table S6). The percentage of plants that flowered but did 

not produce any seed ranged from 13% to 77% (mean =40.75%, SD= 17.55%; Table S6). The 

largest cause of direct reproductive loss was due to unknown factors in 21 of 24 sites (Fig. 16), 

with the proportion of plants ranging from 0.15 to 0.47 (mean = 0.30, SD = 0.097). The two next 

largest factors that directly resulted in reproductive loss were herbivory (range = 0.01 to 0.44, 

mean = 0.15, SD = 0.093), and drying (range = 0.01 to 0.56, mean = 14.70, SD = 0.12; Fig. 16). 

Every site × year combination experienced some direct reproductive loss from herbivory, drying, 

or unknown factors (Fig. 16). Frost and or snow accounted for little direct reproductive loss, with 

values ranging from 0.01 to 0.04 (mean = 0.0025, SD = 0.0085), and only three site × year 

combinations experiencing some direct reproductive loss (Fig. 16). There was significantly more 

direct reproductive loss from herbivory in shorter growing seasons (F (1,22) = 6.10, Slope = -

0.00018, SE = 0.000071, P = 0.022, R2= 0.22; Table 3), and more direct reproductive loss from 

drying in longer growing seasons, when controlling for year (F(3,20) = 2.62, Slope = 0.00033, SE 

= 0.00014, P = 0.025, R2 = 0.28; Table 3). There was no significant linear or quadratic pattern of 

direct reproductive loss from frost/snow or unknown factors across CGDD (Table 3). 

The path analysis showed plants that experienced direct reproductive loss from drying 

had reduced fitness at all 24 site × year combinations, with 17 of 24 significant (Table 5), and 

correlations ranging from -2.99 to -0.354 (mean = -1.06, SD = 0.57). Date of first flower had 

little influence on direct reproductive loss due to drying, with only 1 significant association, and 

path coefficients ranging from -1.11 to 0.068 (mean = -0.0080, SD = 0.047). Plants with a larger 

size at flowering were less likely to experience reproductive loss from drying with 23 of 24 site × 
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year combinations, showing a negative correlation, and 9 of 24 significant (range -0.15 to 0.014, 

mean = -0.054, SD = 0.042). There were no significant linear or quadratic patterns between the 

path coefficients for drying and fitness, date of first flower and drying, or size at flowering and 

drying across CGDD (Table 3). 

Plants that had direct reproductive loss from herbivory also had lower fitness in 23 of 24 

site × year combinations (14 of 24 significant), with correlations ranging between -0.63 to 0.67 

(mean = -0.76, SD = 0.50; Table 5). Date of first flower had little influence on direct 

reproductive loss due to herbivory (2 of 24 significant correlations), with path coefficients 

ranging from -0.068 to 0.13 (mean = -0.00083, SD = 0.051). Larger plants were more likely to 

experience direct reproductive loss from herbivores in 21 of 24 site × year combinations with 3 

significant (range -0.032 to 0.19, mean = 0.046, SD = 0.050). There were no significant linear or 

quadratic patterns between the path coefficients for herbivory and fitness, date of first flower and 

herbivory, or size at flowering and herbivory across CGDD (Table 3). 

3.5 PREDICTION 4: TRADE-OFFS 

There was no evidence of a trade-off between date of first flower and size at flowering, as 

the linear relationship between size at flowering regressed on date of first flower was negative in 

every site × year combination (Fig. 17), indicating that plants that flowered early also flowered at 

a large size. There were no linear or quadratic relationships between date of first flower and size 

at flowering across CGDD (F(1,22) = 0.55, Slope = -7.851 x 10-5, SE = 1.057 x 10-4, P = 0.47, R2= 

0.024; Table 3).  

Microhabitat factors did not significantly influence the relationship between time to and 

size at flowering, as including microhabitat factors in the model that regressed size at flowering 

with date of first flower did not improve the predictive power of the model in any site × year 
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(Table S7). Furthermore, the coefficient comparing date of first flower to size at first flower from 

the fully saturated model (including all microhabitat factors), did not differ from the model 

directly comparing size at flowering with date of first flower in either 2015 (t = 0.75, P = 0.47, 

DF = 11) or 2016 (t = 0.23, P = 0.83, DF = 11). The only significant relationship between 

microhabitat factors and CGDD was increased canopy closure with increased CGDD (F(1,22), 

Slope = 0.023, SE = 0.0071, P = 0.0036, R2 = 0.33; Fig. S2; Table 3; Fig. S3). 

 Logistic growth rate (r) was correlated with date of first flower (R = -0.268, R2 = 0.072, 

P = < 0.0001, DF = 1487), size at flowering (R = 0.21, R2= 0.042, P = <0.0001, DF = 1487), but 

was not correlated with fitness (R = 0.030, R2= 0.0091, P = 0.2453, DF =1487). Including r as a 

covariate significantly improved the predictive power of the model comparing size at flowering 

regressed on date of first flower in 7 of 24 sites (Table S7). Including r in the model comparing 

size at flowering regressed with date of first flower significantly increased the coefficients (t = 

4.55, P = 0.00014, DF = 23), indicating that variation in r in part accounts for the negative 

relationship between date of first flower and size at first flower (Fig. 18). However, values were 

still negative in 22 of 24 site × year combinations (Fig. 18). 
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3.6 TABLES: CHAPTER 3 

Table 3: Model selection for the minimum adequate model of best fit across CGDD or elevation. 

Minimum adequate models determined from a stepwise elimination model selection approach, comparing predictors across either 

cumulative growing degree days (CGDD) or elevation (m), accounting for the fixed effects of quadratic predictors (Predictor2), year 

(Year), the linear (Predictor:Year) and quadratic interaction (Predictor2:Year) of year and the predictor, and the random effect of site 

(1|Site). A model that includes a significant random effect of site indicates that sites are non-independent for their response. A model 

that includes the significant interaction between the response and year indicates that the pattern of the response variable was different 

across CGDD in 2015 and 2016. A model that includes the significant effect of year indicates that the response differed between 

years. A model that includes a significant quadratic relation indicates that the pattern of the response changes non-linearly across 

CGDD. A model that includes a significant linear relation indicates the pattern of the response varies linearly across CGDD. A model 

that includes no significant terms indicates the response does not vary consistently across CGDD. Significant values are represented in 

bold. 
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Predictor Response Minimum adequate model (1|Site) Predictor2:

Year 

Predictor:

Year 

Year Predictor2 Predictor 

Elevation (m) CGDD  CGDD = Elev +Elev2 0.0060 0.18 0.88 0.11 0.025 NA 

CGDD  CGDD to flowering CGDD to fl = CGDD 0.062 0.35 0.68 0.82 0.082 <0.001 

CGDD Multivariate size at 

flowering 

Null model 0.055 0.88 0.83 0.87 0.45 0.93 

CGDD CV date of first flower Null model 0.99 0.72 0.69 0.50 0.50 0.61 

CGDD CV height  Null model 0.11 0.99 0.69 0.52 0.083 0.092 

CGDD CV leaf nodes  Null model 0.21 0.51 0.81 0.25 0.60 0.54 

CGDD CV buds and flowers Null model 0.15 0.26 0.60 0.27 0.78 0.66 

CGDD Opportunity for selection Null model 0.054 0.52 0.59 0.10 0.71 0.58 

CGDD S (date of first flower) Null model 0.99 0.089 0.45 0.46 0.21 0.59 

CGDD G (date of first flower) Null model 0.99 0.22 0.94 0.98 0.12 0.053 

CGDD S (size at first flower) S = CGDD 0.61 0.25 0.62 0.36 0.91 <0.001 

CGDD G (size at first flower) G = CGDD 0.99 0.96 0.34 0.18 0.61 0.023 

CGDD β (date of first flower) Null model 0.99 0.055 0.59 0.79 0.13 0.48 

CGDD ү (date of first flower) Null model 0.99 0.058 0.64 0.84 0.11 0.73 

CGDD β (size at first flower) β = CGDD 0.99 0.43 0.53 0.062 0.63 0.0087 

CGDD ү (size at first flower) Null model 0.99 0.96 0.34 0.18 0.44 0.054 

CGDD Drying death Death = CGDD + Year 0.16 0.38 0.24 0.019 0.30 0.011 

CGDD Frost/Snow death Null model 0.99 0.87 0.17 0.21 0.77 0.16 

CGDD Herbivory death Herb = CGDD 0.99 0.73 0.71 0.30 0.83 0.022 

CGDD Unknown death Null model 0.97 0.65 0.44 0.33 0.73 0.53 

CGDD D->ω Null model 0.77 0.72 0.44 0.60 0.69 0.60 

CGDD H->ω Null model 0.99 0.50 0.28 0.62 0.86 0.71 

CGDD F->D Null model 0.12 0.58 0.23 0.31 0.49 0.79 

CGDD F->H Null model 0.62 0.35 0.87 0.30 0.12 0.50 

CGDD S->D Null model 0.56 0.58 0.61 0.090 0.25 0.84 

CGDD S->H Null model 0.92 0.75 0.48 0.13 0.36 0.35 

CGDD  % Canopy closure % Closure = CGDD 0.12 0.41 0.73 0.79 0.93 0.0035 

CGDD % Grass cover Null model 0.22 0.061 0.77 0.20 0.062 0.19 

CGDD % Legume cover Null model 0.15 0.35 0.60 0.11 0.20 0.44 

CGDD % Soil VWC Null model 0.99 NA NA NA 0.38 0.12 
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Table 4: Number of total plants, initial plants, and replacement plants that were measured and flowered. 

The number of plants sampled at each site × year combination that were measured and that flowered, including; initial plants 

replacement plants, and combined totals of initial and replacement plants. Initial plants were plants measured during the first visit to a 

site in that year, and replacement plants included any plant measured after the initial visit. 

  



52 

 

Site Year CGDD Initial plants  Replacement plants Total (initial and replacement) 

      Measured Flowered Measured Flowered Measured Flowered Produced seed 

NkN-H 2015 752 110 93 64 55 174 148 70 

NkN-H 2016 906 150 79 65 52 215 131 59 

NkS-H 2016 933 61 32 151 102 212 134 81 

NkN-MH 2015 1035 150 21 268 118 418 139 70 

NkS-H 2015 1079 150 82 83 52 233 134 75 

NkN-MH 2016 1190 150 53 117 75 267 128 85 

Kd-H 2016 1219 160 129 32 28 192 157 133 

Kd-MH 2015 1227 106 13 306 57 412 70 33 

NkN-L 2016 1232 150 77 65 50 215 127 65 

NkN-ML 2016 1243 150 83 65 44 215 127 73 

NkN-ML 2015 1263 150 57 125 66 275 123 62 

Kd-MH 2016 1265 155 87 77 53 232 140 42 

NkN-L 2015 1265 150 64 125 80 275 144 97 

Kd-H 2015 1291 150 71 155 100 305 171 117 

Kd-ML 2015 1412 148 61 172 54 320 115 25 

Kd-L 2015 1436 150 49 153 84 303 133 93 

Kd-L 2016 1490 150 83 75 53 225 136 107 

NkS-MH 2015 1511 150 60 132 60 282 120 27 

NkS-L 2015 1546 150 7 360 90 510 97 33 

NkS-ML 2015 1562 122 28 98 42 220 70 46 

NkS-L 2016 1577 148 78 73 52 221 130 98 

NkS-ML 2016 1623 117 59 50 40 167 99 85 

Kd-ML 2016 1662 150 110 34 27 184 137 84 

NkS-MH 2016 1673 150 96 57 34 207 130 82 
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Table 5: Path model between phenotypic traits, modes of reproductive loss and fitness. 

Standardized path coefficients comparing the effect of date of first flower and size at flowering on direct reproductive loss due to 

herbivory and drying and their indirect effects on fitness (Figure 8) for each site × year combination. F = date of first flower, S = size 

at flowering, H = plant herbivorized causing direct reproductive loss, D = plants with direct reproductive loss from drying, ω = 

number of seeds per plant (Fig. 8). Herbivory and drying were categorical variables which indicated the plant had been experienced 

some level of direct reproductive loss, from a single fruit to the entire plant.  
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Site Year CGDD n F -> S -> D -> H -> F -> F -> S -> S -> F <-> 

       ω ω ω ω D H D H S 

NkN-H 2015 752 131 -0.753 0.160 -0.354 -0.632 0.004 0.014 -0.041 0.057 -0.415 

NkN-H 2016 906 110 0.101 0.117 -1.345 -0.942 0.008 -0.053 -0.015 0.091 -0.122 

NkS-H 2016 933 120 -0.481 0.207 -0.817 -1.179 0.031 -0.040 -0.025 -0.004 -0.446 

NkN-MH 2015 1035 130 0.067 0.646 -1.303 -0.987 -0.069 -0.012 -0.146 0.058 -0.457 

NkS-H 2015 1079 116 -0.332 0.824 -0.565 -0.534 -0.012 0.000 -0.037 0.093 -0.489 

NkN-MH 2016 1190 117 -0.440 0.218 -1.342 -0.991 -0.055 -0.063 -0.100 0.025 -0.239 

Kd-H 2016 1219 138 -0.180 0.426 -0.561 -0.525 0.009 -0.027 -0.035 0.002 -0.169 

Kd-MH 2015 1227 64 0.205 0.354 -1.466 -1.086 -0.071 0.027 -0.107 0.079 -0.432 

NkN-L 2016 1232 109 -0.208 0.338 -1.456 -1.126 -0.055 -0.025 -0.120 0.095 -0.390 

NkN-ML 2016 1243 118 -0.179 0.840 -1.063 -0.742 0.011 -0.022 -0.057 0.042 -0.432 

NkN-ML 2015 1263 113 -0.355 0.271 -1.157 -0.538 0.068 0.063 0.002 0.024 -0.474 

NkN-L 2015 1265 133 -0.210 0.651 -0.354 -0.284 0.048 0.027 -0.078 0.002 -0.389 

Kd-MH 2016 1265 115 -0.535 0.294 -1.549 -0.708 -0.112 0.097 -0.068 0.067 -0.194 

Kd-H 2015 1291 164 -0.245 0.625 -0.581 -1.046 0.032 -0.046 -0.042 0.012 -0.465 

Kd-ML 2015 1412 111 0.033 0.538 -0.716 0.674 -0.032 0.052 -0.052 0.136 -0.438 

Kd-L 2015 1436 122 -0.171 0.521 -0.699 -0.134 -0.002 0.132 -0.066 0.189 -0.600 

Kd-L 2016 1490 126 -0.233 0.406 -1.193 -1.122 0.016 0.004 0.000 0.016 -0.440 

NkS-MH 2015 1511 115 -0.376 0.268 -2.997 -1.720 -0.071 -0.021 -0.095 0.036 -0.346 

NkS-L 2015 1546 84 -0.126 1.125 -0.774 -0.571 0.049 -0.058 -0.103 0.013 -0.225 

NkS-ML 2015 1562 65 -0.165 1.394 -1.059 -1.593 0.068 0.040 -0.019 0.063 -0.384 

NkS-L 2016 1577 118 -0.190 0.757 -0.928 -0.484 -0.015 -0.032 0.014 -0.032 -0.536 

NkS-ML 2016 1623 91 -0.083 0.686 -0.404 -1.005 -0.013 0.017 -0.062 0.029 -0.387 

Kd-ML 2016 1662 120 -0.308 0.417 -1.649 -0.674 -0.023 -0.068 -0.007 0.016 -0.344 

NkS-MH 2016 1673 120 -0.250 0.691 -0.984 -0.210 -0.001 -0.026 -0.040 -0.010 -0.429 
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3.7 FIGURES: CHAPTER 3 

  

Figure 10: Sitewide comparison of elevation (m) with cumulative growing degree days. 

Variation in growing season length, measured as cumulative growing degree days, and elevation (m) among 12 sites studied in each of 

two years. Lines show the within site relationship of different CGDD between years. There is a significant quadratic relationship 

between cumulative growing degree days and elevation, when accounting for the random effect of site (F(2,22) = 14.6, Slope = -0.0013, 

SE =0.00042, P = 0.0063, R2=  0.41; Table 3). 
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Figure 11: Clinal variation in time to flower and size at flowering. 

Clinal variation in phenotypic traits including cumulative growing degree days from start of the 

season to flower (top panel) and multivariate size at flowering (based on PCA with loadings of 

height at first flower, leaf nodes at first flower, and buds and flowers at first flower; bottom 

panel) with growing season length measured as cumulative growing degree days for 12 sites 

studied in each of two years. 95% confidence intervals are included for all coefficients. There 

was a significant positive linear association for cumulative growing degree days to first flower 

(F(1,22) =  18.79, Slope = 0.45, SE = 0.110, P = 0.00056, R2=0.46) but no pattern of multivariate 

size at flowering across CGDD (Table 3). 
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Figure 12: Selection differentials for date of first flower across growing season. 

Variation in estimated selection differentials for date of first flower (upper panel = linear (S), 

lower panel = quadratic (G)) with growing season length measured as cumulative growing 

degree days for 12 sites studied in each of two years. Closed shapes represent significant 

coefficients. 95% confidence intervals are included for all coefficients. There were no significant 

relations between either S or G and growing season length (Table 3). 
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Figure 13: Selection differentials for size at flowering across growing season. 

Variation in estimated selection differentials for size at flowering (upper panel = linear (S), lower 

panel = quadratic (G)) with growing season length measured as cumulative growing degree days 

for 12 sites studied in each of two years. Closed shapes represent significant coefficients. 95% 

confidence intervals are included for all coefficients. There was a significant positive linear 

association for the S (F(1,22) = 6.95, Slope = 0.00057, SE = 0.00022, P = 0.015, R2= 0.24), and for 

G  (F(1,22) = 7.99, Slope  = 0.00038, SE = 0.00013, P = 0.0098, R2= 0.28) with increased growing 

season (Table 3).
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Figure 14: Linear selection gradients for date of first flower and size at flowering across 

growing season. 

Variation in estimated linear selection gradients for date of first flower (upper panel) and size at 

flowering (lower panel) with growing season length estimated as cumulative growing degree 

days for 12 sites studied in each of two years. Closed shapes represent significant coefficients. 

95% confidence intervals are included for all coefficients. There was no significant association 

for date of first flower across CGDD, but there was a positive linear relationship for size at 

flowering increases (F(1,22) = 8.27, Slope = 0.00063, SE = 0.00022, P = 0.0088, R2= 0.27) with 

increased growing season (Table 3).  
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Figure 15: Quadratic selection gradients for date of first flower and size at flowering across 

growing season. 

Variation in estimated quadratic selection gradients for date of first flower (upper panel) and size 

at flowering (lower panel) with growing season length estimated as cumulative growing degree 

days for 12 sites studied in each of two years. Closed shapes represent significant coefficients. 

95% confidence intervals are included for all coefficients. There was no significant association 

for date of first flower, or size at flowering across growing season (Table 3). 
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Figure 16: Variation in the modes of direct reproductive loss across growing season.  

Variation in the proportions of plants that experienced direct reproductive loss with growing season length measured as cumulative 

growing degree days among 12 sites measured in each of two years. Herbivory and drought, and unknown factors, accounted for 

considerable reproductive loss, while reproductive loss from frost/ snow accounted for little reproductive loss. There was significantly 

higher direct reproductive loss from drying during longer growing seasons (F (1,22) = 6.10, Slope = -0.00018, SE = 0.000071, P = 

0.022, R2= 0.22; Table 3) and more loss from herbivory during shorter growing seasons, when controlling for year F(3,20) = 2.62, Slope 

= 0.00033, SE = 0.00014, P = 0.025, R2 = 0.28; Table 3). 
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Figure 17: Linear correlation between the date of first flower and size at first flower across growing season. 

Variation in the linear correlation between date of first flower and size at first flower across cumulative growing degree days for 12 

sites studied in each of two years. 95% confidence intervals are included for all coefficients. If there was a trade-off between date of 

and size at flowering it would show a positive correlation, but all correlation values are negative indicating that plants that flowered 

early also flowered at a large size.
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Figure 18: Comparison between the linear correlation of date of first flower and size at flowering with and without including 

growth rate as a covariate 

Variation in the site averages for the linear correlation between date of first flower and size at flowering, with the linear correlation 

between date of first flower and size at flowering controlling for logistic plant growth rate (r). Each point represents one of 12 sites 

studied in each of two years with 95% confidence intervals included for all coefficients. Open shapes represent significant 

coefficients. Values above 1 indicate a trade-off between time to and size at flowering, while values below 1 indicate early flowering 

plants flowered at a larger size than late flowering plants. There is a 1:1 line across the graph with values above the line indicating an 

increased trade-off between time to and size at flowering when controlling for plant growth rate. 
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CHAPTER 4: DISCUSSION 

4.1 SUMMARY  

Rhinanthus minor showed a counter gradient cline in flowering phenology, where plants 

in sites with shorter total growing seasons developed to flowering in fewer CGDD than plants in 

longer growing seasons. This cline for flowering phenology across CGDD may either be a result 

of historical adaptation to reach maturity quickly in sites with short growing seasons (Laugen et 

al. 2003), or a plastic response to growing season length (Grether 2005). A reciprocal transplant 

in 2011 and 2012, using R. minor from locations across a ~1000m elevational gradient in the 

Rocky Mountains of Alberta, showed evidence for a strong genetic basis for clinal variation and 

local adaptation for flowering time (Hargreaves 2014). High elevation source plants consistently 

(17 of 19 times) flowered several days before low elevation plants regardless of which sites they 

were transplanted to (Hargreaves 2014). Because there is a > two-fold difference in growing 

season length across this gradient, and evidence of historical adaptation for flowering time in R. 

minor, I expected that there would have been stronger selection for early flowering at high and 

low elevations. 

Given a trade-off between date of first flower and size at flowering, I expected stabilizing 

selection for flowering time in longer growing seasons, and directional selection favouring early 

flowering in short growing seasons. In contrast, I detected selection favouring early flowering at 

most sites regardless of growing season length, and little evidence for stabilizing selection on 

flowering time at any site. There was also no evidence for a phenotypic trade-off between date of 

first flower and size at flowering. Instead, plants that flowered early also did so at a large size. 

Range wide patterns of size at flowering also fail to show a trade-off, flowering at similar sizes 

across the range, despite the cline for a faster time to flower in sites with shorter growing 
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seasons. This study is one of the first to measure selection on flowering phenology across a 

gradient in growing season length and provides results contradicting widely held expectations 

about the pattern of selection for phenology across seasonal gradients, as well as the trade-off 

that is thought to underlie the expected pattern. 

4.2 PREDICTION 1: GROWING SEASON LENGTH 

 My first prediction was that growing season length, measured as cumulative growing 

degree days, would decline monotonically with increasing elevation. Instead, a quadratic 

regression best fit the pattern of variation across elevation, with low and mid elevation sites 

having similar CGDD. This is likely because my study area was within a mountain valley ~ 

2.5km across, which would allow for inversions where cool air pools in the valley bottom and 

warmer air rises on the mountain slopes (Whiteman et al. 2004). As well there was denser 

canopy at sites with longer growing seasons, hence less solar radiation. Although CGDD 

correlated positively within sites between years, it varied substantially between years at some 

sites, and there was also variation in CGDD between sites at similar elevations. Using CGDD is 

common for crop researchers and farmers to inform the phenological timing of reproductive 

development for nutrient and herbicide applications and harvest dates (Miller et al. 2001), as well 

as in forestry studies and management (Shugart and West 1980). However it is not as commonly 

used in phenological studies in natural systems (but see Montague et al. 2008; Wipf 2010; 

Haggerty and Galloway 2011; Sheth and Angert 2015). Many studies measuring elevational 

clines of flowering phenology, and patterns of local adaptation or natural selection in the 

mountains have done so without considering CGDD (Inouye and Weigolaski 2003; Stinson 

2004; Grether 2005; Giménez-Benavides et al. 2010; Scheepens and Stöcklin 2013; Kopp and 

Cleland 2014). My study shows that the growth conditions that a plant experiences can be highly 
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variable, both among small elevational scales, or between years in the same site. Local 

adaptation occurs in response to the local growing conditions and therefore it is important to 

account for these conditions instead of simply using elevation as a proxy for environment.  

 Cumulative growing degree days can provide a common metric to compare sites and 

studies, however there may be other environmental factors that define the growing season for 

different organisms. For example, photoperiod may be the most important environmental cue for 

phenological events across a latitudinal gradient (Basler and Körner 2012). Seasonal variation in 

precipitation will also exert selection on phenology because it commonly influences plant 

growth, and reproductive success. In montane environments, precipitation occurring prior to the 

start of the growing season increases snowpack depth, delaying the beginning of the growing 

season (Wipf 2010). The timing, duration, and strength of drought events will influence patterns 

of selection on phenology, and can bring the end to a growing season (Galen and M. L. Stanto 

1993; Petrů et al. 2006; Emery 2009). The timing of extreme temperature events such as 

heatwaves and killing frosts are not well represented by seasonal trends in daily temperature 

(Chuine 2003). Researchers can integrate biologically and phenologically specific details of all 

these factors into process-based models of phenology, which are highly informative to the 

growth season a species experiences, but require extensive information on the effect of each 

factor included across multiple sites and years (Chuine et al. 2000; Chuine 2010). These 

important caveats notwithstanding, measuring CGDD across the growing season with affordable 

temperature dataloggers provides a more biologically relevant measure of growing season length 

than number of days alive (Körner 2007; Normand et al. 2009). 
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4.3 PREDICTIONS 2/3: PHENOTYPIC SELECTION ON PHENOLOGY 

 There was little evidence to support prediction 2, stronger selection for early flowering in 

sites with short growing seasons, and no evidence to support prediction 3, that there was 

stabilizing selection favouring an intermediate flowering time in moderate and long growing 

seasons, but directional selection in shorter growing seasons towards the upper elevational range 

limit. For both linear selection differentials (S) and gradients (β) more than 80% of selection 

coefficients were negative, favouring early flowering, although this effect was stronger for S than 

β, suggesting that a portion of the direct selection on flowering time is mediated indirectly 

through total selection on size at flowering. Although there was no linear trend for stronger 

selection on flowering time in short growing seasons, the strongest β favouring early flowering 

were in two of the three shortest growing seasons, and seven of the eight significant β values 

were in the 13 shortest growing seasons (Fig. 14). Both quadratic selection differentials and 

gradients for date of first flower varied around zero, were significantly weaker than linear 

coefficients, and did not covary with growing season length. In populations that are locally 

adapted, selection for phenotypic traits is expected to be stabilizing favouring an optimal value 

(Hansen 1997), however there is a growing body of evidence that, paradoxically, early flowering 

is consistently favoured by selection (Munguía-Rosas et al. 2011). Austen et al. (2017) proposed 

several explanations for why selection favours early flowering, which I individually address in 

sections 5.4 and 5.5.  

4.4 PREDICTION 4: TRADE-OFFS 

 The commonly assumed disadvantage to flowering early, is that early flowering comes at 

the cost of flowering at a small size and hence relatively lower fecundity (Hansen 1997), which 

should give rise to stabilizing selection for an optimal flowering phenotype. This should be 



68 

 

especially prevalent in annual plants where there is no resource storage for future growing 

seasons (Munguía-Rosas et al. 2011), therefore the transition to flowering should be associated 

with a complete diversion of resources from growth to reproduction (Roff 2002). This means 

annual plants will often time reproduction with sufficient resource allocation (Forrest and Miller-

Rushing 2010). However, I found a consistent pattern where early flowering plants flowered at a 

larger size than late flowering plants. I also failed to detect a cline in size at flowering across 

CGDD despite a cline in the amount of CGDD to flowering. Because there was no evidence of a 

trade-off between time to flower and size at flowering, directional selection for early flowering 

could be favoured, with no benefit for stabilizing selection.  

My results join a growing body of empirical work that fails to find a trade-off between 

time to and size at flowering in natural plant populations (Forrest 2014). The most widely held 

explanation for this is that variation among individuals in resource acquisition potential, due to 

genetic and/or environmental quality, obscures expected trade-offs in resource allocation 

(Reznick et al. 2000). Individuals in better condition or with access to more resources can flower 

earlier and at a larger size than individuals with poorer resource access (Austen et al. 2017; Fig. 

9). Condition or resource acquisition potential can be influenced by a combination of genetic and 

environmental factors (Reznick et al. 2000; Austen et al. 2017). Because plants are sessile, 

growing conditions in their immediate local environment strongly influence growth, reproductive 

phenology and fitness (Ehrlén and Münzbergová 2009). Within the sites I studied, there was 

conspicuous variation in several relevant environmental variables, including soil moisture 

content, plant community, and canopy closure  (Herrera 1995; De Frenne et al. 2013). Many 

studies that have found a trade-off between time to and size at flowering have done so in 

manipulated environments such as growth chambers (Mitchell-Olds 1996) or common gardens 
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(Angert et al. 2008; Colautti et al. 2010b) where environmental variation is reduced relative to 

natural populations. The trade-off between time to and size at flowering has rarely been 

examined in natural habitats when attempting to detect sources of variation in microhabitat 

quality or other factors influencing plant resource acquisition potential.  

I selected microhabitat factors (% canopy closure, % grass cover, % legume cover, % soil 

volumetric water content) that I expected would influence plant vigor and therefore a plants 

resource acquisition potential. However, no single microhabitat factor significantly improved the 

predictive ability of the multiple regression comparison between date of first flower and size at 

flowering. Furthermore, the combined linear regression did not change the relationship between 

date of first flower and size at flowering. Although this suggests that microhabitat does not 

influence the relationship between date of first flower and size at flowering it is possible that 

there are better measures of microhabitat. I measured microhabitat variables at a 1m2 plot level, 

which may be a small distance compared to the elevational scale that I was measuring growing 

season across, but even across this small spatial scale there can be differences in soil properties 

(Cambardella et al. 1994) and plant community (Austrheim and Eriksson 2001). The best 

measure of microhabitat in R. minor would be host quality because it directly influences R. 

minor’s ability to acquire resources influencing its size, competitive ability, and fitness (Gibson 

and Watkinson 1991). Measuring a plant’s host in the field is not feasible as it requires 

excavating the roots of both R. minor and its host plant to identify and trace haustorial 

connections. Variation in R. minor host quality has been investigated experimentally by planting 

it with different hosts species (Gibson and Watson 1989; Cameron et al. 2006). Moving potted 

individuals into the field with different quality host plants may be a way for future studies to 
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better determine the influence of microhabitats on the relationship between time to and size at 

flowering under natural conditions.  

I found that, when accounting for resource acquisition potential using logistic growth rate 

(r), the correlation between date of first flower and size at flowering increased significantly, 

which indicates that variation in either genetic or microhabitat quality partially obscured the 

negative correlation between date of first flower and size at flowering. Even though the 

correlation was significantly higher when accounting for r, there was still a negative correlation 

between date of first flower and size at flowering in 22 of 24 sites, implying that this measure of 

individual condition does not fully account for the lack of trade-off. Logistic growth rate 

significantly influenced the correlation with both date of first flower and size at flowering in 7 of 

24 sites but did not correlate with fitness. This suggests that although resource acquisition 

potential may be important to determine phenotypic traits at flowering, other selective processes 

also influence fitness after flowering, such as reproductive loss from herbivores and drying. 

Optimal resource acquisition strategies are directly linked to key life history traits such as 

phenology, size, competitive ability, and fitness (Magyar et al. 2007; Nord and Lynch 2009), and 

one of the best measures of resource acquisition potential is growth rate (Bloom et al. 1985). Few 

studies that measure natural selection account for variation in r (Fine et al. 2006), likely because 

it requires repeated measurements throughout the lifetime of the organism. Because I only 

measured r for a subset of plants that had been measured throughout their life, these results must 

be viewed with caution. However, the correlation between r and commonly measured phenotypic 

traits like date of first flower and size at flowering indicates that it may be an important 

phenotypic trait to consider when measuring selection in natural plant populations.  
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4.5 ALTERNATIVE EXPLANATIONS OF SELECTION FOR EARLY FLOWERING 

Continued resource acquisition beyond the first flower may offset fitness penalties 

associated with early flowering (Austen et al. 2017). Although the initiation of reproductive 

maturity and flowering is commonly assumed to coincide with the transition from investing in 

structures that acquire resources (leaves and roots) to reproductive structures that require 

resources (Obeso 2002), the cost may be offset reproductive costs by photosynthetic 

reproductive organs (Earley et al. 2009). In my study, 96% of R. minor plants that flowered 

reached their maximum height after first flower, growing an average of 5.83cm (36% taller) after 

flowering (Table S8.). Rhinanthus minor produces large green calyxes which are likely 

photosynthetic, and therefore may support flowering independent of the vegetative biomass 

accrued before flowering (Fig. 5). Rhinanthus minor is also a hemiparasite that can continue to 

acquire water while other nearby plants are wilting (Westbury 2004), therefore reducing the 

resource cost to continued growth under limited resources. In this scenario alternative measures 

of phenology, such as duration of flowering, which can be measured beyond the first flower, may 

be useful to determine indirect measures of phenology. 

Another explanation for the paradox of early flowering is that the phenological target of 

selection is flowering duration instead of date of first flower, as they often negatively correlate 

with early flowering plants flowering for a longer duration than later flowering plants (Hendry 

and Day 2005). In my selection gradient analysis measuring total linear selection (β) on 

flowering duration, while accounting for the covariation of date of first flower and size at 

flowering, I found at most site × year combinations (19 of 24 sites, with 11 of 24 significant), 

increased duration of flowering correlates with higher fitness (Appendix B). However, the 

magnitude of β for duration of flowering was not significantly higher than β for date of first 



72 

 

flower, and there was no pattern of variation in β for flowering duration across variation in 

growing season length. This suggests that although increased duration of flowering may be a 

target of selection it is not stronger than selection on the timing of initiation of flowering in R. 

minor. I also tested for selection on flower development time, as faster developing flowers may 

be advantageous in sites with short growing seasons. I found β for flower development time was 

weaker than those for date of first flower, suggesting β for date of first flower was a more 

important target of selection than β for flower development time. I did not include either duration 

of flowering or rate of flower development into my main selection gradient analysis, as they 

required that plants produce at least 1 seed (Appendix B). Therefore, these supplementary 

selection analyses excluded plants that flowered but had zero fitness, thus reducing the sample 

size and underrepresenting the influence of plants that experienced total reproductive failure.  

The invisible fraction is when plants with early flowering phenotypes have higher rates of 

pre-flowering mortality, therefore early flowering phenotypes which have no fitness are 

underrepresented in the selection analysis (Stinchcombe 2014). Early flowering phenotypes may 

have reduced water use efficiency (McKay et al. 2003), herbivore defenses (Weinig et al. 2003), 

or resource acquisition traits (Sheth and Angert 2016), that may increase pre-flowering mortality. 

I cannot determine the extent to which this influenced my estimates of selection, as I do not 

know the phenotype of plants that died before flowering. However, if the invisible fraction 

biased my selection analysis favouring early flowering, I expected that the strongest selection for 

early flowering would occur at sites where many initially measured plants died before flowering. 

Therefore, I compared β for date of first flower, to the proportion of initial plants that survived to 

flowering, across all sites in both years. I found that selection for early flowering was strongest at 

sites with the highest survival of initial plants (F(1,22)= 7.46, Slope =-0.55, SE = 0.20, P = 0.012, 
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R2= 0.22; β = % initial plants alive at flowering; Fig. S3). Although this analysis did not account 

for plants that did not germinate (i.e. viability selection) it suggests the invisible fraction issue is 

unlikely to be responsible for consistent selection favouring early flowering in the populations of 

R. minor I studied. 

The final explanation for the paradox of early flowering is an asymmetric fitness function 

(Austen et al. 2017). In this scenario there is a higher fitness cost for flowering late, such as total 

reproductive failure from frost damage during fruit maturation, compared to flowering early, 

where the cost would only be fewer total flowers (Weis et al. 2014). Because my selection analyses 

are based on standing phenotypic variation, analysis for each site only provides a view of a small 

section of the overall fitness surface for flowering time (Kingsolver 1988). A more complete 

description of the fitness surface requires extended phenotypic variation so that the fitness 

consequences of extreme phenotypic variation can be quantified (Weis et al. 2014). I therefore 

cannot determine the fitness surface from my data, however less than 1% of my plants died from 

frost or snow damage, indicating that there is not a high cost to flowering late in the form of 

complete reproductive failure at the end of the growing season. The best approach to test this 

invisible fraction in the field would be to create segregating lines of F2 crosses for early and late 

flowering phenotypes, creating the entire range of potential flowering phenotypes, and plant them 

across and environmental gradient (Weis et al. 2014).  

4.6 FACTORS INFLUENCING SELECTION FOR DATE OF FIRST FLOWER 

I predicted that selection for early flowering would be favoured in short growing seasons, 

because late flowering phenotypes would be penalized with slower development rates and direct 

reproductive loss at the end of the growing season. Although there was little direct reproductive 

loss from frost or snow, slower development rate at the end of the growing season may have 
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influenced selection on flowering time in sites with short growing seasons. In 2015 at the NkN-

High site (the shortest growing season with the strongest selection favouring early flowering) the 

total CGDD in September was (44.50), which was much lower than in July (303.75) or August 

(288.25), therefore plants developing and producing fruit at the end of the growing season did so 

with less heat energy. Plants progress through reproductive stages in direct response to the 

amount of heat energy available (Miller et al. 2001). They also develop reproductive structures 

and uptake nutrients more slowly at the end of the growing season (Hanway 1966). Therefore, 

even though there was little direct reproductive loss from frost or snow, development may have 

been stunted in late flowering plants, especially in sites with very short growing seasons (i.e. 

2015 NkN-H), resulting in selection favouring early flowering. 

Although CGDD provides a good measure of growing season, the timing of important 

environmental events, such as the end of the growing season (Chuine and Beaubien 2001), will 

influence patterns of selection on phenology. For example, in 2014, using the same study design 

and sites as mine, Dave Ensing found 4 of 12 sites had plants that experienced direct 

reproductive loss from frost or snow, compared to only 2 of 24 sites in 2015 and 2016. Although 

there was more CGDD in 2014 compared to 2015 or 2016, as measured from a weather station at 

the Kananaskis Boundary Ranch (located within 3km of all study sites) (Table S9), the end of the 

growing season was 17 days earlier, which suggests and early end to the growing season may 

have resulted in increased reproductive loss from frost and snow. Variation in extreme weather 

events is common in montane environments where the growing season is highly stochastic 

(Friend and Woodward 1990), and if this environmental variation influences phenotypic traits 

and fitness, it will result in different targets of selection for phenology each year (Schemske and 
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Horvitz 1989). This stochasticity may contribute to the lack of evidence for stabilizing selection 

as there is not a consistent optimal flowering time to adapt towards.  

There were high rates of direct reproductive loss in most sites and this may have 

influenced patterns of selection on flowering time. This indicates that most plants in the selection 

analysis had low fitness, therefore early flowering plants which had high fitness may have a 

strong influence on the selection coefficients (Mitchell-Olds and Shaw 1987). While removing 

zero fitness values is used by some studies, it will also influence patterns of selection creating 

unintended biases (Stinchcombe 2014). Zero fitness has long been recognized as an issue in 

selection analysis as it can be responsible for increased false discovery rates (Shaw et al. 2008). 

However, my study does not attempt to predict precise rates adaptation from phenotypic 

selection, but rather I attempt to find trends in the pattern of selection across growing seasons, 

therefore it is not as large of an issue for my study. One way to overcome the issue of a high 

proportion of zero fitness individuals is to quantify sources of fitness losses using a path model 

(Scheiner et al. 2000). Although my path model provides little evidence that date of first flower 

influenced direct modes of reproductive loss from herbivory or drying, rates of herbivory may 

have been underestimated as direct reproductive loss from herbivores could result in losing the 

entire plant, therefore the recorded mode of reproductive loss would be unknown. This may 

account for the high proportion of plants that have an unknown mode of reproductive loss. It is 

possible that earlier flowering plants can escape complete reproductive failure (Brody 1997) by 

producing seed before bouts of large mammal herbivory from herds of elk and deer which often 

caused complete reproductive failure (personal observations). 
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4.7 SELECTION ON PLANT SIZE 

 Stronger selection for larger size at flowering under longer growing seasons was 

consistent for both selection differentials and gradients. It is not surprising that there is overall 

selection for larger plant size as those plants have increased vegetative resources that can be 

dedicated to reproduction, which is confirmed by several studies measuring selection on plant 

size (Kelly 1992; Geber and Griffen 2003; Kingsolver and Diamond 2011). However, there are 

likely different factors in each site which influence the pattern of selection across the gradient of 

growing season length. 

In sites with longer growing seasons, one potential reason why there was strong selection 

favouring larger size at flowering is that larger plants better tolerate drought. When controlling 

for year, there was a linear trend for increased direct reproductive loss from drying in longer 

growing seasons. There was also a linear trend for lower minimum percent soil volumetric water 

content with increased CGDD (F(1,22)= 7.284, Slope = -0.00784, SE = 0.00291, P = 0.0224, R2 = 

0.421; % VWC = CGDD; Table S2). The path model showed increased likelihood of direct 

reproductive loss from drying for smaller plants in 23 of 24 site × year combinations. In several 

species larger plants are more drought sensitive because of increased resource needs (Blum et al. 

1997), but because R. minor is a drought sensitive root hemiparasite, poorer quality host 

associations will result in smaller plants which provide less water and nutrients to the parasite 

(Gibson and Watson 1989; Westbury 2004). Therefore, sites with longer growing seasons had an 

increased likelihood of direct reproductive loss from drying, larger plants with high quality host 

associations might have been able to avoid reproductive loss from drying and had higher fitness 

than smaller plants. Conversely, in sites with shorter growing seasons plants were less likely to 
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experience direct reproductive loss from drying and therefore there may be relaxed selection on 

plant size. 

Another reason why there may be stronger selection favouring larger plants in longer 

growing seasons is competition for light. In sites with shorter growing seasons there was less 

canopy closure. These sites were also dominated by small plants such as grasses and small herbs, 

compared to sites with longer growing seasons which were dominated by larger perennial 

flowering plants, shrubs, and trees (personal observations). Therefore in sites with longer 

growing seasons, plants that grow relatively taller are able to escape the shade from taller plants, 

gaining increased access to the more limited amounts of sunlight (Schmitt and Wulff 1993). 

Larger plants are likely to be associated with higher quality hosts (Westbury 2004) therefore host 

selection in sites with longer growing seasons may be important for both drought tolerance and 

competition for light. Although no site was at R. minors lower range limit, selecting for larger 

size is consistent with long held assumptions that competitive biotic interactions will determine 

fitness towards lower elevational and latitudinal range limits (MacArthur 1972).  

Although flowering at a larger size is typically favoured, in short growing seasons there 

were several sites that showed no selection for size at flowering, indicating there is no advantage 

to flowering at larger sizes in sites with short growing seasons. Rhinanthus minor produces 

relatively large seeds compared to the plant community in sites with short growing seasons, 

which are dominated by plants that produced smaller seeds such as; mountain avens (Dryas 

octopetala), alpine forget me nots (Myosotis alpestris), subalpine stonecrop (Sedum 

lanceolatum), and various grass species (personal observations). Sites with longer growing 

seasons have a more diverse plant community, which includes plants with larger seeds such as 

Indian paintbrush (Castilleja spp.), Siberian larkspur (Delphinium grandiflorum), and sunflowers 
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(Helianthus spp.) which are not found in higher elevation sites (personal observations). Because 

of this, populations of R. minor in short growing seasons may be a preferred target for both 

mobile large mammal species such as elk, deer, sheep, and goats, as well as small mammal 

species such as mice and ground squirrels, which were observed at all high and mid high 

elevational sites. This assumption was corroborated, as there was an increased likelihood of 

direct reproductive loss or death from herbivores in sites with shorter growing seasons. The path 

analysis showed that direct reproductive loss from herbivores was associated with larger plant 

size in 21 of 24 site × year combinations. This suggests that in sites with long growing seasons, 

which is associated with increased herbivory, larger plants that are more conspicuous are more 

likely to be targeted by herbivores. Theory suggests biotic pressures limit the lower elevational 

range, while abiotic pressures limit the upper elevational range (MacArthur 1972; Caughley et al. 

1988), however my results suggest herbivory may be an important factor influencing the pattern 

of selection at sites with short growing seasons near the upper range edge.  
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CONCLUSION 

Phenology is a trait that is consistently linked to individual fitness (Geber and Griffen 

2003; Elzinga et al. 2007; Munguía-Rosas et al. 2011), but despite this we have a limited 

understanding of how patterns of selection on phenology change across natural gradients of 

seasonality. A renewed interest in phenology is associated with a growing collective awareness 

of how rapidly warming climate is modifying natural landscapes. Changes in the climate will 

likely facilitate changes in growing season length (Robeson 2004), resulting in the necessity for 

species to adapt to new phenological optima (Anderson et al. 2012). Several recent studies have 

quantified patterns of selection and local adaptation on phenology through manipulations in 

growth chambers (Frei et al. 2014; Kooyers et al. 2015), artificial selection experiments (Burgess 

et al. 2007; Sheth and Angert 2016), common gardens (Colautti et al. 2010a; Haggerty and 

Galloway 2011), and reciprocal transplants (Stinson 2004; Hall and Willis 2006; Valdés and 

Ehrlén 2017). However, these studies do not account for stochastic variation in genetics and 

microhabitats that influence selection in naturally occurring populations.  

 Measuring phenotypic selection in the field is one of the simplest ways to observe 

patterns and processes that influence trait adaptation (Geber and Griffen 2003), and is the 

foundation for many research questions. Yet there are few studies that have measured phenology 

across seasonal gradients (Etterson 2004; Stinson 2004; Griffith and Watson 2005), likely 

because of the logistic challenges associated with measuring phenology in the field, as it requires 

frequent re-visitation to ensure accurate detection of phenological events. However, there are 

feasible ways that researchers can measure selection on plant phenology in the field. A more 

connected world provides the opportunity for collaborative projects across latitudinal gradients 

(Lubell 2015) where researchers would monitor phenological changes in only a single 
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population. Furthermore, researchers are not the only ones who are capable of conducting 

scientific research projects as there is an increasing focus on citizen science for phenology 

(Mayer 2010). The geographic scale at which you measure seasonality does not have to be large, 

as a single ephemeral pond can provide a moisture availability gradient on which to study 

phenology (Emery 2009). Gradients of urbanization also provide smaller scales where there is 

observable seasonal differences in which phenology can be measured (Johnson and Munshi-

South 2017). Finally phenological changes can be measured over time as a proxy for space, most 

notably the record keeping of the initiation of cherry blossom blooms which has been monitored 

for over 1000 years (Aono and Kazui 2008). Many studies quantify variation in phenology 

across environmental gradients (Kudo and Hirao 2006; Wipf 2010; Chapman et al. 2014; Kopp 

and Cleland 2014), however natural selection is one of the most fundamental processes which 

influences adaptive change (Kingsolver et al. 2001), therefore studies quantifying phenology 

across environmental gradients should also try to measure fitness and correlated phenotypic traits 

to understand how phenology is influencing adaptive potential across a species range.    

My study provides the most comprehensive assessment of natural selection on flowering 

phenology across an environmental gradient to date. I demonstrate that growing season length is 

not directly correlated with elevation and can be variable across years within a site, and between 

sites at similar elevations. I also find consistent selection favouring early flowering across the 

gradient in seasonality, with no stabilizing selection for an optimal flowering time. Finally, I fail 

to detect a trade off between time to and size at flowering, instead early flowering plants flower 

at a larger size. Altogether this indicates that R. minor’s capacity to adapt to earlier flowering 

times at the range edge is likely not restricted by a trade-off between time to and size at 

flowering which would show patterns of selection for early flowering in short growing seasons. 
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It does however, show that selection typically favours early flowering, and demonstrates a 

pattern of selection favouring larger size at flowering when growing in longer growing seasons. 

My results indicate that commonly held assumptions about life history trade-offs between time to 

and size at flowering and the conditions which promote modes of selection on flowering 

phenology, fail to account for variation in environmental conditions experienced by natural 

populations, and therefore highlights the importance of conducting foundational field research.  
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APPENDIX A: PHENOTYPIC AND FITNESS MEASURMENT 

A1: DATE OF FIRST FLOWER 

Because my site re-visitation rate was ~5 days I wanted to determine a more precise 

estimate for date of first flower. As R. minor’s reproductive structures develop in a sequential 

order, plants with a high proportion of their buds that flowered between the date where the first 

flower was observed, and the previous measurement date, indicates that those plants flowered 

closely after the initial visit. Conversely, a plant with a small proportion of its buds that flowered 

between measurement dates, indicates that plant flowered close to the measurement date in 

which the first flower was observed. Weighting procedures to estimate phenology have been 

used in past studies as a way to more finely predict phenology (Montague et al. 2008; 

Hargreaves 2014). 

For my estimation of flower date, I grouped plants from the same Julian date in which I 

observed the first flowers within a site × year combination. I separated plants within that group 

into 4 bins, ranking them from highest to lowest based on the percentage of buds that had 

flowered from the previous visit (i.e. Highest 25% of buds-> flower = bin 1, Second highest 25% 

of buds -> flower = bin 2, etc.). I then assigned each bin one of 4 unique Julian dates, equally 

spaced between the Julian date of measurement before the plant had flowers, to the Julian date 

when the plant was first observed to have flowers. Plants that had the highest proportion of buds 

that flowered were assigned the earliest of the four dates, and the plants with the lowest 

proportion of buds that flowered were assigned the latest Julian date, with intermediate plants 

assigned dates in between (i.e. Previous visit Julian date = 215, Julian date first flower observed 

= 219, bin 1 = 216, bin 2 =217, etc.) If there was a site × year × date where I observed less than 4 
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plants flowering, I assigned the Julian date as the mean date between the date flowers were 

observed and the previous date.  

A2: PLANT SIZE 

In most other studies of phenotypic selection, estimates of plant size are based on 

common phenotypic measurements such as plant height, but the most precise measurement of 

plant size is dried biomass (Elzinga et al. 1998). Because calculating dry biomass requires the 

plant to be harvested it is not possible to measure the biomass at first flower for plants included 

in selection analyses. Instead I set up a small experiment to estimate dry biomass using 

measurements of key phenotypic traits from 300 plants across different elevations.   

In 2016, I measured the same phenotypic traits as in my natural populations (Table 2), in 

125 plants from 6 sites that spanned ~875 m in elevation (Kd-L, NkS-L, Kd-MH, NkN-MH, Kd-

H, NkN-H). I selected plants that had less than 4 total flowers, no fruits, often had buds, as well 

as attempting to select for a representative sample of plant sizes. After measuring each plant, I 

harvested all above ground biomass, dried the plants in a 140°C oven for 36 hours, and 

individually weighed the plants dry biomass (g).  

I used an ANOVA to determine that plant height (Sum Sq = 0.018, P < 0.05), leaf node 

number (Sum Sq = 0.069, P < 0.05), and number of reproductive structures (Sum Sq = 0.053, P 

< 0.05) (buds and flowers) were traits that significantly correlated with dry biomass. I 

standardized each of the three traits, within their populations, and used a principle component 

analysis on the correlation matrix, as the traits highly covaried with each other and therefore 

could included together in a multiple regression. I found the first principle component explained 

74% of variation. I multiplied the loading values for each factor by standardized plant height, 

leaf node number, and number of reproductive structures (buds and flowers) individually to 
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recover standardized coefficient values, summed these three values, and standardized them to 

give a metric of plant size which reflects plant biomass at first flower. Plant height, leaf node 

number, and number of reproductive structures were measured using the same ranking procedure 

described in A1. Plants were binned into 4 groups based on their estimated date of first flower 

(A1) and the phenotypic trait would be weighted accordingly towards that date (i.e. Height at bin 

1 = [{height at previous visit*0.75}/{height at flowering*0.25}]/ [height at previous visit/height 

at flowering]). 

A3: LIFETIME FITNESS 

To estimate lifetime fitness I used the method developed by Hargreaves (2014). This 

method involves counting the number of mature seeds from a subset of at least 25% of fruits 

from different reproductive nodes along the plants primary, and (potentially) secondary and 

tertiary branches (i.e. every other node across both primary and secondary stems). Any seed that 

had visible fungal, herbivore, or frost damage was not counted as a seed for the fitness estimate. I 

then divided the number of seeds counted by the total number of reproductive structures counted, 

to give an average number of seeds per fruit on that plant. I continued to monitor the plant at 

each successive visit, counting the number of mature fruits from that same plant. I removed 

mature fruit from the plant after being measured to avoid re-counting. To estimate lifetime 

fitness for an individual, I multiplied the number of mature fruits per plant and any developing 

fruit counted during initial seed estimation, by the average number of seeds per fruit, providing 

the estimate of lifetime seeds per plant. 

  

  



92 

 

APPENDIX B: SUPPLEMENTARY SELECTION GRADIENTS 

B1: DURATION OF FLOWERING 

The first supplementary selection gradient included date of first flower, duration of 

flowering, and size at flowering as predictors. Flowering duration is a phenotypic trait correlated 

with the date of first flower and can be the phenological target of selection (Austen et al. 2017). 

To estimate flowering duration, I found the difference in the number of Julian days between the 

estimated last and first date in which a plant produced flowers, using the same method I used to 

estimate date of first flower in (A1). I also used the same ranking procedure from A1 to estimate 

the last date of flowering. I only measured duration of flowering for plants that produced at least 

1 seed, because on average 40.5% of plants that flowered did not produce any seed (Table S6). 

Therefore, reproductive loss due to factors such as herbivory or drought would create spurious 

correlations with flowering duration if they were included. 

The supplementary selection gradient analysis for linear selection on flowering duration 

showed longer flowering duration was favoured in 19 of 24 sites, with 11 of 24 significant (range 

= -0.11 to 0.62, mean = 0.218, SD = 0.182; Fig. B1). There was no significant linear relationship 

of β for flowering duration across CGDD (minimum adequate model β = 0). There was no 

difference in the absolute strength of β coefficients between date of first flower and duration of 

flowering (t = 1.54, P = 0.14, DF = 23), but β for size at flowering was stronger than β for 

duration of flowering (t = -2.23, P = 0.036, DF = 23). Quadratic selection gradient coefficients 

for duration of flowering were mostly neutral, with values ranging from -0.36 to 0.46 (mean = 

0.053, SD = 0.23; Fig. B2), and were weaker than absolute β coefficients for flowering duration 

(t = 3.88, P = 0.00076, DF = 23; Tables B1, B2). 
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B2: FLOWER DEVELOPMENT TIME 

 The number of days it takes to develop from flowering to producing mature seeds is a 

phenological measure that can influence fitness (Austen et al. 2017). To estimate flower 

development time, I found the difference in the number of Julian days between the estimated first 

date of a mature seed producing fruit and the estimated first date of flowering. I used the same 

method to estimate date of first flower in (A1). I also used the ranking procedure from A1 to 

estimate the last date of flowering. I only measured flower development time for plants that had 

no apical herbivory as I wanted to estimate how long it took the first flower to develop into a 

fruit and plants that had apical herbivory often lost their first flower. 

The supplementary selection gradient analysis for the rate of flower development from 

first flower to first fruit showed faster development was favoured in 18 of 24 sites, with 6 of 24 

significant (range = -0.39 to 0.24, mean = -0.099, SD = 0.15; Fig B3). There was no significant 

linear relationship between β for flower development time across CGDD (minimum adequate 

model β = 0). Absolute β for flower development time was weaker than β for date of first flower 

(t = -3.20, P = 0.0040, DF = 23), and β for size at flowering (t = -4.67, P = 0.00011, DF = 23; 

Fig. B4). Quadratic selection gradient coefficients for rate of flower development were mostly 

neutral, with values ranging from -0.29 to 0.34 (mean = -0.062, SD = 0.14), and were weaker 

than β for flower development time (t = 2.87, P = 0.0087, DF = 23; Tables B3, B4). 
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B3: TABLES 

Table B1: Linear selection gradient (β) in every site × year combination, to measure the total effect of directional phenotypic selection 

for standardized duration of flowering, date of first flower and size at flowering, regressed against relative fitness. Significant 

gradients are represented in bold. 

Site Year GDD n Duration of flowering Date of first flower Size at flowering     
β SE P β SE P β SE P 

NkN-H 2015 752 117 0.19 0.16 0.23 -0.32 0.16 0.04 0.11 0.13 0.41 

NkN-H 2016 906 93 0.25 0.12 0.03 0.18 0.10 0.09 0.25 0.11 0.03 

NkS-H 2016 933 33 0.28 0.07 <0.001 -0.20 0.07 0.01 0.29 0.07 <0.001 

NkN-MH 2015 1035 25 0.34 0.17 0.05 0.36 0.16 0.03 0.61 0.16 <0.001 

NkS-H 2015 1079 70 0.18 0.12 0.15 0.00 0.14 0.98 0.68 0.12 <0.001 

NkN-MH 2016 1190 97 0.38 0.09 <0.001 -0.12 0.08 0.13 0.24 0.08 <0.001 

Kd-H 2016 1219 70 0.16 0.07 0.02 -0.09 0.06 0.19 0.37 0.06 <0.001 

Kd-MH 2015 1227 62 0.38 0.12 <0.001 0.07 0.13 0.59 0.31 0.12 0.02 

NkN-L 2016 1232 75 -0.03 0.11 0.78 -0.06 0.10 0.56 0.17 0.11 0.11 

NkN-ML 2016 1243 33 -0.06 0.13 0.67 -0.25 0.12 0.04 0.71 0.12 <0.001 

NkN-ML 2015 1263 27 0.07 0.12 0.53 -0.24 0.14 0.08 0.42 0.14 <0.001 

Kd-MH 2016 1265 46 0.62 0.13 <0.001 -0.04 0.13 0.77 0.10 0.12 0.43 

NkN-L 2015 1265 133 0.41 0.10 <0.001 0.03 0.09 0.74 0.38 0.08 <0.001 

Kd-H 2015 1291 107 0.31 0.08 <0.001 -0.14 0.08 0.11 0.41 0.08 <0.001 

Kd-ML 2015 1412 42 0.14 0.17 0.40 -0.03 0.17 0.87 0.43 0.18 0.02 

Kd-L 2015 1436 84 0.13 0.09 0.14 -0.18 0.09 0.05 0.35 0.09 <0.001 

Kd-L 2016 1490 59 0.36 0.08 <0.001 -0.11 0.09 0.20 0.23 0.08 0.01 

NkS-MH 2015 1511 65 -0.05 0.15 0.76 -0.45 0.17 0.02 0.33 0.17 0.06 

NkS-L 2015 1546 85 0.27 0.15 0.07 -0.24 0.14 0.11 0.39 0.15 0.01 

NkS-ML 2015 1562 73 -0.11 0.15 0.45 -0.03 0.16 0.86 1.20 0.17 <0.001 

NkS-L 2016 1577 81 0.36 0.08 <0.001 -0.06 0.08 0.41 0.70 0.08 <0.001 

NkS-ML 2016 1623 98 0.33 0.09 <0.001 0.02 0.08 0.78 0.54 0.08 <0.001 

Kd-ML 2016 1662 82 0.34 0.09 <0.001 -0.16 0.09 0.09 0.31 0.09 <0.001 

NkS-MH 2016 1673 85 -0.02 0.12 0.87 -0.19 0.12 0.13 0.70 0.11 <0.001 
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Table B2: Quadratic selection gradient (ү) output in every site × year combination, to measure the total effect of stabilizing/disruptive 

phenotypic selection for standardized duration of flowering, date of first flower and size at flowering, regressed against relative 

fitness. Significant gradients are represented in bold. 

Site Year CGDD n Duration of 

flowering 

Date of first flower Size at flowering 

   
 ү SE P ү SE P ү SE P 

NkN-H 2015 752 117 0.18 0.16 0.26 0.50 0.22 0.02 -0.04 0.20 0.83 

NkN-H 2016 906 93 -0.22 0.16 0.17 -0.32 0.16 0.07 -0.10 0.08 0.21 

NkS-H 2016 933 33 0.14 0.10 0.12 0.08 0.08 0.42 0.16 0.10 0.10 

NkN-MH 2015 1035 25 0.44 0.18 0.02 -0.48 0.24 0.05 -0.04 0.16 0.85 

NkS-H 2015 1079 70 0.18 0.20 0.36 -0.06 0.18 0.72 0.40 0.12 <0.001 

NkN-MH 2016 1190 97 0.12 0.12 0.32 0.24 0.08 0.00 -0.10 0.10 0.27 

Kd-H 2016 1219 70 -0.08 0.10 0.36 -0.08 0.10 0.36 0.10 0.08 0.17 

Kd-MH 2015 1227 62 -0.18 0.26 0.47 0.08 0.22 0.73 0.02 0.22 0.96 

NkN-L 2016 1232 75 -0.22 0.14 0.13 0.12 0.12 0.32 -0.32 0.10 <0.001 

NkN-ML 2016 1243 33 -0.36 0.10 <0.001 0.20 0.16 0.24 0.50 0.16 <0.001 

NkN-ML 2015 1263 27 0.00 0.18 0.96 -0.02 0.16 0.87 -0.20 0.16 0.22 

NkN-L 2015 1265 46 -0.04 0.12 0.73 0.08 0.16 0.57 0.22 0.12 0.09 

Kd-MH 2016 1265 133 0.36 0.20 0.09 -0.04 0.24 0.87 -0.10 0.22 0.61 

Kd-H 2015 1291 107 0.46 0.12 <0.001 0.08 0.08 0.32 0.06 0.08 0.57 

Kd-ML 2015 1412 42 0.02 0.32 0.94 0.04 0.24 0.83 -0.34 0.38 0.40 

Kd-L 2015 1436 84 -0.12 0.12 0.28 0.08 0.10 0.41 -0.12 0.12 0.35 

Kd-L 2016 1490 59 0.32 0.12 <0.001 0.12 0.10 0.29 -0.12 0.12 0.32 

NkS-MH 2015 1511 65 -0.08 0.28 0.79 0.20 0.26 0.42 -0.18 0.32 0.60 

NkS-L 2015 1546 85 0.08 0.26 0.76 0.24 0.16 0.13 -0.04 0.32 0.92 

NkS-ML 2015 1562 73 -0.38 0.20 0.05 0.20 0.16 0.23 0.86 0.20 <0.001 

NkS-L 2016 1577 81 0.32 0.08 <0.001 0.12 0.08 0.15 0.34 0.10 <0.001 

NkS-ML 2016 1623 98 0.16 0.14 0.22 0.04 0.08 0.63 0.06 0.10 0.54 

Kd-ML 2016 1662 82 0.22 0.14 0.11 0.26 0.12 0.04 0.26 0.12 0.04 

NkS-MH 2016 1673 85 -0.04 0.14 0.78 0.36 0.16 0.02 0.46 0.12 <0.001 
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Table B3: Linear selection gradient (β) output in every site × year combination, to measure the total effect of directional phenotypic 

selection for standardized date of first flower, size at flowering and flower development time, regressed against relative fitness. 

Significant gradients are represented in bold. 

Site Year CGDD n Date of first flower Size at flowering Flower development time     
β SE P β SE P β SE P 

NkN-H 2015 752 66 -0.438 0.126 0.001 0.179 0.126 0.161 -0.257 0.123 0.041 

NkN-H 2016 906 53 0.154 0.114 0.184 0.476 0.121 <0.001 -0.085 0.127 0.508 

NkS-H 2016 933 74 -0.266 0.076 0.001 0.361 0.078 <0.001 0.066 0.071 0.359 

NkN-MH 2015 1035 71 0.210 0.155 0.178 0.806 0.154 <0.001 -0.099 0.136 0.467 

NkS-H 2015 1079 69 -0.193 0.126 0.130 0.670 0.121 <0.001 -0.307 0.111 0.007 

NkN-MH 2016 1190 78 -0.301 0.088 0.001 0.297 0.087 0.001 0.034 0.083 0.681 

Kd-H 2016 1219 123 -0.244 0.071 0.001 0.368 0.055 <0.001 -0.079 0.071 0.267 

Kd-MH 2015 1227 31 -0.044 0.147 0.766 0.341 0.148 0.029 0.236 0.141 0.105 

NkN-L 2016 1232 59 -0.147 0.100 0.145 0.148 0.090 0.108 -0.177 0.096 0.072 

NkN-ML 2016 1243 71 -0.218 0.103 0.038 0.685 0.102 <0.001 -0.290 0.097 0.004 

NkN-ML 2015 1263 63 -0.323 0.126 0.013 0.482 0.125 <0.001 -0.266 0.106 0.015 

Kd-MH 2016 1265 42 -0.285 0.149 0.062 0.307 0.143 0.038 -0.008 0.142 0.954 

NkN-L 2015 1265 83 -0.184 0.083 0.029 0.493 0.084 <0.001 -0.068 0.082 0.413 

Kd-H 2015 1291 118 -0.257 0.086 0.004 0.492 0.083 <0.001 -0.058 0.077 0.458 

Kd-ML 2015 1412 28 0.028 0.173 0.871 0.296 0.192 0.137 -0.129 0.185 0.492 

Kd-L 2015 1436 87 -0.189 0.095 0.049 0.388 0.091 <0.001 0.033 0.082 0.689 

Kd-L 2016 1490 101 -0.351 0.105 0.001 0.224 0.090 0.014 -0.113 0.093 0.228 

NkS-MH 2015 1511 26 -0.433 0.162 0.014 0.297 0.162 0.080 -0.172 0.139 0.229 

NkS-L 2015 1546 30 -0.431 0.120 0.001 0.449 0.121 0.001 0.042 0.124 0.740 

NkS-ML 2015 1562 46 -0.321 0.210 0.134 1.106 0.178 <0.001 -0.387 0.189 0.047 

NkS-L 2016 1577 94 -0.152 0.084 0.074 0.799 0.084 <0.001 -0.005 0.071 0.940 

NkS-ML 2016 1623 78 -0.091 0.087 0.298 0.658 0.085 <0.001 0.018 0.082 0.829 

Kd-ML 2016 1662 77 -0.259 0.108 0.019 0.359 0.104 0.001 -0.014 0.099 0.890 

NkS-MH 2016 1673 79 -0.358 0.125 0.005 0.609 0.116 <0.001 -0.304 0.114 0.009 
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Table B4: Quadratic selection gradient (ү) output in every site × year combination, to measure the total effect of stabilizing/disruptive 

phenotypic selection for standardized date of first flower, size at flowering and flower development time, regressed against relative 

fitness. Significant gradients are represented in bold. 

Site Year CGDD n Date of first flower Size at flowering Flower development time     
ү SE P ү SE P ү SE P 

NkN-H 2015 752 66 0.356 0.238 0.141 -0.010 0.182 0.953 -0.156 0.222 0.486 

NkN-H 2016 906 53 -0.336 0.224 0.142 -0.090 0.180 0.618 0.182 0.126 0.154 

NkS-H 2016 933 74 0.152 0.102 0.140 0.124 0.110 0.264 -0.100 0.106 0.349 

NkN-MH 2015 1035 71 -0.434 0.268 0.111 0.162 0.172 0.351 -0.220 0.180 0.227 

NkS-H 2015 1079 69 -0.114 0.174 0.518 0.320 0.126 0.014 -0.024 0.110 0.820 

NkN-MH 2016 1190 78 0.370 0.102 0.001 -0.186 0.112 0.100 -0.120 0.110 0.275 

Kd-H 2016 1219 123 -0.078 0.088 0.382 0.044 0.076 0.563 -0.062 0.048 0.199 

Kd-MH 2015 1227 31 -0.268 0.292 0.368 -0.076 0.242 0.754 -0.030 0.152 0.850 

NkN-L 2016 1232 59 0.138 0.112 0.230 -0.372 0.106 0.001 -0.174 0.108 0.113 

NkN-ML 2016 1243 71 0.058 0.160 0.717 0.432 0.146 0.005 0.002 0.146 0.992 

NkN-ML 2015 1263 63 0.130 0.136 0.343 -0.122 0.150 0.419 -0.192 0.094 0.047 

Kd-MH 2016 1265 42 -0.082 0.334 0.805 0.052 0.260 0.843 0.352 0.258 0.182 

NkN-L 2015 1265 83 0.108 0.154 0.487 -0.152 0.148 0.307 -0.168 0.110 0.133 

Kd-H 2015 1291 118 0.142 0.096 0.138 0.156 0.094 0.096 -0.072 0.076 0.347 

Kd-ML 2015 1412 28 -0.012 0.210 0.956 -0.106 0.418 0.801 -0.016 0.304 0.959 

Kd-L 2015 1436 87 -0.080 0.128 0.537 -0.248 0.118 0.037 0.196 0.092 0.039 

Kd-L 2016 1490 101 0.350 0.132 0.009 -0.170 0.136 0.216 -0.098 0.068 0.162 

NkS-MH 2015 1511 26 0.044 0.222 0.846 -0.450 0.314 0.169 0.104 0.230 0.657 

NkS-L 2015 1546 30 0.238 0.178 0.197 0.158 0.224 0.487 -0.246 0.108 0.033 

NkS-ML 2015 1562 46 0.240 0.272 0.384 0.754 0.156 <0.001 -0.290 0.152 0.065 

NkS-L 2016 1577 94 0.166 0.124 0.184 0.362 0.110 0.001 -0.054 0.056 0.340 

NkS-ML 2016 1623 78 -0.008 0.122 0.950 0.004 0.098 0.973 -0.238 0.094 0.013 

Kd-ML 2016 1662 77 0.210 0.168 0.217 0.214 0.150 0.156 -0.012 0.082 0.892 

NkS-MH 2016 1673 79 0.366 0.146 0.014 0.480 0.118 <0.001 -0.074 0.100 0.456 
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B4: FIGURES 

 

Figure B1: Variation in estimated linear selection gradients for date of first flower (left panel), duration of flowering (middle panel), 

and size at flowering (right panel) across cumulative growing degree days, with growing season length estimated as cumulative 

growing degree days for 12 sites studied in each of two years. Closed shapes represent significant coefficients. 95% confidence 

intervals are included for all coefficients. There were no significant association for date of first flower, or duration of flowering but 

there was a positive linear relationship for size at flowering increases (R2 = 0.23, P = 0.012; M.A.M β = CGDD) with increased 

growing season.  

  



99 

 

 

Figure B2:  Variation in estimated quadratic selection gradients for date of first flower (left panel), duration of flowering (middle 

panel), and size at flowering (right panel) across cumulative growing degree days, with growing season length estimated as cumulative 

growing degree days for 12 sites studied in each of two years. Closed shapes represent significant coefficients. 95% confidence 

intervals are included for all coefficients. There were no significant associations for date of first flower, duration of flowering or size 

at flowering.  
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Figure B3: Variation in estimated linear selection gradients for date of first flower (left panel), flower development time (middle 

panel), and size at flowering (right panel) across cumulative growing degree days, with growing season length estimated as cumulative 

growing degree days for 12 sites studied in each of two years. Closed shapes represent significant coefficients. 95% confidence 

intervals are included for all coefficients. There were no significant association for date of first flower, or flower development time but 

there was a positive linear relationship for size at flowering increases (R2 = 0.23, P = 0.012; M.A.M β = CGDD) with increased 

growing season. 
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Figure B4: Variation in estimated quadratic selection gradients for date of first flower (left panel), flower development time (middle 

panel), and size at flowering (right panel) across cumulative growing degree days, with growing season length estimated as cumulative 

growing degree days for 12 sites studied in each of two years. Closed shapes represent significant coefficients. 95% confidence 

intervals are included for all coefficients. There were no significant association for date of first flower, flower development time or 

size at flowering. 
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APPENDIX C: SUPPLEMENTARY TABLES 

Table S1: T-test statistics comparing the Julian date of first flower and fitness from initially measured plants to replacement plants. 

Significant within site × year differences were represented by bolded values. 

Site Year GDD Julian date of first flower  Fitness (seeds per plant) 
   

Mean 

initial 

Mean 

Replace 

t P CI 

low 

CI 

high 

Mean 

initial 

Mean 

replace 

t P CI low CI 

high 

NkN-H 2015 752 208.78 211.44 2.29 0.02 -2.18 1.50 61.71 27.92 -2.15 0.03 -44.19 -2.43 

NkN-H 2016 906 208.63 212.58 4.01 >0.005 -1.31 4.71 14.63 11.04 -0.87 0.39 -7.06 14.29 

NkS-H 2016 933 204.40 201.53 -1.86 0.07 -3.61 6.69 57.69 59.14 0.10 0.92 -50.87 39.47 

NkN-MH 2015 1035 204.19 208.36 2.77 0.01 -0.55 3.74 18.38 10.53 -1.14 0.27 -11.79 20.03 

NkS-H 2015 1079 196.64 198.63 1.82 0.07 0.35 4.98 39.11 21.07 -1.96 0.05 -65.01 -2.58 

NkN-MH 2016 1190 203.74 205.85 1.97 0.05 -2.10 3.38 33.12 37.56 0.49 0.63 -16.30 52.76 

Kd-H 2016 1219 196.23 197.44 0.82 0.42 1.08 7.25 111.85 106.28 -0.27 0.79 -22.14 6.45 

Kd-MH 2015 1227 191.40 192.94 0.65 0.53 0.21 4.10 47.10 41.40 -0.27 0.79 -14.94 4.40 

NkN-L 2016 1232 192.97 193.74 0.66 0.51 -0.18 4.16 27.63 40.28 1.52 0.13 -36.32 0.23 

NkN-ML 2016 1243 186.33 187.90 1.45 0.15 -0.39 7.71 33.52 17.36 -2.00 0.05 3.63 14.76 

NkN-ML 2015 1263 187.37 189.52 2.20 0.03 -1.28 2.16 17.94 12.67 -1.08 0.28 -29.13 -0.59 

NkN-L 2015 1265 196.00 196.64 0.46 0.64 -0.39 5.11 66.90 85.13 1.05 0.30 -10.66 86.17 

Kd-MH 2016 1265 194.67 195.62 0.64 0.52 -1.79 4.22 22.75 16.31 -0.88 0.38 -46.87 35.74 

Kd-H 2015 1291 199.92 199.58 -0.36 0.72 -3.88 1.30 58.44 35.13 -2.22 0.03 -16.65 22.38 

Kd-ML 2015 1412 185.79 187.39 1.47 0.14 -1.95 3.84 15.35 19.47 0.51 0.61 -20.86 7.97 

Kd-L 2015 1436 196.73 198.43 1.12 0.26 0.39 6.47 22.08 25.69 0.67 0.50 -84.02 26.12 

Kd-L 2016 1490 193.76 192.48 -0.98 0.33 2.00 5.91 44.28 47.15 0.29 0.77 -11.76 4.59 

NkS-MH 2015 1511 182.00 182.45 0.51 0.61 -1.55 3.09 21.93 7.06 -2.08 0.04 -3.87 29.17 

NkS-L 2015 1546 198.33 202.00 2.08 0.07 -0.02 4.24 1.50 10.69 3.34 0.00 -13.64 22.52 

NkS-ML 2015 1562 184.95 187.31 1.71 0.09 -0.60 3.73 33.24 70.99 1.57 0.12 -32.13 -0.18 

NkS-L 2016 1577 198.40 199.55 0.64 0.52 -5.99 0.25 47.97 28.66 -2.07 0.04 -28.12 31.03 

NkS-ML 2016 1623 184.88 185.29 0.35 0.73 -2.41 4.71 105.34 137.01 1.09 0.28 -37.83 -0.79 

Kd-ML 2016 1662 181.60 185.03 2.29 0.03 -1.78 4.04 110.87 81.92 -1.05 0.30 -32.33 12.37 

NkS-MH 2016 1673 190.32 191.45 0.78 0.44 -1.95 2.77 40.46 30.48 -0.89 0.38 -26.19 89.52 
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Table S2: Soil moisture characteristics at each site in 2016 including the number of times soil moisture was measured at each site, the 

mean and standard deviation of soil volumetric water content (%), and the lowest and second lowest mean soil volumetric water 

content along with the Julian date on which those low values were measured.  The lowest soil moisture VWC was included as 

Rhinanthus minor is a drought sensitive plant, therefore low soil moisture may result in plant death, especially during fruit maturation. 

Site Year GDD Times soil moisture 

measured 

Mean VWC SD VWC Min VWC 

NkN-H 2016 906 13 26.35 0.73 13.35 

NkS-H 2016 933 12 17.54 0.70 7.85 

NkN-MH 2016 1190 19 27.85 0.65 14.59 

Kd-H 2016 1219 19 22.76 0.44 7.79 

NkN-L 2016 1232 19 18.41 0.49 5.90 

NkN-ML 2016 1243 17 21.50 0.55 9.21 

Kd-MH 2016 1265 19 19.11 0.70 6.39 

Kd-L 2016 1490 19 25.84 0.57 9.14 

NkS-L 2016 1577 15 14.86 0.64 5.80 

NkS-ML 2016 1623 7 14.07 0.68 5.78 

Kd-ML 2016 1662 17 19.42 0.69 4.02 

NkS-MH 2016 1673 18 14.45 0.55 5.17 
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Table S3: Selection gradient output in every site × year combination, to measure the total effect of phenotypic selection for 

standardized date of first flower and size at flowering, regressed against relative fitness. Both linear and quadratic selection gradients 

are presented, along with standard error and P values. Significant gradients are represented in bold. VIF values were also included as a 

measure of covariation between date of first flower and size at flowering, with values above 2 representing a strong correlation in 

which values are too colinear to include in the selection gradient. 
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Site CGDD Year n Date of first flower Size at flowering VIF 
    

Linear Quadratic Linear Quadratic   
    

β SE P ү SE P β SE P ү SE P  

NkN-H 752 2015 131 -0.755 0.162 <0.001 0.648 0.224 0.004 0.104 0.162 0.522 -0.210 0.240 0.380 1.19 

NkN-H 906 2016 110 0.163 0.159 0.309 -0.312 0.188 0.099 0.081 0.159 0.610 0.072 0.130 0.575 1.01 

NkS-H 933 2016 120 -0.460 0.114 <0.001 0.280 0.086 0.002 0.233 0.114 0.043 -0.148 0.140 0.295 1.25 

NkN-MH 1035 2015 130 0.199 0.178 0.267 -0.404 0.284 0.157 0.751 0.178 <0.001 -0.004 0.218 0.987 1.28 

NkS-H 1079 2015 116 -0.230 0.158 0.149 0.164 0.178 0.361 0.743 0.158 <0.001 0.646 0.136 <0.001 1.33 

NkN-MH 1190 2016 117 -0.307 0.113 0.008 0.296 0.114 0.010 0.310 0.113 0.007 -0.356 0.146 0.016 1.06 

Kd-H 1219 2016 138 -0.187 0.062 0.003 -0.092 0.100 0.359 0.415 0.062 <0.001 0.066 0.090 0.461 1.02 

Kd-MH 1227 2015 64 0.207 0.214 0.336 -0.198 0.282 0.483 0.395 0.214 0.069 -0.296 0.226 0.198 1.23 

NkN-L 1232 2016 109 -0.139 0.129 0.284 0.006 0.140 0.971 0.284 0.129 0.030 -0.198 0.130 0.128 1.17 

NkN-ML 1243 2016 118 -0.150 0.144 0.299 0.118 0.154 0.444 0.871 0.144 <0.001 0.190 0.198 0.339 1.23 

NkN-ML 1263 2015 113 -0.429 0.177 0.017 0.184 0.212 0.387 0.268 0.177 0.133 0.142 0.220 0.519 1.35 

Kd-MH 1265 2016 133 -0.415 0.193 0.033 0.456 0.310 0.145 0.368 0.193 0.059 -0.016 0.340 0.961 1.18 

NkN-L 1265 2015 115 -0.246 0.096 0.012 0.152 0.146 0.303 0.675 0.096 <0.001 0.208 0.136 0.128 1.15 

Kd-H 1291 2015 164 -0.199 0.103 0.055 0.040 0.110 0.715 0.590 0.103 <0.001 0.168 0.122 0.167 1.29 

Kd-ML 1412 2015 111 0.103 0.251 0.683 -0.134 0.316 0.671 0.678 0.251 0.008 -0.004 0.342 0.992 1.23 

Kd-L 1436 2015 122 -0.196 0.117 0.096 0.208 0.140 0.140 0.538 0.117 <0.001 -0.202 0.142 0.158 1.57 

Kd-L 1490 2016 126 -0.285 0.101 0.005 0.198 0.130 0.132 0.280 0.101 0.006 0.008 0.152 0.953 1.23 

NkS-MH 1511 2015 115 -0.149 0.266 0.576 0.170 0.274 0.533 0.491 0.266 0.068 0.082 0.380 0.832 1.15 

NkS-L 1546 2015 84 -0.159 0.178 0.375 0.116 0.274 0.674 1.154 0.178 <0.001 0.666 0.294 0.026 1.05 

NkS-ML 1562 2015 65 -0.246 0.200 0.223 0.246 0.150 0.105 1.292 0.200 <0.001 1.180 0.182 <0.001 1.16 

NkS-L 1577 2016 118 -0.159 0.117 0.175 0.250 0.132 0.060 0.761 0.117 <0.001 0.356 0.166 0.034 1.45 

NkS-ML 1623 2016 91 -0.099 0.097 0.309 0.072 0.088 0.418 0.689 0.097 <0.001 -0.040 0.122 0.748 1.18 

Kd-ML 1662 2016 120 -0.243 0.129 0.061 0.280 0.168 0.097 0.413 0.129 0.002 0.062 0.170 0.714 1.23 

NkS-MH 1673 2016 120 -0.243 0.148 0.102 0.152 0.206 0.464 0.692 0.148 <0.001 0.720 0.170 <0.001 1.22 
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Table S4: Phenotypic variation in phenotypic traits included in the selection gradient measured 

using the coefficient of variation and opportunity for selection in each site × year combination. 

The coefficient of variation was calculated for all predictors in the selection gradient, including 

Julian date of first flower, and components of size at flowering including, height (mm) at 

flowering, number of leaf nodes at flowering, and the number of buds and flowers at first flower. 

The opportunity for selection was calculated both for initially measured plants and plants 

included in the selection differential (flowering plants).  

Site Year CGDD n Coefficient of variation (%) 
 

Opportunity 

for selection  
   

 Date first 

flower 

Height at 

flowering 

Leaf 

nodes at 

flowering 

Buds and 

flowers at 

first flower 

NkN-H 2015 752 148 42.34 20.07 28.53 53.95 0.29 

NkN-H 2016 906 131 43.71 26.59 31.18 48.03 0.23 

NkS-H 2016 933 134 47.44 25.16 33.56 48.42 0.23 

NkN-MH 2015 1035 139 45.13 32.71 40.09 60.25 0.36 

NkS-H 2015 1079 134 67.45 23.18 33.31 49.50 0.24 

NkN-MH 2016 1190 128 50.98 34.15 33.76 51.73 0.27 

Kd-H 2016 1219 157 49.73 24.34 30.33 41.08 0.17 

Kd-MH 2015 1227 70 68.32 25.27 38.12 48.02 0.23 

NkN-L 2016 1232 127 41.61 24.52 33.29 55.91 0.31 

NkN-ML 2016 1243 127 59.72 30.53 36.59 69.47 0.48 

NkN-ML 2015 1263 123 41.23 28.30 42.94 78.35 0.61 

NkN-L 2015 1265 140 50.51 26.69 35.98 38.25 0.28 

Kd-MH 2016 1265 144 47.13 25.72 35.28 53.35 0.15 

Kd-H 2015 1291 171 45.06 24.53 31.36 49.44 0.24 

Kd-ML 2015 1412 115 49.72 25.24 40.55 56.96 0.32 

Kd-L 2015 1436 133 51.00 28.62 30.61 56.20 0.32 

Kd-L 2016 1490 136 51.61 27.20 27.53 46.91 0.22 

NkS-MH 2015 1511 120 69.16 21.73 35.27 61.44 0.38 

NkS-L 2015 1546 97 55.62 30.65 28.41 52.91 0.28 

NkS-ML 2015 1562 70 44.04 27.01 50.87 75.30 0.57 

NkS-L 2016 1577 130 51.04 28.21 32.22 59.46 0.35 

NkS-ML 2016 1623 99 56.01 24.50 41.43 58.17 0.34 

Kd-ML 2016 1662 137 56.71 25.91 34.50 51.29 0.26 

NkS-MH 2016 1673 130 48.61 24.25 37.09 44.54 0.20 
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Table S5: Selection differential output in every site × year combination, to measure the direct effect of phenotypic selection for 

standardized date of first flower and size at flowering, regressed against relative fitness. Both linear and quadratic selection 

differentials are presented, along with standard error and P values. Significant differentials are represented in bold. 

Site Year GDD n Date of first flower 
   

Size at flowering 
 

   
 Linear 

  
Quadratic Linear 

  
Quadratic 

   
 S SE P G SE P S SE P G SE P 

NkN-H 2015 752 148 -0.811 0.148 <0.001 0.224 0.110 0.045 0.404 0.160 0.013 -0.219 0.129 0.091 

NkN-H 2015 906 131 0.149 0.158 0.349 -0.088 0.141 0.534 0.063 0.158 0.689 -0.035 0.118 0.766 

NkS-H 2015 933 134 -0.576 0.103 <0.001 0.135 0.046 0.004 0.439 0.108 <0.001 -0.147 0.075 0.054 

NkN-MH 2015 1035 139 -0.151 0.168 0.369 -0.200 0.148 0.179 0.659 0.158 <0.001 -0.041 0.109 0.705 

NkS-H 2015 1079 134 -0.599 0.149 <0.001 0.206 0.112 0.070 0.858 0.138 <0.001 0.285 0.070 <0.001 

NkN-MH 2015 1190 128 -0.393 0.113 <0.001 0.110 0.079 0.166 0.384 0.113 0.001 -0.225 0.079 0.005 

Kd-H 2015 1219 157 -0.250 0.070 <0.001 -0.118 0.052 0.024 0.443 0.063 <0.001 -0.003 0.043 0.953 

Kd-MH 2015 1227 70 0.079 0.197 0.691 -0.154 0.138 0.269 0.305 0.192 0.118 -0.160 0.122 0.194 

NkN-L 2015 1232 127 -0.263 0.121 0.032 -0.022 0.081 0.789 0.338 0.119 0.006 -0.097 0.065 0.140 

NkN-ML 2015 1243 127 -0.532 0.148 <0.001 0.131 0.092 0.157 0.935 0.130 <0.001 0.091 0.093 0.331 

NkN-ML 2015 1263 123 -0.577 0.152 <0.001 0.119 0.091 0.191 0.487 0.155 0.002 0.049 0.111 0.663 

NkN-L 2015 1265 140 -0.501 0.105 <0.001 0.071 0.073 0.334 0.771 0.091 <0.001 -0.025 0.075 0.739 

Kd-MH 2015 1265 144 -0.489 0.189 0.011 0.158 0.149 0.291 0.439 0.193 0.024 -0.029 0.166 0.863 

Kd-H 2015 1291 171 -0.477 0.098 <0.001 0.054 0.066 0.415 0.684 0.091 <0.001 0.067 0.061 0.272 

Kd-ML 2015 1412 115 -0.189 0.233 0.419 -0.072 0.162 0.660 0.634 0.226 0.006 0.016 0.164 0.920 

Kd-L 2015 1436 133 -0.518 0.101 <0.001 0.063 0.072 0.388 0.656 0.094 <0.001 -0.047 0.067 0.487 

Kd-L 2015 1490 136 -0.420 0.093 <0.001 0.064 0.066 0.333 0.404 0.093 <0.001 -0.057 0.082 0.484 

NkS-MH 2015 1511 120 -0.338 0.251 0.181 0.085 0.146 0.562 0.544 0.248 0.030 0.020 0.182 0.914 

NkS-L 2015 1546 97 -0.420 0.213 0.053 0.040 0.161 0.806 1.188 0.174 <0.001 0.274 0.142 0.058 

NkS-ML 2015 1562 70 -0.724 0.239 0.003 0.230 0.122 0.065 1.383 0.187 <0.001 0.556 0.090 <0.001 

NkS-L 2015 1577 130 -0.567 0.113 <0.001 0.182 0.056 0.002 0.849 0.097 <0.001 0.126 0.080 0.119 

NkS-ML 2015 1623 99 -0.371 0.111 0.001 0.002 0.088 0.981 0.728 0.089 <0.001 -0.037 0.061 0.544 

Kd-ML 2015 1662 137 -0.411 0.125 0.001 0.145 0.092 0.117 0.502 0.121 <0.001 0.041 0.088 0.647 

NkS-MH 2015 1673 130 -0.542 0.146 0.000 0.128 0.077 0.099 0.796 0.134 <0.001 0.374 0.085 <0.001 
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Table S6: Proportion of plants that experienced direct reproductive loss from, drying, frost or snow damage, herbivory, and unknown 

causes for each site × year combination. 

Site Year GDD # Flowered Total Cause of direct reproductive loss 

    
Total 

reproductive 

loss 

Flowered 

but no 

fitness 

Reproductive 

loss after 

producing at 

least 1 seed 

Dried 
Frost or 

snow 
Herbivory Unknown 

NkN-H 2015 752 148 0.72 0.50 0.22 0.02 0.01 0.22 0.47 

NkN-H 2016 906 131 0.64 0.52 0.12 0.04 0 0.24 0.28 

NkS-H 2016 933 134 0.52 0.34 0.18 0.06 0 0.10 0.34 

NkN-MH 2015 1035 139 0.55 0.47 0.08 0.19 0.04 0.17 0.17 

NkS-H 2015 1079 134 0.60 0.42 0.19 0.01 0 0.44 0.15 

NkN-MH 2016 1190 128 0.55 0.32 0.23 0.13 0 0.13 0.27 

Kd-H 2016 1219 157 0.59 0.14 0.45 0.03 0 0.11 0.44 

Kd-MH 2015 1227 70 0.71 0.51 0.20 0.27 0 0.11 0.33 

NkN-L 2016 1232 127 0.58 0.46 0.12 0.19 0 0.16 0.24 

NkN-ML 2016 1243 127 0.54 0.42 0.13 0.17 0 0.16 0.18 

NkN-ML 2015 1263 123 0.57 0.46 0.11 0.13 0 0.18 0.26 

NkN-L 2015 1265 144 0.59 0.29 0.30 0.10 0 0.14 0.35 

Kd-MH 2016 1265 140 0.83 0.68 0.15 0.24 0 0.24 0.35 

Kd-H 2015 1291 171 0.54 0.29 0.25 0.09 0 0.11 0.34 

Kd-ML 2015 1412 115 0.90 0.74 0.17 0.26 0 0.23 0.42 

Kd-L 2015 1436 133 0.51 0.29 0.23 0.08 0.01 0.11 0.32 

Kd-L 2016 1490 136 0.38 0.19 0.18 0.11 0 0.01 0.22 

NkS-MH 2015 1511 120 0.83 0.77 0.06 0.56 0 0.09 0.18 

NkS-L 2015 1546 97 0.71 0.62 0.09 0.23 0 0.22 0.27 

NkS-ML 2015 1562 70 0.67 0.30 0.37 0.17 0 0.06 0.44 

NkS-L 2016 1577 130 0.29 0.21 0.08 0.05 0 0.03 0.17 

NkS-ML 2016 1623 99 0.45 0.13 0.32 0.05 0 0.05 0.34 

Kd-ML 2016 1662 137 0.74 0.37 0.37 0.20 0 0.22 0.31 

NkS-MH 2016 1673 130 0.64 0.34 0.30 0.14 0 0.05 0.42 
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Table S7: The significance of accounting for variation in microhabitat factors (percent canopy 

closure, percent grass abundance, percent legume abundance, and percent soil volumetric water 

content (2016 only)) and logistic growth rate, on the relationship between standardized size at 

first flower with standardized date at first flower using maximum likelihood ratio testing.  A 

significant interaction indicates that including microhabitat factors or logistic growth rate 

accounts for variation in the relationship between size at flowering and date of first flower.  

Site CGDD Year Microhabitat Logistic growth rate    
n Significance n Significance 

NkN-H 752 2015 131 n.s. 109 n.s. 

NkN-H 906 2016 110 n.s. 67 n.s. 

NkS-H 933 2016 120 n.s. 85 n.s. 

NkN-MH 1035 2015 130 n.s. 47 n.s. 

NkS-H 1079 2015 116 n.s. 78 n.s. 

NkN-MH 1190 2016 117 n.s. 70 n.s. 

Kd-H 1219 2016 138 n.s. 109 ** 

Kd-MH 1227 2015 64 n.s. 14 ** 

NkN-L 1232 2016 109 n.s. 74 n.s. 

NkN-ML 1243 2016 118 n.s. 82 n.s. 

NkN-ML 1263 2015 113 n.s. 60 n.s. 

Kd-MH 1265 2016 133 n.s. 90 n.s. 

NkN-L 1265 2015 115 n.s. 56 n.s. 

Kd-H 1291 2015 164 n.s. 102 * 

Kd-ML 1412 2015 111 n.s. 21 n.s. 

Kd-L 1436 2015 122 n.s. 49 n.s. 

Kd-L 1490 2016 126 n.s. 73 * 

NkS-MH 1511 2015 115 n.s. 30 n.s. 

NkS-L 1546 2015 84 n.s. 16 n.s. 

NkS-ML 1562 2015 65 n.s. 15 n.s. 

NkS-L 1577 2016 118 n.s. 86 n.s. 

NkS-ML 1623 2016 91 n.s. 54 * 

Kd-ML 1662 2016 120 n.s. 20 * 

NkS-MH 1673 2016 120 n.s. 82 * 

n.s. p > 0.05 

p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001
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Table S8: The percentage of plants that continued to grow after flowering as well as the 

comparison between the mean height at first flower (mm) compared with the max height (mm) to 

determine if growth stopped after flowering.  

 

  

Site Year GDD % Plants that grew 

after first flower 

Height at first 

flower (mm) 

Max height (mm) 

    
Mean SE Mean SE 

NkN-H 2015 752 0.97 189.5 3.32 257.82 4.71 

NkN-H 2016 906 0.98 146.76 3.72 194.34 4.68 

NkS-H 2016 933 0.98 127.01 2.92 190.85 4.99 

NkN-MH 2015 1035 0.92 143.15 4.11 180.66 5.28 

NkS-H 2015 1079 0.97 117.89 2.54 168.93 4.51 

NkN-MH 2016 1190 0.97 151.87 4.80 210.66 6.97 

Kd-H 2016 1219 0.98 183.26 3.80 264.84 5.43 

Kd-MH 2015 1227 0.91 173.94 5.50 223.78 6.88 

NkN-L 2016 1232 0.96 201.82 4.74 266.96 6.44 

NkN-ML 2016 1243 0.91 174.06 4.89 232.30 7.23 

NkN-ML 2015 1263 0.97 168.88 4.50 233.33 6.85 

NkN-L 2015 1265 0.96 198.84 4.77 275.43 7.88 

Kd-MH 2016 1265 0.95 159.42 3.69 231.45 5.98 

Kd-H 2015 1291 0.98 154.82 2.97 215.17 4.61 

Kd-ML 2015 1412 0.86 197.36 4.73 239.37 6.01 

Kd-L 2015 1436 0.96 117.91 3.06 151.15 4.97 

Kd-L 2016 1490 0.99 128.43 3.11 173.20 4.31 

NkS-MH 2015 1511 0.88 154.22 3.12 197.61 4.67 

NkS-L 2015 1546 0.80 141.27 4.72 172.24 6.33 

NkS-ML 2015 1562 0.94 154.46 5.17 204.12 7.54 

NkS-L 2016 1577 0.96 122.8 3.19 171.08 5.14 

NkS-ML 2016 1623 0.98 161.55 4.15 246.69 7.41 

Kd-ML 2016 1662 0.98 207.76 4.92 285.61 6.84 

NkS-MH 2016 1673 0.97 155.95 3.45 230.10 5.36 

Total 
  

0.96 159.53 0.95 217.85 1.40 
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Table S9: Temperature data showing annual differences in growing season from 2014-2016 

based on air temperature measured at the Kananaskis Boundary Auto weather station located 

within 3km of transects at ~1500m (Alberta Agriculture and Forestry and Environment and 

Parks 2017). Data includes cumulative growing degree days, number of Julian dates in a growing 

season, and last calendar date in each year based on growing season length estimates outlined in 

methods section. Bolded values from 2015 and 2016 are my study years 

Year CGDD Number of days in growing season Last Julian date of growing 

season 

2014 1050 121 253 

2015 997 131 270 

2016 931 140 275 
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APPENDIX D: SUPPLEMENTARY FIGURES

 

Figure S1: Cumulative growing degree days measured at a 10°C minimum growing degree day threshold (Hargreaves 2014) 

compared with a 5°C threshold. Every point represents a site × year combination. There is a strong correlation between both (R = 

0.97, R2 = 0.94, P <0.0001) cumulative growing degree days will be measured using a 5°C threshold, because montane plants can 

grow at lower temperatures than 10°C. 
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Figure S2: Mean microhabitat factors across different growing season lengths at each site × year combination in 2015 and 2016. 

Vertical bars represent 95% confidence intervals. Percent canopy closure significantly increased with increased growing season (R2 = 

0.33, P = 0.0036) 
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Figure S3: Selection gradient values for date of first flower compared with the percent of initial plants measured that were alive at 

flowering in every site × year combination. Blue points represent a shorter growth season and red points represent a longer growth 

season. SE included for each site × year. There was a negative linear trend where there were lower selection gradient values with 

increased initial plants that survived to flowering (R2 = 0.22, P = 0.012, M.A.M β = % initial plants). 
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