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ABSTRACT OF THE THESIS 

 

Early-season Drought Favors Delayed Germination Strategies in Two Grass Species 

 

 

by 

 

Julia Ruthmarie Gaudio 

 

Master of Science in Biology 

University of California San Diego, 2020 

Professor Elsa Cleland, Chair 

 

The highly adaptive trait of seed germination timing is influenced by cues such as 

climate and phenology. In turn, timing of seed germination plays an important role in a 

plant’s overall fitness by temporally influencing access to resources and exposure to 

environmental conditions. Existing research demonstrates that early emerging individuals 

often have a fitness advantage. However, despite potential selective pressures favoring 

early emergence, wide variation in germination timing persists. We hypothesized that 

unfavorable environmental conditions at the start of the growing season, such as drought, 

could result in mortality favoring later emerging individuals. Furthermore, clinal variation 



 ix 

in emergence time may exist, whereby populations in areas with greater interannual 

climate variation might harbor later emerging genotypes. We evaluated how germination 

timing affects plant fitness by exposing seeds from grass species Stipa pulchra and Bromus 

diandrus to early-season drought conditions, then recording survival and biomass as 

proxies for fitness. To study potential clinal variation in the trait, we used populations of 

seeds collected across the North-South environmental gradient in California. Overall, we 

found an association between later germination and higher fitness as measured by survival, 

but no support for clinal variation in germination timing. Our observations suggest that 

under mortality-event circumstances such as early season drought, temporal variation in 

germination affects seedling survival, but further research is required to evaluate clinal trait 

variation. Ultimately, our findings provide evidence that variable environmental 

conditions, such as early-season drought, may play a part in maintaining variation in 

germination timing.



 1 

Introduction 

The study of phenology explores seasonally timed biological events, which 

influence numerous essential plant functions such as the ability to obtain resources and 

reproduce. To moderate phenological timing of traits, plants evolve mechanisms to detect 

and respond to environmental cues (Forrest & Miller-Rushing, 2010). The functional trait 

of germination timing, also known as emergence timing, has high sensitivity to climatic 

and phenological signals (Walck et al., 2011; Winkler et al., 2018). Additionally, 

emergence timing can be influenced by biotic factors such as competition (Leverett, 2017) 

and herbivory (Waterton & Cleland, 2016). In response to these collective factors, the 

resulting temporal variation in germination influences a plant’s access to resources, 

exposure to growing conditions, and potential for competitive interactions. Thus, relative 

emergence timing of seedlings within and among species greatly impacts individual fitness 

(Huang et al., 2016; Leverett, 2017; Thomson et al., 2017). In turn, differential fitness 

according to emergence timing imposes a selective pressure on the heritable trait, favoring 

the phenotype that confers the highest fitness (Geber & Griffen, 2003).  

A meta-analyses of studies on the relationship between emergence timing and 

various measures of plant fitness found much existing literature supporting early 

emergence as beneficial for seedlings (Verdú & Traveset, 2005). As a type of seasonal 

priority effect (Fukami, 2015), early emergence provides seedlings a longer season for 

growth and reproduction, allowing them to pre-empt space and resources to competitively 

suppress later emerging seedlings (Thomson et al., 2017; Wainwright, Wolkovich, & 

Cleland, 2012). Even within populations, directional selection for earlier emergence often 
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exists (Stanton, 1985). Despite multiple selective pressures favoring early emergence, 

variation in the trait persists, indicating the involvement of opposing selective pressures.  

Why don’t all individuals germinate as early as possible to take advantage of the 

potential priority effect? One factor that may favor later emergence is an increased risk of 

mortality due to variable environmental conditions that occur early during the growing 

season. In environments with less predictable climatic conditions, events that cause 

widespread mortality are common. The timing of the mortality event influences whether 

mortality selection favors early or delayed germination (Donohue et al., 2010). 

Abnormally harsh environmental conditions occurring at the start of the growing season, 

such as early-season frost or drought, promote higher fitness of later emerging individuals 

(Donohue et al., 2005; Inouye, 2008; Wainwright, Wolkovich, & Cleland, 2012). Thus, 

optimal germination timing may vary among years, in response to seasonal environmental 

stressors. 

Optimal germination timing may also differ across habitats that vary in key 

climatic factors. Across a species’ range, populations often differentially evolve to varied 

environmental conditions and exhibit clinal variation for many functional traits (Pratt & 

Mooney, 2013; Weber & Schmid, 1998). Certain traits may vary predictably along 

environmental gradients, particularly phenological traits such as emergence timing (Del 

Pozo et al., 2002). Therefore, differences in climate along a species’ range is another factor 

that likely contributes to variation in emergence timing as observed among populations.  

Clinal variation, such as trait variation among populations across spatial and 

environmental gradients, can indicate a history of past selection on traits in relation to 

climate (Clausen et al., 1940; Endler, 1977). In Mediterranean climate regions like 
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California, seasonal water availability is a key climate metric, moderating plant growth by 

influencing emergence timing among other traits (Arroyo, Chacon, & Cavieres, 2006; 

Torres-Martínez et al., 2017). Some literature suggests that early seasonal emergence may 

be favored in more arid sites, due to the shorter growing season (Dickman et al., 2019; 

Sexton, Strauss, & Rice, 2011). As aridity increases, plant populations experience shorter 

periods of favorable conditions for growth, and there is also a greater chance of interannual 

variability in climatic conditions (Cowling et al., 2005; Fuentes et al., 1988; Pratt & 

Mooney, 2013). Few studies have examined how unpredictable growing season conditions, 

such as early-season droughts, impact selection on emergence timing.  

The present study aims to advance existing understanding of selective pressures 

influencing the relationship between seed germination timing and plant fitness. 

Specifically, we evaluate how germination timing affects fitness under early season 

drought for populations across the North-South climatic gradient in California. We 

hypothesized that later emerging strategies would be increasingly favored as the intensity 

of early-season drought increased. We further hypothesized that southern populations, with 

a history of more arid and interannually variable conditions, would harbor later 

germinating genotypes, and stronger selection favoring later germination under early-

season drought.  

This study focuses on two abundant grass species in California that represent main 

life-history strategies: the native perennial Stipa pulchra (purple needlegrass) and the 

exotic annual Bromus diandrus (rigput brome or great brome). Both species are 

predominantly self-fertilizing, with little genetic variation within each population, but 

potentially high variation among geographically diverse populations (Knapp & Rice, 2011; 
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Kon & Blacklow, 1990). We simulated early season drought events, measuring seedling 

survival and final biomass as proxies for fitness. Using a phenotypic selection analysis, we 

then examined the relationship between emergence timing phenotype and fitness relative to 

the population fitness. This type of analysis allows for examining selection on the 

germination timing trait, and thus its adaptive potential (Brodie et al., 1995; De Lisle & 

Svensson, 2017).  
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Methods 

Experimental methods: 

To evaluate the link between germination timing and survival under drought 

conditions, we exposed S. pulchra and B. diandrus seeds from five populations to one of 

two drought treatments (moderate or severe), aiming to reveal differences in germination 

timing and survival across populations and/or treatments. The seeds were chosen from six 

maternal families within five source populations along an aridity gradient. The seeds were 

collected from 2014—2015 from five UC natural reserves: Elliot Chaparral (ELL), 

Kenneth S. Norris Rancho Marino (KEN), Landels-Hill Big Creek (LAN), Sedgewick 

(SED), Stunt Ranch Santa Monica (STU). For each maternal family, 12 filled seeds were 

identified, and their individual biomass was measured. In total, 720 seeds were planted, 

360 per species. We used four racks of small “cone-tainer” pots (Stuewe & Sons, Inc., 

Tangent OR), filled with dry 70/30 Topsoil (Agriservice, Inc., Oceanside, CA), a mix of 

70% sandy loam soil with 30% humic compost (pH ≈ 7.5). The racks were separated by 

species and randomly separated by drought treatment. The experiment took place at the 

University of California, San Diego Biology Field station greenhouses (32.885° N, 

117.230° W). 

 All seeds were planted in January, 2019, with one seed per pot. To imitate a rainfall 

event at the start of the growing season large enough to initiate germination, the 

greenhouse sprinklers were turned on for 30 minutes every 8 hours. After 5 days of water, 

the sprinklers were turned off. Emergence was monitored daily, with the first emergence 

recorded one day after the first watering. Two different length drought treatments 

(moderate or severe) were imposed for each species in an attempt to find an intermediary 
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drought length that would reveal the most variation among populations. Additionally, the 

moderate and severe drought lengths differed for the two species, both were longer for S. 

pulchra because a pilot experiment suggested that S. pulchra tolerated longer periods of 

drought. For B. diandrus, the moderate drought was 20 days, and the severe drought was 

24 days. For S. pulchra, the moderate drought was 24 days, and the severe drought was 30 

days. To end each drought period, a watering regime of 30-minutes every other day was 

implemented.  

 Germination continued to be monitored daily after the drought periods ended. After 

a few weeks of consistent post-drought watering, the watering regime was changed to 30 

minutes every day to increase growth. After a few months with this watering treatment, the 

grasses had matured and flowered. In May 2019, biomass was harvested and processed in 

batches. Individual survival was recorded as a binomial measure: 0 for mortality and 1 for 

survival. For each surviving individual, the aboveground biomass was separated from the 

belowground biomass, dirt was rinsed from the roots, before drying all biomass at 40 °C 

for three days. Aboveground and belowground biomass was weighed separately per 

individual.  

 

Statistical methods: 

To test the relationship between days to germination and post-drought survival, we 

performed separate analyses on each species and treatment combination. Generalized 

linear mixed models were fit with the glmmTMB package (version 1.0.0; Brooks, M. et al. 

2017), assuming binomial error distribution for survival, using the R statistical computing 

environment (version 3.6.2; R Core Team 2019). Population and days to germination were 
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used as fixed effects, and the maternal line within population was included as a random 

effect. To further examine the variation among populations, a post-hoc Tukey test was 

carried out on the population effect, using the HSD.test function in the agricolae package 

(version 1.3; Mendiburu, F. 2020).  

Prior to the analysis, the trait value “days to germination” was scaled by subtracting 

the global mean from each observation, and dividing by the standard deviation. This 

standardized the value across treatments. In addition to the focal variables, seed mass was 

included as a co-variate in some of the analyses, as this trait can influence time to 

emergence (Simons & Johnston, 2000; Susko & Lovett-Doust, 2000) and fitness (Halpern, 

2005). Preliminary statistical analyses indicated seed mass had a significant effect on 

survival for the severe drought treatment, so seed mass was included as a covariate in the 

severe drought models. No individuals from the SED population of S. pulchra survived the 

severe drought treatment, so this population was removed from all S. pulchra severe 

drought models. All B. diandrus germinants survived the moderate drought treatment, so 

no survival analyses were performed on this group.  

 To test the relationship between days to germination and final biomass, linear 

mixed effect models were fit with the nlme package (version 3.1; Pinheiro et al. 2020). 

Preliminary analyses showed seed mass had a significant effect on final biomass for all 

species and treatment combinations, so seed mass was included as an effect in all models. 

Again, maternal line within population was included as a random effect in these models. 

For all models described above, type 2 tests were conducted to determine significance of 

the models, using the car package (Fox & Weisberg, 2019).  
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 To estimate historical aridity of population sites prior to the collection year, the 

aridity index (Historical AI) was calculated as the ratio of mean annual precipitation to 

mean annual potential evapotranspiration (P/PET) for the years 1986-2014. Sites with 

Historical AI closer to zero tend to be both warmer and drier (Waterton 2019, Chapter 1). 

Climate data for source populations is provided in Table 2. To examine the relationship 

between the aridity gradient and each focal variable, (days to germination, survival, and 

biomass), population means were first calculated for each variable. Then linear models 

were fit using the R base package, with separate models for each variable.  

 

  



 9 

Results 

S. pulchra: 

For S. pulchra, there was a significant effect of germination timing on survival for 

both drought treatments. Across all populations of S. pulchra, later germination resulted in 

higher chance of survival (Moderate: X2 = 14.50, p < 0.001, Severe: X2 = 5.61, p = 0.018; 

Table 1, Fig.1). This was especially true for the individuals exposed to severe drought. 

Almost all individuals that germinated early and were exposed to severe drought did not 

survive to the end of the study period, with the exception of some individuals from the 

KEN population. Comparatively, in the moderate drought treatment, some early 

germinating individuals from each population survived to the end of the study period. 

There is no survival curve for the SED population in the severe drought treatment because 

no individuals survived to the end of the study period. Source population had no significant 

effect on the relationship between germination timing and survival, nor was there a 

significant interaction between population and days to germination.  

Considering all factors and interaction terms included in the total biomass model, S. 

pulchra under moderate drought was the only group with significant results for the focal 

variables. Days to germination was a positive predictor of total biomass for S. pulchra 

under moderate drought (X2=11.49, p<0.001; Table 1, Fig. 2). In all biomass analyses for 

S. pulchra, seed mass was included as a covariate, and there was a significant positive 

relationship between starting seed mass and final plant biomass. S. pulchra under moderate 

drought was also the only group to demonstrate variation among populations in the 

relationship between seed mass and final biomass (significant interaction between 
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population and seed mass), suggesting variation in the degree to which larger seeds 

resulted in higher final biomass. 

Aridity analyses for S. pulchra revealed no significant association between days to 

germination and aridity, or survival and aridity (Fig. 5). Thus, trends in germination timing 

and survival did not vary significantly along the aridity gradient for S. pulchra.  

 

B. diandrus: 

 As with S. pulchra, days to germination also significantly influenced survival for B. 

diandrus under severe drought, with later germination associated with higher survival 

(X2=8.37, p=0.004; Table 1, Fig.3). Additionally for B. diandrus, there was a significant 

effect of source population on survival in the severe drought treatment (X2=9.86, p=0.043; 

Table 1, Fig. 3). The interaction between days to germination and population was not 

significant. Post-hoc Tukey’s HSD tests on B. diandrus under severe drought revealed that 

survival for the LAN population was significantly higher than survival for KEN and SED, 

with these two latter groups not differing significantly from one another. STU and ELL 

also did not differ significantly from one another. All other pairwise comparisons of 

survival among populations were non-significant (Fig. 3).  

Total biomass of surviving B. diandrus individuals did not vary among populations 

or with days to germination (Fig. 4, Table 1).  

Aridity analyses revealed a significant association between aridity and days to 

germination for B. diandrus under both drought treatments (R2 = 0.86, p = 0.02; Fig. 5), but 

there was no significant association between aridity and survival for B. diandrus. These 
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results suggest that germination timing may vary predictably along the aridity gradient for 

B. diandrus.  

 

Table 1: Results of GLMMs (survival) and LMEs (biomass) analyzing the effects of days 

to germination, population, days to germination x population interaction, seed mass, and 

seed mass x population interaction on individual seeds for S. pulchra and B. diandrus. 

 

 

 

Table 2: Source population climate data. Historical climate variables are for the years 1985-

2014.  

S. pulchra 
Days to germination Population 

Days to germination 

x population 
Seed mass 

Seed mass x 

population 

df X2 p df X2 p df X2 p df X2 p df X2 p 

Moderate 

drought 
 

Survival 1 14.50 <0.001 4 6.15 0.19 4 1.72 0.79 N/A N/A 

Biomass 1 11.49 <0.001 4 1.92 0.75 4 5.98 0.20 1 20.16 <0.001 4 11.47 0.022 

Severe 

drought 
 

Survival 1 5.61 0.018 3 0 1 3 0 1 1 0.67 0.41 N/A 

Biomass 1 1.15 0.28 3 1.21 0.75 3 3.62 0.31 1 8.24 0.004 3 1.22 0.75 

B. diandrus 
Days to germination Population 

Days to germination 

x population 
Seed mass 

Seed mass x 

population 

df X2 p df X2 p df X2 p df X2 p df X2 p 

Moderate 

drought 
 

Survival N/A N/A N/A N/A N/A 

Biomass 1 2.99 0.084 4 9.53 0.97 4 2.62 0.62 1 10.03 0.002 4 8.50 0.075 

Severe 

drought 
 

Survival 1 8.37 0.004 4 9.86 0.043 4 4.78 0.31 N/A N/A 

Biomass 1 0.13 0.72 4 1.12 0.89 4 7.84 0.098 1 10.31 0.001 4 0.57 0.97 

Site 
Site 

Abbreviation 
Latitude 

Historical 

mean annual 

temperature 

(°C) 

Historical 

mean annual 

precipitation 

(mm) 

Historical 

annual PET 

(mm) 

Historical 

aridity index  

Elliot 

Chaparral 
ELL 32.89 17.63 316 832 0.380 

Stunt Ranch STU 34.09 17.68 497 839 0.593 

Sedgwick SED 34.69 16.62 541 807 0.670 

Kenneth S. 

Norris 
KEN 35.53 13.67 459 675 0.680 

Landels-

Hill 
LAN 36.07 14.53 944 713 1.324 
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Figure 1: Survival as predicted by days to germination for S. pulchra seedlings under 

conditions of moderate drought (top) and severe drought (bottom). Individuals were grouped 

by population (ELL, STU, SED, KEN, and LAN) and cumulative survival curves were 

plotted against the scaled number of days to germination. Populations were arranged from 

higher to lower aridity. For each drought treatment, there was a significant effect of scaled 

days to germination on survival.  
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Figure 2: Final biomass as predicted by days to germination for populations of S. pulchra 

under conditions of moderate drought (top) and severe drought (bottom). There was a 

significant effect of scaled days to germination on total biomass for the moderate drought 

treatment only.  

 

 

 

 
Figure 3: Survival as predicted by days to germination for populations of B. diandrus under 

conditions of severe drought. There was a significant effect of population on survival, as 

well as scaled days to germination on survival. Groups sharing letters do not differ 

significantly in post hoc Tukey tests.  
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Figure 4: Final biomass as predicted by days to germination for populations of B. diandrus 

under conditions of moderate drought (top) and severe drought (bottom). There was no 

significant effect of scaled days to germination on total biomass for either drought treatment.  

 

 

Figure 5: Associations between historical aridity of source population sites and days to 

germination in S. pulchra and B. diandrus. Points denote the mean vales of scaled days to 

germination for populations. Vertical bars denote one standard error of the mean, with n as 

the number of maternal lines in each population. P values show the results of linear models, 

there was a significant association between Historical Aridity Index and days to germination 

for B. diandrus but not S. pulchra. 
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Discussion 

For both species, the phenotypic selection analysis reveals an association between 

later germination and higher fitness as measured by survival (Figs. 1, 3). This suggests that 

under conditions of environmental variability such as early-season drought, selective 

pressures act on the trait of germination timing, favoring later germination. Results provide 

mixed evidence for a relationship between germination timing and end biomass as the 

proxy for fitness (Figs. 2, 4). Additionally, we found evidence for variation of germination 

timing among populations in B. diandrus, but not S. pulchra. Overall, these findings 

support environmental variability as a contributory factor maintaining population-level 

variation in germination timing.  

 Our findings substantiate and expand upon existing research examining the 

relationship between emergence timing and fitness in the two focal species. A previous 

study explored this association with the focal species grown under ample watering in the 

field. When the focal species were grown alone (control), emergence timing appears to 

have no influence on fitness of our focal species as measured by survival, fecundity, and 

biomass. When the focal species were grown in competition with other grass species, there 

was generally selection for earlier emergence (Waterton, 2019, Chapter 2). In contrast, 

selection for later emergence (with survival as the fitness metric) observed in the present 

study suggests that the stressful conditions of early-season drought influenced the fitness 

response to emergence timing. Additionally, as the intensity of drought increased, later 

emergence was increasingly favored. Thus, variable environmental conditions likely play a 

role in maintaining variation in the trait for germination timing, despite much existing 

literature suggesting that early emergence confers a fitness advantage. For instance, early 
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emerging individuals (within and among species) may have increased survival because 

they have first access to resources for growth, a form of seasonal priority effect (Cleland et 

al., 2007; Thomson et al., 2017; Verdú & Traveset, 2005; Wainwright, Wolkovich, & 

Cleland, 2012). This competitive advantage contributes to selective pressures favoring 

early emergence under favorable growing season conditions. Nonetheless, considerable 

variation in emergence timing within and among populations still exists, implying the 

involvement of opposing selective pressures (Cochrane et al., 2015; Donohue et al., 2010).  

Results from our study support continued research on the potential fitness benefits 

of later emergence. The benefit of later emergence under early season drought was 

strongest when considering survival as the fitness metric, due to mortality selection. 

Previous studies involving various plant species have also found later emergence to be 

favored due to an increased risk of mortality in unpredictable early-season environmental 

conditions, such as drought or frost (Donohue et al., 2010; Inouye, 2008; Wainwright et 

al., 2012). In our study, the early season drought functioned as a mortality event, and 

mortality selection conferred higher fitness to later emerging seedlings, providing support 

for our initial prediction that germination timing affects fitness under these conditions.  

Contrary to the second part of our hypothesis, analysis of historical site aridity 

revealed a positive association between source population site moisture and days to 

germination for B. diandrus, meaning that seeds from the more arid sites germinated 

earlier than seeds from the more mesic sites (Fig. 5). This suggests that for B. diandrus, 

variation in germination timing follows the clinal gradient, with seeds from the northern, 

more mesic sites having delayed germination, consistent with a previous study in which 

the focal species were grown individually, under ample watering and in greenhouse 
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conditions (Waterton, 2019, Chapter 1). Under favorable early-season growing conditions, 

early emergence is likely favored in more arid sites, to optimize fitness during a shorter 

growing season (Dickman et al., 2019; Sexton, Strauss, & Rice, 2011).  

Regarding the fitness response to differentiation in germination timing, our results 

provide some evidence for variation of the trait among populations, but no support for the 

original hypothesis of clinal variation in the strength of selection. For B. diandrus, survival 

analyses revealed significant differences in survival among source populations. 

Inconsistent with our original prediction, the variation in survival as associated with 

germination timing among populations of B. diandrus does not follow the clinal gradient 

(Fig 3). This result may be attributed to the interactive effects of multiple other genetic and 

environmental factors that drive evolution of the germination timing trait (Cochrane et al., 

2015). In addition to mechanisms that respond to abiotic environmental factors, biotic 

factors such as competition and herbivory also influence selection on the germination 

timing trait. For example, the composition of the surrounding plant community as well as 

their relative emergence timing affect the strength of priority effects, thus influencing 

selection on emergence timing (Dickson, Hopwood, & Wilsey, 2012; Seabloom et al., 

2003; Waterton, 2019 Chapter 3). Additionally, emergence timing affects susceptibility to 

herbivory, with differential implications for directional selection on the trait according to 

the species involved (Hanley, 1998; Waterton & Cleland, 2016; Waterton, 2019, Chapter 

4).  

Evolution of the emergence timing trait is also affected by selective constraints 

associated with life-history strategy (annual or perennial) (Gremer, Kimball, & Venable, 

2016). For perennials such as S. pulchra, evolution of emergence timing is likely affected 
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by trade-offs between within- and among- year germination (Rees et al., 2006). 

Additionally, because perennials live for multiple years, selection on within-year 

emergence timing may not be as strongly influenced by seasonal climatic variation. Our 

results for S. pulchra provide no support for clinal variation in the trait of germination 

timing for this species. Greater differentiation in fitness among populations may reveal 

itself in multi-year studies, due to variation in among-year germination timing. In 

comparison, annuals such as B. diandrus likely have stronger selective pressures acting on 

seasonal emergence timing due to the limited life cycle length. The shorter generational 

cycles of annuals may cause them to experience greater selective pressure to improve 

reproductive success with each generation (Rees & Long, 1992).  

In a broader context, understanding links between environment and plant functional 

traits provide insight to the adaptive potential of plant species in response to climate 

change. Anthropogenic climate change is expected to present novel conditions that 

promote adaptive evolution, while exacerbating variation among plant populations 

(Cochrane et al., 2015). The phenologies of many plant species are also predicted to shift, 

altering plant population dynamics with unforeseeable consequences (Cleland et al., 2007; 

Pau et al., 2011). Given the link between germination timing and plant fitness, along with 

the possibility of varying environmental selection on the trait, germination timing can 

adapt to distinct environments (Cochrane et al., 2015; Donohue et al., 2010; Droste, Flory, 

& Clay, 2010; Verdú & Traveset, 2005). Therefore, variation in germination timing, both 

within and among populations, indicates potential for species to adapt to changing 

environmental conditions (Walck et al., 2011; Xu et al., 2014). 
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In our study system, the Mediterranean climate region of California, the effect of 

climate change on plant population dynamics is expected to be particularly pronounced. 

Similarly to other Mediterranean climate regions, California boasts high levels of 

biodiversity, but many species are at risk of declining abundance due to climate change, 

land use change, and invasion by exotic species (Godoy et al., 2009; Underwood et al., 

2009). Occurrences of drought in California are expected to become more frequent 

(Diffenbaugh et al., 2015), with differential effects on plant populations across the biome. 

Models predict greater interannual climate variability and lower mean precipitation in the 

southern part of the state as compared to the north. Thus, water availability may act as a 

selective environmental pressure, potentially leading to clinal variation and population 

divergence for the trait of germination timing (Droste, Flory, & Clay, 2010; Pratt & 

Mooney, 2013; Winkler et al., 2018) 

Ultimately, our results substantiate existing evidence for the link between 

environmental cues and germination timing, specifically finding that variable 

environmental conditions such as early-season drought may act to maintain variation in the 

trait. A further examination of phenological responses to changing environmental 

conditions will assist in predicting species adaptive capacity during future climate change 

(Cleland et al., 2007; Pau et al., 2011; Walck et al., 2011; Xu et al., 2014). Additional 

research on mechanisms affecting germination timing will improve the understanding of 

patterns in trait variation and associated selective pressures.  
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