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ABSTRACT 28 

x Premise of the study—Understanding the factors shaping range limits is critical 29 

given current changes in climate as well as human-mediated introduction of 30 

species into novel environments. Phenological responses to climate influence 31 

range limits by allowing plants to avoid conditions that decrease population 32 

growth rates. Studying these processes is a challenge due to the joint 33 

contributions of both genetic and environmental variation to phenology.  34 

x Methods— Using a previously developed model that predicts phenology of 35 

three dormancy “genotypes” in four locations spanning the European range of 36 

Arabidopsis thaliana, we examined how variation in seed dormancy influences 37 

the environmental conditions experienced by reproductive individuals and 38 

how those conditions influence reproductive potential. We calculated two 39 

metrics: temperature experienced during reproduction and the length of 40 

thermal window available for reproduction. 41 

x Key results— Seed dormancy levels determine whether a spring-flowering life 42 

cycle is expressed and thus determine the reproductive environment. A genetic 43 

cline in seed dormancy across the range reduces differences in reproductive 44 

environment and increases the thermal opportunity for reproduction before 45 

conditions become unfavorable for survival. Counter-intuitively, these 46 

putatively local genotypes are predicted to reproduce in slightly cooler 47 

conditions in the south than in the north suggesting maternal environmental 48 
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effects could induce deeper dormancy in southern seeds reinforcing the 49 

observed genetic cline. While this was true on average, we found large 50 

individual level differences. 51 

x Conclusions—Phenological adjustments of early life stages can contribute to the 52 

maintenance of consistent reproductive environments experienced by 53 

individual plants across ranges despite variable environmental conditions over 54 

time and space.  55 

 56 

Keywords(3-10)— adaptation; Arabidopsis thaliana; habitat selection; life-cycle modeling; 57 

maternal temperature effects; phenology; phenotypic plasticity; range limits; 58 

reproductive timing; seed dormancy 59 
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INTRODUCTION 61 

The geographic range limits of species are determined by many factors (Gaston, 62 

2009; Sexton et al., 2009; Hargreaves, Samis, and Eckert, 2014) such as abiotic and biotic 63 

conditions (Griffith and Watson, 2006; Stanton-Geddes, Tiffin, and Shaw, 2012) and 64 

dispersal and gene flow (Svenning and Skov, 2007; Weis, 2015) into or out of those 65 

conditions.  Aspects of behavior can modify exposure to biotic and abiotic conditions 66 

that would otherwise decrease population growth rates (Gaston, 2009), thereby 67 

increasing the probability of survival and reproduction (Morris, 2003). Habitat selection 68 

via phenological cueing in plants serves a similar purpose by allowing each life stage of 69 

a plant to be exposed to only a subset of the conditions that occur in a given location 70 

(Donohue, 2003). As such, two important phenology traits in plants, flowering time and 71 

germination behavior, have both been shown to influence ranges limits (Levin and Clay, 72 

1984; Sugiyama, 2003; Griffith and Watson, 2006) and phenology across the life cycle has 73 

been shown theoretically to influence species performance and ranges (Chuine and 74 

Beaubien 2001; Morin 2007; Chuine 2010). Altering phenology thus enables organisms to 75 

find appropriate environmental conditions for development throughout a range, even if 76 

those conditions occur at different times of year. In this paper, we use a modeling 77 

approach to predict how genetic variation in a trait that influences germination 78 

phenology shapes the critical environment experienced during reproduction of the 79 

model organism Arabidopsis thaliana across its range.   80 



 

 

Burghardt et al.  Dormancy shapes reproductive environments across ranges  

6 

Life-cycle phenology is shaped by both genetic and environmental factors (Finch-81 

Savage and Leubner-Metzger, 2006; Simons and Johnston, 2006; Amasino, 2010; Wilczek 82 

et al., 2010; Andrés and Coupland, 2012). As organisms expand their range, colonize 83 

new locations, or as the climate changes over time, genotypes will be exposed to new 84 

environmental contexts. Life-cycle phenology may need to change to ensure that each 85 

life stage is exposed to environmental conditions in which it can survive. Upon exposure 86 

to a new environment, one possibility is that the life cycle plastically shifts in a way that 87 

maintains the environment experienced by each life stage. Another non-mutually 88 

exclusive possibility is that genetically-based changes in phenology may be required to 89 

ensure that life stages continue to occur in environments to which they are adapted. 90 

Thus, to understand adaptation of life cycles across ranges poses the challenge of 91 

simultaneously considering both environmental and genetic factors that regulate 92 

phenology.  93 

While phenological transitions immediately prior to reproduction may seem to be 94 

the most obvious traits to define the environmental conditions experienced by the 95 

reproductive life stage, the potential for germination timing to influence the evolution of 96 

post-germination traits has long been discussed theoretically (Evans and Cabin, 1995). In 97 

A. thaliana ample empirical evidence now shows that the timing of seed germination can 98 

have a large effect on later life-stage transitions such as reproduction. For example, 99 

genes that regulate seed dormancy, and thereby germination timing, have been shown 100 

to also influence flowering time, life-history expression, and fitness under natural field 101 
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conditions (Donohue, 2005; reviewed in Donohue et al., 2010; Chiang et al., 2013).   In 102 

fact, dormancy, and genes associated with dormancy, can have a stronger effect on 103 

flowering time and life cycles even than flowering-time loci. This has been shown both 104 

empirically (Chiang et al., 2013) and via a recent mathematical model (Burghardt et al., 105 

2015). This strong effect of seed dormancy occurs because dormancy determines the 106 

environmental conditions experienced after germination and thus the timing of the 107 

initiation of flowering and the reproductive environment. 108 

Like other phenological traits, the timing of germination, has both genetic and 109 

environmental components.  Natural genetic variation in dormancy has been 110 

documented in a great diversity of plants (Baskin and Baskin, 2014).  In A. thaliana 111 

(Debieu et al., 2013) and other winter-annual species (Wagmann et al., 2012), a 112 

genetically based cline in dormancy has been documented, with more dormant 113 

genotypes occurring in lower latitudes and less dormant genotypes in higher latitudes. 114 

Ultimately, dormancy levels change germination behavior by altering the range of soil 115 

temperatures under which germination can occur (Burghardt, Edwards, and Donohue, 116 

2015). 117 

As a result, clinal patterns of variation in dormancy can influence the geographic 118 

distribution of life-history strategies.  In a previous paper we applied developmental 119 

threshold models (Donohue et al., 2015) to predict the life-cycle phenology of A. thaliana 120 

across its range (Burghardt et al., 2015). We showed that the observed genetic cline in 121 

dormancy in A. thaliana (Atwell et al., 2010; Kronholm et al., 2012; Postma and Agren, 122 
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2015) interacts with local environmental conditions to canalize a winter-annual life cycle 123 

across its range (Burghardt et al., 2015).  Specifically, when weakly dormant alleles 124 

experience climatic conditions of their native high latitude, when intermediate 125 

dormancy alleles experience climatic conditions of middle latitudes, and when more 126 

dormant alleles experience climatic conditions of their native low latitude, an annual life 127 

cycle is predicted in each location. Here, we extend this approach to consider how 128 

genetic variation in seed dormancy defines the environment experienced by the plant 129 

during the reproductive stage (Fig. 1). This environment is crucial because it can shape 130 

opportunities for reproduction. 131 

The environment during the reproductive stage can influence fitness by determining 132 

the speed of fruit production and the time available for reproduction before 133 

environments become unfavorable for survival. Like most developmental processes, 134 

rates of flower and fruit production generally increase with temperature (Ainsworth and 135 

Ort, 2010). However, higher temperatures can also be unfavorable for plant survival, 136 

particularly when paired with dry conditions (Prasch and Sonnewald, 2015). Ultimately, 137 

these two processes will trade off against each other to determine the total amount of 138 

thermal opportunity a plant has for reproduction. For example, a plant flowering in the 139 

early summer may produce flowers rapidly because temperatures are warmer, but it 140 

may also be at a high risk of early mortality due to the onset of unfavorable drought 141 

conditions. In contrast, a plant that flowers in early spring may initially reproduce more 142 

slowly, but it may have a much longer thermal opportunity for reproduction before 143 
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conditions increase the probability of mortality. In this study, we explore the 144 

implications of this trade-off by evaluating how the timing of reproduction and the 145 

environment experienced during reproduction, determine thermal opportunity for 146 

reproduction in A. thaliana for different dormancy genotypes in different environmental 147 

settings.  148 

Across the range of a species, favorable conditions for reproduction may arrive at 149 

different times and in association with different cues. If there were an optimal 150 

environmental range for reproduction, natural selection on phenological traits would 151 

favor life cycles that result in reproductive environments that most closely approach that 152 

optimum. For example, some trees burst bud and some plants flower earlier in more 153 

southern locations than in more northern locations (Olsson and Agren, 2002; Montague, 154 

Barrett, and Eckert, 2008; Wilczek et al., 2010; Alberto et al., 2013) and the opposite cline 155 

occurs for bud set and the onset of frost tolerance for pines in the fall (Avia et al., 2014; 156 

Ishizuka et al., 2015). Across its range, A. thaliana is often a winter annual, germinating 157 

in the fall and flowering in the spring. Similar to observations of bud burst, flowering 158 

occurs earlier in the spring in southern populations as compared to northern 159 

populations (Stinchcombe et al., 2004; Wilczek et al., 2009; Ågren and Schemske, 2012). 160 

These phenological shifts can lead to similar environments being experienced during 161 

reproduction across ranges.  162 

A model developed by (Springthorpe and Penfield, 2015) of flowering time supports 163 

the prediction that reproduction occurs under similar temperatures across the range of 164 
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A. thaliana for a single genotype, but this model does not address what changes to the 165 

life cycle prior to flowering may be necessary to ensure that reproductive environments 166 

are canalized. In particular, it remains an open question whether local adaptation of 167 

earlier phenological stages is necessary to maintain a constant reproductive environment 168 

across the range. 169 

Adding further complexity, while many A. thaliana populations are winter or spring 170 

annuals and flower in the spring, as described in the scenario above, there is additional 171 

life-cycle diversity that may augment the range of environments experienced during 172 

reproduction. For instance, some A. thaliana populations have additional summer-173 

flowering generations in central Europe, and some populations flower in the fall as well 174 

as spring (Thompson, 1994; Griffith, Kim, and Donohue, 2004; Donohue, 2009; Wilczek 175 

et al., 2010). Whether these populations are composed of multiple genotypes that each 176 

have different life cycles or whether a single genotype produces both life cycles is not 177 

generally known, although it has been shown that a single sibship can exhibit both 178 

winter- and spring-annual life cycles (Griffith, Kim, and Donohue, 2004; Donohue, 2009). 179 

Modeling work (Burghardt et al., 2015; Springthorpe and Penfield, 2015) also suggests 180 

that mixed life cycles are possible, such that some spring-dispersed seeds germinate in 181 

the summer and other seeds wait until the fall or the following spring to germinate. 182 

These additional life cycles create a broader range of environments during reproduction 183 

for plants to cope with. 184 
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Due to the dearth of field experiments that vary the timing of germination in the 185 

native range (but see Akiyama and Agren, 2014), we know little about how dormancy 186 

and environmental variation combine to determine the environmental conditions 187 

experienced during reproduction. Here we extend our previous modeling approach, to 188 

quantify these reproductive environments for contrasting dormancy genotypes across 189 

the species’ range.  Specifically we ask: 190 

1. What temperatures will different dormancy genotypes of A. thaliana experience 191 

during reproduction at different locations across Europe? 192 

2. Will the observed genetic cline in dormancy reduce variation in reproductive 193 

environment across the range?  194 

3. Does the observed genetic cline in dormancy potentially contribute to local 195 

adaptation? 196 

 197 

MATERIALS AND METHODS 198 

Model overview—We developed an integrated life-cycle model that predicts 199 

phenology across generations (Burghardt et al., 2015). This model links mathematical 200 

descriptions of how germination, flowering, and seed dispersal progress as a function of 201 

a multi-factorial, temporally variable environment. The models that describe each life 202 

stage are inspired by models originally used to aid crop production (Wang, 1960). 203 

Mathematical functions are parameterized with field and lab data for a given genotype 204 

and are used to calculate developmental progress based on the environment. Life-stage 205 
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transitions occur when the organism accumulates enough progress (Fig. 1b) to cross a 206 

developmental threshold (Donohue et al., 2015).  207 

We linked these individual sub-models such that the timing of seed dispersal 208 

determines the environment seeds experience, which in turn determines germination 209 

time (Fig. 1b, third panel from top); germination time determines the environment 210 

rosettes experience and therefore flowering time (Fig. 1b, second panel from top); 211 

flowering time determines the environment in which plants reproduce which 212 

determines dispersal timing (Fig. 1b, top panel); and so on for many generations. Hourly 213 

environmental inputs drive these models to capture how diurnal variation in 214 

environmental factors influence developmental rates. Our model allows for small 215 

amounts of within-cohort dormancy variation as is observed in this species and many 216 

others. This individual-level variation creates differences in germination timing within 217 

dispersal cohorts and contributes to observed life-cycle variation. 218 

Genetic variation can be incorporated into these models by changing the 219 

parameters governing how a life stage responds to the environment. For instance, by 220 

changing the parameter that describes seed dormancy, we can simulate reciprocal 221 

transplant experiments where we test the effect of that dormancy variation in each 222 

location. Fig. 1b shows three different dormancy genotypes all occurring in the same 223 

environment of Norwich, England. These differences in dormancy can cause large 224 

differences in the life cycle: the low-dormancy  genotype  ‘rapidly cycles’  through  225 

multiple generations in a year, while a mid-dormancy genotype displays a classic 226 
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winter-annual life cycle by germinating in the fall and flowering in the spring. The most 227 

dormant genotype germinates and flowers in the spring as a spring annual. In the 228 

current model, dormancy levels are genetically determined and do not include effects of 229 

the maternal environment on seed dormancy.  230 

We used this model to derive reproductive phenology of different dormancy 231 

genotypes of A. thaliana in four locations across its native range (Fig. 1cd) for which we 232 

have some knowledge of the life cycles that are expressed (Burghardt et al., 2015). We 233 

simulated 40 continuous years of phenology with each year randomly drawn from 20 234 

years of climate data spanning the years 2000-2020 from the A1B scenario in IPCC’s 235 

fourth assessment (NOAA-GFDL, 2004). (See Burghardt et al., 2015 for details on the 236 

environmental series.) These climate data were paired with stochastically generated 237 

moisture profiles that were based on monthly mean precipitation probabilities. We 238 

discarded the first 20 years of results as a burn-in period and summarized results from 239 

the last 20 years. Importantly, to generate these phenological patterns the model makes 240 

no assumptions about environment-dependent resource acquisition, survival, or fertility 241 

rates of the organism, and potential biotic interactions are not considered. Every plant is 242 

assumed to survive and produce one seed and the dispersal timing of that seed is 243 

defined as the time in which the first 10% of seeds on a plant are predicted to have 244 

matured. This simplification permits us to assess how genotypes and complex 245 

environments interact to produce phenotypes, without natural selection altering the 246 
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frequency of phenotypes.  Future studies will incorporate phenotypic selection more 247 

explicitly. 248 

By varying dormancy parameters, the model captures the complexity of seasonal 249 

life histories observed in this species in natural populations (Lawrence, 1976; Wilczek et 250 

al., 2009; Pico, 2012). While genetic variation in flowering parameters does occur across 251 

the range in this species, we previously found that flowering had a far smaller effect on 252 

life cycle than dormancy, with simulated genotypes with high floral repression having 253 

life cycles only about 10 days longer than genotypes with low floral repression. 254 

Genotypes with high floral repression are found across the whole range of A. thaliana 255 

(Mendez-Vigo et al., 2011; Banta et al., 2012), so for simplicity we restrict the analysis to 256 

this genotype.   257 

To facilitate interpretation of the environments experienced during reproduction 258 

(see next section), we present the phenological schedules for each combination of 259 

genotype and location, based on prior results presented in Burghardt et al. 2015.  260 

Specifically, we show the proportion of each simulated population that is in the seed 261 

stage, vegetative stage, or reproductive stage during each month throughout the 262 

calendar year (Fig. 1cd,2—circle graphs). 263 

 264 

Calculating average temperatures during the critical reproductive period—To 265 

evaluate how genetic differences in dormancy influence the temperature during the 266 

critical period of seed maturation, which in turn influences dormancy induction, we 267 
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calculated the mean temperature during seed maturation in the simulations outlined 268 

above. In addition to influencing fitness, previous experiments have shown that 269 

temperatures ranging from just prior to reproduction to during reproduction can 270 

influence dormancy (Chiang et al., 2011; Penfield and Springthorpe, 2012; Chen et al., 271 

2014). Since it is unknown exactly when temperatures define dormancy during seed 272 

development, we chose to quantify the average temperature during the time period 273 

where the majority of siliques were developing and exposed to the environment 274 

(reproductive temperature). Thus, for each individual across 20 simulated years, we 275 

calculated the average temperature experienced by the maternal plant from the time it 276 

flowered to the time that 10% of offspring were fully mature and the majority of siliques 277 

had begun development (~352 hours of thermal time, see Burghardt et al., 2015). 278 

However, recent field results suggested that the temperature in the last few days of seed 279 

set may play a disproportionate role in defining seed dormancy level (Springthorpe and 280 

Penfield, 2015). Therefore, we also calculated a second measure to capture the average 281 

temperature during the week prior to seed release (seed dispersal temperature).  282 

Despite the fact that all plants made it to reproduction and produced one seed, 283 

there were large differences in the total number of individuals tracked for each site and 284 

genotype combinations (see next section below). This occurred due to differences in 285 

generation length between sites (from ~200 days for low dormancy genotypes in central 286 

Europe to ~1000 days for high dormancy genotypes in Finland). Thus, to facilitate 287 

visualization and analysis, we randomly sampled the average temperature experienced 288 
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by 5,000 individuals. Note, that these extreme generation lengths do not suggest the 289 

model is not functioning properly as they happen in genotype/location combinations 290 

that do not occur in nature.  291 

We analysed our results using linear models (lm function in R core version 3.2.2). 292 

For each model, we checked whether the data met the assumptions of linear models 293 

using residual and q-q plots. We used ANOVA (anova function in R core)  and  Tukey’s  294 

test (pairs function in the “lsmeans” package in R) to assess the significance of 295 

differences between factor levels. To test whether genotype and location influenced 296 

average temperature during reproduction we used a model including main effects of 297 

location and genotype, as well as an interaction between location and genotype. To test 298 

if the most northern site had warmer temperatures during reproduction than the cooler 299 

site,  we  used  Tukey’s  posthoc  tests  to  isolate  the  effect  of  location  alone  and  to  contrast  300 

specific locations to each other. To test if there were differences in temperature during 301 

reproduction even for the winter-annual life cycles at each site, we analysed a subset of 302 

the data that included only genotypes that resulted in primarily this life cycle: Valencia 303 

(high dormancy), Norwich (medium dormancy), and Oulu (low dormancy). We then 304 

ran a linear model and used Tukey’s  posthoc  test  to  see  if  there  were  significant  305 

differences in temperature during reproduction between locations. All statistical results 306 

should be interpreted cautiously due to the extremely large sample sizes generated by 307 

the simulations and the diversity of variance structures between locations and 308 

genotypes. 309 
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 310 

Defining survival criteria for reproductive A. thaliana—To establish how the 311 

temperature and moisture during reproduction influence survival of reproductive 312 

individuals, we collected information from the literature on the temperature and 313 

moisture conditions likely to result in mortality once reproduction begins. Based on an 314 

array of empirical evidence and experience in field cultivation of A. thaliana, we defined 315 

post-flowering mortality to occur if the minimum daily temperature fell below -10˚C 316 

(Hannah et al., 2006; Zhen and Ungerer, 2008); if the average daily temperature fell 317 

below -5˚C  or  exceeded 38˚C (Tonsor et al., 2008); and if conditions were dry for 318 

prolonged periods of time. Because drought is a chronic stressor that occurs over 319 

multiple days, progress towards death accumulated each day during which moisture 320 

conditions were below a qualitative moisture threshold (-175 MPa), and progress 321 

towards mortality was reset to zero whenever moisture was above that threshold. These 322 

are best considered to be qualitative moisture measures used as points of comparison 323 

between locations, since our moisture profiles do not reflect exact differences between 324 

sites, and they do not take into account soil properties. Since drought and temperature 325 

often interact additively to influence A. thaliana (Vile et al., 2012), progress towards 326 

mortality was also temperature-dependent  and  scaled  via  the  function  0.00555×T˚C. 327 

Thus, higher temperatures in dry conditions lead to more progress toward death. Plants 328 

died if the cumulative sum reached 1.  329 
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Using the results from the simulations and these survival criteria, we did a post 330 

hoc assessment to estimate the time of plant death for each individual. If plants survived 331 

more than 150 days post flowering, we assigned them a reproductive interval of 150 332 

days, because more than five months of reproduction is highly unlikely in this species. It 333 

is important to emphasize that these death criteria were not dynamically incorporated in 334 

the phenology model outlined above; instead we determined reproductive lengths of 335 

each individual that emerged from our simulations of each genotype in each location.  336 

In reality, of course, the environmental tolerances used in the model may not be 337 

exact, and sensitivities to the environment may vary among populations adapted to 338 

different locations. For instance, natural populations from northern climes exhibit 339 

increased rosette cold tolerance in common garden experiments (Ågren and Schemske, 340 

2012). Ideally, we would develop a set of mortality conditions fully parameterized from 341 

field data for each of the locations and life stages, but datasets permitting estimates of 342 

these parameters in A. thaliana remain rare (Metcalf and Mitchell-Olds, 2009). However, 343 

we did assess how sensitive our results were to the exact temperature thresholds used 344 

by using less (min < -13°C, avg < -8°C, avg > 41°C) or more (min < -7°C, avg < -2°C, avg > 345 

35°C) stringent temperature criteria. This reflects plants that are both more tolerant and 346 

more sensitive to the environment respectively.  347 

 348 

Translating phenology and duration of the reproductive period into a fitness 349 

component—Once the time from the commencement of reproduction to death was 350 
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calculated for each individual using the criteria above, we investigated the implications 351 

of the length of that interval for fitness. Reproductive rates are well known to be 352 

temperature-sensitive (Ainsworth and Ort, 2010), with reproduction being faster at high 353 

temperature.  Therefore, provided the plant survives, reproductive output can be 354 

considered to be proportional to the total thermal time experienced between the 355 

commencement of reproduction and death.  356 

Thermal time is frequently calculated as a linear increase in development above a 357 

species-specific base temperature. We used a base temperature of 3°C in our calculations 358 

of thermal time because this value has been shown to describes the influence of 359 

temperature on growth in vegetative A. thaliana in both lab and field experiments 360 

(Wilczek et al., 2009) and creates predictions that align with chamber experiments we 361 

conducted to assess the effect of temperature specifically on seed set (Appendix S1: see 362 

Supplemental Data with the online version of this article). We used this function to 363 

calculate the amount of thermal time each plant would have to reproduce, given the 364 

environmental conditions experienced between the initiation of reproduction and the 365 

estimated death date.  366 

 367 

RESULTS 368 

Life-cycle variation expressed across Europe. Predicted life cycles (circle graphs 369 

in Fig. 2) ranged from that of a winter annual (germination in late summer or fall, 370 

flowering in spring, and seed dispersal in spring or summer- e.g. low dormancy in Oulu, 371 
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mid-dormancy in Norwich, and high dormancy in Valencia), to mixtures of winter and 372 

summer annuals (germination in early summer, summer flowering and dispersal in the 373 

late summer - e.g. low dormancy and high dormancy in Norwich). High dormancy 374 

levels  led  to  substantial  “seed  banks”  in  Northern  locations  (Fig. 2 top row), but those 375 

individuals that did germinate in a given year still expressed observed vegetative life 376 

cycles. See our previous modeling paper for a through discussion of these results 377 

(Burghardt et al., 2015). 378 

 379 

Temperatures experienced during reproduction differed across genotypes and 380 

locations. Both genotypes and locations influenced the average temperatures 381 

experienced during reproduction (Fig. 2, Table 1) as indicated by significant effect of 382 

genotype x location (F6,59988=221.94, P<<0.001).  383 

Within a location, genetic variation in dormancy altered the life cycle expressed 384 

and often influenced temperatures during reproduction (Fig. 2; compare results 385 

vertically). At the highest latitude, Oulu, genotypes did not differ greatly in the timing 386 

of reproduction (circle graphs in Fig. 2) or median reproductive temperatures (Table 1), 387 

but the high-dormancy genotype had more variability in the temperature during 388 

reproduction (frequency distributions in Fig. 2).  At middle latitudes, in Norwich, low 389 

and high dormancy levels led to a combination of spring- and summer-flowering 390 

individuals, whereas medium dormancy levels led to only spring flowering individuals. 391 

These life-cycle differences led to wider variation in the temperature during 392 
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reproduction for low and high dormancy genotypes as compared to medium levels of 393 

dormancy. At low latitude, in Valencia, all genotypes exhibited a primarily winter-394 

annual life history, but the high-dormancy genotype flowered later and consequently 395 

matured seeds at warmer temperatures than the other genotypes. Therefore, within a 396 

location, genotypes frequently differed in the mean as well as the amount of variation 397 

between individuals in the temperature during seed maturation.  398 

Location also played a strong role in determining temperatures during 399 

reproduction. Counter-intuitively, plants in more southern and oceanic sites were 400 

predicted to produce seeds in cooler conditions than those in the north.  Specifically, 401 

plants are matured in Valencia at temperatures 4.45°C cooler than those in Oulu 402 

(Tukey’s  test:  t-ratio=128.39, df=59988, P<0.001), and those in Norwich are matured in 403 

temperatures 1.4°C cooler than  in  Oulu  (Tukey’s  test:  t-ratio=42.31, df=59988, P<0.001). 404 

Interestingly, temperatures in Halle are predicted to be slightly warmer even than those 405 

in  Oulu  (Tukey’s test: t-ratio=-26.091, df=59988, P<0.001,).  406 

Wide variation in temperatures during reproduction occurred between 407 

individuals in most combinations of genotype and location (wide distributions around 408 

the median in Fig. 2), and in some locations a bimodal distribution of average 409 

temperature occurred (for example, low dormancy in Norwich and medium dormancy 410 

in Halle). Both within-year and between-year differences contribute to this variation.  411 

 412 
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The observed genetic cline in dormancy reduces variation in temperatures 413 

experienced during reproduction. Although the temperature experienced during 414 

reproduction is predicted to vary geographically for any given genotype, when 415 

considering genotypes that are native to each location, the temperature experienced 416 

during reproduction is predicted to be similar across the geographic range (Fig. 3). Three 417 

out of four of these genotypes, when in their native latitude, are predicted to produce 418 

winter-annual life histories—namely low dormancy in Oulu, mid dormancy in Norwich, 419 

and high dormancy in Valencia. No dormancy level used here lead to a winter annual 420 

life cycle in Halle (see circle graphs Fig. 2) although parameter exploration has shown 421 

that it exists (Burghardt et al., 2015). The use of locally adapted genotypes also resulted 422 

in less individual level variation in average temperature being experienced during 423 

reproduction (compare frequency distribution in Fig. 2). Despite the similarity in 424 

temperatures experienced during reproduction by genotypes in their native locations, a 425 

trend for cooler temperatures to occur during reproduction in the south (9.3°C) than the 426 

north (13.3°C) remained (Fig. 3, significant effect of location: F2,14997=10261, P<<0.001). 427 

Using a different metric of temperatures during seed dispersal lead to smaller 428 

effects of dormancy genotype, reduced the strength of the temperature cline, and 429 

augmented individual-level variation (Table 2, Appendix S2: see Supplemental Data 430 

with the online version of this article). Because it is unknown when during development 431 

temperatures trigger changes in dormancy, we also measured reproductive environment 432 

based on the temperatures during the last week before seed dispersal as opposed to the 433 
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temperature from bolting to first seed dispersal. Using this revised metric, reproductive 434 

temperatures still varied across locations, but the magnitude and sometimes direction of 435 

effects differed from results based on the previous metric.  Specifically, environments 436 

were generally warmer (compare Table 1 and Table 2), and median temperatures just 437 

prior to seed dispersal were more similar across genotypes (Appendix S2). As before, the 438 

dormancy cline caused reproductive environments to be more similar than they would 439 

be if the cline did not exist. However, with this metric, the trend of warmer reproductive 440 

environments in the North was much reduced (medians: Oulu 14.64°C, Norwich 441 

13.33°C, and Valencia 12.51°C) even though it remained significant (F2,14997=805.67, 442 

P=<<0.001). Interestingly, individual-level variances in reproductive environment were 443 

higher using this metric, particularly in Oulu and Valencia. 444 

 445 

Local genotypes produced spring-flowering individuals that accumulated the 446 

most thermal time before death suggesting local dormancy genotypes have higher 447 

fitness. The timing of the onset of reproduction determines the thermal environment 448 

during reproduction.  This thermal environment influences the rate of reproductive 449 

output and the length of the reproductive period.  The accumulated thermal time during 450 

the reproductive period before death, therefore, can be considered to be proportional to 451 

reproductive output.  The projected accumulation of thermal time during the 452 

reproductive period varied across locations and genotypes (Fig. 4).  The thermal period 453 
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for reproduction tended to be the shortest at the highest and lowest latitudes (Oulu and 454 

Valencia), and it tended to be longest at middle latitudes (Halle and Norwich).   455 

Genetic differences in dormancy influenced the thermal time accumulated 456 

during the reproductive period within a location.  The genotypes that are predicted to 457 

occur in each location (which typically produce a spring-flowering life cycle—see Fig. 3) 458 

frequently accrued the most thermal time before death.  Specifically, in the northern site, 459 

the low-dormancy genotype accumulated the most thermal time; at the middle latitude 460 

sites of Norwich and Halle genotypes with intermediate dormancy accumulated the 461 

most thermal time, and in the southern site, both intermediate and high-dormancy 462 

genotypes accumulated more thermal time than the low-dormancy genotype (Fig. 4). 463 

There is a pattern, therefore, for the local genotype to produce a spring-flowering life 464 

cycle that accumulates the most thermal time before death, suggesting that local 465 

dormancy genotypes have higher fitness and are locally adapted.   466 

However this genetic cline is not absolute. In the central part of the range, many 467 

dormancy levels are observed (Debieu et al., 2013). In Norwich, the intermediate-468 

dormancy genotype, which flowers in spring, clearly leads to the largest opportunity for 469 

reproduction as the abiotic environment never becomes unfavorable for reproduction. In 470 

Halle, no dormancy level tested here leads to a canalized spring-flowering life cycle and 471 

none of the life cycles that do occur clearly result in the highest accumulation of thermal 472 

time. In Valencia, the intermediate-dormancy genotype had accumulations of thermal 473 

time similar to that of the high-dormancy genotype.  We found the results to be mostly 474 
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robust to a relaxation or tightening of our death criteria (Appendix S3-4: see 475 

Supplemental Data with the online version of this article). While the strength of patterns 476 

shifted slightly, the overall trends persisted regardless of the exact mortality criteria 477 

used. 478 

In sum, variation in dormancy may influence opportunities for reproduction in 479 

A. thaliana through its influence on the accumulation of thermal time during the 480 

reproductive period.  In general, local genotypes—which result in spring-flowering life 481 

cycles—consistently, resulted in the largest thermal opportunities for reproduction. 482 

Since the observed genetic cline in dormancy leads to spring flowering across the range, 483 

our results suggest the cline in dormancy may result from local adaptation to climate, 484 

and that genetic variation in dormancy can contribute to local adaption through its 485 

effects on reproductive phenology.  486 

 487 

DISCUSSION 488 

Reproductive phenology is determined by genetic and environmental factors 489 

that vary across ranges and is determined by multiple life-stage transitions, including 490 

the transition from seed to seedling that is mediated by dormancy. We project that A. 491 

thaliana will experience a wide range of temperatures during reproduction across its 492 

range and that those temperatures and the amount of variation between individuals will 493 

strongly depend on seed dormancy. The observed genetic cline in seed dormancy holds 494 

reproductive environment relatively constant across the range and leads to the largest 495 
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amount of thermal opportunity for reproduction before conditions become unfavorable 496 

for survival. Plants of putatively local genotypes, moreover, are predicted to reproduce 497 

in slightly warmer conditions in the north than in the south.  498 

Interestingly, differences in the environment during reproduction can also carry 499 

over to influence subsequent generations by changing seed dormancy. In A. thaliana 500 

cooler temperatures during seed maturation impose stronger dormancy through 501 

changes in the seed coat properties and gene expression (Penfield and Springthorpe, 502 

2012; Chiang et al., 2013; Chen et al., 2014; Burghardt, Edwards, and Donohue, 2015). 503 

These maternal temperature effects could minimize or exaggerate the observed genetic 504 

clines in dormancy discussed above. For instance, if plants mature seeds in warmer 505 

temperatures in the south (inducing shallower dormancy) and cooler in the north 506 

(inducing stronger dormancy), then maternal environment may counteract the observed 507 

genetic cline in dormancy and reduce variation in dormancy across the range. 508 

Alternatively, if plants mature seeds in cooler temperatures in the south and warmer in 509 

the north, the maternal environmental effects on dormancy may exaggerate genetic 510 

clines.  511 

While too little is known about geographic variation in maternal environmental 512 

effects to directly build these processes into the model at present, here we interpret our 513 

life-cycle predictions in the context of how they may feedback to influence dormancy.   514 

Our data indicate that maternal effects may reinforce the observed genetic dormancy 515 

cline by making southern seeds even more dormant and northern seeds less dormant. In 516 
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the center of the range, many dormancy levels are observed, and some of these produce 517 

multiple life cycles and thus lead to the same genotype experiencing divergent 518 

environments during reproduction and thus potentially to variable dormancy levels in 519 

one population.  520 

 521 

Conservation of the reproductive environment— Here, we show that seed 522 

dormancy levels are key to creating a spring-flowering life cycle and thus a critical 523 

determinant of reproductive environment. Springthorpe and Penfield (2015) recently 524 

found that across the range of A. thaliana, a single genotype is predicted to experience 525 

almost identical temperature conditions around 14°C just prior to seed dispersal when 526 

plants express a winter-annual life cycle. The temperature threshold below which seeds 527 

of this genotype are induced into strong dormancy and above which seeds have low 528 

dormancy, happens to be 14°C (Springthorpe and Penfield, 2015). They then suggest that 529 

spring-flowering phenology has evolved to maintain reproductive temperatures near 530 

this threshold to control dormancy. Our results suggest an additional explanation. The 531 

canalization of reproductive environment could result in plants experiencing an optimal 532 

environment for maximizing fruit production while minimizing the risk of death. While 533 

empirical evidence for this hypothesis is currently lacking, lower reproductive 534 

temperatures have been documented to result in higher cumulative fecundity in this 535 

species (Westerman and Lawrence, 1970).  536 
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We further extended their predictions by testing the effect of clinal variation in 537 

dormancy and by accounting for how earlier transitions such as germination and seed 538 

dispersal of the previous generation shape life cycles. When genetic variation in 539 

dormancy was considered, plants experienced a narrower range of reproductive 540 

environments than when it was not considered. Similar to previous results 541 

(Springthorpe and Penfield, 2015), the median temperatures during seed dispersal for 542 

spring-flowering winter annuals (our putatively local dormancy genotypes) were close 543 

to 14°C, but unlike in the study of Springthorpe and Penfield, even with genetic 544 

variation we find a slight latitudinal cline in temperatures during seed dispersal. Part of 545 

this discrepancy could be due to the metric used to define the reproductive 546 

environment. The latitudinal cline in reproductive environment was stronger if we used 547 

average temperature from bolting to seed dispersal rather than the temperature just 548 

prior to seed dispersal (as was used in Springthorpe and Penfield, 2015). However, even 549 

if we used the same metric, predicted reproductive environments ranged from 12.5°C to 550 

4.3°C.  551 

The potential effect of such a cline on life cycles remains somewhat uncertain, 552 

because plasticity of dormancy in response to seed-maturation environment has not yet 553 

been incorporated into our model. Assessments across wide temperature ranges suggest 554 

there is genetic variation in plasticity (Penfield and Springthorpe, 2012), which could 555 

have fascinating effects on life-cycle expression and serve to further canalize life cycles 556 

or increase variability (Burghardt, Edwards, and Donohue, 2015). Dynamically 557 
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incorporating plasticity into the model is an important future direction. In addition, the 558 

exact time during reproduction that establishes the dormancy levels of seeds is 559 

unknown, so our measures of reproductive environment may or may not be the most 560 

appropriate for predicting their effects on seed dormancy. Experiments that manipulate 561 

maternal environments at particular times during development would be useful for 562 

deducing how temperature defines dormancy levels.  563 

  564 

Implications of individual-level variation in life cycles— From an evolutionary 565 

perspective, canalizing a spring-flowering life cycle and thus limiting variation in the 566 

environment during reproduction may be advantageous if there are costs to optimizing 567 

reproduction in a variety of thermal environments. However, we also predicted large 568 

individual-level variation in reproductive environments even when spring flowering is 569 

canalized. These patterns are caused by both between- and within-year environmental 570 

variation. This variation could have consequences in two ways—through changing 571 

dormancy levels and changing fecundity.  572 

First, cohorts that experience divergent temperatures during reproduction may 573 

also have divergent dormancy levels because of the effect of seed-maturation 574 

temperature on dormancy (Donohue, 2009).  Such variation could act as a cue to 575 

adaptively time germination based on dispersal season (Galloway and Etterson, 2007), 576 

be a mechanism that generates variation for bet-hedging (Simons and Johnston, 2006; 577 

Metcalf, Burghardt, and Koons, 2015), or simply be a by-product of variation in 578 
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developmental systems (Vogt, 2015). Regardless, the existence and significance of such 579 

variation deserves further investigation. 580 

Second, when multiple life-cycle types occur in a single location, the same 581 

genotype may experience diverse temperatures during reproduction, and thus the 582 

reproductive outputs of these cohorts may differ. We found that cohorts that are not 583 

spring flowering tend to have lower thermal opportunity for reproduction. On first 584 

glance this appears to pose a problem, if summer cohorts have lower reproductive 585 

output why do they exist at all? However, additional cohorts in a year can lead to a 586 

demographic advantage by increasing the number of offspring per unit time even if 587 

reproductive output is smaller in these additional cohorts. Interestingly, in many of our 588 

simulations, only a proportion of the offspring germinated and flowered in the summer 589 

with the non-germinating fraction effectively creating a hedge against reproductive 590 

failure of these additional cohorts. 591 

 592 

Genetic variation in dormancy and range limits— Our results provide evidence 593 

for local adaptation in dormancy in A. thaliana, since the observed clinal pattern of 594 

dormancy (low in the South and high in the North) is predicted to increase the thermal 595 

opportunity for reproduction across the latitudinal range of this species.  Natural 596 

selection on germination phenology has been documented to be among the strongest for 597 

any trait (Donohue, 2005; Huang et al., 2010; Montesinos-Navarro, Xavier Picó, and 598 

Tonsor, 2012), and population-genetic analysis suggests geographically variable natural 599 
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selection on specific loci, such as Delay Of Germination-1, known to control dormancy 600 

(Kronholm et al., 2012). Further, new germination experiments at two contrasting sites in 601 

the native range align with our predictions that low dormancy is favored in the North 602 

and high dormancy in the South (personal communication, F. Postma and J. Ågren). 603 

Therefore, natural selection on dormancy is strong, and evolutionary responses to such 604 

selection appear to contribute to local adaptation.   605 

The results of this study further suggest that selection on dormancy operates not 606 

only through increasing the survival of pre-reproductive stages, but also by producing a 607 

flowering phenology that maximizes the reproductive opportunity for reproductive 608 

individuals. These pleiotropic effects are not due to genetic pleiotropy, as that process 609 

was not included in the model, but  operate  purely  through  “environmentally  induced”  610 

pleiotropy where changes in germination change environmental exposure thus driving 611 

the expression of later traits (Donohue, 2014). Field experiments with lines that vary in 612 

dormancy level have demonstrated that dormancy can have large effects on both 613 

germination and flowering time via this form of pleiotropy (Chiang et al., 2013). 614 

 615 

Influence of behavioral and phenological buffering on range limits— The result 616 

that spring-flowering plants in the South are expected to experience even cooler 617 

temperatures over their reproductive period than those in the north is counter intuitive. 618 

One possible explanation for this result is that springs are of shorter duration in the 619 

north than in the south, and temperatures may increase faster after flowering in Finland 620 
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than in Spain. Alternatively, it may be that in southern locations plants flower at cooler 621 

temperatures because the day length becomes longer earlier in the season. This result 622 

highlights the importance of quantifying life-stage specific niches and temporal habitat 623 

selection, since an analysis focusing on yearly average conditions would conclude that 624 

plants in the South experience higher temperatures. 625 

The idea that behavioral modification may allow animals to occur in a broader 626 

range of thermal environments than they otherwise would is well developed and creates 627 

an interesting tension between selection for changing thermal tolerance versus for 628 

sampling a non-random subset of the environment (Gunderson and Stillman, 2015). 629 

Extensive work on lizards has demonstrated the power of thermoregulatory behaviors 630 

and spatial heterogeneity to increase the extent of potential habitats (Sears, 2005; Sears, 631 

Raskin, and Angilletta, 2011), but also suggests that these behaviors prevent the 632 

evolution of new thermal reaction norms in the context of changing climates by 633 

shielding organisms from selection (Buckley, Ehrenberger, and Angilletta, 2015).  634 

Phenological modifications are similar to behavioral modifications in that they 635 

enable life stages to experience non-random environments across a geographic range—636 

such that they experience more similar environments (or possibly less similar) than 637 

expected than if they did not adjust their life cycles. For instance, shorter growing 638 

seasons in the North are predicted to limit the range of pitcher plant mosquitos unless 639 

their sensitivity to photoperiod evolves to allow them to complete their life cycle in a 640 

shorter period (Bradshaw and Holzapfel, 2008). Thus, changes in photoperiod sensitivity 641 
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often co-vary with other traits such as developmental rate (Hard, Bradshaw, and 642 

Holzapfel, 1993). This is often true more generally across clines (Clausen, Keck, and 643 

Hiesey, 1940) although it is not observed in all systems (Prendeville et al., 2013; 644 

Hofmann and Bruelheide, 2015). Therefore behavioral and phenological adjustments to 645 

environmental variation across a geographic range can ameliorate the need to adapt in 646 

other traits. Likewise, evolutionary changes in phenological traits or other forms of 647 

habitat selection may be necessary for persistence across a wide geographic range. 648 

 649 

Caveats and Future Directions— There are some obvious caveats to the results 650 

we present here. The assumptions and limitations of the phenology model itself are 651 

outlined in Burghardt et al. (2015) the lack of dynamic inclusion of maternal effects—652 

that is, effects of the temperature during reproduction on seed dormancy—is discussed 653 

above. Further, our knowledge of the sensitivities of reproductive rates and survival 654 

probabilities to environmental factors are limited by a lack of data. However, even with 655 

our rather crude fitness measures we seem to be recovering some signal. This suggests 656 

that characterizing the sensitivities of fitness components to environmental factors will 657 

be a useful avenue for future research. Once reasonable environmentally-dependent 658 

fitness functions are established, this modeling framework will create a powerful tool for 659 

exploring the ramifying effects of genetic changes across an entire life cycle and across 660 

multiple generations that experience slightly different environments. (See Donohue et al. 661 

2015 for a thorough explanation of the possibilities).  662 
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While each of the sub-models of our integrated model have been tested on 663 

empirical data, ideally, we would be able to assess the fit of our integrated model on the 664 

behavior of A. thaliana in  its’  native  range.  Unfortunately,  this data does not yet exist. For 665 

practical reasons, germination timing is frequently synchronized when testing for local 666 

adaptation of A. thaliana (Wilczek et al., 2009; Ågren et al., 2013) and seed dispersal 667 

timing is rarely assessed. While powerful for examining flowering time alone, such a 668 

design cannot capture the dynamics suggested by our life-cycle model, in which 669 

germination timing may have cascading effects on reproductive environment and thus 670 

fitness. Two experimental designs replicated in multiple locations across the range 671 

would be particularly helpful in clarifying the roles of genetic and environmental 672 

variation in determining life cycles and fitness across species ranges: 1) Experiments that 673 

artificially manipulate the timing of germination and quantify environmental conditions 674 

experienced across the life cycle and 2) Population cage experiments tracked for 675 

multiple generations that are seeded with Near Isogenic Lines (NILs) or Recombinant 676 

Inbred Lines (RILs) that vary in alleles that influence germination and flowering. 677 

Because this model was parameterized for the Columbia background, using lines that 678 

are predominantly in the Columbia accession would allow direct assessment of model 679 

performance.  680 

 681 

Conclusions— Phenology plays a critical role in matching A. thaliana life stages 682 

to tolerable environments.  Seed dormancy, by determining the timing not only of 683 
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germination but also of reproduction, appears to be an important determinant of the 684 

environments experienced at critical life stages.  Dormancy influences the environment 685 

in ways that can influence subsequent phenological processes, such as induction of 686 

further dormancy, as well as crucial components of fitness, such as the thermal 687 

opportunity for reproduction.  Local adaptation in dormancy, moreover, can canalize 688 

life histories and fitness across a geographic range.   689 

The results of this study can also be interpreted in the context of range 690 

expansion. As the range of A. thaliana expanded to higher latitudes after the last 691 

glaciation (Sharbel, Haubold, and Mitchell-Olds, 2000; Hoffmann, 2002; Lewandowska-692 

Sabat, Fjellheim, and Rognli, 2010), either dormancy levels of A. thaliana would need to 693 

evolve to maintain a similar reproductive environment in new locations, or A. thaliana 694 

would need to have the ability to produce successful life cycles in a range of thermal 695 

environments. While feedbacks between the evolution of tolerance and phenology traits 696 

create a dizzying array of possible scenarios, our results do suggest that changes in 697 

dormancy were required to maintain a limited reproductive environment, although the 698 

strength of this pattern depended on the metric we used. Thus, the ability of 699 

phenological adjustments to maintain consistent growth environments despite variable 700 

environmental conditions can be important for responding to changing climates and for 701 

expanding ranges across seasonally variable landscapes.  702 
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TABLES 926 

Table 1: Model predictions of the median temperature averaged across the reproductive 927 

period for 5,000 individuals of three dormancy genotypes in four sites spanning the 928 

native range of A. thaliana.  929 

Note: Medians were used instead of averages due to lack of normality (Fig. 2). Values 930 

are degrees Celsius. Bolded temperatures indicate winter annual life cycles. 931 

 932 

Table 2: Model predictions of the median temperature in degrees Celsius during the 933 

week before seed dispersal for 5,000 individuals of three dormancy genotypes in four 934 

sites spanning the native range of A. thaliana.  935 

 936 
Note: Medians were used instead of averages due to lack of normality of the measure 937 

(Appendix S2). Values are degrees Celsius. Bolded temperatures indicate winter-annual 938 

life cycles. 939 

 940 

 Low dormancy Med. Dormancy High dormancy 
Oulu, Finland 13.3 13.2 13.3 

Halle, Germany 14.7 15.7 15.3 
Norwich, England 11.6 10.4 13.7 

Valencia, Spain 7.9 8.0 9.3 

 Low dormancy Med. dormancy High dormancy 
Oulu, Finland 14.6 13.0 13.1 

Halle, Germany 15.9 16.1 15.9 
Norwich, England 13.5 13.3 14.2 

Valencia, Spain 11.2 12.2 12.5 
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Table 3: Model predictions of median thermal accumulation for 5,000 individuals of 941 

three dormancy genotypes in four sites spanning the native range of A. thaliana.  942 

Note: Medians were used instead of averages due to lack of normality of the measure 943 

(Fig. 4). Values are given in cumulative Celsius degree hours. Calculation of degree 944 

hours was terminated 150 days post-flowering if plants had not died already. Bolded 945 

values indicate putatively locally adapted combinations. 946 

 947 

FIGURE LEGENDS 948 

Figure 1: Heuristic explaining the application of an integrated life-cycle model to 949 

understanding the effects of genetic and environmental variation on reproductive 950 

environment. a) The native range of A. thaliana spans climatic gradients from North to 951 

South (visualized here as temperature gradient in January) with  Oulu, Finland being 952 

close to the Northern range limit and Valencia, Spain being near the Southern range 953 

limit. Genetic variation also is distributed throughout the range such that low dormancy 954 

genotypes occur in the North and high dormancy genotypes in the South. b) We used 955 

linked process-based models to simultaneously consider the effect of both sources of 956 

variation on phenology. Shown is an example of model results for multiple dormancy 957 

genotypes simulated in Norwich, England. The bottom panel shows the environmental 958 

conditions that drive developmental progress; lines in each panel above track progress 959 

 Low dormancy Med. dormancy High dormancy 
Oulu, Finland 1212 1212 627 

Halle, Germany 1315 1548  1419  
Norwich, England 1326 1892 1497 

Valencia, Spain 885 1294 1348 
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towards germination, flowering, and seed dispersal for one individual reflecting each of 960 

three dormancy genotypes (low-solid: light green, medium-dashed: dark cyan, high-961 

double dashed: navy) that were dispersed Apr. 1; once plants dispersed seeds in top 962 

panel, they dropped back down to progress toward germination in the third panel; 963 

symbols in each panel show relevant environmental drivers for each life-stage transition. 964 

Drop-down arrows indicate the life cycle that emerged for the medium dormancy 965 

genotype (seeds-brown, vegetative plants-green, and reproducing plants-gold). Note 966 

that the environment above the yellow bar reflects the environment this individual 967 

experiances during reproduction. c) The model is simulated for 1,000 indiviudals for 40 968 

years to create the average life cycle for a whole population of a single genotype. The 969 

distance of each line from the center of the circle indicates the proportion individuals in 970 

each life stage (color coding is same as in b). January is at the three o'clock position and 971 

the graph proceeds clockwise through the year. d) Life cycles are predicted for all 972 

combinations of genotypes and environments across the range. The time of year when 973 

reproduction occurs is highlighted by stars. Since the environmental drivers are known, 974 

it is then easy to calculate what the environment was during reproduction for each 975 

individual.  976 

Figure 2: Life cycles and average temperature experienced during reproduction for three 977 

dormancy genotypes across four sites in Europe. Bean plots indicate the distribution of 978 

average temperatures experienced during reproduction for high (a), medium (b), and 979 

low (c) dormancy genotypes at each site across Europe. Grey bars indicate the median 980 
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temperature experienced, and mirrored density probability distributions indicate the 981 

number of individuals that experienced each average temperature. Wider areas indicate 982 

more individuals, but note that distributions are not comparable across panels. Only 983 

individuals that survive long enough to produce a seed are included. Insets of circle 984 

graphs show the life cycle expressed in each location that leads to differences in the 985 

reproductive environment. Different colored lines indicate the proportion of individuals 986 

that are seeds (light grey), vegetative plants (dark grey), and reproductive plants (black) 987 

for  each  month  of  the  year.    January  starts  at  the  the  3  o’clock  position and the months 988 

move clockwise through the year. All graphs are scaled so the outmost circle indicates 989 

that all individuals are in given life stage at that time of year. The four local dormancy 990 

“genotypes”  that  create  the  dormancy  cline  are  those  that  are labeled with the months of 991 

the year. All genotypes shown have a high floral repression level.  992 

Figure 3: Average temperature experienced during reproduction for winter-annual life 993 

cycles at three sites in Europe. Grey lines indicate median temperature during 994 

reproduction and mirrored probablity density plots show the distribution of 995 

individuals. Wider areas indicate more individuals experienced that reproductive 996 

environment. Circle graphs show the winter-annual life cycle expressed in each location. 997 

January  starts  at  the  the  3  o’clock  position  and  the  months  move  clockwise  through  the  998 

year. All genotypes shown have a high floral repression level. Only individuals that 999 

survived long enough to produce at least one seed are included.  1000 
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Figure 4: Probability density plots of thermal time available for reproduction for three 1001 

genotypes across the range of A. thaliana. Dashed lines indicate the median and arrows 1002 

point to the genotype with the highest fitness. Thermal time is a measure of accrued 1003 

warmth. Higher thermal time accumulations indicate favourable conditions for faster 1004 

development that is likely to be linked to higher fitness. In Oulu, Finland (a) low-1005 

dormancy genotypes are expected to occur and in Valencia, Spain (d) higher-dormancy 1006 

genotypes are expected to occur. In the central European sites (b,c) many different 1007 

dormancy levels are observed.  1008 
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