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ABSTRACT 
 
A fundamental question in ecology is how species with similar ecologies coexist. Species 

coexistence mechanisms are a potential answer, as they describe the ways that species 

can interact that allow for the persistence of multiple, interacting species. Species 

coexistence mechanisms have thus been the subject of intense study in ecology, yet little 

is known about how these mechanisms change as species evolve and the interactions 

between species evolve. Underlying all species coexistence mechanisms is the common 

property that they strengthen within-species density feedbacks relative to between-

species density feedbacks. Evolutionary processes that change the relative strengths of 

these feedbacks will modify the strength of a coexistence mechanism. The storage effect 

coexistence mechanism, which describes temporal niche partitioning of the physical 

environment, formalizes and makes clear the components that directly lead to a 

strengthening of within-species feedbacks relative to between-species feedbacks. The 

storage effect has two components: buffered population growth and density-dependent 

covariance between responses to the environment and competition. 

 

Here I present a study of the evolution of the two components of the storage effect in 

annual plant populations living in arid environments. For interacting annual plant species 

in arid environments, species have buffered population growth when they have a 

persistent between-year seed bank. Between-year seed banks occur when seeds have a 

propensity to remain dormant. Density-dependent covariance between responses to the 

environment and competition occur when seed germination patterns are species-specific. 

Species-specific germination patterns result from differential responses of species to the 

same environmental factors affecting germination. This study consists of theoretical 

investigations of (1) the evolution of seed dormancy, (2) the evolution of species-specific 

germination patterns, and (3) the joint evolution of seed dormancy and species-specific 

germination patterns. In each case, the evolutionary force of interest is natural selection. 

 

First, I present results on the evolution of seed dormancy, focusing on the effects of 

variation in seed germination across years. Yearly variation in germination is commonly 

observed in annual systems in arid environments and is facilitates temporal niche 
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partitioning. I find that variable germination strengthens selection for dormancy under 

reasonable ecological conditions. Hence, seed dormancy, and by extension buffered 

population growth, are robust to selection under common ecological conditions. 

 

Second, I present results on the evolution of species-specific germination patterns. 

Species-specific germination patterns can result from character displacement. I ask how 

character displacement is affected by similarity of two interacting species in their growth 

traits. Annual plants in arid environments also respond strongly to the physical 

environment during growth as seedlings, sometimes in a species-specific manner. I find 

that character displacement can be both strengthened and weakened by environmental 

conditions affecting growth, depending on the similarity between species in their growth 

responses. Character displacement is weaker for similar species and is stronger for 

species with different growth responses. The results show that species-specific responses 

in one part of the life cycle, representing density-dependent covariance between 

environmental and competitive responses, can facilitate further divergence of species.  

 

Third, I present results on the joint evolution of seed dormancy and species-specific 

germination patterns. Germination in the study is assumed to be dependent on 

temperature at the time of rainfall. I find that there are two routes to the evolution of the 

storage effect. In the first, direct selection for seed dormancy leaves open ecological 

opportunities for competing species, which allows for the evolution of species-specific 

germination. In the second, disruptive selection favors the emergence of multiple, 

coexisting phenotypes that differ in their germination patterns. As the coexisting 

phenotypes diverge in germination patterns, dormancy is indirectly favored. Similarly, 

character displacement between species in sympatry can cause species-specific 

differences. Seed dormancy and species-specific germination evolve jointly in both cases.  

 

These results are the first to investigate the consequences of natural selection for multiple 

components of a coexistence mechanism. In many cases, both components are robust to 

evolutionary change. In some cases, the components persist but selection is weakened.  
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INTRODUCTION 

 

A persistent puzzle for ecologists is explaining the diversity of species observed in the 

natural world. The most challenging version of this question is how interactions between 

species within a guild, i.e. a group of species within a trophic level that share similar 

resource requirements (Simberloff and Dayan 1991), allow species to coexist with one 

another (Hutchinson 1959). Diversity within a guild in any locality is the net outcome of 

speciation, immigration, and extinction (Chesson 2019). Species coexistence mechanisms 

help to inform diversity in a locality because they influence the processes of speciation, 

immigration, and extinction. Species coexistence mechanisms are fundamentally about 

the conditions that allow species that interact with one another within a guild to persist 

together (Chesson 2019). Extinction is delayed by species coexistence mechanisms. 

Assembly of new species that immigrate to a locality can be facilitated by species 

coexistence mechanisms (Tilman 2004). Species coexistence mechanisms can also work 

within a species to sustain ecological differences between subpopulations, which are a 

prerequisite to ecological speciation, and are fundamental to many to the concepts of 

adaptive radiation (Schluter 2000). Despite the importance of species coexistence 

mechanisms to diversity, much of the scientific study of species coexistence relates 

simply to the ecological conditions necessary for coexistence. Much neglected is whether 

coexistence mechanisms are robust to evolutionary processes.  

 

Changes in gene frequencies in populations may alter interactions between individuals 

and their environment, including interactions with individuals of other species. Species 

coexistence mechanisms stem from interactions between individuals both with and 

between species, which means these mechanisms are generally affected by evolutionary 

processes. The inevitability of evolutionary change in populations implies that 

coexistence mechanisms likely change along with natural selection acting on individuals 

within populations. A mechanism that is not robustness to evolutionary change of species 

is unlikely to persist, and therefore may not be of much importance in nature. On the 

other hand, those mechanisms that increase in strength or are relatively unchanged will 

persist for longer time periods and therefore be more important in maintaining diversity.  
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The strength of a species coexistence mechanism is determined by the relative strength of 

within- and between-species density feedbacks (Chesson 2018). Conditions that 

strengthen within-species density feedbacks relative to between-species density 

feedbacks strengthen coexistence. In the two-species case, this criterion can be 

summarized as saying that intraspecific competition increases relative to interspecific 

competition (see figure 1a,b), with analogous statements holding for the case of more 

than two species (Chesson 2018). Evolutionary processes within species that strengthen 

within-species feedbacks over that of between-species feedbacks thus strengthen 

coexistence mechanisms and maintain diversity. In contrast, evolutionary processes 

within species that weaken within-species feedbacks relative to between-species density 

feedbacks degrade coexistence mechanisms.  

 

Previous studies investigating how evolutionary processes affect species coexistence 

focus almost exclusively on the selection acting on ecological differences between 

species (Dayan and Simberloff 2005). These studies broadly fall into the category of 

character displacement studies. In these studies, the character differences generally 

involve resource use (Brown and Wilson 1956, Grant and Grant 2006, Stuart and Losos 

2013). Studies of character displacement provide information about the potential causes 

of observed differences between species in their ecologies (Rice and Pfennig 2007, 

Pfennig and Pfennig 2010). However, species differences, while necessary for species 

coexistence, are not sufficient alone to allow for strengthening of intraspecific 

competition relative to interspecific competition (Chesson 2000). Ecological 

characteristics, which differ for coexisting species, must naturally also affect competitive 

interactions. While this may appear to be an obvious requirement – why would one study 

coexistence of species based on ecological differences that have no relevance to 

competition? – the strength of the association between the ecology of an organism and its 

effect on competition is important and subject to change.  

 

Theory shows that stronger associations between the character and competition will lead 

to stronger density feedbacks . Hence, differences between species allow for coexistence 
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relative to their influence on resource densities (Abrams 1998). Furthermore, ecological 

differences related specific ecological processes may have weak effects on density 

feedbacks if other processes have a greater contribution to density feedback (Chesson and 

Kuang 2008). In previous studies of character displacement, the strength of the 

association between the ecology of an organisms and competition (i.e., changes in 

resource density) is implicitly assumed to be strong in the model, or, if explicit, is 

assumed to be unchanging with the evolution of species. Furthermore, the life histories of 

species play a fundamental role in linking ecological differences to density feedbacks as 

they emerge over long temporal and spatial scales (Li and Chesson 2018). To seriously 

investigate the effect of evolutionary change on coexistence mechanisms, one must take 

into account these other factors other than ecological differences between species.  

 

Here, I investigate natural selection in populations and its effect on species coexistence 

mechanisms, using the storage effect mechanism as an example. The choice of the 

storage effect is because conditions that lead to strengthening of within-species feedbacks 

relative to between-species have been formalized and made explicit for the storage effect 

to a much greater extent than other mechanisms. The storage effect describes niche 

partitioning in time, reflecting different responses of species to a shared physical 

environment (figure 1c – 1e) . As the environment varies, the relative competitive 

abilities of species also vary. Times that are favorable to one species lead to strong 

intraspecific competition within that species and weak interspecific competition between 

species (figure 1b,c). Once integrated over time, environmental fluctuations strengthen 

within-species density feedbacks relative to between-species, which allows for stable 

coexistence of competitors (Chesson 2018). Formally, storage effect theory shows that 

strengthening of within-species density feedbacks relative to between-species density 

feedbacks requires that two conditions must be satisfied: 1) the response of an organism 

to its environment covaries with competition over time, termed CovEC, such that it is 

more positive for species at higher densities (figure 2b); and 2) species have buffered 

population growth, which means that environmental and competitive effects are 

subadditive (Chesson et al. 2013). Subadditivity means that the effects of competition, 

i.e. the reduction in individual performance with a decrease in resource availability, are 
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weaker when the environment is poor for growth than when the environment is favorable 

to growth (figure 2a).  

 

 

 

 
Figure	1.	Coexistence	from	strong	within-species	feedbacks	relative	to	between-
species	feedbacks.	Circles	represent	species	in	the	system	with	the	size	of	the	arrows	
indicating	the	strength	of	the	connection	for	population	growth.	In	(a),	feedbacks	within	
species	are	stronger	than	those	between	species,	favoring	stable	coexistence.	The	opposite	
occurs	in	(b),	which	leads	to	competitive	exclusion	of	one	species.	In	(c)	–	(e),	population	
growth	depends	on	shared	use	of	a	limiting	resource,	R.	Feedback	strength	varies	
environmental	conditions.	The	result	is	strong	within-species	feedbacks	and	weak	between-
species	feedbacks	when	averaged	over	environmental	conditions.		
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Figure	2.	Graphical	depiction	of	the	components	of	the	storage	effect.	(a)	Subadditive	
population	growth,	where	the	effect	of	competition	(i.e.	the	decline	in	growth	with	
competition	strength)	is	weaker	in	poor	environments	for	growth	(black	line)	than	in	
environments	favorable	to	growth	(gray	line).	(b)	Positively	density-dependent	CovEC,	
where	species	at	low	density	(open	circles)	have	a	weaker	association	between	the	
environment	and	competition	than	do	species	at	high	density	(Gilled	circles).		
 

Briefly, buffered population growth and positive density-dependent CovEC work 

together as follows. Species at high density are limited in environments favorable to 

growth because they also experience strong competition (figure 2b, filled circles). 

Species at low density – and are therefore susceptible to extinction – have weak CovEC 

(figure 2b, open circles) as a result of  differences from competitors in its response to the 

environment. Hence, a species at low density is more likely to experience weak 

competition in environments favorable to growth relative to species at high density 

(lower right corner of figure 2b). However, species at low density may also experience 

high competition when the environment is poor for growth relative to species at high 

density (upper left corner of figure 2b). Buffered population growth creates an advantage 

for species at low density because good environments with low competition contribute 

more to population growth over time than poor environments with high competition. The 

advantage to species at low density means that they have a tendency to increase in 

density on average, which when applied to all species in a locality, allows for species to 

coexist. 

 

Both buffered population growth and density-dependent CovEC are related to 

germination biology in annual plants in arid environments (Pake and Venable 1996, 
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Venable and Kimball 2013). Coexistence in winter annual plant communities is 

hypothesized to be at least partially driven by the temporal storage effect (Angert et al. 

2009, Venable and Kimball 2013, Holt and Chesson 2014, Li and Chesson 2018), largely 

because variation in the physical environment plays such an important role in annual 

plant biology. Germination variation in particular can be dramatic and is linked to 

buffered population growth and CovEC. Germination is then well-suited for studying the 

evolutionary change affecting the strength of the storage effect because evolution of 

germination within species can be linked to both components of the mechanism. 

Furthermore, studies of experimental and field populations show that the germination 

fraction in annual plants readily evolves in response to natural selection from 

environmental factors (Donohue et al. 2005, Huang et al. 2010, Donohue 2014). Hence, 

its evolution and the subsequent changes in buffered population growth and CovEC are 

plausible. 

 

Species-specific germination responses can cause density-dependent CovEC when 

seedlings compete for resources (Chesson et al. 2013). As conditions favor the 

germination of more seeds, more plants grow during the growing season, which leads to 

higher competition for resources (see figure 3a). Hence, a positive association between 

germination and competition is expected. Critical to CovEC being density-dependent is 

species differences in their germination responses to a shared environment. To see why, 

first consider the case of identical germination responses of species to the same 

environment (figure 2b). Species identity has no role in this case and so changing the 

density of either species has no effect on the relationship between germination and 

competition. Hence, CovEC is not density-dependent. However, when germination 

responses differ between species, the dominant contributor to competition is the species 

with high germination in that environment (see figures 2c and 2d). CovEC can then be 

density-dependent because species at low density have weak effects on competition by 

virtue of their rarity in the community. In contrast, species at high density have strong 

effects by virtue of their dominance in the community. The result is strong CovEC for 

species at high density and weak CovEC for species at low density, i.e. positive density-

dependent CovEC. 
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Figure	3.	How	germination	differences	and	seed	dormancy	lead	to	temporal	based	
niche	partitioning	(the	storage	effect).	(a)	Stylized	life	cycle	for	annual	plants	shows	
Glows	between	different	compartments	of	annual	plant	growth	that	are	investigated	in	this	
study.	(b)	Life	cycle	for	two	species,	N1	and	N2	competing	for	a	single	resource	with	equal	
germination.	(c)	Same	as	(b)	but	where	the	germination	fraction	is	large	for	N1	and	small	for	
N2.	Hence,	germination	and	resource	use	dominate	growth	for	N1	and	seed	dormancy	
dominates	growth	for	N2.		(d)	Same	as	(b)	but	where	the	germination	fraction	is	small	for	N1	
and	large	for	N2.	Width	of	arrows	show	the	importance	of	that	Glow	for	population	growth.	
Notice	that	within-species	Glows	are	stronger	in	(c)	and	(d)	than	between-species	Glows.	
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Buffered population growth in annual plants occurs when species have a persistent 

between-year seed bank. Between-year seed banks are defined by the property that some 

species persist in the soil over multiple seasons (Baskin and Baskin 2014). As shown in 

figure 3a, seeds of annual plants within a year may germinate with probability G or 

remain dormant with probability 1 – G, where dormant seeds have some chance of 

survival in the soil to the following growing season. Germination and seed dormancy 

represent alternative pathways for seeds to contribute to the population in the following 

growing season. However, conditions that an individual experiences differ along each 

pathway. Germination removes individuals from the seed bank, thereby exposing them to 

competition with other plants (loops emanating from the bottom of N in figure 3). Hence, 

competition can have strong effects on the fate of germinated seeds. Seed dormancy 

(loops emanating from the top of N in figure 3), by contrast, is a relatively inactive state, 

with negligible resources requirements (Baskin and Baskin 2014). Therefore, dormant 

seeds are buffered from the effects of seedling competition. Seed dormancy then makes 

population growth subadditive for annual plants, satisfying the requirement of buffered 

population growth necessary for the storage effect.  

 

This study concerns how germination evolves and how it relates to the evolutionary 

robustness of the two components of the storage effect: seed dormancy and species-

specific germination responses. First, I investigate the evolution of seed dormancy, 

asking how variable germination affects selection for seed dormancy and whether it is 

sufficient alone to favor seed dormancy. Variable germination is a prerequisite to species 

specific differences necessary for the storage effect. Furthermore, germination variation 

is readily apparent in natural systems (Went 1948, Bowers 2005) but is not included in 

studies of seed dormancy. Second, I investigate the evolution of species-specific 

germination responses, asking how other aspects of the environment, namely 

environmental conditions affecting growth, affect selection for germination differences 

between species. The environment also affects plant growth following germination, 

which complicates the nature of competition between seedlings and hence, the effect of 

germination-based species differences in facilitating coexistence. However, these 

differences have been shown to be critical to competition and coexistence of species 
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(Angert et al. 2007, Angert et al. 2009), and so they are a part of this investigation. Last, I 

investigate the joint evolution of both seed dormancy and species-differences, asking 

whether the evolution of one inhibits or enhances the evolution of the other.  

 

The results presented in this study demonstrate plausible routes for the storage effect to 

arise and be maintained as a consequence of adaptation of organisms to their 

environment. Furthermore, it provides a framework for understanding and predicting the 

evolution of other coexistence mechanisms. While they receive little attention in the 

literature, analogues of buffered population growth and density-dependent CovEC exist 

for other coexistence mechanisms (see e.g. Chesson 2019). For example, the analogue to 

CovEC in resource partitioning is the relationship between the effort to capture a resource 

on the resultant change in resource density. Density-dependence of CovEC then arises as 

the opportunity to exploit abundant resources passed over by competing species (Chesson 

2019). Buffered population growth is guaranteed for instance in Macarthur’s resource 

competition model. However, buffered population growth does not occur for instance 

when species have a negative relationship between functional and numerical responses 

across resource types. Despite their omission from many studies, analogues of buffered 

population growth and density-dependent CovEC are nonetheless important because they 

describe fundamental conditions that allow for the intensification of within-species 

density feedbacks relative to between-species density feedbacks. 
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PRESENT STUDY 

 

The studies following are presented in the form of manuscripts prepared for publication 

following peer review. Summaries of the main motivations and important findings of the 

studies are presented here and are related to the question of the evolutionary robustness of 

the storage effect in terms of its components.  

 

Appendix A: Germination variation facilitates the evolution of seed dormancy when 

coupled with seedling competition 

 

In Appendix A, I investigate the evolution of seed dormancy, based on its role in buffered 

population growth necessary for the storage effect. Buffered population growth in annual 

plants is given by the presence of a persistent between-year seed bank, which refers to the 

population of living seeds in the soil. Seeds are added to this population annually from 

plants that grow each year and are lost by germination and death. Hence, germination 

itself removes seeds from the seed bank population whereas the converse of germination, 

seed dormancy, retains seeds in the between-year seed bank. The presence of a between-

year seed bank thus requires both that some fraction of seeds in the soil remain dormant 

during the growing season and that some fraction of those dormant seeds survive to the 

following growing season. 

 

Seed banks in annual plants are common as seed dormancy is a common phenomenon 

(Harper 1977, Baskin and Baskin 2014). However, the observation of seed dormancy 

during growing seasons with conditions favorable to germination and plant growth 

appears at odds with natural selection (Cohen 1966). Seeds that do not germinate give up 

reproductive opportunities. All else equal, seed with more dormant phenotypes should 

decline in frequency as faster reproducing phenotypes replace them (Philippi and Seger 

1989). One answer from previous theory is that the environment is variable, meaning that 

seedling survival and reproduction are not constant across years. For an individual seed, 

dormancy is advantaged over germination in years when reproduction is very low (Cohen 

1966, Bulmer 1984, Ellner 1985). Previous models show that the presence of these low 
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reproduction years favors phenotypes for which some fraction of seed remains dormant in 

any given year. These models assume that germination is constant across years, but 

environmental variable reproduction is critical to the prediction that dormancy evolves.  

 

However, an obvious effect of environmental variation on plant biology is absent from 

these studies, which is the effect of environmental variation on germination itself, and by 

extension seed dormancy. Variable germination is a huge source of variation in annual 

plant dynamics (Went 1949, Baskin and Baskin 2014). Germination variation, when 

species-specific, is a critical component of annual plant coexistence via the storage effect. 

In some years, few if any seeds germinate, possibly as an adaptation to the fluctuating 

environment. I ask whether this variable germination weakens or strengthens the 

advantage of seed dormancy in a variable environment. Furthermore, I ask what the 

consequences are for the strength of buffered population growth.  

 

Then, I ask about the role that positive correlations between germination and plant 

growth in a year have on the advantage of seed dormancy. A common prediction from 

models is that seed germination should be high in years when plants grow to large size 

(Cohen 1967). This pattern has been termed predictive germination and has been 

observed in annual systems (Gremer et al. 2016). Previous work identifies predictive 

germination as a factor increasing the strength of the storage effect mechanism in annual 

plants (Angert et al. 2009). However, prior theoretical investigations assuming simple 

environments predict that predictive germination weakens selection for dormancy 

(Venable and Lawlor 1980). These two results together suggest that selection for seed 

dormancy is weakened by conditions that strengthen the storage effect. I use a model 

with more complex environmental variation to further investigate this potential ecological 

and evolutionary conflict. 

 

I found that variable germination can increase selection for seed dormancy, but only in 

cases where germination variation influences seed yield. Seed yield variation is the 

proximal factor selecting for seed dormancy because dormant phenotypes perform better 

when yield varies. Germination variation influences seed yield variation in two ways. (1) 
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In density-dependent models, germination variation causes variation in seedling density, 

and hence competition. Variable competition increases variance in seed yield and so 

favors greater dormancy. (2) Predictive germination, characterized by positive covariance 

between germination and plant size, causes greater yield variance in density-independent 

models, thus increasing selection for dormancy. By contrast, predictive germination 

causes weaker yield variance in density-dependent models, thus weakening selection for 

dormancy. These results clarify the role that specific components of fitness play in 

selection for seed dormancy. All previous theory attributed selection for dormancy to 

variable fitness because the only variable component of the life cycle was due to 

reproduction. However, I was able to show that variable fitness alone is insufficient to 

favor dormancy. Instead, it is a particular component of variation in fitness, namely 

variation in reproduction, to which dormancy is sensitive. Importantly, the selective 

action of germination variation on dormancy resulted from an association between 

germination and competition, CovEC. The stronger this association, the stronger 

selection for dormancy. Hence, CovEC, which itself is a component of the storage effect 

coexistence mechanism, facilitates the evolution of seed dormancy, and by extension 

buffered population growth. However, predictive germination can counteract this effect 

when competition is strong and weaken selection for dormancy. 

 

Appendix B: Character displacement in the presence of multiple trait differences: 

evolution affecting the storage effect in germination and growth 

 

In Appendix B, I investigate the evolution of species-specific germination patterns. 

Differential patterns of germination over time are caused by differential responses to 

shared environmental factors. Species-specific germination patterns can also allow for 

ecological differentiation that promotes the storage effect in annual plants. These 

ecological differences make CovEC density-dependent, which is required for the storage 

effect as outlined above. Coupled with buffered population growth, these differences 

promote coexistence.  
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Ecological differences in general are understood to evolve via the process of character 

displacement, where interspecific competitive interactions select for divergent resource 

use between species (Brown and Wilson 1956). This process was originally modeled in 

Lotka-Volterra models of resource use in a constant environment (Slatkin 1980) and has 

recently been extended to variable environments with a single resource (Abrams et al. 

2013). These models assume that competition is determined by a single trait (Dayan and 

Simberloff 2005), yet competition is complex and determined by multiple traits. In 

annual plants, both the density of plants as well as plant size affects competition. Plant 

density increases with the germination fraction in a year, which is environmentally-

dependent. Furthermore, plant size is environmentally-dependent, being influenced by 

fluctuating abiotic factors, like growing season temperature, light, and rainfall. Both 

germination and plant size responses to the environment can differ between species. The 

question here is what affect plant size responses of species have on character 

displacement in germination responses. As indicated in my study of dormancy in 

Appendix A, similar germination and plant size responses over time, i.e. predictive 

germination, can influence predictions of selection. 

 

I found that explicit accounting of variation in germination and plant size could in some 

cases increase, and in others decrease, the strength of selection for character 

displacement. The strength of selection for species differences weakens when plant size 

responses are similar between species. Selection favoring predictive germination favors 

similarity between species in their germination responses, which opposes and disfavors 

character displacement. Increasing the strength of competition can tip the scale in favor 

of character displacement, leading to species that diverge in germination responses. 

However, divergence between two species comes with the cost of reduced adaptation to 

the shared environment because both species lose predictive germination. When plant 

size patterns differ, character displacement is often the outcome, even when competition 

is weak. Species with different plant size responses to the environment also achieve 

predictive germination through different germination responses to the environment. 

Hence, selection favoring divergence and selection favoring predictive germination are 

aligned.  
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These results highlight an important point for studies of character displacement: different 

traits that together effect competition can lead to selective conflicts that may result in 

unexpected outcomes. I found a selective conflict when species were similar. The 

benefits of predictive germination, representing general adaptation to the environment, is 

in conflict with the benefits of character displacement. Strong character displacement 

results in negative associations between germination and plant size for both species, 

which gives the appearance that species are maladapted to their environment. 

Alternatively, strong selection for predictive germination results in failure of the 

evolution of species differences. Previous theory predicts that character displacement is 

more likely for more similar species as each species can gain advantage by evolving 

differences from the other species when that reduces negative effects of that other 

species. Here, I found instead that selection for general adaptation to the environment is 

similar for similar species and could limit character displacement. Interestingly, as 

species differ more in response to the environment during plant growth, species 

differences are more likely to evolve. Hence, species differences in growth responses, 

which can contribute to the storage effect, facilitate the evolution of species differences in 

germination, thereby increasing total niche differentiation. Additionally, stronger 

competition in the community, which leads to stronger CovEC, strengthens selection for 

species differences. In both cases, components of the storage effect favor the evolution of 

other components. 

 

Appendix C: Selection on optimal germination temperature in annual plants favors 

the evolution of both components of the temporal storage effect 

 

In appendix A, I demonstrate how dormancy evolves directly when considered alone. In 

appendix B, I demonstrate how germination differences may evolve. In both cases, 

variation in the environment is critical. A natural extension is to ask how they evolve 

jointly. In appendix C, I investigate the joint evolution of dormancy and germination 

differences between species. 
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To model this situation with minimal complications, I choose a model that allows for 

both dormancy and germination differences to change jointly with a single phenotype. 

Rather than specify how dormancy and germination patterns change across phenotypes, 

the relationship emerged from a model based on temperature-dependent germination. 

This model is based on documented germination responses to the temperature 

environment in nature (Bradford 2002, Huang et al. 2016). Germination is assumed to 

respond to temperature at the time of rainfall events during the growing season. Species 

have specific temperature optima (the temperatures leading to maximum germination) 

and germination of a species declines as temperatures at the time of rainfall deviate from 

its optimum. A species’ temperature optimum also affects the tendency for seeds to 

remain dormant as well as the patterns of germination over time. Differences between 

species in these germination optima correspond to germination differences. 

 

I find that there are two routes to the joint evolution of seed dormancy and germination 

differences between species. In the first, dormancy is directly favored by variable 

reproduction as discussed in appendix A. By remaining dormant, species forego 

reproductive opportunities, opening ecological opportunities for the competitor to exploit. 

For instance, dormancy may evolve when a species specializes on infrequently occurring 

cool temperatures, thereby opening ecological opportunity at warm temperatures. Species 

differences ultimately result indirectly from direct selection for dormancy. In the second, 

evolutionary branching can occur, in which case phenotypic differences arise within a 

population. A similar process favors divergence between species and represents a case of 

character displacement as discussed in appendix B. By virtue of divergence between 

species in temperature optima, each species specializes on less frequently occurring 

temperature. As a result, dormancy is favored indirectly. Selection for evolutionary 

branching tends to occur only when there are strong tradeoffs for germination in different 

temperature environments. Both cases are unified by the presence of strong 

environmental variation affecting annual biology. For both routes, direct selection on one 

component of the storage effect indirectly allows for evolution of the other. Furthermore, 

ecological conditions favoring the storage effect as a coexistence mechanism also favor 

the evolution of its components within species. 
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Abstract 

Fluctuating environmental conditions have consequences for the evolution of life 

histories because they cause fitness variance. This variance can favor risk-spreading 

strategies, often known as bet-hedging strategies, in which growth or reproduction is 

spread over time or space, with some costs, but greater certainty of success. An important 

example is seed dormancy in annual plants, in which some fraction of seed remains 

dormant at any given germination opportunity with the potential of germinating later 

when environmental conditions may differ. Previous theory shows that environmental 

variation is critical for the evolution of dormancy, yet these studies have focused on 

temporal variation in reproduction, ignoring the strong observed effects of environmental 

variation on the germination fraction, a major contributor to fitness variance. We ask 

what effects germination fluctuations have on selection for dormancy by adding 

germination fluctuations to existing density-independent (d.i.) and density-dependent 

(d.d.) models of annual plant dynamics, extending previous analyses by including 

temporally fluctuating germination. Specifically, we ask how germination variance 

affects selection on the temporal average germination fraction, here used to define 

dormancy. When present alone, or when independently varying with other fitness 

components, germination fluctuations do not affect selection for dormancy in the d.i. 

model, despite generating fitness variance because this variance contribution is not 

reduced by higher dormancy. Germination fluctuations have strong effects in the d.d. 

model, favoring dormancy when present either alone or coupled with variation affecting 

plant growth. This is because germination variation causes seedling density to vary, 

which causes variable reproduction through variable intraspecific competition. Dormancy 

is advantaged under variable reproduction because it creates a more convex relationship 

between population growth and reproduction leading to benefits from nonlinear 

averaging. Predictive germination, a positive statistical association between germination 

and growth, weakens selection for dormancy under strong competition and strengthens it 

when competition is weak. Our results suggest that variable germination is a potential 

explanation for high levels of dormancy observed in nature, with implications for life-

history theory for fluctuating environments. 
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Introduction 

It has long been appreciated that the complex life-histories of many organisms may be 

due in part to adaptation to variation in the physical environment (Cohen 1966, Schaffer 

1974, Roff 1993, Koons et al 2008). Annual organisms, which might be considered to 

have the simplest life-histories, are often not strictly annual, because a resting stage, such 

as a seed, egg, or pupa may persist over several reproductive seasons (Evans and 

Dennehy 2005). Thus, understanding the evolution of life-history complexity can begin 

with the study of why these simplest life-histories are not simpler yet. Indeed, a notable 

case of this phenomena is that of between-year dormancy in annual plant species, which 

extends the life of an individual beyond one reproductive season on average. These 

annual plants live in environments where conditions for germination might be favorable 

at some given time although only a fraction of the seed of a given annual plant species 

germinates (Venable and Pake 1999, Venable 2007). The remaining fraction stays 

dormant with the potential that some might germinate in the next or later seasons. 

Dormancy has been a puzzle because, under favorable conditions for seed production, 

delaying germination can only reduce fitness. Further, delayed germination increases the 

risk that a seed dies before germination.  

 

One explanation for the occurrence of between-year dormancy, with theoretical and 

empirical support, involves temporal environmental fluctuations (Cohen 1966, Bulmer 

1984, Ellner 1985a, 1987, Gremer and Venable 2014). Growing conditions vary from 

year to year and, without dormancy, unfavorable years for growth lead to major fitness 

losses (Cohen 1966). However, theoretical models demonstrate that dormancy reduces 

the possibility that all offspring encounter unfavorable conditions, i.e. increases the 

probability that at least some offspring encounter favorable conditions, which is adaptive 

even given the cost of delaying reproductive opportunities (Cohen 1966, Bulmer 1984, 

Ellner 1985a, b). This idea has been generalized and referred to as bet-hedging, a strategy 

that reduces variance in fitness at the cost of reduced average fitness (Seger and 

Brockmann 1987, Philippi and Seger 1989, Simons 2011). Models of both density-

independent and density-dependent fitness predict that dormancy evolves in fluctuating 

environments, although greater dormancy evolves with density-dependence (Bulmer 
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1984, Ellner 1985a, b) largely due to competition’s role in enhancing the effects of 

environmental fluctuations that affect reproductive success (Ellner 1987). 

 

These previous studies assume that the effects of the changing environment on fitness are 

fully captured by variation in the per individual seed yield. However, seed yield is not the 

only fitness component that responds to environmental fluctuations. In nature, 

environmental conditions have major effects on a species’ germination fraction (Went 

1949, Juhren et al. 1956, Harper 1977, Venable and Pake 1999, Facelli et al. 2005), an 

important fitness component. This observation applies to very many annual plant species 

(Baskin and Baskin 2014). For animals, variable emergence from various quiescent states  

is a well-known analogous phenomenon (Hakalahti et al 2006, McAllan and Geiser 

2014). Variable germination in annual plants contributes to striking patterns in nature 

such as the spectacular wildflower blooms of the arid Southwestern USA, which vary 

greatly over time due to species-specific environmentally-dependent germination (Juhren 

et al. 1956, Bowers 1987, 2005). In addition to precipitation during the growing season – 

which clearly has a large effect on germination rates, other abiotic factors such as 

temperature at the time of rainfall explain if and how readily plants germinate (Venable 

and Pake 1999, Huang et al. 2016). Moreover, variable germination figures prominently 

in the theory of annual plant coexistence by the storage effect (Chesson 1994, Chesson et 

al. 2004, Holt and Chesson 2014). The bet-hedging role of seed dormancy is an important 

component of the storage effect, which, within that theory, is called buffered population 

growth (Chesson and Huntly 1989, 1997, Chesson et al. 2004). 

 

These observations mean not only that a major component of variation in fitness is 

missing from previous studies, but that dormancy itself is represented in an overly 

simplified way. When dormancy is treated as a constant rather than a variable, potential 

major implications for population dynamics and species interactions are missed. Rather 

than characterize germination as a particular number, germination should be 

characterized as a function of environmental conditions, i.e. as phenotypically plastic. 

Because environmental conditions vary unpredictably from year to year, germination, and 

thus dormancy, are naturally characterized by a probability distribution. Here we ask 
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about the evolution not of the dormancy distribution per se, but its temporal mean. The 

mean germination fraction is a natural interpretation of the constant germination fractions 

studied in previous investigations, with the variance reflecting environmental variability. 

Average reproductive opportunities decrease as the mean germination fraction decreases, 

whether germination varies temporally or is constant. By recognizing germination 

variance, we are better placed to understand how the evolution of dormancy may shape 

coexistence through the storage effect. 

 

Our interest is in the effect of the germination variance on the evolution of the mean, but 

yield variation is also an undeniably major factor in nature. Hence, as in previous studies, 

it is integral to our investigation. We ask about the combined effects of yield and 

germination variance on the evolution of dormancy, including the effects of their 

correlations. When germination and yield are positively correlated, germination is said to 

be predictive. Predictive germination is expected to evolve when environmental cues to 

growing conditions are present at germination or when similar conditions affect both 

germination and yield  (Cohen 1967). Predictive germination has been noted empirically 

(Gremer et al. 2016) and it means that a species has a higher tendency to germinate when 

conditions will be favorable to growth, and not germinate when conditions will be 

unfavorable. Under such circumstances, variable germination is an adaptively plastic trait 

(Simons 2011). Because adaptive plasticity has been assumed to be an alternative to bet-

hedging in variable environments (Dewitt and Langerhans 2004, Simons 2011), it might 

be expected to influence the evolution of dormancy in addition to from any effects of 

variable germination or variable seed yield alone. 

 

Previously, plant yield was treated in models of the evolution of dormancy as a single 

parameter that even in density-dependent models acts in a density-independent way. A 

notable exception is Ellner (1985b), who allows that the intensity of per-capita 

competition might be environmentally variable. Such linkages between environmental 

factors and competition have potential roles in the evolution of dormancy and also have 

critical roles in species coexistence by the storage effect (Angert et al. 2009). To account 

for environmentally-dependent competition, we assume that the physical environment 
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affects plant growth, which we refer to as vigor following Chesson et al (2005), and that 

larger plants have large per-capita competitive effects (Weiner 1990, Schwinning and 

Weiner 1998). Thus, per-capita competitive effect is larger in years when plants grow 

larger, i.e. in years when plants have higher vigor. 

 

Including environmental variation in both germination and plant growth, we evaluate the 

effects of environmental fluctuations on selection for dormancy. As mentioned earlier, 

temporal fluctuations in seed yield are known to favor dormancy both theoretically 

(Cohen 1966, Ellner 1987) and empirically (Philippi 1993, Gremer and Venable 2014), 

but our question relates to whether fluctuating germination favors dormancy beyond that 

favored by fluctuating yield. To do so, we use a model of annual plant growth in a 

fluctuating environment in which germination rates vary from year to year, phenotypes 

differ in their temporal mean germination, and all phenotypes have fixed germination 

variance. Included is the potential for correlations between germination and seed yield 

and their effects on the evolution of dormancy in models of density-independent and 

density-dependent fitness. We first investigate the density-independent model to show 

that the evolution of dormancy depends critically on a mean-variance trade-off in seed 

yield. Germination variation, when independent of vigor, does not contribute to this 

trade-off but does when correlated with vigor due its consequences for reproduction. We 

then study how this tradeoff is affected by density dependence. Because germination 

variation causes density dependence to vary, with flow on effects to reproduction, 

evolution of dormancy can be affected by germination variation even when germination 

is not correlated with vigor. 

 

Model 

Fitness 

To investigate the effects of a fluctuating environment on selection for dormancy, we 

introduce a model for the fitness, λj(t), of a seed of phenotype j in year t. We focus on 

seeds because after flowering has ceased and the adult plants have died, only one life-

cycle stage, the seed, is present, comprising the entire population at that time. The 
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population of phenotype j is then summarized by the single abundance variable, Nj(t), and 

the dynamics of phenotype j are then defined by the equation 

 . (A.1) 

 

During the growing season in year t, a seed with phenotype j has Gj(t) probability of 

germinating. If a seed fails to germinate, it survives in the soil to the beginning of the 

following growing season with probability s. If the seed does germinate, it grows and 

produces seed, and then dies. The expected number of seeds produced by an adult plant 

that make it to the following year is Y(t), the seed yield. Because Y is the expected 

number of seeds produced that survive to the beginning of the following growing season, 

it is a combination of plant growth, plant fecundity, and survival to incorporation into the 

soil seed bank. In this model, λj(t), which can be defined as the expected contribution of a 

seed of phenotype j present in at the beginning of year t to the population in year t  + 1, is 

 . (A.2) 

In equation (A.2), s(1 – Gj(t)) is the probability that a seed of phenotype j remains 

dormant and survives as a seed, and Gj(t)Y(t) is the probability that a seed with phenotype 

j germinates, times the year-specific expected seed yield. Hence, the contribution of an 

individual to the next generation is the sum of seed survivorship and fecundity. Since we 

are interested in the evolution of dormancy, the germination fraction, i.e. one minus the 

dormant fraction, defines the phenotype. Therefore, only it has a subscript j.  

 

Seed survivorship is assumed constant over time, but several factors may cause 

reproduction to vary. For reproduction to occur, seeds must germinate, and the resulting 

seedlings must grow and reproduce. All these processes vary with environmental 

conditions in nature. Growth and reproduction can be reasonably expected to depend also 

on competition. To account for the effect of environmental conditions on growth of a 

seedling, we introduce the quantity, V(t), “vigor,” which we treat as plant size at 

flowering in the absence of competition. Then seed yield, Y(t), equals Y0V(t) in the 

absence of competition, where Y0 is yield per unit mass. To focus on evolution of mean 

dormancy, we assume that phenotypes do not differ in vigor. However, we assume vigor 

N j (t +1) = λ j (t)N j (t)

λ j (t) = s 1−Gj (t)( )+Gj (t)Y (t)
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varies over time, and greater vigor leads to higher resource demand, thus affecting 

competition between seedlings. The total number of competing seedlings is 

 and total resource demand is assumed proportional to 

. These assumptions lead to the following density-dependent seed yield formula: 

 , (A.3) 

which is the Beverton-Holt model of competition with competition coefficient α. 

Equation (A.3) reduces simply to Y0V(t) as all densities approach 0 or equivalently, with 

α = 0, the density-independent case.  

 

In the density-independent case, populations have asymptotically exponential growth 

provided the environmental processes are stationary stochastic processes (Chesson 1996). 

Thus, populations either increase indefinitely or head to extinction. Although this 

outcome is not a satisfactory description of nature, it is used routinely to predict the 

outcome of selection in population genetics and to some extent in evolutionary ecology. 

However, these same predicted evolutionary outcomes occur in populations where 

density-dependent mortality applies uniformly across the entire population regardless of 

phenotype (supplementary information A.S1), which here consists of dormant seeds and 

growing plants. Thus, uniform density-dependent mortality can be assumed to be an 

implicit assumption in such analyses. Our density-independent development extends 

Cohen’s (1966) density-independent fitness analyses in annual plants by having 

temporally variable germination.  

 

Density-dependence between seedlings (α > 0) precludes indefinite growth and is a much 

more satisfactory representation of annual plant biology. This density-dependent analysis 

extends Ellner’s (1985a, b) treatment by including temporally fluctuating germination 

fractions. To facilitate comparison with these previous studies, results with fluctuating 

germination are accompanied by equivalent results with constant germination, i.e., with  

variance of G equal to zero. 

 

Gk (t)Nk (t)k

n∑ V (t) Gk (t)Nk (t)k

n∑

Y (t) =
Y0V (t)

1+αV (t) Gk (t)Nk (t)
k

n

∑
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Probability distributions describing temporal variation in germination and vigor 

We assume that the physical environment, which drives germination and vigor variation, 

fluctuates independently over time with the same probability distribution (i.i.d.). The 

probability distribution for germination fraction must be defined on the interval [0,1]. Of 

most importance is defining the aspects of this probability distribution that are subject to 

selection. For our question, that means defining dormancy as a single number applicable 

to any probability distribution on [0,1]. To obtain a suitable definition, note that 

germination fraction for a species population is a weighted average of the germination 

fractions for each phenotype, and one minus this fraction defines the dormancy of the 

species population as a whole in a given year. This averaging property argues for , 

the mean fraction of dormant seeds over time, as the measure of dormancy for any 

phenotype, which is then consistent with the averaging property for the population as a 

whole. With this definition, it is most natural to model germination phenotypes as defined 

by their mean, , with the variance, var(G), being the same for all phenotypes. This 

justification for using  is important because choosing a different measure of central 

tendency for the germination fraction in the definition of dormancy could lead to different 

outcomes, as the work of Real and Ellner (1992) attests.  

 

With the assumption of phenotypic differences in  but common var(G), the range of 

possible  values is restricted to a strict subset of the interval [0,1], where the greater 

the variance, the smaller the interval of possible  values (figure 1). In fact, the variance 

is maximized for a given value of  when germination is 1 with probability and 0 

with probability  at the value, 

 .  (A.4) 

When var(G) < ¼ , this equation has two solutions defining the lower and upper bounds, 

 and , of possible  values (figure A.1). Whenever var(G) > 0,  < 1, and all 

phenotypes exhibit a minimum level of dormancy imposed by the fluctuating 

environment. However, such variance-constrained dormancy does not reflect any effects 

of selection and must not be confused with dormancy resulting from evolution.  
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To model the actual distributions of germination, we use two distributions that differ in 

their ease of analysis and their ability to capture biological complexity. We first use a 

linear form, which leads to simple analytical results but is not realistic. However, it is 

predictive of the results of the more complex and realistic form, and greatly facilitates 

understanding. In the linear form, the germination distribution of phenotype j is a linear 

function of a random variable X(t) with zero mean and unit variance: 

 .  (A.5) 

Here, is the average germination fraction of phenotype j and  is the 

standard deviation. Importantly, we assume that the environmental factor, X(t), is the 

same for all phenotypes and hence that all phenotypes respond to the environment in the 

same way. This assumption is justified by our focus on selection for the amount of 

germination, not on how germination responds to specific environmental factors. To be 

sure that 0 ≤ Gj(t) ≤ 1 under formula (A.5), X(t) must have a finite range, and the possible 

values of  and σ are restricted in relation to this range. However, the simplicity of 

(A.5) greatly facilitates the calculation of selection differentials. To allow for germination 

to be correlated with vigor (e.g. if greater rainfall increased both germination and plant 

size), we assume vigor can be represented as a function V(t) = f (X(t), W(t)), where W(t) is 

some arbitrary random variable independent of X(t), and f is a nonnegative function of 

two variables.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Gj (t) = Gj +σ X (t)

Gj σ = var(G)

Gj



 

 

38 

Table	A.1.	Variable	and	parameter	deGinitions.	
Variable Definition Formula 
G(t) Germination fraction in year t Linear Model: G(t) =  + σX(t) 

Beta Model: G(t) =   
σ Standard deviation of G σ > 0 
X(t), U(t) Environmental variables controlling 

variation in G (X for linear model, U 
for Beta model) 

X(t) ~ N(0,1) 
U(t) ~ N(0,1) 

V(t) Plant biomass in year t ln V(t) ~ N(0, σV) 
σV Standard deviation of ln V σV > 0 
W(t), Z(t) Environmental variable controlling V 

(W for linear model, Z for Beta model) 
W(t) arbitrary 
Z(t) ~ N(0,1) 

ρ Correlation between U and Z  
Y(t) Per seedling seed yield in year t 

 

N(t) Seed density in year t  
l(t) Seed fitness in year t λ(t) = s(1 – G(t)) + G(t)Y(t) 
r(t) Seed fitness on the log scale in year t r(t) = ln λ(t) 
C(t) The strength of competition in year t  1 + αV(t)∑kGk(t)Nk(t) 
Ck(t) Competition from resident phenotype k  1 + αV(t)Gk(t)Nk(t) 
s Dormant seed survival  
α  Competition coefficient Density-independent fitness: α = 0 

Density-dependent fitness: α > 0 
Y0 Per unit biomass yield at low density  

  Temporal mean germination fraction  
,  Theoretical minimum and maximum 

values of  
Solutions to  

  Long-term growth rate   

  Long-term growth rate of invader i 
with resident k 

 

 The strength of competition phenotype 
i can tolerate  

 

ΔEik Average fitness difference between 
phenotypes i and k  

ΔJik Strength of relative nonlinearity for 
phenotype i invading resident k  

ΔIik Strength of the storage effect for 
phenotype i invading resident k  

 βi 
 

Scaling factor: the time average loss of 
seed from the seed bank. 

βi = 1 – s(1 – ) 

 

G
BG ,var(G )

−1 Φ U (t)( )( )

Y0V (t) 1+αV (t) Gk (t)Nk (t)
k

n

∑
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G
σ 2 = G(1−G)
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Figure	A.1.	The	relationship	between	 	and	the	maximum	germination	variance	

.	For	any	value	of	var(G),	the	range	of	feasible	 	is	given	by	the	values	of	 	that	
intersect	the	black	curve	at	var(G).	Two	values	of	var(G)	are	provided	as	illustrations.	Note	
the	range	of	possible	 	decreases	with	greater	var(G).		
 

To understand the outcome of selection for more realistic distributions, in simulations we 

describe germination phenotypes as beta distributed random variables that differ in their 

mean, , but have the same variance, var(G). As in the linear case, we make the critical 

assumption that all germination phenotypes are perfectly correlated. To do so, we define 

germination of phenotype j as a function of a random variable, U(t), that is common to all 

phenotypes. Then the germination fraction of each phenotype is a different nonlinear 

function of U(t) such that the resulting germination distributions have means that differ 

between phenotypes, but variances that do not differ. We choose the underlying common 

variable U(t) to be standard normal. We then transform this to different Beta random 

variables for the Gj(t) as follows: 

 .  (A.6) 

In eqn (A.6),  is the inverse of the beta cumulative distribution function 

parameterized for mean  and variance var(G) and Ф is the standard normal cumulative 

distribution function. This transformation works because cumulative distribution 

functions transform a variable with the defined distribution to uniform on (0,1), and the 
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inverse distribution of a uniform on (0,1) gives a variable with that defined distribution. 

Although the definition (A.6) appears unnecessarily complex, it has two advantages. 

First, in the resulting beta distribution, it is simple to vary  while holding var(G) fixed 

without the restrictions of the linear model (A.5). Second, because the common variable 

U is a standard normal variable, it is straightforward to model correlated germination and 

vigor variation using correlated normally distributed random variables to represent 

environmental factors.  

 

For vigor, we introduce an underlying common environmental factor Z(t) as a standard 

normal with zero mean and unit variance. A plausible distribution for vigor is lognormal, 

as plant sizes are often approximately lognormal in nature. This outcome is achieved with 

the exponential transformation,  

 ,  (A.7) 

where σV is the standard deviation of vigor on the log scale. Correlations between 

germination and vigor are specified by correlation ρ between Z(t) and U(t), with their 

distribution being bivariate normal,  

 .  (A.8) 

Note that because of the nonlinear relationship between G and V, the actual correlation 

between germination and vigor is not equal to ρ but is a function of ρ. However, ρ 

perfectly captures the degree of dependence between germination and vigor as they are 

increasing functions of one another when ρ = 1, decreasing functions of one another 

when ρ = –1 and independent when ρ = 0. For this reason, we use ρ as the measure of 

statistical dependence between germination and vigor.  

	

Analysis and Results 

Long-term growth rates and optimal dormancy under density-independent fitness 

For both the density-independent and the density-dependent cases, we use the long-term 

growth rate to predict evolutionary outcomes. Long-term growth in a fluctuating 

environment is often assessed as the geometric mean of the finite rate of increase, 

G

V (t) = eσV Z (t )

U ,Z( ) ~ N 0,
1 ρ
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, due to the multiplicative nature of population growth, 

following the original development of Cohen (1966). However, a simpler but equivalent 

approach puts λ on the log scale (fitness measured on the log scale), where population 

growth is additive, and works with the arithmetic mean, , of 

 .  (A.9) 

The geometric mean can be calculated directly from  because . 

Phenotypes increase in abundance over the long-term when  > 0 (Geom(l) > 1) and go 

extinct when  < 0 (Geom(l) < 1). For the density-independent case (equivalent to 

uniform density-dependence across seeds and plants of all phenotypes, as discussed 

above), selection maximizes  with respect to average germination rate, . Bet-hedging 

theory links the long-term growth rate, , to means and variances of λ (Seger and 

Brockmann 1987, Phillipi and Seger 1989) using the quadratic approximation 

 .  (A.10) 

Approximation (A.10) gives rise to the general expectation that bet-hedging is a tradeoff 

between mean and variance in fitness, whereby phenotypes with lower variance in fitness 

may have higher long-term growth despite lower average fitness (Seger and Brockmann 

1987, Phillipi and Seger 1989). The approximation is not very accurate, but as we will 

show, does provide important insight. 

 

We find that germination variation alone or varying independently of vigor does not favor 

dormancy. This is illustrated in the special case where germination is the linear 

distribution defined in equation (A.5) and V(t) ≡ V, i.e. vigor does not vary with time. 

Selection in this case maximizes , which can be written  

 ,  (A.11) 

with respect to . The selection differential with respect to the average germination 

fraction is then 

 .  (A.12) 

Geom(λ) = lim
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T∏⎡⎣ ⎤
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r

r(t) = ln λ(t){ }
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r ≈ λ −1( )− 12 var(λ)
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r = E ln G +σ X (t)( ) Y0V − s( )+ s{ }⎡⎣ ⎤⎦
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A negative value of (A.12) means that there is selection for decreased germination, i.e. 

greater dormancy. For this to occur, Y0V < s, which means that the benefit from 

germination (seed yield given germination) is less than seed survival when remaining 

dormant. In this case, lower germination rates are always favored predicting that  

evolves to . However, this case is of limited interest because λ is always < 1 when 

Y0V < s and so all populations satisfying this condition head quickly to extinction. On the 

other hand, when Y0V > s, higher germination would always be favored according to 

(A.12), and dormancy could not evolve. Thus, germination variation alone does not favor 

the evolution of dormancy. However, this outcome appears counter to the theory of bet-

hedging, which predicts that dormancy reduces fitness variance and therefore is favored 

by natural selection (Seger and Brockmann 1986; Phillipi and Seger 1989). Because 

germination variation introduces variance in fitness, dormancy would be predicted to 

evolve to reduce such variation under standard bet-hedging theory. 

 

Fitness variation from germination does not favor dormancy because there is no mean-

variance fitness trade-off for dormancy when only germination varies. To understand 

why, first consider the special case where vigor is variable and germination is constant, 

i.e. . These assumptions lead to a model very similar to that used by Cohen 

(1966) in his original study of the evolution of dormancy. Log-fitness in any year can be 

represented as 

 ,  (A.13) 

where  is mean fitness and  is the deviation in seed 

yield from its average due to variation in fitness. Note that mean germination, , 

multiples the deviation  in this formula, and so controls the effect of variation in 

V. Taking the expectation of (A.13) yields the long-term growth rate, . However, r(t) is 

a concave function of the random variable  , which means that 

 due to Jensen’s inequality. Because the deviation between  and  is an 

increasing function of the variance of the variable , decreasing , i.e. 

G

Gmin

G(t) ≡ G

r(t) = lnλ(t) = ln λ +G ⋅Y0 V (t)−V( ){ }
λ = s 1−G( )+Y0V ⋅G Y0 V (t)−V( )

G

V (t)−V

r

V (t)−V d 2r dV 2 < 0( )
r < lnλ r lnλ

G ⋅Y0(V (t)−V ) G
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increasing dormancy, increases  at fixed , tending to favor dormancy (Cohen 1966). 

However, with , i.e. in a viable population,  will decrease as  decreases 

because mean fitness rearranges to . Thus, although the variance is 

reduced as  decreases,  decreases too, limiting how much dormancy can evolve. 

This is the essence of the mean-variance tradeoff characteristic of bet-hedging (Cohen 

1966, Seger and Brockmann 1987; Phillipi and Seger 1989). 

 

Germination variation, however, has a different relationship with dormancy because 

dormancy does not reduce variance in fitness when germination varies (i.e. V(t) ≡  is a 

constant). With only germination variable, fitness can be represented as 

 ,  (A.14) 

where  is the deviation of germination from its average in year t. Note that  

does not multiply the deviation  in expression (A.14), unlike  in 

expression (A.13). Once again, r(t) is a concave function of additive variation in λ 

, but in this case  has no effect on the variance of λ and thus has no 

effect on the variance in fitness, i.e. there is no effect of the level of dormancy on 

variance in fitness. Dormancy merely reduces mean fitness, , when  explaining 

why it does not evolve. These results show that fitness can be variable without being 

affected by dormancy. Bet-hedging theory is predicated on the existence of a mean-

variance fitness tradeoff, but such a tradeoff does not exist when the only source of 

fitness variation is from germination, explaining why dormancy does not evolve. Instead, 

the mean benefit of germination, , drives a tradeoff between the mean and 

variance of fitness. This analysis suggests, therefore, that rather than drive selection for 

dormancy, variance in dormancy should instead affect selection to reduce the net benefit 

of germination, . However, the decrease in mean fitness due a decrease in  

is always greater than the decrease in the variance contribution to . Thus, the tradeoff 

between reduction in the mean and reduction in the variance is not sufficiently strong for 

r λ

Y0V > s λ G
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approximation (A.10) to imply that a decrease in  would be favored by 

germination variance. 

 

When G and V both vary, but independently of one another, there exists a tradeoff 

between the mean and variance of fitness with respect to , thus potentially favoring 

dormancy, but this tradeoff is unaffected by variance from germination fluctuations. In 

this case, mean fitness is still a decreasing function of dormancy in viable populations. In 

addition, fitness variance is 

 , (A.15) 

which shows the independent effects of vigor and germination variance on fitness in the 

first two terms and their interaction in the third term (derivation in supplementary 

information A.S2). For our purposes, the important feature of (A.15) is that  is only 

present in the first term, multiplying only the effect of var(V). Because  only affects 

var(λ) through vigor variation, selection for dormancy is sensitive to variance in vigor but 

insensitive to variance in germination. Furthermore, the sensitivity of var(λ) to var(V) is 

unaffected by var(G). Thus, the strength of the mean-variance fitness tradeoff is the same 

in this case of joint variation in G and V as it is in the case of variation in V alone. Hence, 

according to approximation (A.10), var(G) has no effect on selection for dormancy. 

 

Our predictions, based on the mean and variance approximation (A.10) and the linear 

germination distribution, may not hold if the approximation is insufficient. Thus, we 

tested whether the insights from approximation (A.10) are upheld more generally. To do 

so, we calculated  numerically using the beta G and lognormal V distributions defined 

by equations (A.6)–(A.8). In this case, the selection differential (A.12) does not apply 

because the shape of the distribution of G must change as  changes affecting moments 

higher than the means and variances. Although the appropriate selection differential can 

be calculated using the beta distributed G (supplementary information A.S3), it has to be 

evaluated numerically, and so is not amenable to understanding. So we used the simpler 

approach of seeking the optimal (equivalently optimal dormancy, ) directly from 

numerical evaluation of . 

Y0V − s

G

var(λ) = Y0G( )2 var(V )+ Y0V − s( )2 var(G)+Y02 var(V )var(G)
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Figure	A.2.	Little	to	no	effect	of	germination	variance	on	optimal	dormancy.	Optimal	 	
as	a	function	of	var(G)	where	phenotypes	have	Gixed	var(G)	for	both	(a)	the	Beta	distributed	
G	and	(b)	G	following	a	linear	model	distribution.	In	both	(a)	and	(b),	germination	variation	
has	no	effect	on	optimal	 	except	when	the	optimal	 	coincides	with	the	maximum	value	
given	the	constraint	(dashed	line).	Above	this	dashed	line,	 	is	infeasible	given	var(G).	In	
both	panels,	G	is	sampled	independent	of	V,	Y0	=	1.02,	and	s	≈	0.99.	In	(a),	optimal	
phenotypes	are	found	by	Ginding	the	 	with	highest	 ,	which	are	calculated	using	equation	
(A.11)	with	15,000	time	steps,	over	50	replicates.	The	average	optimal	 	from	these	50	
replicates	are	plotted	in	(a).	In	(b),	the	linear	model	from	equation	(A.5)	is	used	for	G	and	X	
was	taken	to	be	a	uniform	random	variable	in	the	interval	 .	30,000	time	steps	

were	used	to	calculate	 	with	50	replicates.	Again,	the	average	optimal	 from	these	
replicates	is	plotted.	Note	that	the	maximum	 	for	this	uniform	distribution	is	not	the	same	
as	the	beta	distribution	but	is	instead	 	(details	in	supplementary	
information	A.S7).	
 

The results largely confirm our expectations that optimal  is insensitive to germination 

variance when G and V are statistically independent (figure A.2). The optimal dormant 

fraction is unaffected by var(G), except for a weak favoring of dormancy by var(G) when 

there is weak selection for dormancy from vigor variation (top line of figure A.2a). Some 

of this effect is because the optimal  must decrease for large var(G) due to the fact that 

 is a decreasing function of var(G) (dashed lines of figure A.2). Since  is reduced 

substantially for large var(G), the range of possible values of  is greatly limited. Thus, 

the decrease in optimal  for large var(G) is not completely a response to selection, but 

rather some response to a constraint. The linear model for G confirmed clearly that there 

was no effect of variance on optimal  until it reached  (figure A.2b) and became 
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directly restricted by the constraint. The small effect of var(G) on  using the beta 

distribution for G is likely a response to higher order effects not captured by 

approximation (A.10). For example, these higher order effects were responsible for the 

only other case where var(G) affects the level of optimal dormancy, which was the 

surprising result that var(G) > 0 favored dormancy in the case of very low seed survival, 

i.e. s → 0. Low seed survival does not select for dormancy when germination is constant, 

but some dormancy is optimal when germination is variable. This is due to the fact that 

high germination variance at fixed  leads to a finite probability of germination failure, 

which is strongly disadvantageous at very low seed survival (supplementary information 

A.S4).  

 

 
Figure	A.3.	Effect	of	correlations	between	germination	and	vigor	on	optimal	
dormancy.	The	dashed	line	gives	the	constraint	on	the	maximum	 .	Note	that	the	curves	
for	independent	variation	between	G	and	V,	i.e.	ρ	=	0,	are	the	same	as	the	curves	in	Gigure	
A.2a.	The	two	curves	for	ρ	=	–0.5,	and	ρ	=	–0.25	are	exactly	equal	in	(a)	and	so	only	appear	as	
a	single	line.	Optimal	 	values	were	found	in	the	same	way	as	in	Gigure	A.2a.	In	all	panels,	Y0	
=	1.02	and	s	=	0.99.	
 

We considered the case of statistical dependence between germination fraction, G, and 

vigor, V, by changing ρ. Positive values of ρ favor dormancy and negative values of ρ 

disfavor dormancy. Optimal  values generally decrease with var(G) when ρ > 0 (figure 

A.3). When variance in vigor is large, optimal  values do increase over a small range 

of low var(G) but decrease at large values of var(G) (figure A.3c). However, the effects 

under large var(G) are small, being barely perceptible in simulations, and are almost 
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certainly too small to be detectable empirically. When ρ < 0, there is strong selection 

against dormancy, as the optimal  rapidly increases with var(G) (figure A.3) up to the 

constraint (dashed lines in figure A.3). Surprisingly, the pattern of greater optimal 

dormancy with ρ > 0 is opposite to predictions in the literature that adaptive plasticity 

substitutes for dormancy (Venable and Lawlor 1980, Simons 2014) and bet-hedging more 

generally (Simons 2011).  

 

Adaptive plasticity (ρ > 0) favors dormancy because it strengthens the bet-hedging 

tradeoff between means and variances in fitness. To see why, consider the mean fitness in 

this case: 

 ,  (A.16) 

which differs from the case of independence between G and V by the addition of 

cov(G,V), which increases mean fitness. Mean fitness thus increases with var(G) and ρ 

because . This is not unexpected because increasing ρ 

increases the probability of germination during years when plants grow to a large size. 

However, note mean fitness changes at the rate  with changes in , just as it does 

when ρ = 0 with no adaptive plasticity. So while ρ > 0 increases mean fitness, it does not 

affect the relationship between mean fitness and dormancy. To see how fitness variance is 

affected by dormancy under adaptive plasticity, consider the approximation  

 ,  (A.17) 

derived in supplementary information A.S2, where ≈ means that the error in the 

approximation is o(σ2) with σ2 being a small value, which is here the same order as var(V) 

and var(G). Expression (A.17) shows that correlations between G and V increase the 

variance in fitness for viable populations, i.e. when . Unlike mean fitness, the 

average germination fraction, , multiplies cov(G,V) in expression (A.17) for fitness 

variance. This means that in response to an increase in ρ the extra variance in fitness from 

cov(G,V) can be reduced by dormancy. And it can without diminishing the benefits to 

mean fitness of predictive germination. This outcome can be interpreted as a 

strengthening of the mean-variance fitness tradeoff associated with dormancy. Thus, 
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unlike the case of independent G and V, dormancy is favored by var(G) when 

germination is predictive of vigor as shown in figure A.3. When ρ < 0, the same argument 

applies with opposite effect, meaning that dormancy is disfavored by var(G) when seeds 

are more likely to germinate in years of low vigor. In this case, the tradeoff is weakened. 

 

Long-term growth rates and selection for dormancy under density-dependent fitness 

Density-dependence of fitness occurs due to competition between seedlings, which 

reduces seed yield, as specified in formula (A.2). A phenotype contributes to competition 

in any year in proportion to its germination fraction that year, which means that the long-

term growth rate of a phenotype depends not only on its germination distribution, but also 

on the germination distributions of competing phenotypes. Thus, unlike the density-

independent case, aspects of fitness are affected by the phenotypic composition of the 

population. Changes in phenotypic composition change both fitness means and variances. 

Thus, the phenotypes that are adaptive also change. We follow the standard adaptive 

dynamics approach (Dieckmann and Law 1996) to address this issue. At its most basic, 

adaptive dynamics assumes the population composition to be monomorphic at any time 

and mutant phenotypes are introduced sequentially and evaluated for their success in 

invading the population. 

 

The success of a mutant phenotype is determined via invasion analysis, where one 

phenotype i, called the invader and present at zero density, grows in competition with 

phenotype k, called the resident. The resident is present at its stationary distribution of 

population fluctuations (Ellner 1984), which means that residents are allowed to achieve 

long-term fluctuating states via growth in isolation. The invading type experiences direct 

environmental fluctuations, through fluctuations in V and G, as well as fluctuating 

competition from the resident type. Our interest in evolution leads to the interpretation of 

invaders as mutant phenotypes and residents as wild type. The long-term growth rate of a 

mutant invader is 

 ,  (A.18) rik = E ln s 1−Gi(t)( )+Y0V (t)Gi(t) /Ck (t){ }⎡⎣ ⎤⎦
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where  is competition from resident phenotype k. Here a 

value of 1 for Ck(t) means no competition. Phenotypes i with  increase in density in 

the long run in competition with phenotype k and those with  decrease to extinction 

(Chesson and Ellner 1989). If a resident k can be invaded by phenotype i, i.e. , the 

resident phenotype will subsequently go extinct if it is unable to invade i when rare, i.e. 

. Crucially, for dormancy to be favored, dormant phenotypes must have positive 

long-term growth rates as mutant invaders in the presence of non-dormant phenotypes 

and those phenotypes k that resist invasion of any other mutant phenotypes (i.e.  < 0 

for all  in a small region near ) are considered the local evolutionarily stable 

strategies (ESS). 

 

Germination variance can affect selection for dormancy in this density-dependent case, 

which contrasts with the density-independent case where we find no effect of germination 

variance alone. The major difference here is that seed yield now varies both as a 

consequence of V and as a consequence of variation in germination, because C depends 

on germination. As in the density-independent case, dormancy affects the contribution of 

seed yield variance to fitness variance. Thus, dormancy can be favored by variation in G 

alone, as shown in figures A.4 and A.5. To understand in detail how a benefit to 

dormancy arises in this case, we developed an analytical approximation for  valid for 

small variance in G.  

 

Given small variance in G and constant V, we followed the general approach of Chesson 

(1994) to expand the invader growth rate into contributions from different mechanisms, 

and found that the growth rate of a mutant phenotype i in the presence of resident 

phenotype k can be written  

 ,  (A.19) 

(supplementary information A.S5). Here, ΔEik, is the “average fitness difference” 

between the invader and resident (sensu Chesson 2000, Chesson 2018), which here 

Ck (t) = 1+αV (t)Gk (t)Nk (t)

rik > 0

rik < 0

rik > 0

rki < 0

rik

Gi Gk

rik

rik
βi

≈ ΔEik + ΔJik + ΔIik
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predicts the outcome of selection in the density-independent case. The quantity ΔJik = – 

ΔNik from Chesson (1994) is called “relative nonlinearity,” and measures the ability of 

invader phenotypes to benefit from variation in competition relative to residents (Chesson 

1994). Relative nonlinearity reflects the effects of nonlinear averaging over competition 

fluctuations. When species exhibit nonlinear responses to varying competition, Jensen’s 

inequality states that the average response to competition is not equal to the response to 

the average of competition. Relative nonlinearity quantifies this effect of nonlinearity for 

invaders relative to residents. It is presented here with a positive sign for more clarity and 

with the symbol J reflecting the role of Jensen’s inequality. The final term, ΔIik, “the 

storage effect,” measures how much the invader benefits from the interaction between 

germination and competition, relative to the resident (Chesson and Warner 1981, Chesson 

1994). These terms are made comparable between phenotypes by scaling the growth rate 

by the factor . The scaling factors, while being functions of , are 

always positive and so have no effect on the sign of . Therefore, they do not alter the 

interpretation of which phenotypes may invade others but rather facilitate comparisons 

between phenotypes. The formulae for these quantities are developed in supplementary 

information A.S5 and given in Table A.2. Most important, approximation (A.19) 

accurately predicts the trend in ESS dormancy as a function of germination variance 

(supplementary information A.S5, figure. A.S5.1). 

 

Figure A.4, which shows the growth rate components as components of the selection 

gradient for dormancy, , shows that relative nonlinearity, ΔJ, is the main driver of 

selection for dormancy. Selection favoring dormancy can be primarily understood as 

tension between ΔE, which favors higher  uniformly, and ΔJ, which favors lower  

uniformly. Naturally, the density-independent component, ΔE, is always negative (i.e. 

disfavors dormancy) but is lowest in magnitude when dormancy is weakest (figure A.4a). 

On the other hand, ΔJ always favors higher dormancy because  for 

all  (figure A.4b). This is evident from its formula, which shows that ΔJ is linearly 

decreasing in  (Table A.2) and positive for . Because ΔJ is positive for 

βi = 1− s(1−Gi ) G

rik

1−G

G G

dΔJik / d 1−Gi( ) > 0
1−Gk

Gi Gi <Gk
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, an invader is favored by ΔJ when it is more dormant than the resident. This 

benefit of dormancy is proportional to var(ln Ck), which only depends on Gk, and not Gi. 

The benefit is large enough at large values of  for relative nonlinearity, ΔJ, to 

dominate ΔE at these values. At low  values, ΔE dominates. Thus, the tension between 

ΔJ and ΔE favors an intermediate level of dormancy, which is defined by the point where 

 (figure A.4d). Notice that this point moves towards higher  (i.e. greater 

dormancy) as var(G) increases (figure A.4d). The storage effect, ΔI, has a more complex 

effect, reinforcing ΔE, i.e. disfavoring dormancy for most values, but favoring 

dormancy over a small region of very low dormancy,  (figure A.4c).  

	
Table	A.2.	Components	of	the	long-term	growth	rate	of	a	rare	mutant	phenotype	i	in	
the	presence	of	a	resident	phenotype	k	with	variance	in	G	only.	

,	 ,	and	CV2(G)	is	the	squared	coefGicient	of	
variation	in	G,	which	is	the	standard	deviation	of	G	relative	to	its	mean.	

ΔEik  

ΔJik  

ΔIik  

 

Consistent with these predictions of the approximation (19), simulations show that the 

ESS  is a decreasing function of var(G), i.e. dormancy is more strongly favored by 

higher var(G) (figure A.5a, simulation details in supplementary information A.S6). 

Unlike the density-independent case, germination variance can have strong effects on the 

evolution of dormancy. In fact, the effect of germination variance is stronger than the 

effect of vigor variance. For example, the ESS  is approximately 0.85 for var(G) = 

0.05 with constant V (figure A.5a). At this level of dormancy, the coefficient of variation 

for germination is ≈ 0.26. An equivalent level of dormancy is favored in the absence of 

germination variation only when var(ln V) ≈ 12 (figure A.5b). The corresponding 

coefficient of variation in vigor is ≈ 3.45. Such a distribution of plant size spans five 
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orders of magnitude. Thus, a much larger coefficient of variation in vigor than 

germination is required for an equivalent amount of dormancy to evolve.  

 

 
Figure	A.4.	The	selection	gradient	for	dormancy	and	its	components.	(a)	The	selection	
component	from	the	density-independent	component	of	growth,	which	shows	a	
disadvantage	to	dormancy,	(b)	the	selection	component	from	relative	nonlinearity,	which	
shows	an	advantage	to	dormancy,	and	(c)	the	selection	component	from	the	storage	effect,	
which	shows	a	disadvantage	to	dormancy	except	in	the	case	of	very	low	dormancy,	 .	(d)	
The	total	selection	gradient	for	dormancy,	which	is	the	sum	of	the	three	components.	The	
ESS	is	deGined	by	the	resident	phenotype	for	which	the	curves	cross	the	zero	line.	
Parameters:	Y0	=	100,	α	=	1,	s	=	0.8.		
	

The dormancy-favoring effect of variable germination occurs in most circumstances. The 

lone exception that we identified occurs when seed survival is very high (figure A.5c, 

supplementary information A.S6). Previous work shows that, for var(G) = 0, the ESS 

germination fraction approaches 0 as s → 1 (Ellner 1985a,b) because population density 

tends to infinity, which greatly reduces per-capita yield and makes invasion of any 

germinating types nearly impossible (Ellner 1985b). However, a fixed positive variance 

for germination as assumed here prevents the mean germination fraction from 
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approaching zero, because that implies no germination and therefore zero germination 

variance. Thus, germination variation implies that some seed must germinate in some 

years (figure A.1). Population density in this case cannot build up in the same way as in 

the case of constant G, thereby nullifying the benefit of near complete dormancy. Indeed, 

ESS  values are higher for variable than for constant germination when s ≈ 1 (figure 

A.5c). 

 

 
Figure	A.5.	Relative	effect	of	germination	variation	and	vigor	variation	on	ESS	
dormant	fraction.	ESS	dormancy	from	models	with	(a),	variation	only	in	germination	
(var(G)	>	0	and	var(V)	=	0),	(b),	variation	only	in	vigor	(var(V)	>	0	and	var(G)	=	0),	and	(c),	a	
comparison	of	the	two	based	on	each	model’s	sensitivity	to	survival	in	the	seed	bank.	Notice	
the	large	difference	in	range	of	the	horizontal	axes	between	(a)	and	(b).	As	in	other	Gigures,	
the	dashed	grey	line	in	(a)	represents	the	maximum	possible	 	given	var(G).	Parameters:	
Shared	in	(a)	–	(c),	ρ	=	0,	Y0	=	100,	and	α	=	1.	In	(a)	and	(b),	s	=	0.8375.	In	(c),	var(lnV)	=	12	
for	both	curves	and	var(G)	=	0.15	for	the	gray	curve.	ESS	 	values	were	estimated	after	
evaluating	long-term	growth	rates	over	30,000	time	steps.	
 

The combined effects of variable germination and vigor show that variable germination 

under density-dependence does not qualitatively change the relationship between vigor 

variation and ESS . Just as in the density-independent case, in the formula for λ,  

multiplies vigor, and therefore dormancy reduces the effect of vigor variation on var(λ). 

Hence, the ESS  decreases with var(V) in agreement with previous results (Ellner 

1985a,b) (figure A.5b,c). Germination variation continues to promote dormancy in this 

case where vigor varies also (figure A.5c), substantially increasing dormancy over that 

resulting from vigor variation alone.  

G

0 0.05 0.1 0.15
0.6

0.7

0.8

0.9

1

0 5 10
0.6

0.7

0.8

0.9

1

0 0.5 1
0.6

0.7

0.8

0.9

1

G

G

G G

G



 

 

54 

 

 
Figure	A.6.	Effects	of	correlated	germination	and	vigor	on	ESS	dormancy	and	factors	
affecting	selection.	For	different	values	of	ρ,	(a)	–	(b),	the	effect	of	germination	variation	on	
ESS	dormancy,	(c)	–	(d),	the	associated	observed	correlation	between	germination	and	yield,	
and	(e)	–	(f),	variance	in	seed	yield.	In	(a),	and	(b),	the	dashed	line	deGines	the	upper	limit	in	
phenotypic	space,	 .	In	(c)	and	(d),	the	dotted	line	gives	the	point	of	corr(G,Y)	=	0.	Strong	
competition	(Y0	=	50,	panels	a,c,e)	is	contrasted	with	the	case	of	weak	competition	(Y0	=	
3.25,	panels	b,d,f).	Notice	that	the	pattern	between	ESS	 	and	ρ	for	weak	competition	is	the	
reverse	of	the	pattern	for	strong	competition.	In	all	panels,	the	ESS	was	calculated	over	
40,000	time	steps	with	parameters	α	=	1,	s	=	0.8,	and	var(lnV)	=	1.		
 

The effect of statistical dependence between G and V, as measured by ρ (eqn 8), can 

sometimes favor and sometimes undermine selection for dormancy depending on the 

intensity of competition. The intensity of competition varies with seed yield per unit 

biomass, Y0, because it controls how much seed joins the seed bank, thereby affecting the 

density of competing seedlings in the next season. When Y0 is large (i.e. competition is 

strong), positive statistical dependence increases the ESS  (figure A.6a), i.e. decreases 
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dormancy. This can be understood from the fact that the variance in seed yield, var(ln Y), 

decreases with ρ (figure A.6e). Supplementary information A.S5 shows that nonlinear 

effects analogous to those presented in Table A.2 but applied to var(ln Y) rather than 

var(ln C), can predict this result. Realized seed yield, ln Y, is the important quantity rather 

than ln C because C has strong opposing effects to V when ρ > 0. For example, years of 

high vigor result in lower growth because of higher seedling density (and competition) 

and years of low vigor are not as poor for growth because seedling density is low, and 

competition is likewise low. Indeed, the correlation between G and Y is negative despite a 

positive association between G and V (figure A.6c), which indicates the strong effect of 

competition undermining years of high vigor. 

 

When Y0 is small (i.e. competition is weak), positive statistical dependence decreases the 

ESS  (figure A.6b), i.e. favors dormancy. This result thus agrees with the density-

independent model (figure A.3). However, it is inconsistent with the pattern implied by 

var(ln Y) and ΔJ, since increasing ρ weakens var(ln Y) (figure A.6f) but favors higher 

ESS dormancy. This inconsistency can be reconciled by considering that the analogue of 

ΔI, which was shown to disfavor dormancy, has reduced effect and can even favor 

dormancy under weak competition. To see how, notice that positive associations between 

G and Y, which occur when competition is weak and ρ is large, favor dormancy through 

the analogue of ΔI defined by cov(G, ln Y) instead of cov(G, ln C) (supplementary 

information A.S5). Since high ρ can lead to positive associations between germination 

and observed yield (figure A.6d), more dormant types better reduce this covariation with 

positive ρ (supplementary information A.S5). Positive associations between G and Y 

occur under weak competition because years of high vigor are not offset by competition 

as much as in the case of strong competition.  

 

Discussion 

In nature, variability in conditions that permit a seed to germinate are unavoidable. 

Despite much theoretical study of the effects of environmental variation on seed 

dormancy (Cohen 1966, Bulmer 1984, Ellner 1985a, 1987, Valleriani 2006), the effects of 

the environment on seed germination itself have not previously been considered by these 

G
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studies. They have instead focused on the role of temporal variation in seed yield upon 

germination. We consider both effects of fluctuating environmental conditions on 

selection for dormancy, here defined as the temporal mean fraction not germinating, i.e. 1 

minus the mean fraction of germinating seed. Temporal variation in germination has the 

immediate consequence of making dormancy nonzero. Indeed, any given variance in 

germination imposes a minimum possible amount of dormancy as a simple mathematical 

constraint (figure A.1). However, germination variation can lead to selection that 

increases dormancy above this minimum value. To do so, temporal variation must also 

occur in other life-history attributes either through flow on effects of temporal variation 

in germination to competition and hence seed yield, or due to direct temporal variation in 

other life-history parameters. In both cases, germination variation interacts with variation 

in other life-history processes. Moreover, the outcome of selection is affected by 

correlations between fluctuations in germination and fluctuations in other processes.  

 

In both density-independent and density-dependent cases, selection on dormancy results 

from interactions between germination variation and seed-yield variation. In the density-

independent case, germination variance alone has little effect (figure A.2). Only when 

germination and yield are correlated is selection for dormancy affected by germination 

variance. Selection for dormancy is an increasing function of germination variance when 

germination and yield are positively correlated and a decreasing function when 

negatively correlated (figure A.3). In contrast to these results, variable germination 

generally has strong effects in density-dependent models. In these models, germination 

variation causes variation in seed yield because it varies seedling density and hence 

seedling competition. We considered also variation in seedling growth as a function of 

the environment, which we termed vigor. The ESS dormant fraction is nearly always an 

increasing function of germination variance (figure A.5), regardless of the presence of 

variation in vigor. In addition, germination fluctuations are found to have much stronger 

effects than the component of seed yield variation due to variation in vigor (figure A.5). 

Positive correlations between germination and vigor reduce the ESS dormant fraction 

under conditions of strong competition, and increase the ESS dormant fraction under 
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weak competition, converging on the density-independent results as competition 

decreases (figure A.6). 

 

 Interactions between germination fluctuations and seed yield fluctuations affect selection 

for dormancy 

Interactions between germination and seed yield are critical for germination fluctuations 

to affect selection for dormancy. Their importance can be understood in terms of the 

basics of bet-hedging theory. Under bet-hedging theory, temporal variation in fitness is 

assumed to create a tradeoff between the mean and variance of fitness. Long-term growth 

of an invading phenotype is an increasing function of mean fitness, and a decreasing 

function of the variance of fitness. In Cohen’s (1966) model with seed-yield fluctuations, 

both mean fitness and variance of fitness are decreasing functions of dormancy, but if 

fitness variance is strong enough, the decrease in the variance can more than offset the 

decrease in the mean fitness, and therefore favor dormancy. Under variable germination, 

however, no such mean-variance tradeoff in fitness need occur with respect to dormancy. 

This is because the direct contribution of germination variance to overall fitness variance 

is not affected by dormancy. In contrast, the contribution of variation in seed yield to 

variation in fitness is directly affected by dormancy. These relationships therefore explain 

why seed-yield variation is always a feature of selection for dormancy in our models. The 

point is that seed germination variation, through the processes discussed here, can lead to 

seed-yield variation, whose contribution to the variance of fitness is affected by seed 

dormancy. 

 

With density-dependent seed yield, variable germination mean variable competition and 

hence, seed yield. This outcome means that dormancy does reduce the variance in fitness 

even if vigor, V, is constant, explaining why germination variation G can favor dormancy. 

Remarkably, it does so in nearly all cases. To understand why this occurs, we use a small-

effects approximation that partitions the long-term growth rate into contributions from 

three different mechanisms. The dominant effect is that of different relatively nonlinear 

responses to competition (figure A.4b). The effect occurs because dormancy alters the 

nonlinearity of the relationship between the growth rate and competition. Dormant types 
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have a more convex response to competition than nondormant types and so gain a benefit 

due to Jensen’s inequality when competition varies (figure A.7a). This result extends to 

the case of independent variation in germination and vigor. Given their independent 

effects, both sources of variation combine to increase yield variation, thereby 

strengthening selection for dormancy over that from either alone via similar nonlinear 

responses to variable yield (figure A.7b). Germination fluctuations contribute 

substantially to yield variation, explaining why germination fluctuations have larger 

effects on selection for dormancy than other aspects of variation in plant size (here vigor).  

 

 
Figure	A.7.	BeneGit	of	dormancy	under	variable	competition	and	seed	yield.	The	
rescaled	growth	rate,	r(t)/β	is	given	as	a	function	of	(a)	log	competition,	ln	C(t),	and	(b)	log	
seed	yield,	ln	Y(t),	evaluated	at	the	mean	germination	rate,	 .	Positive	selection	for	one	type	
over	another	depends	only	on	whether	a	phenotype’s	 	is	positive	in	the	presence	of	the	
other	phenotype,	which	is	independent	of	the	rescaling.	Rescaling	of	the	growth	rates	
adjusts	for	linear	differences	to	reveal	nonlinear	differences	between	phenotypes,	as	
explained	in	Chesson	(2018).	 	for	the	solid	line	and	 	for	the	dashed	line.	The	
differences	between	the	nonlinearity	of	the	curves	demonstrate	that	variability	in	
competition	and	seed	yield	beneGit	more	dormant	phenotypes	(dashed	curves)	because	
variance	favors	the	extremes	where	the	dashed	curves	lie	above	the	solid	curves.	The	scaling	
factor	is	 .	
 

The mean-variance fitness tradeoff of dormancy also explains the role of correlations 

between germination and vigor in the density-independent case. Here, the variance of 

fitness increases with the covariance between germination and vigor fluctuations at a rate 

proportional to mean germination. Although mean fitness is also increased by this 

covariance, the contribution of the covariance to mean fitness is not affected by the mean 
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germination. As a consequence, the mean-variance fitness tradeoff is strengthened by a 

positive correlation between germination and vigor fluctuations, favoring dormancy 

(figure A.3). Likewise, the tradeoff is weakened for negative correlations between 

germination and vigor, explaining weaker selection for dormancy in that case (figure 

A.3). In the density-dependent case, germination fluctuations and vigor fluctuations both 

contribute to competition, which ultimately leads to low variation in seed yield (figure 

A.6e) and reduced selection for dormancy (figure A.6a). Positive relationships between 

germination fluctuations and yield fluctuations are naturally included in density-

independent models when an environmental cue is assumed (Cohen 1967). However, the 

introduction of strong density-dependence can weaken and reverse the relationship 

between germination and observed yield (figure A.6c). The correlation between 

germination and observed yield is often negative and may only be positive when 

competition is sufficiently weak (figure A.6d). Only then is dormancy favored by 

predictive germination (figure A.6b). 

 

Implications for dormancy and life-history evolution in fluctuating environments 

Despite substantial work on the adaptive significance of seed dormancy, models 

including a single factor favoring dormancy still fail to predict observed levels of 

dormancy in natural populations. Dormancy can be quite high, with nearly ~80% of seeds 

remaining dormant in some desert annual species (Gremer and Venable 2014). Density-

dependent models provide much more realistic predictions of dormancy than their 

density-independent counterparts (Ellner 1985b), but they still underestimate dormancy 

in nature. Indeed, a recent study demonstrated that density-dependence is required to 

accurately predict dormancy levels using field data (Gremer and Venable 2014), yet 7 of 

the 12 species in that study had greater dormancy than predicted using a model with 

constant germination. Our results provide a possible explanation for the difference 

between theory and observation because ESS dormancy substantially increases with 

modest levels of germination variation. Some aspects of germination variation itself may 

also be subject to selection, although the mere presence of environmental variation will 

likely maintain some variability, regardless of its fitness effects. Variability about fixed 

means in demographic processes linearly affecting λ reduce long-term growth and are 



 

 

60 

maladaptive (Tuljapurkar 1982). However, variation, depending on its origin, need not 

keep such means fixed. Indeed, the mean may be increased by variation, meaning that 

variation may be favored (Real and Ellner 1992). Germination variation may also be 

maintained if predictive of reproduction based on an environmental cue (Cohen 1967), a 

phenomenon with at least some empirical support (Gremer et al 2016). 

 

Previous theory of dormancy (e.g. Cohen 1966, Bulmer 1984, Ellner 1985a,b) has 

concluded that dormancy requires variation in yield, and our conclusions are no different. 

However, in previous theory, the effect of variation in seed yield cannot be decoupled 

from variance in fitness since seed yield is the only variable quantity. Our results show 

that mean-variance tradeoffs, while necessary for selection for bet-hedging strategies, 

may be too weak to be adaptive for other variable life-history components. For example, 

variance in germination can be reduced at the expense of average reproduction (equation 

A.15), but such a tradeoff is too weak to be advantageous. Some recent studies have also 

used multiple varying life-history components to study bet-hedging (Metcalf and Koons 

2007, Koons et al. 2008). However, a framework is still lacking that predicts which life-

history transitions are sensitive to variation in different components of the life cycle. 

 

Our work suggests that a way to understand the evolution of a life-history parameter with 

multiple fluctuating fitness components is to consider how the parameter alters the 

contribution of a variable life-history process to overall fitness. By reducing the 

contribution of a variable life-history process to fitness, that parameter can reduce fitness 

variance. In our analysis, a life-history parameter affects the contribution of a variable 

life-history process when it multiplies the variance contribution of a life-history process 

to fitness variance. In our analysis, this is the case for dormancy with respect to yield 

(directly through its variance contribution) and the interaction between germination and 

yield (through their covariance contribution). If a change in this life-history parameter in 

the same direction also increases or has no effect on mean fitness, then this change is 

unequivocally favored. Our analysis suggests that this would be the case for the evolution 

of seed survival. If, however, the life-history parameter decreases mean fitness along with 

fitness variance, then the disadvantage from the reduction in mean fitness is to be 
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weighed against the advantage of a reduction in fitness variance. This is the case in the 

standard analysis of the effects of yield variation on the evolution of dormancy where 

larger reductions in the variance than the mean favor dormancy. In contrast, germination 

variance is decreased by a reduction in the average yield, but this decrease is too small to 

outweigh the reduction in average fitness and so is never adaptive. This reasoning 

suggests, for example, that variable seed survival might weaken the mean-variance 

fitness tradeoff of dormancy because increasing dormancy increases the contribution of 

variable seed survival to fitness variance. However, this result may be reversed in the 

density-dependent case as variable seed survival would contribute to variation in seed 

density. Similar to germination variation, this may increase variation in competition and 

favor dormancy.  

 

Bet-hedging represents but one of many potential adaptive life-history strategies in 

fluctuating environments. Phenotypic plasticity is a possible alternative adaptive strategy 

when cues are available during development (Dewitt and Langerhans 2004, Simons 

2011). Previous work has concluded that predictive plasticity and bet-hedging should be 

negatively correlated. In essence, the argument is that the need for bet-hedging is reduced 

as the environment becomes more predictable (Cohen 1967, Dewitt and Langerhans 

2004, Donaldson-Matasci et al. 2010). In these models, bet-hedging is measured by the 

phenotypic diversity produced by a single genotype in a particular environment. Our use 

of a probability distribution for germination defined by a mean and variance make it 

difficult to quantify the amount of bet-hedging based on phenotypic diversity. However, 

bet-hedging is also often defined as the reduction in fitness variance at the expense of 

mean fitness (Seger and Brockman 1987, Starrfelt and Kokko 2012). Under this 

definition, dormancy as defined here is a bet-hedging strategy and more dormant 

populations mean stronger bet-hedging. Thus, our findings in the density-independent 

model that predictive germination strengthened bet-hedging because of a stronger mean-

variance fitness tradeoff for dormancy is in opposition to the expectation from previous 

studies. What this means for empirical studies is that a clear definition of bet-hedging is 

required before testing predictions about the association between bet-hedging and other 

strategies. Dormancy is a complex interaction between the traits of a seed and 
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environmental conditions and can be caused by many factors indicating both predictive 

plasticity and risk avoidance (Simons and Johnson 2006).  

One simplifying assumption on which our work depends is the assumption that the 

environment varies independently over time. However, temporally autocorrelated 

fluctuations have been recognized as common in nature (Vasseur and Yodzis 2008, the 

color of environmental “noise”) and are said to have effects on long-term growth as large 

or larger than between-year variability (Tuljapurkar and Hariadas 2006, Metcalf and 

Koons 2007). These effects, however, depend on runs of consistently favorable or 

unfavorable periods that cause large fluctuations in population density. Such effects are 

therefore irrelevant to the results of our density-independent model. In our model, 

positive temporal autocorrelation will increase competition variation in a manner that is 

correlated with both vigor variation and germination variation. The outcome is likely to 

be similar to higher vigor variation and enhanced correlation with germination variation. 

Based on the results reported here, the outcome is likely to be less selection for dormancy 

consistent with the study of (Valleriani 2006) of selection for dormancy based directly on 

seed yield variation (not vigor variation) in a density dependent model. However, the 

potential for further complexity should not be discounted.  

 

Implications for species coexistence via the storage effect 

Absent from our analysis is the effect of competition with other species, yet annual plant 

communities are notable for their diversity. Competition, both within and between 

species, is thought to be a strong force structuring these communities, with likely effects 

on germination strategies. In particular, species exhibit differences in their germination 

patterns with respect to the same environmental factors (e.g. Adondakis and Venable 

2004, Chesson et al 2013, Holt and Chesson 2014, Li and Chesson 2018), perhaps 

reflecting selection to reduce interspecific competition. Regardless of the origin of these 

species-specific responses, they nonetheless play a critical role in species coexistence via 

the temporal storage effect (Chesson 1994, Chesson et al 2004, Facelli et al 2005). Since 

variation in seed yield drives selection favoring dormancy, a prediction from this study is 

that more dormant types are favored in multispecies communities. This is because 
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variance in competition increases with the addition of independent, or positively 

correlated, germination patterns from other species, as is often observed.  

The maintenance of annual plant diversity itself is also the subject of much study, with 

dormancy playing an important role in the storage effect coexistence mechanism. So, 

despite considering only a single species, this study sheds light on the evolution of 

coexistence mechanisms, specifically the storage effect. The storage effect relies on two 

components: buffered population growth and density-dependent covariance between 

environment and competition (covEC) (Chesson et al 2013). For annual plants, a 

persistent seed bank provides buffered population growth (Chesson 1994). The presence 

of a persistent seed bank is predicated on seed dormancy. Thus, the question of whether 

dormancy evolves is also a question of whether a critical component of a coexistence 

mechanism evolves. Covariance between environment and competition, covEC, is 

represented in this model by the fact that seedling competition depends on the 

germination fraction. Such seedling competition was critical for selection to favor 

dormancy arising from germination variation. The stronger this association, the stronger 

its effect favoring the evolution of dormancy. Coupling this with the fact that germination 

variation had much larger effects on dormancy than vigor variation, we see a large role 

for covEC facilitating the evolution of buffered population growth. If species differ in the 

slopes of their reaction norms with respect to different environmental factors, variation in 

competition is predicted to be large, and thus favor dormancy and the evolution of species 

coexistence via the temporal storage effect. Thus, these results suggest robustness for the 

evolution of a component of the storage effect, with the other component to be considered 

in other studies. The story is not finished for annual plants, where theory supports 

evolution both favoring (Mathias and Chesson 2013) and undermining (Snyder and Adler 

2011) the storage effect, potentially due to differences in key underlying assumptions 

(Abrams et al 2013).		
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Appendix A: Supplementary Information S1: Selection maximizes the long-term 

growth rate with uniform density-dependent mortality of all individuals and phenotypes. 

We show here that maximization of the long-term growth rate in the density-independent 

case corresponds to evolution in a population with the same density-dependent mortality 

applying uniformly of all individuals and phenotypes.  

 

Assume that the phenotypes differ in survival and reproduction with year-specific per-

capita survival and fecundity Si’(t) and Ri’(t), respectively. Absolute fitness of phenotype 

i in year t to the population in year t + 1 is the sum of per-capita survival and fecundity: 

 . (A.S1.1) 

Assuming clonal reproduction and rare mutations (those assumptions common in life 

history studies of phenotypic evolution), the dynamics of total population density, N, 

follow the standard recursion equation, 

 , (A.S1.2) 

which is the sum over phenotypes i = 1,2,…,n, of the absolute fitness times of an 

individual of a phenotype times the density of that phenotype in year t.  

 

Now we introduce the critical assumption that mortality, which reduces survival and 

fecundity by a factor f(N(t), t) in year t, applies uniformly to all phenotypes and life 

stages. This assumption implies that survival in a year is  and 

fecundity is , where si’(t) and yi’(t) are density-independent, but 

phenotype-specific, vital rates. Notice that these rates may also be time-dependent and so 

encompass temporal variability.  

 

With these assumptions, absolute fitness (A.S1.1) can be rewritten  

 . (A.S1.3) 

Hence, the relative fitness of phenotype i compared to phenotype j is given by the ratio  

   (A.S1.4) 

λi (t) = ′Si (t)+ ′Yi (t)

N (t +1) = λi(t)Ni(t)
i=1

n

∑

′Si (t) = ′si (t) f (N(t),t)

′Yi (t) = ′yi (t) f (N(t),t)

λi (t) = ′si (t)+ ′yi (t)( ) f (N(t),t)

λi(t)
λ j (t)

=
′si(t)+ ′yi(t)( ) f N (t),t( )
′sj (t)+ ′y j (t)( ) f N (t),t( ) .
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Expression (A.S1.4) for relative fitness simplifies to  

   (A.S1.5) 

which only contains the density-independent components of fitness. Since the density-

dependent components cancel out when comparing fitness between types, it follows that 

the use of density-independent optimization methods applies to the general case where 

density-dependent processes apply to all subsets of a population equally, including spatial 

subsets, different life history stages like juveniles and adults, and phenotypes.  

 

Using the notation of our density-independent model in the main text, survival and 

reproduction are, respectively, 

   (A.S1.6) 

and 

 .  (A.S1.7) 

Since relative fitness fluctuates over time, relative fitness in one year is not predictive of 

long-term fitness. To see why consider the relative population size of phenotype i relative 

to phenotype j in year T, which can be written 

 . (A.S1.8) 

(A.S1.8) means that the relative density of a phenotype is determined by the product of 

relative fitness over time. Taking logs of both sides of (A.S1.8) yields 

 ,  (A.S1.9) 

 where X = ln N and r = ln λ. (A.S1.9) can be rewritten as 

 ,  (A.S1.10) 

where ΔXi = Xi(T) – Xi(0), i.e. the change in log density over T years. (A.S1.10) shows 

that the phenotype with the largest increase in population density, ΔX, is the phenotype 

with the largest sum of r through T years. In the limit as T gets large, this implies that the 

λi(t)
λ j (t)

=
′si(t)+ ′yi(t)
′sj (t)+ ′y j (t)

,

′Si(t) = s 1−Gi(t)( )

′Yi(t) = Y0V (t)Gi(t)

Ni(T )
N j (T )

=
Ni(0)
N j (0)

⋅
λi(t)

t=0

T−1

∏

λ j (t)
t=0

T−1

∏

Xi(T )− X j (T ) = Xi(0)− X j (0)+ ri(t)
t=0

T−1

∑ − rj (t)
t=0

T−1

∑

ΔXi − ΔX j = ri(t)
t=0

T−1

∑ − rj (t)
t=0

T−1

∑
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phenotype with the largest average r has the largest increase in density. Thus, the 

phenotype that maximizes  is favored in the long term as is stated in the main 

text. 

 

Appendix A: Supplementary Information S2: Derivation of fitness variance for both 

independent variation in G and V and correlations between G and V 

First, we derive var(λ) in the case of independent variation in G and V. The fitness 

variance in general for the case of both variation in G and V is 

   (A.S2.1) 

 

The variance of the product, VG, and the covariance can be exactly determined when G 

and V are independent. Given independence between G and V, the variance of GV is 

   (A.S2.2) 

Equation (A.S2.2) makes use of the identity from probability theory that var(X) = E(X2) – 

E(X)2. Similarly, we use the identity cov(X,Y) = E(XY) – E(X)E(Y) to find cov(G,VG), 

which is 

   (A.S2.3) 

Using (A.S2.2) and (A.S2.3) in (A.S2.1) and writing expectations using an overbar yields 

r = E[lnλ]

var λ( ) = var s 1−G( )+Y0VG( )
= var s 1−G( )( )+ var Y0VG( )+ 2cov s(1−G),Y0VG( )
= s2 var G( )+Y02 var VG( )− 2sY0 cov G,VG( ).

var VG( ) = E V 2G2⎡⎣ ⎤⎦ − E VG⎡⎣ ⎤⎦
2

= E V 2⎡⎣ ⎤⎦E G2⎡⎣ ⎤⎦ − E[V ]E[G]( )2

= E[V ]2 + var(V )( ) E[G]2 + var(G)( )− E[V ]2E[G]2
= E[V ]2 var(G)+ E[G]2 var(V )+ var(G)var(V ).

cov G,VG( ) = E GVG( )− E G( )E VG( )
= E G2( )E V( )− E G( )2 E V( )
= E V( ) E(G2 )− E(G)2( )
= E(V )var G( ).
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 (A.S2.4) 

Note that three of the terms multiplying var(G) make a quadratic expansion because 

 . (A.S2.5) 

Using identity (A.S2.5) in (A.S2.4) yields 

 , (A.S2.6) 

which is equation (A.15) in the main text. 

 

To derive expressions for the var(GV) and cov(G,VG) under for the case of correlated 

variation between G and V, we approximate these values under the assumption of small 

variance. To do so, we write germination and vigor as 

   (A.S2.7) 

and 

 .  (A.S2.8) 

In (A.S2.7) and (A.S2.8),  and  are the arithmetic means of G and V, respectively, 

and  and , meaning they are random variables giving the 

deviation of G and V from their respective means. Thus, . We further 

assume that ϵG(t) and ϵV(t) have variances , and , respectively, with correlation 

between G and V equal to . Finally, we 

assume that  and  are both O(σ2), meaning that they scale linearly with the value 

of a small parameter, σ2 (formally,  is defined to mean  for some 

constant K as x → 0).  

 

Now, var(GV) may be approximated as 

var λ( ) =
s2 var G( )+Y02 V 2 var G( )+G2 var(V )+ var(G)var(V )( )− 2sY0V var(G).

s2 var(G)+Y0
2V 2 var(G)− 2sY0V var(G) = Y0V − s( )2 var(G)

var(λ) = Y0G( )2 var(V )+ Y0V − s( )2 var(G)+Y02 var(V )var(G)

G(t) = G + εG (t)

V (t) =V + εV (t)

G V

εG (t) = G(t)−G εV (t) =V (t)−V

E(εG ) = E(εV ) = 0

σ G
2 σV

2

corr(εG ,εV ) = ρGV corr(εG ,εV ) = corr(G,V ) = ρGV

σ G
2 σV

2

y = O(x) y < Kx
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   (A.S2.9) 

 

Those terms that have been omitted are denoted by o(σ2) meaning all terms smaller than 

O(σ2). We may omit these terms because that have negligible effect given our 

assumptions of small variance in G and V.  

 

The approximation for cov(G, GV) is 

   (A.S2.10) 

Again, in (A.S2.10), we can omit the last covariance in the penultimate line because it is 

O(σ3). 

 

Placing approximations (A.S2.9) and (A.S2.10) into the final line of (A.S2.1) yields  

   (A.S2.11) 

Just as for the case of independence between G and V, the terms 

, and so (A.S2.11) can be rewritten as 

 . 

 (A.S2.12) 

Rewriting  and substituting into (A.S2.12) yields equation (A.17) 

in the main text.  

var GV( ) = var G + εG( ) V + εV( )( )
= var GV +VεG +GεV + εGεV( )
= var VεG +GεV( )+ var εGεV( )+ 2cov VεG +GεV ,εGεV( )
= var VεG +GεV( )+ o(σ 2 )

= var VεG( )+ var GεV( )+ 2cov VεG ,GεV( )+ o(σ 2 )

=V 2σ G
2 +G2σV

2 + 2VGσ GσV ρGV + o(σ
2 ).

cov G,GV( ) = cov G + εG ,GV +VεG +GεV + εGεV( )
= cov εG ,VεG +GεV + εGεV( )
=V cov εG ,εG( )+Gcov εG ,εV( )+ cov εG ,εGεV( )
=Vσ G

2 +Gσ GσV ρGV + o(σ
2 ).

var(λ) ≈ s2σ G
2 +Y0

2 V 2σ G
2 +G2σV

2 + 2VGσ GσV ρGV⎡⎣ ⎤⎦
−2sY0 Vσ G

2 +Gσ GσV ρGV⎡⎣ ⎤⎦.

s2σ G
2 +Y0

2V 2σ G
2 − 2sY0Vσ G

2 = Y0V − s( )2σ G
2

var λ( ) ≈ Y0V − s( )2 var G( )+ Y0G( )2 var V( )+ 2Y0Gσ GσV ρGV YV − s( )

σ GσV ρGV = cov(G,V )
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Appendix A: Supplementary Information S3: Selection differential with Beta 

distributed G  

Here we calculate the selection differential with respect to  for long-term growth as a 

function of a Beta distributed G with mean  and variance, σ2.  

 

To illustrate the point, we consider the case of independent variation in G and V, which 

means that the joint density function of G and V is given by the product of the density 

function of each. By definition, the long-term growth rate is 

   (A.S3.1) 

where fG is the density function for G, fV is the density function for V, Ω is the support of 

G and V, and g and v are realized values of the variables G and V over which to be 

integrated.  

 

The selection differential for the mean germination rate is given by the derivative of (C1) 

with respect to , i.e., 

   (A.S3.2) 

where the derivative can be taken inside the integral in the final line of (A.S3.2) provided 

that the function inside the integral in the final line is dominated by a function with a 

finite integral. 

 

Now we need to find the derivative in equation (A.S3.2) which quantifies changes in the 

density function, fG, with changes in the mean. The standard density function of a Beta 

random variable G has parameters α and β, 

 , (A.S3.3) 

G

G

r = ln s 1− g( )+ gY0v{ } fG (g) fv (v)dg dv
Ω
∫∫

G

dr
dG

= d
dG

ln s 1− g( )+ gY0v{ } fG (g) fV (v)dgdvΩ∫∫
= ln s 1− g( )+ gY0v{ } dfG (g)dG

fV (v)dgdvΩ∫∫

fG =
gα−1 1− g( )β−1
B(α ,β )
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for g ∈ (0,1), α > 0, and β > 0. In equation (A.S3.3), B(α, β) is the beta function. The 

parameters α and β uniquely define the mean,  

 , (A.S3.4) 

and the variance, 

 . (A.S3.5) 

For ease of notation, we refer to the mean and variance here as μ and σ2. Solving (A.S3.4) 

and (A.S3.5) for α and β yields the system of equations  

   (A.S3.6) 

and 

 .  (A.S3.7) 

Both α and β are written as functions of μ to illustrate the dependence of these parameters 

on the phenotype under selection, μ, which makes it more straightforward to calculate the 

derivative.  

 

The derivative of (A.S3.3) can be rewritten using the product rule as 

   (A.S3.8) 

where kG(g) = gα – 1 (1 – g)β – 1 is the beta density kernel and B is again the Beta function. 

The derivative of the kernel, , is 

µ = α
α +β

σ 2 = αβ
α + β( )2 α + β +1( )

α = µ µ 1− µ( )
σ 2 −1⎡

⎣⎢
⎤
⎦⎥

β = 1− µ( ) µ 1− µ( )
σ 2 −1⎡

⎣⎢
⎤
⎦⎥

dfG
dµ

= d
dµ
kG (g)
B

= 1
B
dkG (g)
dµ

+ kG (g)
dB−1

dµ
,

dkG (g) / dµ
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 (A.S3.9) 

which can be rewritten as  

   (A.S3.10) 

by use of the definition of the kernel, kG. Recognize that, by equations (A.S3.6) and 

(A.S3.7),  , and so the term in parenthesis in the final line of (A.S3.10) can 

be rewritten as 

  

 (A.S3.11) 

The derivative dα/dμ is   

 . (A.S3.12) 

Using (A.S3.12) and (A.S3.11) in (A.S3.10) yields  

  

 (A.S3.13) 

 

The other component to find of expression (A.S3.9) is . We do so by following 

the approach used to derive E[lnX] for a beta distributed X. Note that the Beta function is 

dkG
dµ

= d
dµ
gα−1 1− g( )β−1

= d
dµ
exp α −1( )ln g{ }+ β −1( )ln 1− g{ }{ }

= exp α −1( )ln g{ }+ β −1( )ln 1− g{ }{ } ln g{ } dαdµ + ln 1− g{ } dβdµ
⎛
⎝⎜

⎞
⎠⎟
,

dkG
dµ

= kG ln g{ } dαdµ + ln 1− g{ } dβdµ
⎛
⎝⎜

⎞
⎠⎟

β =α µ−1 −1( )

ln g{ } dαdµ + ln 1− g{ } dβdµ = ln g{ } dαdµ + ln 1− g{ } dα µ−1 −1( )
dµ

= ln g
1− g

⎧
⎨
⎩

⎫
⎬
⎭

dα
dµ

+ ln 1− g{ } dαµ
−1

dµ

= ln g
1− g

⎧
⎨
⎩

⎫
⎬
⎭

dα
dµ

+ ln 1− g{ } 1µ
dα
dµ

− α
µ

⎧
⎨
⎩

⎫
⎬
⎭
.

dα
dµ

= d
dµ

µ2(1− µ)
σ 2 − µ

⎛
⎝⎜

⎞
⎠⎟
= 2µ − 3µ2

σ 2 −1= µ
σ 2 2− 3µ( )−1

dkG (g)
dµ

= kG (g) ln
g
1− g

⎧
⎨
⎩

⎫
⎬
⎭

µ
σ 2 2− 3µ( )−1⎧

⎨
⎩

⎫
⎬
⎭
+ ln 1− g{ } µ 1− 2µ( )

σ 2

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
.

dB−1 dµ
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simply the integral of the beta kernel, i.e. . Using this identity for the 

derivative dB–1/dμ yields 

   (A.S3.14) 

Assuming similar to above that the kernel, kG, is dominated by a function with a finite 

integral, we may take the derivative in (A.S3.14) inside the integral, which yields 

   (A.S3.15) 

Equation (A.S3.15) is a function of the derivative of the beta kernel, which is given by 

equation (A.S3.13). Defining 

   (A.S3.16) 

and substituting dkG/dμ = ϕ(g)kG into (A.S3.15) yields 

  (A.S3.17) 

 

Using both (A.S3.17) and (A.S3.13) in (A.S3.8) yields an expression for the derivative of 

the density function, 

B = kG (g)dg∫

dB−1

dµ
= d
dµ

kG (g)dg∫( )−1

=
− d
dµ

kG dg∫
kG dg∫( )2

=
− d
dµ

kG dg∫
B2

.

dB−1

dµ
= −

dkG (g)
dµ

dg∫
B2

φ(g) ≡ µ(2− 3µ)
σ 2 −1

⎛
⎝⎜

⎞
⎠⎟
ln g
1− g

⎧
⎨
⎩

⎫
⎬
⎭
+ µ(1− 2µ)

σ 2 ln 1− g{ },

dB−1

dµ
=
− φ(g)kG dg∫

B2

= − 1
B

φ(g)
kG
B
dg∫

⎛
⎝⎜

⎞
⎠⎟

= −
φ(g) fG dg∫
B

= −
E φ(g)⎡⎣ ⎤⎦
B

.
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   (A.S3.18) 

The final result is achieved by substituting (A.S3.18) into (A.S3.2) (and reverting 

notation of μ back to ), which yields  

  

 (A.S3.19) 

Note that equation (A.S3.19) is an expectation and so can be rewritten 

  

 (A.S3.20) 

Because the final line of (A.S3.20) can be rearranged to 

 , (A.S3.21) 

it satisfies the definition of a covariance. Hence, (A.S3.20) can be rewritten 

 . (A.S3.22) 

Expression (A.S3.21) can be made more interpretable by noting that (A.S3.18) implies 

that  

   (A.S3.23) 

and, once substituting expression (A.S3.23) into the (A.S3.22) yields 

dfG
dµ

= 1
B
φ(g)kG (g)− kG (g)

E φ(G)⎡⎣ ⎤⎦
B

= fG (g) φ(g)− E φ(G)⎡⎣ ⎤⎦( ).

G
dr
dG

= ln s 1− g( )+ gY0v{ } fV (v) fG (g)dG
dgdv

Ω
∫∫

= ln s 1− g( )+ gY0v{ } fV (v) fG (g) φ(g)− E φ(G)[ ]⎡⎣ ⎤⎦dgdv
Ω
∫∫ .

dr
dG

= ln s 1− g( )+ gY0v{ } fV (v) fG (g) φ(g)− E φ(G)[ ]⎡⎣ ⎤⎦dgdv
Ω
∫∫

= E ln s 1−G( )+GY0V{ } φ G( )− E φ G( )⎡⎣ ⎤⎦( )⎡⎣ ⎤⎦

= E r ⋅ φ G( )− E φ G( )⎡⎣ ⎤⎦( )⎡⎣ ⎤⎦.

E r ⋅ φ G( )− E φ G( )⎡⎣ ⎤⎦( )⎡
⎣

⎤
⎦ = E r ⋅φ G( )( )− E r⎡⎣ ⎤⎦E φ G( )⎡⎣ ⎤⎦

dr
dG

= cov r,φ(G)( )

φ G( )− E φ G( )⎡⎣ ⎤⎦ =
1
fG

⋅
dfG
dG

=
d ln fG
dG

,
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   (A.S3.24) 

where the covariance is calculated by taking the integral over Ω. Thus, we have found the 

selection gradient with respect to the mean of a Beta distributed random variable. This is 

not the same as the selection gradient using linear model for G. Unfortunately, no closed 

form expression for (A.S3.24) can be found and so we use numerical methods to predict 

evolutionary dynamics of . 

 

Appendix A: Supplementary Information S4: Dormancy under very low seed survival 

(s → 0) 

We show here that, in limit of low survival, selection maximizes the average log 

germination fraction, E(lnG), which occurs for . This means that, given our 

assumption of shared σ2 for all phenotypes, E(lnG) is a decreasing function of  for 

sufficiently high values of , explaining the counterintuitive result that  is 

optimal in the case of very low seed survival.  

 

First, note that the growth rate in the limit as seed survival goes to zero is 

 . (A.S4.1) 

The optimal mean germination fraction can be found by finding the  that maximizes 

(A.S4.1), which is equivalent to finding the  that maximizes E(ln G). We illustrate how 

the density of very low outcomes (G near 0) build up in the limit as  for a beta-

distributed G and this aspect of the beta distribution decreases E(ln G) at sufficiently high 

.  

 

dr
dG

= cov φ G( ),r( )
= cov

d ln fG
dG

+ E φ(G)⎡⎣ ⎤⎦ ,r
⎛
⎝⎜

⎞
⎠⎟

= cov
d ln fG
dG

,r
⎛
⎝⎜

⎞
⎠⎟

= d
dG
cov ln fG ,r( ),

G

G <Gmax

G

G G <Gmax

lim
s→0

r = E lnG(t)( )+ E ln Y0V (t){ }( )
G

G

G→Gmax

G
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Figure A.S4.1 shows three beta distributions with the same variance and increasing . 

For distribtuions with  much lower than  (solid and dashed lines), the probability 

of very low germination is low. However, for  (dotted line), the probability of 

years with very low germination is high despite higher average germination. This effect is 

summarized in figure A.S4.2b, which gives the probability of less than 5% germination as 

a function of . Despite an increase in the probability of very high germination (i.e. G > 

0.95) with  (figure A.S4.2a), the high sensitivity of the logarithmic function to low 

values means E(ln G) is a decreasing function of  when  is near its theoretical 

maximum (figure A.S4.3c). The maximum E(ln G) thus occurs for , defining the 

optimal germination phenotype with some dormancy in this case (phenotype indicated by 

a star in figure A.S4.3c). 

 

 
Figure	A.S4.1.	Changes	in	the	density	of	a	beta	distributed	G	as	the	mean	reaches	its	
theoretical	maximum.	Probability	density	functions	for	three	distributions	of	G	with	 	
equal	to	50%,	75%,	and	99%	of	its	theoretical	maximum,	 .	For	small	 ,	there	is	little	
density	for	low	values	of	G.	However,	at	as	the	mean	gets	close	to	its	maximum	(dotted	line,	
mean	germination	99%	of	maximum),	a	sizeable	density	of	low	germination	builds	up.	For	
all	distributions,	var(G)	=	0.05.	Note	that	the	density	function	for	 	at	high	values	is	cut	
off	of	the	Gigure	to	make	it	easier	to	compare	distributions.	
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Figure	A.S4.2.	Increased	probability	of	low	germination	reduces	E[ln	G]	at	high	mean	
germination.	The	probability	of	extreme	values	(more	than	95%	germination	in	(A)	and	
less	than	5%	germination	in	(B))	for	a	beta	distributed	G	with	Gixed	variance,	σ2	=	0.10,	and	
changing	mean,	 .	Notice	that	in	(B),	the	probability	of	less	than	5%	germination	is	not	a	
monotonically	decreasing	function	of	 ,	but	rather	increases	at	the	upper	end	of	its	range.	
This	translates	to	a	sharp	decline	in	E(lnG)	in	(C),	which	leads	to	 	that	maximizes	E[ln	G]	
to	be	less	than	 .	The	mean	germination	rate	that	deGines	this	point	is	the	optimal	
germination	fraction	and	is	given	by	a	star	in	each	panel.	Dotted	vertical	lines	give	the	
maximum	and	minimum	possible	mean	germination	given	the	variance.	
 

Appendix A: Supplementary Information S5: Small variance approximation of the 

invader growth rate,  

The analysis follows that of Chesson (1994), which approximates the invader growth rate 

of a species to second order. First, we write the growth rate, r, as a function of 

environmental and competitive responses,  and : 

 . (A.S5.1) 

The variables  and  are transformations of environmental and competitive factors, 

which are the effects of environmental and competitive factors in units of growth. For the 

case with constant vigor, , the environmental and competitive responses are 

given by the equations 

  (A.S5.2) 

and 
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E C

r(t) = f (E(t),C(t))

E C

V (t) ≡V
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⎣
⎤
⎦
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  , (A.S5.3) 

where , and C* and G* satisfy the condition that  

 .  (A.S5.4) 

Equation (A.S5.4) means that G* and C’* are values of G and C’ that represent 

equilibrium. Thus, the environmental and competitive responses,  and , represent 

variation about equilibrium with respect to G and C’.  

 

We specify the order of variation on this scale to control the order of approximation by 

assuming that  and . It therefore follows that 

. Chesson (1994, Appendix II) shows that the same order 

approximations hold for the standardized competitive response such that  

and . These assumptions mean that the approximation of 

the growth rate in any year according to a second-order Taylor expansion is  

 .  (A.S5.5) 

Taking the expectation of (A.S5.5) yields the approximate long-term growth rate: 

 , (A.S5.6) 

where  is evaluated at  and ≈ is taken to mean within o(σ2). 

 

Approximation (A.S5.5) requires a choice for G* and C’*. Because of our interest in the 

mean germination fraction, a natural choice is . This means that C’* differ 

between phenotypes, but because we assume mutations of small effect, the differences 

C(t) = − ln s(1−G*)+Y0G
*Ve− ′C (t )⎡⎣ ⎤⎦

′C (t) = lnC(t)

ln s 1−G*( )+Y0G*Ve− ′C *{ } = 0

E C

E(t) = O(σ ) E E(t)⎡⎣ ⎤⎦ = O(σ
2 )

var E(t)( ) = O(σ 2 )

C(t) = O(σ )

var C(t)( ) = E C(t)2⎡⎣ ⎤⎦ = O(σ
2 )

r(t) ≈ E(t)− C(t)+ γ E(t)C(t)

r ≡ E r(t)( ) ≈ E E(t)( )− E C(t)( )+ γ cov E(t),C(t)( )

γ = ∂2r / ∂E ∂C r E*,C *( )

G* = G
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between phenotypes is small, i.e. , and therefore, so too are the 

differences in C’j*. Given the choice of , (A.S5.4) implies that 

 . (A.S5.7) 

The equilibrium competition is written here with an overbar to represent its dependence 

on the mean germination fraction. 

 

Now, we approximate the environmental and competitive responses: 

   (A.S5.8) 

and  

 

 (A.S5.9) 

where again ≈ means omitting all terms o(σ2), and , which is the 

equilibrium seed loss from the population. The final lines of (A.S5.8) and (A.S5.9) are 

found by substituting in the equilibrium conditions,  and . 

Gi −Gk = O(σ
2 )

G* = G

′Cj
* = Cj

* = ln Y0VGj{ }− ln 1− s 1−Gj( ){ }

Ej (t) ≈
dE
dGj Gj

*

Gj −Gj
*( )+ 12

d 2E
dGj

2

Gj
*

Gj −Gj
*( )2

= 1− s
Gj
* Gj −Gj

*( )− 12
1− s
Gj
*

⎛

⎝
⎜

⎞

⎠
⎟

2

Gj −Gj
*( )2

= (1− s)
Gj

Gj

−1
⎛

⎝
⎜

⎞

⎠
⎟ −
1
2
1− s( )2 Gj

Gj

−1
⎛

⎝
⎜

⎞

⎠
⎟

2

Cj (t) ≈
dC
d ′C ′Cj

*

′C − ′Cj
*( )+ 12

d 2C
d ′Cj

2

′C *
j

′C − ′Cj
*( )2

≈ 1− s(1−Gj
*)( ) ′C − ′Cj

*( )− 12 s(1−Gj
*) 1− s(1−Gj

*)( ) ′C − ′Cj
*( )2

≈ β j ′C −Cj
*( )− 12 β j 1− β j( ) ′C −Cj

*( )2 ,

β j = 1− s(1−Gj )

Gj
* = Gj ′Cj

* = Cj
*
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Now, using (A.S5.8) and (A.S5.9) in (A.S5.6) yields 

   (A.S5.10) 

where the first line of (A.S5.10) gives the average environmental response, the second 

line gives the average competitive response, and the final line gives the covariance 

between the environmental and competitive responses.  

 

The interaction term between environmental and competitive parameters, γ, can be 

written as 

   (A.S5.11) 

Placing (A.S5.11) into (A.S5.10) yields 

   (A.S5.12) 

E rj (t)( ) ≈ − 1
2
1− s( )2 var Gj

Gj

⎛

⎝
⎜

⎞

⎠
⎟ +

−β j E( ′C )−Cj
*( )+ 12 β j 1− β j( )var ′C( )

+γ 1− s( )β j cov
Gj

Gj

, ′C
⎛

⎝
⎜

⎞

⎠
⎟ ,

γ = ∂2r
∂E ∂C

= ∂E
∂G

⎛
⎝⎜

⎞
⎠⎟

−1
∂2r

∂G∂ ′C
∂C
∂ ′C

⎛
⎝⎜

⎞
⎠⎟

−1

=
Gj

1− s
⎛

⎝
⎜

⎞

⎠
⎟ −

sβ j

G j

⎛

⎝
⎜

⎞

⎠
⎟
1
β j

⎛

⎝
⎜

⎞

⎠
⎟ = − s

1− s
.

E rj (t)( ) ≈ − 1
2
1− s( )2 var Gj

Gj

⎛

⎝
⎜

⎞

⎠
⎟ +

−β j E( ′C )−Cj
*( )+ 12 β j 1− β j( )var ′C( )

−sβ j cov
Gj

Gj

, ′C
⎛

⎝
⎜

⎞

⎠
⎟ .
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The growth rate of an invader is best compared with a resident in order to understand 

which terms provide an advantage and disadvantage relative to residents. This 

comparison does not, in fact, change the value of  because, by definition of a resident 

k, . Hence, . We weight the effect of residents by their relative 

sensitivity to competition,  

 ,  (A.S5.13) 

which aids in interpretation without affecting predictions of evolution. In addition, we 

rescale the growth rates by a factor β so to account for changes in the rate of population 

growth between phenotypes. Such rescaling leads to the following expression for the 

long-term growth of an invader: 

 , (A.S5.14) 

which is simply a comparison of the long-term growth rates of invaders and residents on 

a per-generation scale. Using (A.S5.12) in (A.S5.14) yields 

   (A.S5.15) 

where  specifies that competition is only from resident phenotype k.  

 

rik

rkk = 0 rik − rkk = rik

qik =
∂Ci
∂Ck Ck=0

=
βi
βk

rik
βi

=
rik − qikrkk

βi
=
rik
βi

−
βi
βk

⋅
rkk
βi

=
rik
βi

−
rkk
βk

rik
βi

≈ 1
2
1− s( )2 var Gk Gk( )

βk
−
var Gi Gi( )

βi

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

+Ci
* −Ck

* + 1
2
1− βi( )− 1− βk( )⎡⎣ ⎤⎦var ′Ck( )

+scov
Gk
Gk

−
Gi
Gi
, ′Ck

⎛

⎝⎜
⎞

⎠⎟
,

′Ck = ln{1+αGkVNk}
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In the first line of (A.S5.15),  can be rewritten as 

   (A.S5.16) 

Further, the comparison of (1 – β)’s in the second line of (A.S5.15) can be rewritten as 

   (A.S5.17) 

Using (A.S5.16) and (A.S5.17) in (A.S5.15), rearranging terms, and changing notation 

such that C’k = ln Ck to match the notation in the main text yields 

   (A.S5.18) 

Equation (A.S5.18) is equation (A.19) in the main text with components in Table A.2 

where ΔEik is the average fitness difference between phenotypes, ΔJik is relative 

nonlinearity, and ΔIik is the storage effect. Figure A.S5.1 shows that (A.S5.18) predicts 

the ESS mean germination fraction well for a broad range of var(G). Most importantly, 

(A.S5.18) accurately predicts the trend of ESS  with respect to var(G) and thus, can be 

used to infer the causes of selection for dormancy. 

 

var G /G( )

var G /G( ) = var(G) /G2 = SD(G) /G⎡⎣ ⎤⎦
2
= CV 2(G).

(1− βi )− (1− βk ) = βk − βi
= 1− s 1−Gk( )− 1− s 1−Gi( )⎡⎣ ⎤⎦
= s 1−Gi( )− s 1−Gk( )
= s 1−1−Gi +Gk( )
= s Gk −Gi( ).

rik
βi

≈ ΔEik + ΔJik + ΔIik ,  where

ΔEik = Ci
* −Ck

* − 1
2

1− s( )2 CV Gi( )2

βi
−
CV Gk( )2

βk

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

ΔJik =
1
2
s Gk −Gi( )var lnCk( )

ΔIik = scov
Gk
Gk

−
Gi
Gi

,lnCk
⎛

⎝⎜
⎞

⎠⎟
.

G
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Figure	A.S5.1.	A	comparison	of	the	ESS	average	germination	fraction	from	the	
approximation	(A.S5.18)	(dashed	line,	squares)	and	the	full	dynamics	(solid	line,	
circles).	The	approximation	performs	quite	well	for	var(G)	<	0.15.	The	gray	dotted	line	is	

	and	thus,	points	above	this	line	represent	phenotypes	that	are	not	feasible	for	the	
variance.	
 
Extension to variable germination and vigor 

We now wish to extend this to the case of variable vigor and germination. The growth 

rate can now be written 

 ,  (A.S5.19) 

where v(t) = ln V(t). Since v – C’ = ln Y – ln Y0, we combine these two into a single 

variable quantity, y(t) = v(t) – C’(t), which is how much seed yield is affected by growth 

and competition.  

 

Using the combined parameter y(t), (A.S5.19) can be rewritten 

  , (A.S5.20) 

which has the same functional form as the growth rate in the absence of vigor variation 

where we substitute –y for C’. Therefore, the same analysis applies once choosing the 

appropriate value of y*. Since V is log-normal with zero mean, its mean value does not 

alter the equilibrium value of C’* chosen and so we fix y* = –C’*. Now, we substitute y 

for –C’ in (A.S5.18), which yields  
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   (A.S5.21) 

where in this case, , which differs from (A.S5.7) in only in 

that . Substituting ln Y(t) – ln Y0 = y(t) in (A.S5.21) yields  

   (A.S5.22) 

since var(–y) = var(ln Y0 – ln Y) = var(ln Y) and 

, which explains the sign change of the 

covariance from (A.S5.21) to (A.S5.22). Equation (A.S5.22) shows that lower  has an 

advantage not only under variable competition, but also under variable log seed yield, 

with contributions from both variation in V and variation in C. 

 

The sign change or the covariance means stronger covariance between germination and 

yield can favor invasion, which can, in fact, favor dormancy when cov(G,ln Y) > 0. This 

happens when competition is weak and when germination is predictive of vigor (see 

figure A.6 in the main text). To see why positive cov(G, ln Y) favors dormancy, consider 

the linear distribution of germination where . In this case, germination 

phenotypes simply differ in mean germination. Then, the covariance term in (A.S5.22) 

can be reorganized as follows,  
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 (A.S5.23) 

because . Hence, 

 . (A.S5.24) 

 

The sign of (A.S5.24) determines whether dormancy is favored or disfavored by ΔI. 

When an invader is more dormant than the resident, i.e. , . Thus, 

according to (A.S5.24), dormancy is favored by ΔI if cov(G, ln Y) > 0. This means that 

the association between germination and yield reinforce the role of nonlinear responses to 

yield variation in favoring dormancy. The positive effect of the covariance term on 

dormancy explains the discrepancy between the prediction that higher yield variation 

favors greater dormancy, and the simulation results where dormancy increased with ρ 

despite var(ln Y) decreasing with ρ.  

 

Appendix A: Supplementary Information S6: Simulation procedure for finding the 

ESS . 

We used the following procedure to find the ESS  for a given set of parameters: 

1. Given a value of var(G), define a set of n evenly spaced phenotypes in the range 

. We generally took n = 200, although the choice of n 

has little effect on the results.  

2. Generate T independent draws of two random variables, U and Z, from a bivariate 

normal distribution with zero mean and covariance matrix , 
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main text. Generally, T = 30,000 although it differed some across simulations, but 

was always long enough to converge on stable means for long-term growth, . 

The specific length of any simulation is noted in the figure legend. 

3. Using the phenotypes for  produced in 1 with variance var(G), create T Beta 

distributed germination random variables for each phenotype using the random 

draws of U and transformation (A.6) in the main text. Phenotypes were indexed 

by k such that k = 1 gives phenotype  and k = n gives phenotype 

. 

4. For the given variance in vigor, use the T random draws of Z to create log-

normally distributed random values of vigor according to equation (A.7) in the 

main text. 

5. For each of these phenotypes with initial density, Nk(1) = 1, simulate resident 

population dynamics following the equation 

   (A.S6.1) 

using the T random draws as the time steps.  

6. Using the joint values of Gk(t) and Nk(t), define the stationary distribution of 

competition generated by a resident, Ck(t) = 1 + αV(t)Gk(t)Nk(t) for all integer time 

steps, t, from 1001 to T. The first 1000 time steps are omitted in order to remove 

the effects of initial population density. 

7. Calculate the invader growth rate of each phenotype k = 1,2,…,n–1, given the 

resident distribution of competition Ck+1 calculated in step 6, using the equation 

 .  (A.S6.2) 

Equation (A.S6.2) calculates the invasion rate of a mutant phenotype which is a 

small decrease in the resident’s average germination fraction. 

8. Starting at the phenotype with maximum average germination rate, k = n, ask 

whether the sign of the invader growth rate was positive for this resident, defined 

as . If not, label  the ESS. If so, repeat with phenotype k – 1 as 

resident until a resident phenotype is found for which a more dormant mutant 
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invader is unable to invade, i.e. find the largest k for which Sk < 0. Label 

phenotype k the ESS. Thus, the ESS phenotype k* = max k such that Sk < 0. 

 

The algorithm does not fit the strict definition of an ESS but does find the largest locally 

stable phenotype. We verified that the process above was valid by constructing pairwise 

invasibility plots (PIPs) in a subset of cases. After calculating the invader growth rate of 

all phenotypic combinations of residents and invaders, we plotted the sign of these 

growth rates on a surface of invader and resident phenotypes. Upon visual inspection, we 

found that, in all cases (i) only a single evolutionary equilibrium was present, (ii) it was 

convergent stable, and (iii) it corresponded to the phenotype identified by the algorithm 

in step 8. We used this algorithm to systematically explore parameter space in var(G), 

var(ln V), ρ, and s. Results are presented below in figures (A.S6.1 – A.S6.6). 
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Figure	A.S6.1.	ESS	 	for	ρ	=	0.	Each	panel	shows	ESS	 	using	the	algorithm	explained	
above	as	a	function	of	var(G)	with	different	lines	corresponding	to	different	values	of	var(ln	
V)	and	panels	corresponding	to	different	values	of	s.	Darker	colored	lines	have	low	var(ln	V)	
and	lighter	colored	lines	indicate	larger	values	of	(ln	V).	Value	of	var(ln	V):	0,	1.5,	3,	4.5,	6,	
7.5,	9,	10.5,	12	(red).	α	=	1	and	Y0	=	100.	

G G
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Figure	A.S6.2.	ESS	 	for	ρ	=	0.75.	Lines	and	parameters	as	in	Gigure	F1.		
 
 
 
 

 
Figure	A.S6.3.	ESS	 	for	ρ	=	–0.75.	Lines	and	parameters	as	in	Gigure	F1.	

G

G
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Figure	A.S6.4.	ESS	 	as	affected	by	ρ	for	s	=	0.05.	Lines	corresponding	to	different	values	
of	var(G)	and	panels	corresponding	to	different	values	of	var(ln	V).	Darker	lines	have	small	
var(G)	and	lighter	lines	indicate	larger	values	of	var(G).	Values	of	var(G):	0,	0.0175,	0.035,	
0.0525,	0.07,	0.0875,	0.105,	0.1225,	0.14,	0.1575,	0.175.	α	=	1	and	Y0	=	100	in	all	panels.	
  

G
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Figure	A.S6.5.	ESS	 	as	affected	by	ρ	for	s	=	0.5.	Lines	and	parameters	as	in	Gigure	A.S6.4.	
	
	

	
Figure	A.S6.6.	ESS	 	as	affected	by	ρ	for	s	=	0.95.	Parameters	as	in	Gigure	A.S6.4.	

G

G
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Appendix A: Supplementary Information S7: Limits to for the linear G in figure 

A.2. 

For simulations of the density-independent fitness with the linear model G(t) =  + 

σX(t), we chose a uniform distribution for X. Given our restriction on X that it satisfy 

E(X) = 0, the uniform distribution must be symmetric about zero, i.e. X ~ Uniform(–a, a), 

with finite a. The assumption that var(X) = 1 fixes the value of a to be . To see why, 

first note that E(X) = 0 and so by the definition of variance of a random variable, 

 . (A.S7.1) 

Thus, the value of a is found by solving the equation  

 .  (A.S7.2) 

The solution to (A.S7.2) is a = . 

 

With G being a uniform random variable, it has a finite range that satisfies max(G) =  

+ σ max(X). Since max(X) = , max(G) =  + σ  . To find the maximum  given 

a fixed value of σ, it suffices to solve for  by substituting max(G) = 1, as 1 is the 

maximum possible germination fraction. Therefore, the maximum possible mean 

germination fraction satisfies the equation 

 . (A.S7.3) 

Rearranging (A.S7.3) and substituting σ =  yields 
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 , (A.S7.4) 

which is the relationship given by the dotted line in figure A.2b in the main text. 

 

Literature Cited for Appendix A: Supplementary Material 

Chesson, P. 1994. Multispecies competition in variable environments. Theoretical 

Population Biology 45, 227-276. 

  

Gmax = 1− 3var(G)



 

 

99 

APPENDIX B: 

 

CHARACTER DISPLACEMENT IN THE PRESENCE OF MULTIPLE TRAIT 

DIFFERENCES: EVOLUTION AFFECTING THE STORAGE EFFECT IN 

GERMINATION AND GROWTH 

 

 

 

Authors: Nicholas Kortessis and Peter Chesson 

 

 

 

Department of Ecology and Evolutionary Biology 

 

  



 

 

100 

Abstract 

Species differences are critical for the maintenance of diversity and can evolve via the 

process of character displacement. Theoretical studies of character displacement assume 

competition is determined by a single trait. However, competition is a complex process 

involving multiple traits that may differ between species. These traits can interact, 

especially in a temporally fluctuating environment, to potentially affect character 

displacement. To understand how trait interactions affect character displacement, we 

present a model of competition between annual plants where environmentally-dependent 

germination patterns can evolve and interact with environmentally-dependent growth. We 

derive an equation for selection on a species’ germination pattern assessing the influence 

of the level of difference between species in their growth patterns. We found that 

selection has two components. The first component is density-independent and favors 

increased correlation between germination and growth across years. The second 

component is density-dependent and favors the separation of within- and between-species 

density feedbacks, resulting in trait divergence between species. These components are in 

conflict for species with similar plant growth strategies. The relative strengths of density-

dependent and density-independent components determine the evolutionary outcome. By 

contrast, the two components align for species with different growth strategies. In this 

case, trait divergence between species is the outcome. Upon weakening the density-

independent component, the density-dependent component also weakens when species 

differ in growth strategies, which slows the rate of divergence between species. These 

results present conditions under which the strength of stable coexistence can be 

strengthened, weakened, and even eradicated by natural selection.  
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Introduction 

Ecological differences between species are the foundation for the coexistence of 

competitors. These differences can be created or enhanced by selection from competitive 

interactions between species, a process called character displacement (Brown and Wilson 

1956, Slatkin 1980, Abrams 1986, Taper and Case 1992, Schluter 2000a). Character 

displacement has the potential to strengthen coexistence mechanisms beyond the 

minimum necessary to allow two or more species to live together in the same habitat. 

Moreover, understanding how such differences arise provides a basis for understanding 

the origin of species through evolutionary branching (Doebeli and Dieckmann 2000, 

Pfennig and Pfennig 2009, Pfennig and Pfennig 2010). Character displacement has a 

strong theoretical and empirical foundation and is a prominent hypothesis for the origins 

of diversity (Brown and Wilson 1956, Slatkin 1980, Abrams 1986, Taper and Case 1992, 

Schluter 2000a). Its effects on species coexistence mechanisms mean that the idea has 

important implications for the maintenance of diversity. 

 

Despite the long history of the concept, character displacement theory is dominated by 

Lotka-Volterra models of competition for substitutable resources, where resource 

consumption is determined by a single trait. Competition, however, is a complex outcome 

of interactions between individuals, reflective of their traits and resource dynamics. 

Although it may be convenient to consider competition determined by a single trait, 

multiple traits generally influence competitive interactions (Kraft et al. 2015, Kunstler et 

al. 2016). Furthermore, competition may occur at different point in the life cycle (Wilbur 

1980, Aschehoug et al. 2016), such as the effects of competition on establishment, 

growth, and reproduction in plants. The cumulative effects of competition at these 

different stages may not be captured by Lotka-Volterra models. It is thus unclear how 

predictions of character displacement may differ when multiple traits act to affect 

competition. Multiple traits are likely to affect predictions of character displacement 

because evolutionary theory shows that trait interactions can alter the course of evolution. 

Trait evolution can progress in a different direction than selection when multiple traits 

covary (Lande and Arnold 1983, Schluter and Nychka 1994) or modify the direction of 

one trait based on the value of another (Armbruster 1990, Campbell et al. 2014, Fenster et 
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al. 2015). When selection is conditional on the value of another trait, integrated trait 

complexes can result, a process hypothesized to explain the evolution of pollination 

syndromes (Stebbins 1951, Fenster et al. 2004).  

 

Such conditional fitness is likely to be important when traits act at different times during 

development, in which case the effect of one trait on fitness can be influenced by prior 

action of another (Donohue 2002, Donohue et al. 2005, Donohue et al. 2010). In 

temporally variable environments, trait responses early in development can constrain the 

environments an organism experiences later in development, thereby shaping its selective 

environment (Donohue 2002, Donohue et al. 2010, Donohue 2014). These trait 

interactions may be problematic for questions of character displacement, which often 

begin with a pattern of greater trait divergence in sympatry relative to allopatry (Brown 

and Wilson 1956, Schluter 2000a, Dayan and Simberloff 2005). This is because trait 

differences in sympatry and allopatry can vary greatly across traits within a species-pair 

(Kooyers et al. 2017, Li et al. 2018). It is not clear whether the lessons from character 

displacement, which assumes a single trait, apply when more than one trait affects 

competition. Given the potential ramifications of trait interactions on evolution as 

outlined above, they likely do not. We begin to fill this gap by investigating how 

character displacement is affected by trait interactions, particularly those that occur 

across development in a temporally variable environment. 

 

Trait interactions across development appear to be particularly important in annual plants, 

where environmental variation has major consequences for both the evolution and 

ecology of these organisms (Venable and Kimball 2013). A major effect of the 

environment is on seed germination, which varies with environmental conditions (Went 

1949, Juhren et al. 1956, Adondakis and Venable 2004, Bowers 2005, Li and Chesson 

2018), causing changes in seedling density from year to year. A consequence of this 

variation is that the timing of seed germination can modify the conditions under which a 

plant grows (Donohue 2002, Donohue et al. 2005, Donohue 2014), with plant growth 

also greatly affected by varying environmental conditions (Angert et al. 2007). 

Germination timing can thus interact with plant growth in a fluctuating environment, 
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which happens in two ways. First, joint dependence of germination and growth on 

correlated environmental conditions can select for predictive germination (Cohen 1967, 

Donaldson-Matasci et al. 2010, Donohue et al. 2010, Gremer et al. 2016), where 

germination rates are higher when conditions are favorable for plant growth. Second, 

germination increases competition between seedlings, and thus the growth and 

reproduction of plants later in the season. The connection between germination and 

competitive conditions affecting growth are likely to have consequences for selection. 

For example, temporally varying germination leads to temporally varying competition, 

and hence temporally varying individual growth, which selects for seed dormancy 

(Cohen 1966, Ellner 1985, 1987, Gremer and Venable 2014, Kortessis and Chesson 

2019). Ecologically, the interactions between variable germination, growth, and 

competition are also critical for species coexistence. Coexistence is hypothesized to be 

fostered by the storage effect coexistence mechanism when species differ in traits that 

lead to temporally varying germination and growth in their shared environment (Chesson 

1994, Chesson et al. 2004, Angert et al. 2009). Selection for divergence between species 

in their responses has the potential to strengthen the mechanism of coexistence in these 

systems.  

 

Differences between species in their temporal growth responses are caused by species 

differences in growth strategies which can have conflicting consequences for selection. 

Species differences in physiological, structural, and chemical traits lead to differential 

performance across shared environmental conditions (Angert et al. 2007, Angert et al. 

2009). Selection for predictive germination should favor seed traits that increase 

germination in environmental conditions that most advantage a species to grow (Donohue 

et al. 2010). Since selection on germination traits that predict favorable growing 

conditions depends on the traits affecting growth, similarity between species in their 

growth traits should favor the evolution of similar germination traits between species. 

However, competition may modify this selection. Species with similar traits will grow 

and germinate during similar time periods. This means that interspecific competition will 

be strong, which is considered to favor character displacement between similar species 

(Schluter 2000a, Pfennig and Pfennig 2010). If so, this process may undermine selection 
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for predictive germination. This conflict argues for an important role of species similarity 

in growth traits on the evolution of germination traits. Our study thus also includes an 

investigation of the magnitude of species differences in growth traits for character 

displacement of germination traits. Particularly, we ask whether character displacement is 

more likely for species with similar growth traits, as previously predicted by character 

displacement theory (Schluter 2000a, Pfennig and Pfennig 2010), or more likely for 

species with different growth traits, as suggested by the evolution of integrated 

germination and plant growth strategies (Donohue et al. 2010, Huang et al. 2016).  

 

Fundamentally, character displacement can help to understand the evolution of species 

coexistence. The theory of species coexistence, developed for temporally variable 

environments, provides a framework for quantifying the effect of species differences on 

coexistence between species (Chesson 1994, Chesson 2018). Coexistence in a temporally 

fluctuating abiotic environment relies on the storage effect coexistence mechanism 

(Chesson and Warner 1981), which formalizes temporal niche partitioning. The evolution 

of different temporal niches has been shown to evolve in ways analogous to traditional 

character displacement provided there are sufficient tradeoffs in the ability to consume 

resources during different times (Abrams et al. 2013, Miller and Klausmeier 2017). But 

other factors affect the strength of the storage effect that might change as species evolve. 

A critical quantity is the covariance between environment and competition, which 

quantifies how strongly species traits affect competition in a fluctuating environment 

(Chesson 1994). Predictive germination has a role in increasing this covariance (Kortessis 

and Chesson 2019) and so the evolution of predictive germination may play a role in the 

strength of coexistence in addition to the evolution of species differences. We measure 

the strength of mechanisms stabilizing coexistence directly using the quantitative 

framework outlined in (Chesson 2018). Stronger stabilizing effects lead to more robust 

species coexistence in the face of gradual shifts in conditions (Chesson 2018). These can 

be ecological in nature, such as the slow establishment of new species or changing 

climate, but also evolutionary, such as asymmetrical adaptation of strictly beneficial 

mutations. 
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Our investigation of trait interactions and selection on trait divergence is done using a 

model of annual plant dynamics in an environment with yearly variation in conditions 

affecting seed germination and plant growth. Interactions between these two are 

investigated by both the inclusion of density-dependence in our model and the potential 

for correlated environments affecting germination and growth. To understand the 

evolution of these patterns, we characterize germination and growth responses to a 

fluctuating environment each by single traits, which reflect each species temporal 

germination and growth niches. In our model, only germination patterns evolve, with the 

outcome of evolution potentially affected by the fixed differences between species in 

their growth patterns. Using a model of two species, we partition selection on 

germination into two components representing the effects of density-independent and 

density-dependent processes. Our findings show that trait interactions can influence the 

outcome of selection, limiting character displacement in some cases and fostering 

character displacement in others. These results are predicted by how trait interactions and 

the species differences alter the strength and direction of the density-independent and 

density-dependent components of selection. Our work makes predictions for not only the 

outcome of evolution between competitors, but also for the ecological stability of 

coexistence, the evolutionary stability of the storage effect, and the role of species 

similarity in community assembly. 

 

Ecological Dynamics 

To study the interactions between traits on character displacement, we use the seed bank 

model to describe fitness of a seed, λ, and the dynamics of seed density, N, for two 

competing species. In this model, all individuals of both species are present in the soil as 

seeds just prior to the start of the growing season. Conditions in year t allow for species j 

(j = 1,2) to germinate a fraction of its seeds, given by Gj(t). Note that the specification of 

time-dependent germination means that conditions affecting germination are constant 

within a growing season in a year but vary across years. Seeds that do not germinate 

remain in the soil as part of a seedbank and survive with probability s to the beginning of 

the following growing season. Seeds that germinate grow to reach biomass, Vj(t), in the 

absence of competition, which we refer to as plant vigor following (Chesson 2005). 
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However, competition reduces individual biomass to Vj(t)/C’(t), where C’(t) is the 

intensity of competition to be defined below. Plant biomass is converted into seeds at rate 

yj, the number of seeds produced per unit biomass. Seeds are assumed to survive to the 

start of the following growing season, with any mortality during the summer accounted 

for in yj. Thus, a seed of species j, upon successful germination, produces yjVj(t)/C’(t) 

seeds in year t that survive to year t + 1. Seed production combined with seed survival in 

the seed bank means that the fitness of a seed of species j in year t can be written as 

 .  (B.1) 

Seed density, Nj(t + 1), follows the standard recursion 

 .  (B.2) 

 

To model competition, we make the assumption that the competitive effect in year t is 

proportional to the biomass density of growing plants summed across both species, i.e. 

N1(t)G1(t)V1(t) + N2(t)G2(t)V2(t). In this formulation of density, competition from an 

individual is weighted by plant size, V(t), in agreement with the observation in plant 

population ecology that larger individuals demand more resources (Schwinning and 

Weiner 1998). This observation is often omitted from models of plant competition, but its 

inclusion here means that competition in our model is stronger in years more favorable to 

growth, a critical component of species coexistence in fluctuating environments (Chesson 

2000, Chesson et al. 2004). We account for potentially low population densities by 

writing competition as  

 , (B.3) 

where α is the competition coefficient per-unit biomass. Competition in equation (B.3) 

takes a value of 1 when plant density is zero and increases with plant biomass and means 

that seed yield in a year follows a Beverton-Holt recruitment function. Note that the 

competitive effect attributable to an individual only depends on a plant’s size, not on 

species identity, and so coexistence cannot occur without species-specific environmental 

responses. 

 

 

λ j (t) = s 1−Gj (t)( )+ y jVj (t)Gj (t) / ′C (t)

N j (t +1) = λ j (t)N j (t)

′C (t) = 1+α G1(t)V1(t)N1(t)+G2(t)V2(t)N2(t)( )
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Germination and Vigor Distributions 

We describe environmental variation affecting both the germination fraction, G, and plant 

vigor, V, with their flow on effects of competition as well. Germination and vigor 

variation results from interactions between temporally fluctuating environmental factors, 

such as temperature, rainfall and sunlight, and plant traits, such as seed and leaf 

physiology and structure. Typical seed traits affecting germination include seed coat 

thickness, seed size, germination inhibitors, and embryo physiological rate, among many 

others (Baskin and Baskin 2014). Typical plant traits affecting growth and establishment 

include leaf structure, leaf density, plant morphology, stem thickness, as well as carbon 

assimilation and allocation (Westoby and Wright 2006). However, we neither specify the 

environmental conditions nor the seed or plant traits that respond to those conditions. 

Instead, we describe the aggregate outcome of the conditions and their interaction with 

plant and seed traits. This more directly addresses the critical feature of differential 

species responses to the environment relevant to character displacement without making 

assumptions about the complex interactions between traits and the environment.  

 

Germination and vigor responses, being variable over time, are best modeled as statistical 

distributions. We assume that any particular distribution, e.g. Gj(t), is identical and 

independently distributed (i.i.d.) over time, meaning we assume no autocorrelation in 

environmental conditions across years. Differences between distributions can be thought 

of as representing trait differences between species that lead to different outcomes under 

identical conditions. We assume that distribution means are fixed for all species and 

phenotypes, while allowing the patterns over time to change. This means that increasing, 

for example, germination under some conditions necessitates a weaker germination 

response under alternative conditions. As a result, phenotypes trade-off in their ability to 

germinate under different conditions. These tradeoffs are fundamental to studies of 

character displacement (Abrams et al. 2013). As these patterns of germination evolve, the 

correlations between species in their germination responses and the level of predictive 

variation changes. These correlations are the most relevant to our question of trait 

interactions because they most accurately reflect time-based action of traits throughout 

development.  
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Germination Distributions 

To model germination, we use Johnson SB distributions (Johnson 1994), which are 

transformations of normal variables to the range 0 to 1. Specifically, SB distributions are 

normally distributed on the log-odds scale, meaning that the germination fraction of 

species i can be written 

 . (B.4) 

In equation (B.4),  is a normally distributed variable with mean  and variance 

, and is an environment response in the parlance of coexistence theory. Equation 

(B.4) is monotonically increasing with EG, meaning that larger values of EG correspond to 

larger germination fractions. This germination distribution can be either unimodal (figure 

B.1a) or bimodal (figure B.1b) (the density function for the SB distribution used to make 

figure B.1 can be found in the supplementary material B.S1). It is flexible enough to 

allow for constant germination over time, commonly assumed in other annual plant 

models, by setting  = 0. Equation (B.4) is a nonlinear transformation of EG and so 

 is not the mean of G but is rather its median. Similarly,  is not the variance of G, 

as normally defined, but its variance on the log-odds scale. 

 

Vigor Distributions 

To model plant size distributions, we assume that plant vigor, V, is lognormally 

distributed. Being normally distributed on the log scale, lognormally distributed vigor 

means that plants in most years grow to intermediate size, but in a few years,  growth is 

quite large. Thus, vigor for species j can be written 

 , (B.5) 

where  has mean, , and variance,  for both species. Just as before,  is 

not the mean of V, but rather its median, and similarly  is not the variance of V but its 

Gj (t) =
e
EGj (t )

1+ e
EGj (t )

EGj (t) µEG

σ EG

2

σ EG

2

µEG σ EG

2

Vj (t) = exp EVj (t)( )
EVj (t) µEV σ EV

2 µEV

σ EV

2
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variance on the log scale. Equation (B.5) includes the case of constant plant size over 

time by setting , in which case Vj(t) = exp( ). The value in using lognormal 

distributions for plant growth and Johnson SB distributions for germination is that they 

are both modeled as transformations of normal distributions, which are easily correlated, 

and so can easily be used to model predictive germination. 

 

 
Figure	B.1.	Density	functions	for	the	Johnson	SB	distribution	used	to	model	
distributions	of	germination.	(a)	Unimodal	distributions	showing	effect	of	 	with	small	

=	0.5	and	(b)	effect	of	 	with	;ixed	 	=	0.	

 

Joint Distributions of Environmental Responses 

To model evolving correlations between species in germination or growth, we need to 

specify the covariance matrix of the multivariate normal distribution, 

, and how this covariance matrix may change when subject to 

selection. First, we construct this covariance matrix by writing the four environmental 

responses in E as functions of four underlying environmental variables, which we label 

(X1, X2, Y1, Y2). We envision each as being the single dimensional projections of 

multivariate environmental space. Each dimension thus distinguishes the germination and 

vigor responses of species. All four are standard normal and together have a correlation 

structure that helps to model predictive germination, to be discussed below. We assume 

without loss of generality that environmental variables X1 and X2 are independent and 

apply during germination and so affect G, while Y1 and Y2 are independent and apply 

during growth and therefore affect V.  
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Using the environmental variables, X1 and X2, we write germination environmental 

response for a species j as  

 ,  (B.6) 

where again  is the mean and  is the standard deviation of EG. The term in 

parenthesis gives the response to each environmental axis with sensitivity ej1 to X1 and ej2 

to X2. The value of writing germination responses according to equation (B.6) is that the 

similarity of two species in their germination responses can be determined by the 

similarity of their sensitivities, e. If two species have identical sensitivities, they will have 

identical patterns of germination over time. However, if the sensitivities differ between 

species, the patterns of germination will be less than perfectly correlated. This reflects the 

species-specific responses necessary for coexistence. It is these sensitivities that are 

subject to natural selection in our model. 

 

We assume a constraint on the values of the sensitivities that both incorporates tradeoffs 

between phenotypes and maintains constant variance independent of the value of the 

sensitivities. The magnitude of variation in the environmental response is 

 and so choosing  means that the variance is 

unchanged with evolving sensitivities. To avoid indeterminacy in the set of possible 

phenotypes, we assume without loss of generality that both species have positive 

sensitivities to X2, but may differ in sign on X1, meaning –1 ≤ ej1 ≤ 1 and 0 ≤ ej2 ≤ 1. With 

the constraint , both sensitivities can be described by the angle, θG, relating the 

two in polar coordinates. The angle θG takes values in [–π/2, π/2] and specifies the 

direction of the vector ( ei1, ei2). It is given as  = arctan(ei1/ei2). The relationship 

between θG and the sensitives is shown in figure B.2a. Note that θG = 0 means zero 

sensitivity to X1 and maximum sensitivity to X2 whereas the extremes, –π/2 and π/2, mean 

maximum negative and positive sensitivity, respectively, to X1 and zero sensitivity to X2.  

 

EGj (t) = µEG
mean
!

+σ EG

st. dev.
!

ej1X1(t)+ ej2X2(t)( )
temporal pattern of variation
! "### $###
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Var(EGj ) =σ EG

2 (ej1
2 + ej2

2 ) ej1
2 + ej2

2 = 1
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2 =1
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Figure	B.2.	Relationship	between	environmental	sensitivities,	species	traits,	and	
patterns	of	environmental	responses.	(a)	A	plot	of	the	environmental	sensitivities	on	
each	axis	for	two	species.	Environmental	sensitivities	are	constrained	by	the	relationship	
ej12	+	ej22	=	1,	which	is	given	by	the	black	dashed	line.	Each	set	of	environmental	sensitivities	
for	a	species	is	summarized	by	the	value	θj.	The	differences	between	θ’s	of	the	two	species	
give	a	measure	of	the	difference	between	species	along	the	trade-off.	(b)	The	correlation	
between	two	species’	germination	responses	as	a	function	of	differences	in	θ's.	
Representative	germination	responses	for	(c)	small	differences	in	traits,	(d)	intermediate	
differences	in	traits,	and	(e)	near	maximum	trait	differences.	Note	that	germination	
responses	are	positively	correlated	in	(c),	independent	in	(d),	and	negatively	correlated	in	
(e).	
 

A polar coordinate representation may appear complex but has two benefits. The first is 

the point (ei1, ei2) can be summarized just by its angle. Second, the correlation between 

species’ germination traits is simply related to the difference in these angles: 

   (B.7) 

(see supplementary material B.S3). Equation (B.7) is a decreasing function of the 

difference in the angles  (figure B.2b), meaning that the species’ Es are more 

different the greater the difference in angles. Germination patterns are identical when 

= 0, (see figure B.2c), independent when  = π/2, (figure B.2d), and 

exactly opposite when  = π (figure B.2e). Note that the cosine function is 

symmetric about 0. This means that only the magnitude, and not the sign, of  is 

Corr EG1 (t),EG2 (t)( ) = cos θG1 −θG2( )

θG1 −θG2

θG1 −θG2 |θG1 −θG2 |

|θG1 −θG2 |

θG1 −θG2
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important in equation (B.7). As the correlation between germination responses increases, 

the strength of the storage effect promoting coexistence increases (Chesson 1994). Hence, 

the strength of coexistence increases with | |.  

 

A similar construction can be used to model vigor responses, EV, with sensitivities vj1 and 

vj2 for the sensitivities of species j to environmental factors Y1 and Y2. Thus, EV, can be 

written as 

 .  (B.8) 

We assume that the same constraint applies to vigor sensitivities, i.e. , which 

means that vigor sensitivities, vj1 and vj2, can be described by a single trait, . Similar to 

,  takes values in [–π/2, π/2] and is given by the equation  = arctan(vj1/vj2). 

Thus, the correlation between the vigor responses of species can be written 

 , (B.9) 

which has the same behavior as equation (B.7) for germination correlations between 

species.  

 

To finalize the model, we need to incorporate potentially correlated germination and 

vigor factors. Cues about growing conditions may be available in the conditions that 

seeds experience during germination. We model the information content about the 

growing environment in germination conditions using ρ, which is the correlation between 

germination and vigor environmental factors. Specifically, Corr(Xl, Yl) = ρ for l = 1,2 and 

Corr(Xl, Ym) = 0 for l ≠ m. These satisfy the necessary condition that the variance matrix 

of (X1, X2, Y1, Y2) is positive definite (see supplementary material B.S2). Given the 

definition of ρ, the level of predictive germination for a species j can be written as 

  (B.10) 

(derivation in supplementary material B.S3). Equation (B.10) has two important 

implications. First, predictive germination increases with similarities between a species’ 

θG1 −θG2

EVj (t) = µEV
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+ σ EV
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v j1Y1(t)+ v j2Y2(t)( )
temporal pattern of variation
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germination trait θG and vigor trait θV. Thus, if predictive germination is to evolve, 

selection must favor a decrease in . Second, predictive germination is limited to 

a maximum value of ρ, indicating the strength of an environmental cue. If these 

environments are unrelated, ρ = 0 and Corr(EG, EV) = 0 regardless of a species’ trait 

values.  

 

Table	B.1.	Table	of	notation	used	in	the	paper.	
Variable Description Formula 
λj(t) Finite rate of increase for species j in 

year t 
 

Nj(t) Seed density of species j in year t Nj(t + 1) = λj(t)Nj(t) 
s Seed survival of dormant seeds  
Gj(t) Germination fraction of species j in year t 

  

yj Number of seeds produced per seedling 
of species j that survive to year t + 1 

 

Vi(t) Vigor, plant biomass of species j in year t 
assuming no density-dependence  

 

C’(t) Competitive effect reducing seed yield in 
year t 

C’(t) = 1 + αG1(t)V1(t)N1(t) + 
αG2(t)V2(t)N2(t)  

α Competition coefficient per-unit biomass  
 Species j’s germination response in year 

t. Germination fraction on the log-odds 
scale 

 

 Species j’s vigor response in year t. Vigor 
on the log scale 

 

 Mean environmental responses of 
germination and vigor, respectively 

,  

 
 Germination and vigor environmental 

response standard deviations 
,  

ejl Sensitivity of species j’s germination 
response to environmental factor l 

–1 ≤ ej1 ≤ 1, 0 ≤ ej2 ≤ 1, 
ej12 + ej22 = 1 

vjl Sensitivity of species j’s vigor response 
to environmental factor l 

–1 ≤ vj1 ≤ 1, 0 ≤ vj2 ≤ 1,  
vj12 + vj22 = 1 

Xl(t),Yl(t) Environmental factors affecting 
germination (X) and vigor (Y) 

Xl ~ N(0,1) 
Yl ~ N(0,1) 

ρ Correlation between environments 
affecting germination and vigor 

ρ = Corr(X1,Y1) = Corr(X2,Y2) 

θGj −θVj

λ j (t) = s 1−Gj (t)( )+ y jVj (t)Gj (t) / ′C (t)

Gj (t) =
exp{EGj (t)}

1+ exp{EGj (t)}

Vj (t) = exp EVj (t)( )

EGj (t) EGj (t) = µEG +σ EG
ej1X1(t)+ ej2X2(t)( )

EVj (t) EVj (t) = µEV +σ EV
v j1Y1(t)+ v j2Y2(t)( )

µEG ,µEV −∞ < µEG <∞ −∞ < µEV <∞

σ EG
,σ EV

σ EG
> 0 σ EG

> 0
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,  Germination and vigor traits of species j 
determining patterns of response over 
time 

,   

,  

r(t) Finite rate of increase on the log scale r(t) = ln λ(t) 
 Long-term population growth rate  

 
Selection gradient of species j with 
invader phenotype  

 

C{-i} Competition on the log scale, with 
invader density zero, i.e. Ni(t) = 0 

 

βi Equilibrium seed loss from the seed bank βi = 1 – s(1 – Gi*)  
γi Buffered population growth γi = βi(1 – βi)  
κ1 – κ2 Species average fitness difference  
ΔIGi Germination based storage effect for 

species i   

ΔIVi Vigor based storage effect for species i 
  

–ΔNi Relative nonlinearity for species i   
Ai Total stabilizing mechanisms for species i Ai = ΔIGi + ΔIVi – ΔNi 
κ1’ – κ2’ Species average fitness difference 

accounting for asymmetrical stabilization  

 Community average stabilization   = (A1 + A2)/2 
 

Selection Gradient 

To understand selection, we derive an equation for the selection gradient with respect to a 

species j’s germination trait, . The selection gradient is used as the basis for 

predicting evolutionary change in a suite of modeling frameworks commonly used in 

studying character displacement (Abrams 2001). Critical to the effect of selection is the 

effect of environmental fluctuations over long timescales, and these fluctuations also play 

a key role in species coexistence. As time proceeds, the cumulative effects of 

environmental fluctuations on species coexistence and phenotypic selection emerge as 

long-term trends. A full accounting of these effects requires fitness to be evaluated over 

long timescales, which is determined by the average of log fitness, r(t) = ln λ(t). 

Assuming stationarity of the environment, the average of r(t), , predicts 

growth of a population over long times. Our description of G and V by probability 

θGj θVj θGj = arctan ej1 / ej2( ) − π
2
≤θGj ≤

π
2

θVj = arctan v j1 / v j2( ) − π
2
≤θVj ≤

π
2
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r = E[lnλ(t)]



 

 

115 

distribution means that the average here is taken over the frequency of environmental 

states.  

 

To model the response to selection, we adopt the framework of adaptive dynamics for 

coevolving populations, which assumes haploid inheritance and rare mutations of small 

effect (Dieckmann and Law 1996). Annuals plants are not haploid and so the assumption 

of haploid inheritance may appear problematic. However, long-term evolutionary 

dynamics predicted by adaptive dynamics models are similar to those predicted by 

quantitative genetics models, which assume diploid inheritance for many unlinked loci of 

small effect (Abrams 2001). Hence, our assumption here of haploid inheritance is 

justified by the robustness of the results to other genetic systems over long time periods 

and the well-developed analytical methods of adaptive dynamics. The selection gradient 

is used to predict the success of a mutant phenotype  invading a population with 

resident phenotype . The growth of the mutant phenotype over the long term is 

quantified by , which can be written as   

 . (B.11) 

In expression (11), Gj’ is the germination distribution with corresponding trait value . 

The mutant does not contribute to competition because it is considered rare. Competition 

instead consists of competitive effects from the two species’ germination and vigor 

responses, G1, G2, V1, and V2. Patterns of germination over time for the two species is 

determined by the species’ resident trait values  and , which shows how invader 

long-term grwoth depends on resident phenotypes. Invaders increase in abundance when 

 > 0 and go extinct when  < 0. This approach assumes that mutations arise 

sufficiently infrequently so that a mutation either establishes or goes extinct before a new 

mutation occurs.  
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The derivative of expression (11) with respect to the invading phenotype, , once 

evaluated at a resident value gives the selection gradient at the phenotype . Solutions 

to the selection gradient represent candidate evolutionarily stable states (ESSs) 

(Dieckmann and Law 1996). Stability of each candidate ESS can be determined by the 

sign of selection gradient for phenotypes just larger and smaller than the candidate ESS. 

Negative values of the selection gradient for phenotypes larger than the candidate ESS 

and positive below indicate that the point is stable. In contrast, positive values of the 

selection gradient for phenotypes larger than the candidate ESS and negative below 

indicate that the point is unstable. We develop an approximation of the selection gradient 

assuming small environmental variation (derivation and details in the supplementary 

material B.S4). 

  

Components of selection 

An approximate expression for the selection gradient uncovers two main components of 

selection, a density-independent (d.i.) component and a density-dependent (d.d.) 

component. These two components are important to distinguish because they represent 

two fundamentally different ways that germination and growth traits interact. Further, 

they have different effects on species coexistence as discussed below. Under the 

assumption of small environmental fluctuations, the selection gradient can be written  

 . (B.12) 

(see supplementary material B.S4 for a definition of small). In equation (B.12), γj is a 

constant proportional to seed dormancy, called buffered population growth in the 

parlance of storage effect theory. It is unaffected by  and hence, it functions as a 

scaling factor and only the two terms in brackets affect the direction of selection. The 

first term is density-independent and measures the effect of the correlation between 

germination and vigor responses on selection. When present alone, it favors increasing 

similarity of germination and growth patterns, i.e. predictive germination (see 
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supplementary material B.S6, “The single species case” for details). Critical to this term 

is ρ, the correlation between germination and vigor environments. This can be seen 

because the d.i. component can be rewritten  

 ,  (B.13) 

which is zero when ρ = 0. When ρ > 0, equation (B.13) is positive for  and 

negative for . Thus, selection from this component has a stable equilibrium at 

, the point that maximizes predictive germination. This component, when acting 

alone, agrees with Cohen’s (1967) result, which assumed no competition. However, the 

d.i. component here does not act alone and must be combined with the d.d. component 

for an overall prediction. 

 

The d.d. component involves the effect of CovEC, the interaction between EG, a species’ 

germination response, and C, competition. Competition here, as in equation (B.11), 

consists only of effects of resident phenotypes of the two species. Interactions between 

germination and competition occur because germination directly affects the density of 

seedlings, which influences plant growth during the season. When the d.d. term is present 

alone (e.g., when ρ = 0), this component favors low values of CovEC (supplementary 

material B.S6, “Zero correlation between germination and vigor environments”). Low 

values of CovEC occur when species differ in their germination responses (Chesson 

1994). Thus, this component favors an increase in , which represents character 

displacement in our model. Although they are written as independent components in 

equation (B.12), the d.i. and d.d. components interact to affect selection. They interact 

because competition in the d.d. component is a function of vigor, EV, and predictive 

variation would therefore contribute to CovEC.  

 

To understand how the d.i. and d.d. components interact to affect trait evolution, we adopt 

a graphical approach that visualizes selection on both species as a vector in trait space. 

Equation (B.12) is an approximation that provides understanding but is limited in making 

d
d ′θGj

Cov ′EGj ,EVj( ) = −ρ sin θGj −θVj( )
θGj <θVj

θGj >θVj

θGj = θVj

|θG1 −θG2 |
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explicit predictions. Instead, we simulated the dynamics of a community initiated with 

both species following model (1) – (2) and then used these dynamics to calculate 

selection gradients for both species to make a coevolutionary selection vector. The 

horizontal component of this vector in the figures is the local selection gradient for a 

small increase in the phenotype of species 1 and the vertical component is the local 

selection gradient for a small increase in the phenotype of species 2. When calculated 

over all possible trait values, the map of selection vectors provides a graphical 

representation of the trajectories of trait coevolution. Not all trajectories are expected to 

occur because some trajectories flow through trait combinations that do not permit 

coexistence of both species. Trait values that permit coexistence between species are 

given in gray (see figure B.3 as an example) whereas trait values that lead to exclusion of 

one species are shown in white. Thus, evolutionary trajectories through white regions are 

not permissible as one of the species goes extinct in these regions. In combination with 

this approach, we simulated the evolutionary process under the assumptions of adaptive 

dynamics with haploid inheritance and rare mutations of small effect (Dieckmann and 

Law 1996). 

 

Selection when species have identical vigor responses ( ) 

To identify how the components of selection interact, the special case of identical growth 

responses between species,  is particularly informative. In this case, the d.i. 

component selects for the same value of θG for both species because they have the same 

growth strategy, θV. In contrast, the d.d. component favors differences between species in 

their trait values. Therefore, the two components act in conflict. Whether traits diverge or 

converge thus depends directly on the relative strength of these components. 

Furthermore, selection when species are alone (allopatry) is identical between species 

when they have the same vigor responses. Evolution in allopatry leads to the evolutionary 

equilibrium . This means that any divergence evolved in sympatry is the 

amount to which interspecific competition drives differences between species. 

 

θV1 −θV2 = 0

θV1 = θV2 ≡ θV

θG1 =θG2 =θV
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Figure	B.3.	Effect	of	the	strength	of	competition	on	coevolutionary	selection	phase	
space	when	species	have	identical	growth	responses,	 	and	have	equal	

average	competitive	ability,	y1	=	y2	=	y.	Competition	increases	with	per-germinant	seed	
yield,	y,	from	(a)	to	(c).	For	all	panels,	gray	regions	represent	regions	of	coexistence	and	
white	regions	represent	exclusion	of	one	species.	Arrows	give	the	direction	of	selection	for	
as	a	vector	with	components	from	each	species.	Note	that	because	species	are	identical	in	all	
other	traits	except	θG	in	;igure	B.3,	the	selection	maps	are	symmetric	across	the	axis	given	by	
the	line	 .	The	color	lines	give	the	dynamics	of	trait	evolution	in	a	simulation	of	

adaptive	dynamics	with	rare	and	random	mutations	of	small	effect.	Initial	trait	values	are	in	
blue	and	move	to	warmer	colors	as	time	progresses.	For	every	instance	of	trait	evolution,	
2000	mutations	were	introduced	for	each	species.	Parameters:	s	=	0.9,	α	=	1,	 ,	

=		0,	and	ρ	=	1.	

 

The dominant factor determining the relative strength of the d.i. and d.d. components of 

selection is the strength of competition. The strength of competition increases the 

strength of the d.d. component and so favors greater divergence between species. In the 

special case of identical seed yield between species (y1 = y2 = y), species only differ in 

θGs. For small values of per-biomass seed yield, y, overall competition in the community 

is weak, and the selection vector space has a single, globally attractive stable equilibrium 

of ecological equivalence between species (figure B.3a). Hence, selection in sympatry 

does not cause character divergence. For intermediate values of y, there are two 

evolutionarily convergent equilibria of intermediate trait divergence separated by an 

unstable ridge (figure B.3b). The two equilibria are identical in terms of the magnitude of 

trait difference and so are redundant, being identical once exchanging the labels of the 

species. In this case, selection in sympatry is sufficient to cause character displacement. 

Further increasing competition by increasing y means that the stable equilibria diverge 

further, corresponding to greater evolved trait differences in sympatry (figure B.3c), and 
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stronger divergent character displacement. These results are summarized in figure 4a, 

showing how trait divergence (|θG1 – θG2|) increases with the strength of competition. 

Note that as a consequence of trait divergence, predictive germination declines for both 

species because the difference between θGs and θV increases for both species. Thus, 

competitors evolve lower predictive germination in cases of strong competition. 

 

 
Figure	B.4.	Divergence	and	stability	of	coexistence	increase	with	the	strength	of	
competition	and	decrease	with	strength	of	environmental	cue,	ρ	when	species	have	
the	same	vigor	responses,	i.e.	 =	0.	(a)	Divergence	in	favored	by	increased	

competition,	which	increases	with	the	amount	of	per	biomass	seed	yield,	y.	(b)	Associated	
total	stabilizing	mechanisms,	 	,	(solid	lines)	and	species	average	;itness	differences,	|κ’1	-	
κ’2|	(dotted	lines).	(c)	Divergence	decreases	with	the	information,	ρ,	that	seeds	have	about	
growing	conditions	in	during	the	growing	season	immediately	following	germination.	(d)	
Reduction	in	 	with	ρ	with	negligible	effect	on	|κ’1	-	κ’2|.	Divergence	favored	by	decreasing	

	( 	;ixed	for	all	lines).	Parameters:	s	=	0.9,	α	=	1,	and	y1	=	y2	=	y.	ρ	=	1	in	(a)	

and	(b).	y	=	4	in	(d)	and	(d).	
 

Trait similarity increases with factors that increase the strength of the d.i. component 

relative to the d.d. component. These include ,  the variance in plant vigor, and ρ, the 
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correlation between germination and vigor environments (figure B.4a,c). Both ρ and  

increase the benefits of predictive germination because the amount that predictive 

germination contributes to fitness is proportional to Cov(EG, EV), which increases with 

both ρ and . Both ρ and  also increase competition and so may be thought to also 

increase the strength of the d.d. component. However, the effect on competition is smaller 

than that of predictive germination, explaining why the relative strength of the d.i. 

component increases with ρ and  (supplementary material B.S6, “Large vigor 

variation relative to germination variation“). As expected, selection always maximizes 

 when ρ = 0, regardless of the values of y, , and  (figure B.4c). This is 

due to the fact that the d.i. component is zero when ρ = 0 and so only the d.d. component 

contributes to selection. 

 

We also investigated effects of competitive dominance, which we find limit trait 

divergence and lead to asymmetrical predictive germination between species. The species 

with the larger value of y (seed yield per-unit biomass) is competitively dominant. 

Without loss of generality, we specify that species 1 is dominant to species 2 (y1 > y2). To 

remove any effects of the average strength of competition, we keep the average log seed 

yield across species, (ln y1 + ln y2)/2, constant. When one species is dominant to the other, 

the selection vector space again has two convergent stable points, but these points are no 

longer symmetric across species (figure B.5a). The two stable points correspond to 

evolution of θG for the competitive dominant (species 1) towards its vigor trait θV and the 

evolution of θG for the inferior competitor (species 2) away from its vigor trait, θV (figure 

B.5a). The two stable points correspond to  being either smaller or larger than , 

with equal magnitude of difference for both points. The result is intermediate |θG1 – θG2|, 

strongly predictive germination for the dominant species and weakly predictive 

germination for the subordinate species.  
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Figure	B.5.	Competitive	asymmetries	result	in	asymmetric	evolution	between	species	
and	the	enhancement	of	competitive	differences.	(a)	Coevolutionary	phase	space	as	in	
;igure	B.3	but	with	species	1	competitively	superior	to	species	2,	y1	=	7.1	and	y2	=	6.9.	Also	
presented	is	an	adaptive	dynamics	simulation	of	trait	evolution	as	in	;igure	B.3.	The	
evolutionary	endpoint	is	near	the	maximum	predictive	germination	for	the	dominant	and	
minimum	predictive	germination	for	the	subordinate.	(b)	The	strength	of	the	community	
stabilizing	mechanism,	 ,	facilitating	coexistence	between	species	in	the	same	space,	where	
lighter	colors	indicate	larger	values	of	 .	(c)	Species	average	;itness	inequality	in	the	phase	
space.	Color	scheme	in	(c)	is	identical	to	that	in	(b).	(d)	Evolved	patterns	of	trait	
differentiation	as	affected	by	increasing	strength	of	competitive	asymmetry.	Filled	circles	
indicate	coexistence	of	species	whereas	open	circles	indicate	exclusion	of	species	2.	(e)	
Evolved	 	corresponding	to	trait	patterns	in	(d).	Evolved	κ’1	-	κ’2	corresponding	to	evolved	
trait	differences	in	(d).	Fitness	inequalities	substantially	increase	with	ln	y1	–	ln	y2	while	 	
changes	little	until	coexistence	collapses.	Yellower	colors	in	(d),	(e),	and	(f)	indicate	
stronger	average	competition.		
 

The asymmetrical evolution of species can be explained by species-specific differences in 

the strength of interspecific competition each species experiences. Interspecific 

competition is the dominant contributor to selection from the d.d. component and so 

drives different patterns of selection between species. The dominant species, having 

higher y, grows to higher density than the subordinate. Thus, mutant phenotypes of the 

dominant species experience relatively weak interspecific competition. As a result, the 

d.d. component of selection is weak and the d.i. component drives selection for predictive 

variation. The opposite occurs for mutant phenotypes of the competitive subordinate, 

which experience comparatively strong interspecific competition. Strong interspecific 
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competition means the d.d. component drives selection on the subordinate species to 

diverge from the dominant. Since the dominant has evolved strongly predictive 

germination, divergent selection on the subordinate weakens predictive germination for 

the subordinate. These evolved asymmetries can have important ecological consequences 

as discussed below. 

 

Ecological consequences of selection with identical vigor responses (  ) 

Selection changes the relative trait values between coevolving species and so also affects 

the stability of coexistence. We quantify stability using the framework developed for 

species coexistence in variable environments (Chesson 1994, Chesson 2018). In this 

theory, species coexist when both species can recover from low density, which occurs 

when each species has positive long-term growth rates when at zero density (Schreiber et 

al. 2011, Chesson 2018), which we call invaders and denote with the species subscript i. 

The invader recovery rate  can be written as  

   (B.14) 

where κi – κk is the species average fitness difference and Ai is the sum of coexistence 

mechanisms boosting the recovery rate of the invader (Chesson 2018). Species average 

fitness differences predict the winner of competition in the case of no coexistence 

mechanisms (Ai = 0 for each species), as the species with higher κ has positive recovery 

rate while the other is negative (Chesson 2018). Stabilizing mechanisms, A, can 

overcome a deficit in species average fitness if total stabilizing mechanisms are larger 

than species average fitness inequality, thus allowing for both species to recover 

(Chesson 2018). There are three stabilizing mechanisms in our model: the storage effect 

from germination differences (ΔIG), the storage effect from vigor differences (ΔIV), and 

relative nonlinearity of competition (–ΔN) (supplementary material B.S5). However, the 

dominant mechanisms are storage effects in our model with only marginal effects of 

relative nonlinearity, which is only nonzero in the case of asymmetrical competition 

(supplementary material B.S5). Thus, A can be interpreted in our context as the 

magnitude of the community average storage effect. But A does not need to be the same 

θV1 =θV2

ri / βi

ri
βi

=κ i −κ k + Ai
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between species. Species-specific stabilizing effects therefore benefit some species more 

than others. What we are most interested in is the amount to which stabilizing 

mechanisms contribute to the recovery of both species, and so contribute to their 

coexistence in the face of species average fitness inequalities.  

 

The community average stabilization concept measures the amount to which each 

species’ stabilizing mechanisms contribute to the coexistence of both species (Chesson 

2003, Chesson 2018). It is defined as  = (A1 + A2)/2, which is the average of stabilizing 

mechanisms across both species. Community average stabilization defines the size of the 

coexistence region and so  must be greater than zero for coexistence to be possible 

(Chesson 2018). With the community average measure, , a species recovery rate can be 

rewritten 

 , (B.15) 

where  is the modified species average fitness after accounting for 

asymmetric effects of stabilizing mechanisms (Chesson 2003, Chesson 2018). Equation 

(B.15) is useful because, when evaluated over both species, it leads to the simple 

condition that species coexist when  > | |. Both  and  are calculated 

from each species invader recovery rates (supplementary material B.S5, “Quantifying 

stabilizing mechanisms and fitness inequalities”). Both measures are valuable in studies 

of character displacement because, when evaluated together, they are informative of how 

robust coexistence is to perturbations. Coexistence is robust whenever  ≫	 . 

Coexistence is weakly stabilized whenever  is only slightly larger than . 

Finally, competitive exclusion occurs whenever  ≪	 .  

 

In the case of equal vigor traits, , the only stabilizing mechanism present is the 

storage effect from germination variation, ΔIG (supplementary material B.S5), and its 

dynamics largely mirror those of trait divergence. Strong overall competition increases  
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(figure B.4b, solid lines) just as it increases trait divergence (figure B.4a). However, the 

increase in  outpaces evolved differences in θG with changes in y. This is because 

increasing the strength of competition increases the range of variation densities, making 

temporal niche differentiation more beneficial to recovery. Similarly, increasing ρ 

decreases  (figure B.4d, solid lines) just as it decreases the ESS trait difference (figure 

B.4c).  

 

Fitness differences are largely unaffected by changes in y and ρ when competition is 

equal between species. Predictive germination is the dominant driver of differences in 

species average fitness (supplementary material B.S5) and predictive germination is 

equivalent between species in this case. This is because evolved trait values of the two 

species are approximately equal distance from θV. Predictive germination is sacrificed as 

selection favors species differences. However, it does not influence species average 

fitness differences because predictive germination is sacrificed equally between species. 

Thus, species average fitness differences are near zero for all parameters in the symmetric 

competition case (figure B.4b,c).  

 

In contrast to the competitive equivalence case, evolution mostly increases species 

average fitness differences in the case of competitive dominance of one species over 

another. Most of the evolved trait differences between species lead to asymmetrical 

effects of predictive germination, with strongly predictive germination for the dominant 

species and weakly predictive germination for the subordinate. This asymmetrical 

selection leads to large increases in species average fitness differences (figure B.5c) with 

little effect of evolution on total stabilization (figure B.5b). Across a range of competitive 

dominance, evolved stabilization decreases little (figure B.5e) but species average fitness 

inequalities increase sharply (figure B.5f). This means that selection eventually collapses 

species coexistence under sufficiently strong competitive dominance. This can be seen by 

the sharp drop in trait differences in figure B.5d and stabilization in figure B.5e. Trait 

combinations for the two species exist that allow for stable coexistence, yet selection 

favors trait evolution away from this region and towards the collapse of coexistence. 
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Patterns of divergence with different vigor responses ( ) 

Species differences in vigor responses no longer always lead to opposition of d.i. and d.d. 

components of selection and so have very different evolutionary consequences. For 

example, the d.i. component dominates when a species evolves in isolation 

(supplementary material B.S6, “The single species case”), which favors different values 

of θG between species when these species have different θV. These evolved differences 

however are not due to competitive interactions between species. To understand the effect 

of interspecific competition, we compare the evolved divergence between species under 

coevolution with divergence when species evolve in isolation. This type of comparison is 

the standard allopatric and sympatric difference used in both empirical and theoretical 

studies of character displacement (Brown and Wilson 1956, Slatkin 1980, Taper and Case 

1992, Schluter 2000a, Dayan and Simberloff 2005, Germain et al. 2018).  

 

The first effect of vigor trait differences is that they facilitate divergent selection on 

germination traits arising from interspecific competition. To see why, consider the case of 

strong d.i. selection (small y and ρ = 1). Selection in this case favors zero divergence 

between species in sympatry when vigor traits are identical between species = 0 

(figure B.3a). Now consider the same conditions except where species have small 

differences in vigor traits,  = π/4. Under allopatric evolution, selection favors trait 

evolution in each species towards the point , which maximizes 

predictive germination for both species (intersection of dashed lines in figure B.6a). The 

selection vector field in sympatry in this case has a single, globally stable equilibrium 

corresponding to greater differences between species than that which evolves in allopatry 

(figure B.6a). In this case, selection in sympatry favors divergence based on marginal 

differences in germination patterns. Coexistence is thus strengthened by selection in 

sympatry for any species that could assemble from a history of selection in allopatry. 

Increasing vigor trait differences to ¾π leads to a selection vector field in sympatry that 

predicts near complete divergence in germination traits (figure B.6b).  
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Figure	B.6.	Differences	between	species	in	vigor	traits	facilitates	the	divergence	of	
germination	traits	between	species.	Each	panel	gives	the	vector	;ield	of	selection	for	two	
species	with	equal	average	competitive	ability	(y1	=	y2	=	4).	Gray	regions	indicate	traits	of	
the	species	that	allow	coexistence	of	the	competitors	and	white	indicates	exclusion	of	one	
species.	In	(a),	 =	π/4,	meaning	that	Corr( )	≈	0.7.	In	(b),	 =	3π/4,	

meaning	that	Corr( )	≈	–0.7.	In	both	cases,	equilibrium	species	differences	in	θG	are	

substantially	larger	than	;ixed	species	differences	in	θV.	Dashed	lines	give	the	values	of	θV	for	
each	species	(vertical	line	for	species	1,	horizontal	line	for	species	2),	corresponding	to	the	
endpoint	of	evolution	of	θG	of	each	species	under	allopatric	evolution.	The	equivalent	;igure	
with	zero	trait	differences	is	given	in	;igure	B.3a.	Note	that	differences	in	vigor	traits	breaks	
the	symmetry	about	the	1:1	line	from	previous	;igures	but	are	instead	symmetric	about	the	
line	 	since	 .	The	colored	lines	represent	adaptive	dynamics	simulations	of	

trait	evolution	where	lighter	values	indicate	trait	values	later	in	evolutionary	time.	
Parameters:	s	=	0.9,	α	=	1,	 ,	and	ρ	=	1.		

 

The trait divergence from sympatric selection results from the joint advantages of niche 

differentiation and predictive variation. When germination trait differences are less than 

vigor trait differences, i.e. , the d.i. and d.d. components are aligned, 

favoring divergence. The two components become opposed when germination trait 

differences exceed vigor trait differences, i.e. . Just beyond the point 

of equality for germination and trait differences, the d.i. component favors a reduction in 

trait differences and the d.d. component favors an increase in trait differences. However, 

the benefit to differentiating from a competitor is stronger than the disadvantage of 

weaker predictive germination. To illustrate this effect, we simulate the endpoint of 

coevolution of two species under different levels of divergence in vigor (figure B.7a). On 
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the left side of figure B.7a, growth traits are identical ( = 0). Growth traits are 

more different moving to the right on the figure. Across the entire range of species 

differences in vigor traits, evolved  values exceed the allopatric expectation (the 

dashed line in figure B.7a). Thus, selection from interspecific competition always favors 

divergence with species differences in growth traits. The effect holds even when the d.i. 

component is strong enough to lead to no selection for divergence in sympatry when 

species vigor traits are the same (see the sharp rise of the green lines in figure B.7a). 

Thus, small vigor differences between species can have a large effect on the outcome of 

sympatric selection for germination traits. However, note that the effect of vigor 

differences depends on a strong d.i. component of selection. When ρ is small (dark lines 

in figure B.7a), sympatric selection favors large differences regardless of species 

differences in vigor traits. 

 

  
Figure	B.7.	Germination	trait	divergence	is	favored	by	differences	in	growth	patterns	
between	species,	leading	to	an	increase	in	the	strength	of	stabilization.	(a)	
Germination	trait	differences	that	evolve	in	adaptive	dynamics	simulations	as	a	function	of	
;ixed	between-species	differences	of	vigor	traits,	| |.	The	dashed	line	is	the	difference	

in	germination	traits	between	species	given	evolution	of	each	species	in	allopatry.	Notice	
that	evolved	trait	differentiation	in	θG	is	always	greater	than	;ixed	trait	differences	in	θV.	(b)	
The	resulting	total	stabilizing	mechanism	strength,	 ,	and	species	average	;itness	
inequalities	|κ’1	–	κ’2|	given	the	coevolved	values	in	(a).	Parameters:	y1	=	y2	=	4,	 ,	

ρ	=	1,	and	s	=	0.9.	
 

In environments where the d.i. component is weak, vigor trait differences can still affect 

evolution of germination traits by slowing the pace of evolution (figure B.8). To see why, 

consider the case of strong overall competition in the community (y is large). In this case, 
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the d.d. component overwhelms the d.i. component and divergence between species is 

maximized regardless of the difference in vigor traits (see figure B.4a). However, despite 

strong d.d. selection, the number of mutations needed to reach maximum divergence is 

much greater for species with larger differences in vigor traits (figure B.8). This is 

because differences between species in their vigor patterns reduce competitive 

interactions between species, which reduces the absolute magnitude of the d.d. 

component. In effect, competitors may remain weakly differentiated for long periods of 

time despite selection increasing differences between species. Note that this does not 

apply when germination and vigor environments are highly correlated (light green line in 

figure B.8) because then the d.i. component of selection is strong and aligned with the 

d.d. component.  

 

 
Figure	B.8.	Slower	rates	of	evolution	for	germination	trait	divergence	when	species	
differ	in	growth	traits.	On	the	horizontal	axis	is	the	amount	of	vigor	trait	differences,	
ranging	from	a	minimum	of	0	to	the	maximum	value,	π.	For	all	combinations	of	ρ	and	

,	the	endpoint	of	coevolution	between	the	two	species	is	complete	divergence.	On	

the	vertical	axis	is	the	number	total	number	of	mutations	summed	over	both	species	to	
reach	 	=	0.95π	(i.e.,	approximately	complete	divergence)	from	initial	trait	difference,	

	=	0.1π.	Points	show	the	mean	of	20	replicate	simulations	with	the	same	parameter	

values.	Parameters:	y1	=	y2	=	100,	s	=	0.9,	and	 	for	both	species.		
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Ecological consequences of selection with different vigor responses (  ) 

Differences between species in vigor traits contribute to stabilizing coexistence via the 

storage effect from vigor, ΔIV, in addition to the storage effect from germination, ΔIG. 

Thus,  increases with | | even in the absence of selection. Selection in allopatry 

increases the evolved , which leads to increasing contribution of ΔIG. This 

means that species with vigor differences are stabilized by two storage effects when they 

come into contact. Sympatric selection increases  as well (figure B.7b) because 

selection favors greater trait differences in sympatry than allopatry (figure B.7a). The 

importance of evolved trait differences, however, depends crucially on ρ. At small |

|, smaller trait differences evolve with ρ (figure B.7a), which results in decreasing 

evolved  with increasing ρ (figure B.7b). In contrast,  increases with increasing ρ 

for moderate and large  (figure B.7b), despite the evolution of smaller trait 

differences with ρ (figure B.7a).  

 

The change in effect of ρ on community stabilization occurs because ρ affects not only 

the evolved differences in traits between species, but also the how germination and vigor 

jointly affect competition. Community stabilization occurs because intraspecific 

competition is intensified relative to interspecific competition (Chesson 2000, Chesson 

2018). Intraspecific competition increases with both G and V in our model. The 

correlation ρ increases the probability of high values of G and V, meaning that plants 

grow to large size in years favorable to germination. Plant biomass densities, and thus 

overall competition in the community, are high during these years, intensifying 

intraspecific competition for a species as residents. With stronger intraspecific 

competition on residents, invaders are more greatly advantaged by differentiating in their 

patterns of germination and growth. Thus, stabilization is greater per unit trait differences 

when ρ is large. This means that coevolved species-pairs in environments with large ρ 

may be more stabilized than similar coevolved species pairs in environments with small 

ρ, despite having greater trait similarity. 
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Discussion 

Competition between species is rarely influenced by a single trait. When multiple traits 

affect competition, there is the potential for them to interact with one another and alter 

competitively-mediated selection. The traditional theory of character displacement 

investigates the evolution of a single trait in response to competition between species 

(Slatkin 1980, Taper and Case 1992), but what are the consequences of a fixed trait on 

character displacement? To answer this question, we modeled the evolution of 

germination traits in response to fixed differences in vigor traits (i.e. plant size) between 

species. Both germination and vigor are assumed to vary in response to stochastically 

fluctuating environmental conditions across years. We find that differences between 

species in both germination and growth interact to affect selection. The effects of these 

interactions depend on two things: 1) the magnitude of differences between species in 

vigor responses to the environment and 2) the strength of density-feedbacks between 

species relative to the benefits of predictive germination. When vigor responses are 

similar, strong density-feedbacks favor evolutionary divergence between species (i.e., 

character displacement) at the expense of predictive germination for both species. 

Relatively weak density-feedbacks favor evolutionary convergence, in which case both 

species maximize predictive germination. Differences between species in their growth 

traits allow for divergent selection between species, even when density-feedbacks are 

weak. Furthermore, species differences in growth separate density-feedbacks between 

species. As a consequence, density-feedbacks arising from germination traits have less 

effect on selection for germination trait differences. 

 

These results can be understood from our approximation to the selection gradient, which 

includes a density-independent component and a density-dependent component. The 

density-independent component is influenced by predictive germination because 

germinating more in years when plants grow to a large size results in higher average 

fitness absent any effects of competition. The density-dependent component is strongly 

influenced by species differences, because these differences reduce the effects of 

interspecific competition on long-term success. Each component has different effects on 

divergence depending on the similarity of vigor responses. The density-independent 
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component, which favors predictive germination, necessarily increases species similarity 

when they have similar growth traits. In contrast, the density-dependent component 

always favors divergence. Dissimilar vigor responses mean that species have unique 

germination traits that maximize predictive germination of each species. Thus, both the 

density-independent and density-dependent components are aligned in favoring 

divergence, which explains why divergence between species occurs in sympatry when 

growth traits differ (figure B.7) but may not occur when growth traits are similar (figure 

B.3a).  

 

As these two components vary in strength, they likewise vary in influence. The effects of 

predictive germination on long-term growth is strengthened by ρ, the correlation between 

germination and vigor environments. Consequently, the strength of the d.i. component of 

selection increases with ρ. This correlation represents information available to seeds 

about conditions affecting seedling growth and survival. Annuals in the Sonoran Desert 

appear to have access to information at the time of germination about conditions later in 

the season (Gremer et al. 2016). Presumably, the information is related to the relatively 

consistent signal of growing season duration, and associated drought risk, embedded in 

temperature at the time of germination. In constant environment models, we expect the 

effect of ρ to be analogous to any nonadditive effects of trait values on selection (Fenster 

et al. 2015), indicating how particular trait combinations increase or decrease fitness in a 

particular context. The strength of density-feedbacks increases with overall competition 

in the community, which increases with the seed yield per unit biomass, y. Strong 

density-feedbacks increase the benefits of differentiating from a competitor, explaining 

our results that divergence is strongest when y is large (figs 3,4). This is because 

increasing y increases the density of seeds, and thus seedlings, leading to greater benefits 

of germinating in years different from a competitor.  

 

The combined effects of the density-independent and density-dependent components 

produce interesting patterns when one species is dominant to another, i.e. y1 ≠ y2. Because 

the density of the subordinate is generally low, the dominant species experiences weak 

density-feedback from its competitor. Thus, the density-independent component wins out, 
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leading to strong predictive germination (figure B.5). In contrast, the density-feedback 

from the dominant to the subordinate is strong, explaining why subordinates diverge from 

the dominant (figure B.5). The result is strong predictive germination for the dominant 

and weak predictive germination for the subordinate that ultimately exaggerates 

competitive dominance.  

 

Theoretical studies of character displacement can be organized in two distinct classes: 

competition for many resources and for a single resource. Models that assume 

competition for multiple resources are by far the most common. Generally, these studies 

model Lotka-Volterra competition. Lotka-Volterra models were the subject of original 

studies of character displacement (Roughgarden 1976, Slatkin 1980, Taper and Case 

1985, 1992, Doebeli 1996) and the evolutionary outcomes of these models largely 

suggest that divergence is common. Lotka-Volterra models suffer from a number of 

biological simplifications, such as equilibrium dynamics, no foraging behaviors, and no 

interactions between resources. These assumptions thus limit the potential applicability of 

the results to natural systems, questioning the conclusion from these studies that 

divergence should be common. Studies that break Lotka-Volterra assumptions find that 

character convergence and parallel character shifts are much more likely than expected. 

Abrams (1986, 1987, 1990, 1996), in particular, has long recognized that a number of 

conditions allow for convergent or parallel shifts in resource consumption traits. Most of 

these cases relate to a change in resource density that makes either total resource density, 

irrespective of relative consumption of different resources, the most important to 

individual fitness (Abrams 1986, 1990, Vasseur and Fox 2011) or a single resource the 

most important for individual fitness (see e.g. (Abrams 1987, Fox and Vasseur 2008).  

 

Most recent interest is on competition for a single resource, either based on evolution of 

differential use of resource densities (Kremer and Klausmeier 2013, Hartig et al. 2014) or 

resource use over time (Abrams et al. 2013, Mathias and Chesson 2013, Kremer and 

Klausmeier 2017, Miller and Klausmeier 2017). Again, divergence here seems to be the 

common outcome, although see (Hartig et al. 2014). Our model is also of a single 

resource with differential use over time. Similar to these previous models, divergence is 
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the only outcome when only a single trait is modeled. When two traits are modeled, we 

find cases where interspecific competition has no effect on evolution (figure B.3a). The 

critical feature distinguishing between no effect and divergence selection from 

interspecific competition is the strength of competition. This result is in agreement with 

some of the best examples of character displacement. A species of Darwin’s Finches 

rapidly evolved smaller beak size in the presence of a competitor following a severe 

reduction in food supply (Grant and Grant 2006), which increased competition for food. 

Similarly, a species of Anolis evolved toepad morphology consistent with changes in 

perch height following the introduction of a competitively dominant invasive species 

(Stuart et al. 2014). In both cases, evolutionary responses were documented for species 

that experienced stronger competition. Unfortunately, effectively demonstrating and 

measuring competition between species appears to be one of the most difficult challenges 

to character displacement (Schluter 2000a, Stuart and Losos 2013). Thus, it may be 

difficult to predict when character displacement is likely a priori without the requisite 

data on competition. 

 

Our results present some interesting implications for the likelihood of character 

displacement based on the similarity of species. The general expectation is that character 

displacement is most likely for closely related species with similar traits (Schluter 2000b, 

Germain et al. 2018) because species relatedness and trait similarity are assumed to 

reflect the intensity of interspecific competition. This is true as far back as Darwin, who 

originally considered competition between closely related species to be critical to the 

speciation process (Pfennig and Pfennig 2010). This tradition continues with character 

displacement being a prominent concept in the theory of adaptive radiations (Schluter 

2000b). Instead, we find that dissimilar species, which we interpret as being more 

distantly related, are more likely to diverge in sympatry (see figure B.7). Indeed, our 

model only supports the idea of character displacement for similar species when 

competition is quite strong. In cases of weak competition, species differences in other 

traits are necessary for character displacement to occur. More dissimilar species may 

have the requisite differences to weakly coexist or at the very least have a slow trend to 

extinction. These differences can favor selection in other traits that make species more 
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likely to coexist, especially if there is limited heritable variation for selection to act in 

other traits. 

 

It may be difficult to assess character displacement between distantly related species. 

Distantly related species are unlikely to have comparable morphological traits. Even 

more problematic, competition for the same set of resources may occur in different parts 

of their life histories. Some recent studies have used composite traits related to habitat 

use and environmental correlates of abundance to overcome this hurdle and study 

character displacement in plants (Kooyers et al. 2017, Li et al. 2018). However, our 

results here show that suites of traits likely interact to modify expectations of character 

displacement patterns in sympatry and allopatry, complicating interpretation of trait 

divergence in these studies. Germain et al. (2018) have proposed an approach that 

identifies potential cases of character displacement based on measures of interaction 

between species rather than morphology. The motivations for our model are a step 

intermediate between these two, where responses of individuals to the shared 

environment, which are comparable between species, can be used as characters. 

Quantifying these responses and measuring how they are different between species has 

been a productive avenue of study for fluctuating-dependent mechanisms of coexistence 

(Angert et al. 2007, Sears and Chesson 2007, Angert et al. 2009, Li and Chesson 2018). 

Furthermore, morphological traits, which certainly affect how a species responds to 

environmental variation, can be hard to identify a priori. This does not discount other 

morphological traits, such as traits aligning with the leaf economic spectrum (Wright et 

al. 2004), as they may also be important for understand plant competition.  

 

Character displacement studies have been valuable in understanding not just trait 

evolution, but the evolution of diversity maintenance mechanisms. Most of the previous 

studies focus on resource partitioning as a coexistence mechanism, but here we have 

information about the evolution of the temporal storage effect. Our study is in agreement 

with previous studies that find  species differences in response to the environment, which 

are necessary for the storage effect, evolve consistent with traditional studies of character 

displacement (Abrams et al. 2013, Mathias and Chesson 2013, Miller and Klausmeier 
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2017). We also find that components of the mechanism facilitate its evolution. The 

storage effect requires buffered population growth and density-dependent CovEC 

(Chesson 2000). Buffered population growth is given by the term γ in our expression for 

the selection gradient, equation (B.13). If absent (i.e. γ = 0), there is no selection in our 

model and germination traits evolve neutrally. Thus, buffered population growth is vital 

to selection for species differences. CovEC in our model is assumed by the dependence of 

competition on germination and vigor. Its strength can be modified and increases with the 

magnitude of competition. This means divergence between species, which is most 

favored by strong competition (figure B.4a), is favored by strong CovEC. Furthermore, 

this covariance can be density-dependent when vigor responses differ, showing how the 

conditions that favor species differences also strengthen the mechanism. However, our 

results also uncover that more strongly stabilized communities do not necessarily exhibit 

the greatest trait differences (figure B.7). The joint effects of germination and vigor 

contribute to coexistence as well. No previous study of character displacement has, to our 

knowledge, shown decreasing evolved stability with increasing evolved differences 

between species. However, our results also show that the possibility of the mechanism 

degrading should not be discounted, especially if density feedbacks are weak in a system. 

Not only will the mechanism be weak, but selection may erode this mechanism over time. 

It remains to be seen whether these results hold when selection may affect multiple 

components simultaneously.  
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Appendix B: Supplementary Information S1. Probability density function for the 

Johnson SB distribution 

The Johnson SB distribution (Johnson and Kotz 1970) is a distribution, X ∈ (x, γ + x) 

which gives a standard normal distribution, Z, under the following transformation, 

 .  (B.S1.1) 

The parameters have the following restrictions: x and μ are both real numbers, γ > 0, and, 

by convention, σ > 0. Distribution (B.S1.1) can be written as any normal distribution with 

mean μ and standard deviation σ by noting that EG = μ + σZ. In addition, the distribution 

X can be standardized to have a lower bound of 0 and an upper bound of 1 using the 

transformation, G = (X – x)/γ. Rewriting (B.S1.1) in terms of EG and G yields 

 , (B.S1.2) 

which states that there is a class of distributions, G, which is normally distributed on the 

log-odds scale. Rearranging (B.S1.2) yields the formulation of the Johnson SB 

distribution used in the main text (4) for G, 

 ,  (B.S1.3) 

where G ∈ (0,1).  

 

The probability density function for G can be found via transformation of the a normally 

distributed random variable EG. First, note that the probability density function of a 

transformed variable G = h(X) of a random variable X is  

 , (B.S1.4) 

where fX is the density function for random variable X and h is a monotone function. 

Equation (B.S1.4) is common in texts on probability, but we briefly derive it here. First, 

recognize that a continuously differentiable distribution function for random variable G, 

FG, is  

 .  (B.S1.5) 
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By the fundamental theorem of calculus,   

 

   (B.S1.6) 

 

From (B.S1.5), it follows that  

   (B.S1.7) 

The final line follows again from the fundamental theorem of calculus. Using (B.S1.7) in 

(B.S1.6) yields (B.S1.4). 

 

For the germination distribution G, h is the inverse logit function of a normally 

distributed variable EG, where G = h(EG) = exp(EG)/(1+exp(EG)). Thus, EG = h–1(G) = 

ln{G/(1 – G)} and  

   (B.S1.8) 

In addition, 

   (B.S1.9) 

because EG ~ N( ).  
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Using expressions (B.S1.8) and (B.S1.9) in (B.S1.4) yields 

   (B.S1.10) 

for g ∈ (0,1). Equation (B.S1.10) is the probability density function for the Johnson SB 

distribution describing germination when the underlying environmental variable has 

mean  and variance . Equation (B.S1.10) was used to create the density curves in 

figure B.1 of the main text. 

 

Appendix B: Supplementary Information S2. Positive-definiteness of the covariance 

matrix for environmental variables 

The environmental variables (X1, X2, Y2, Y2) are assumed in follow the multivariate 

normal distribution with mean 0 and covariance matrix Σ =  

where In is the n x n identity matrix, 1n is a row vector of ones with n entries, and  is 

the Kronecker product operator. For Σ to be a valid covariance matrix, it must be positive 

definite, which means that  for all x ≠ 0.  

 

To check that Σ is positive definite, we use Sylvester’s criterion, which states that a real, 

symmetric matrix is positive-definite if all leading principal minors are positive (Gilbert 

1991). This amounts to showing that the determinant of all upper left sub square matrices 

of Σ are positive and that the full matrix Σ has a positive determinant. The first submatrix 

is the upper left 1 x 1 matrix, which is 1 and therefore has determinant 1. The upper left 2 

x 2 submatrix of Σ is I2, and so its determinant is also 1. The upper left 3 x 3 submatrix of 

Σ has determinant 

 , (B.S2.1) 

which is positive for –1 < ρ < 1. Calculating the determinant of Σ can be done using the 

identity 
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⎝

⎜
⎜
⎜⎜

⎞

⎠

⎟
⎟
⎟⎟

= det
1 ρ

ρ 1

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟=1− ρ

2



 

 

147 

 , (B.S2.2) 

for an m x m matrix A and n x n matrix B. Applying the identity (B.S2.2) to Σ yields 

   (B.S2.3) 

So, by Sylvester’s criterion, it follows that Σ is positive-definite for –1 < ρ < 1 because all 

leading principle minors are positive. 

 

Alternatively, construct Σ from known associations between an equivalent number of 

independent standard normal distributions, Ui for i = 1,2,3,4. Thus, E(Ui) = 0 and Var(Ui) 

= 1 for i = 1, 2, 3, 4, and Cov(Ui,Uj) = 0 for all i ≠ j. To construct Σ, we write each of the 

normally distributed Xi’s and Yi’s as functions of U, where the functions are 

   (B.S2.4) 

Now it follows that E(Xi) = E(Yi) = 0 and Var(Xi) = Var(Yi)= 1 for all i, with the 

covariance matrix for all combination of variables given by Σ. Constructing multivariate 

distributions this way ensures that the derived covariance matrix is positive-definite.  

 

Appendix B: Supplementary Information S3. Writing correlations between 

environmental responses as differences in θs.  

There are two general correlations that require derivation. First, is the relationship 

, which is also the same with the species subscripts 

reversed. First note that Corr(A, B) = . Using equation (B.6) 

for EG from the main text, the covariance is by definition 

det A⊗B( ) = det A( )n det B( )m

det Σ( ) = det 1 ρ

ρ 1

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟⊗ I2

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

= det
1 ρ

ρ 1

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

2

⋅det I2( )2

= 1− ρ2( )
2
⋅1> 0.

X1 =U1
Y1 =U2

X2 = ρU1+ 1− ρ2U3

Y2 = ρU2 + 1− ρ2U4.

Corr(EG1 ,EG2 ) = cos(θG1 −θG2 )

Cov(A,B) Var(A)Var(B)
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  .

 (B.S3.1) 

Since X1 is assumed independent of X2, (B.S3.1) can be rewritten  

 .  (B.S3.2) 

Both X1 and X2 are assumed unit normal and so Cov(X1,X1) = Var(X1) = Var(X2) = 1. 

Hence, (B.S3.2) is simplifies to 

 .

 (B.S3.3) 

Substituting in the angular definitions for the environmental sensitivities,  

and , into the term in parentheses in (B.S3.3) yields 

  . (B.S3.4) 

 The trigonometric identity sin(a)sin(b) + cos(a)cos(b) = cos(a – b) means that (B.S3.4) 

can be rewritten as 

 .  (B.S3.5) 

Now, since , placing (B.S3.5) in the definition of a correlation 

yields our final result: 

Cov EG1 ,EG2( ) = cov µEG +σ EG
e11X1 + e12X2( ),µEG +σ EG

e21X1 + e22X2( )( )
=σ EG

2 Cov e11X1 + e12X2 ,e21X1 + e22X2( )

Cov EG1 ,EG2( ) =σ EG

2 Cov e11X1 + e12X2 ,e21X1 + e22X2( )
=σ EG

2 Cov e11X1,e21X1( )+Cov e12X2 ,e22X2( )⎡⎣ ⎤⎦
=σ EG

2 e11e21Cov X1,X1( )+ e12e22 Cov X2 ,X2( )⎡⎣ ⎤⎦

σ EG

2 e11e21Cov X1,X1( )+ e12e22 Cov X2 ,X2( )⎡⎣ ⎤⎦ =σ EG

2 e11e21 + e12e22( )

ej1 = sin(θGj )

ej2 = cos(θGj )

Cov EG1 ,EG2( ) =σ EG

2 e11e21 + e12e22( )
=σ EG

2 sin(θG1 )sin(θG2 )+ cos(θG1 )cos(θG2 )( )

Cov EG1 ,EG2( ) =σ EG

2 sin(θG1 )sin(θG2 )+ cos(θG1 )cos(θG2 )( )
=σ EG

2 cos θG1 −θG2( )
Var(EG1 ) = Var(EG2 ) =σ EG

2
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 .  (B.S3.6) 

The same derivation applies to correlations between vigor responses of the two species. 

 

The other correlation of use in the main text is the measure of predictive germination for 

a species j, . The definitions of EG and EV imply that   

 

. (B.S3.7) 

Following the assumptions in the main text, Cov(Xi, Yi) = ρ for i = 1,2, and Cov(Xi, Yj) = 

0 for i ≠ j. Thus, (B.S3.7) can be simplified to  

 , (B.S3.8) 

where we have substituted in the angular representations of environmental sensitivities in 

the last line. Again, the identify sin(a)sin(b) + cos(a)cos(b) = cos(a – b) means that 

(B.S3.8) can be rewritten as 

 . (B.S3.9) 

The definition of a correlation is  and 

since  and , the correlation can be written using (B.S3.9) 

as 

Cov EGi ,EGj( ) = Cov EG1 ,EG2( )
Var(EG1 )Var(EG2 )

=
σ EG

2 cos θG1 −θG2( )
σ EG

2( )2
= cos θG1 −θG2( )

Corr(EGj ,EVj ) = ρcos(θGj −θVj )

Cov EGj ,EVj( ) =Cov µEG +σ EG
ej1X1+ ej2X2( ) ,µEV +σ EV

v j1Y1+ v j2Y2( )( )
=σ EG

σ EV
Cov ej1X1+ ej2X2 ,v j1Y1+ v j2Y2( )

=σ EG
σ EV

ej1v j1Cov(X1,Y1)+ ej2v j2Cov(X2 ,Y2 ){ + ej1v j2 + ej2v j1( )Cov(X1,Y2 )}

Cov EGj ,EVj( ) =σ EG
σ EV

ρ ej1v j1+ ej2v j2( )
=σ EG

σ EV
ρ sin(θGj )sin(θVj )+cos(θGj )cos(θVj )( )

Cov EGj ,EVj( ) =σ EG
σ EV

ρcos θGj −θVj( )
Corr(EGj ,EVj ) =Cov(EGj ,EVj ) / Var(EGj )Var(EVj )

Var(EGj ) =σ EG

2 Var(EVj ) =σ EV

2
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 . (B.S3.10) 

 

 

Appendix B: Supplementary Information S4. Derivation of the selection gradient 

under the assumption of small environmental variance. 

To find an expression for the growth rate, we follow the general approach of Chesson 

1994 and write the growth rate, g(EG, EV, C) ≡ r, as a function of germination on the log-

odds scale, vigor on the log-scale, and competition on the log scale. Thus, the growth rate 

of a species j can be written 

   (B.S4.1) 

where  and  are given by equations (B.6) and (B.8), respectively, in the main text 

and . A first step is to find a point  for 

which . Then, we approximate to the growth rate to O(σ2) assuming 

some small parameter σ representing the variation in  and . Following Holt and 

Chesson (2014), we choose , where  is the solution to 

, which in this model formulation is  

 . (B.S4.2) 

In (B.S3.2),  and  are the values of G and V 

evaluated for the mean environmental values,  and , respectively and are the 

Corr EGj ,EVj( ) = Cov EGj ,EVj( )
Var(EGj )Var(EVj )

=
σ EG

σ EV
ρcos θGj −θVj( )
σ EG

σ EV

= ρcos θGj −θVj( )

g j EGj ,EVj ,C( ) = ln s+ y jeEGj +EVj −C{ }− ln 1+ eEGj{ }
EGj EVj

C = ln 1+αG1V1N1 +αG2V2N2{ } EGj
* ,EVj

* ,C*( )
g j EGj

* ,EVj
* ,C*( ) = 0

EG EV

C* = 1
2
Ci
* +Cj

*( ) Ci
*

g j EG ,EV ,Cj
*( ) = 0

Cj
* = ln

y jG
*V * 1−G*( )

1− s 1−G*( )
⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪

G* = exp(EG ) / 1+exp(EG )( ) V * = exp(EV )

EGj EVj
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same for both species as the means of the environmental responses are assumed the same 

for both species. There is no obvious choice for equilibrium vigor, so we choose 

. The choices of EV* and C* fix the value of  to be the solution to 

, which from (B.S4.1) is 

 . (B.S4.3) 

Using the fixed point , we approximate (B.S4.1) to second order using a 

Taylor expansion, which yields 

   (B.S4.4) 

where ΔX = X – X* and g(i,j,k)* is the i + j + kth partial derivative of g with respect to the 

associated variables (EG, EV, C) evaluated at the equilibrium point . 

Expressions for the derivatives are given in table B.S4.1, which are all written in terms of 

a species’ sensitivity to competition, , where 

. 

 

To control the approximation, we introduce the critical assumption of small 

environmental fluctuations by writing   

   (B.S4.5)  

for all j where y = O(σ) is defined to mean |y| < Kσ for some constant K. The assumptions 

in (B.S4.5) mean that fluctuations in the environmental parameters about their 

equilibrium values are bounded within a range of relatively small values. While this may 

appear restrictive, insights from the small variance approximation prove useful in 

EVj
* = EV

* = µEV EGj
*

g j EGj
* ,EV

* ,C*( )

EGj
* = ln 1− s

y je
EV
* −C* −1

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪

(EGj
* ,EV

* ,C*)

rj = g
(1,0,0)*ΔEGj + g

(0,1,0)*ΔEVj + g
(0,0,1)*ΔC +

+
1
2
g (2,0,0)*ΔEGj

2 +
1
2
g (0,2,0)*ΔEVj

2 +
1
2
g (0,0,2)*ΔC 2

+g (1,1,0)*ΔEGjΔEVj + g
(1,0,1)*ΔEGjΔC + g

(0,1,1)*ΔEVjΔC,

EGj
* ,EV

* ,C*( )

β j =1− s(1−Gj
*)

Gj
* = exp(EGj

* ) / 1+exp(EGj
* )( )

ΔEGj ≡ EGj − EGj
* =O(σ )

ΔEGj ≡ EVj − EV
* =O(σ ),
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understanding results from much larger fluctuations. Further, we assume that 

 and . It follows these assumptions and (B.S4.5) that 

 and , where y = o(σ) means y/σ 

→ 0 as σ → 0. Chesson (1994) demonstrates that fluctuations in C are likewise bounded 

for this model, such that C – C* = O(σ) and E(C – C*) = O(σ2), which also means that 

E[(C – C*)2] = Var(C) + o(σ2). 

 

Table	B.S41.	Expressions	for	the	coefPicients	of	the	Taylor	approximation	(B.S4.4).	
Note	that	 .	

Parameter Expression 
    

  

   

   

  

  

  

  

  
 

Taking expectation of expression (B.S4.4), substituting in the expressions in table B.S4.1, 

and following the small variance assumptions in the previous paragraph, expression 

(B.S4.4) can now be written 

  

 (B.S4.6) 

where ≈ means the approximation omits all terms o(σ2). Note that the term E(ΔEV) has 

been omitted because E(ΔEV) = E(EV) – EV* = E(EV) – μEV = 0 and that the species 

E(ΔEGj ) =O(σ
2 ) E(ΔEVj ) =O(σ

2 )

E(ΔEGj ) = Var(EGj )+o(σ
2 ) E(ΔEVj ) = Var(EVj )+o(σ

2 )

β j =1− s(1−exp(Ej
*) / (1+exp(Ej

*))

g (1,0,0)
*

β j −Gj
*

g (0,1,0)
* β j

g (0,0,1)
* −β j

g (2,0,0)
* 1−β j( ) sβ j −Gj

*( )
g (0,2,0)

*
β j 1−β j( )

g (0,0,2)
*

β j 1−β j( )
g (1,1,0)

*
β j 1−β j( )

g (1,0,1)
*

−β j 1−β j( )
g (0,1,1)

*
−β j 1−β j( )

rj ≈ β j −Gj
*( )E(ΔEGj )−β jE(ΔC)

+
1
2
1−β j( ) sβ j −Gj

*( )Var(EG )+ 12 β j (1−β j ) Var(EV )+Var(C)
⎡⎣ ⎤⎦

+β j (1−β j ) Cov EGj ,EVj( )−Cov EGj ,C( )−Cov EVj ,C( )⎡
⎣⎢

⎤
⎦⎥,
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subscripts for Var(EG) and Var(EV) have been dropped in accordance with the 

assumptions in the main text that species do not differ variance. 

 

Selection 

The approximation for fitness (B.S4.6), once applied to an invader, gives the invasion 

rate of a mutant phenotype , which we denote with a subscript. Note however, that C 

is unchanged when considering a mutant phenotype, because the mutant is assumed to 

have zero density and therefore is not involved in C. Thus, the mutant long-term growth 

rate can be approximated 

 

 (B.S4.7) 

where again C = ln{1 + αG1V1N1 + αG2V2N2}.  

 

Differentiating (B.S4.6) with respect to the invader trait  yields the selection 

differential. Since equation (B.S4.6) is a sum of terms, the derivative is equal to the sum 

of the derivatives of each term. The trait  only affects patterns of variation in G and so 

has no effect on mean or variance terms. Thus, the derivative of each of the first 5 terms 

of (B.S4.7) w.r.t.  are zero. Further, since a mutant phenotype does not contribute to 

C, the derivative of the final term is likewise zero, i.e. = 0. Thus, the 

derivative of (B.S4.7) is  

 . (B.S4.8) 

Defining Bj ≡ βj(1 – βj) yields expression (12) in the main text. 

 

 

ʹθGj

ʹrj ≈ β j −Gj
*( )E(Δ ʹEGj )−β jE(ΔC)

+
1
2
1−β j( ) sβ j −Gj

*( )Var(EG )+ 12 β j (1−β j ) Var(EV )+Var(C)
⎡⎣ ⎤⎦

+β j (1−β j ) Cov ʹEGj ,EVj( )−Cov ʹEGj ,C( )−Cov EVj ,C( )⎡
⎣⎢

⎤
⎦⎥,

ʹθGj

ʹθGj

ʹθGj

dCov(EVj ,C) / d ʹθGj

d ʹrj
d ʹθGj

≈ β j (1−β j )
d
d ʹθGj

Cov ʹEGj ,EVj( )− d
d ʹθGj

Cov ʹEGj ,C( )
⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥
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Appendix B: Supplementary Information S5. Deriving and quantifying mechanisms of 

species coexistence. 

Deriving coexistence mechanisms 

To identify mechanisms affecting coexistence of two species, we follow the general 

partitioning method of the low-density, long-term growth rate of a species as outlined in 

Chesson (1994). The approximation (B.S4.6) for the low-density growth rate can be used 

to do invasion analysis, which we use here to determine species coexistence in terms of 

stochastic boundedness (Chesson and Ellner 1989 and Schreiber et al 2011). One species, 

termed the invader and labelled with subscript i, is assumed to be at zero density and 

grows in the presence of a resident, with dynamics given by its stationary population 

fluctuations and labelled with subscript k. Operationally, this is done by removing the 

influence of the invader from C but retaining the effects of the resident. Following 

previous notation, C{–i} designates competition with species i set to zero density, which 

means that C{–i} = ln{1 + αGkVkNk}.  

 

Using the general approximation for (B.S4.6), the long-term growth rate of a species i at 

low density,  is approximately  

 

 (B.S5.1) 

 

To determine mechanisms of coexistence between species, comparisons of the 

components of long-term growth between species uncover ways in which species differ 

that allow for or undermine coexistence. Chesson (2018) reviews the necessity for scaling 

components of growth rates by factors related to species life history speed. The scaling 

factor in the annual plant model here is βj = 1 – s(1 – Gj*) = 1 – s(1 + exp(EGj*))–1, which 

represents the fraction of seed in the seed bank at the beginning of the season that is lost 

prior to new seed entering the seed bank. Since s is assumed the same between species, 

ri

ri ≈ βi −Gi
*( )E(ΔEGi )−βiE(ΔC{−i})

+
1
2
1−β j( ) sβ j −Gj

*( )Var(EG )+ 12 βi(1−βi ) Var(EV )+Var(C
{−i})⎡

⎣
⎤
⎦

+βi(1−βi ) Cov EGi ,EVi( )−Cov EGi ,C{−i}( )−Cov EVi ,C{−i}( )⎡
⎣

⎤
⎦.



 

 

155 

differences between species in βj are determined by differences in , (B.S4.3), which 

differs based on differences between species in y.  

 

Further, comparing species is natural since the resident population, given that population 

is both viable and has bounded population growth, satisfies . So, the invader 

growth rate can be written, 

 .  (B.S5.2) 

Following Holt and Chesson (2014), to first order, 

. Therefore, we substitute  for 

 in (B.S5.1) and use (B.S5.1) in (B.S5.2) to yield 

   (B.S5.3) 

where 

  

 (B.S5.4) 

 

   (B.S5.5) 

 

   (B.S5.6) 

 

  . (B.S5.7) 

EGj
*

rk = 0

ri
βi

=
ri
βi

−
rk
βk

(βi −Gi
*)[E(EGi )− EGi

* ]−βi(Ci
* −C*) ≈ 0 βi(Ci

* −C*)

(βi −Gi
*)E(ΔEGi )

ri
βi

≈ κ i −κ k( )− ΔNi + ΔIGi + ΔIVi

κ i −κ k = ln yi − ln yk +
1
2
Var(EG ) 1−βi( ) s−Gi

*

βi

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟− 1−βk( ) s−Gk

*

βk

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

+
1
2
βk −βi( )Var(EV )+

γ i
βi
Cov EGi ,EVi( )− γ kβk

Cov EGk ,EVk( )

−ΔNi =
1
2

βi − βk( )Var C{− i}( )

ΔIGi =
γ k
βk
Cov EGk ,C

{−i}( )− γ iβi
Cov EGi ,C

{−i}( )

ΔIVi =
γ k
βk
Cov EVk ,C

{−i}( )− γ iβk
Cov EVi ,C

{−i}( )
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Expression (B.S5.3) shows that the invasion rate of a species can be written as a sum of 

four components given in expressions (B.S5.4) – (B.S5.7). Expression (B.S5.4) 

represents species i’s average fitness advantage over its competitor. (B.S5.5) is the 

expression for the relative nonlinearity coexistence mechanism, which by convention has 

a negative sign despite potentially boosting the recovery rate of both species. (B.S5.6) is 

an expression for the storage effect coexistence mechanism from germination variation. 

(B.S5.7) is an expression for the storage effect coexistence mechanism from vigor 

variation.  

 

The main text considers three scenarios. In the first, species have identical vigor traits, 

i.e. , which means . In the case of equivalent competitive 

effect, y1 = y2 = y. Since species have the same y, β1 = β2 = β and G1* = G2* = G*. 

Therefore,  in this case, meaning that species 

average fitness is proportional to the difference between species in predictive 

germination. In addition, the only stabilizing mechanisms in this case are storage effects 

from germination (ΔIG) and vigor (ΔIV). –ΔN = 0 because of identical βs for the species.  

 

When y1 ≠ y2 but species still have the same vigor traits, both relative nonlinearity and the 

storage effect mechanism from vigor contribute to coexistence. They have similar effects 

on coexistence though. Note that ΔIV in this case takes the form 

 . (B.S5.8) 

Note that γk/βk – γi/βi = (1 – βk) – (1 – βi) = βi – βk, and so the (B.S5.8) has a similar form 

to –ΔNi. Like relative nonlinearity, ΔIV when species have the same vigor responses is 

asymmetrical between species and so facilitates invasion of one species and 

disadvantages another. This can be seen from (B.S5.8) because the sign of Cov(EV, C) 

should be positive for most conditions, regardless of the identity of the invading species. 

The sign of βi – βj changes with species and so the species with larger β relatively 

benefits from ΔIV while the species with lower β is relatively disadvantaged from it. 

Since βi is an increasing function of EG*, which is a decreasing function of y, the species 

θV1 = θV2 = θV EV1 = EV2 = EV

κ1 −κ2 =
γ
β
Cov(EG1 ,EV1 )−Cov(EG2 ,EV2 )( )

ΔIVi =
γ k
βk

−
γ i
βi

⎛

⎝
⎜

⎞

⎠
⎟Cov EV ,C

{−i}( )
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with larger y has lower β. This means that the competitive dominant is disadvantaged by 

ΔIV while the subordinate receives a boost from ΔIV. Thus, competitive dominance is 

weakened by the storage effect from vigor. A similar argument holds for –ΔN owing to 

the similar mathematical structure.  

 

In the case of species differences in vigor traits but competitive symmetry, the relative 

nonlinearity has no effect because βs are equal between species. Thus, only the two 

storage effects contribute to coexistence and take their general forms in expressions 

(B.S5.6) and (B.S5.7). In addition, species average fitness differences take the simple 

form . 

 

Quantifying stabilizing mechanisms and fitness inequalities 

To measure the strength of all stabilizing mechanisms, we take the average over both 

species of their invader growth rates, i.e. 1/2∑i=1,2 Eri/βi. This provides a measure of all 

stabilizing mechanisms because the average recovery rate can be written 

   (B.S5.9) 

Equation (B.S5.9) shows that the sum of all community average mechanisms is given 

directly by the average of the growth rates of each species, when evaluated at low 

density. The amount to which a species 1’s recovery rate departs from this average value 

is  

  

 (B.S5.10) 

Note that  because  

κ1 −κ2 =
γ
β
Cov(EG1 ,EV1 )−Cov(EG2 ,EV2 )( )

1
2
r1
β1

+
r2
β2

⎛

⎝⎜
⎞

⎠⎟
= 1
2
κ1 −κ 2( )− 12 κ1 −κ 2( )+ −ΔN( )+ ΔIG + ΔIV

= −ΔN( )+ ΔIG + ΔIV ≡ A.

r1
β1

− A = (κ1 −κ 2 )+ −ΔN1 + ΔN( )+ ΔIG1 − ΔIG( )+ ΔIV1 − ΔIV( )
=κ1 +

1
2

−ΔN1 + ΔN( )+ 12 ΔIG1 − ΔIG( )+ 12 ΔIV1 − ΔIV( )
−κ 2 +

1
2

−ΔN1 + ΔN( )+ 12 ΔIG1 − ΔIG( )+ 12 ΔIV1 − ΔIV( ).

ΔI1 − ΔI = ΔI − ΔI2
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   (B.S5.11) 

Define  and so (B.S5.10) can be rewritten using the identity (B.S5.11) 

to yield 

  

 (B.S5.12) 

where . It is a trivial extension to find the equivalent for 

species 2. The κ’ values in (B.S5.11) are the modified species average fitness differences 

that account for asymmetrical effects of stabilizing mechanisms (Chesson 2018). These 

can be calculated directly via the equation , which 

only requires the calculation of invasion growth rates of both species. In addition, the 

species average fitness difference is  

calculated as the difference in each species’ invader growth rate, . 

 

Calculating invader growth rates from simulations 

Section b shows that total stabilizing mechanisms and species average fitness differences 

require only the calculation of invader rates for both species. To calculate these, we used 

the following process in simulations for 50,000 times steps in Matlab. 

 

ΔX1 − ΔX = ΔX1 −
(ΔX1 + ΔX2 )

2

=
(ΔX1 − ΔX2 )

2

=
(ΔX1 + ΔX2 )− 2ΔX2

2

=
(ΔX1 + ΔX2 )

2
− ΔX2

= ΔX − ΔX2.

δ X j = ΔX j − ΔX j

r1
β1

− A =κ1 +
1
2

−ΔN1 + ΔN( )+ 12 ΔIG1 − ΔIG( )+ 12 ΔIV1 − ΔIV( )
−κ 2 −

1
2

−ΔN1 + ΔN( )− 12 ΔIG1 − ΔIG( )− 12 ΔIV1 − ΔIV( )
=κ1 +

1
2

−δN1( )+ 12δ IG1 +
1
2
δ IV1 − ′κ 2 +

1
2

−δN2( )+ 12δ IG2 +
1
2
δ IV2

⎛
⎝⎜

⎞
⎠⎟

= ′κ1 − ′κ 2.

′κ j =κ j + (−δN j +δ IGj +δ IVj ) / 2

′κ1 = r1 / β1 − A = (r1 / β1 − r2 / β2 ) / 2

′κ1 − ′κ 2 = r1 / β1 − r2 / β2
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1. Randomly sample T independent draws from a four-dimensional multivariate 

distribution with mean zero and variance matrix  

 . (B.S5.13) 

Σ satisfies the assumption in the main text for the vector of environmental 

variables (X1, X2, Y1, Y2). In most simulations, T is 30,000, which is more than 

sufficient to achieve stable values of long-term growth.  

2. Transform the traits, (θG1, θG2, θV1, θV2), using the relationship ej1 = sin(θGj), ej2 = 

cos(θGj), vj1 = sin(θVj), and vj2 = cos(θVj).  

3. Using the transformed values in step 2, calculate environmental response, EG and 

EV, for each species using equations (B.6) and (B.8) from the main text for the T 

values of the environmental factors sampled in step 1. 

4. Initiate the population of each species, Nj(0) with the density corresponding to the 

equilibrium population size in a constant environment,  

 , (B.S5.14) 

 where  = exp( )/(1+exp( )) and  = exp( ). 

5. Using equations (B.1) – (B.3) in the main text, simulate population growth of 

each species assuming only one species is present, i.e. C’ = 1 + αGjVjNj for focal 

species j while retaining the T values of C’.  

6. For each species, calculate the invader growth rates after discarding the first 1,000 

time steps to get rid of effects on initial values using the values of C’ for the 

corresponding competing species as resident from step 5. This means that species 

1’s invader growth rate is   

   (B.S5.15) 

Σ =

1 0 ρ 0
0 1 0 ρ
ρ 0 1 0
0 ρ 0 1

⎛

⎝

⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟

N j
* =

y jG
*V *

1− s(1−G*)
−1

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

1
αG*V *

G* µEG µEG V * µEV

r1
β1

=

1
T −1000( ) log s 1−G1(t)( )+ y1G1(t)V1(t)

1+αG2(t)V2(t)N2(t)
⎧
⎨
⎩⎪

⎫
⎬
⎭⎪t=1001

T

∑

1− s 1−
exp EG1

*( )
1+ exp EG1

*( )
⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟
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 and species 2’s is 

 , (B.S5.16) 

 where  is given in equation (B.S4.3) above.  

   

Appendix B: Supplementary Information S6. Results of evolution using the selection 

gradient under special cases 

In appendix C, we derived the result that the selection gradient can be approximated by 

the expression  

   (B.S6.1) 

where  is the rare mutant phenotype of species j. Result (B.S6.1) can be used to 

predict evolutionary dynamics in some special cases. The cases here include (i) the single 

species case, (ii) the case of large variation of germination relative to vigor, i.e. 

, (iii) the inverse case of large vigor variation relative to germination, i.e. 

, and (iv) the case of no information, i.e. ρ = 0. 

 

The single species case 

We begin the single species case. Under the assumptions of adaptive dynamics, it 

functions similar to the hypothetical case where the d.i. component acts alone. 

Furthermore, it gives the outcome of evolution in allopatry with which to compare 

evolution in sympatry. 

 

With just one species present,  

 ,  (B.S6.2) 

where the species subscript is dropped. This means that cov(E,C) can be approximated as  

r2
β2

=

1
T −1000( ) log s 1−G2(t)( )+ y2G2(t)V2(t)

1+αG1(t)V1(t)N1(t)
⎧
⎨
⎩⎪

⎫
⎬
⎭⎪t=1001

T

∑

1− s 1−
exp EG2

*( )
1+ exp EG2

*( )
⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

EGj
*

drj
d ′θGj

≈ Bj
d
d ′θGj

cov ′EGj ,EVj( )− d
d ′θGj

cov ′EGj ,C( )⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

′EGj

σ EV
/σ EG

→ 0

σ EG
/σ EV

→ 0

C(t) = ln 1+αG(t)V (t)N (t){ }
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 (B.S6.3) 

where K = ∂C/∂EV evaluated at the equilibrium EG*, EV*. Note that 0 ≤ K ≤ 1 and so 0 ≤ 

 ≤ 1 also. Now, the derivative of covEC with respect to the invader trait, θG’, evaluated 

at the resident value, θG, is 

  

 (B.S6.4) 

The derivative of cov(EG,EV) is similarly computed as 

   (B.S6.5) 

Placing expressions (B.S6.4) and (B.S6.5) in (B.S6.1) yields 

 . (B.S6.6) 

The only solution to equation (B.S6.6) with respect to θG is θG = θV. All parameters B, , 

, , and ρ are positive and so the sign of (B.S6.6) is given by the sign of –sin(θG – 

θV). The solution θG = θV is stable since (B.S6.6) is positive for θG < θV, favoring larger 

values of θG, and negative for θG > θV, favoring smaller values of θG. Note that the 

equilibrium θG = θV gives a correlation between germination and vigor of corr(EG, EV) = 

ρcos(0) = ρ, the maximum level of predictive germination. 

cov ′EG ,C( ) ≈ cov ′EG ,K EG 1−G
*( )+ EV⎡

⎣
⎤
⎦( )

= Kσ EG

2 1−G*( )corr ′EG ,EG( )+ σ EV

σ EG

corr ′EG ,EV( )
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

= Kσ EG

2 1−G*( )cos ′θG −θG( )+ σ EV

σ EG

ρcos ′θG −θG( )
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
.

K

d
d ′θG

cov ′EG ,C( )
′θG=θG

≈ Kσ EG

2 1−G*( ) dd ′θG
cos ′θG −θG( )+ σ EV

σ EG

ρ d
d ′θG

cos ′θG −θV( )
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

′θG=θG

= −Kσ EG

2 1−G*( )sin ′θG −θG( )+ σ EV

σ EG

ρ sin ′θG −θV( )
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

′θG=θG

= −Kσ EG
σ EV

ρ sin θG −θV( ).

d
d ʹθG

cov ʹEG ,EV( )
ʹθG=θG

≈σ EG
σ EV

ρ
d
d ʹθG

cos ʹθG −θV( )
ʹθG=θG

= −σ EG
σ EV

ρ sin θG −θV( ).

dr
d ′θG ′θG=θG

≈ −B 1− K( )σ EG
σ EV

ρ sin θG −θV( )

K

σ EG
σ EV



 

 

162 

 

Large germination variation relative to vigor variation 

In the second case, we consider large variation in germination relative to vigor, i.e. 

 , which poses no issues with the approximation for the selection gradient 

being valid only for small σV and σG. To investigate this case, we evaluate selection for 

general species 1 and then note that it is trivial to switch subscripts to derive selection on 

species 2. Here it is valuable to write C explicitly as functions of the rescaled 

environmental variables  

 . (B.S6.7) 

Just as in the single species case, there is no exact expression for covEC, and so we use 

the linear approximation for C,  

 .

 (B.S6.8) 

This approximation is helpful for finding an expression for  in (B.S6.1), 

which for species 1 yields 

  

 (B.S6.9) 

Now using the last line of (B.S6.9) and the equation 

 in the selection gradient (B.S6.1) for species 1 

yields: 

σ EV
/σ EG

→ 0

C = ln 1+αN1
eEG1+EV1

1+ eEG1
+αN2

eEG2+EV 2

1+ eEG 2
⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪

C ≈ Ĉ + K1 1−G1
*( ) EG1 − EG1*( )+ EV1 − EV1

*( )⎡
⎣

⎤
⎦ + K2 1−G2

*( ) EG2 − EG2*( )+ EV2 − EV2
*( )⎡

⎣
⎤
⎦

cov( ′EGj ,C)

cov ′EG1 ,C( ) ≈ cov ′EG1 ,K1 1−G1
*( )EG1 + EV1⎡

⎣
⎤
⎦ + K2 1−G2

*( )EG2 + EV2⎡
⎣

⎤
⎦( )

= K1 1−G1
*( )cov ′EG1 ,EG1 + EV1( )⎡

⎣
⎤
⎦ + K2 1−G2

*( )cov ′EG1 ,EG2 + EV2( )⎡
⎣

⎤
⎦

=σ EG

2

1−G1
*( )K1corr ′EG1 ,EG1( )+ 1−G2*( )K2corr ′EG1 ,EG2( )⎡

⎣
⎤
⎦

+
σ EV

σ EG

K1corr ′EG1 ,EV1( )+ K2corr ′EG1 ,EV2( )⎡
⎣

⎤
⎦

⎧

⎨
⎪⎪

⎩
⎪
⎪

⎫

⎬
⎪⎪

⎭
⎪
⎪

.

cov EG1 ,EV1( ) =σ EG

2
σ EV

σ EG

corr EG1 ,EV1( )⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥



 

 

163 

  

 (B.S6.10) 

Upon taking the limit as , we find that (B.S6.10) reduces to  

 ,

 (B.S6.11) 

which includes only the effects of germination on seedling competition. When the model 

only includes the component of selection reflecting competition, trait evolution 

maximizes trait divergence.  

 

To show that maximum trait divergence results, we rewrite (B.S6.11) explicitly in terms 

of the germination trait, θG, and the vigor trait, θV. In (B.S6.11), we recognize that 

corr(EGi,EGj) = , which yields 

 . 

 (B.S6.12) 

The derivative dcos(x – y)/dx = –sin(x – y). Hence, (B.S6.12) is equal to  

 . 

 (B.S6.13) 

Under the assumptions of adaptive dynamics, the selection gradient is evaluated at the 

trait value, , which means that . Hence, 

(B.S6.13) can be rewritten as 

d ′r1
d ′e1

≈ B1
d
d ′θG1

cov ′EG1 ,EV1( )− cov ′EG1 ,C( )⎡
⎣

⎤
⎦

= B1σ EG

2 d
d ′θG1

σ EV

σ EG

corr ′EG1 ,EV1( )− K1corr ′EG1 ,EV1( )− K2corr ′EG1 ,EV2( ){ }
− 1−G1

*( )K1corr ′EG1 ,EG1( )+ 1−G2*( )K2corr ′EG1 ,EG2( )⎡
⎣

⎤
⎦

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

.

σ EV
/σ EG

→ 0

d ′r1
d ′θG1

≈ −B1σ EG

2 d
d ′θG1

1−G1
*( )K1corr ′EG1 ,EG1( )+ 1−G2*( )K2corr ′EG1 ,EG2( )⎡

⎣
⎤
⎦

cos(θGi −θGj )

d ′r1
d ′θG1

≈ −B1σ EG

2 d
d ′θG1

1−G1
*( )K1 cos ′θG1 −θG1( )+ 1−G2*( )K2 cos ′θG1 −θG2( )⎡

⎣
⎤
⎦

d ′r1
d ′θG1

≈ B1σ EG

2 1−G1
*( )K1 sin ′θG1 −θG1( )+ 1−G2*( )K2 sin ′θG1 −θG2( )⎡

⎣
⎤
⎦

′θG1 = θG1 sin ′θG1 −θG1( ) = sin θG1 −θG1( ) = sin 0( ) = 0
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 . (B.S6.14) 

The selection gradient given by equation (B.S6.14) has three solutions,  and 

. Again, all parameters B1, (1 – G2*), , and  are positive and so the 

sign of (B.S6.14) is determined by the sign of .  The solution  is 

unstable because (B.S6.12) is negative for and positive for , both of 

which increase differences in θs between species. These differences between species are 

increased until either solution  is reached, both of which are stable. This is 

the characteristic of classical character displacement but for temporal niche partitioning 

(see Abrams et al 2013) and is consistent with our simulation results of greater evolved 

differences between species in their germination traits with decreasing  at fixed  

(figures B.4a,c). 

 

The analysis is based only on the invasion rates of mutant relative to resident. However, it 

is not guaranteed that all phenotype values as resident have positive population densities, 

which is to say that they coexist with the competitor. As shown in section E, the storage 

effect promoting coexistence in this case is monotonically decreasing in corr(EG1,EG2). 

Since corr(EG1,EG2) is a monotonically decreasing function of , equations 

(B.S6.3) – (B.S6.7) show that both species’ invader growth rates also increase with 

. This means that, if species can coexist for some initial trait difference, then 

they will also coexist as selection proceeds, since both species invasions rates increase 

with increasing . However, if mutual invasibility is not satisfied for initial trait 

differences, then the selection gradient given by expression (24) does not apply because 

either  or  is 0 for the species with . Selection in this case simplifies to 

the single species case considered in case a. 

 

 

d ′r1
d ′θG1 ′θG1=θG1

≈ B1σ EG

2 1−G2
*( )K2 sin θG1 −θG2( )

θG1 = θG2

θG1 −θG2 = ±π K2 σ EG

2

sin(θG1 −θG2 ) θG1 = θG2

θG1 <θG2 θG1 >θG2

θG1 −θG2 = ±π

σ EV
σ EG

|θG1 −θG2 |

|θG1 −θG2 |

|θG1 −θG2 |

K1 K2 ri / βi < 0
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Large vigor variation relative to germination variation  

This case helps to explain why similarity increases with  in the situation of 

equal vigor traits from the main text. To investigate this case, we rewrite the selection 

gradient in (B.S6.10) as 

 

 (B.S6.15) 

where the subscripts of EV are dropped because the two species have identical vigor 

responses. The first term in brackets is  In the limit as , then the selection 

gradient (B.S6.15) simplifies to  

 . (B.S6.16) 

Equation (B.S6.16) is nearly identical to the long-term growth rate for an invading type in 

the single species case (see (B.S6.5)), except that now the term  is replaced with a 

measure of the amount to which competition from both species reduces selection for 

vigor, . The conclusions from the single species case apply in this case 

because both  and  have the same sign. As shown in case a, selection 

favors maximization of the correlation between germination and vigor, i.e. 

. Since both species have identical vigor responses, evolution leads to identical 

germination responses of the species as well, i.e. . This result is consistent 

with the trend of smaller difference in germination traits with increasing from 

simulations (figures B.4a,c). 

 

No correlation between germination and vigor environments (ρ = 0).  

σ EV
/σ EG

d ʹr1
d ʹθG1

≈ B1σ EV
σ EG

⋅
d
d ʹθG1

1− K1 − K2( )corr ʹEG1 ,EV( )−⎡
⎣

σ EG

σ EV

1−G1
*( )K1corr ʹEG1 ,EG1( )+ 1−Gj

*( )K2corr ʹEG1 ,EG2( )⎡
⎣

⎤
⎦

⎤

⎦
⎥
⎥

σ EG
/σ EV

→ 0

d ′ri
d ′θG1

≈ γ iσ EV
σ EG

ρ 1− K1 − K2( ) dd ′θG1
cos ′θG1 −θV( )

1− K( )

1− K1 − K2( )
1− K( ) 1− K1 − K2( )

|θG1 −θV |→ 0

|θG1 −θG2 |→ 0

σ EV
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This case is the simplest to investigate. Given that cov(EG,EV) = 0 when ρ = 0 regardless 

of the value of v and e, the density-independent component of selection is absent from the 

selection gradient and correlation between EG and EV in the competition term are also 

zero. This means the selection gradient is identical to case (b), where germination 

variance is much larger than vigor variance. As was demonstrated in that case, for species 

with initial trait difference, , that satisfies mutual invasibility, selection 

maximizes differences between species in their germination traits. This result is 

consistent with the results in figure B.4c and figure B.7a that maximum divergence 

occurs when ρ = 0, regardless of other parameter values.  

 

 

Literature Cited in Appendix B Supplementary Information 

Abrams, P. A., Tucker, C. M. and Gilbert, B. 2013. Evolution of the storage effect.  

Evolution 67: 315–327. 

Chesson, P. 1994. Multispecies Competition in Variable Environments. Theoretical 

Population Biology 45:227-276. 

Chesson, P. 2018. Updates on mechanisms of maintenance of species diversity. Journal of 

Ecology 106:1773-1794. 

Chesson, P.L. and S. Ellner. 1989. Invasibility and stochastic boundedness in monotonic  

competition models. Journal of Mathematical Biology 27:117–138. 

Gilbert, G.T. 1991. Positive definite matrices and Sylvester’s criterion. The American  

Mathematical Monthly. Mathematical Association of America, 98 (1): 44-46. 

Holt, G., and P. Chesson. 2014. Variation in moisture duration as a driver of coexistence 

by the storage effect in desert annual plants. Theoretical Population Biology 

92:36-50. 

Johnson, N.L. and S. Kotz. 1970. Continuous univariate distributions. 1970. Volume 2.  

Houghton Mifflin. New York, NY. 

Schreiber, S. J., M. Benaim, and K. A. Atchade. 2011. Persistence in fluctuating 

environments. Journal of Mathematical Biology 62:655-683. 

 

  

|θG1 −θG2 |



 

 

167 

APPENDIX C:  

 

SELECTION ON OPTIMAL GERMINATION TEMPERATURE IN ANNUAL 

PLANTS FAVORS THE EVOLUTION OF BOTH COMPONENTS OF THE 

STORAGE EFFECT 

 

 

 

Authors: Nicholas Kortessis and Peter Chesson 

 

 

Department of Ecology and Evolutionary Biology, University of Arizona, 

Tucson, AZ 

 

  



 

 

168 

Abstract 

Understanding the evolutionary stability of a coexistence mechanism is needed to predict 

its likely occurrence in nature. The coexistence mechanism called the storage effect has 

been hypothesized to partly explain the diversity of annual plant species in arid 

environments. Previous work has demonstrated evolutionary stability of separate 

components of this mechanism, namely species-specific germination responses and seed 

dormancy. We investigated selection acting jointly on these components using a model of 

germination in a temporally variable environment where germination depends on 

temperature at the time of rainfall. Both components evolve when both components are 

directly favored by selection, which occurs when the environment is sufficiently variable. 

Alternatively, when only one component of the mechanism is directly favored, both 

components may still evolve because a component may be favored indirectly by direct 

selection on the other component. Direct selection for species-differences in optimal 

germination temperatures can result from either character displacement between species 

or evolutionary branching within species and subsequent speciation. Specialization on 

different temperature regimes is the outcome, which leads by pleiotropy to dormancy in 

years that have temperatures unfavorable for germination at the time of rainfall. 

Furthermore, variable seed yield can directly select for dormancy in allopatry, which only 

occurs for temperature optima that differ from the average temperature. Both high and 

cool temperature specialists can be equally dormant, which means that two species 

initially identical might evolve differences in allopatry that would favor coexistence 

should they meet. Hence, our results demonstrate multiple pathways to the evolution of 

the components of the storage effect.  
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Introduction 

Coexistence mechanisms may emerge as interacting species evolve. Stable coexistence 

results when ecological differences between species increase intraspecific competition 

relative to interspecific competition on some temporal or spatial scale (Chesson 2000). 

Finding how ecological differences arise and, once present, are strengthened or weakened 

by natural selection contributes to understanding of the long-term importance of any 

coexistence mechanism in nature. The storage effect coexistence mechanism, which is 

increasingly gaining empirical support as an important mechanism in nature (Chesson 

and Warner 1981, Adler et al. 2006, Angert et al. 2009, Chesson et al. 2013, Holt and 

Chesson 2014, Usinowicz et al. 2017, Ellner et al. 2019), requires that two components 

be present for intraspecific competition to be increased relative to interspecific 

competition on a temporal scale of multiple years with differing environmental conditions 

(Chesson et al. 2013). Hence, both components must evolve for the mechanism to evolve. 

In annual plants, both components involve seed germination (Chesson et al. 2004). Seed 

germination patterns must differ between species over time. Moreover, seeds must be 

dormant enough to establish a persistent seedbank (Chesson et al. 2013) for the 

emergence of higher intraspecific competition than interspecific competition on a time 

scale of multiple years. Both seed dormancy (Cohen 1966, Ellner 1987b, Kortessis and 

Chesson 2019) and species-specific germination patterns (Kortessis Dissertation, 

Appendix B) have been shown previously to be favored by natural selection when 

investigated alone. However, it is unclear whether these two will both be predicted to 

evolve when considered in combination. We here build on previous work to understand 

the conditions that allow for the joint evolution of both seed dormancy and species-

specific germination patterns.  

 

Commonly, ecological differences are predicted to evolve as a result of interspecific 

competitive interactions (Brown and Wilson 1956, Slatkin 1980, Abrams 1986, Taper and 

Case 1992, Dayan and Simberloff 2005), usually indicated by greater evolved ecological 

differences between species in sympatric populations relative to differences in allopatric 

populations (Schluter 2000). The conditions that favor ecological differences have been 

the focus of studies of the evolution of coexistence mechanisms. Much of this work is 
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related to resource partitioning, where differences in resource consumption along a 

resource axis lead to an increase in intraspecific relative to interspecific competition 

(Slatkin 1980, Taper and Case 1992, Goldberg et al. 2012). These findings have also been 

shown to apply to time-based differences in resource use, termed the storage effect 

(Abrams et al. 2013, Mathias and Chesson 2013, Miller and Klausmeier 2017, Kortessis 

Dissertation, Appendix B). For annual plants, one way in which species can differ in their 

time-based competition occurs when germination patterns differ between species either 

across (Angert et al. 2009, Chesson et al. 2013), or within years (Mathias and Chesson 

2013). Differences in germination between species allow for coexistence because they 

lead to different patterns of plant density, and hence competition, over time (Chesson et 

al. 2013). However, ecological differences between species only favor coexistence when 

species have buffered population growth, which allows the cumulative benefits over time 

of favorable conditions to outweigh the costs of poor conditions. 

 

Buffered population growth in annual plants comes from the presence of a persistent seed 

bank (Pake and Venable 1996, Chesson et al. 2004, Li and Chesson 2018). A prerequisite 

for a persistent seed bank is that some fraction of seed does not germinate some of the 

time. Termed seed dormancy, failure to germinate during the growing season appears at 

first to be maladaptive because individual seeds delay reproductive opportunities. 

However, seed dormancy can be favored as a bet-hedging mechanism when reproduction 

varies (Cohen 1966, Ellner 1987b, Gremer and Venable 2014, Kortessis and Chesson 

2019), buffering against potentially catastrophic fitness losses in years of low 

reproduction (Philippi and Seger 1989, Venable 2007). Reproduction can vary as a 

consequence of variation in abiotic factors, such as rainfall and light availability, that 

influence how well a plant grows in a particular year. Following Chesson (2005), we 

summarize these effects in our model as plant vigor, i.e. plant final size in the absence of 

competition. Furthermore, competition between growing plants, which increases in 

intensity with plant size and density (Schwinning and Weiner 1998), can vary and cause 

variability in reproduction because competition reduces seed yield. Hence, both the 

abiotic environment and the competition environment can both be influential in selection 

for dormancy (Ellner 1987a, Kortessis and Chesson 2019). Given our interest in the joint 
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evolution of seed dormancy and species-specific germination patterns, our investigation 

includes those factors that select for dormancy, asking what role they also play in the 

evolution of germination differences between species. 

 

Despite the predictions that each of these components is favored in models that consider 

each of them separately, they may not be predicted to evolve when considered together. 

Evolutionary conflicts, such as when selection favors one component while disfavoring 

another, may be present that limit their joint evolution. Even if both are favored jointly by 

selection, it is well known that phenotypic correlations can alter the direction of evolution 

to be different from that of direct selection (Lande and Arnold 1983). Moreover, 

phenotypic constraints and tradeoffs can limit evolution despite strong selection (Angert 

et al. 2014). In the present context of a fluctuating environment, germination phenotypes 

are not intrinsic characteristics of individuals as is often the case in models assuming 

constant environments. Instead, germination phenotypes result from the interaction of 

seed characters and the environment (Baskin and Baskin 2014). For example, no 

characters allow a seed to germinate in the absence of water. In this extreme example, 

seeds are dormant as a direct consequence of the environment. Hence, species cannot 

differ in their germination responses under such conditions. This means that the 

environment plays just as important a role in determining the types of germination 

phenotypes that are possible as the evolving seed characteristics. Our development here 

distinguishes potential selective conflicts from phenotypic and environmental conflicts by 

partitioning selection into different components that favor species-differences and 

dormancy. Further, with the selective effects accounted for, we can understand the role of 

phenotypic and environmental constraints. 

 

Investigating the joint evolution of two factors can be complex and requires that the 

phenotype space for species-differences and dormancy be defined. Most previous models 

of seed germination assume that germination is constant regardless of environmental 

conditions, despite field observations of huge temporal variation in germination. 

Phenomenological models have also been used that describe germination as a probability 

distribution with evolving means (Kortessis and Chesson 2019), variances (Snyder and 
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Adler 2011), or between-species correlations (Kortessis Dissertation, Appendix B). 

Rather than use these approaches, we model germination as a response to a specific 

environmental factor, namely the temperature at the time of rainfall. Seeds of annual 

plants have been shown to respond strongly to temperature at the time of rainfall 

(Chesson et al. 2013, Baskin and Baskin 2014, Huang et al. 2016, Li and Chesson 2018) 

and species-specific responses to temperature at the time of rainfall play a large role in 

the differences in germination responses between species (Huang et al. 2016). 

Temperature of wetted seeds is an important aspect of hydrothermal models (Bradford 

2002), which have been successful in predicting germination fractions of species in the 

field. In these models, assuming that there is sufficient soil moisture, germination rate is 

maximized at an optimum germination temperature and declines for temperatures that 

deviate from this optimum (Bradford 2002). We follow these general assumptions and 

model germination fraction in a year as a Gaussian function of temperature at the time of 

rainfall and assume that the optimum germination temperature can evolve. As shown 

below, this trait contributes to both the germination patterns over time and the average 

propensity for seeds to germinate, and therefore also the propensity for them to remain 

dormant. 

 

We use this germination model in the seed bank model of annual plant population 

dynamics. Environmental variation is critical in our model and comes in two forms: (1) 

variation in temperature at the time of rainfall that affects seed germination and (2) 

variation in abiotic conditions following germination that affect the subsequent growth of 

seedlings. Both have the potential to affect seed fitness and thus contribute to selection on 

both dormancy and species-differences. First, we develop an understanding of selection 

in the single species case, representing the evolution of species in allopatry. We do this by 

studying the long-term growth rate of phenotypes to determine when each component of 

the storage effect is favored by natural selection. Second, evolution in sympatry is studied 

with the case of allopatric selection as a reference to understand the role of interspecific 

competition in evolution of storage effect components. Actual evolutionary trajectories 

are found by simulation under the assumptions of adaptive dynamics.  
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Annual Plant Dynamics 

The seed bank model is used to describe population dyanmics of annual plants with a 

possible persistent seed bank. Each year in the model consists of a growing season and a 

nongrowing season. Just prior to the growing season, all individuals in the population are 

seeds, with density Nj(t) for species j in year t. During the growing season, a fraction of 

the seed of species j, Gj(t), germinates. After germination, seedlings grow and, at the end 

of the growing season, yield Yj(t) seeds per seedling that survive to the following growing 

season. All plants die following seed production. The fraction of seed that does not 

germinate, 1 – Gj(t), remains in the soil. These seeds survive to the following growing 

season with probability s. Surviving seeds make up the seed bank.  

 

The sum of survival in the seed bank and seed production upon germination is the fitness, 

λj(t), of a seed of species j in year t. Hence, λj(t) can be written as 

 ,  (C.1) 

where the first term is the probability that a seed remains dormant and survives to the 

following year and the second term is the probability that a seed germinates times its seed 

yield. We assume that seed yield, Y, is proportional to plant size, which depends on both 

physical environmental conditions and competition between growing plants. The yield of 

species j in year t is  

 .  (C.2) 

Physical environmental conditions affect seed yield through Vj(t), “vigor”, which is the 

biomass of an individual at the end of the growing season when plant densities are low, 

i.e. N → 0. Competition reduces plant size by a factor C(t), which is proportional to the 

total biomass density of growing plants in the community, ∑lGl(t)Vl(t)Nl(t). At the end of 

the season, plants produce yj seeds per unit biomass. In simulations, we assume that V is 

i.i.d. across years (i.e. has no autocorrelation) and is lognormally distributed with mean 

 and variance . Further, we specify in simulations that C(t) = 1 + α∑lGl(t)Vl(t)Nl(t) 

where α is the competition coefficient per unit biomass. This definition of C(t) means that 

seed yield (reproduction of growing plants) in equation (C.2) is the Beverton-Holt 

λ j (t) = s 1−Gj (t)( )+Gj (t)Yj (t)

Yj (t) = y j
Vj (t)
C(t)

µV σV
2
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competition model with yearly differences in plant size. In the plant literature, this form 

of reproduction is commonly termed the reciprocal yield law (see e.g., Ellner 1985). 

 

Temperature-Dependent Germination, Seed Dormancy, and Germination Patterns 

A common empirical approach used to distill the complexity of germination is 

hydrothermal modeling. As alluded to by their name, hydrothermal models assume that 

the rate of seed germination is affected by soil moisture and temperature when a seed is 

wetted (Bradford 2002). They assume that rate of seed germination (i) increases with soil 

water potential and (ii) increases with temperature to a value T* and declines with further 

increases in temperature (Bradford 2002). An alternative approach, which we use here, 

retains the temperature dependence of germination while assuming that rainfall events 

provide sufficient moisture such that it is not limiting germination. The temperature 

during these rainfall events then determines the magnitude of the germination fraction, 

G(t). Following the assumptions of thermal-time models, we assume the germination 

fraction is maximized at some temperature, T*, and that phenotypes differ in this optimal 

temperature value. Hence, the germination fraction in year t can be written as a Gaussian 

function: 

 ,  (C.3) 

where T(t) is the temperature at the time of rainfall in year t. Equation (C.3) has two 

parameters, Tj*, the temperature for which germination is maximized for species j, and w, 

the phenotypic temperature niche width. When T(t) = Tj*, all seeds of species j germinate, 

i.e. Gj(t) = 1. When T(t) ≠ Tj*, some seeds remain dormant. The temperature niche width, 

w, controls how much germination is reduced as temperature deviates from a species 

temperature optimum, Tj*. Large values of w mean that a wide range of values of T lead 

to high germination and so few seeds remain dormant for a fixed T(t) – Tj* (figure C.1a). 

Indeed, as w → ∞, all temperatures lead to germination of all seeds every year, i.e. G(t) 

→ 1 for all t. As w decreases, a smaller range of temperatures around T* are suitable for 

germination and so a larger fraction of seeds remains dormant for a fixed T(t) – Tj*. 

Indeed, as w → 0, seeds only germinate when T(t) = T*.  

Gj (t) = exp −
T (t)−Tj

*( )2
2w2

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟
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Equation (C.3) means that germination and its converse, dormancy, vary year-to-year 

with fluctuating temperature at the time of rainfall. Thus, dormancy is not a single value 

but is rather a distribution of values. Our previous work (Kortessis and Chesson 2019) 

showed that the temporal mean dormancy, , i.e. one minus the mean germination 

fraction, is a suitable measure of the general tendency for seeds to remain dormant in a 

fluctuating environment. We adopt its use here as well as our measure of dormancy.  

	

	
Figure	C.1.	Properties	of	the	temperature-dependent	germination	model.	(a)	The	
Gaussian	response	of	germination,	G,	as	a	function	of	the	difference	between	temperature,	T,	
and	the	optimal	germination	temperature,	T*.	(b)	Temporal	mean	dormant	fraction	
increases	for	phenotypes	deviating	more	from	average	temperature	conditions,	 .	(c)	
Germination	correlations	for	increasing	differences	between	species	in	their	T*.	For	all	cases,	
T	~	N(0,1),	which	means	that	1	unit	of	change	on	the	x-axis	in	each	;igure	corresponds	to	
one	standard	deviation	difference	from	the	average	temperature,	 .		
 

The temporal mean germination fraction is sensitive to T – T* and w, which can be seen 

by their effects on germination. This temporal mean is also sensitive to the distribution of 

temperature fluctuations over time. We assume this distribution is normal with mean  

and variance , and is independent over time (i.e. has no autocorrelation). In 

simulations, we specify that  because the mean only affects dormancy relative to 

the value T*. Further, we specify that  because then the interpretation of phenotype 

space is straightforward; one unit deviation in |T* – | means that the phenotype T* is 

one standard deviation from the average temperature. Figure C.1b shows how  

increases with increasing values of  and decreases with increasing w. 
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Phenotypes, T*, that deviate more from the average temperature, , are overall more 

dormant because temperatures near their optimum occur less frequently. Hence, 

dormancy changes with the value of T* and so evolves as T* evolves.  

 

The difference between species in their values of T* controls the similarity of germination 

patterns. Increasing  largely decreases the similarity of the patterns G over time 

between species, as measured by their correlation (figure C.1c). Note however, that for 

two species whose T* are both very different from , increasing differences in T* 

between species makes germination more correlated (figure C.1c). This is because these 

phenotypes are extreme relative to the distribution of temperature and so temperatures 

often do not allow for appreciable germination. Hence, despite their increasing 

differences, both species commonly have low germination in the same years, thereby 

making their germination patterns more similar and increasing their correlation. 

Dormancy and species germination differences are both sensitive to values of T*, which 

allows for both to jointly evolve and affect coexistence as T* evolves.  

 

Adaptive Dynamics 

We are interested in both whether the storage effect emerges as a consequence of natural 

selection and whether selection strengthens the storage effect when present. Selection on 

single species in isolation, which we refer to as allopatric selection, and joint selection on 

two interacting species, which we refer to as sympatric selection, are both relevant to 

these questions. Emergence of the storage effect is possible if selection on a single 

species in isolation (allopatry) leads to conditions that favor speciation through first 

evolutionary branching and then subsequent reproductive isolation. In addition, two 

species with ecological traits evolved in allopatry might coexist via the storage effect if 

they were to come into contact. Selection on these species in sympatry might then 

enhance or diminish the strength of the storage effect. Thus, we consider both selection 

on a species in isolation and selection on two interacting species jointly to understand 

when the storage effect might emerge and be modified by interspecific competition.  

 

T

|T1
* −T2

* |
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For both the single species and two species cases, we employ the techniques of adaptive 

dynamics to analyze evolutionary change. In brief, adaptive dynamics assumes that 

evolution occurs through selection on rare mutations of small effects with haploid 

inheritance (Geritz et al. 1998, Kisdi and Geritz 2010). Rare generally means that the 

time between mutations is sufficiently long for the ultimate fate of the mutation to be 

determined (Geritz et al. 1998). With sufficiently rare mutations, the outcome of selection 

can be understood by using invasion analysis. Invasion analysis evaluates whether a 

mutant phenotype at zero density, termed the invader, can increase and invade a resident 

phenotype. The resident phenotype is allowed to grow in isolation until it reaches a 

stationary population distribution of fluctuating densities (Turelli and Gillespie 1980, 

Chesson and Ellner 1989, Schreiber et al. 2011). The success of both resident and mutant 

phenotypes is determined by the cumulative effects of growth over these fluctuating 

conditions, as described by the long-term growth rate,  

 ,  (C.4) 

where the expectation means the average taken as time gets very large. Populations 

increase in density in the long run for and populations decline to extinction in the 

long run for . Resident populations show no long-term change in average density, 

meaning that  over their stationary distribution of population fluctuations. 

 

In the single species case, mutant phenotypes experience competition from resident 

phenotypes of the same species. The success of the invader is given by, , the long-term 

growth rate of a mutant invader with phenotype , invading a resident population with 

phenotype . Mutants fail to invade when . When , the mutant 

successfully invades the resident phenotype. The outcome for the resident is then 

determined by long-term growth for the resident phenotypes if assumed as an invader. 

The resident is driven to extinction when it fails to increase as resident, i.e.  

(Schreiber et al. 2011). However, if the resident phenotype can also invade from low 

density, both phenotypes have positive invader growth rates (  and ), 

meaning that they coexist as a stable polymorphism (Geritz et al. 1998).  
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These evolutionary outcomes are summarized visually in pairwise invasibility plots 

(PIPs). PIPs depict the sign of  under every possible invader-resident phenotypic 

comparison. Based on the shape of PIPs, predictions can be made about the direction of 

selection and whether a single phenotype or multiple coexisting phenotypes result (Metz 

et al. 2008). We complement these PIPs with simulations, which are based on the 

fundamental assumption of adaptive dynamics that mutations are rare and of small effect. 

Because mutations are small in effect, only the regions of phenotypic space near a 

resident phenotype is required to understand evolutionary dynamics.  

 

For our two species model, we take the strict assumption that mutations are rare and 

small in effect, with mutations alternating between species. To find the evolutionary 

endpoints of coevolution between the two species, we simulate evolution under these 

assumptions with many initial phenotypic values for both species. In all cases studied 

here, the evolutionary endpoint is identical given initial phenotypic values, provided that 

both species coexist as adaptive evolution progresses. In cases where one species was 

driven to extinction during the coevolutionary process, discussion of these outcomes is 

omitted because then the results reflect the single species evolutionary case.  

 

Single Species Evolution of T* 

To understand how the evolution of temperature optima affect dormancy and species-

differences, we begin with the effect of environmental variation on selection in the single 

species case and so drop the species subscript j. Environmental variation comes from two 

direct sources, variation in germination via temperature fluctuations and variation in plant 

vigor. Each affects selection on T* directly, but also indirectly through their effects on 

competition. To understand each, we consider first germination variation acting alone, 

and then follow with the joint action of both germination and vigor fluctuations. The case 

of no temperature variation (i.e. ) is of little interest because the germination 

function takes values G = 1 for the phenotype  and G = 0 for all other 

phenotypes. Hence, any phenotype deviating from  is not viable. As a 

consequence, selection strongly favors the phenotype  over all others.  

rik

T (t) ≡ T

|T * = T |

T * = T

T * = T
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Figure	C.2.	Selection	on	T*	and	resulting	selection	on	 .	All	panels	show	pairwise	
invasibility	plots	(PIPs)	with	resident	trait	values	on	the	horizontal	axis	and	mutant	trait	
values	on	the	vertical	axis.	In	all	panels,	gray	regions	indicate	 	and	white	regions	
indicate	 	for	mutant	phenotypes.	The	value	of	w	increases	by	panel	from	left	to	right.	
PIPs	in	(a)	–	(c)	are	in	resident-mutant	T*	space.	(d)	–	(f)	gives	the	same	information	but	
transformed	to	 (see	equation(5)).	Dashed	lines	in	(a)	–	(c)	signify	the	convergent	point	in	
all	three	cases.	In	(a),	the	convergent	point	as	resident	lies	in	the	region	of	 	for	any	
mutant,	meaning	all	phenotypes	can	invade	the	resident.	Contrast	this	with	(c),	in	which	the	
dashed	line	lies	solely	in	the	region	where	 ,	meaning	that	this	phenotype	is	
uninvadable	by	any	other	phenotypes,	i.e.	an	ESS.	Parameters:	α	=	1,	y	=	100,	s	=	0.9,	μV	=	0,	
σV	=	0.	
 

Germination Variation Only 

We find that, in the case of constant vigor ( ), selection favors optimal 

germination temperatures that match the average temperature, i.e. . However, 

ultimate evolutionary outcomes differ depending on the germination temperature width, 

w. For sufficiently small w, the point  is an evolutionary branching point (figure 

C.2a). Evolutionary branching occurs when a phenotype can be reached through selection 

on successive small mutations but is at a long-term growth rate minimum relative to 

nearby phenotypes. This outcome can be seen from the PIP (figure C.2a). If the resident 

is below , invaders with slightly higher T* can always invade until  is 
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reached. Similarly, if resident is above  , evolution will proceed in small steps 

down to  . However, once the resident is at  , mutants with both higher and 

lower T* can invade, a situation given by the vertical dashed line through . 

Increasing w restricts the potential for invaders to grow in the presence of this resident. 

For example, for w2 = 2 (figure C.2b), most mutants of the point  (dashed line) lie 

along the boundary of positive and negative long-term growth rates. This means that 

mutants have  just as the resident, and so cannot invade. Further increasing w 

completes the transition from as a branching point to an ESS. This is evident in 

figure C.2c from the fact that the dashed line indicates negative mutant growth away 

from  . Hence,  is an ESS. 

 

Evolutionary branching and a single ESS have different consequences for both the 

evolution of dormancy, , and the evolution of species-differences. The mean 

dormant fraction, , depends only on the absolute difference , with  

increasing with  (figure C.1b). This can be seen because equation (C.3) for G 

with normally distributed T has mean 

 , (C.5) 

which itself is a Gaussian function of  (supplementary information C.S1). Hence, 

 has a maximum value  for  and decreases 

symmetrically for both and for , meaning that  increases with 

. We used this fact to transform the results from  space to  phenotype 

space in figures C.2d – C.2e by using only positive phenotypic values of . These 

figures show that evolutionary branching in  when w2 = 0.4 corresponds to 

evolutionary branching in . This can be seen in figure C.2d, which is a PIP in  

phenotype space. In figure C.2d, any resident  value below the maximum can be 

invaded by mutant phenotypes with larger  values. However, for residents with the 
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maximum  phenotypes (i.e., ), evolutionary branching occurs as shown in 

figure C.2a, which is represented in figure C.2d by mutants with smaller values of  

having positive . Hence, branching leads to an increase in the mean dormant fraction 

. In this case, selection creates two stably coexisting phenotypes with distinct 

germination temperature niches (figure C.3a). Subsequently, the coexisting phenotypes 

each evolve larger  as they diverge (figure C.3b). In contrast, the ESS  that 

results when w2 ≥ 2 leads also to an ESS  phenotype corresponding to maximum  

(figure C.2f), i.e. minimum dormancy, . 

	
Adaptive dynamics simulations with small mutations confirm evolutionary branching for 

small w and a single ESS for large w. Figure C.3a shows the evolutionary dynamics of T* 

for w2 = 0.4. Evolution in this case initially drives T* towards the phenotype  for 

the first ~150 mutations (figure C.3a). At this point, a new lineage emerges, which leads 

to divergent selection between lineages and the coexistence of mulitple phenotpyes 

within the population. As discussed above, this corresponds to an initial increase  to its 

maximum value followed by two lineages that both evolve smaller values of  (figure 

C.3b), i.e. increasing dormancy. The diversifying effects of selection create a storage 

effect between phenotypes that allows the two phenotypes to coexist, as shown by the 

coexistence region in figure C.3c. The storage effect here occurs because germination 

patterns of two phenotypes with different T* values are uncorrelated over time, as 

illustrated in figure C.1c. When sufficient conditions that permit reproductive isolation 

between phenotypes occur, sympatric speciation may result, in which case the storage 

effect coexistence mechanism, which is the result of evolution in this case, maintains 

species diversity. In contrast, the evolutionary dyanmcis of T* for w2 = 4 show that 

evolution drives the collapse of the coexistence of two phenotypes in a population (figure 

C.3d). In this case,  evolves to its maximum value, meaning no dormancy evolves 

(figure C.3e). 
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Figure	C.3.	Adaptive	dynamics	simulations	of	evolutionary	branching	and	the	
evolution	of	a	globally	stable	ESS.	(a)	Evolutionary	trajectory	of	an	initially	monomorphic	
population	with	phenotype	 =	0.2	that	converges	to	the	evolutionary	branching	point,	

	=	0	(dashed	line).	Upon	reaching	 	=	0,	another	mutation	is	introduced	which	
leads	to	polymorphism.	Case	corresponds	to	that	in	;igures	2a,d.	(b)	Same	evolutionary	
trajectory	as	(a)	but	transformed	to	 ,	where	the	maximum	germination	phenotype,	
corresponding	to	 =	0,	is	also	presented	as	a	reference	(dashed	line).	(c)	Same	
evolutionary	trajectory	as	in	(a)	and	(b)	but	presented	in	coexistence	space	where	gray	
regions	show	regions	of	coexistence	of	two	phenotypes	and	white	regions	show	exclusion	of	
one	phenotype.	Dotted	line	gives	the	line	of	equality	of	two	phenotypes.	Evolution	along	the	
dotted	line	here	means	evolution	in	a	monomorphic	population.	(d)	Evolutionary	trajectory	
of	a	population	initially	composed	of	two	phenotypes,	where	both	converge	on	the	ESS	but	
one	is	driven	extinct	by	the	other.	The	remaining	phenotype	evolves	to	the	ESS	phenotype	T*	
=	0	(dashed	line).	Case	corresponds	to	parameters	in	;igures	2c,f.	(e)	Same	evolutionary	
trajectory	as	in	(d)	but	transformed	to	 .	In	all	panels,	the	dashed	line	corresponds	to	the	
evolutionary	convergent	point	 .	
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Table	C.1.	Components	of	the	long-term	invader	growth	rate	from	approximation	
(C.5).	In	these	formulae,	 ,	 ,	and	 	indicates	

competition	with	phenotype	i	as	the	invader	(Ni	→	0).		
Long-Term Growth 

Component Notation Formula 

Average Fitness Difference ΔEik  

Relative Nonlinearity ΔJik  

Storage Effect ΔIik  

 

To understand what processes are responsible for the switch from a branching point for 

small w to an ESS for large w, we used an approximation of the long-term growth rate of 

a mutant phenotype. Following the development of Chesson (1994) derived for questions 

related to species coexistence, we partitioned this approximate growth rate into different 

components reflecting qualitatively different aspects of selection. The general 

distinguishing characteristics of the components are discussed here briefly but are 

discussed in more detail elsewhere both for questions of coexistence (Chesson 1994, 

2000, 2018) and for questions of evolution (Kortessis and Chesson 2019). The long-term 

growth rate of a mutant i invading resident k can be expressed approximately as a sum of 

three terms as   

 .  (C.6) 

Here the long-term growth rate is scaled by the rate of seed loss from the seed bank, βi. 

The first term on the right, ΔEik, is the “average fitness difference” between a mutant 

invader i and the resident k (Chesson 2000, Chesson 2018). The second term, ΔJik, is 

“relative nonlinearity” (Chesson 2000, Chesson 2018) (given as –ΔN in earlier literature, 

e.g. Chesson (1994)). The final term, ΔIik, is “the storage effect” and here quantifies the 

amount to which temporal variation in germination is uncorrelated from competition for 

an invader i relative to a resident k. The formulas for these quantities are given in table 

C.1. The range of the approximation (C.6) is specified in supplementary information 

C.S2. Importantly, the approximation predicts the patterns of selection for the cases 
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considered, which is also detailed in supplementary information C.S2. Although the 

scaling βi involves the mean germination fraction, βi is always positive. Thus, it does not 

alter the sign of equation (C.6) even though it is subject to evolutionary change, and so 

equation (C.6) always correctly indicates whether invasion can occur.  

 

The constituent components of equation (C.6), detailed in table C.1, are useful because 

they uncover the processes by which selection favors evolutionary branching for small w 

and an ESS for large w. These components uncover that ΔE and ΔJ affect selection on the 

mean germination, , i.e. dormancy (see supplementary information C.S2), and that ΔI 

affects selection promoting diversity within populations. To see why, consider first ΔE. 

Inspection of its expression in table C.1 shows that mutants with larger  are favored by 

this component. This means that ΔE favors mutants with smaller  than residents 

because  increases as  decreases. Hence, ΔE, if present alone, favors an ESS at 

the phenotype  (see supplementary information C.S2). Selection from ΔE also 

affects Var(G), as indicated by the presence of the coefficient of variation in G (CV(G)) 

in its expression, but this effect is redundant to that of , also favoring phenotypes closer 

to . Now consider ΔJ. As seen by its expression in table C.1, it unequivocally 

favors mutant phenotypes with smaller values of  than residents. Both ΔE and ΔJ 

combine in effect to favor a value of  that is closer to its maximum value when ΔE 

dominates and decreases with increasing strength of ΔJ. As found previously, ΔJ is 

stronger, and hence selection for dormancy increases with var(ln C), and var(ln Y) more 

generally (Kortessis and Chesson 2019). Here, this means that ΔE and ΔJ combine to 

select for two alternative ESSs, corresponding to the positive and negative values of 

(figures C.4a,d). These two phenotypes, having the same absolute distance from 

, have the same  value and are thus equally dormant.  

 

In contrast, ΔI leads to a branching point at  (figures C.4b,e) for sufficiently small 

mutations. This is not unexpected because the storage effect allows species to coexist 

based on different patterns of variation (Chesson and Warner 1981, Chesson et al. 2013), 
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which occurs when phenotypes differ in their  values. The strength of ΔI as a force 

causing evolutionary branching declines with w because larger values of w mean that 

mutants are only weakly differentiated from residents. (figure C.1c). In contrast, mutants 

can be strongly differentiated from residents when w is small. Thus, ΔI dominates the 

combined effect of ΔE + ΔJ on the long-term growth rate for small w. In this case, the 

full PIP (figure C.4c) follows the behavior of the PIP for ΔI (figure C.4b) and not that for 

ΔE + ΔJ (figure C.4a). However, when w is large, ΔI is weak relative to ΔE + ΔJ and so 

the full PIP (figure C.4f) follows the behavior of the PIP for ΔE + ΔJ (figure C.4d) and 

not that for ΔI (figure C.4e). This analysis shows that selection from the storage effect 

between mutant and resident phenotypes leads to the diversification within a population. 

 

 
Figure	C.4.	Components	of	selection	affecting	evolutionary	branching.	(a,d)	PIPs	for	ΔE	
+	ΔJ,	representing	selection	acting	on	 .	(b,e)	PIPs	for	ΔI,	the	storage	effect	component	of	
mutant	growth,	showing	that	it	favors	evolutionary	branching.	(c,f)	PIPs	for	total	invader	
growth	rate,	approximately	equal	to	the	sum	ΔE	+	ΔJ	+	ΔI.	In	all	panels,	gray	colors	mean	the	
component	is	positive	for	the	particular	invader-resident	comparison.	White	colors	indicate	
that	the	component	is	negative.	The	storage	effect,	ΔI	dominates	ΔE	+	ΔJ	when	w	is	small	(a)	
–	(c),	leading	to	diversi;ication	within	species.	In	contrast,	ΔE	+	ΔJ	dominates	ΔI	when	w	is	
large	(d)	–	(f),	leading	to	selection	favoring	a	single	ESS	 .	
 

Germination and Vigor Variation 

We now consider allopatric selection (i.e. on a single-species alone) in the more general 

case of variation in V(t), vigor, in addition to temperature-driven variation in G(t), the 

germination fraction. We find that the addition of vigor variation tends to strengthen 
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selection to increase , i.e. for temperature optima phenotypes that differ from the 

mean temperature. This effect is weak when w is small but is strong when w is large. As 

seen in figure C.5, increasing vigor variation has little effect on evolutionary branching 

when w is small (figure C.5a – c). However, for larger values of w, the outcomes of 

selection move from a single ESS for small  (figure C.5d) to evolutionary branching 

as  increases (figure C.5e) to alternative ESSs symmetric about  for large  

(figure C.5f). The effect of increasing  on the evolutionary outcome of selection is 

stronger for larger values of w. 

 

 
Figure	C.5.	Effect	of	vigor	variation	on	allopatric	selection	on	T*.	PIP	plots	in	 	
phenotype	space.	Vigor	variance,	 ,	increases	from	left	to	right	and	germination	
temperature	width,	w2,	increases	from	top	to	bottom.	In	all	panels,	gray	regions	indicate	

	and	white	regions	indicate	 	for	mutant	phenotype	i	and	resident	phenotype	k.	

The	resident	phenotype	 	is	highlighted	with	a	dashed	line	in	all	panels.	The	point	is	a	
branching	point	for	small	w2,	as	in	(a)	–	(c);	a	globally	convergent	ESS	for	large	w	and	small	

,	as	in	(d)	and	(g);	and	an	unstable	evolutionary	equilibrium	for	large	w2	and	large	 ,	as	
in	(f)	and	(i).	
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Vigor variation is more likely to favor T* values different from  because this vigor 

variation favors seed dormancy, and dormancy only occurs for phenotypes with nonzero 

. As shown in a previous study (Kortessis and Chesson 2019), temporal mean 

dormancy, i.e. values of  > 0, evolves when reproduction is variable. This occurs 

because smaller values of  are more beneficial under variable seed yield, Y, just as 

described for Var(ln C) by ΔJ above. A generalization of that argument, when applied to 

Var(ln Y), variance in log seed yield, instead of Var(ln C), shows that more dormant 

phenotypes are favored under greater reproductive variance. This is evidenced by the 

emergence of alternative ESSs equal distance from the point  for large  

(figures C.5f and C.5i). Both ESSs have identical values of  since  only depends 

on the absolute value .  

 

The emergence of alternative ESSs is favored by the combination of ΔE and ΔJ 

considered alone  (figure C.4a). However, ΔI alone favors evolutionary branching, 

depending on the germination temperature width, w. As ΔI dominates the PIP from its 

combination with ΔE and ΔJ when w is small, selection for evolutionary branching is 

strong and  has little overall effect (see figures C.5a – C.5c). However, as w increases, 

selection for evolutionary branching weakens, and selection favoring dormancy 

dominates. This leads to the alternative ESSs in figures C.5f,i. 

 

These results mean that in single populations, environmental variation in germination and 

vigor can lead to a suite of evolutionary outcomes. Monomorphic populations with 

maximum possible  can result with weak vigor variance and large germination 

temperature widths. Monomorphic populations may evolve dormancy when vigor 

variance and germination temperature widths are both large. Evolutionary branching, 

with the coexistence of multiple phenotypes that evolve dormancy as they differentiate, 

can also result with small germination temperature widths. The result is a storage effect 

within populations, with the potential for sympatric speciation given sufficient ecological 

and genetic conditions that lead to reproductive isolation. What now happens if two 
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species that have evolved in allopatry come together and interact? Does the evolved 

storage effect erode or strengthen? 

 

Coevolution of Two Competing Species 

For the case of coevolution between species, we assume that the initial phenotypic values 

of T* for each species correspond to their evolutionary endpoint in allopatry. When 

conditions lead to evolutionary branching, dealing with multiple coexisting phenotypes in 

a population is an issue in the adaptive dynamics framework. Adaptive dynamics models 

assume a monomorphic population as resident, which is not the case when selection in 

the single species case favors evolutionary branching. For the cases where evolutionary 

branching is possible in allopatry, we deal with this issue by assuming the population is 

monomorphic with the phenotype corresponding to the average phenotypic value of the 

two coexisting types that result from evolutionary branching. In all cases investigated 

above, the coexisting phenotypes are symmetric about the phenotype  as a 

consequence of the symmetry of both the temperature environment and the germination 

function. Hence, the phenotypic average is  in all cases. In the discussion, we 

comment on the possible implications of simplifying from four or more distinct lineages 

(polymorphism in each species) to two monomorphic populations. No such issue arises 

when selection in the single species case corresponds to two alternative ESSs because, in 

that case, a monomorphic population is the outcome. It is only the value of the phenotype 

that differs based on initial phenotype, not the number of extant lineages. We account for 

the alternative ESSs by considering both possibilities as distinct outcomes.  
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Figure	C.6.	Evolution	of	germination	traits	associated	with	the	storage	effect	favored	
by	small	w	in	sympatry.	(a)	Coevolved	differences	in	germination	temperature	optima,	T*,	
in	sympatry.	Note	that	species	evolve	identical	traits	in	allopatry	and	so	differences	
represent	character	displacement.	(b)	Dormancy	evolved	in	sympatry,	 	–	

.	Positive	values	indicate	greater	evolved	dormancy	in	sympatry	than	allopatry.	

Parameters:	s	=	0.9,	y	=	10,	μV	=	0,	σV	=	0,	α	=	1.	
 

Germination Variation Only 

Again, we first consider the case of constant vigor ( ) and ask how the value of w 

affects the coevolution of both dormancy and the differences between species in their 

temperature optima, T*. Just as smaller values of w favored divergence of phenotypes, 

smaller values of w increase selection for divergence between species (figure C.6a). This 

is seen by the fact that evolved differences in sympatry are greater than that from 

allopatry and this difference is larger with smaller values of w (figure C.6a). These 

differences mean that selection on two species in sympatry favors different germination 

temperature optima between species. These evolutionary patterns are the result of 

interspecific competition and so the evolved divergence represents the action of character 

displacement in germination temperature optima. Indeed, these evolved differences in 

sympatry lead to substantially reduced correlations between species in their germination 

responses.  

 

Divergence arising from competition also leads to the evolution of dormancy because 

temperature differentiation requires that species have fewer environments in which they 
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can germinate. The Gaussian germination function means that phenotypes with 

increasingly higher T* necessarily cannot germinate as well under cool temperatures. 

Hence, differentiating from a competitor means that some years are no longer suitable for 

germination of a species. As species diverge more in their T* values, they also germinate 

more when temperatures differ from the mean temperature . These temperatures are 

less likely to occur given that temperature is normally distributed. Thus, as species 

diverge in their T*, they germinate most under temperatures that occur less frequently and 

germinate less under frequently occurring temperatures. The result is greater , 

dormancy evolved in sympatry, than , dormancy evolved by species in allopatry 

(figure C.6b). This difference is larger as w gets smaller because evolved trait differences 

are larger with small w and because a smaller temperature range is suitable for 

germination. 

 

What these results mean in both cases is that interspecific competition selects for species 

differences via character displacement and that this selection overwhelms selection to 

maximize , which is indicated by our single species results. As a result, dormancy 

evolves not as a response to selection, but instead as a result of the ecological tradeoffs 

required to specialize on particular germination temperatures. A similar process leads to 

higher germination variance in sympatry. The question now is whether direct selection for 

dormancy likewise allows for the evolution of species differences or inhibits the 

evolution of species differences necessary for the storage effect. 
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Figure	C.7.	Sympatric	evolution	leads	to	nearly	the	same	evolutionary	divergence	as	
allopatric	evolution.	Evolution	attributable	to	interspeci;ic	interactions	is	the	difference	
between	the	two	lines.	Evolution	in	allopatry	assumes	initial	starting	phenotypes	on	
opposite	sides	of	the	point	T*	=	0	to	guarantee	that	the	alternative	ESSs	are	reached	by	the	
species.	Evolution	is	sympatry	assumes	starting	phenotypes	equal	to	the	ESSs	in	allopatry	of	
the	two	species.	Long-term	growth	is	evaluated	for	20,000	time	steps	before	the	success	of	a	
mutant	is	determined.	
 

Germination and Vigor Variation 

We consider direct effects of selection on dormancy again by assuming that vigor varies (

). The case of most interest is one with large germination temperature widths, w, 

because the single species results show that  has appreciable effects on evolutionary 

dynamics in this case. For small values of w, the single species case shows that the effects 

of  are minimal and so the evolutionary dynamics of T* are effectively the same as 

that for  = 0. However, with large values of w in the single species case, increasing 

 increases direct selection for dormancy, overwhelming selection for phenotypic 

differences within species (see figure C.5). The ESS mean dormant fraction, , 

occurs for two alternative values of T*, corresponding to alternative ESSs (see figures 

C.5f,i). One of these alternatives evolves for a species in allopatry. Both species in 

allopatry may converge on the same ESS if their initial phenotypes are sufficiently 

similar. However, if they are different, the species evolve different ESS values in 

allopatry. The two gray lines in figure C.7 shows these two possibilities of species 

differences in allopatry.  

5 10 15 20
0

5

10

Sympaty
Different ESSs in Allopatry
Same ESSs in Allopatry

σV
2 > 0

σV
2

σV
2

σV
2

σV
2

1−G



 

 

192 

 

Selection in sympatry leads to nearly the same outcomes as evolution in allopatry when 

species in allopatry evolve to alternative ESSs. The difference between the two outcomes 

is attributable to selection from interspecific competition, which has the effect of 

reinforcing divergence between species but to a small degree. This means that, even when 

selection overwhelmingly favors dormancy in allopatry, character displacement can still 

have an effect in reinforcing species differences. Furthermore, if species evolve similar T* 

in allopatry, interspecific competitive interactions can still lead to substantial character 

displacement (figure C.7).  

 

Discussion 

Seed germination biology plays a central role in the life habit and species interactions of 

annual plants in arid environments (Venable and Kimball 2013, Huang et al. 2016). For 

annuals in arid environments, aspects of seed germination are viewed as facilitating 

stable coexistence via the storage effect coexistence mechanism (Adondakis and Venable 

2004, Angert et al. 2009, Chesson et al. 2013, Holt and Chesson 2014). We here study the 

evolution of seed dormancy and species-specific germination patterns using a model 

assuming that germination responds to yearly fluctuations in temperature at the time of 

rainfall. A species’ optimal germination temperature is assumed to evolve, which we 

investigate for both the single-species case and the two-species case. In a single-species 

case, multiple evolutionary outcomes are possible. Large germination temperature widths 

favor a single ESS corresponding to the optimal germination for the average temperature 

at the time of rainfall (figure C.2c). This phenotype has the highest possible mean 

germination fraction, meaning no dormancy evolves. Smaller germination temperature 

widths favor evolutionary branching (figure C.2a). The outcome here is multiple 

coexisting phenotypes in the population that diverge in their temperature optima (figure 

C.3a). Dormancy results as a consequence of evolution away from the most common 

temperature conditions. Just as small germination temperature widths favor evolutionary 

branching, they also favor divergence between two species in sympatry (figure C.6). 

Variation in abiotic conditions affecting plant growth favors alternative ESSs at points 

equidistant from the mean temperature at the time of rainfall in a single species model 
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(figure C.5i). These correspond to alternative warm and cool temperature germination 

specialists. Dormancy tags along as a consequence of specializing on less common 

temperature regimes. Coevolution of two species in sympatry has a small effect 

reinforcing differences that accumulate in allopatry (figure C.7). 

 

To understand these results, we approximated the long-term growth rate and partitioned 

selection on the long-term growth rate into multiple components that were developed to 

understand species coexistence (Chesson 1994). The dominant components affecting 

selection are, using the terminology of species coexistence, average fitness differences; 

relative nonlinearity; and the storage effect. Selection acting on average fitness increases 

mean germination and opposing this is relative nonlinearity, describes how phenotypes 

with lower mean germination, , are favored under variable competition and 

reproduction (figure C.4a,d). Mean germination decreases for phenotypes with optimal 

germination temperatures further from the temperature average (figure C.1b). Such 

differences can either be greater than the average temperature (warmer) or lower than the 

average temperature (cooler). These two alternatives correspond to the alternative ESSs 

that occur when vigor variance, and hence, reproductive variance is strong, thereby 

favoring dormancy (figure C.5i,f).  

 

Potentially dominating this selective effect is the component of long-term growth 

corresponding to the storage effect between phenotypes. This component favors 

evolutionary branching with respect to temperature optima (figure C.4), which is 

unsurprising given its strong potential for promoting stable coexistence between species 

(Chesson and Warner 1981, Chesson 2000, Chesson et al. 2013). Similar processes occur 

when applied to mutant and resident phenotypes. The strength of the storage effect 

component of selection decreases with the germination temperature width, w, explaining 

why evolutionary branching occurs for small, but not for large, germination temperature 

widths (figure C.4). Smaller germination temperature widths correspond to stronger 

tradeoffs between alternative temperature niches. Stronger tradeoffs are often implicated 

in the existence of evolutionary branching and coexistence of multiple phenotypes within 

G
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a population (Abrams et al. 2013, Kremer and Klausmeier 2013, 2017), which is 

consistent with our results.  

 

By breaking down selection into components, we find that selection for dormancy and 

selection for species-differences are often aligned. For small germination temperature 

widths, selection from the storage effect favors species-differences at the same time that 

selection from relative nonlinearity favors dormancy (figures C.4a and C.4b). The 

selection for dormancy occurs despite stronger costs to dormancy. Phenotypes decline in 

 per unit change in temperature optima different from the mean with small germination 

temperature widths (figure C.1b). The outcome in this case is evolutionary branching 

(figure C.4c), but selection for these two components is nonetheless aligned. This is 

further evidenced by the fact that evolutionary divergence between species in sympatry 

when driven by interspecific competition is similar to that when species evolve 

alternative phenotypes in allopatry from direct selection for dormancy (figure C.7). But 

when selection for dormancy and species differences go together, that also means that 

both are jointly weak when one is weak. This is the case when vigor variance, , is 

small and germination temperature widths, w, are large (figure C.5). In this case, neither 

the storage effect component nor the relative nonlinearity component is sufficient to lead 

to dormancy or species differences (figures C.4d – C.4f). Phenotypes that maximize mean 

germination fraction, which occurs for germination temperature optima equal to the 

average temperature at the time of rainfall , are then favored. The bottom line is 

that the effective variation in the environment, i.e. the variation in the environment that 

causes variation in germination and vigor, tends to favor species differences and 

dormancy jointly. It is precisely this kind of variation that allows for species to coexist, 

and so these results strongly suggest that the storage effect is evolutionarily stable when it 

occurs.  

 

The evolutionary pathways to seed dormancy and species-specific germination 

differences are complementary in our model. When selection directly favors seed 

dormancy above all else, as is the case when  is large (see figure C.5), seeds give up 
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reproductive opportunities. Given the symmetry of our model, there are two ways to give 

up reproductive opportunities, either through specializing on warm temperatures or 

specializing on cool temperatures. Specializing on either leaves open ecological 

opportunities for competing species to capitalize on. Hence, selection on dormancy 

leaves open the ability for species to evolve the ecological differences required for 

species coexistence (Chesson 2000). Similarly, direct selection for species differences in 

temperature optima also means that species necessarily give up reproductive 

opportunities. As a result, dormancy can evolve. This may appear to be a direct 

consequence of our choice of germination model, but the kinds of tradeoffs used here are 

fundamental to the evolution of niche specialization generally. They are standard for 

questions of evolution of specialization on resource types (Slatkin 1980, Abrams 1986, 

Taper and Case 1992), specialization to different environmental conditions (Abrams et al. 

2013, Kremer and Klausmeier 2013, Miller and Klausmeier 2017), and specialization to 

predators and prey (Abrams 2003). Hence, our assumptions about the phenotypic values 

are in line with standard assumptions.  

  

Our use of adaptive dynamics is valuable because of our focus on ecological 

determinants of selection rather than other evolutionary forces. However, there are some 

limitations to this approach. The chief difference between adaptive dynamics models and 

other evolutionary models, such as quantitative genetics, is the assumption of phenotypic 

variance in the population. Most ecological models of evolutionary change rely on 

selection gradients (Abrams 2001, 2005) and give similar predictions when genetic and 

phenotypic variation is small. However, when other frameworks allow for large 

phenotypic variance, these models often differ in their predictions (Abrams 2001). This 

arose as an issue in our analysis of sympatric evolution because we had to assume 

monomorphic populations despite evolution in allopatry leading to polymorphism within 

a population. This means that possibly four or more interacting phenotypes need  to be 

considered. Previous models with similar structure show that more than two phenotypes 

can arise and coexist in a fluctuating environment, especially when environmental 

fluctuations are much greater than species niche widths (Kremer and Klausmeier 2017). 

If these can coexist, there is the question of whether the different phenotypes can actually 
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arise in more biologically realistic evolutionary scenarios. If they do, the previous work 

of Kremer and Klausmeier (2017) suggests that much greater diversity can be maintained 

in our model than we consider here, although we expect these differences to not greatly 

change our conclusions about the evolution of the storage effect. We expect these 

multiple phenotypes to be ordered along the phenotype axis, with a hierarchy of 

dormancy and a suite of phenotypes specialized on different temperatures. It is unclear 

whether this kind of evolved intraspecific phenotypic variation strengthens or weakens 

coexistence, as most studies are equivocal about the effects of intraspecific variation on 

coexistence (Hart et al. 2016, Hausch et al. 2018). 

 

Species coexistence fundamentally depends on the separation of within and between 

species density feedbacks, with stronger within species density feedbacks leading to 

stable coexistence (Chesson 2018). Storage effect theory has identified the components 

necessary for strengthening of within species density feedbacks in a fluctuating 

environment as an emergent outcome over time (Chesson et al. 2013). These components 

naturally involve ecological differences between species, just as all coexistence 

mechanisms do (Chesson 2000). But the theory also highlights a strong association 

between the environmental characteristics of species and their influence on competition. 

This requirement also is necessary for other coexistence mechanisms as species 

differences cannot affect interactions between species if those differences have no 

bearing on competition. In our model, the association between germination and 

competition can evolve in a manner that creates and strengthens the storage effect. In 

fact, the selective component responsible for this evolution is the component of long-term 

growth associated with the storage effect between phenotypes. The conditions that allow 

for such selection are similar to those that allow for the storage effect to be present 

between species: strong effects of environmental fluctuations on species biology, strong 

tradeoffs to this environmental variation, and a close association between competition 

and environmental effects. The results presented here and those from previous studies 

(Abrams et al. 2013, Mathias and Chesson 2013, Gremer and Venable 2014, Kremer and 

Klausmeier 2017, Miller and Klausmeier 2017, Kortessis and Chesson 2019) provide 
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strong support for the evolution of the storage effect and species coexistence under 

ecological scenarios standard in ecological models. 
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Appendix C: Supplementary Information S1. Derivation of  

Here we show that the mean of the germination function (C.5) in the main text is a 

Guassian function when temperature is normally distributed. 

 

By definition, the mean of G is given by the expression 

   (C.S1.1) 

where G is given by equation (C.3) in the main text, fT is the density function of 

temperature, T, τ is the specific value of temperature, and Ω is the support of T. 

 

With T a normal distribution, 

 , (C.S1.2) 

where  is the mean of T and  is the variance of T.  

 

Placing (C.S1.2) and expression (C.3) from the main text in (C.S1.1) yields 

 . (C.S1.3) 

The trick here is to rewrite the product of the exponentials as a Gaussian function. To do 

so, recognize first that the product of exponentials can be written 

  .
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Now the term inside brackets in (C.S1.4) can be expanded to 

  .
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Any terms in (C.S1.5) that do not include τ are constant with respect to dτ and so we 

collect them together as follows: 

  . (C.S1.6) 

The first term following the equation sign in (C.S1.6) requires an extra term to complete 

the square. Adding and subtracting  to (C.S1.6) completes the square to 

yield 

 . 

 (C.S1.7) 

 

Remember that the final line of expression (C.S1.7) is equal to the term in brackets in the 

exponential in (C.S1.4). It is useful here because now (C.S1.7) has the form of a Gaussian 

function and so its integral can be calculated. To see why, we rewrite (C.S1.7) as 

 , 
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and 

  . (C.S1.11) 

Hence, by substituting (C.S1.8) – (C.S1.11) in for the term in brackets in (C.S1.4),  can 

be rewritten as 

  . (C.S1.12) 

 

The integral in (C.S1.12) is simply the integral of the kernel of a normal distribution with 

mean  and variance . Hence, the integral is the scaling constant . Thus, 

(C.S1.12) can be rewritten as 

  . (C.S1.13) 
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  . (C.S1.15) 

Placing result (C.S1.14) and (C.S1.15) in (C.S1.13) yields that final result: 

  , (C.S1.16) 

which is expression (C.5) given in the main text.  

 

Appendix C: Supplementary Information S2. Approximation of the long-term growth 

rate 

Approximation (C.6) presented in the main text is derived in Kortessis and Chesson 

(2019). Details of the approximation can be found there. However, here we note that the 

approximation is accurate for small variation, which in this context means o(σ2). This 

second order approximation means that we consider only variation that is sufficiently 

small to omit all terms from above second order. Technically, f = o(σ) means f/σ → 0 as σ 

→ 0. 

 

Here we rely mostly on numerical calculations of approximation (C.6) in the main text 

and the full long-term growth rate. Both are presented in figure C.S2.1. The 

approximation is given by the dotted lines and the full growth rate is given by the solid 

lines. Notice that the approximation gets worse for smaller values of w, which 

corresponds to larger variation in G. However, even for the smallest value of w, the 

qualitative behavior, i.e. evolutionary branching, is predicted by the approximation.  
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Figure	C.S2.1.	Validity	of	approximation	for	evolutionary	dynamics.	PIP	plots	with	lines	
delineating	zero	long-term	growth	of	an	invader	using	the	approximation	in	equation	(6)	
and	table	C.1	if	the	main	text	(dotted	line)	and	the	full	value	of	the	mutant	invader	long-term	
growth	rate	(solid	line).	The	value	of	w,	the	germination	niche	width,	increases	from	(a)	to	
(f).	Positive	and	minus	symbols	indicate	the	sign	of	the	long-term	growth	rate.	
 

The approximation includes three components. The first, ΔE, favors increasing  while 

the second ΔJ, favors decreasing values of . To do so, first consider the expression for 

ΔE in table C.1,  

 .  (C.S2.1) 

 

In equation (C.S2.1),  and CV2(G) = Var(G)/  and 
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 .  (C.S2.2) 

(C.S2.2) is positive when 

 .  (C.S2.3) 

Inequality (C.S2.3) rearranges to yield , meaning that mutants with larger values 

of  than residents have positive . The second term in (C.S2.1) is positive when  

 . (C.S2.4) 

Inequality (C.S2.4) can be rewritten in terms of , in which case  

 . (C.S2.5) 

Inequality (C.S2.5) is relatively complex, but for simplicity, ignore for now any 

differences between phenotypes in Var(G). Under the assumption of Var(Gi) = Var(Gk) = 

Var(G), inequality (C.S2.5) simplifies to 
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phenotypes, ΔE favors mutants with larger values of  than residents and therefore 

selects for larger . 

 

To see how this extends to our model of germination where Var(G) also changes with 

phenotype, notice that differences in Var(G) act as weighting factors for the difference in 

means, where the final line of (C.S2.5) can be rewritten as 

 .  (C.S2.7) 

In inequality (C.S2.7),  = Var(Gj). Now, inequality (C.S2.7) is satisfied when  

 .  (C.S2.8) 

Assume that , in which case,  and . A sufficient condition 

to satisfy the inequalities in expressions (C.S2.8) is that . Hence, (C.S2.8), and 

by extension (C.S2.4) are satisfied when mutants with larger values of  than residents 

have smaller values of Var(G).  

 

Figure C.S2.2 shows Var(G) as a function of  for different values of w. Var(G) 

decreases with  for most values of w except the smallest values (purple lines). In these 

cases, (C.S2.4) is satisfied for mutants with  values larger than resident. 

 

 
Figure	C.S2.2.	Relationship	between	Var(G)	and	 	for	different	values	of	w.	The	values	
of	w	increase	from	purple	(w	=	0.1)	to	yellow	(w	=	4).		
 

G

G

1− s( ) σ k
2Gi

2 −σ i
2Gk

2( )+ s σ k
2Gi

3 −σ i
2Gk

3( ) > 0
σ j
2

σ k
2

σ i
2 > Gk

2

Gi
2  and σ k

2

σ i
2 > Gk

3

Gi
3

Gi >Gk Gk
2 /Gi

2 <1 Gk
3 /Gi

3 <1

σ k
2 /σ i

2 ≥1

G

G

G

G

0 0.5 1
0

0.05

0.1

0.15

G



 

 

209 

We checked the validity of this argument by numerically calculating ΔE. Figure C.S2.3a 

shows a representative PIP where ΔE alone favors selection for | | to decrease. One 

can see this by noticing that for resident phenotypes , mutants with smaller values 

of T* can invade. Similarly, for resident phenotypes , mutants with larger values of 

T* can invade.  

 

The case of ΔJ is more straightforward. From table C.1, the expression for ΔJ is  

 .  (C.S2.9) 

By definition, the variance is always positive. Furthermore, 0 < s < 1. Hence, the sign of 

ΔJ is determined by the sign of .  is positive when , meaning that 

ΔJ is positive for mutants with values of  smaller than residents. Hence, ΔJ favors 

dormancy. Numerical calculation of ΔJ show as much, indicating uniform selection for 

increasing values of , i.e. decreased  (figure C.S2.3b).  

 

 
Figure	C.S2.3.	PIPs	of	the	long-term	growth	rate	components.	(a)	ΔE	component	when	
considered	alone.	(b)	ΔJ	component	when	considered	alone.	ΔE	and	ΔJ	make	have	opposing	
effects	on	the	mean	germination	fraction.	
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