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Abstract 
Theoretical and empirical studies have consistently shown that the optimal 

timing of seed germination reduces exposure to physical stress and minimizes 

competitive interactions with neighbors. However, this research has not accounted for 

facilitative (positive) interactions among plants, which become more pronounced as 

environmental stress increases. Facilitation is more likely to occur early in a plant’s life 

when it is more susceptible to stress. In seasonal environments, the stress a given 

individual experiences can change throughout the year, and some years are more 

stressful than others. These sources of temporal variation in stress will dictate the 

facilitation-competition balance that individuals experience. However, it remains 

unclear how this balance affects the optimal timing of germination. My dissertation 

research asks how the timing of germination responds to neighbors, how those 

responses affect the facilitation-competition balance individuals experience, and how 

that balance in turn affects fitness and demography. More generally, it asks how the 

timing of germination and other types of emergence affect the facilitation and 

competition that individuals experience throughout their lives. 

I used laboratory, greenhouse, and field experiments to examine how the timing 

of germination in the winter annual Arabidopsis thaliana (Brassicaceae) responds to cues 

of neighbors and how those responses affect interactions with neighbors. I then 

developed a mathematical model of population growth in an annual plant to examine 
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how intraspecific facilitation and competition over ontogeny affect the optimal degree of 

investment in dormancy (i.e., delayed germination) in variable environments.  

My experiments revealed that seeds of A. thaliana typically delay germination in 

response to neighbors and that these responses can promote facilitative interactions and 

reduce competitive ones with neighbors. Selection against delayed germination, which 

occurs because of stress later in the season, can be mitigated by facilitation. Further, 

delaying germination can be beneficial by increasing the difference in sizes between 

seedlings and their neighbors, which may promote resource partitioning. In the 

theoretical study, I found that increasing the degree of investment in the fraction of 

dormant seeds (i.e., delaying germination) can promote the persistence of populations 

that experience both facilitation and competition in variable environments. This occurs 

because increased dormancy prevents high juvenile densities that promote facilitation 

and consequently limit reproduction in large populations. The findings of this research 

indicate that plant-plant interactions depend strongly on temporal context, and they 

reveal that the facilitation-competition balance determined by temporal variation in 

stress plays a key role in how germination and dormancy traits will evolve in variable 

environments.  
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Introduction 

Motivation 

Determining how phenology, or the timing of life history events, influences the 

outcomes of biotic interactions is crucial for understanding how populations and 

communities respond to environmental change (Donnelly, Caffarra, and O’Neill 2011; 

Gioria, Pyšek, and Osborne 2018; Johansson et al. 2015; Miller-Rushing et al. 2010; 

Rafferty et al. 2013; Wolkovich and Cleland 2011). However, our understanding of the 

relationships between phenology and the occurrence and outcomes of biotic interactions 

remains unsettled for three reasons. First, while phenology may respond to the presence 

of neighbors (Moynihan and Shuker 2011; Orrock and Christopher 2010; Warkentin 

1995), the nature of this response varies greatly. For example, in Ambrosia artemisiifolia 

(Asteraceae), seed germination occurs earlier in response to the presence of other seeds 

but later in response to the presence of adults (Fenesi, Albert, and Ruprecht 2014).  

Second, phenology determines the physical environment experienced by the life 

history stages that follow (Donohue 2005), and that physical environment will affect not 

only the magnitude but also the sign of interactions with neighbors. For example, 

competition becomes less likely and facilitation more likely as environmental stress 

increases (Bertness and Callaway 1994; Biswas and Wagner 2014; Maestre et al. 2009; 

Malkinson and Tielborger 2010; Pugnaire and Luque 2001; Wright, Schnitzer, and Reich 
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2015). Thus, a change in phenology also changes the environmental context in which 

subsequent biotic interactions occur. 

Third, phenology affects the ages and sizes of interacting individuals. Phenology 

affects not only when the event occurs during the year (the absolute time) but also when 

it occurs relative to other individuals (the relative time). Because the outcome of biotic 

interactions depends on the nature of the interactions over the entire life cycle as well as 

seasonal changes in the underlying physical environment, even small changes in one 

individual’s phenology can produce wildly different outcomes in the interactions among 

individuals (Yang and Rudolf 2010).  

For these reasons, understanding how phenology affects the outcomes of biotic 

interactions within populations and communities requires considering not only how 

phenologies change in response to the environment but also how those responses affect 

interactions with neighbors across the life cycle. To shed light on how biotic interactions 

both lead to and result from changes in phenology, my dissertation focuses on the case 

study of the timing of seed germination in an experimentally tractable plant.  

 

Why seed germination? 

When organisms emerge from dormant or quiescent stages, such as eggs, seeds, 

and pupae, they leave a relatively protected state for one that may face many challenges. 

These challenges may include exposure to physical stress that reduces the probability of 
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survival as well as competitive interactions with other individuals. For these reasons, 

fitness is maximized when individuals emerge when current conditions are favorable for 

the survival of young and when future conditions will be favorable for the growth and 

reproduction of adults.  

Because the timing of emergence is tightly linked with fitness, many types of 

organisms, from vertebrates to insects to plants, have evolved the ability to adjust their 

emergence based on the detection of favorable conditions using environmental cues (van 

Asch et al. 2013; C. C. Baskin and Baskin 2014; Furness, Lee, and Reznick 2015; 

Moynihan and Shuker 2011; Warkentin 2011). In plants, seed germination commonly 

responds to the cues of neighboring plants by occurring more quickly (e.g., Orrock and 

Christopher 2010, Fenesi et al. 2014). Such a response provides an individual with a 

‘head start’ over its neighbors or at least reduces the competition that individual 

experiences (Mercer, Alexander, and Snow 2011; Weis et al. 2015).  

However, in some cases, seeds will respond to cues of neighbors by not 

germinating at all and instead waiting and taking a chance that conditions will be less 

competitive at a future time (Dechaine, Gardner, and Weinig 2009; Deregibus et al. 1994; 

Inouye 1980; King 1975; Pons 2000). As long as the risks faced by seeds stored in seed 

banks between years are outweighed by the benefits of waiting, then such responses can 

increase a seed’s fitness. 
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Another response to neighbor cues that has been documented in some taxa is 

slower germination that results in delayed germination within the same season or year 

(Fenesi, Albert, and Ruprecht 2014; Jutila and Grace 2002; C. Zhang et al. 2014). In such 

cases, seeds germinate later in response to neighbors. While documented in many taxa, 

the fitness consequences of emerging more slowly in response to neighbors are unclear. 

Whether seedlings emerge earlier or later in response to neighbors detected after 

dispersal may depend on interactions with neighbors before dispersal. Germination 

responses to maternal environments are common (H. He et al. 2014; Roach and Wulff 

1987), and responses to these environments can be adaptive if the maternal environment 

provides reliable cues of future environments that dispersed seeds cannot yet detect 

(Auge et al. 2017; Marshall and Uller 2007; Mousseau and Fox 1998). For example, cues 

of neighbors in the maternal environment could indicate that seeds will interact with 

neighbors after they germinate, even if those neighbors are not present in the seed’s 

immediate environment. If so, then accelerated germination in response to cues of 

neighbors in the maternal environment could provide seeds with a head start over their 

later-emerging competitors.  

The interplay between the relative timing of germination and interactions among 

plants has been interpreted primarily within the context of competitive interactions, but 

interactions among plants are not always negative. Facilitation, or a positive effect of at 

least one individual on another under conditions of environmental stress, is common 
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among plants (Bertness and Callaway 1994; Brooker et al. 2007; Callaway et al. 2002; Q. 

He, Bertness, and Altieri 2013). Accounting for facilitation in studies of the adaptive 

significance of seed germination and dormancy is important because facilitation reduces 

exposure to the sources of environmental stress that lead to selection on germination 

and dormancy in the first place. Facilitation may therefore relax selection against 

germination behaviors that would otherwise be expected to lead to low fitness, such as 

germinating slowly in response to neighbors or failing to delay germination when doing 

so would be beneficial. 

 

Dissertation research questions   

Determining the adaptive significance of the germination responses to neighbors 

that have been observed among plants requires understanding how germination 

responds to neighbors and how those responses actually modify facilitative and 

competitive interactions over focal plant ontogeny. For my dissertation research, I used 

the model plant Arabidopsis thaliana (Brassicaceae) to examine these dynamics.  

I first ask: How does the timing of germination in A. thaliana change in 

response to cues of neighbors in maternal and seed environments? To answer this 

question, I performed a series of laboratory experiments in which I examined 

germination responses to changes in light caused by neighbors encountered in the 

maternal environment (during seed maturation) and in the seed environment (during 
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seed imbibition). I quantified these germination responses using A. thaliana seeds from 

common laboratory strains (Chapter 1); a local, naturalized population (Chapter 2); and 

173 ecotypes collected from throughout the range of the species (Appendix A). These 

experiments allowed me to determine how the germination phenology of this species is 

likely to change in response to cues of neighbors, how variable these responses are 

within the species, and whether such responses depend on the integration of cues in 

maternal and progeny environments.  

Having quantified germination responses to cues of neighbors in A. thaliana, I 

then asked: How does the timing of germination in A. thaliana affect interactions with 

neighbors over ontogeny? To answer this question, I performed a series of outdoor 

experiments in which I varied the timing of neighbors’ germination (Chapter 2) or of 

focal plants’ germination (Chapter 3, Appendix B). In each experiment, I then measured 

how these changes in phenology affected the occurrence of facilitation and competition 

across ontogeny in A. thaliana. These experiments allowed me to examine how changes 

in a focal individual’s phenology affect interactions with other individuals by altering 

the relative sizes of the interacting individuals (Chapter 2) as well as the physical 

conditions underlying the interaction (Chapter 3, Appendix B). 

The experiments above consider how changes in the timing of germination 

within seasons affects interactions with neighbors and how these interactions affect 

individual fitness and demography. However, there is another way in which the timing 
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of germination may affect interactions among individuals in a manner that then affects 

fitness and demography. Annual plants in variable environments often produce seeds 

with a high rate of dormancy, which delays germination across years. Producing 

dormant seeds is beneficial in annual plants because it can prevent extinction in years 

with no reproduction and limit the negative effects of environmental variation and 

competition on populations (Clauss and Venable 2000; Cohen 1966; Ellner 1985a, 1985b, 

1987; Gremer and Venable 2014; Venable and Brown 1988; Venable and Lawlor 1980).  

It is unclear whether delays achieved by a high rate of seed dormancy would still 

be optimal in populations that also experience facilitation, since facilitation will tend to 

reduce the environmental stress that favors dormancy in the first place. To reveal the 

dynamics between intraspecific interactions and delays in germination caused by seed 

dormancy, the last portion of my dissertation research asks: How does a change from 

intraspecific facilitation to competition over ontogeny affect the optimal seed 

dormancy rate in annual plant populations?  To answer this question, I developed a 

model of population growth in which juvenile survival is positively affected by juvenile 

density, but adult fecundity is negatively affected by adult density. I then used this 

model to examine how facilitation and delaying germination through seed dormancy 

jointly affect population persistence in variable environments. 

Combined, these studies evaluate how the timing of germination within and 

between years responds to cues of neighbors in parental and offspring environments, 
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how the timing of germination affects facilitative and competitive interactions with 

neighbors via changes in absolute and relative phenologies, and how those interactions 

with neighbors consequently affect fitness and demography. Thus, they provide a 

holistic assessment of the ways in which phenology can affect the outcomes of biotic 

interactions in temporally variable environments.  

 

Personal contributions to dissertation research 

The research presented in Chapter 1 was conducted in collaboration with 

Gabriela A. Auge, Aman Bali, and Kathleen Donohue. GAA, KD, and I designed the 

experiment. GAA, AB, and I collected data. I performed statistical analyses and wrote 

the manuscript. GAA, AB, and KD provided comments on drafts of the manuscript.  

The research presented in Chapter 2 was conducted in collaboration with George 

F. Schieder IV and Kathleen Donohue. I designed the experiment with input from KD. 

GFS and I collected data. I performed statistical analyses and wrote the manuscript. GFS 

and KD provided comments on drafts of the manuscript. 

The research presented in Chapter 3 was performed solely by me. I designed the 

experiment, collected data, performed statistical analyses, and wrote the manuscript, 

with advice on the experimental design and manuscript from Kathleen Donohue. 

The research presented in Chapter 4 was conducted in collaboration with 

Kathleen Donohue and Allison K. Shaw (University of Minnesota-Twin Cities). I came 
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up with the original idea for the model with input from KD. AKS and I analyzed the 

deterministic model. I performed simulations and analyses of the stochastic model. I 

wrote the manuscript. KD and AKS provided comments on drafts of the manuscript. 

The data presented in Appendix A resulted from collaborative work with George 

F. Schieder. I designed the experiment. GFS collected data. I performed statistical 

analyses and wrote the description of the work that appears in the appendix. 

The data presented in Appendix B resulted from collaborative work with Rafiq 

O. Majolagbe and Kathleen Donohue. I designed the experiment with input from KD. 

ROM collected data. I performed statistical analyses and wrote the description of the 

work that appears in the appendix. 
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1. Contrasting germination responses to vegetative 
canopies experienced in pre- versus post-dispersal 
environments 

This is a pre-copyedited, author-produced version of an article accepted for 

publication in Annals of Botany following peer review. The version of record (Leverett et 

al. (2016) Contrasting germination responses to vegetative canopies experienced in pre- 

versus post-dispersal environments. Annals of Botany 118: 1175-1186) is available online 

at: https://academic.oup.com/aob/article/118/6/1175/2418674 (doi: 10.1093/aob/mcw166). 

 

1.1 Introduction 

Organisms can adjust their phenotypes in response to conditions experienced by 

their parents (parental environmental effects) and by themselves (Roach and Wulff 1987; 

Schlichting 1986; Snell-Rood 2013; Sultan 2000; West-Eberhard 1989). While parental 

environmental effects can produce adaptive responses in offspring (Herman and Sultan 

2011; Mousseau and Fox 1998), cues experienced by offspring themselves are likely to be 

more reliable predictors of their immediate environments, and in turn performance, than 

cues in the parental environment (DeWitt, Sih, and Wilson 1998). Therefore, it is 

expected that responses to conditions experienced by an individual in its immediate 

environment will override responses to cues that were experienced during its 

maturation in the parental environment. However, parental environments may predict 

future conditions that are not yet present in an individual’s immediate environment. If 
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so, then plastic responses to parental environments could increase performance and 

would be expected to override responses to the immediate environment. 

Seed germination responds to cues experienced before and after dispersal in a 

manner that prevents seedlings from emerging under suboptimal conditions (C. C. 

Baskin and Baskin 2014; Donohue 2009; Donohue et al. 2010; Gutterman 2000). One 

environmental factor that is likely to influence seedling performance is neighboring 

vegetation. Plants detect vegetation using irradiance and the ratio of red to far-red light 

(R:FR), both of which are reduced when sunlight is filtered through or reflected from 

photosynthetic tissue (Casal and Sánchez 1998; Smith 2000). Phytochromes are plant 

photoreceptors that sense R and FR light; the inactive conformation (Pr) is converted by 

R light into the bioactive conformation (Pfr) that stimulates germination and other 

developmental processes (Casal and Sánchez 1998; Casal and Smith 1989). 

Phytochromes therefore regulate responses to R:FR, which can predict competition even 

before it occurs (Smith 2000), but other photoreceptors and resource-sensing 

mechanisms are involved in responses to total irradiance (Aphalo and Ballaré 1995; 

Casal 2013). 

Conditions of low irradiance or R:FR, indicating nearby vegetation, often impede 

germination in taxa that require gaps for establishment (Dechaine, Gardner, and Weinig 

2009; Deregibus et al. 1994; Gutterman 2000; King 1975; Pons 2000). In such taxa, 

preventing germination under competitive conditions will increase a seed’s fitness; 
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therefore, germination should be less likely to occur under light cues that indicate 

competition. The value of preventing germination under vegetation will then depend on 

the risk of mortality in seeds that do not germinate (Donohue et al. 2010). However, light 

cues may interact with other seasonal cues to regulate germination. In particular, 

temperature varies seasonally, and seeds of most species require specific temperatures 

during imbibition in order to germinate (Baskin and Baskin 2014). If temperature 

requirements are not met, seeds will not germinate even when other conditions, such as 

light, are favorable. Therefore, the hypothesized inhibitory effect of a vegetative canopy 

is more likely to be observed under temperatures that promote germination. 

While light cues experienced during seed maturation can indicate competitive 

conditions in the maternal environment, vegetation varies through space and time and is 

unlikely to remain perfectly stable from the time of seed maturation to the time of seed 

germination. Consequently, vegetation cues experienced by dispersed seeds may be 

more accurate predictors of seedling competitive conditions and therefore performance 

than those same cues experienced during maturation. If so, germination responses to 

vegetation in the seed environment are expected to override germination responses to 

vegetation in the parental environment. 

Seed dormancy will further reduce the ability of vegetation cues in the maternal 

environment to predict vegetation present in the seedling environment. Dormancy 

prevents germination under ephemeral conditions that would stimulate germination in 
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non-dormant seeds, thereby synchronizing non-dormancy with the appropriate 

germination season (C. C. Baskin and Baskin 2014; Bewley 1997; Finch-Savage and 

Leubner-Metzger 2006; Footitt et al. 2014). Seeds that must lose dormancy over time 

(after-ripen) would require more ‘lag time’ between the perception of cues during 

maturation and responses to those cues during germination (DeWitt, Sih, and Wilson 

1998), which could reduce the accuracy of pre-dispersal cues in predicting seedling 

performance. Consequently, the effects of vegetation cues during maturation on 

germination are hypothesized to be weaker in species or genotypes with stronger 

dormancy. 

In species with non-deep physiological dormancy, seeds that lose dormancy 

during after-ripening may be induced into secondary dormancy if germination 

requirements are not met, which allows seeds to delay germination until the next 

favorable season (Auge et al. 2015; C. C. Baskin and Baskin 2014; Bewley and Black 1994; 

Footitt et al. 2014). Such additional delays of germination through secondary dormancy 

induction may further reduce the accuracy with which the maturation environment can 

predict the seedling environment. As a consequence, after-ripened seeds that are 

induced into secondary dormancy are expected to respond to cues experienced during 

imbibition, but not to cues in the maternal environment.  

For the reasons discussed above, it is hypothesized that a dispersed seed’s 

environment is a more accurate predictor of its potential to experience competition than 
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the environment of the maternal parent. Therefore, if cues are in conflict between 

maternal and offspring environments, one would expect that seeds will respond to their 

own environment more strongly than to that of their maternal parent. However, the 

maternal environment may provide cues of future competition that are not yet present 

in a dispersed seed’s immediate environment, in which case germination responses to 

the maternal environment may supersede responses to the seed’s environment. Further, 

parent-offspring conflict and selection acting directly on maternal plants for their 

regulation of offspring phenotypes may cause offspring to produce phenotypes that 

reduce their individual performance (Marshall and Uller 2007; Uller 2008). 

In this study, we tested germination responses to light cues in pre- versus post-

dispersal environments in genotypes of Arabidopsis thaliana (Brassicaceae) that differ in 

dormancy. Specifically, we tested whether: (1) Germination proportions are lower in 

seeds matured or imbibed under a vegetative canopy compared to those matured or 

imbibed in white light; (2) Germination responses to a canopy experienced during 

imbibition are stronger than responses to a canopy experienced during maturation; (3) 

Seeds with greater dormancy, as determined by genotype or the induction of secondary 

dormancy, are less likely to respond to a vegetative canopy experienced during seed 

maturation; and (4) germination responses to vegetative canopies are mediated by the 

detection of R and FR light. 
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1.2 Materials & Methods 

1.2.1 Plant material and growth conditions 

Arabidopsis thaliana is an annual plant in the Brassicaceae with physiological seed 

dormancy (J. M. Baskin and Baskin 1983). Dormancy varies among natural populations 

of A. thaliana and has been shown to be under natural selection and to contribute to local 

adaptation (Bentsink et al. 2010; Debieu et al. 2013; X. Huang et al. 2010; Kronholm et al. 

2012; Montesinos-Navarro, Picó, and Tonsor 2012; Postma, Lundemo, and Ågren 2016). 

A. thaliana is usually a winter annual, germinating in the autumn and flowering in the 

spring, but it can exhibit a spring-annual life history—germinating and flowering in 

spring, or a rapid-cycling life history—germinating and flowering multiple times per 

year (J. M. Baskin and Baskin 1972, 1983; Donohue 2009; Ratcliffe 1965, 1976; L. 

Thompson 1994). Variation in germination contributes to this life-history variation. 

To test the hypothesis that germination responses to a canopy experienced 

during maturation and imbibition depend on seed dormancy, we used three genotypes 

of Arabidopsis thaliana that differ in dormancy and represent a subset of the natural 

variation in germination behavior in this species (for a schematic overview of our 

experimental design, see Fig. 1). Our most dormant genotype was the standard 

accession Landsberg erecta (Ler). We also used a nearly isogenic line (‘NIL’) that has a 

quantitative trait locus (QTL) associated with germination on chromosome 5 from the 

Cape Verde Islands (Cvi) ecotype introgressed onto the Ler background (Alonso-Blanco 
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et al. 1998). The NIL has lower dormancy than Ler, manifest as a wider range of 

temperatures that elicit germination in non-after-ripened seeds (Chiang et al. 2009). 

Finally, we used the Columbia (Col) accession to compare germination responses to 

vegetative canopies in the two standard lab strains of A. thaliana (Ler and Col) that are 

known to differ in germination behavior. Col is less dormant than Ler under most 

conditions (Burghardt, Edwards, and Donohue 2016; Chiang et al. 2009). 

 To test whether a canopy during seed maturation alters germination, we 

matured seeds of the three genotypes under unfiltered white light (‘white light’ 

maturation) and a green filter (‘canopy’ maturation; LEE color effect filters, #089 “moss 

green”; LEE Filters, Andover, Hampshire, UK). The green filter reduced R:FR from 1.4 to 

0.3 and total irradiance by 50%, simulating dense vegetation. While the green filter 

cannot distinguish the effects of total irradiance, R:FR, and changes in other spectral 

qualities such as blue light and UVA/B, the filter realistically mimics the effect of a 

vegetative canopy by reducing both R:FR and total irradiance.  

 Seeds of the three genotypes were induced to germinate in pots filled with 

Metromix 360 soil (Scotts Sierra, Maysville, OH, USA) and vernalized for 4 weeks at 4-

5°C to initiate and synchronize flowering. Maternal plants were then transferred to 

GCW-30 growth chambers (Environmental Growth Chambers, Chagrin Falls, OH, USA) 

at 22°C under a 12 h light cycle. After bolting, maternal plants were transferred to 15°C 

in 8h light into the two maturation environments (white light and canopy) in the same 
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chambers, experiencing different light treatments only after bolting. The temperature 

and day length during seed maturation were chosen to differentiate the dormancy levels 

of the three genotypes—specifically to increase dormancy in the less dormant genotypes 

(Col and the NIL) without inducing deep dormancy in the more dormant one (Ler). Six 

plants per genotype were matured in each treatment, with three plants each in two 

chambers, and fertilized every two weeks with a 300-ppm nitrogen solution of Blossom 

Booster Fertilizer (JR Peters, Allentown, PA). Mature seeds were synchronously 

harvested and stored dry at room temperature prior to germination assays. 
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Figure 1: Overview of the experimental design for this study. (A) For fresh 

seeds with primary dormancy, seeds of three genotypes (‘Genotypes’) were first 

matured under either white light or a simulated vegetative canopy (‘Seed 

Maturation’). Those seeds were then allowed to after-ripen for < 1 week before 

imbibition in six combinations of light and temperature (‘Seed Imbibition’). (B) Seeds 

of the same three genotypes (‘Genotypes’) that were matured under white light or a 

canopy (‘Seed Maturation’) and allowed to after-ripen for 6 weeks were first induced 

into secondary dormancy using hot stratification, then either imbibed directly in the 

dark at two temperatures (‘1. Dark’) or subjected to far-red (FR) and red (R) light 

pulses prior to being imbibed in the dark. Seeds in the FR treatment (‘2. FR’) were 

exposed to a 30-minute 10 µmol m-2s-1 pulse of FR light prior to imbibition in the dark 

to convert bioactive phytochrome (Pfr) to its inactive form (Pr). Seeds in the R 

treatment (‘3. R’) were exposed to the same FR pulse, then exposed to a 30-minute 10 

µmol m-2 s-1 pulse of R light prior to imbibition in the dark to convert Pr back to Pfr. 

For more information on interpretation of pulse effects see Methods and Results. 
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1.2.2 Germination assays 

1.2.2.1 Fresh seeds (primary dormancy)  

 We performed germination assays using fresh seeds (< 1 week of after-ripening) 

to assess the effects of seed-maturation light on the temperature and light requirements 

for germination immediately after seeds are shed. We used three imbibition light 

treatments—white light (12h photoperiod), green filter (12h photoperiod, ‘canopy’ 

hereafter), and dark—and two imbibition temperatures—10°C and 22°C. Comparisons 

between the white light and dark treatments test whether light is required for 

germination, while comparisons between the white light and canopy treatments test for 

germination responses to a canopy during imbibition. Comparisons between 

temperatures (10°C and 22°C) test whether the effects of genotype, maturation light, and 

imbibition light are more likely to occur when seeds experience temperatures that 

promote germination (10°C) as opposed to temperatures that are less conducive to 

germination (Auge et al. 2015; Burghardt, Edwards, and Donohue 2016).  

Seeds from six maternal plants (biological replicates) of each genotype in each 

maturation-light treatment were used for germination assays, for a total of six sowing 

replicates per combination of genotype, maturation light, and imbibition. Twenty seeds 

per replicate were sown in Petri plates on 0.7% w/v agar. Plates were wrapped with 

parafilm to prevent desiccation and immediately transferred to their treatments in GC-

82 growth chambers (Environmental Growth Chambers, Chagrin Falls, OH, USA). Total 
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irradiance (PAR) was 240 µmol m-2s-1 in 10°C and 160 µmol m-2s-1 in 22°C. For the dark 

treatment, plates were placed in cardboard boxes wrapped in two layers of aluminum 

foil. For the white light and canopy treatments, plates were randomly arranged on 

plastic trays with transparent lids. For the canopy treatment, the same green filters used 

for the maturation treatment were fitted under each tray lid. We censused plates in the 

white light and canopy imbibition treatments for germination every 2-5 days until day 

14, at which point germination had plateaued. Exposure of plates in these treatments to 

light in the laboratory during censuses was minimal. Plates in the dark treatment were 

censused on day 14. The criterion for germination was the emergence of the radicle from 

the seed coat. Germination proportion was scored as the number of germinated seeds 

per total number of viable seeds in each plate; thus, the plate is our unit of analysis. 

Seeds were considered viable if they were firm after germination had plateaued. 

 

2.2.2.2 Hot-stratified, after-ripened seeds (secondary dormancy)  

We performed a second germination assay to test whether the effects of a seed-

maturation canopy persist after seeds are induced into secondary dormancy. In 

addition, to examine potential physiological mechanisms of germination responses to a 

maturation canopy, we exposed after-ripened seeds that were induced into secondary 

dormancy to light pulses of different wavelengths (R and FR) during imbibition.  
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Seeds were first after-ripened to allow them to lose primary dormancy, then re-

induced into secondary dormancy using hot stratification (Auge et al. 2015). Specifically, 

seeds were stored dry at room temperature for six weeks to allow them to after-ripen. 

Then, after-ripened seeds were sown into Petri plates filled with 0.7% w/v agar, 

wrapped with Parafilm, placed in aluminum-wrapped cardboard boxes, and imbibed in 

the dark at 35°C for two days. Although we did not test germination of after-ripened 

seeds to confirm that they were non-dormant before stratification, these genotypes lose 

most dormancy after six-weeks of after-ripening under the conditions of this 

experiment. Prior studies have shown seeds of the NIL and Col that were matured 

under a similar temperature (14°C) and after-ripened for a comparable period (7 weeks) 

germinate to 100% at 8°C and 75% at 22°C, while Ler germinated to 80% at 8°C and 60% 

at 22°C (Burghardt, Edwards, and Donohue 2016). Thus, some residual primary 

dormancy may have remained in Ler at the time of hot stratification. Regardless, 

differences in germination between the seed-maturation treatments in our experiment 

would indicate that the effect of a maternal canopy persists as seeds lose and re-gain 

dormancy.  

Following hot stratification, seeds were imbibed in the dark or given pulses of FR 

and/or R light using light-emitting diode chambers (Percival Scientific, Perry, IA, USA) 

then transferred to dark. Active phytochrome (Pfr) is involved in light-stimulated 

germination (Heschel et al. 2007; Whitelam and Devlin 1997). FR light converts 
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phytochrome from its active (Pfr) to inactive (Pr) form, and R light converts Pr to 

bioactive Pfr. Seeds given the FR and R treatments were first exposed to a 30-minute 10 

µmol m-2s-1 FR pulse to convert Pfr to inactive Pr, then either moved immediately to 

dark (FR treatment) or exposed to a 30-minute 10 µmol m-2s-1 R pulse (to convert Pr to 

active Pfr) and then moved to dark (R treatment). Following the light pulses, plates in all 

three treatments (dark, R, and FR) were placed in cardboard boxes double-wrapped in 

aluminum foil and then imbibed in the dark at either 10°C or 22°C for 14 days. After 14 

days, plates were assayed for germination as the number of germinated seeds out of the 

total number of viable seeds per plate, as in the first experiment. 

Seeds imbibed in the dark without any light pulse have Pfr levels established 

during maturation. Dark imbibition therefore assesses whether seeds can germinate 

without light, and a difference in germination in the dark between the maturation 

treatments would indicate that the effect of a maturation canopy persists as seeds lose 

and re-gain dormancy. The comparison between dark versus FR tests whether Pfr levels 

established during maturation are adequate to induce germination in seeds with 

secondary dormancy, compared to a treatment in which most Pfr was abolished by 

exposure to FR light. Thus, the comparison of dark versus FR across maturation light 

treatments reveals whether a maturation canopy influences germination via differences 

in Pfr established during maturation. The R treatment increases bioactive Pfr during 

imbibition; therefore, the comparison between FR and R treatments quantifies the 
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degree to which germination increases in response to increased de novo Pfr. A 

comparison of R versus FR across maturation light treatments moreover would test 

whether seed maturation under a canopy affects germination responses to de novo Pfr 

induced by exposure to R light during imbibition. 

 

1.2.3 Statistical analysis 

All analyses were performed using R v. 3.1.3 (R Core Team 2015). P-values were 

adjusted for multiple comparisons using the Holm procedure in ‘p.adjust’. Final 

germination proportions were analyzed using generalized linear models (glm’s) fit with 

a logit link function using ‘glm’ in the ‘stats’ package, and likelihood ratio (LR) tests 

were performed using ‘lrtest’ in ‘lmtest’ (Zeileis and Hothorn 2002). When treatments 

had little germination and data separation prevented glm’s from converging, we instead 

used bias-reduced logistic regression (‘brglm’ package; Kosmidis 2013) followed by LR 

tests. The magnitudes of effects were determined using coefficients from bias-reduced 

logistic regression models. In cases where no germination occurred in any of the 

treatments being compared, we did not perform statistical tests. For both experiments, 

maturation light (‘Maturation’), genotype (‘Genotype’), and imbibition temperature 

(‘Temperature’) were treated as fixed factors, and reference levels were white light for 

maturation, Ler for genotype, and 10°C for temperature. For the experiment with fresh 

seeds, imbibition light (‘Imbibition’) was treated as a fixed factor and white light was 
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used as the reference level. For the experiment with hot-stratified seeds induced into 

secondary dormancy, imbibition pulse (‘Imbibition Pulse’) was treated as a fixed factor 

and FR was used as the reference level.   

 In fresh seeds, we first tested the effects of Maturation, Genotype, Imbibition, 

and Temperature on germination probability. Temperature frequently interacted with 

other factors (Table 1), so we subsequently analyzed each temperature separately to 

interpret these interactions. To interpret Maturation x Imbibition, we tested whether 

Maturation altered light requirements for germination (Maturation x Imbibition) in dark 

versus white light imbibition for each genotype. We also tested Maturation x Imbibition 

in white light versus canopy imbibition to test whether Maturation altered germination 

responses to a canopy during imbibition. To interpret Maturation x Genotype, we tested 

for differences between genotypes (Ler versus NIL and Ler versus Col) in their 

sensitivity to Maturation (Maturation x Genotype) within each combination of 

Imbibition and Temperature. To further interpret Maturation x Imbibition and 

Maturation x Genotype, we tested Maturation within each combination of Imbibition, 

Genotype, and Temperature. We estimated the magnitudes of Maturation effects in each 

combination of Imbibition, Genotype, and Temperature, and of Imbibition effects in 

each combination of Maturation, Genotype, and Temperature. Finally, we tested 

Genotype in each combination of Maturation, Imbibition, and Temperature. 
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Table 1: Analysis of germination proportions of fresh seeds. Effects of 

genotype, maturation treatment (‘Maturation’), imbibition light (‘Imbibition’), and 

temperature and their interactions on germination proportions, based on logit-linked 

generalized linear models. Likelihood ratios were tested based on chi-squares. The 4-

way interaction did not improve the model (LR c2 = 2.91, d.f. = 4, P = 0.573), so it was 

dropped to improve power. Reference levels were white light for maturation, Ler for 

genotype, white light for imbibition light, and 10°C for imbibition temperature. 

Source LR χ2 d.f. P 
Genotype 122.73 2 < 0.001 
Maturation 50.09 1 < 0.001 
Imbibition 153.49 2 < 0.001 
Temperature 181.12 1 < 0.001 
Genotype x Maturation 52.76 2 < 0.001 
Genotype x Imbibition 24.48 4 < 0.001 
Maturation x Imbibition 33.57 2 < 0.001 
Genotype x Temperature 13.61 2 0.001 
Maturation x Temperature 28.87 1 < 0.001 
Imbibition x Temperature 15.70 2 < 0.001 
Genotype x Maturation x Imbibition 14.30 4 0.006 
Genotype x Maturation x Temperature 59.05 2 < 0.001 

Genotype x Imbibition x Temperature 10.86 4 0.028 
Maturation x Imbibition x Temperature 2.60 2 0.273 

  

To examine effects on dormancy induction in after-ripened seeds that were hot 

stratified and induced into secondary dormancy, we first tested the effects of 

Maturation, Genotype, and Temperature on the depth of dormancy induction measured 

as germination proportion of hot stratified, dark-imbibed seeds only. To interpret 

Maturation x Temperature x Genotype interactions, we next tested Maturation in each 

Genotype and Temperature separately, and estimated the magnitude of the Maturation 

effect on dark germination. 
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 To determine whether the effect of canopy maturation on germination after 

secondary dormancy induction may be mediated by phytochromes, we tested the effects 

of Maturation, Genotype, and Temperature on germination responses to R and FR light 

during imbibition. First, we tested whether Pfr established during seed maturation (dark 

imbibition) induced more germination than in seeds without Pfr (FR treatment), and 

whether those effects depended on genotype and temperature (Imbibition Pulse 

interactions with Maturation, Genotype, and Temperature in dark versus FR 

treatments). To interpret these interactions, we next tested Maturation on germination 

responses to dark versus FR imbibition (Maturation x Imbibition Pulse) in each 

combination of Genotype and Temperature. Finally, we determined the magnitude of 

germination responses to FR light compared to the dark treatment for each combination 

of Maturation, Genotype, and Temperature. 

 To test whether a maturation canopy alters Pfr requirements (i.e., R light 

requirements) for germination in seeds with secondary dormancy, we tested the effects 

of maturation and genotype on germination responses to FR versus R imbibition in each 

temperature (Imbibition Pulse interactions with Maturation, Genotype, and 

Temperature). We interpreted these interactions by testing the effect of a maturation 

canopy on germination responses to FR versus R treatments (Maturation x Imbibition 

Pulse) in each combination of Genotype and Temperature. Finally, we quantified the 

magnitude of germination responses to R light compared to FR. 
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1.3 Results 

1.3.1 Vegetative canopies experienced during seed maturation and 
seed imbibition have opposing effects on germination of fresh seeds  

Seed maturation under a canopy almost always increased germination 

proportions, and those germination proportions were usually greater at 10°C than at 

22°C (Fig. 2, 3; Table 2). At both temperatures, a maturation canopy increased 

germination more in some imbibition light treatments and genotypes than others 

(Genotype x Maturation x Imbibition in Table 3).  

At 10°C, the temperature that elicited greater germination, seed maturation 

under a canopy relaxed the light requirement for germination by allowing seeds to 

germinate in the dark (Fig. 4A; Table 4, 5). In Col, seeds did not have a strong light 

requirement for germination even when matured under white light, so the effect of 

canopy maturation was not significant (Table 4). 
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Figure 2: Germination of fresh seeds of each genotype matured under white 

light (A, C) or a canopy (B, D) and then imbibed in the dark, white light or canopy at 

either 10°C (A, B) or 22°C (C, D). Black horizontal lines within boxes represent 

median germination proportion. Box hinges indicate 75th and 25th percentiles. 

Whiskers span 1.5 times the interquartile range, and black points are observations 

that fall outside these values. 
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Figure 3: Direction and strength of the effect of seed maturation under a 

canopy on germination of fresh seeds imbibed in white light (A, D), dark (B, E), or 

canopy (C, F) at either 10°C (A, B, C) or 22°C (D, E, F). Colors and shapes indicate 

genotype. Each estimate (β) is the change in log odds with 95% confidence intervals of 

germination caused by canopy maturation: positive values indicate an increase in 

germination compared to white light maturation. Confidence intervals crossing zero 

(vertical gray line) indicate there was no effect of canopy maturation. 

Col

NIL

Ler

−2 0 2 4 6 8

Col

NIL

Ler

−2 0 2 4 6 8

Col

NIL

Ler

−2 0 2 4 6 8

Col

NIL

Ler

−2 0 2 4 6 8

Col

NIL

Ler

−2 0 2 4 6 8

Col

NIL

Ler

−2 0 2 4 6 8

A B C

D E F

White Light Dark Canopy

β (response to maturation canopy)

Im
bibed at 10°C

Im
bibed at 22°C



 

30 

Table 2: Effect of seed-maturation light (effect of Maturation) on germination 

proportions of fresh seeds of each genotype in each combination of imbibition light 

and temperature. Germination proportions were tested based on chi-squares, and 

likelihood ratios were tested based on chi-squares. The reference level for maturation 

was white light. For each test d.f. = 1. 

  Imbibition at 10°C Imbibition at 22°C 
Genotype Imbibition light LR χ2 P LR χ2 P 

Ler 
Dark 304.80 < 0.001 9.59 0.003 

White Light 50.09 < 0.001 265.80 < 0.001 
Canopy 81.84 < 0.001 76.90 < 0.001 

NIL 
Dark 107.60 < 0.001 34.98 < 0.001 

White Light 11.22 < 0.001 65.48 < 0.001 
Canopy 10.04 0.002 105.90 < 0.001 

Col 
Dark 38.99 < 0.001 1.70 0.192 

White Light 5.66 0.034 0.414 0.520 
Canopy 0.20 0.655 0.038 0.845 

 

Table 3: Analysis of germination proportions of fresh seeds at 10°C and 22°C. 

Effects of genotype, seed maturation treatment (‘Maturation’), seed imbibition light 

(‘Imbibition’) and their interactions on germination proportions, based on logit-

linked generalized linear models. Likelihood ratios were tested based on chi-squares. 

Reference levels were white light for maturation, Ler for genotype, and white light for 

imbibition light. Residual d.f. in each imbibition temperature = 117. To aid in 

interpretation of significant effects, see Tables 2 and 4-7.  

  Imbibition at 10°C Imbibition at 22°C 

Source d.f. LR χ2 P LR χ2 P 

Genotype 2 123.39 < 0.001 52.09 < 0.001 
Maturation 1 50.09 < 0.001 269.30 < 0.001 
Imbibition 2 153.49 < 0.001 618.20 < 0.001 
Genotype x Maturation 2 42.39 < 0.001 200.20 < 0.001 
Genotype x Imbibition 4 23.64 < 0.001 23.48 < 0.001 
Maturation x Imbibition 2 33.57 < 0.001 7.79 0.020 
Genotype x Maturation x Imbibition 4 10.54 0.032 1.80 0.773 
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Figure 4: Direction and strength of the effect of imbibition light on 

germination of fresh seeds matured under white light or canopy conditions (left axis) 

and imbibed at either 10°C (A, B) or 22°C (C, D). Colors and shapes indicate genotype. 

A light requirement for germination was assessed as the difference in germination 

between dark and white light imbibition (A, C); negative values indicate seeds 

germinated less in white light. Germination response to an imbibition canopy was 

assessed as the difference in germination between white light and canopy imbibition 

(B, D); negative values indicate a decrease in germination compared to white light 

imbibition. Each estimate (β) is the change in log odds with 95% confidence intervals 

of germination caused by dark (A, C) or canopy imbibition (B, D): negative values 

indicate a decrease in germination compared to white light imbibition. Confidence 

intervals crossing zero (vertical gray line) indicate there was no effect of imbibition 

light. 
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Table 4: The effect of seed-maturation light on germination responses to 

imbibition light in fresh seeds of each genotype imbibed at 10°C and 22°C. We tested 

whether maturation light modified two types of germination responses to imbibition 

light (Type of Imbibition Response): a light requirement for germination (White 

Light vs. Dark imbibition light), and germination response to an imbibition canopy 

(White Light vs. Canopy imbibition light). Germination proportions were analyzed 

with logit-linked generalized linear models, and LR tests were used to compare full 

models to reduced models that lacked the interaction between Maturation and 

Imbibition. Reference levels were white light for maturation and white light for 

imbibition. Arrows in the Effect column indicate that a maturation canopy 

significantly increased or decreased germination responses to imbibition light, as 

determined by the LR tests. Data separation prevented tests for Ler seeds at 22°C, but 

these seeds responded to imbibition light treatments only if they were canopy-

matured (see Table 2). 

  Imbibition at 10°C Imbibition at 22°C 

Genotype 
Type of Imbibition 

Response 
LR χ2 Effect P LR χ2 Effect P 

Ler 
White Light vs Dark 27.78 ¯ < 0.001 - - - 

White Light vs 
Canopy 

1.40 - 0.237 - - - 

NIL 
White Light vs Dark 52.54 ¯ < 0.001 7.01  0.008 

White Light vs 
Canopy 

0.01 - 0.954 6.59 ¯ 0.020 

Col 
White Light vs Dark 0.35 - 0.557 1.50 - 0.220 

White Light vs 
Canopy 

3.58 - 0.118 0.29 - 0.591 
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Table 5: Effect of light treatments during imbibition (effect of Imbibition) on 

germination proportions of fresh seeds, in each combination of seed-maturation light 

and imbibition temperature. Germination proportions were tested based on chi-

squares, and likelihood ratios were tested based on chi-squares. Some tests could not 

be performed due to lack of germination, as indicated. We interpret each of these 

cases as the absence of a germination response to imbibition light. The reference level 

for imbibition was white light. For each test d.f. = 1. 

  Imbibition at 10°C Imbibition at 22°C 

  White light matured seeds 

Genotype 
Type of Imbibition 

Response 
LR  P LR χ2 P 

Ler 
White light vs. dark 137.70 < 0.001 - - 

White light vs. canopy 3.02 0.164 - - 

NIL 
White light vs. dark 157.80 < 0.001 84.06 < 0.001 

White light vs. canopy - - 39.43 < 0.001 

Col 
White light vs. dark 38.33 < 0.001 180.70 < 0.001 

White light vs. canopy 0.348 0.555 76.49 < 0.001 
  Canopy matured seeds 

Genotype 
Type of Imbibition 

Response 
LR χ2 P LR χ2 P 

Ler 
White light vs. dark 1.06 0.304 186.90 < 0.001 

White light vs. canopy 0.42 0.517 70.38 < 0.001 

NIL 
White light vs. dark 0.04 0.841 149.30 < 0.001 

White light vs. canopy 0.04 0.836 17.10 < 0.001 

Col 
White light vs. dark 2.79 0.095 137.20 < 0.001 

White light vs. canopy 5.61 0.036 68.92 < 0.001 
 

At 10°C, germination did not respond to imbibition under a canopy due to high 

germination proportions in both white light and canopy imbibition treatments (Fig. 2, 

4B; Table 5). Germination of canopy-matured seeds of Col was lower when imbibed 

under a canopy than when imbibed in white light, but this weak response is unlikely to 

be biologically significant (Fig. 2B). 
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At 22°C, the temperature that was less conducive to germination, seed 

maturation under a canopy did not allow seeds to germinate in the dark as it did at 10°C 

(Fig. 2C-D, 4C; Table 4, 5). Seeds from the most dormant genotype (Ler) could only 

germinate if canopy-matured, and then did so in white light but not in the dark. Thus, 

when imbibition temperature restricted germination, seeds were able to respond to 

imbibition light if they had been matured under a canopy, even though a seed-

maturation canopy did not allow germination in the dark. 

At 22°C, imbibition under a canopy reduced germination compared to white 

light in the less dormant genotypes (Col and the NIL), although in the NIL the effect was 

weaker if seeds had been canopy matured (Fig. 2, 4D; Table 4, 5). In contrast, seeds of the 

most dormant genotype (Ler) were able to germinate only if they were matured under a 

canopy, and then germinated less when imbibed in the canopy treatment than when 

imbibed in white light. 

Differences among genotypes depended on the combination of seed maturation 

and imbibition canopy treatments. In both temperatures, the most dormant genotype 

(Ler; see Fig. 2, 3) was also the most sensitive to maturation under a canopy. Because 

maturation under a canopy increased germination in the most dormant genotype, 

genetic differences in germination responses to imbibition treatments depended on the 

maturation light environment (Fig. 2; Table 6, 7). When matured under a canopy as 

opposed to white light, differences between Ler and the NIL were reduced or completely 
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masked in all imbibition conditions, except when imbibed at 22°C in the dark or under a 

canopy; in these cases, maturation under a canopy slightly increased the difference 

between the two genotypes (Fig. 2D). Similarly, seed maturation under a canopy 

modified differences in germination between Ler and Col in nearly all the imbibition 

conditions, but the effect depended on those conditions. Maturation under a canopy 

reduced germination differences in these genotypes if seeds were imbibed at 10°C, but 

reversed the rank order of the genotypes if seeds were imbibed at 22°C in white light or 

under a canopy (Fig. 2; Table 7). 

 

Table 6: The effect of seed-maturation light on genotype differences in 

germination of fresh seeds, within each combination of imbibition light and 

temperature. Germination proportions were analyzed with logit-linked generalized 

linear models, and LR tests were used to compare full models to reduced models that 

lacked the interaction between Maturation and Genotype. Reference levels were Ler 
for genotype and white light for maturation. For each test d.f. = 1. Arrows in the Effect 

column indicate that a maturation canopy significantly increased or decreased 

differences between genotypes, based on LR tests. Data separation prevented tests in 

the dark at 22°C. However, germination of Ler and the NIL differed in these 

imbibition conditions only if canopy-matured (see Table 7). 

Imbibition Light Imbibition at 10°C Imbibition at 22°C 

Ler vs. NIL LR χ2 Effect P LR χ2 Effect P 

Dark 37.93 ¯ < 0.001 - - - 
White Light 40.41 ¯ < 0.001 69.90 ¯ < 0.001 
Canopy 49.69 ¯ < 0.001 6.54  0.011 

Ler vs. Col LR χ2 Effect P LR χ2 Effect P 

Dark 9.73 ¯ 0.002 - - - 
White Light 0.596 - 0.440 143.78 ¯ < 0.001 
Canopy 11.81 ¯ < 0.001 47.65 ¯ < 0.001 
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Table 7: Genotype differences (effect of Genotype) in germination proportions 

of fresh seeds in each combination of maturation light, imbibition light, and 

temperature. Germination proportions were tested based on chi-squares, and 

likelihood ratios were tested based on chi-squares. The reference level for genotype 

was Ler. None of the genotypes germinated in the dark at 22°C if they had been white 

light-matured, so we did not perform tests in these cases. For each test d.f. = 1. 

  Imbibition at 10°C Imbibition at 22°C 
  White light matured seeds 

Comparison Imbibition light LR χ2 P LR χ2 P 

Ler vs. NIL 
Dark 74.94 < 0.001 - - 

White Light 93.04 < 0.001 84.06 < 0.001 
Canopy 123.80 < 0.001 14.19 < 0.001 

Ler vs. Col 
Dark 191.90 < 0.001 - - 

White Light 71.49 < 0.001 180.70 < 0.001 
Canopy 91.26 < 0.001 35.22 < 0.001 

  Canopy matured seeds 
Genotypes Imbibition light LR χ2 P LR χ2 P 

Ler vs. NIL 
Dark 4.17 0.051 9.18 0.003 

White Light 0.62 0.433 3.62 0.057 
Canopy 1.68 0.195 14.48 < 0.001 

Ler vs. Col 
Dark 0.21 0.65 2.98 0.084 

White Light 8.47 0.004 13.08 < 0.001 
Canopy 0.00 > 0.999 12.45 < 0.001 

 

In summary, a vegetative canopy increased germination of fresh seeds if 

experienced during seed maturation, but decreased or had no effect on germination if 

experienced during imbibition. The magnitude of these effects depended on the 

temperature of imbibition. In particular, when seeds were matured under a canopy, 

responses to imbibition canopy were only apparent at the temperature that was less 

conducive to germination (22°C). Moreover, maturation under a canopy eliminated light 

requirements for germination when imbibition temperature was in the range under 
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which germination could proceed (10°C), but allowed seeds to respond to imbibition 

light at the temperature which restricted germination (22°C). The effects of canopy 

maturation were strongest in the most dormant genotype, which led to changes in the 

expression of genotypic differences in germination across most of the imbibition 

conditions we tested. 

 

1.3.2 Maternal canopy effects on germination persist into secondary 
dormancy 

Maturation under a canopy increased the germination of seeds that were 

induced into secondary dormancy in Ler and the NIL (Fig. 5, 6). Although the effect of 

seed maturation under a canopy did not differ statistically between imbibition 

temperatures (Maturation x Temperature in Table 8), it tended to be stronger and to 

increase germination in more genotypes at 10°C than at 22°C.  
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Figure 5: Germination of seeds following after-ripening and hot stratification 

to induce secondary dormancy. Seeds were matured under white light (A, C) or a 

canopy (B, D) then imbibed at either 10°C (A, B) or 22°C (C, D). Box colors indicate 

whether seeds were imbibed directly into the dark (gray boxes), pre-treated with a FR 

pulse prior to imbibition in the dark (white boxes), or pre-treated with FR and R 

pulses prior to imbibition in dark (red boxes). Black horizontal lines within boxes 

represent median germination proportion. Box hinges indicate 75th and 25th 

percentiles. Whiskers span 1.5 times the inter-quartile range, and black points are 

observations that fall outside these values. 
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Figure 6: Direction and strength of the effect of seed maturation under a 

canopy on germination in the dark at 10°C (A) or 22°C (B) following after-ripening 

and hot stratification to induce dormancy. Colors and shapes indicate genotype. Each 

estimate (β) is the change in log odds with associated 95% confidence intervals of 

germination caused by canopy maturation: positive values indicate canopy 

maturation increases germination compared to white light maturation. Confidence 

intervals crossing zero (vertical gray line) indicate there was no effect of canopy 

maturation. 
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Table 8: Effects of genotype, maturation light, and temperature on (A) germination in the dark, (B) germination responses 
to a Pfr-reducing treatment (interactions with ‘Imbibition Pulse’), and (C) germination responses to a Pfr-increasing treatment 

(interactions with ‘Imbibition Pulse’) for seeds that had been hot stratified to induce secondary dormancy. The 4-way interaction 
did not improve the model (LR χ2 = 3.23, d.f. = 4, P = 0.521) and was dropped to increase power. Germination proportions were 

analyzed with logit-linked generalized linear models, and likelihood ratios were tested based on chi-squares. Residual d.f. = 59 
for (A) and 122 for (B) and (C). Reference levels were white light for maturation, Ler for genotype, and 10°C for temperature. 

Because the effects of Imbibition Pulse are not tested in (A), the rows for associated terms are left blank. For models that 
included the effects of imbibition pulses, reference levels were dark (dark vs. FR) or FR (R vs. FR). To aid in interpretation of 

significant effects, see Tables 9 and 10. 

 A) Dark imbibition B) Dark vs. FR treatment C) R vs. FR treatment 
Source LR χ2 d.f. P LR χ2 d.f. P LR χ2 d.f. P 

Genotype 114.39 2 < 0.001 218.94 2 < 0.001 21.63 2 < 0.001 
Maturation 188.35 1 < 0.001 325.40 1 < 0.001 375.65 1 < 0.001 
Imbibition Pulse    5.78 1 0.016 352.48 1 < 0.001 
Temperature 167.02 1 < 0.001 240.09 1 < 0.001 458.03 1 < 0.001 
Genotype x Maturation 15.15 2 < 0.001 9.96 2 0.007 45.90 2 < 0.001 
Genotype x Imbibition Pulse    0.04 2 0.978 87.72 2 < 0.001 
Maturation x Imbibition Pulse    0.17 1 0.682 0.80 1 0.798 
Genotype x Temperature 0.25 2 0.885 1.71 2 0.426 51.95 2 < 0.001 
Maturation x Temperature 0.66 1 0.416 1.69 1 0.194 1.71 1 0.191 
Imbibition Pulse x Temperature    6.07 1 0.014 0.02 1 0.883 
Genotype x Maturation x Imbibition Pulse    4.55 2 0.103 4.00 2 0.136 
Genotype x Maturation x Temperature 1.56 2 0.459 0.67 2 0.714 2.47 2 0.291 
Genotype x Imbibition Pulse x Temperature    0.98 2 0.611 0.89 2 0.643 
Maturation x Imbibition Pulse x Temperature    0.37 1 0.542 0.30 1 0.587 

40 
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In two of the genotypes (Ler and the NIL), some germination occurred even in 

dark-imbibed seeds when they had matured under a canopy, indicating that seed 

maturation under a canopy can weaken light requirements for germination in seeds 

with secondary dormancy. The effect of seed maturation under a canopy was most 

pronounced for Ler and the NIL (Genotype x Maturation in Table 8A), as no effect was 

observed in Col seeds (Fig. 5).  

In summary, the effects of maturation under a canopy persisted as seeds were 

induced into secondary dormancy, and they weakened light requirements for 

germination.  

 

1.3.3 Maternal canopy effects do not appear to be mediated by Pfr 
levels 

The comparison of seeds imbibed in the dark versus the FR treatment showed 

Pfr acquired during seed maturation did enhance germination slightly in some 

treatments, but that its effect did not differ between seed-maturation treatments. 

Although the FR treatment (white bars in Fig. 5) slightly reduced germination compared 

to dark imbibition, maturation under a canopy did not modify this effect in either 

temperature, except in Col (Maturation x Imbibition in Table 8B, 9; Fig. 5, 7). Canopy-

matured seeds of Col did not respond to FR, but the effect of canopy maturation on this 

response was extremely small.  
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Table 9: Effect of seed-maturation light (‘Maturation’) on Pfr-mediated 
germination (‘Imbibition Pulse’) of after-ripened and hot stratified seeds (dark 
imbibition vs. FR treatment) at each imbibition temperature. Each genotype is 

analyzed separately. Germination proportions were tested based on chi-squares, and 
likelihood ratios were tested based on chi-squares. Reference levels were white light 

for maturation and FR for imbibition pulse treatment. For each test d.f. = 1. 

 Imbibition at 10°C Imbibition at 22°C 
Ler LR χ2 P LR χ2 P 
Maturation 75.66 < 0.001 11.63 < 0.001 
Imbibition Pulse 6.69 0.010 0.93 0.334 
Maturation x Imbibition Pulse 1.35 0.246 0.94 0.331 
NIL     
Maturation 115.95 < 0.001 7.21 0.007 
Imbibition Pulse  4.37 0.037 0.59 0.443 
Maturation x Imbibition Pulse 0.79 0.374 0.05 0.816 
Col     
Maturation 0.87 0.352 0.99 0.320 
Imbibition Pulse 0.08 0.775 0.99 0.319 
Maturation x Imbibition Pulse 4.13 0.042 0.98 0.319 

 

The comparison of seeds imbibed in the R treatment versus the FR treatment 

indicated that Pfr increases germination, but seed maturation under a canopy did not 

significantly affect these responses. The R treatment (red bars in Figure 5) increased 

germination compared to the FR treatment, indicating Pfr promotes germination, but 

was independent of seed-maturation light (Fig. 5, 7B, 7D; Imbibition in Table 8C; 

Maturation x Imbibition in Table 10). 
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Figure 7: Direction and strength of the effect of imbibition pulse treatment on 
germination of after-ripened, hot stratified seeds matured under white light or canopy 

conditions (left axis) and imbibed at either 10°C (A, B) or 22°C (C, D). Colors and 
shapes indicate genotype. Germination response to a FR pulse was assessed as the 

difference between germination between the dark and FR treatments (A, C); negative 
values indicate germination was reduced by FR. The effect of de novo Pfr was 
assessed as the difference in germination between FR and R treatments (B, D); 
positive values indicate seeds germinated more in response to a R pulse. Each 

estimate (β) is the change in log odds with associated 95% confidence intervals of 
germination caused by imbibition pulses. Confidence intervals crossing zero (vertical 

gray line) indicate there was no effect of imbibition pulse on germination. 
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Table 10: Effect of seed-maturation light (‘Maturation’) on enhancement of 
germination of after-ripened and hot stratified seeds by de novo Pfr (FR vs. R 

treatments; ‘Imbibition Pulse’) in each imbibition temperature. Each genotype is 
analyzed separately. Germination proportions were tested based on chi-squares, and 
likelihood ratios were tested based on chi-squares. Reference levels were white light 

for maturation and FR for imbibition pulse treatment. For each test d.f. = 1. 

 Imbibition at 10°C Imbibition at 22°C 
Ler LR χ2 P LR χ2 P 
Maturation 36.31 < 0.001 38.67 < 0.001 
Imbibition Pulse 44.85 < 0.001 76.55 < 0.001 
Maturation x Imbibition Pulse 1.87 0.171 0.99 0.321 
NIL     
Maturation 78.70 < 0.001 8.86 0.003 
Imbibition Pulse 19.66 < 0.001 4.791 0.029 
Maturation x Imbibition Pulse 0.03 0.857 0.02 0.900 
Col     
Maturation 8.47 0.004 14.50 < 0.001 
Imbibition Pulse 185.13 < 0.001 0.77 0.381 
Maturation x Imbibition Pulse 3.53 0.060 0.95 0.330 

 

To summarize, the canopy during seed maturation influenced the germination of 

seeds even with secondary dormancy, but the effect of a seed-maturation canopy does 

not appear to be the consequence of increasing Pfr levels in seeds during maturation. 

Further, maturation under a canopy did not alter the ability of seeds with secondary 

dormancy to respond positively to the specific wavelength of light (R) that promotes 

germination. 
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1.4 Discussion 

Reduced germination in response to vegetation or vegetation cues has been 

documented in many taxa, and is interpreted as a mechanism for avoiding competition 

(Dechaine, Gardner, and Weinig 2009; Deregibus et al. 1994; Gutterman 2000; King 1975; 

Pons 2000). Negative germination responses to a vegetative canopy were generally 

absent in our study, except in a few cases in which seeds were exposed to a canopy 

during imbibition (post-dispersal). Surprisingly, we observed strong, positive 

germination responses to a vegetative canopy in the maturation (pre-dispersal) 

environment that prevented responses to offspring environments and persisted as seeds 

were induced into secondary dormancy.  

 

1.4.1 Potential ecological and evolutionary consequences of maternal 
and offspring canopy effects 

A canopy in the maternal environment increased germination in nearly all 

combinations of imbibition light and temperature, consequently reducing the ability of 

seeds to respond to cues in their immediate environments. This overriding effect of the 

maternal environment seems unlikely to be favorable for seedlings, since offspring 

environments are likely to be better predictors of performance and germination cueing is 

crucial to seedling survival (C. C. Baskin and Baskin 2014; DeWitt, Sih, and Wilson 1998; 

Donohue et al. 2010). One way that this overriding maternal effect may increase 

offspring performance, however, is if it predicts competition in later stages of the life 
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cycle, even though dispersed seeds do not yet detect competition. The effects of 

neighbors on plant performance are known to change over the course of an individual’s 

lifetime (Goldberg et al. 2001; Miriti 2006; Wright, Schnitzer, and Reich 2014). In such 

cases, expanding the conditions that permit germination could enable seeds to 

germinate more quickly after dispersal. Earlier germination could then allow emergence 

before competitive conditions develop or intensify, and provide an advantage to 

seedlings over their future competitors (Geber and Griffen 2003; Mercer, Alexander, and 

Snow 2011; Weis et al. 2015). Further, if neighbors increase seedling fitness, as 

documented in some studies of Arabidopsis thaliana (Callahan and Pigliucci 2002; 

Leverett 2017; L. Thompson 1994), increased germination following canopy maturation 

could be beneficial for offspring.  

An increase in germination following maturation under a canopy could be 

favored by selection at the lineage level, even if that maternal effect comes at a cost of 

reduced offspring fitness (Kirkpatrick and Lande 1989; Marshall and Uller 2007; Uller 

2008). Specifically, if maternal plants benefit from increased germination of offspring, for 

example because of potential costs of inducing dormancy (C. C. Baskin and Baskin 2014; 

Cohen 1966), and that benefit outweighs the risk of offspring emerging under 

competitive or other suboptimal conditions, the increase in germination following 

maturation under a canopy we observed would be advantageous. Field studies that 

manipulate germination time and neighbor presence at seedling and adult stages and 
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that measure fitness at the maternal and offspring levels could test these adaptive 

hypotheses concerning the observed responses to maternal and offspring canopy.  

Because seeds matured under a canopy had greater germination propensities, 

genotypes with higher dormancy exhibited stronger germination responses to a seed-

maturation canopy. The difference between Ler and the NIL in dormancy and in turn the 

effect of a maturation canopy could be due to FLOWERING LOCUS C (FLC), which is 

located in the introgressed chromosomal segment in the NIL. Previous work on Ler and 

the NIL demonstrated that FLC promotes germination in white light (Chiang et al. 2009). 

Increased FLC expression also may have led to the weaker maturation-canopy effect that 

we observed in the NIL by reducing dormancy. However, because Ler and the NIL may 

differ at other causative loci within the introgressed region, we cannot directly implicate 

FLC. Regardless, our results do imply that allelic variation in dormancy is associated 

with differences in the effects of a canopy during maturation, and that the expression of 

allelic variation in germination can be reduced by maturation under a canopy.  

By reducing germination cueing to post-dispersal environments as well as 

differences among genotypes in such cueing, seed maturation under a canopy could 

alter the action and outcome of natural selection on germination. First, increased 

germination in response to vegetation in the maternal environment may lead to a more 

rapid depletion of belowground populations. Given the importance of seed banks as 

temporal sources of gene flow in Arabidopsis thaliana (Falahati-Anbaran, Lundemo, and 
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Stenøien 2014), changes in the size of belowground populations could influence effective 

population size and in turn the efficacy of natural selection. Second, the reduction or 

complete masking of differences in germination cueing among genotypes by a 

maturation canopy could increase the synchrony of germination among genotypes and 

preclude responses to selection on germination (Falconer and Mackay 1996).  

Germination responses to canopies in the maternal and offspring environments, 

and in turn the ecological and evolutionary consequences of these environmental effects, 

are likely to vary among dispersal cohorts. Reduced germination in response to a 

canopy in the seed environment was only observed in the warmer imbibition 

temperature (22°C). Thus, any competitive advantage of avoiding germination under 

neighboring vegetation may only be realized in cohorts that are dispersed into warm 

conditions, such as those associated with late spring or early autumn. Further, because a 

canopy in the maternal environment did not mask genotypic differences at the warmer 

imbibition temperature, cohorts that are dispersed in late spring or early autumn may 

have a greater capacity to respond to natural selection.  

 

1.4.2 Mechanisms of canopy-maturation effects on germination 

Germination in Arabidopsis thaliana is known to respond to the ratio of red (R) to 

far-red (FR) light during seed maturation. Seeds matured in light enriched in R have 

been shown to germinate more in the dark than those matured in light enriched in FR 
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(McCullough and Shropshire 1970; Hayes and Klein 1974). Similarly, seeds matured 

under reduced R:FR had stronger light requirements than those matured under higher 

R:FR, although this effect varied among accessions (Dechaine, Gardner, and Weinig 

2009). The results of these studies are contrary to our finding that maturation under a 

canopy increased germination, even in the dark. However, our maturation conditions 

differed from these other studies in that we manipulated not only wavelength, but also 

irradiance. Additionally, seeds in the other studies were stored or otherwise treated to 

release dormancy prior to germination, whereas our seeds had some dormancy. Thus, 

the disparity between this and previous studies may be due to differences in dormancy 

and total irradiance.  

The canopy effects we observed do not appear to be mediated by phytochromes. 

Phytochromes were demonstrated to regulate germination responses to R:FR during 

maturation in the Ler background (Dechaine, Gardner, and Weinig 2009). However, in 

that study germination was tested only under neutral shade, so it is unclear whether 

phytochromes mediated germination through light requirements in seeds. In our study, 

seed maturation under a canopy did not alter germination responses to FR light in seeds 

that had been induced into secondary dormancy through hot stratification; thus, Pfr 

levels set during maturation cannot fully explain the maternal effects we observed in 

these seeds. However, it is possible that Pfr reverted to Pr after two days in the dark at 

35°C while seeds underwent hot stratification (Casal 2013; Heschel et al. 2007). If so, we 
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would not expect differences between dark and FR treatments. Although exposing hot 

stratified seeds to a pulse of R light increased germination, this did not depend on 

maturation treatment. Thus, Pfr set during seed maturation and photoconversion by 

light during imbibition do not appear to mediate the effects of a canopy on germination 

that we observed.  

The effects of a maturation canopy observed here are likely due to light 

properties other than R and FR. Our experimental design reduces both R:FR and 

irradiance, as in natural vegetative canopies. Total irradiance under the canopy was 

lower than under white light, and low irradiance during seed maturation has been 

shown to increase germination in other species (Galloway 2001; Schmitt, Niles, and 

Wulff 1992). Further, reduced irradiance combined with a short photoperiod may have 

simulated autumn conditions, in which case the increased germination of seeds matured 

under a canopy could be related to seasonal cueing. Our green filter also reduced 

transmission of blue and ultraviolet (UV) light, which could have been detected by 

cryptochromes and UVA or UVB photoreceptors, respectively. In barley, blue light 

increases dormancy (Gubler et al. 2008), an effect that is consistent with our observation 

that maturation under a canopy (with reduced blue light) reduced dormancy in fresh 

seeds.  

Finally, the strong maternal effect we observed could be due to limited light 

during seed development. In Polygonum persicaria (Polygonaceae), seeds matured under 



 

51 

severe light limitation (8% of total light) had thinner seed coats and greater germination 

than those matured under full light (Sultan 1996). In our study, canopy-matured seeds 

experienced 50% less PAR, which may have reduced resources available during seed 

development and maturation. If so, the thinner coats of canopy-matured seeds could 

increase the risk of mortality, in turn lowering the potential longevity of seeds in the 

seed bank (reviewed in Long et al. 2015). Future experiments could manipulate different 

wavelengths of light as well as total irradiance to determine the exact mechanisms of 

canopy effects that we detected. 

 

1.4.5 Conclusion 

A maturation canopy increased germination, but an imbibition canopy either had 

no effect or reduced germination. This stronger effect of the maternal environment 

prevented offspring from responding to temperature and light cues in their immediate 

environments. Further, the effects of a maturation canopy on germination persisted as 

seeds were induced into secondary dormancy. Such trans-generational effects could 

influence germination behavior, maternal and offspring fitness, and patterns of natural 

selection in annual plants. 
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2. The fitness benefits of germinating later than 
neighbors 

This is the peer reviewed version of the following article: Leverett, LD, GFS 

Schieder IV, K Donohue (2018) The fitness benefits of germinating later than neighbors. 

American Journal of Botany 105: 20-30, which is available at 

http://dx.doi.org/10.1002/ajb2.1004 (doi: 10.1002/ajb2.1004). This article may be used for 

non-commercial purposes in accordance with Wiley Terms and Conditions for Self-

Archiving. 

 

2.1 Introduction 

Phenology, or the timing of developmental transitions, plays a key role in 

determining fitness by controlling the environmental conditions to which individuals 

are exposed. The timing of emergence from dormant or quiescent stages—such as egg 

hatching, emergence from pupae, and seed germination—dictates the conditions that 

juveniles experience and may therefore be subject to strong viability selection. For 

example, viability selection favors early emergence of juvenile salmon (Einum and 

Fleming 2000) and can favor early, intermediate, or late seed germination in the annual 

plant Collinsia verna, depending on year-to-year variation in precipitation and 

temperature (Kalisz 1986). Within the range of dates that allow the survival of young, 

fecundity selection generally favors earlier emergence dates that allow more time for 

growth and reproduction (Donohue et al. 2010; Landa 1992; Rathcke and Lacey 1985; 
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Verdú and Traveset 2005). In sum, natural selection favors emergence phenologies that 

increase juvenile survival and allow sufficient time for growth and reproduction.  

In addition to controlling an individual’s environment and the time available for 

growth and reproduction, the timing of emergence also determines if and when an 

individual must contend with competitors. Early-emerging individuals often have a 

competitive advantage because they are able to preempt resources from their later-

emerging neighbors. Examples of such resources include food in frogs (Lawler and 

Morin 1993) and birds (Dawson and Clark 2000), mates in parasitoid wasps (Moynihan 

and Shuker 2011), and territories in juvenile salmon (Einum and Fleming 2000). In 

plants, early germination allows individuals to monopolize resources above and below 

ground (Mercer, Alexander, and Snow 2011; Miller, Winn, and Schemske 1994). This 

competitive advantage can be substantial—seedlings of Brassica rapa that emerge just 1 

wk before their neighbors can produce up to 38-fold more fruits than their neighbors 

(Weis et al. 2015).  

Emerging earlier in response to cues of neighbors can allow individuals to 

reduce the competitive effect of their neighbors. For example, male parasitoid wasps 

that emerge from the host earlier in response to high wasp density have increased 

mating success (Moynihan and Shuker, 2011). Similarly, accelerated seed germination 

occurs in response to neighboring seeds, and this response increases individual fitness 

(Fenesi, Albert, and Ruprecht 2014; Orrock and Christopher 2010). But emergence is not 
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always accelerated in response to neighbors. For example, damselfly eggs may hatch 

later in response to increased neighbor density (Anholt 1990), and seed germination can 

be delayed by neighbors or cues from neighbors that have already emerged (Fenesi, 

Albert, and Ruprecht 2014; Jutila and Grace 2002; C. Zhang et al. 2014). Whether such 

delayed emergence increases fitness is unclear. In the case of seed germination, later-

emerging individuals can be so severely suppressed by earlier, larger ones that it is 

difficult to imagine a scenario in which germinating later than neighbors would not 

decrease fitness. Furthermore, delayed germination may simply reflect a constraint 

resulting from limited resources rather than an adaptive plastic response.  

However, there are at least three ways in which delayed germination could 

increase fitness. First, if relative size is associated with resource overlap, later 

germination could promote spatial resource partitioning. For example, if older, larger 

plants have deeper roots, then later germinants could better partition soil resources with 

their large neighbors than they could if they germinated earlier and had smaller 

neighbors (Fargione and Tilman 2005; Mamolos, Elisseou, and Veresoglou 1995). If so, 

then delayed germination could be beneficial as long as large neighbors do not strongly 

limit aboveground resources.  

Second, later germination in seasonal environments could allow individuals to 

limit the duration of their interactions with competitors, exploit vacant temporal niches, 

and obtain resources when competition is low after competitors senesce (Gioria, Pyšek, 
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and Osborne 2018; Pucheta et al. 2011; Wolkovich and Cleland 2011). For example, 

summer annual or perennial plants are frequently largest in late summer or early 

autumn. Winter annuals, which germinate in autumn, may reduce competition by 

germinating after that summer guild dies back. Thus, in complex communities with 

mixtures of guilds of different life histories, delaying germination during periods of 

species turnover can result in reduced interactions with larger competitors. 

A third way in which delayed germination in the presence of neighbors could be 

beneficial is by promoting facilitation or positive interactions with neighbors (Bertness 

and Callaway 1994; Brooker et al. 2007). In our system, a winter annual population of 

Arabidopsis thaliana (Brassicaceae), germination that occurs late in the autumn can lead to 

facilitation from winter-annual neighbors that are already present, presumably because 

those neighbors warm and protect seedlings from the mortality-inducing effects of cold 

(Leverett 2017).  

The seasonal timing of germination is regulated by interactions between seed 

dormancy and germination cueing. In species with physiological seed dormancy, such 

as A. thaliana, seeds lose dormancy and gain the ability to germinate as they age, through 

a process known as after-ripening (C. C. Baskin and Baskin 2014; J. M. Baskin and Baskin 

1983; Burghardt, Edwards, and Donohue 2016; Holdsworth, Bentsink, and Soppe 2008). 

Dormancy loss, combined with germination responses to temporal and spatial cues 

indicative of conditions that are suitable for seedlings, allows seeds to avoid germinating 
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under unfavorable conditions. If the conditions that promote germination are not met 

during the germination season, seeds may cycle back into “secondary” dormancy (Auge 

et al. 2015; C. C. Baskin and Baskin 2014; J. M. Baskin and Baskin 1983; Finch-Savage and 

Footitt 2017; Footitt et al. 2014). In some genotypes of A. thaliana, seeds exhibit reduced 

germination in response to cues from neighbors; this suggests that they will germinate 

later, or not at all, if they perceive neighbors (Leverett et al. 2016). However, in that 

study, germination responses to neighbors were tested only in dormant seeds, and 

therefore it remains unknown whether seeds gain the ability to germinate in the 

presence of neighbors as they after-ripen and lose dormancy. If seeds can germinate in 

the presence of neighbors only after an extended period of dormancy loss, then those 

seeds would tend to germinate later if neighbors are already present.  

Emergence not only responds to cues in the offspring’s environment, but also to 

conditions in the parental (frequently maternal) environment (Mousseau and Dingle 

1991; Roach and Wulff 1987). In some genotypes of A. thaliana, cues of neighbors (green 

filter, simulating a vegetation canopy) in the seed environment reduce germination, 

whereas cues of neighbors in the maternal environment increase germination; this effect 

of the maternal environment can therefore reduce a seed’s ability to respond to neighbor 

cues in its immediate environment (Leverett et al., 2016). Though a reduction in seeds’ 

ability to respond to their own environments seems maladaptive, plastic responses in 

offspring may be more effective if they integrate cues from both the maternal and seed 
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environments (Auge et al. 2017). For example, neighbors in the maternal environment 

could indicate that competitive conditions will develop after germination, in which case 

accelerating germination could provide offspring with a head start over their future 

competitors. However, if neighbors are already present in the seed’s environment, and 

germinating later in the presence of neighbors indeed leads to weaker competition 

and/or stronger facilitation from those neighbors, then earlier germination in response to 

the maternal environment may reduce seedling fitness.  

In the present study, we asked two questions. First, we asked how germination 

in a naturalized population of A. thaliana responds to neighbors in the maternal and seed 

environments. We focused on germination responses to reduced light quality and 

irradiance during seed hydration (imbibition), because these are reliable cues for the 

presence of and potential interactions with neighbors (Aphalo and Ballaré 1995; Casal 

2013; Casal and Sánchez 1998; Smith 2000). We quantified germination responses to 

neighbor density in the maternal environment. We found that, despite an increase in 

germination in response to neighbors in the maternal environment, germination was 

impeded, and therefore likely to be delayed, in response to neighbors in the seed 

environment. Second, we asked how delayed germination in the presence of neighbors 

affects fitness, and specifically whether there are any benefits of delayed germination. To 

do so, we manipulated the presence and size of neighbors and examined their effects on 

focal plant fitness. We found that larger neighbors (resembling those that germinated 
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much earlier than focal plants) can have positive effects on the seedling stage and 

weaker negative effects in later stages than smaller neighbors (resembling those that 

germinate at a similar time as focal plants). These results suggest that emerging later 

than neighbors can indeed have fitness benefits. 

 

2.2 Materials & Methods 

2.2.1 Germination responses to neighbors in seed and maternal 
environments 

In May 2014, we collected seeds from plants in a naturalized population of A. 

thaliana (Brassicaceae) in a winter-annual community inhabiting a fallow field in 

Durham, North Carolina, USA (36°03'37.7''N, 78°51'05.6''W). The density of neighbors 

was previously measured as the number of neighbors within a 10 × 10 cm square around 

each plant from which seeds were collected (Leverett 2017). As recorded in that previous 

study, A. thaliana individuals usually had one to nine neighbors, the majority of which 

are other members of the Brassicaceae. These density measurements likely reflect the 

intensity of light cues from neighbors in the maternal environment, since neighbors 

significantly reduce sunlight reaching seedling level in this community (Leverett 2017).  

To examine how germination responds to cues of neighbors in the seed 

environment during imbibition, we measured seed germination in two light treatments: 

“gap” and “canopy”. Seeds from 30 maternal plants were sown onto 0.7% w/v agar in 35 

mm Petri plates and imbibed at 16°C in a 12 h light/12 h dark cycle (Percival GR41LX 
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chambers). The plates were arranged on clear, plastic trays with transparent lids. We 

randomized plates among trays within the two light treatments. Gap and canopy 

conditions were implemented using full-spectrum light (control) and light transmitted 

through a green filter, respectively. The lids of trays in the canopy treatment were fitted 

with a green filter (LEE color effects filter no. 730, “liberty green”). The filter reduced the 

ratio of red to far-red light (R:FR) from approximately 1.4 to 0.3 and total irradiance 

from 290 to 145 µmol m−2 s−1. These reductions are within the range of those observed 

under natural canopies (Smith 1982). To prevent exposure of control seeds to changes in 

light due to reflection and absorption by the filters, the two light treatments took place 

in separate chambers. The treatments were switched between chambers every other day 

to eliminate chamber effects.  

To examine how germination responses to neighbors in the maternal 

environment and to a canopy during seed imbibition change as dormancy is lost via 

after-ripening, we performed germination assays using seeds that were after-ripened for 

2, 4, 6, or 11 mo. Using seeds with different durations of after-ripening allowed us to 

infer whether seeds are likely to germinate earlier or later in response to neighbors when 

they experience neighbors during imbibition; if inhibitory effects of neighbors on 

germination are strong in newly dispersed seeds but become weaker with after-ripening, 

then seeds that experience neighbors after dispersal will tend to germinate later in the 

season. For each combination of light and after-ripening, three replicate Petri plates, 
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each containing 12 seeds, were used for each maternal plant. Replicates were placed on 

separate trays. For the 2 mo and 4 mo assays, germination was scored on the basis of 

radicle protrusion from the seed coat at 2, 4, and 7 d after sowing to determine when 

germination plateaued. Germination had plateaued by day 7. For the 6 mo and 11 mo 

assays, in which germination of less dormant seeds plateaus more rapidly, germination 

was scored only at 7 d. Final germination proportion was recorded on day 7 for each 

plate as the number of germinated seeds divided by the total number of viable seeds. 

Viability was assessed as firmness to touch.  

We analyzed the effects of maternal neighbor density (Density), canopy light 

during seed imbibition (Light), and after-ripening duration (AR) on germination using 

generalized linear mixed-effects models (GLMMs) in which mean germination 

proportion of maternal lines was a binomial response variable, Light and AR were fixed 

effects, and Density was a continuous predictor. We tested the overall effects of Light, 

AR, Density, and their interactions using likelihood ratio tests of a model that included 

all durations of AR. To examine how the effects of Light and Density change with longer 

durations of AR, we analyzed submodels that included the effects of Light, Density, AR, 

the Light × AR interaction, and the Density × AR interaction for pairs of AR periods in 

which 2 mo of AR was the reference (2 vs. 4, 2 vs. 6, and 2 vs. 11). Because the interaction 

between Light and Density was not significant in the full model, we excluded the Light × 

Density interaction in the submodels. P values were adjusted to control for multiple 
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comparisons. Analyses of the effects of Light and AR were also conducted with 

individual plates as observations, using maternal plant as a random factor. Results were 

similar to those using maternal plant means, so only analyses of genotype means are 

reported.  

 

2.2.2 Fitness consequences of germinating earlier or later than 
neighbors 

In autumn 2015, we performed an experiment to test whether germinating earlier 

or later than neighbors influences survival and fecundity. To generate focal seedlings, 15 

of the original maternal plants were selected and their seeds were germinated in the lab, 

vernalized (cold treated to induce flowering) as vegetative rosettes at 4°C for 3 wk under 

a 12 h light/12 h dark cycle, and then transferred to a greenhouse at 20–25°C with a 16 h 

light/8 h dark cycle to induce synchronous reproduction. The resulting plants were self-

fertilized to produce replicates of each line. We randomly selected one plant from each 

of the 15 lines and pooled the seeds of the 15 selected plants to generate focal seedlings 

(see below). 

For neighbors, we used Cerastium fontanum ssp. vulgare (Caryophyllaceae), which 

is the most common neighbor of A. thaliana in the source community (Leverett 2017). 

Neighbors were collected on 8 November 2015 from the same location where we 

obtained A. thaliana seeds. Individuals and their rhizospheres were extracted from the 

soil and kept in the greenhouse at 20–25°C with 12 h light until 14 November, at which 
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point they were sorted into two size classes: small (representing later germinants) or 

large (representing earlier germinants). Once sorted, they were transplanted into 6.35 cm 

plastic pots filled with Metromix 360 potting soil (Scotts Sierra, Maysville, Ohio, USA). 

Eight plants of a given size were placed in a single pot, leaving bare soil in the center of 

each pot for a focal plant. The largest neighbors in the small treatment were 4.53 cm tall 

on average, and those in the large treatment were 6.55 cm tall on average. The treatment 

without neighbors allowed us to infer how small and large neighbors affect focal plant 

fitness and how seedlings that germinate earlier than their neighbors perform early in 

ontogeny before their neighbors germinate. The effect of small versus large neighbors 

indicates the effect of germinating at a similar time as (small) versus much later than 

(large) neighbors, although it is important to note that the experimental treatments 

cannot distinguish effects of relative phenology from those of intrinsic vigor. Neighbor 

size presumably also modifies cue intensity: larger neighbors are expected to use more 

resources, in turn having a greater impact on factors such as available light, nutrients, 

and water availability. It follows that larger neighbors would both produce stronger 

cues and impose stronger competition. Thus, we were able to deduce whether the 

inferred intensity of neighbor cues is associated with the intensity of competition (i.e., 

whether larger neighbors are more competitive). 

To generate focal seedlings for the neighbor manipulation experiment, A. thaliana 

seeds were sown onto 0.7% w/v agar, cold-stratified for 4 d in the dark at 4°C to break 
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dormancy and germinated at 10°C with 12 h light/12 h dark. On 24 November, seedlings 

with three to four leaves were transferred to the experimental pots that already 

contained neighbors, with a single focal seedling per pot. Focal seedlings were randomly 

assigned to one of three neighbor treatments: None, Small, or Large. Note that focal 

seedlings were always smaller than their neighbors. We used 12 focal plants (i.e., pots) 

per neighbor treatment per block, replicated across six blocks, for a total of 72 focal 

plants per treatment. The focal seedlings and neighbors were acclimated to the new 

conditions together for 2 d in the greenhouse before the experiment began. The 

experiment was moved outdoors near the Duke University Greenhouse on 26 November 

2015 (36°00'08.7''N, 78°56'39.8''W). The day of transfer (26 November) is considered day 

0 and is referred to as the “start date” hereafter; 26 November corresponds to a relatively 

late germination date for A. thaliana in North Carolina. Focal plants and neighbors were 

not fertilized or watered throughout the experiment. 

We monitored the growth, reproductive phenology, and fitness of focal plants 

from the start of the experiment until all individuals had senesced on 4 April 2016. Each 

focal individual was monitored periodically for leaf number, survival, and reproductive 

phenology. Intervals between monitoring (i.e., ontogenetic periods) ranged from 5 to 23 

d, with longer intervals in the winter when little growth occurred. An individual was 

scored as reproductive when it bolted (i.e., the floral meristem was differentiated from 

the vegetative rosette). Once all individuals had died or senesced following 



 

65 

reproduction, we recorded fecundity, estimated as the number of fruits produced by an 

individual. Total fitness was then calculated for each individual as the product of its 

survival to reproduction and fecundity. Individuals that did not reproduce had a total 

fitness of zero. 

We examined the effects of neighbors on fitness using likelihood ratio tests of 

LMMs and GLMMs. In these models, different measures of performance were the 

dependent (response) variable, neighbor treatment (Neighbor) was a fixed effect, and 

block was a random effect. We first tested whether neighbors affected the growth, 

reproductive phenology, and reproductive size of focal plants using LMMs. For growth, 

leaf number was the response variable and Neighbor was crossed with days since 

transplant (Time); a significant Neighbor × Time interaction indicates neighbors affected 

growth. Since leaf numbers decreased (senesced) during reproduction, analyses of 

growth were limited to the period between the start of the experiment and reproduction. 

We performed pairwise comparisons of neighbor treatments and corrected for multiple 

comparisons to interpret significant effects of Neighbor and Neighbor × Time. 

Next, we examined the effects of neighbors on survival over ontogeny by 

comparing pre-reproductive survival curves among neighbor treatments. Our survival 

data violated the constant hazard assumption, so we used nonparametric Kaplan-Meier 

estimators to fit survival curves ("survival" package; Therneau, 2015). Data were 

stratified by block, and curves were compared among neighbor treatments using log-
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rank tests. Next, to identify the specific points in ontogeny in which neighbors affected 

survival, we fitted a bias-reduced GLM for each ontogenetic period (i.e., interval 

between consecutive censuses) to accommodate data separation ("brglm" package; 

Kosmidis, 2013). These periods ranged from 5 to 23 d in length (see below). We were 

unable to include block as a random effect in the bias-reduced GLMs, but the results of 

these analyses were consistent with those using the nonparametric survival models that 

did account for variation among blocks. 

We next tested whether having more leaves increased survival probability and 

whether this differed across neighbor treatments. GLMs were fitted in which survival 

was the response variable, Leaves and Time were continuous predictors, Neighbor was 

a fixed effect, and block was a random effect. To interpret the Leaves × Time × Neighbor 

interaction, we performed pairwise comparisons of the neighbor treatments and 

corrected for multiple comparisons.  

Finally, we analyzed whether neighbors influenced individual fitness 

components. In these models, a given fitness component was the dependent variable, 

Neighbor was a fixed effect, and block was a random effect. Survival to reproduction 

was a binomial response and analyzed using GLMMs. Fecundity data of individuals 

that survived to reproduce were fitted to LMMs after log transformation to improve 

normality. Total fitness was analyzed using negative binomial GLMMs with zero 

inflation. For each fitness component, we tested the overall effect of Neighbor and then 
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performed pairwise comparisons of neighbor treatments with corrections for multiple 

comparisons. Because fecundity is often associated with reproductive phenology and 

size in A. thaliana, we tested whether the number of leaves at reproduction (Size) and/or 

the time of reproduction (Days) was associated with fecundity in each neighbor 

treatment (effect of Size or Days) and whether these relationships differed across 

neighbor treatments (Size × Neighbor or Days × Neighbor interaction). We also asked 

whether the time of reproduction was associated with the size at reproduction and 

whether this depended on neighbor treatment, using likelihood ratio tests of LMMs in 

which Days was the response variable, Size was a continuous predictor, Neighbor was a 

fixed effect, and block was a random effect. We excluded the small-neighbor treatment 

from analyses of the relationships between fecundity, size, and phenology, because so 

few individuals survived to reproduce in this treatment. 

 

2.2.3 Environmental associations with neighbor effects 

We obtained daily temperature (maximum, mean, and minimum) and mean 

daily precipitation data for the study location over the course of the experiment from 

Weather Underground (http://www.underground.com). Each variable was averaged 

within each ontogenetic period in order to examine the relationships between survival 

and environmental conditions over ontogeny. We tested whether focal plant survival 

over ontogeny changed as a function of environmental conditions by fitting a GLM for 
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each neighbor treatment in which each ontogenetic period was a single observation, 

survival was a binomial response variable, and the four environmental variables were 

continuous predictors. Significance was determined using likelihood ratio tests, with P 

values corrected for multiple comparisons. We also tested whether the effects of 

neighbors depended on the underlying environment using likelihood ratio tests of 

GLMs in which survival was a binomial response variable, Neighbor was a fixed effect, 

and the environmental variables were continuous predictors. These models were fitted 

for each pairwise comparison of neighbor treatments (none vs. small, none vs. large, and 

small vs. large); P values were corrected for multiple comparisons. Each model included 

the main effects of Neighbor and the environmental variables as well as the interactions 

between Neighbor and each environmental variable. A significant Neighbor × 

Environment interaction indicates that the effect of neighbors depended on that 

environmental condition and/or that the effect of the environment depended on the 

neighbor treatment. 

All analyses were performed using R version 3.3.3 (R Core Team 2017). (G)LMMs 

were fitted using the “lme4” package, and bias-reduced GLMs were fitted using the 

“brglm” package (Bates et al. 2015; Kosmidis 2013). Type II or III likelihood ratio tests 

were used in cases of nonsignificant or significant interactions, respectively. P values 

were corrected using the Holm procedure. 

  



 

69 

2.3 Results 

2.3.1 Germination responses to neighbors in seed and maternal 
environments 

Seeds that experienced a canopy during seed imbibition were 63.9–87.3% less 

likely to germinate than seeds that did not experience a canopy, depending on how long 

they had after-ripened (lost dormancy; Fig. 8A, 9; Table 11). Specifically, the magnitude 

of the response became significantly weaker by 6 mo of after-ripening and was constant 

thereafter.  

Germination was 4.4–23.1% more likely in response to each additional neighbor 

in the maternal environment; however, maternal neighbor density did not affect 

germination responses to a canopy during seed imbibition, as indicated by 

nonsignificant Light × Density interactions (Fig. 8B; Table 1). The positive effect of 

maternal density on germination was significant in all after-ripening periods except for 6 

mo, when seeds were least dormant. Germination of seeds was less likely after 11 mo 

compared to 6 mo of after-ripening (Fig. 9), indicating that seeds reentered dormancy. 

Thus, the effect of maternal density in seeds that had after-ripened for 11 mo suggests 

that seeds from maternal plants with many neighbors were less able to enter secondary 

dormancy. 
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Figure 8: Response of seed germination in Arabidopsis thaliana to (A) a 
canopy in the seed environment during imbibition (Light) and (B) neighbor density 
in the maternal environment (Density), at different durations of after-ripening (AR): 

2, 4, 6, or 11 mo. Responses indicate the percent change in the odds of a seed 
germinating (with 95% confidence) caused by the presence of a canopy during 

imbibition in the seed environment (A) or by an additional neighbor in the maternal 
environment (B). Values that cross the line at 0% are not statistically significant from 

no effect. Within each panel, filled shapes indicate germination responses that are 
significantly different from that in the 2 mo AR period (see Table 1). Please note that, 

because Density is continuous, and Light is categorical, the scales of the effects of 
Density and Light are not equivalent and should be interpreted with caution; for 

comparison, in seeds from the 2 mo AR treatment, a maternal neighbor density of 4 
produces a response of a similar magnitude to that caused by a canopy during seed 
imbibition. For reaction norms of germination responses to a seed canopy in seeds 

from individual maternal plants, see Fig. 9. 
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Table 11: Germination responses to maternal neighbor density under field 
conditions (Density) and after-ripening (AR) in Arabidopsis thaliana, determined by 

likelihood ratio tests of nested GLMs. “AR period(s)” indicates the AR periods 
included in each model. 

AR period(s) Predictor χ2 df P 

All AR 

Light 6.99 1 0.008 
AR 11.33 3 0.010 
Density 8.17 1 0.004 
Light ´ AR 2.68 3 0.443 
Light ´ Density 0.01 1 0.921 
AR ´ Density 2.87 3 0.413 
Light ´ AR ´ Density 0.20 3 0.977 

2 vs. 4 mo 

Light 77.63 1 <0.001 
AR 14.51 1 <0.001 
Density 14.97 1 <0.001 
Light ´ AR 1.05 1 0.306 
Density ´ AR 1.10 1 0.293 

2 vs. 6 mo 

Light 48.14 1 <0.001 
AR 42.36 1 <0.001 
Density 7.11 1 0.008 
Light ´ AR 7.73 1 0.005 
Density ´ AR 4.34 1 0.035 

2 vs. 11 mo 

Light 50.13 1 <0.001 
AR 9.76 1 0.002 
Density 21.36 1 <0.001 
Light ´ AR 5.31 1 0.021 
Density ´ AR 0.17 1 0.680 

2 mo 
Light 38.44 1 <0.001 
Density 10.73 1 0.001 

4 mo 
Light 40.24 1 <0.001 
Density 5.34 1 0.021 

6 mo 
Light 17.43 1 <0.001 
Density 0.81 1 0.369 

11 mo 
Light 17.00 1 <0.001 
Density 10.79 1 0.001 
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Figure 9: Response of germination proportion to light cues experienced during 
seed imbibition, for each duration of after-ripening: (A) 2 months, (B) 4 months, (C) 6 
months, or (D) 11 months. “Proportion germinated” in gap (unfilled circles) or canopy 
(filled circles) treatments indicates the mean final germination proportion under full 

light or the green filter treatment, respectively. Fainter lines with small circles are 
reaction norms of individual maternal plants, and the bolder line with larger circles is 

the average germination in each treatment across plants. Based on GLMM’s that 
include Light as a fixed effect and maternal plant as a random effect, the decrease in 
germination proportion in response to canopy light during imbibition is significant 

(P < 0.05) for each after-ripening time point after correcting for multiple comparisons. 
The slope (b) of the overall effect of canopy light is indicated for each AR period. 

There was a significant reduction (P < 0.001) in germination in white light between 6 
and 11 months of AR, indicating seeds re-entered secondary dormancy. 

Gap Canopy Gap Canopy

0.00

0.25

0.50

0.75

A B

C D

2 months 4 months

6 months 11 months

Seed light environment

0.00

0.25

0.50

0.75

Pr
op

or
tio

n 
ge

rm
in

at
ed

β = -2.06 β = -1.64

β = -1.02 β = -1.06



 

73 

To summarize, while seeds were more likely to germinate if their mothers had 

more neighbors, they were less likely to germinate if they experienced a canopy during 

imbibition, regardless of maternal neighbor density. Seeds gained the ability to 

germinate under a canopy as they aged and, thus, are likely to germinate later in the 

presence of neighbors than in the absence of neighbors. 

 

2.3.2 Fitness consequences of germinating earlier or later than 
neighbors 

Focal plants grew more slowly, reproduced later, and reproduced at smaller 

sizes if they had neighbors (Fig. 10A-C; Table 12). The magnitude of the adverse effects 

of neighbors on focal plant growth and reproductive phenology was larger if those 

neighbors were small, and small neighbors had a marginally larger effect on the size of 

reproduction than large neighbors. 

Neighbors reduced survival, fecundity, and total fitness of focal plants, 

especially if the neighbors were small (Fig. 10D-F; Table 12). The fecundity effect was 

associated with growth: reproducing earlier and at a larger size increased fecundity, but 

neighbors caused focal plants to reproduce later and at a smaller size, preventing them 

from being able to capitalize on the benefits of rapid growth (Fig. 11; Table 13). 

Differences in overall vigor were more strongly manifest in plants with neighbors, such 

that some reproduced early at a larger size, whereas others reproduced later at a smaller 

size, although there was not a significant Days × Neighbor interaction. 
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Neighbors also altered patterns of mortality over ontogeny in focal plants (Fig. 

10G-H; Table 12). Plants without neighbors had higher mortality than those with large 

neighbors early in ontogeny, indicating that germinating before neighbors are present 

can actually increase mortality risk in the seedling stage. By contrast, mortality 

accelerated as plants aged if they had neighbors, especially if the neighbors were small. 

Small neighbors had no effect on early survival but caused increased mortality as focal 

plants aged, whereas large neighbors had positive or neutral effects early, followed by 

negative effects later.  
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Figure 10: Effects of the presence and size of neighbors on focal plant 
performance of Arabidopsis thaliana under experimental outdoor conditions: (A) 

growth (number of rosette leaves through time; mean ± SE); (B) reproductive 
phenology (number of days between start of experiment and bolting); (C) size at 

reproduction (number of rosette leaves at time of bolting); (D) survival to 
reproduction; (E) fecundity (number of fruits of individuals that survived to 

reproduction); (F) total fitness (survival × fecundity); (G) survival over ontogeny, with 
the duration of each ontogenetic period indicated in gray (top); and (H) the 

probability of survival in each period, measured as the change in log odds of 
surviving with vs. without neighbors (large neighbors indicated by solid line; small 

neighbors indicated by dashed line). In A, the decline in leaf number beginning 
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around day 100 is due to the senescence of rosette leaves as individuals began to 
reproduce. In B–F, boxes show the distribution of values across blocks: mean 

(diamonds), 75th and 25th percentiles (hinges), 1.5 times the interquartile range 
(whiskers), and observations outside these values (circles). Asterisks indicate 

significant differences between pairs of treatments after correcting for multiple 
comparisons: ***P < 0.001, *P < 0.05, and ‡P < 0.10 (Table 12). In H, negative values 

indicate that survival was lower with neighbors of a given size compared to survival 
without neighbors. Nonsignificant and significant (P < 0.05 after correcting for 

multiple comparisons) neighbor effects are indicated by unfilled versus filled circles, 
respectively. The asterisk indicates that the eighth period was the only one in which 

the effect of neighbors differed on the basis of neighbor size (P < 0.05 after 
correction). 
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Table 12: Effects of neighbor treatments on focal plant performance under 
experimental outdoor conditions, determined by LR tests of (G)LMM’s or log rank 

tests of Kaplan-Meier models: growth (Neighbor treatment x Time); days to 
reproduction; size at reproduction (number of leaves at bolting); survival over 

ontogeny; survival to reproduction; fecundity (number of fruits); and total fitness 
(survival x fecundity). ‘Neighbor treatments’ indicates which neighbor treatments 

were included in each model; ‘All’ indicates all three treatments were included in the 
model. This table corresponds to Fig. 10. 

Response variable Neighbor treatments χ2 d.f. P 

Growth 

All 47.70 2 < 0.001 
None vs. Small 9.38 1 0.004 
None vs. Large 42.03 1 < 0.001 
Small vs. Large 8.16 1 0.004 

Days to reproduction 

All 14.04 2 0.004 
None vs. Small 6.50 1 0.022 
None vs. Large 8.34 1 0.012 
Small vs. Large 4.47 1 0.035 

Size at reproduction 

All 43.81 2 < 0.001 
None vs. Small 17.39 1 < 0.001 
None vs. Large 31.82 1 < 0.001 
Small vs. Large 3.22 1 0.073 

Survival over ontogeny 

All 306.00 2 < 0.001 
None vs. Small 269.00 1 < 0.001 
None vs. Large 115.00 1 < 0.001 
Small vs. Large 42.80 1 < 0.001 

Survival to reproduction 

All 498.58 2 < 0.001 
None vs. Small 40.81 1 < 0.001 
None vs. Large 211.07 1 < 0.001 
Small vs. Large 62.40 1 0.020 

Fecundity 

All 57.05 2 < 0.001 
None vs. Small 30.34 1 < 0.001 
None vs. Large 29.37 1 < 0.001 
Small vs. Large 5.18 1 0.023 

Total fitness 

All 21.35 2 < 0.001 
None vs. Small 48.80 1 < 0.001 
None vs. Large 18.58 1 < 0.001 
Small vs. Large 6.92 1 0.009 



 

 

 

 

Figure 11: The relationship between fecundity and (A) reproductive phenology and (B) reproductive size and (C) the 
relationship between reproductive phenology and reproductive size. Only focal plants with no or large neighbors are presented 

due to limited sample sizes in the small-neighbor treatment caused by high mortality. Focal plants without neighbors are 
indicated by open circles and solid lines, and those with large neighbors are indicated by filled circles and dotted lines. Lines of 

best fit for each treatment are shown.  
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Table 13: Relationships between fecundity, phenology, and size at 
reproduction in focal plants. Upper: relationship between fecundity and reproductive 
phenology (“Days”: days to bolting) or size at reproduction (“Size”: number of rosette 

leaves). Lower: relationship between reproductive phenology and size at 
reproduction. Relationships were determined by likelihood ratio tests of nested 
LMM’s. Focal plants with small neighbors could not be included due to very low 

sample sizes; thus, ‘Neighbor’ compares focal plants with no versus large neighbors. 

 

Response 
variable Treatment(s) Predictor c2 d.f. P 

Fecundity 

Both 
Days 
Neighbor 
Days x Neighbor 

10.65 
0.98 
1.26 

1 
1 
1 

0.001 
0.322 
0.262 

Both 
Size 
Neighbor 
Size x Neighbor 

14.63 
5.78 
4.16 

1 
1 
1 

< 0.001 
0.017 
0.041 

None Size 14.67 1 < 0.001 
Large Size 5.13 1 0.024 

Size Both 
Days 
Neighbor 
Days x Neighbor 

0.05 
0.73 
1.20 

1 
1 
1 

0.825 
0.392 
0.273 

 

Neighbors suppressed the survival benefit of faster growth over ontogeny, 

regardless of the size of neighbors (pairwise Leaves × Period × Neighbor interactions for 

analysis of survival in contrasting neighbor treatments; None vs. Small: LR χ26 = 14.32, P 

= 0.026; None vs. Large: LR χ26 = 20.73, P = 0.002; Small vs. Large: LR χ26 = 3.74, P = 0.711). 

Specifically, plants that grew more quickly were also more likely to survive, especially if 

they had no neighbors (Fig. 12). 
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Figure 12: Size-dependent survival over ontogeny of focal plants with (A) no 
neighbors, (B) small neighbors, or (C) large neighbors. Individuals are grouped 

within each time period based on whether they lived (open, black circles) or died 
(closed, gray circles); each observation indicates the mean number of leaves at the 

beginning of that period for individuals that lived or died, and the number of 
individuals is indicated by the size of each circle. Note that for periods in which only 
a single individual died, this value is the leaf number of that single individual. Lines 
are linear best-fits for each category of individuals over ontogeny: black lines indicate 
the change in leaf number over time of individuals that survived, while the gray lines 
indicate the change in leaf number over time of individuals that died. Because we did 
not have measurements of leaf number at the start of the experiment in focal plants, 

we could not include the first period in this analysis. 

 

In sum, focal plants performed best without neighbors, but larger neighbors had 

weaker negative effects than smaller ones and actually had positive effects early in 

ontogeny. Thus, germination that occurs earlier than that in neighbors can limit seedling 

survival by preventing positive effects of neighbors, whereas a delay in germination in 

response to neighbors, by increasing the size of neighbors compared to focal plants, can 

reduce the negative effects of neighbors. 
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2.3.3 Environmental associations with neighbor effects 

In the absence of neighbors, focal plants were more likely to survive when 

precipitation, minimum temperatures, and maximum temperatures were lower and 

when mean temperatures were higher (Fig. 10G, 13; Table 14). The highest mortality, 

other than that occurring between the start date and the first census, occurred in period 

4, in which 12.8% of individuals died. Unlike all the other periods that were preceded by 

colder or similarly cold periods (with mortality ranging from 0.0% to 5.1%), period 4 

was cold but was preceded by very warm temperatures in period 3, which may have 

prevented acclimation to cold. 

There were no effects of heat stress (maximum temperature) in plants with small 

or large neighbors (Table 14). The mortality effects of cool days (mean temperature) and 

warm nights (minimum temperature) also were not evident in plants with large 

neighbors.  



 

 

 

Table 14: Effects of ambient environmental conditions and neighbor treatments on survival to reproduction in 
Arabidopsis thaliana, as determined by likelihood ratio tests of GLMs that included all environmental variables. “Environment” 

indicates the slope of the response of survival to the environmental variable of interest, as estimated by the GLM; negative 
values indicate that survival was lower as the temperature or precipitation variable increased. Results are provided for each 

neighbor treatment separately (None, Small, or Large). Values in the last two columns indicate the pairwise effects of neighbor 
treatment on the relationship between survival and an environmental predictor: ***P < 0.001, **P < 0.01, *P < 0.05. For all tests, df 

= 1. Results from models that included ontogenetic period as a predictor produced qualitatively identical results. Nonlinear terms 
for environmental variables were not statistically significant. 

Neighbor 
treatment 

Environmental 
predictor 

Environment χ2 for 
environment 

χ2 for environment × 
neighbor 

(vs. “none”) 

χ2 for environment × 
neighbor 

(vs. “small”) 

None 

Max. temperature −0.466 22.47***   
Mean temperature 0.602 22.12***   
Min. temperature −0.315 28.31***   
Mean precipitation −6.456 5.85*   

Small 

Max. temperature −0.086 0.58 5.99*  
Mean temperature 0.339 9.24** 1.93  
Min. temperature −0.198 12.35*** 1.69  
Mean precipitation −16.910 27.42*** 4.84  

Large 

Max. temperature −0.012 0.02 10.01** 0.25 
Mean temperature 0.107 0.78 7.00* 1.86 
Min. temperature −0.032 0.30 10.79** 3.92 
Mean precipitation −11.971 23.50*** 1.95 0.95 
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Figure 13: Ambient environmental conditions over ontogeny, averaged over 
each ontogenetic period: (A) temperature (maximum, mean, minimum), and (B) 

precipitation (left vertical axis, black line: total precipitation; right vertical axis, gray 
line: proportion of days with precipitation in the form of snow). Horizontal lines 

indicate the average of each variable over the entire experiment. 

 

2.4 Discussion 

We found evidence that neighbors can delay focal plant germination and that 

such delays can influence the outcome of interactions with neighbors. Arabidopsis 

thaliana seeds were less likely to germinate in response to neighbor cues, despite being 

more likely to germinate in response to neighbors in the maternal environment. The 

inhibitory effect of neighbors experienced by freshly dispersed seeds weakened with 
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time, as those seeds after-ripened and lost dormancy; thus, seeds that experienced 

neighbors in their immediate environments could germinate only after longer periods of 

after-ripening, likely causing later germination when neighbors are present. 

Germinating later than neighbors may be beneficial for two reasons. First, germinating 

before neighbors are present increases seedling mortality. Second, individuals that 

germinate after their neighbors germinate interact less negatively, and even positively, 

with neighbors if they germinate much later than neighbors, after those neighbors have 

grown in size. We discuss the potential fitness implications of delayed emergence and 

suggest directions for research that would uncover the mechanisms and consequences of 

temporally dynamic germination responses to neighbors. 

 

2.4.1 Fitness implications of delayed emergence in response to 
neighbors 

Accelerated emergence allows individuals to limit their exposure to competition 

in a variety of plant and animal systems (Dyer, Fenech, and Rice 2000; Einum and 

Fleming 2000; Lawler and Morin 1993; Moynihan and Shuker 2011; Orrock and 

Christopher 2010; Weis et al. 2015). Delayed emergence in response to neighbors also 

occurs (Anholt 1990; Jutila and Grace 2002; C. Zhang et al. 2014), but its fitness benefits 

are less clear. In plants, delayed germination in response to neighbors may increase 

fitness by allowing individuals to wait and emerge during less competitive periods, but 

this benefit is generally considered within the context of between-year delays (e.g., 
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Inouye, 1980). As shown here and elsewhere, though, seeds can germinate later within a 

single year in response to neighbors. We tested the effects of neighbor presence and size 

on fitness to ask whether germinating later than neighbors within a season could be 

beneficial.  

We found that, although focal plants without neighbors were more likely to 

survive to reproduction and had higher fecundity than those with neighbors, they were 

less likely to survive as seedlings than were focal plants with large neighbors. Thus, 

germinating before neighbors can incur a fitness cost by increasing seedling mortality. 

Further, for every metric of performance that we measured, focal plants with neighbors 

fared better if their neighbors were large. Thus, while germinating later than neighbors 

can lead to negative interactions with those neighbors, longer delays can limit the 

strength of these negative interactions or even impose positive ones. A fitness benefit of 

delayed emergence has also been reported in frogs, albeit through a different 

mechanism. Pseudacris cruficer tadpoles that hatch and arrive in ponds seven days after 

Bufo woodhousii tadpoles exhibit reduced growth due to resource preemption by Bufo. 

However, given that Bufo tadpoles eventually metamorphose and leave the ponds, 

Pseudacris tadpoles that delay their arrival by 14 d instead of 7 d have briefer interactions 

with Bufo and, in turn, fare better (Lawler and Morin 1993). Thus, longer delays in 

emergence can minimize negative interactions with early-emerging neighbors by 

reducing the strength (as in the present study) or duration (as in Lawler and Morin 1993) 
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of those negative interactions through resource partitioning or by leading to positive 

interactions through amelioration of adverse environmental conditions. 

In our study, focal plants may have shared more soil resources with smaller, 

more similarly sized neighbors, which would explain the stronger competition imposed 

by smaller neighbors (Fargione and Tilman 2005; Nobel 1997). However, because we did 

not measure or manipulate soil resources and we did not measure the roots of 

neighbors, we cannot confirm that the negative effects of neighbors were due to 

belowground competition rather than aboveground competition (e.g., shading) or other 

effects of neighbors. For example, the effects of neighbors may have resulted from their 

effects on air temperature. Focal plants that grew alone were slightly better able to 

tolerate cold (negative relationship between survival and minimum temperature) than 

extreme heat (negative relationship between survival and maximum temperature), but 

they were more likely to survive when days were warmer on average (positive 

relationship between survival and mean temperature), perhaps because they grew more 

during warm (but not hot) periods. Neighbors eliminated the negative relationship 

between survival and daily maximum temperatures, which suggests that neighbors had 

a cooling effect during the day. If so, neighbors may have indirectly slowed the growth 

of focal plants by cooling them. However, we did not detect any significant effects of 

neighbor size on the relationships between survival and environmental variables. We 

also cannot rule out effects of differences in intrinsic vigor between neighbors of 
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different sizes. Future work could manipulate these putative mediators of neighbor 

effects to determine whether smaller neighbors impose greater fitness reduction through 

resource partitioning or alterations of abiotic factors.  

The positive effects of large neighbors early in the season during the seedling 

stage may have been due to protection from high-temperature stress via shading, since 

the negative effect of hot daytime (maximum) temperatures was eliminated by large 

neighbors. Later in the season, when temperatures were cooler, the shading effect may 

have provided less of an advantage, or neighbors may have raised nighttime 

temperatures, which could have prevented acclimation and, in turn, could explain why 

neighbors had a negative effect later in ontogeny (Graham and Patterson 1982; Xin and 

Browse 2000). Consistent with this idea, large neighbors eliminated the positive effect of 

cold nighttime temperatures on survival. Thus, neighbors may have buffered against 

extremely high daytime temperatures and extremely cold nighttime temperatures, 

which is consistent with in situ measurements of the effects of neighbors on temperature 

at soil level in a previous study (Leverett 2017).  

Yet another potential mechanism of positive neighbor effects is the uptake of 

excess soil moisture. Pots sat in undrained flats in this experiment, which may have 

induced water-logging stress (Ashraf 2012). Neighbors may have reduced this effect by 

taking up water, although there was no significant interaction between neighbor 

treatment and precipitation in analyses of survival. As with the negative effects of 
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neighbors, a full explanation of the positive effects of neighbors will require 

experimental manipulations of the putative mechanisms of facilitation. 

 

2.4.2 Maternal environmental effects and the expression of beneficial 
responses to neighbors 

Whether a maternal environmental effect increases an offspring’s fitness will 

depend on whether it limits or enhances the ability of the offspring to express adaptive 

responses to its immediate environment and whether it provides information 

unavailable to the offspring (Auge et al., 2017). In our study, increasing neighbor density 

in the maternal environment increased germination propensity, but it did not prevent 

decreased germination propensity of seeds in response to neighbors in their own 

environments. Delayed germination in response to neighbors in the seed environment 

may counteract or override an increase in germination caused by neighbors in the 

maternal environment, meaning that the time of germination will depend on the degree 

to which maternal neighbors promote germination while neighbors in the seed 

environment hinder it. Germination could occur earlier if parents but not their offspring 

experience high neighbor density, or later if seeds but not their parents experience high 

neighbor density. Whether this cue integration is adaptive will then depend on natural 

selection on germination time that occurs at the lineage and individual levels (Auge et 

al. 2017; Uller 2008). Early germination could provide both a head start over future 

competitors and more time for growth and reproduction (Donohue 2002; Donohue et al. 
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2005b; Rathcke and Lacey 1985; Stratton 1992), whereas later germination, as shown here 

and elsewhere, can both reduce competition and promote facilitation (Leverett 2017). 

Finally, selection could favor intermediate germination phenologies (Auge et al. 2017; 

Donohue et al. 2005b, 2010).  

Adaptive plasticity in the timing of emergence requires that seeds or eggs 

differentiate the conditions under which accelerated or delayed emergence would be 

beneficial and then respond accordingly (Warkentin 2011). Seeds have an impressive 

ability to detect cues of neighbors, such as changes in light or fluctuating temperature  

(Dechaine, Brock, and Weinig 2014; Deregibus et al. 1994; K. Thompson and Grime 

1983). They can also differentiate different types of competitors, although the 

mechanisms of this differentiation are not clear. For example, germination in Ambrosia 

artemisiifolia (Asteraceae) responds differently to the presence of seeds, seedlings, and 

adults (Fenesi et al. 2014). However, in the study of Fenesi et al. (2014), seeds germinated 

more slowly in response to adult competitors, and this response exposed seedlings to 

strong competition. Thus, although seeds can differentiate poor competitors from good 

ones, they may not necessarily respond adaptively to both. Resource cues that are 

reduced proportionally to neighbor size or density, such as sunlight, may not be good 

predictors of the intensity of competition if those resources are not the most limiting. 

Further, other non-resource cues of neighbors that fluctuate throughout the year, such as 

temperature, may not be the most accurate predictors of competition. Future work could 
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quantify the reduction in different types of resources and other factors caused by 

neighbors of varying sizes or ages, ask whether comparable changes in those cues 

produce distinct germination responses, and then test whether those distinct responses 

increase fitness. 

Because organisms modify many environmental factors simultaneously, plastic 

responses to neighbor cues may occur in response to various cues and even specific 

combinations of cues, and these cues may be present in multiple generations. Thus, 

evaluating the adaptive value of plastic responses to neighbors requires an 

understanding of which cues are used, how accurately those cues predict interactions 

with neighbors, and whether the responses to those cues are in the same direction as 

natural selection. The neighbor cues in our experiment differed between the maternal 

and seed environments, which means that germination may have responded to different 

environmental changes in the maternal versus seed environments. We have assumed 

that higher neighbor density in the maternal environment is a proxy for reduced light 

availability, but density likely affected other environmental conditions, such as 

temperature, nutrient availability, or soil moisture. Further, the effect of maternal 

neighbor density on germination may simply be due to a correlation between density 

and a third variable, such as soil moisture. Regardless, the opposing responses of 

germination to neighbors in the maternal environment and canopy presence in the seed 

environment that we observed are consistent with patterns in a previous study that used 
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the same light cue in both environments (Leverett et al. 2016), which supports our 

assumption that neighbor density is associated with light. Future research could identify 

the cues of neighbors that are available to seeds (as discussed above), and then use 

manipulations of those cues and their combinations to determine precisely how 

responses to neighbors are elicited. 

 

2.4.3 Interactions between absolute and relative phenologies 

Natural selection on phenology involves two components: selection on absolute 

phenology (calendar date) due to a seasonally variable environment (i.e., a “seasonal 

effect”) and selection on relative phenology due to the structure of the social 

environment or competitive rank of an individual (i.e., a “priority effect”) (Lawler and 

Morin 1993; Weis et al. 2015). However, given that the strength and sign of biotic 

interactions depend on both the physical environment, as determined by absolute 

phenology, and the sizes or ages of individuals when they interact, as determined by 

relative phenology (Yang and Rudolf 2010), the action of priority effects is likely to 

depend on the absolute phenology of a focal organism. We used only one germination 

time (absolute phenology) for focal plants in our experiment and used differences in 

neighbor size as a proxy for relative phenology. We also did not use a neighbor 

treatment in which focal plants germinated earlier than neighbors. Future work could 

repeat our experiment, using a treatment in which focal plants germinate earlier than 
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neighbors as well as a range of germination dates spanning the natural germination 

season, to examine how individual fitness depends on the interaction between seasonal 

and priority effects.  

 

2.4.4 Conclusions 

Our results demonstrate that phenological responses to neighbors can limit 

negative interactions and promote positive ones, and in doing so these responses can 

affect fitness and demography. Seeds of Arabidopsis thaliana are more likely to germinate 

in response to neighbors in the maternal environment, but they are still able to delay 

germination in response to neighbor cues during imbibition. Seeds that germinate after 

their neighbors germinate perform better if they wait until neighbors are large, because 

larger neighbors increase seedling survival and have weaker negative effects on growth 

and reproduction compared to smaller neighbors. Thus, delayed germination in 

response to neighbors during imbibition, as observed here and in other studies, could 

result in an emergence phenology that limits the negative effects of neighbors.  

Under conditions of climate change, the relative phenology of species may 

change, because different species may respond to different seasonal cues to regulate 

their emergence time. As relative phenologies change, the outcome of interactions 

among species can also change, as our results demonstrate. Changes in the relative 
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phenology of interacting species may impede or facilitate coexistence, especially when 

the direction of effects of interactions—positive or negative—depends on phenology. 
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3. Germination phenology determines the propensity for 
facilitation and competition 

This is the peer-reviewed version of the following article: Leverett LD (2017) 

Germination phenology determines the propensity for facilitation and competition. 

Ecology 98: 2437-2446, which has been published in final form at 

http://onlinelibrary.wiley.com/doi/10.1002/ecy.1933/full (doi: 10.1002/ecy.1933). This 

article may be used for non-commercial purposes in accordance with Wiley Terms and 

Conditions for Self-Archiving. 

 

3.1 Introduction 

Plant fitness depends on physical stress in the environment as well as access to 

resources, both of which are modified by neighboring plants. One well-studied example 

of this interplay between abiotic and biotic interactions is a change in the prevalence of 

facilitative versus competitive interactions over gradients of physical stress. Facilitation, 

or positive interactions among individuals, arise when neighboring plants modify 

physical conditions in a way that mitigates stress, leading to increased fitness (Callaway 

1995; Callaway et al. 2002). As stress decreases along spatial or temporal gradients, 

facilitation can become less pronounced and be replaced by neutral or competitive 

interactions, as articulated by the stress gradient hypothesis (Brooker et al. 2007; Q. He, 

Bertness, and Altieri 2013; le Roux, Shaw, and Chown 2013; Wright, Schnitzer, and Reich 

2014).  
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Facilitation and competition may affect different aspects of individual 

performance (Goldberg et al. 1999). The amelioration of physical stress by neighbors, 

such as protection from drought or extreme temperatures, often increases the chance of 

survival, while the reduction in available resources caused by neighbors can decrease 

growth and reproduction (Q. He, Bertness, and Altieri 2013; Liancourt, Callaway, and 

Michalet 2005). In other words, when physical conditions are unsuitable for 

establishment, facilitation may increase survival, and when physical conditions are 

suitable for growth and reproduction, competition may decrease fecundity. The 

propensities for facilitation and competition to increase survival and reduce growth or 

reproduction can vary over ontogeny (Armas and Pugnaire 2009; Goldberg et al. 2001; 

Miriti 2006; Paterno, Siqueira Filho, and Ganade 2016). Thus, the facilitation-competition 

balance that plants experience over ontogeny will depend on the suitability of physical 

conditions as well as the aspect of fitness being considered. 

Germination phenology partly determines the suitability of the physical 

conditions to which individuals are exposed, and thus also should affect the facilitation-

competition balance they experience (Fig. 14). This is particularly likely to occur in 

seasonal environments where physical conditions fluctuate with seasonal change. In 

such systems, germination timing affects whether individuals survive to reproduce. 

Seedlings that emerge into unsuitable conditions and experience physical stress in turn 

have a lower probability of surviving (Akiyama and Ågren 2014; Donohue et al. 2010; 



 

96 

Stratton 1992). For example, in winter annuals that germinate in the autumn, 

germinating too late could expose seedlings and juveniles to the cold temperatures that 

accompany the onset of winter, in turn heightening mortality risk. 

For individuals that do survive, germination time can affect fecundity by altering 

the time available for growth and reproduction (Akiyama and Ågren 2014; Donohue 

2002; Donohue et al. 2010; Rathcke and Lacey 1985). Later germination in the autumn 

may not only heighten mortality risk in winter annuals, but also can limit their size at 

reproduction. This in turn reduces fecundity and alters selection on growth rate 

(Donohue 2002; Kalisz 1986). In such cases, survival as determined by physical factors 

may be relatively lower in later germinants, leading to the prediction that facilitation 

will be stronger in later germination cohorts. In contrast, competition from neighbors 

may dominate in earlier germinants that are able to avoid physical stress.  If so, the 

strengths of facilitation and competition that individuals experience from their 

neighbors, and in turn the net effects of those neighbors on total fitness, should be a 

function of germination time with a season (Fig. 14). 
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Figure 14: A hypothetical example of how germination timing within a season 
could alter the facilitation-competition balance that individuals experience. (A) The 

favorability of environmental conditions for survival and reproduction, as 
determined by physical conditions, decreases with germination phenology (top), e.g., 
as temperatures decrease with the onset of winter and the time available for growth 

and/or reproduction decreases. Such temporal variation will cause individuals in 
different germination cohorts (1-3) to differ in survival and reproduction. (B) The 
temporal context of plant performance, determined by germination phenology, 
influences whether neighbors increase survival (black, solid line) and decrease 

fecundity (black, dashed line). Individuals that emerge under conditions that are 
unsuitable for establishment experience facilitation, i.e., increased survival early in 

ontogeny. Exposure to competition, manifest as reduced fecundity, will be greatest for 
individuals that experienced low stress and had ample time for growth and 

reproduction. This balance between facilitation and competition will determine the 
net effect of neighbors on total fitness (gray line). Some individuals (cohort 1) will be 
exposed to competition while others (cohort 3) will experience facilitation. However, 
some individuals will experience levels of facilitation and competition that oppose 
each other, leading to no net effect of neighbors (cohort 2). (C) Thus, the effects of 
neighbors measured across germination cohorts will be a function of survival and 
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reproduction of focal plants in the absence of neighbors (see A). Cohorts with high 
survival and reproduction (cohort 1) will experience stronger competition than 

facilitation, leading to a net-negative effect. Cohorts with intermediate survival and 
reproduction (cohort 2) will experience intermediate levels of competition and 

facilitation that may cancel. Finally, cohorts with low survival and reproduction will 
experience stronger facilitation than competition, and thus can experience net-

positive effects of neighbors. 

    

I tested the hypothesis that germination phenology determines the propensity for 

facilitation and competition in a population of the winter annual Arabidopsis thaliana 

(Brassicaceae). Because germination in this system occurs in the autumn, late 

germination increases the chance that early ontogenetic stages will be exposed to cold 

temperatures that induce stress, which in turn could lead to an increase in the 

propensity for facilitation but a decrease in the propensity for competition. Using 

neighbor removals and manipulations of germination timing across two years, I tested 

whether germination phenology is associated with survival and fecundity in the absence 

of neighbors, i.e., whether cohorts experience different degrees of physical stress, and 

then whether neighbors modify survival and fecundity. I also examined how episodes of 

facilitation and competition influence the net effect of neighbors on total fitness, and 

whether these net effects differ across germination cohorts. 
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3.2 Methods 

3.2.1 Study population and associated neighbor species 

I studied a naturalized population of the winter annual Arabidopsis thaliana 

(Brassicaceae) in Durham, NC, USA. Here, A. thaliana inhabits agricultural fields, where 

it germinates in early to mid-autumn, overwinters as a rosette, and reproduces in the 

spring (Mauricio and Rausher 1997; L.D. Leverett, personal observation). Peak 

germination phenology in this population is not known, but emergence at similar 

latitudes peaks in early to mid-October (J. M. Baskin and Baskin 1983; Donohue et al. 

2005a, 2005b).  

 Arabidopsis thaliana plants in this population have 0-9 neighbors at the time of 

reproduction, with 97.4% of individuals having at least one neighbor (Tabel 15A). Most 

neighbors are other non-native winter annuals (Table 15B). The most common neighbor 

is Cerastium fontanum ssp. vulgare (Caryophyllaceae), followed by conspecifics. Other 

common neighbors include Draba verna and Sibara virginica (Brassicaceae).  

 

3.2.2 Plant material and experimental design 

I collected seeds from Arabidopsis thaliana in May 2014 and stored them under 

low humidity at room temperature until the experiment began in October. To control 

germination timing, seeds from 8 sibships (maternal plants) were forced to germinate in 
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the lab, then transplanted into the field as seedlings. Seeds were sown in Petri plates 

onto 0.6% w/v agar, then stratified in the dark at 4°C to break dormancy. After 

stratification, seeds were incubated at 10°C with 12h light in Percival® GR4ILX 

chambers. Once cotyledons emerged, seedlings were transplanted into moist Jiffy-7® 36-

mm peat pellets and grown in the greenhouse for 12 days at 20-25°C with 16h light, at 

which point the seedlings had 3-4 leaves. Seedlings were acclimated outdoors for two 

days before field transplant to minimize transplant shock. This protocol was used for 

each individual cohort, so that seedling age at the time of transplant was the same for all 

cohorts. At transplant, all but the top 2 cm of each peat pellet was discarded. The 

remaining soil and seedling were placed directly in the ground, and the pellet was 

covered with field soil. 

In 2014, I transplanted seedlings on November 1 (Early cohort) and November 22 

(Late cohort). To test the effects of neighbors, each cohort was planted into two 

treatments: ‘Natural’, in which neighbors were undisturbed, and ‘Weeded’, in which all 

neighbors were removed by weeding. In the Weeded treatment, all non-focal plants 

were removed prior to the transplant of focal plants; this weeding was continued over 

the course of the experiment so that focal plants in the Weeded treatment had zero 

neighbors. Focal plants were spaced approximately 20 cm apart to minimize interactions 

between them; thus, I expect focal plant fitness in the Weeded treatment to represent 

that determined primarily by physical conditions. While I did not measure focal plant 
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neighborhoods, this experiment occurred in the same location where neighborhoods 

were characterized (see above), and thus involved similar neighborhoods. Note it is 

possible that some focal plants in the Natural treatment had few neighbors, though it is 

rare for A. thaliana to have zero neighbors in this population (see above). Each of 12 

blocks was divided into four plots, with each plot containing one cohort and treatment. 

One seedling per sibship was transplanted into each plot for a total of 8 plants per 

treatment x cohort per block. Two seedlings were damaged during transplant and 

discarded, leaving a total of 382 plants for 2014.



 

 

Table 15: Characteristics of Arabidopsis thaliana neighborhoods (A) and neighbors (B) in the study location. Focal plants 
were sampled during their rosette stage (early April 2014) every 1 m over 5 15-m transects for a total of 75 neighborhoods. 

Neighborhoods were 10x10 cm squares centered over focal plants. Density: number of neighbors. Richness: number of species. 
Percent cover: proportion of the neighborhood with vegetation. Status: introduced (I) or native (N). Habit: upright (U), rosette (R), 
or prostrate (Pr) growth habit. Duration: winter annual (WA) or perennial (P) life cycle. Frequency: percentage of neighborhoods 

containing the species. 

A. Neighborhood property Min. Max. Mean s.e. c.v. 
Density 0 9 3.6 0.22 0.53 
Richness 0 5 2.5 0.13 0.45 
Cover 0.0% 90.0% 28.5% 0.04 0.79 
B. Neighbor species Family Status Habit Duration Frequency 
Cerastium fontanum ssp. vulgare Caryophyllaceae I Pr P 80.0% 
Arabidopsis thaliana Brassicaceae I R WA 45.3% 
Draba verna Brassicaceae I R WA 32.0% 
Sibara virginica Brassicaceae N Pr WA 28.0% 
Lamium amplexicaule Lamiaceae I U WA 9.3% 
Stellaria media Caryophyllaceae I Pr WA 8.0% 
Cardamine hirsuta  Brassicaceae I U WA 1.3% 
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The experiment was repeated in 2015 with minor modifications. Seedlings were 

obtained by self-pollinating 13 sibships grown from seeds of the original May 2014 

collection, then the resulting seeds were induced to germinate as in 2014. Cohorts were 

transplanted on October 10 (Early cohort) and November 15 (Late cohort) into Natural 

and Weeded treatments as in 2014. Thus, within a year Early and Late are relative, and 

do not correspond to the same absolute germination dates across years. One seedling 

from each of the 13 sibships was transplanted into each plot over 10 blocks for the Early 

cohort (N = 260 plants), but due to limited germination in some lines only 10 were 

represented in the Late cohort (N = 200 plants). In the Late cohort, five seedlings were 

damaged during transplant and excluded, leaving a final size of 455 plants in 2015. 

Across all four cohorts, the study included 837 focal plants. 

Survival, fecundity, and total fitness were measured in all focal plants. Survival 

was recorded over ontogeny and at the end of the experiment. After senescence, 

fecundity was measured as the number of fruits per individual. Total fitness was the 

product of survival and fecundity for each plant; individuals that failed to reproduce 

had a total fitness of zero. 

 

3.2.3 Germination phenology and exposure to physical stress 

Ambient environmental data were used to identify potential sources of physical 

stress, and to examine whether such stress varies based on germination phenology. I 

obtained temperature and precipitation data for the study location for the first 184 days 

following transplant for each cohort from Weather Underground 
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(https://wunderground.com). The temperature data are strongly associated with 

temperatures at soil level without neighbors at the field site (Fig. 15), and thus serve as a 

good proxy for the temperatures focal plants experienced when grown alone in this 

experiment. 

To determine whether temperature and precipitation (and presumably physical 

stress) varied across cohorts and years, I fit linear models in which daily temperature or 

weekly precipitation was the dependent variable and Year and Cohort were 

independent variables. For each weather variable, I performed a type III ANOVA on the 

full model to examine the effects of Year, Cohort, and their interaction. I then used 

likelihood ratio tests of individual sub-models to test the effect of Cohort on each 

dependent variable in each year. 

 

 

Figure 15: Based on temperatures measured in the second year of the 
experiment (2015), ambient weather data obtained from Weather Underground are 

strongly associated with those measured in situ in the absence of neighbors (Weeded 
treatment) using data loggers: (A) daily mean temperature, (B) daily maximum 

temperature, and (C) daily minimum temperature. Statistics presented are from linear 
models (LMs) in which each day of the experiment (N = 219) represents one 

observation. Temperature variables obtained from temperature loggers were averaged 
daily across the 10 replicate blocks. 
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I next examined fitness differences between cohorts in the Weeded treatment to 

infer whether physical stress indeed changed throughout the germination season. Low 

survival in this treatment indicates physically stressful conditions for establishment, and 

high fecundity indicates favorable conditions for growth and reproduction. For each 

dependent variable (final survival, fecundity, and total fitness), I fit a full, generalized 

linear mixed model in which Year and Cohort were independent variables and block 

and sibship were random effects, and tested the effects of Year, Cohort, and their 

interaction. I then used sub-models to test the effect of Cohort on each measure of fitness 

in each year. Sibship could not be included as a random effect in fecundity models due 

to unequal representation across blocks.  

 

3.2.4 Germination phenology and the effects of neighbors on fitness  

 After determining differences in physical stress among germination cohorts, I 

tested whether the effects of neighbors depend on germination timing, and specifically 

whether the effects of neighbors are competitive for early germinants but facilitative for 

later ones. To do so, I fit a full model for each fitness component in which Treatment and 

Cohort were independent variables and block and sibship were random effects (except 

for fecundity, in which case sibship could not be included). I tested the effects of 

Treatment, Cohort, and their interaction, and then fit sub-models to test the effect of 

Treatment on each fitness component in each cohort and year.    
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3.2.5 Potential environmental mechanisms of neighbor effects on 
fitness 

Using the ambient environmental data and measurements of survival over 

ontogeny, I was able to ask whether neighbors may have mitigated physical stress. I 

averaged the temperature variables (mean, maximum, and minimum), precipitation, 

and survival within each census interval for each cohort (Table 16). For each 

environmental variable, year, and cohort, I fit a full generalized linear model with a 

binomial distribution in which survival was the dependent variable and Treatment and 

the environmental variable of interest were independent variables. I used a likelihood 

ratio test for each model to determine if neighbors modified the relationship between 

survival and the environment (e.g., Treatment x Precipitation). For significant 

interactions, I then tested the effect of the environment within each Treatment.  

During the experiment in 2015, I recorded in situ temperature, sunlight, and soil 

moisture in the Weeded and Natural treatments to test common mechanisms through 

which neighbors may have affected plant fitness. These measurements were taken from 

the center the Early cohort plots in every block. Temperature at soil level was recorded 

with data loggers sealed in 5-gram plastic cosmetic jars, double-wrapped with 

aluminum foil, and covered with the bottom half of a white Styrofoam cup to minimize 

direct sunlight (Thermochron iButtons DS1921G-F5#, Maxim Integrated). Light available 

for photosynthesis (photosynthetically active radiation or PAR) was measured at soil 

level using a quantum light meter (MQ-200 Meter, Apogee Instruments). Soil moisture 

was measured at 12-cm depth (Hydrosense II, Campbell Scientific).  
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Table 16: Census intervals for each cohort in each year, including the start and 
end dates of these intervals as well as the number of days in each. These intervals 
were used to test whether neighbors affected relationships between survival and 

weather variables. 

Cohort Census  Start date End date Days 

Early 2014 
(Nov. 1, 2014) 

1 
2 
3 
4 
5 
6 
7 
8 

11/1/14 
11/10/14 
11/17/14 
12/2/14 
12/8/14 
1/2/15 

1/26/15 
3/9/15 

11/9/14 
11/16/14 
12/1/14 
12/7/14 
1/1/15 

1/25/15 
3/8/15 

5/25/15 

9 
7 
15 
6 
25 
24 
42 
78 

Late 2014 
(Nov. 22, 2014) 

1 
2 
3 
4 
5 
6 

11/22/14 
12/2/14 
12/8/14 
1/2/15 

1/26/15 
3/9/15 

12/1/14 
12/7/14 
1/1/15 

1/25/15 
3/8/15 

5/25/15 

10 
6 
25 
24 
42 
78 

Early 2015 
(Oct. 10, 2015) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

10/10/15 
10/25/15 
11/10/15 
12/1/15 
12/16/15 
1/15/16 
2/4/16 
3/7/16 

3/26/16 
4/20/16 
5/5/16 

10/24/15 
11/9/15 
11/30/15 
12/15/15 
1/14/16 
2/3/16 
3/6/16 

3/25/16 
4/19/16 
5/4/16 

5/16/16 

15 
16 
21 
15 
30 
20 
32 
19 
25 
15 
12 

Late 2015 
(Nov. 15, 2015) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

11/15/15 
11/29/15 
12/14/15 
1/13/16 
1/31/16 
3/4/16 

3/23/16 
4/7/16 

4/22/16 

11/28/15 
12/13/15 
1/12/16 
1/30/16 
3/3/16 

3/22/16 
4/6/16 

4/21/16 
5/16/16 

14 
15 
30 
18 
33 
19 
15 
15 
25 
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To analyze these in situ data, I fit a linear model for each dependent variable 

(mean, maximum, and minimum temperatures; temperature range; PAR; or % vwc) in 

which Treatment was the independent variable and block was a random effect. The 

significance of Treatment in each model was determined using a likelihood ratio test. 

All statistical analyses were performed in R v. 3.3.3 (R Core Team 2017). Linear 

models were fit using ‘lm’ (R Core Team 2017). Survival and fecundity were fit with 

binomial and lognormal distributions, respectively, using ‘glmer’ (Bates et al. 2015). 

Total fitness was fit with a negative binomial distribution using ‘glmmadmb’ (Fournier 

et al. 2012). The significance of independent variables in full models (i.e., those with 

main effects and interactions) and sub-models (i.e., those with a single main effect) was 

assessed using likelihood ratio tests with chi-squared distributions. For the full models, 

type II or type III tests were used when interactions were non-significant or significant, 

respectively. 

 

3.3 Results 

3.3.1 Germination phenology and exposure to physical stress 

Focal plants in 2014 experienced colder temperatures than those in 2015 (Fig. 

16A; Table 17A). In 2014, individuals in the late cohort experienced colder temperatures 

and presumably more stress than those in the early cohort, as hypothesized. Cohorts 

experienced similar temperatures in the warmer year (2015). 

Precipitation did not differ across years or cohorts (Fig. 16B; Table 17B). 

However, in 2015 soil moisture was low early in ontogeny for the early cohort, which 
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could have led to stress in early germinants (Fig. 16F).  

Survival was marginally higher in the warmer year (2015) than in the colder one 

(2014), and in both years earlier germination tended to increase survival (Table 18A). In 

2014, there was a marginally significant positive effect of early germination on survival. 

Thus, in the Late cohort in 2014, cold temperatures appear to have led to physical stress, 

as hypothesized. 
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Table 17: Environmental differences among years, germination cohorts, and 
neighbor treatments. (A) Differences among years and cohorts in ambient daily 

temperatures. (B) Differences among years and cohorts in ambient daily precipitation. 
(C) The effect of neighbor treatment on the six environmental variables measured in 

situ in 2015; response variables are italicized. For all analyses, ‘Effect’ is the 
coefficient for each independent variable in the corresponding linear model. The 
reference levels for Year, Cohort, and Treatment were 2014, Early, and Weeded, 

respectively; thus, a positive value for Effect indicates that the dependent variable 
increased in 2015, the Late cohort, or the Natural treatment. 

A. Ambient temperature  Effect F d.f. P 
Year 
Cohort 
Year x Cohort 

+5.08 
+2.72 
-1.68 

21.07 
4.17 
0.83 

1 
1 
1 

< 0.001 
0.042 
0.364 

Cohort in 2014 
Cohort in 2015 

+2.72 
+1.05 

4.10 
0.68 

1 
1 

0.044 
0.410 

B. Ambient precipitation Effect F d.f. P 
Year 
Cohort 
Year x Cohort 

+0.01 
0.00 
-0.01 

0.02 
0.01 
0.01 

1 
1 
1 

0.881 
0.941 
0.930 

Cohort in 2014 
Cohort in 2015 

+0.01 
0.00 

0.02 
0.01 

1 
1 

0.899 
0.992 

C. In situ variables Effect c 2 d.f. P 
Mean temperature 
Treatment 

 
+0.23 

 
1.45 

 
1 

 
0.228 

Maximum temperature 
Treatment 

 
-0.32 

 
1.92 

 
1 

 
0.361 

Minimum temperature 
Treatment 

 
+0.68 

 
14.12 

 
1 

 
< 0.001 

Temperature range 
Treatment 

 
-1.00 

 
51.46 

 
1 

 
< 0.001 

PAR 
Treatment 

 
-334.40 

 
37.27 

 
1 

 
< 0.001 

% vwc 
Treatment 

 
-0.52 

 
0.07 

 
1 

 
0.789 
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Figure 16: Environmental conditions experienced by focal plants in this study. 
Time is presented in days relative to the time of transplant of the Early cohort; note 
that the calendar dates of Early transplant differ between years (November 1 in 2014 
vs. October 10 in 2015).  Left panel: ambient (A) temperature and (B) precipitation in 

2014 and 2015. Precipitation was summed at weekly intervals. Extremes (freezing 
temperatures and lack of precipitation) are indicated by horizontal, dashed lines. 

Right panel: in situ measurements taken in 2015 of the effects of neighbors on (C, D) 
temperature, (E) sunlight measured as photosynthetically active radiation (PAR), and 

(F) soil moisture, measured as % volumetric water content (% vwc). For all 
temperature variables (A-D), lighter lines are raw data and bolder lines are locally-
smoothed, conditional means estimated using a loess function. For PAR and %vwc, 
values indicate means +/- 1 s.e. Circles indicate germination time of Early (‘E’) and 

Late (‘L’) cohorts. PAR was significantly lower in each census (statistics not shown). 
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Table 18: Effects of year and germination cohort on performance in the 
absence of neighbors (Weeded treatment), i.e., as determined by physical conditions. 

Differences among years and cohorts in (A) the probability of surviving, (B) 
fecundity, and (C) total fitness, based on likelihood ratio (LR) tests of the full model 

and sub-models comparing cohorts within each year. LR tests of the full models were 
Type II for survival and Type III for fecundity and total fitness. The reference levels 
for Cohort, Year, and Treatment were Early, 2014, and Weeded, respectively; thus, a 
positive value for Effect indicates that the dependent variable increased in the Late 

cohort, 2015, or the Natural treatment. 

A. Survival Effect c 2 d.f. P 
Cohort 
Year 
Cohort x Year 

-0.978 
+0.506 
+0.329 

4.69 
2.93 
0.20 

1 
1 
1 

0.030 
0.087 
0.659 

Cohort in 2014 
Cohort in 2015 

-0.973 
-0.641 

2.79 
2.32 

1 
1 

0.095 
0.127 

B. Fecundity Effect c 2 d.f. P 
Cohort 
Year 
Cohort x Year 

-1.194 
-0.569 
+1.743 

6.32 
3.18 
9.53 

1 
1 
1 

0.012 
0.074 
0.002 

Cohort in 2014 
Cohort in 2015 

-1.199 
+0.615 

6.48 
3.01 

1 
1 

0.011 
0.083 

C. Total fitness Effect c 2 d.f. P 
Cohort 
Year 
Cohort x Year 

-2.325 
-0.215 
+2.314 

7.11 
0.07 
3.89 

1 
1 
1 

0.008 
0.786 
0.049 

Cohort in 2014 
Cohort in 2015 

-2.325 
-0.012 

5.22 
0.01 

1 
1 

0.022 
0.987 

 

 

Similar to survival, fecundity was also marginally higher in 2015 than in 2014 

(Table 18B). However, the effect of germination time on fecundity reversed across years. 

Earlier germination significantly increased fecundity in 2014 but marginally reduced 

fecundity in 2015. 

Total fitness was similar across years, although the effect of cohort on total 

fitness was only observed in 2014 (Table 18C). In that year, early germination increased 
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total fitness.  

In sum, 2014 was a colder and more stressful year than 2015. In the colder year, 

later germination was associated with colder temperatures and lower survival, 

fecundity, and total fitness. In 2015, earlier germination was unexpectedly associated 

with slightly lower fecundity, which could have been caused by low soil moisture in the 

early cohort. 

 

3.3.2 Germination phenology and the effects of neighbors on fitness 

Without accounting for the effects of germination phenology and year, the 

presence of neighbors increased survival (Treatment effect: LR c 21 = 3.73, P = 0.054) and 

reduced fecundity (LR c 21 = 4.27, P = 0.039) in focal plants, leading to no effect on total 

fitness (LR c 21 = 0.01, P = 0.991). However, the effects of neighbors were temporally 

variable, as facilitation and competition changed across years and across germination 

cohorts within years (Table 19).  
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Table 19: Effects of neighbors and germination cohort on: (A) the probability 
of surviving, (B) fecundity, and (C) total fitness, based on likelihood ratio (LR) tests of 

full models and sub-models comparing cohorts within each year. For effects of 
neighbor treatments in each cohort please see Fig. 17. 

A. Survival χ2 d.f. P 

2014 
Treatment 
Cohort 
Treatment x Cohort 

 
1.08 
2.56 
9.13 

 
1 
1 
1 

 
0.299 
0.110 
0.003 

Treatment in Early 
Treatment in Late 

1.10 
13.78 

1 
1 

0.294 
< 0.001 

2015 
Treatment 
Cohort 
Treatment x Cohort 

 
0.734 
5.00 
0.01 

 
1 
1 
1 

 
0.392 
0.025 
0.938 

Treatment in Early 
Treatment in Late 

0.45 
0.30 

1 
1 

0.504 
0.586 

B. Fecundity c 2 d.f. P 
2014 

Treatment 
Cohort 
Treatment x Cohort 

 
4.56 
6.55 
2.21 

 
1 
1 
1 

 
0.033 
0.011 
0.138 

Treatment in Early 
Treatment in Late 

7.14 
0.67 

1 
1 

0.008 
0.422 

2015 
Treatment 
Cohort 
Treatment x Cohort 

 
1.66 
3.79 
3.45 

 
1 
1 
1 

 
0.197 
0.052 
0.063 

Treatment in Early 
Treatment in Late 

2.36 
10.63 

1 
1 

0.125 
0.001 

C. Total fitness c 2 d.f. P 
2014 

Treatment 
Cohort 
Treatment x Cohort 

 
2.11 
7.76 
8.44 

 
1 
1 
1 

 
0.147 
0.005 
0.004 

Treatment in Early 
Treatment in Late 

1.90 
7.19 

1 
1 

0.168 
0.007 

2015 
Treatment 
Cohort 
Treatment x Cohort 

 
0.41 
0.01 
3.42 

 
1 
1 
1 

 
0.524 
0.986 
0.064 

Treatment in Early 
Treatment in Late 

0.46 
4.63 

1 
1 

0.497 
0.031 
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The effect of neighbors on survival depended on germination time in 2014 but 

not in 2015 (Fig. 17A, B; Table 19A). In 2014, neighbors facilitated survival in the later 

cohort, i.e., the same cohort that had low survival when neighbors were absent. 

Neighbors reduced fecundity in the early cohort in 2014 but in the late cohort in 

2015 (Fig. 17C, D; Table 19B). In each year, the cohort that experienced competition was 

also that in which individuals had the highest fecundity in the absence of neighbors.  

The effect of neighbors on total fitness depended on germination time in both 

years (Fig. 17E, F; Table 19C). Neighbors increased total fitness in the late cohort in 2014 

but reduced total fitness in the late cohort in 2015.  
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Figure 17: Effects of neighbors on (A, B) Survival, (C, D) Fecundity, and (E, F) 
Total fitness within each cohort and year. Effects are coefficients from GLMM’s, 
indicating the magnitude and direction of the effect of neighbors. Positive values 

indicate an increase in fitness caused by the presence of neighbors, whereas negative 
values indicate a decrease in fitness caused by the presence of neighbors. For survival, 
this effect is the log change in odds of surviving caused by neighbors. For fecundity, 
the effect is the log change in fruit number caused by neighbors. For total fitness, the 
effect is the log change in the product of survival and fecundity caused by neighbors. 

Stars indicate significant (P < 0.10) effect of neighbors within a cohort (stars inside 
bars) or a significant Treatment x Cohort interaction (stars in top center of each panel) 

based on likelihood ratio tests (see Table 17). 
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3.3.3 Potential environmental mechanisms of neighbor effects on 
fitness 

 The only cohort in which neighbors changed the relationship between survival 

and temperature was the late one in 2014 (LR c 21 = 8.94, P = 0.003). In that cohort, 

minimum temperature was positively associated with survival in the Weeded but not 

Natural treatment, suggesting neighbors limited the mortality-inducing effect of cold 

temperatures. There were no relationships between survival and the other weather 

variables in any cohorts (not shown). 

Based on the in situ measurements taken in 2015, neighbors increased minimum 

temperatures, reduced fluctuations in temperature, and reduced sunlight, but they did 

not affect the other temperature variables nor soil moisture (Fig. 16C-F; Table 17C). 

Though PAR increased in the Natural treatment over the course of the experiment (see 

Fig. 16E), it was significantly lower in the Natural treatment than in the Weeded 

treatment at every census (not shown). 

 

3.4 Discussion 

In this study, I tested the hypothesis that germination phenology determines the 

propensity for competition and facilitation. Specifically, I hypothesized that later 

germination would expose plants to cold temperatures and promote facilitation, 

whereas earlier germination would be less stressful for germinants and would promote 

competition. My hypothesis was supported in 2014, when the effects of neighbors 

switched from negative to positive with later germination as temperatures got colder 
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and stress increased, but not in 2015, when neighbor effects switched from neutral to 

negative with later germination. In each year, though, the cohort with competition was 

the most fecund when neighbors were absent. The net effect of neighbors on total fitness 

was positive in the later cohort in the first year but negative in the later cohort in the 

second year. Thus, germination timing changed interactions with neighbors in a manner 

consistent with the stress gradient hypothesis—facilitation occurred when germination 

led to physical stress, but competition occurred when germination was favorable for 

reproduction. 

 

3.4.1 Germination phenology alters the effects of neighbors on 
individual fitness 

Earlier germination increased survival in 2014 if individuals did not have 

neighbors, providing support for the hypothesis that physical stress increases over the 

germination season. The stress was likely due to cold temperatures, as later germinants 

experienced lower temperatures than did earlier ones. Neighbors limited the mortality-

inducing effects of cold in the late germinants and increased the temperatures to which 

focal plants were exposed, suggesting a common mechanism of facilitation—protection 

from cold (Callaway 1995; Callaway et al. 2002). In winter annuals such as Arabidopsis 

thaliana, periods of low, non-freezing temperatures are needed for individuals to 

acclimate and develop freezing tolerance (Ruelland et al. 2009; Xin and Browse 2000). 

Later germinants were likely unable to develop cold tolerance before winter, and in turn 

more likely to die without the warming provided by neighbors. 
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In that same year (2014), earlier germination allowed greater reproduction in the 

absence of neighbors and led to competition, as hypothesized. Earlier germination 

allows individuals to reach a larger size prior to reproduction and to reproduce for a 

longer period of time, leading to higher fecundity (Donohue et al. 2010; Rathcke and 

Lacey 1985). Further, as discussed above, earlier germination exposed individuals to 

warmer temperatures, which was likely favorable for growth. In 2015, however, it was 

later germination that promoted fecundity and led to competition. In this year, earlier 

germinants experienced relatively low soil moisture early after transplant, which is 

known to limit fecundity in Arabidopsis thaliana by reducing growth and shortening the 

period of reproduction (Brachi et al. 2012). The results from both years suggest 

germination phenologies that are favorable for reproduction are also those in which 

competition can occur. In this study, competition was likely due in part to the decrease 

in light availability that I measured, but I cannot rule out other sources of competition 

such as nutrient limitation.   

Year-to-year variation in the relationship between germination and the effects of 

neighbors could be explained by differences in temperature. For the year in which 

neighbor effects switched from negative to positive with later germination (2014), 

temperatures were significantly colder and survival was slightly lower compared to 

2015. If colder temperatures do indeed lead to heightened physical stress and a greater 

propensity for facilitation, then 2014 may have been the only year of the two that was 

sufficiently stressful to promote facilitation.  

Another explanation for variation among years is a change in absolute 



 

 120 

germination phenology. In each year, the early and late cohorts represent relative early 

and late germination timing. But the cohorts were shifted earlier in the germination 

season in 2015 compared to 2014, such that the early 2014 and the late 2015 cohorts had 

similar absolute germination timing. Based on Julian day, neighbor effects were neutral 

in the earliest cohort (Early 2015), competitive in the intermediate ones (Early 2014, Late 

2015), and facilitative in the latest one (Late 2014). The intermediate cohorts had the 

highest fitness without neighbors, consistent with another study in Arabidopsis thaliana 

(Donohue et al. 2005b). Thus, within a germination season, competition may intensify 

for the most favorable, intermediate phenologies, rather than simply decreasing 

monotonically with later germination as I originally hypothesized.  

While variation in underlying physical conditions mostly likely explains 

variation in interactions with neighbors in this study, changes in neighbor effects across 

cohorts and years could also be due to changes in the neighbors themselves, such as 

their sizes, densities, or identities (Goldberg et al. 2001; Holmgren, Scheffer, and Huston 

1997; Schwinning and Weiner 1998; Tewksbury and Lloyd 2001; Wright, Schnitzer, and 

Reich 2015). Neighbors only affected total fitness in the two late cohorts, suggesting 

those cohorts may have had larger or more neighbors. However, PAR in the presence of 

neighbors increased over time, indicating later germinants had fewer, smaller, or 

otherwise more diffuse neighbors. Neighbors also may have changed with species 

turnover, e.g., as summer annuals died back. Since I did not monitor neighbors, it is 

unclear whether temporal changes in neighbor effects depended more on physical or 

biotic factors. Regardless, my results do indicate that neighbor effects depend on both 
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germination phenology and the year.  

 

3.4.2 Ecological and evolutionary implications of germination-
dependent neighbor effects  

Climate change is leading to shifts in phenology (Cleland et al. 2007; Parmesan 

2006). Since species respond differently to the same climatic changes, these phenological 

shifts are expected to alter the outcome of biotic interactions in communities (Miller-

Rushing et al. 2010; Yang and Rudolf 2010). Germination phenology is particularly 

sensitive to climatic factors (Kimball et al. 2010; Walck et al. 2011), and the results of my 

study indicate that shifts in germination timing may alter the balance of facilitation and 

competition that plants experience. Thus, we may expect that shifts in germination that 

reduce exposure to stress will strengthen competition, while those that increase 

exposure to stress will lead to stronger facilitation. 

Similar to the effects of phenological shifts in a single location, the phenologies 

expressed in populations when they colonize new environments control how they 

interact with the local community and in turn whether they can persist there. One way 

species can persist in new communities is by exploiting vacant temporal niches 

(Wolkovich and Cleland 2011). Germination phenology plays a key role in this process 

by occurring earlier or later than competitors (Gioria, Pyšek, and Osborne 2018). My 

study suggests that in addition to minimizing competition, as Gioria et al. propose, late 

germination also could promote facilitation. If so, facilitation from the local community 

could increase the likelihood of establishment and successful colonization, even when 
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local physical conditions are sub-optimal for colonizing individuals. Similarly, when 

rapid environmental change in situ heightens stress, facilitation could allow persistence 

long enough for adaptation to occur. Consistent with these ideas, there is increasing 

evidence that facilitation preserves biodiversity (Cavieres and Badano 2009; Valiente-

Banuet et al. 2006).  

Changes in the sign of neighbor effects among germination cohorts could 

influence natural selection on germination phenology. In this study, late germination 

that exposed individuals to cold temperatures also led to facilitation. Thus, facilitation 

relaxed selection against late germination and in turn widened the temporal dimension 

of the regeneration niche, sensu Grubb (1977). Another study suggested that facilitation 

from Quaternary species allowed Tertiary lineages to persist under unfavorable 

environmental change, which stabilized one aspect of their regeneration niches—

recruitment under shrubs (Valiente-Banuet et al. 2006). Taken together, the findings of 

Valiente-Banuet et al. and of my study suggest that by protecting individuals from stress 

early in ontogeny, facilitation may play a greater role in the evolution of germination 

than has been appreciated. This provides an exciting avenue of research to begin to 

understand how facilitation influences trait evolution in species that are facilitated, an 

aspect of facilitation that has received surprisingly little attention (Bronstein 2009). 
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4. An ontogenetic switch from facilitation to competition 
favors a high rate of seed dormancy in annual plant 
populations  
 

4.1 Introduction 

Seed dormancy, defined as the inability of a viable seed to germinate under 

current conditions that would otherwise promote germination, is common in plants 

(Bewley 1997; Finch-Savage and Leubner-Metzger 2006). The benefits of seed dormancy 

arise from the ability of lineages or populations to ‘store’ individuals in a relatively 

protected state while conditions are unfavorable, for example during the wrong season 

or poor years, or when conditions are only ephemerally favorable. In the case of 

delaying germination beyond the first year after dispersal, seed dormancy reduces the 

negative impact of poor years and in turn allows lineages or populations to persist in 

environments that vary from year to year (Clauss and Venable 2000; Cohen 1966; 

Venable 2007; Venable and Lawlor 1980). Therefore, seed dormancy can serve as a bet-

hedging strategy by limiting the degree to which the population or lineage is exposed to 

risks that occur above ground. This strategy is particularly important in annual species 

that germinate and reproduce in a single year, because it prevents the loss of the entire 

population in years in which no individuals reproduce.  

In addition to bet-hedging, another benefit of seed dormancy in annual plants is 

the reduction or avoidance of competition. Delaying germination allows seeds to wait 

for less competitive conditions before they attempt to reproduce, and thus the 

production of a higher fraction of dormant seeds can reduce the effects of crowding on 
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population growth (Ellner 1985a, 1985b; Gremer and Venable 2014; Venable and Brown 

1988). Delayed germination via seed dormancy can also reduce sibling competition in 

systems with limited spatial dispersal by spreading recruitment of an individual’s 

offspring through time (Venable and Lawlor 1980).  

The relationships between competitive dynamics, seed dormancy, and 

environmental variation in annual plants are well resolved, but interactions among 

plants within populations are not always competitive. Facilitation, a type of biotic 

interaction in which at least one individual benefits from the presence of another, is 

common in plants (Bertness and Callaway 1994; Brooker et al. 2007; Callaway et al. 2002; 

Q. He, Bertness, and Altieri 2013). However, to our knowledge, the effect that 

intraspecific facilitation may have on the optimal rate of seed dormancy in populations 

has not been explicitly considered.  

Accounting for facilitation is necessary for our understanding of the conditions 

in which seed dormancy and other bet-hedging traits may be favored for two reasons. 

First, facilitation protects individuals from the types of physical stress that favor seed 

dormancy, such as drought and extreme temperatures. Therefore, facilitation and seed 

dormancy may provide alternative solutions to the same problem—reducing the 

negative impacts of stressful years on population growth. If facilitation is promoted in 

stressful years and consequently reduces the stress that vulnerable stages such as 

seedlings and juveniles experience upon germination, then the risks that individuals 

face above ground will be reduced, and the benefits of seed dormancy will be less 

pronounced. Further, if facilitation mitigates stress, then it could allow more 
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germination and help populations overcome the major demographic disadvantage of 

delaying germination: missing opportunities for reproduction. 

Second, facilitation may modify competition, the other major driver of seed 

dormancy. Facilitation and competition can both occur in a system in response to spatial 

or temporal variation in stress (García-Cervigón et al. 2016; Goldberg et al. 2001; Maestre 

et al. 2009; Malkinson and Tielborger 2010; Pugnaire and Luque 2001; Wright, Schnitzer, 

and Reich 2014, 2015). Specifically, as environmental stress increases, facilitation 

becomes more likely whereas competition becomes less likely. One particularly striking 

example of this co-variance is a transition from facilitation to competition over the 

course of a single individual’s lifetime (Armas and Pugnaire 2009; Leverett, Schieder IV, 

and Donohue 2018; Lortie and Turkington 2008; Miriti 2006). This transition occurs over 

a stress gradient generated by a change in organisms’ sensitivities to the environment as 

they age: young (e.g., seedlings and juveniles) are less buffered from and therefore more 

susceptible to the effects of physical stress, whereas adults, having already become 

established, are primarily limited by resources that determine their growth and 

fecundity (Miriti 2006; Parrish and Bazzaz 1985).  

This pattern in which facilitation precedes competition over the life cycle may 

result in even more detrimental effects of density than would be observed if only 

competition occurred. For example, by reducing the stress to which individuals are 

exposed in earlier stages, intraspecific facilitation can promote growth and an increase in 

competition in later stages (W.-P. Zhang, Jia, and Wang 2017). In the case of annual plant 

populations, increasing density could simultaneously be beneficial early in the life cycle 
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as individuals struggle to cope with stress but then be detrimental later in the life cycle 

as individuals grow and reproduce, especially if individuals are clumped in space. This 

may in turn lead to an ontogenetic switch from positive density dependence in survival 

to negative density dependence in reproduction that ensures high survival rates but 

ultimately limits reproduction (Miriti 2006). As a consequence, if both facilitation and 

competition are strong, then heightened survival may magnify competition in adults 

and in turn limit population size and persistence.  

How might the optimal degree of seed dormancy change if populations of 

annual plants experience facilitation followed by competition? There are at least three 

possibilities. First, by reducing the negative effects of the environment on survival, 

facilitation could buffer populations against stressful years and ultimately reduce the 

bet-hedging benefits of seed dormancy. If so, then one would predict a lower optimal 

level of seed dormancy in populations with facilitation than in those without facilitation.  

Second, if facilitation among juveniles leads to increased competition among 

adults, then it could suppress population growth at high densities and in turn limit 

population size. If so, then one would predict stronger seed dormancy in populations 

with facilitation, in order to reduce the fraction of the population that is available to 

participate in facilitation and competition.  

Third, if facilitation increases survival enough to compensate for the adverse 

effects of competition without intensifying that competition, then it could reduce the 

need for a high rate of seed dormancy to prevent competition in large populations. If so, 

then one would again predict lower optimal seed dormancy in populations with 
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facilitation. Therefore, the overall effect of facilitation may depend on the magnitude of 

the contribution of stress-induced mortality versus competition-induced declines in 

reproduction on population growth rate. 

Here, we use an optimization model and simulations of population growth to 

examine how an ontogenetic switch from intraspecific facilitation to intraspecific 

competition in populations of annual plants modifies the optimal degree of investment 

in dormant seeds in those populations. We first ask whether a switch from positive to 

negative density dependence over ontogeny affects the optimal rate of seed dormancy in 

a constant environment. We then ask how facilitation affects the optimal rate of 

dormancy in variable environments using simulations of population growth in which 

vital rates and density dependence are allowed to vary across years. 

 

4.2 Methods & Results 

4.2.1 Population model of an annual plant species 

We model the population growth of a single species of annual plant in discrete 

time using the following equation:  

(Eq. 1) 

!"#$ = !"['()*"+" + '((1 − ))'1]. 

 

The model is similar to those used in previous studies to examine the optimal 

dormant fractions in annual plant populations (e.g., Cohen 1966, Gremer and Venable 

2014), except that in our case, the components of per capita reproduction are modeled 
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separately to accommodate distinct processes of survival and reproduction. In our 

model, the size of the seed population in the next year (Nt+1) is determined by adding the 

number of newly produced seeds that year with the number of dormant seeds from 

preceding years (Fig. 18a). The number of newly produced seeds is the product of the 

number of seeds produced this year (Nt), the probability those seeds survived winter 

(Sw), the probability they germinated (G), the probability they survived to reproduce (lt), 

and the number of seeds each survivor produced (bt). The number of dormant seeds is 

the product of the number of seeds produced this year (Nt), the probability those seeds 

survived winter (Sw), the probability they did not germinate (1 - G), and the probability 

they survived summer (Ss). 

Facilitation was implemented as a positive relationship between the density and 

survival of juveniles, whereas competition was implemented as a negative relationship 

between the density and fecundity of adults (Fig. 18b, c; Supp. 4.I). The functional form 

we used for competition does not lead to over-compensatory dynamics in which the 

population repeatedly overshoots and then undershoots its equilibrium size. Therefore, 

in our model, competition itself does not induce fluctuations in population size that can 

favor a higher rate of seed dormancy (Ellner 1987). However, while stronger competition 

does not favor a higher rate of dormancy in our model (Fig. 19a), it does reduce the 

maximum stable equilibrium size of the population (Fig. 19b).  
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Figure 18: Schematic of model and workflow for incorporating environmental 
variation and environment-dependent facilitation and competition. (1a) The 

population consists of summer annual plants in which seeds are dispersed in fall, 
remain dormant over the winter, survive at a rate Sw, and germinate in the spring at a 
rate G. Individuals that germinate become juveniles that survive at rate l to become 

adults that each produce b seeds. Seeds that do not germinate in a given year (1-G, i.e., 
the dormant fraction) survive in the seed bank at a rate Ss. The total population size N 

is thus the sum of new seeds produced each year and the seeds that survive in the 
seed bank minus those that germinated and died in the seed bank. (1b) The survival 

rate of juveniles (l) increases as a function of juvenile density based on the strength of 
facilitation (F). Note that in the absence of facilitation, minimum survival (a) is 0.01. 
(1c) Based on the strength of competition (C), the production of new seeds through 
reproduction (A·b) asymptotes with increasing adult density (A). (1d) In stochastic 
simulations, year-to-year environmental variation was incorporated by sampling 

minimum survival (at) from a uniform distribution and then using the probability of 
a bad year (p) to determine whether reproduction occurred. If reproduction occurred, 

the maximum fecundity of each adult bmax,t was chosen randomly from a uniform 
distribution. (1e) In stochastic simulations, facilitation and competition varied as 

functions of survival and reproduction, respectively. 
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Figure 19: Response of (a) the optimal dormant fraction and (b) the carrying 
capacity to the strengths of competition and facilitation. In each case, seed survival 

(Ss, Sw) is 0.6. Shapes and colors indicate the strength of facilitation (F): pink indicates 
none (F = 0.0), red indicates weak facilitation (F = 0.1), and black indicates strong 
facilitation (F = 1.0). The strength of competition (C) is indicated along the x-axis. 

Facilitation increases the optimal degree of seed dormancy and the carrying capacity, 
but its strength does not matter. The strength of competition negatively affects the 
carrying capacity but has no effect on optimal seed dormancy. The values used for 

simulations and analyses were 1.0 for competition (C) and either 0.0 or 0.1 for 
facilitation (F). 

 

In our model, higher seed survival is associated with higher equilibrium 

densities and higher optimal rates of seed dormancy (Fig. 20), consistent with other 

theoretical studies (Brown and Venable 1986; Cohen 1966; Ellner 1985b). Because more 

seeds are able to survive in the seed bank, the risk of having a high rate of seed 

dormancy is reduced, and populations can reach larger sizes before they are limited by 

competition. Since seed survival has a straightforward, positive effect on both optimal 

dormancy and equilibrium densities in our model, we limited our analyses to 

populations in which summer and winter seed survival are 0.6, which is an average seed 

survival rate measured across 12 species of annual plants (Gremer and Venable 2014). 
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Figure 20: Greater seed survival and the occurrence of facilitation both favor a 
higher rate of seed dormancy and increase equilibrium density. (a) Optimal seed 

dormancy or (b) equilibrium density of a population as a function of seed survival 
without (solid line) or with (dashed line) facilitation in juveniles. The gray vertical 

line indicates the value used in all subsequent analyses (0.6). The red circles and 
values indicate the (a) optimal dormant fractions and (b) carrying capacities of 

populations when seed survival is 0.6. 

 

4.2.2 Effects of a switch from facilitation to competition in constant 
environments  

We consider the optimal seed dormancy rate in a constant environment to be the 

dormant fraction (1 - G) that maximizes a population’s stable equilibrium density (N*) 

(Supp. 4.II, 4.III). In other words, the optimal seed dormancy rate for a given set of 

conditions is that associated with the largest population size that is stable in the absence 

of environmental variation.  
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When only competition occurs, some seed dormancy is favorable because it 

reduces the negative effect of competition on reproduction when the population is large 

(Fig. 20a, 21a). However, if the rate of dormancy is too high, it prevents the reproduction 

needed to replace dormant seeds that die in the seed bank, which results in populations 

that are unable to replace individuals via reproduction and that will thus eventually go 

extinct (Fig. 21c). Thus, the optimal rate of seed dormancy determined by competition 

alone will allow seeds to be replaced through reproduction when the population is small 

but reduce the effects of competition in the population when it is large. 

When facilitation precedes competition, an even higher rate of seed dormancy is 

favorable (Fig. 20a). Facilitation also increases the population’s stable equilibrium 

density (Fig. 20b). However, while the occurrence of facilitation affects the optimal 

degree of seed dormancy and the population’s equilibrium density, its strength affects 

neither, based on the parameter values we examined (Fig. 19).  

In a population that experiences facilitation, a high rate of seed dormancy is 

favorable because it limits the adverse effects of competition when that population is 

large. In the modeled population, facilitation increases juvenile survival, which in turn 

increases the number of adults that must compete for limited resources. When 

populations are large, less dormancy (more germination) allows a greater number of 

juveniles to participate in facilitation, which in turn severely limits the fecundity of 

adults (Fig. 21b). A high rate of seed dormancy helps to alleviate this and allows 

reproduction and population growth to be maintained as the population grows (Fig. 

21b, d), which promotes a higher equilibrium density.  
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Figure 21: In constant environments, a very high seed dormancy rate is optimal 
in populations with facilitation because it promotes reproduction and growth when 
the population is large. (a, c) Populations with competition only. (b, d) Populations 

with both facilitation and competition. Individual lines indicate the relationship 
between population size (log N) and either per capita reproduction (top row) or 

population growth (bottom row) for a given level of seed dormancy (1 - G): the solid 
line indicates an intermediate dormant fraction of 0.50 (not optimal in any scenario); 

the dashed line indicates a high dormant fraction of 0.63 (optimal for populations 
without facilitation); and the dotted line indicates a very high dormant fraction 0.96 
(optimal for populations with facilitation). For reference, the line corresponding to 

the optimal dormant fraction in each panel is red. The arrow in (d) indicates a strong 
demographic Allee effect occurs in small populations with facilitation if seed 

dormancy is very strong. In all cases, seed survival (Ss, Sw) is equal to 0.6. 
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However, a high dormancy rate does have limitations in populations with 

facilitation followed by competition, namely the induction of a strong demographic 

Allee effect in which population growth increases with population size when the 

population is small (Fig. 21b, d). When populations are small, a high rate of dormancy 

prevents the rapid population growth needed to ‘escape’ Allee effects (i.e., surpass the 

Allee threshold size, below which extinction is certain). Therefore, small populations can 

go extinct if they have both an ontogenetic switch from facilitation to competition and a 

very high rate of dormancy (Fig. 22). Despite this detriment, populations with 

facilitation still tend to perform better than those without facilitation based on the 

magnitudes of reproduction (Fig. 21a vs. b) and population growth (Fig. 21c vs. d).  

To summarize, the optimal seed dormancy rate in a constant environment allows 

a population to produce enough seeds to grow when it is small as well as maintain 

reproduction when it is large and subject to strong resource limitation. In populations 

that only experience competition, this optimal rate is an intermediate value that 

promotes germination and reproduction at small sizes but still minimizes the fraction of 

the population subject to competition. If populations also experience facilitation, then 

this optimal rate of seed dormancy is higher, because population growth is promoted at 

small sizes without the need for more germination, whereas more dormancy is 

beneficial at large sizes to reduce the intensification of competition. However, the 

combined benefits of facilitation and a high dormant fraction can actually break down in 

small populations by generating a demographic Allee effect that drives extinction. 
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Figure 22: The Allee effect caused by an ontogenetic switch from facilitation to 
competition in a population with a high rate of dormancy causes extinction when the 

population is small. Growth was simulated in a constant environment with a seed 
survival rate of 0.6. Populations began at a starting size of either (a) 1 or (b) 10 seeds. 

Individual lines represent populations with a given level of seed dormancy (1- G): the 
solid line indicates an intermediate dormant fraction of 0.50 (not optimal in any 
scenario); the dashed line indicates a high dormant fraction of 0.63 (optimal for 

populations without facilitation); and the dotted line indicates a very high dormant 
fraction 0.96 (optimal for populations with facilitation). For reference, the line 

corresponding to the optimal dormant fraction (0.96), determined by the maximum 
stable equilibrium, is red. 
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gradients of environmental stress discussed above, we adjusted the strength of 

facilitation based on survival, such that facilitation among juveniles was strongest in the 

years when survival otherwise would have been very low, and we adjusted the strength 

of competition based on fecundity, such that competition among adults was strongest in 

the years when reproduction otherwise would have been high.  

Because we could not derive analytic expression for optimal dormancy rates in 

variable environments, we determined the optimal seed dormancy rate as that which 

maximized the mean size of 1000 populations after 100 generations of simulated growth 

in a variable environment. Because our analyses of populations in a constant 

environment revealed the potential for Allee effects, we performed these simulations for 

populations founded by either 2 or 10 seeds. We also examined how the seed dormancy 

rate is related to extinction in variable environments in populations with or without 

facilitation by calculating the proportion of replicate populations in which population 

size dipped below a quasi-extinction threshold of N = 1. 

Relative to populations in a constant environment, those in variable 

environments do not get as large and thus experience less competition, which reduces 

the need for a very high dormant fraction. Accordingly, in the conditions we examined, 

the optimal rate of seed dormancy in variable environments was always lower than that 

in a constant environment (Fig. 23). However, a greater probability of reproductive 

failure had negligible effects on the optimal dormant fraction for the scenarios we 

investigated (Fig. 23). 
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Figure 23: The effects of environmental quality (p) and facilitation on optimal 
seed dormancy for populations with a founding size (N0) of either (a) 2 or (b) 10 

individuals. The average optimal seed dormancy rate (mean +/- 2 s.e.) was calculated 
from 1000 replicate populations each allowed to grow for 100 years, with a given 

probability of reproductive failure (p) in each year. In all cases, seed survival (Ss, Sw) is 
0.6, the strength of competition (C) is 1.0, and the strength of facilitation (F) is either 

0.0 (populations without facilitation) or 0.1 (populations with facilitation). For 
reference, the optimal dormant fraction in a constant environment (see Fig. 20a) is 

indicated by the black line and circles in each panel. 

 

With competition relaxed due to environmental variation, populations perform 

best if they can simultaneously reduce the negative impacts of poor years on population 

size and recover quickly from small sizes. In populations that only experience 

competition, this is achieved by an intermediate rate of dormancy (Fig. 23). Such a rate 

permits enough germination to allow the population to reproduce, grow, and recover 

quickly from bad years (Fig. 24a-i), but it does not allow so much germination that the 

size of the population is greatly reduced in those years (Fig. 24a-ii). For these reasons, 

populations with intermediate dormancy rates are the least likely to go extinct in 

variable environments (solid lines in Fig. 25). 
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Figure 24: The effects of the dormant fraction on population growth in 
populations with (a) competition only or (b) both facilitation and competition when 

the probability of reproductive failure (p) is 0.25, seed survival is 0.6, and the 
founding population size (N0) is 10. A snapshot of the first 15 generations of 

population growth is shown. Each line is a representative population for a given 
dormant fraction: pink = 0.2, red = 0.5, and black = 0.8. The solid line indicates a 

population with the optimal dormant fraction for the given type of density 
dependence. In each panel, all three populations experienced the same sequence of 
years; years with reproductive failure are indicated by triangles along the top of the 
panel. Black arrows highlight key results discussed in the main text: (i) populations 
that experience only competition recover more slowly from small sizes if they have 

high dormancy rates; (ii) populations that experience only competition are less 
negatively affected (decreased in size) by poor years if they have intermediate 

dormancy rates; and (iii) populations that experience both facilitation and 
competition are more negatively affected by poor years if they have lower seed 

dormancy rates. 
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Figure 25: The effect of facilitation on the relationship between seed dormancy 
rate and the risk of quasi-extinction for populations with a given probability of 
reproductive failure (p) and founding size (N0). Within each panel, the solid line 

indicates competition only, and the dashed line indicates an ontogenetic switch from 
facilitation to competition. For this analysis, the quasi-extinction threshold was set at 
N = 1. The extinction probability indicates the proportion of 1000 populations that fell 

below this threshold over the course of the simulations. 

 

Consistent with the results in a constant environment, facilitation always favors a 

higher rate of dormancy in variable environments (Fig. 23). Facilitation promotes rapid 

population growth, and in doing so, it alleviates the slow recovery following poor years 
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variation. Those high dormancy rates are then favorable because they reduce the 

sensitivity of populations to environmental variation, which results in a more stable 

population size through time (solid line vs. dashed lines in Fig. 24b) and a reduced 

extinction risk (Fig. 25). 

Although a high dormancy rate and facilitation both reduce extinction risk, the 

demographic Allee effect generated by this combination can render a high rate of 

dormancy inviable in populations that experience facilitation if they are only founded by 

a few individuals (dashed lines in Fig. 25c vs. d). Consequently, the optimal dormant 

fraction in populations with facilitation is lower when founding size is smaller (Fig. 23b). 

This occurs for the same reason that higher dormant fractions are not beneficial in 

populations that only experience competition—too much dormancy prevents 

populations from growing quickly from small sizes via reproduction. 

To summarize, by suppressing population growth, environmental variation 

reduces the occurrence of competition and thus slightly reduces the need for seed 

dormancy as a means of suppressing competitive interactions in large populations. 

However, a high dormant fraction also increases extinction risk in such populations by 

preventing them from being able to recover quickly from small sizes. Accordingly, in 

populations that only experience competition, an intermediate dormancy rate is optimal 

because it allows growth from small sizes without exposing too many individuals to 

poor years. If facilitation occurs, populations can recover more quickly from small sizes 

without the need for a lower dormant fraction, and thus a higher rate of dormancy is 

favorable compared to populations that only experience competition. Populations with 
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facilitation and a high rate of dormancy can remain relatively stable in the face of 

environmental variation, which reduces extinction risk. However, because of a 

demographic Allee effect, the extent to which populations with facilitation and a high 

rate of dormancy can persist in variable environments will depend on the size of the 

population. 

 

4.3 Discussion 

We have demonstrated that ontogenetic switches from facilitation to competition 

within populations can alter the optimal degree of investment in a classic bet-hedging 

trait—seed dormancy in annual plants. Because juvenile facilitation increases adult 

competition and leads to low reproduction in large populations, populations with a 

higher rate of seed dormancy (i.e., those that hedge their bets more) perform better by 

reducing the fraction of the population participating in facilitative and competitive 

interactions. If the dormant fraction is sufficiently high, then it can work synergistically 

with facilitation to benefit populations by increasing the population’s stable equilibrium 

density and buffering it against environmental variation. However, these benefits may 

only be realized in larger populations, as the combination of an ontogenetic switch from 

facilitation to competition and a high rate of seed dormancy can cause a strong Allee 

effect that leads to extinction in small populations. Overall, our results indicate that the 

optimality of seed dormancy and other bet-hedging traits can depend on positive 

density dependence in populations. Accounting for variation in the sign of density 
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dependence over ontogeny could improve our ability to explain the evolution of traits 

that affect demography in populations.  

 

4.3.1 Optimal seed dormancy and the interactive effects of intrinsic 
and extrinsic factors  

Vital rates that determine population growth are sensitive to physical conditions 

in the underlying environment (extrinsic factors) as well as interactions among 

individuals in the population (intrinsic factors). Thus, environmental variation and 

density dependence can both affect the optimal values of traits that are linked with vital 

rates, such as seed dormancy. Based on theoretical models, seed dormancy is favored in 

the absence of any density dependence if the environment varies across years (Cohen 

1966), and it can be favored in the absence of environmental variation if competition is 

sufficiently strong (Ellner 1987). However, the optimal investment in seed dormancy 

measured in annual plant populations in the wild is best explained by the occurrence of 

both competition and environmental variation (Gremer and Venable 2014).  

Importantly, though, the effects of density on population vital rates do not occur 

independently of the underlying environment. Instead, interactions among individuals 

that lead to density-dependent survival and reproduction, including facilitation and 

competition, are modified by underlying physical conditions that change over time and 

space (Lok et al. 2013; Maestre et al. 2009; Pugnaire and Luque 2001; Wright, Schnitzer, 

and Reich 2014, 2015). For this reason, the optimal investment in dormancy in a given 

population may depend on the interaction between the underlying environment and the 
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effects of density. As shown here, positive density dependence in populations via 

facilitation (an intrinsic factor) can offset the effects of annual variation in stress (an 

extrinsic factor) and increase population growth and persistence. If facilitation occurred 

alone (i.e., if the population was never resource-limited), then one would predict that 

facilitation would offset the effect of environmental variation that favors a high rate of 

seed dormancy, and thus a lower rate of dormancy would be optimal. However, in 

populations with limited resources and therefore stronger competition, a high rate of 

seed dormancy is required for facilitation to be beneficial. Otherwise, too much 

germination increases juvenile survival, which leads to high adult density, strong 

competition, and a lower equilibrium density. This result—the ability of a high 

dormancy rate to increase population growth and size by reducing facilitation-induced 

survival—is reminiscent of a so-called ‘hydra effect’, in which increased mortality 

counterintuitively increases population growth by reducing the strength or occurrence 

of competition that succeeds the mortality (reviewed in Abrams 2009).  

We have also demonstrated that two intrinsic factors (facilitation and 

competition) can interact with each other to affect population growth and optimal trait 

values. The phenomenon in which facilitation among juveniles limits individual 

performance by increasing competition among adults, which we demonstrate here, has 

also been noted in other studies. For example, in a study using the desert perennial 

Ambrosia dumosa, Miriti (2006) found that adults increased the survival of juveniles that 

emerged near them, but that those juveniles eventually competed with the adults that 

originally facilitated them. Similarly, in theoretical models of self-thinning dynamics, 
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Zhang et al. (2017) demonstrated that intraspecific facilitation relaxes stress and in turn 

increases intraspecific competition that occurs later. Stable populations may result from 

such dynamics if intraspecific facilitation promotes successful establishment and 

persistence but intraspecific competition among established individuals limits the size of 

the population. Such intrinsic regulation of population size could promote diversity in 

communities of similar species (Antonovics and Levin 1980; Chesson 2000). However, 

the effect of an ontogenetic switch from facilitation to competition on population 

stability in annual plants will depend on investment in dormancy—too much can lead to 

extinction via Allee effects, while too little will magnify competition and suppress the 

carrying capacity of the population. 

 

4.3.2 The evolution of dormant fractions in populations 

We have examined the relationship between population dynamics and seed 

dormancy using an approach in which optimality is evaluated based on population 

growth and size. In order to examine the evolution of seed dormancy in populations 

with different patterns of density dependence, an evolutionary stable strategy (ESS)-type 

approach in which lineages with different trait values compete against each other would 

need be to be employed. However, although our model does not include evolution, our 

results do provide insight into the seed dormancy values that would be optimal under 

specific sets of conditions. In doing so, this study can provide some insight into the 

predicted direction of evolution in seed dormancy.  
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Our results suggest that population size is a determinant of the optimal seed 

dormancy rate in a population. We found that a high rate of seed dormancy and 

facilitation among juveniles can increase the equilibrium density of a population and 

reduce the impact of poor years on that population’s size, which would be beneficial in 

variable environments. However, this combination—a high dormancy rate and 

facilitation among juveniles—also creates a positive relationship between population 

growth and size when populations are small that leads to extinction. Thus, we may 

expect that facilitation and a lower rate of seed dormancy can enhance successful 

colonization of novel environments, but that as populations become established, 

stronger seed dormancy will need to evolve to prevent extinction. Consistent with the 

idea that stronger dormancy will evolve as populations become established and grow 

after colonization, a lack of dormancy is transient among seed plant lineages (Willis et al. 

2014), meaning that while it may enable lineages to colonize and become established in 

novel environments, it is not necessarily beneficial in the long term.  

The optimal degree of seed dormancy in a population may depend on traits of 

individuals expressed after germination that modify how those individuals interact with 

each other. In our case, a high degree of seed dormancy alleviates competition among 

adults that results from facilitation in juveniles. Thus, if a high rate of dormancy were to 

evolve, it could relax selection for traits associated with competitive ability, or 

alternatively, the evolution of competitive ability could relax selection against a low rate 

of seed dormancy. Consistent with this idea, the evolution of dormancy (i.e., delayed 

germination) is associated with low competitive ability in the annual grass Bromus 
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tectorum (Rice and Dyer 2001). In contrast, correlations between dormancy and post-

germination traits associated with facilitation are lacking. However, correlations have 

been observed between dormancy and post-germination stress tolerance. For example, a 

higher dormant fraction is associated with lower water-use efficiency (i.e., lower 

tolerance to drought stress) in desert annual plants (Z. Huang et al. 2016), and species 

with lower stress tolerance are more likely to experience facilitation (Liancourt, 

Callaway, and Michalet 2005). Thus, the types of environments that favor the evolution 

of seed dormancy may also promote intraspecific facilitation that reinforces the 

favorability of a high rate of seed dormancy. 

Another trait that may modify the optimal degree of investment in dormancy is 

the ability of seeds to respond to environmental cues. We have assumed that seeds 

cannot detect and respond to the quality of a given year. Germination cueing occurs 

when seeds germinate (or not) in response to cues that indicate conditions are favorable 

(or not) for establishment (reviewed in Baskin and Baskin 2014). Species may use a 

combination of seed dormancy, which aligns the period during which seeds can 

germinate with an appropriate season or year, and germination cueing, which provides 

seeds with finer control of the conditions under which they germinate (Auge et al. 2015; 

C. C. Baskin and Baskin 2014; Burghardt, Edwards, and Donohue 2016; Donohue et al. 

2010; Footitt et al. 2014; Venable and Lawlor 1980). If seeds in our model were also able 

to employ cueing, then the benefits of a high rate of seed dormancy may be diminished, 

in which case we would not expect the optimal dormant fraction to be so high. Further, 

facilitation may be less influential when cueing occurs if it only alters demographic rates 
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under unfavorable conditions. Alternatively, since cueing behaviors can lead to 

increased density and thus intensify the interactions among individuals (Metcalf, 

Burghardt, and Koons 2015), the optimal rate of seed dormancy could actually be higher 

in populations that employ germination cueing. Models that account for both seed 

dormancy and germination responses to environmental cues could be combined with 

population models in order to examine how facilitation, competition, and environmental 

variation jointly affect the evolution of seed dormancy and germination behaviors.  

 

4.3.3 Future directions  

Here, we have examined how facilitation and competition affect the optimal rate 

of seed dormancy in annual plant populations, but we have focused on a subset of the 

possible values of these parameters. Expanding the values of the investigated 

parameters would provide a more complete picture of the relationships between seed 

dormancy, environmental quality, and the balance of facilitation and competition that 

occurs within populations. First, one could examine the effects of altering the relative 

strengths of facilitation and competition beyond what we have included. We examined a 

set of combinations of facilitation (either 0.0, 0.01, or 0.10) and competition (0.1 and 1.0) 

and found that (1) the strength of competition did not affect optimal seed dormancy 

rates and that (2) relatively weak and strong facilitation had comparable effects on 

population dynamics and optimal seed dormancy rates. However, examining additional 

combinations of facilitation and competition may reveal dynamics that were not 

captured by our analyses and simulations. For example, one question is whether only 
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occasional facilitation or persistent extremely weak facilitation increases survival 

without magnifying competition. If so, then facilitation could favor a lower rate of seed 

dormancy, a result that we did not observe in any of our simulations and analyses. 

Second, it would be worth examining how the magnitudes of the correlations 

between environmental quality and facilitation or competition affect the dynamics 

evaluated here. The relationship between facilitation and environmental stress may be 

stronger in some environments than in others, for example along elevational gradients 

or even among patches in a small geographic area. Examining the relationship between 

seed dormancy and interactions between the physical environment and density 

dependence within populations may provide insight to the drivers of variation in seed 

dormancy along spatial environmental gradients (Debieu et al. 2013; Montesinos-

Navarro, Picó, and Tonsor 2012; Wagmann et al. 2012). 

Third, it would be interesting to examine additional functional forms of the 

relationships between environmental quality and the magnitudes of positive and 

negative density dependence. For example, the tendency for facilitation to increase with 

stress can break down in extremely stressful environments (Koyama and Tsuyuzaki 

2013; Malkinson and Tielborger 2010). In such cases, the relationship between 

environmental quality and facilitation may not be linear, as we have assumed here.  

 

4.3.4 Conclusion 

Studies of the conditions that favor seed dormancy, such as environmental 

variation and competition for resources within lineages, populations, and communities, 
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have largely ignored the potential for facilitative interactions to modify those conditions. 

We have shown that facilitation within populations favors a higher rate of seed 

dormancy. This occurs because facilitation both reduces the impact of environmental 

variation, thereby reducing the need for high rates of germination to promote recovery 

from small population sizes, and exacerbates competition that occurs later in the life 

cycle, thereby increasing the need for high rates of dormancy to reduce competition in 

large populations. Accounting for the effects of temporal variation in plant-plant 

interactions generated by annual environmental variation and ontogenetic changes in 

susceptibility to stress will improve our understanding of the population dynamics of 

annual plants, the evolution of traits that contribute to those dynamics, and the 

coexistence of similar species in variable environments. 
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Conclusions 
My dissertation research demonstrates that germination is less likely to occur, 

and thus will likely be delayed within the year or until a later year, in response to cues 

of neighbors encountered after dispersal in Arabidopsis thaliana. This response was 

observed in seeds from common laboratory strains (Chapter 1) and in seeds from a local 

naturalized population (Chapter 2). However, there was considerable genetic variation 

in germination responses to cues of neighbors in an experiment using seeds from 173 

populations across the range of A. thaliana (Appendix A). Reduced germination was the 

most common response to cues of neighbors among these populations, indicating that 

seeds will likely germinate later in the same year or wait until a future year to germinate 

if they detect neighbors upon dispersal. However, some accessions showed no response 

or actually germinated more in response to cues of neighbors. This indicates that the 

range of germination responses to neighbor cues that have been described in the 

literature can occur even within a single species.  

My dissertation also reveals that the degree to which these germination 

responses can be expressed depends on cues of neighbors experienced in the maternal 

environment (Chapters 1 and 2). Using cues of neighbors in parental environments to 

germinate more quickly could promote seedling emergence before competitors emerge. 

If so, the integration of cues in previous (i.e., parental) and current environments may 

allow more accurate phenotypes to be expressed in variable environments.   

These results indicate that germination responses to neighbors may result in 

earlier or later germination, depending on the integration of cues in multiple 
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generations. Further, because there is genetic variation in these responses, they could 

evolve in response to selection. If adaptive evolution in germination responses to 

neighbors does occur, then some of the variation observed among natural accessions of 

A. thaliana could represent adaptation to local environments, although reciprocal 

transplants and phenotypic manipulations to test the full range of responses would be 

necessary to demonstrate local adaptation.  

In order to examine the adaptive significance of these germination responses and 

to infer whether they may evolve in response to natural selection and thus contribute to 

adaptation to local environments, I tested how germinating earlier or later within the 

germination season in response to neighbors affects interactions with those neighbors 

and thus individual fitness and population demography. These experiments revealed 

that the timing of germination of A. thaliana within the germination season determines 

the facilitation-competition balance that individuals experience (Chapter 3, Appendix B). 

Earlier germinants are more likely to experience competition, because the underlying 

physical environment is less stressful at that time. In contrast, the later germinants are 

more likely to experience facilitation, or fitness benefits, from their neighbors, because 

they emerge under conditions that are colder and therefore more stressful. However, if 

all germination cohorts are averaged, then the net effect of neighbors on demographic 

rates may appear to be neutral.  

Differences in the effects of neighbors among germination cohorts could also be 

due to changes in the type and/or sizes of neighbors that occur between the emergence 

of earlier and later cohorts (Chapters 2 and 3). For example, earlier cohorts may be 
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exposed to large summer annuals that have not yet died back and smaller (and fewer) 

winter annuals, whereas later cohorts are more likely to avoid interacting with summer 

annuals and more likely to be exposed to larger winter annuals that germinated earlier 

in the fall. Focal plants of A. thaliana that germinate in the presence of neighbors perform 

better if those neighbors are much larger (compared to only slightly larger) than they are 

(Chapter 2). This could be driven by increased resource partitioning with larger 

neighbors. Thus, resource partitioning and increased exposure to stress may both 

contribute to the benefits of later germination in the presence of neighbors.  

These studies demonstrate that delaying germination within a season can be 

beneficial by exposing individuals to stronger facilitation early in ontogeny and less 

competition later in ontogeny. This pattern—an ontogenetic switch from facilitation to 

competition—has been described in other systems and has been proposed as a 

mechanism of stabilizing population growth and thus community structure (Butterfield 

2009; Miriti 2006; de Roos and Persson 2009). Specifically, if intraspecific facilitation 

ensures enough individuals survive to reproduce, and then intraspecific competition 

places a cap on that reproduction, then such patterns could ensure persistence of 

populations or lineages in variable environments and even contribute to species 

coexistence. For annual plants in such environments, such as A. thaliana, the extent to 

which density affects population dynamics will depend on the fraction of the population 

that participates in facilitation and competition, i.e., the fraction of seeds that germinate.  

Based on the results from my theoretical study, a high rate of seed dormancy 

(i.e., long delays in germination) is favored in populations that experience both 
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facilitation and competition because it reduces the tendency for facilitation to induce 

strong competition later in ontogeny. Together, strong seed dormancy and facilitation 

increase the population’s carrying capacity and decrease extinction risk by making 

population growth less sensitive to the negative effects of very stressful years. Thus, 

ontogenetic switches from facilitation to competition, combined with a high rate of seed 

dormancy, can indeed stabilize and increase the persistence of populations or lineages.  

In general, my dissertation research shows that delays in emergence caused by 

plastic responses to neighbors or increased rates of dormancy are beneficial when both 

facilitation and competition occur. Delayed phenology within a season may increase the 

propensity for facilitation by increasing stress and resource partitioning with neighbors. 

Thus, the benefits of within-season delays result from changes in both absolute 

phenology (when emergence occurs within the year) and relative phenology (when 

emergence occurs relative to that of other individuals). For cases in which facilitation 

precedes competition within populations, limiting density by delaying emergence across 

years promotes population stability in variable environments.  

 

 



 

 

Supplement to Chapter 4 
S-4.I Overview of the model 

Table 20: Descriptions and features of parameters in the model. 

Parameter Description Values Variable in 
stochastic models 

Other 
characteristics 

Ss, Sw 
Rate of seed survival in summer, 

winter 

{x| x = m/100, m∈ ℤ, 

0.1 < x < 1} 
No 

Ss only affects 

dormant seeds 

G Germination fraction 

Deterministic growth: 
{x| x = m/100, m∈ ℤ, 

0.1 < x < 1} 

Stochastic growth: 
{x| x = m/10, m∈ ℤ, 

0.1 < x < 1} 

No 
Dormant fraction is 

1 - G 

l 
Juvenile survival function; increases 

from minimum (a) based on juvenile 

density (J) and facilitation (F)  

a = 0.01; 

F: 0.00, 0.10, 1.0 
Yes See Eq. 2, Fig. 1b 

b 
Adult fecundity function; decreases 

from maximum (bmax) based on adult 

density (A) and competition (C) 

bmax = 2000; 

C: 0.1, 1.0 
Yes See Eq. 3, Fig. 1c 

 

 

1
5
5
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Incorporation of density-dependent survival and reproduction: 

Positive density-dependent survival in juveniles 

We assume that individuals facilitate each other during the establishment (i.e., 

juvenile) phase by increasing lt. To incorporate facilitation, we define lt as 

(Eq. 2) 

!" =
$%&'(

)%&'(

, 

in which a is the minimum probability of survival, i.e., that determined by the physical 

environment in the absence of facilitation; F is the strength of facilitation; and Jt is the 

density of juveniles, i.e., the individuals that survived as seeds over winter and then 

germinated, or Nt · Sw · G. Thus, in populations or lineages without facilitation (F = 0.00), 

lt is equal to the minimum a regardless of Jt. In all model analyses and simulations, we 

defined a as 0.01. 

 

Negative density-dependent reproduction in adults 

We assume that individuals compete with each other for resources during the 

growth and reproductive phases to reduce the bt of individual reproductive adults. To 

incorporate competition, and thus to include a carrying capacity, we define bt as 

(Eq. 3) 

*" =
+,-.

)%/0(

, 
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in which bmax is the maximum fecundity of an individual determined by factors other 

than competition; C is the strength of competition among individuals that survived; and 

At is the density of adults, i.e., the individuals that survived as juveniles, defined as Jt · lt. 

Thus, in populations or lineages without competition (C = 0), bt is equal to bmax, 

regardless of At. We did not perform any analyses or simulations of models in which C = 

0 because populations with facilitation and no competition grow to infinite size. In all 

models and analyses, we define bmax as 2000, so that in the absence of density 

dependence the per capita reproduction of individuals that germinate is a·bmax = 20. 

 

S-4.II Determination of optimal dormant fractions in constant 
environments 

In a constant environment, the optimal germination fraction (Gopt) is defined as 

the germination fraction (G) that maximizes N*, the population size at equilibrium. In 

order to calculate Gopt, we derive a quadratic equation that can be solved for N*. First, we 

begin with the full model, defining all parameters with respect to Nt using the equation 

(Eq. 4) 

1"%) = 1"234 5
$%&6789(

)%&6789(

: ;
+,-.

)%/6789(<
-=>?7@A(

B=>?7@A(

C

D + 23(1 − 4)2J. 

 

Next, we define a population at equilibrium as that in which growth (l, or Nt+1 / Nt) is 

equal to 1. This gives the equation 
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(Eq. 5) 

1 = 234 K
$%&6789

)%&6789
LM

+,-.

)%/6789K
-=>?7@A

B=>?7@A
L

N + 23(1 − 4)2J. 

We can then derive the quadratic formula with respect to N, which gives us the equation 

(Eq. 6a) 

1 =
OP±RPSOTUV

WU
, 

in which 

(Eq. 6b) 

X = 1 − 23[4Z*[$V + (1 − 4)2J], 

(Eq. 6c) 

] = 234 5^ K1 − 23_4*[$V + 2J(1 − 4)`L + aZ(1 − 232J(1 − 4)):, and 

(Eq. 6d) 

b = a^23
W
4
W
[1 − 23(1 − 4)2J]. 

 

Using Eq. 6a-d, we calculated the optimal dormant fraction (1-Gopt) as that which 

maximizes N*.  

 

S-4.III Stability analysis of equilibrium densities in a constant 
environment 

For every set of population parameters, there are 1-3 solutions to Eq. 5. Setting 

each function of Nt to its own function yields the equation 
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(Eq. 7) 

1"%) = Z(1) 5
+(9)

c(9)
+ 23(1 − 4)2J:, 

in which 

Z(1) = 1", 

*(1) = 234*[$V + ^23
W
4
W
1"*[$V, and 

d(1) = 1 + ^2341" + a(2341")(Z + ^2341"). 

 

We can then take the derivative with respect to N to determine the slope at point Nt. This 

gives the equation 

(Eq. 8) 

e

e9
= Z

f(1) 5
+(9)

c(9)
+ 23(1 − 4)2J: + Z(1) 5

c(9)+
g(9)O+(9)cf(9)

c(9)S
+ 0:. 

 

The derivative of each function is 

(Eq. 9) 

e

e9
	[Z(1)] = Z

f(1) = 1, 

(Eq. 10) 

e

e9
[*(1)] = *

f(1) = 0 + ^23
W
4
W
*[$V, or 
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(Eq. 11) 

e

e9
[d(1)] = d

f(1) = 0 + ^234 + (a2341" ⋅ ^2k41") + (a234 ⋅ ^2341" + Z). 

 

Stability of the trivial equilibrium 

When density is equal to 0, the derivative of N is 

(Eq. 12) 

e

e9
l
m

= 1 · 5
678$+,-.

)
+ 23(1 − 4)2J: + 0 · 5

)⋅&67
S
8
S
+,-.O678$+,-.

)S
: + 0. 

 

Thus, for combinations of parameters in which Sw·G·a·bmax + Sw·(1-G)·Ss < 1, Nt = 0 is 

stable, and populations will go extinct. Otherwise, if Sw·G·a·bmax + Sw·(1-G)·Ss > 1, then Nt 

= 0 is unstable, and as long as Nt » 0, populations will grow. Further, because x = 1 – 

Sw·[G·a·bmax + (1 - G)·Ss], we can express the stability of the trivial equilibrium based on x. 

When x > 0, the trivial equilibrium is stable, and the population will go extinct.  

Using the quadratic equation derived above (Eq. 6a-d), we can predict when 

populations will grow with respect to Nt » 0. Because the parameters that we use are 

never negative, z is always positive. We already know that if x is negative, then Nt = 0 is 

unstable, and populations will grow. If x is positive, then Nt = 0 is stable. In some cases, 

the solution to the quadratic equation produces complex numbers representing an 

unstable equilibrium that will lead to extinction. The positive root will be positive, and 
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the negative root will be negative and thus biologically meaningless. For cases in which 

the absolute values of the slope at point Nt are less than 1, the equilibrium is stable. 

 

S-4.IV Incorporation of annual environmental variation 

For the second growth scenario, we introduced year-to-year variation in survival, 

reproduction, facilitation, and competition. There were two kinds of years: good and 

bad. In good years, survival, reproduction, facilitation, and competition were randomly 

sampled to introduce differences among years. In bad years, no individuals reproduced. 

Whether a given year was good or bad was determined based sampling from a 

binomial distribution with a probability of reproductive failure p at each time step. We 

explored environments that elicited occasional (p = 0.05) or frequent (p = 0.25) 

reproductive failure.  

We introduced stochasticity in survival among good years by drawing a from a 

uniform distribution with a minimum of 0 and a maximum of 0.02 each, which yielded a 

mean » 0.01 across years. We introduced stochasticity in fecundity by drawing bmax from 

a uniform distribution with a minimum of 0 and a maximum of 4000, which yielded a 

mean » 2000; sampling from a normal distribution did not modify our results (not 

shown).  

To implement an ecologically realistic relationship between the quality of a year 

and the strengths of facilitation and competition in years without reproductive failure, 
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we adjusted F and C based on the value of a and bmax in a given year, respectively. 

Specifically, we adjusted F in a year t as 

(Eq. 13) 

"̂ = [̂$V · (1 − 50 · Z"), 

in which Fmax is the maximum strength of facilitation and at is the minimum survival rate 

for the year t. This generates a negative linear relationship between the minimum 

survival rate and the strength of facilitation in a given year, with F approaching zero as 

at reaches its maximum value of 0.02 (see Fig. 18e). We used an Fmax value of 0.2 in our 

simulations so that the mean of the Ft values was 0.1 in order to be comparable to the 

deterministic growth scenario. Similarly, we determined C as 

(Eq. 14) 

a" = am ·
+,-.,(

Tmmm
. 

in which C0 is the average strength of competition (1.0) and bmax,t is the maximum 

fecundity per adult for the year t. This generates a positive linear relationship between 

fecundity and the strength of competition in a given year, with C approaching zero as 

bmax,t reaches its minimum value of 0.0 (see Fig 18e). We used a value of 2.0 for C0 so that 

Ct was approximately 1.0 on average, to be consistent with the deterministic growth 

scenario. The resulting values of Ft and Ct were used in the growth models to implement 

density dependence in lt and bt (see Eq. 2-3 above). 
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Appendix A: Natural genetic variation in seed 
germination responses to a vegetative canopy 
experienced during imbibition  
 

A.1 Motivation 

In previous experiments (see Chapters 1 and 2), we found that seeds of 

Arabidopsis thaliana generally germinate less when exposed to cues of neighbors (a 

vegetative canopy) during imbibition. To quantify genetic variation in these germination 

responses to neighbors, and to assess how variable the responses are across the range of 

a single species, we performed germination assays under control and canopy conditions 

using 173 accessions of Arabidopsis thaliana (Brassicaceae) collected from its global 

distribution, including both native and introduced populations (see Table 21). 

 

A.2 Methods 

Seeds were obtained from the Arabidopsis Biological Resource Center (ABRC) 

via The Arabidopsis Information Reserve (TAIR) stock center. To standardize conditions 

for all accessions and eliminate unwanted maternal environmental effects on 

germination, the seeds were sown onto moist soil (Metromix 360, Scotts Sierra, 

Maysville OH, USA) in pots and cold stratified at 4°C for 5 days to break dormancy and 

induce germination. Once germination had occurred, seedlings were thinned to one per 

pot and transferred to the greenhouse under 18h light at 18-20°C for 19 days, at which 



 

164 

point they had 4-6 true leaves. Plants were then vernalized at 4°C with 12h light for 4 

weeks to initiate reproduction. Once the vernalization period was over, plants were 

finally transferred back to the greenhouse and allowed to reproduce via self-fertilization. 

Once seeds were mature, they were harvested and stored dry at room temperature for 

42 days to allow some after-ripening (i.e., dormancy loss) before germination assays 

began. 

To quantify germination responses to a vegetative canopy in these accessions, we 

assayed germination under control (white light) and canopy conditions simulated using 

green filters (LEE color effect filters, #089 moss green, LEE Filters, Andover, Hampshire, 

UK). The canopy reduced total irradiance by approximately 50% (from ~240 µmol -2 -1 to 

~120 µmol -2 -1) and the ratio of red to far-red (R:FR) light by approximately 80% (from 

~1.4 to ~0.3). Seeds were sown into Petri plates on 0.6% w/v agar, and the plates were 

wrapped with Parafilm to prevent desiccation. Three replicate plates, each containing 20 

seeds, were sown for each combination of accession and light treatment, for a total 

experiment size of 1,038 plates. Plates were arranged on plastic trays with transparent 

lids, fitted either with (canopy treatment) or without (white light control) a green filter, 

and placed in an incubation chamber (Percival Scientific, Perry, IA, USA) at 16°C under 

a 12 h photoperiod to stimulate germination. The plates were randomized across trays at 

the start of the experiment and re-randomized each time germination was scored. 

Germination was scored 2, 4, and 7 days following sowing as the number of seeds which 
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had germinated divided by the total number of viable (firm) seeds per plate. 

Germination had plateaued after 7 days of imbibition. Thus, we quantified germination 

responses to a canopy based on the final germination proportion measured at 7 days. 

To test for genetic variation in germination responses to imbibition light, we first 

fit a generalized linear model (glm) with a logit link including Genotype, Light, 

Genotype x Light as predictors. To characterize germination responses to a canopy 

within each accession, we fit bias-reduced generalized linear models using the ‘brglm’ 

package with binomial distributions in which imbibition light treatment (white light or 

canopy) was treated as a fixed effect (Kosmidis 2013). The germination response to a 

canopy was quantified as the coefficient (log odds ratio) from the model fit for each 

accession. Since the white light treatment was used as the reference level in these 

models, the estimate from each model represents the direction of change in germination 

in response to a canopy (i.e., negative values indicate less germination under a canopy, 

and positive values indicate more germination under a canopy). Due to low sample sizes 

(N = 3 replicate plates per accession), we did not assess the statistical significance of the 

response in each individual accession. All analyses were performed using R v. 3.1.3 (R 

Core Team 2015). 
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A.3 Results & Conclusions 

As expected, the magnitude of germination responses to neighbor cues during 

imbibition was highly variable among accessions of Arabidopsis thaliana (accession x 

imbibition light interaction: LR c2 = 242.85, P < 0.001), indicating that there is genetic 

variation in germination plasticity to cues of neighbors in this species. The majority of 

the accessions germinated less (47% of accessions) or the same (35% of accessions) in 

response to an imbibition canopy (Fig. 26; Table 21). Unexpectedly, though, 18% of the 

accessions germinated more if they experienced a canopy during imbibition compared 

to the lack of any such canopy. This suggests that, while the majority of accessions of 

this species will be more likely to germinate in gaps that lack neighbors, some accessions 

may be more likely to germinate under or near neighbors than they would in bare soil.  
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Figure 26. Reaction norms of germination responses to an imbibition canopy 
in 173 accessions of Arabidopsis thaliana. Each line connects the germination 

proportions in the two light treatments (Control and Canopy) for one accession. The 
values are the mean germination proportions from three replicate plates in each of the 

two imbibition environments. For raw values, see Table 21. 

 

The occurrence of such a variety of germination responses to neighbors in a 

single species leads to some interesting questions that warrant additional research. The 

first such question concerns whether positive germination responses are more likely to 

evolve in environments in which having neighbors is beneficial. For example, in 

stressful environments in which facilitation occurs, being more likely to germinate in 

Control
(white light)

Canopy
(green filter)

0.00

0.25

0.50

0.75

1.00

Pr
op

or
tio

n 
ge

rm
in

at
ed



 

168 

response to cues of neighbors could increase individual fitness. If so, then germination 

responses to neighbor cues may be associated with traits that determine competitive 

ability and stress tolerance. If, for example, accessions that germinate more in response 

to neighbor cues do indeed inhabit stressful environments and experience facilitation, 

then selection may be relaxed against stress tolerance due to protection from stress by 

neighbors. Similarly, in accessions that germinate less in response to neighbor cues, 

selection may be relaxed against traits that confer competitive ability, especially if those 

traits are costly to maintain. Investigations of these questions would provide key insight 

into the role that germination cueing plays in the evolution of post-germination traits 

and vice versa. 

The germination data presented here could be paired with published or newly-

collected phenotypic data in accessions of A. thaliana to examine such potential 

relationships between germination and post-germination traits. Physiological traits such 

as water-use efficiency, cold tolerance, and desiccation tolerance or measures of 

performance in control versus stressful (e.g., dry, cold, or hot) conditions could be used 

to assess the stress tolerance of accessions. These differences could then be compared to 

differences in germination responses to a canopy documented here, with the prediction 

that the accessions that germinate more in response to a canopy will also tend to be less 

stress tolerant. Alternatively, the relative degree of environmental stress that these 

accessions experience in their local environments could be inferred using global climate 
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data, with the expectation that germination of accessions from more extreme climates 

(i.e., those with very cold or very hot temperatures, those with low precipitation, and/or 

those with extreme climatic variation) are more likely to respond positively to a 

vegetative canopy. 

Similarly, traits associated with growth rate and resource requirements or 

corresponding measures of performance in control versus resource-limited 

environments (or at low versus high density) could be used to approximate competitive 

ability. Then one would predict that accessions with traits conferring greater competitive 

ability would exhibit less-negative germination responses to a canopy.  
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Table 21: Germination responses to a simulated vegetative canopy in 173 
accessions of Arabidopsis thaliana. ‘ID (CS-)’ indicates the stock number that 

succeeds “CS” in The Arabidopsis Information Resource (TAIR; 
https://www.arabidopsis.org/). For example, the stock center number for Aa-0 is 

CS6600. ‘Name’ refers to the common name for each accession. ‘Origin’ is the country 
where the original seed for each accession was collected, and ‘Status’ refers to 

whether that collection originated from the native (N) or introduced (I) range of A. 
thaliana. Mean germination percentage is presented for seeds in white light (Control) 

and the Canopy. Model coefficients (‘Slope’) quantify the response to a simulated 
canopy; these values are the changes in the log odds of germinating in response a 

canopy for a given accession. Finally, a summary of the type of response (‘Response’) 
is presented. Accessions in bold italics were chosen for the outdoor experiment 

examining the potential mechanism of facilitation by neighbors in this system (see 
Appendix B). Representation of each type of response: Negative = 47%, Neutral = 35%, 
and Positive = 18%. Please note that ‘Response’ is purely descriptive and does not take 

statistical significance into account. 

ID (CS-) 
6600 

22630 
1656 

22626 
949 
6607 
6607 

22633 
22342 
22578 
22579 

971 
22590 
22591 
22628 
76102 

997 
1007 
8067 

22656 
22620 
6658 
1065 
1067 

22603 

Name 
Aa-0 
Ag-0 
Alc-0 
An-1 

Ang-0 
Bå-1 

Bå1-2 
Bay-0 
Bg-2 
Bil-5 
Bil-7 
Bla-1 
Bor-1 
Bor-4 
Br-0 

Brä1-6 
Bs-1 
Bu-0 

Buckh. Pass 
Bur-0 
C24 
Ca-0 

Can-0 
Cen-0 

CIBC-17 

Origin 
Germany 

France 
Spain 

Belgium 
Belgium 

UK 
Sweden 

Germany 
USA 

Sweden 
Sweden 

Spain 
Cz. Repub. 
Cz. Repub. 
Cz. Repub. 

Sweden 
Switzerland 

Germany 
USA 

Ireland 
Portugal 
Germany 

Spain 
France 

UK 

Status 
N 
N 
N 
N 
N 
N 
N 
N 
I 
N 
N 
N 
N 
N 
N 
N 
N 
N 
I 
N 
N 
N 
N 
N 
N 

Control (%) 
80.0 
98.3 
25.0 

100.0 
100.0 
96.7 
98.3 
88.3 

100.0 
100.0 
95.0 

100.0 
100.0 
98.3 

100.0 
100.0 
100.0 
98.3 

100.0 
6.7 
96.7 
98.3 
95.0 
63.3 
91.7 

Canopy (%) 
48.3 

100.0 
2.5 
98.3 
98.3 
98.3 
91.7 
43.3 

100.0 
90.0 
96.7 

100.0 
95.0 

100.0 
98.3 

100.0 
100.0 
95.0 

100.0 
1.7 
96.7 

100.0 
60.0 
36.7 
60.0 

Slope 
-1.42 
1.12 
-2.38 
-1.12 
-1.12 
0.53 
-1.37 
-2.23 
0.00 
-2.67 
0.35 
0.00 
-2.00 
1.12 
-1.12 
0.00 
0.00 
-0.88 
0.00 
-1.15 
0.00 
1.12 
-2.40 
-1.07 
-1.91 

Response 
- 
+ 
- 
- 
- 
+ 
- 
- 
0 
- 
+ 
0 
- 
+ 
- 
0 
0 
- 
0 
- 
0 
+ 
- 
- 
- 
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22602 
6921 

22625 
22639 
22614 
6676 
917 

76117 
76124 
22572 
22573 
22657 
22616 
1137 
6697 

22629 
22576 
22577 
22645 
22634 
1185 
1187 
6720 

22609 
22608 
1199 

22617 
22631 

923 
6733 

76142 
22597 
22596 
1237 

76146 
1239 
1241 
6745 
1259 
1267 
6751 
6041 

22654 
22566 

CIBC-5 
Cnt-1 
Col-0 
Ct-1 

Cvi-0 
Da-0 

Da(1)-12 
Dra3-1 

Duk 
Eden-1 
Eden-2 
Edi-0 
Ei-2 
En-1 
Ep-0 
Est-1 
Fäb-2 
Fäb-4 
Fei-0 
Ga-0 
Gd-1 
Ge-0 
Gie-0 

Got-22 
Got-7 
Gr-1 
Gu-0 
Gy-0 
H55 
Ha-0 

Hov4-1 
HR-10 
HR-5 
Hs-0 
HSm 
In-0 
Is-0 
Jl-3 

Jm-0 
Ka-0 
Kas-2 

Kelsterb.-4 
Kin-0 

Kno-10 

UK 
UK 

USA 
Italy 

Cape V. Isl. 
Germany 

Cz. Repub. 
Sweden 

Cz. Repub. 
Sweden 
Sweden 

UK 
Germany 
Germany 
Germany 

Russia 
Sweden 
Sweden 
Portugal 
Germany 
Germany 

Switzerland 
Germany 
Germany 
Germany 
Austria 

Germany 
France 

Cz. Repub. 
Germany 
Sweden 

UK 
UK 

Germany 
Cz. Repub. 

Austria 
Germany 

Cz. Repub. 
Cz. Repub. 

Austria 
India 

Germany 
USA 
USA 

N 
N 
I 
N 
I 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
I 
I 

100.0 
91.7 

100.0 
41.7 

100.0 
80.0 
98.3 

100.0 
96.7 
31.7 
45.0 

100.0 
100.0 
58.3 
88.3 

100.0 
11.7 
66.7 

100.0 
100.0 
98.3 
98.3 
58.3 
71.7 
81.7 
88.3 

100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
95.0 
91.7 

100.0 
100.0 
100.0 
96.7 
91.7 
98.3 

100.0 
80.0 

100.0 
100.0 

100.0 
93.3 
98.3 
40.0 
93.3 
58.3 
96.7 

100.0 
83.3 
25.0 
36.7 
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Appendix B: Facilitation of late-emerging seeds of 
Arabidopsis thaliana is driven by cold temperatures  
 

B.1 Motivation 

In two previous experiments examining the relationship between germination 

phenology and the effects of neighbors on Arabidopsis thaliana, the presence of neighbors 

led to facilitation in seedlings via increased survival (see Chapters 2 and 3). These 

episodes of facilitation are thought to have been related to cold temperatures 

experienced by seedlings that emerged relatively late in the germination season. In the 

first case, seedlings emerged on November 26 and showed increased survival if they had 

large neighbors (Chapter 2; Leverett, Schieder IV, and Donohue 2018). In the second 

case, seedlings in a later germination cohort in the first year (2014) emerged the latest of 

all four cohorts in the experiment, and they also experienced the coldest temperatures 

and were the only seedlings to experience facilitation from neighbors (Chapter 3; 

Leverett 2017). Further, in both experiments, correlations were detected between 

temperatures and the effects of neighbors that suggested neighbors had stronger 

positive effects on survival when temperatures were colder. This evidence is only 

correlative, though, and a manipulative experiment of temperatures is necessary to 

implicate protection from cold temperatures as a mechanism of facilitation in this 

system. Thus, in order to test whether protection from cold can drive the facilitation that 

occurs in this system, and more generally to test whether facilitation depends on the 
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timing of germination as mediated by temperature, we performed an outdoor 

experiment in the fall of 2017 in which we manipulated the germination time of focal 

seedlings of A. thaliana (early or late), whether they had neighbors (present or absent), 

and the temperatures they experienced (control or experimentally warmed). We 

measured the survival of A. thaliana seedlings in the first two weeks after emergence, 

during which time individuals are especially vulnerable and thus are most likely to be 

protected by their neighbors.  

 

B.2 Methods 

B.2.1 Focal and neighbor plants 

We used 12 natural accessions of Arabidopsis thaliana as focal plants in this 

experiment. These ecotypes were chosen based on their germination responses to 

neighbor cues measured in a previous experiment: six ecotypes that germinated more in 

response to neighbors during imbibition and six that germinated less (see Table 21 in 

Appendix A).  

Seeds were sown onto 0.7% w/v agar and cold stratified in the dark at 4°C for 

five days to break dormancy and induce synchronous germination. The seeds were then 

transferred to full spectrum light at 10°C with a 12 h photoperiod for nine days to 

promote germination and seedling emergence. Seedlings were then transplanted from 

the agar to pots filled with soil collected from the Catsburg community, which harbors a 
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local naturalized population of A. thaliana (Leverett 2017). Half of the seedlings were 

transplanted into pots with only soil, and half were transplanted into pots with soil and 

neighbors from the Catsburg community (see below). Thus, the neighbors are real 

neighbors of the study species. At the time of transplant, all focal seedlings had two 

cotyledons but had not yet developed their first true leaves. 

 

B.2.2 Experimental design and data collection  

To test for facilitation, we used two neighbor treatments: one in which neighbors 

were present (‘Neighbors’) and one in which they were absent (‘Alone’). To test whether 

the timing of germination mediates whether facilitation occurs, we used two 

germination cohorts: an early one in which focal plants were added to their pots (i.e., 

emerged) outdoors on October 18, 2017 (‘Early’), and a later one in which focal plants 

were added on November 20, 2017 (‘Late’). For each cohort, the soil and neighbors were 

collected from the Catsburg community approximately one week before focal plants 

were added. Briefly, pot-sized plugs of soil were gently extracted from randomly-chosen 

locations in the field site. For the treatment in which neighbors were absent, soil plugs 

had been extracted from relatively bare soil, and any neighbors in these plugs were 

removed prior to the start of the experiment. The plugs were placed into their respective 

pots and then placed outdoors near the Duke University greenhouse until focal plants 

were transplanted. 
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To test whether temperature mediates facilitation and its dependency on the 

timing of germination, pots each containing a plant of a given accession and either soil 

only or soil with neighbors were assigned to two treatments: a control with ambient 

temperature (‘Control’) and a warming treatment (‘Warmed’), in which open-top 

passive warming chambers were used to increase temperature at plant level. These 

chambers were constructed using clear polycarbonate sheets; each chamber was 

hexagonal and composed of six panels that were each 16 inches wide on the bottom and 

14 inches wide on the top. There was a negligible effect of the chambers on irradiance 

(not shown), and therefore any effects of the chambers driven by reductions in light 

available for photosynthesis should be minimal. 

Pots were randomized within flats and replicated across three flats per warming 

treatment for a total of 144 focal plants per cohort (12 accessions x 2 neighbor treatments 

x 2 temperature treatments x 2 cohorts x 3 replicates = 288 plants total). The opening in 

the top of each chamber was sufficiently large to prevent open sky from being blocked 

for pots near the edges of flats. Halfway through the experimental period, pots were 

randomized within their flats, and the flats were randomized on the outdoor bench. 

To examine whether cohorts and warming treatments differed in air 

temperature, the daily maxima, means, and minima were downloaded for the study 

location (zip code 27705) from Weather Underground (to compare cohorts) or measured 

using data loggers (to compare warming treatments). In order to confirm that the 
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chambers increased air temperatures, we recorded daily temperatures in each flat using 

iButtons (Maxim Integrated). Unfortunately, the data loggers did not properly deploy 

for the first cohort, and therefore an evaluation of the effect of the warming chambers 

was only possible for the second cohort.  

To determine how germination time, the presence of neighbors, and temperature 

affect seedling fitness, we scored seedling survival once 16 or 17 days after emergence of 

the earlier or later cohort, respectively. 

 

B.2.3 Statistical analysis 

To determine whether focal plants in the two cohorts experienced different 

temperatures, we first compared the ambient temperatures downloaded from Weather 

Underground between cohorts. We fit a linear model in which a given temperature 

variable (e.g., daily maximum) was the dependent variable and Cohort was a fixed 

effect. Likelihood ratio (LR) tests were then used to evaluate whether Cohort had 

significant effects on temperature. 

Next, to determine whether the experimental warming treatment increased the 

temperatures experienced by focal plants, we compared the in-situ temperature 

variables measured using data loggers between the Control and Warmed treatments. 

We fit linear mixed-effects modes (LMM) in which a given temperature variable (e.g., 

daily maximum) was the dependent variable and Environment was a fixed effect. LR 
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tests were then used to evaluate whether Environment had significant effects on 

temperature. 

The proportion of surviving seedlings was compared between cohorts, neighbor 

treatments, and warming treatments using generalized linear mixed-effects models 

(GLMMs) fit with a logit link. Specifically, we fit a full model in which survival was the 

dependent variable; cohort, neighbor treatment, and warming treatment were fixed 

independent variables; and flat and accession were random effects. Because the effect of 

temperature on interactions with neighbors depended on germination time, as indicated 

by a significant Cohort x Neighbor x Environment interaction, we next fit a GLMM in 

each cohort to examine the effects of Neighbor, Environment, and their interaction. 

Type-III likelihood ratio tests were used to assess the significance of predictors and their 

interactions. 

 

B.3 Results 

B.3.1 Emerging later exposed seedlings to colder temperatures 

As expected, the daily maximum, mean, and minimum temperatures were 3.9, 

5.0, and 6.0°C warmer, on average, in the early cohort than in the late cohort (Fig. 27). 

Because seedlings in the later cohort were exposed to colder temperatures, they are 

expected to be more likely to be facilitated by neighbors. 
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Figure 27: Differences between early and late cohorts in ambient daily 
temperatures (maxima, means, and minima). Temperatures over the course of the 
experiment for the early and late cohort are depicted by solid and dashed lines, 
respectively. Results from ANOVA comparing differences between cohorts are 

presented for each temperature variable.  

 

B.3.2 Warming chambers increased daily maximum temperatures 

The chambers increased daily maximum temperatures by an average of 2.5°C 

over the course of the experimental period (LR χ21 = 6.14, P = 0.013; Fig. 28). In contrast, 

the chambers had non-significant positive effects on daily mean (0.7°C average increase, 

LR χ21 = 2.31, P = 0.123) and minimum temperatures (0.1°C average increase, LR χ21 = 

0.92, P = 0.339). Such amplification of maximum (daytime) temperatures coupled with 

no change (or even decreases) in minimum (nighttime) temperatures can result from 

complex interactions between factors such as heat gain and wind speeds (Kennedy 1995; 

Marion et al. 1997). Therefore, the effects of our chambers on air temperatures are 

positive and consistent with those in other studies. 
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Figure 28: The effects of experimental warming chambers on daily maximum, 
mean, and minimum temperatures over the 16-day experimental period for the second 
(later) cohort. Values are the means for each variable measured across three replicate 

flats. The asterisk indicates that the effect of the OTC treatment only significantly 
increased daily maxima (i.e., daytime temperatures).  

 

 

Figure 29: Comparison of daily temperature measurements (maxima, means, 
and minima) between local weather station data and data loggers. In-situ 

temperatures obtained using data loggers are only presented for the control treatment.  
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B.3.3 Experimental warming eliminated facilitation by neighbors 

The effect of the warming treatment on focal seedlings’ interactions with their 

neighbors depended on germination cohort, as indicated by the significant three-way 

interaction (Table 22A). To interpret this interaction, we examined the main effects of 

warming and neighbors within each cohort. 

In the early cohort, neither the warming treatment nor the presence of neighbors 

significantly affected focal seedling survival overall (Table 22B). However, in this cohort, 

neighbors did significantly increase focal seedling survival in the Warmed treatment (LR 

χ21 = 9.16, P = 0.003) but not in the Control treatment (LR χ21 = 1.59, P = 0.207; Fig. 30A). 

This result suggests that when ambient temperatures are already warm, neighbors may 

provide some relief, perhaps via shading, or that neighbors allow plants to take 

advantage of favorable warm conditions.   

In the late cohort, when temperatures were cooler, the warming treatment 

modified the effect of neighbors on focal seedling survival (Table 22C). Specifically, 

whereas there was a significant, positive effect of neighbors on survival in the Control 

treatment (LR χ21 = 4.50, P = 0.034), this effect was eliminated by warming (LR χ21 = 0.30, 

P = 0.587; Fig. 30B). Further, the warming treatment tended to increase the survival of 

seedlings grown alone (although this effect was not statistically significant (LR χ21 = 2.53, 

P = 0.112), which suggests seedlings in this cohort were somewhat susceptible to cold-

induced mortality. Taken together, these results suggest that cooler temperatures 
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contributed to mortality, but that neighbors mitigated the adverse effects of cool 

temperature. 

 
Table 22: The overall effects of germination time (Cohort), air temperature 

(Environment), and the presence of neighbors (Neighbor) on the survival of A. 
thaliana seedlings during the first 16 (Early cohort) or 17 days (Late cohort) following 

emergence. All results are from type-III likelihood ratio tests of generalized linear 
mixed effects models. 

A. All variables LR χ21 P 
Cohort 5.68 0.017 
Environment 0.21 0.644 
Neighbor 1.62 0.204 
Cohort x Environment 4.24 0.039 
Cohort x Neighbor 2.53 0.112 
Environment x Neighbor 1.88 0.170 
Cohort x Environment x Neighbor 5.21 0.022 
B. Early cohort only LR χ21 P 
Environment 0.32 0.564 
Neighbor 1.63 0.201 
Environment x Neighbor 1.93 0.165 
C. Late cohort only LR χ21 P 
Environment 4.12 0.042 
Neighbor 6.22 0.013 
Environment x Neighbor 4.04 0.045 
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Figure 30: Effects of experimental warming and neighbors on seedling survival 
in an (A) Early cohort and a (B) Late cohort in Arabidopsis thaliana. Each box 

represents the distribution of survival values across replicate flats. Black diamonds 
within boxes represent means. Box hinges indicate 75th and 25th percentiles. Whiskers 

span 1.5 times the interquartile range, and black points are observations that fall 
outside these values. P-values are included for combinations of cohorts and 

environmental treatments in which neighbors significantly influenced seedling 
survival.  
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cohort was eliminated by experimental warming. Taken together, these lines of evidence 

provide support for our hypothesis that facilitation in late-emerging seedlings of 

Arabidopsis thaliana is due, at least in part, to protection from cold temperatures. 

Our results also suggest that increases in temperature, as predicted under 

scenarios of climate change for many areas, could actually reverse the relationship 

between germination timing and facilitation caused by neighbors. In our experiment, the 

relative timing of germination within a season determined whether warming allowed or 

prevented positive interactions with neighbors. Seedlings that emerged later in the 

season when temperatures were cool experienced facilitation from neighbors that 

increased their survival, but experimental warming eliminated the need for facilitation 

to achieve the same probability of survival. In contrast, seedlings that emerged earlier in 

the season did not experience facilitation unless they were experimentally warmed. 

Thus, the tendency for later germination to promote facilitation by exposing seedlings to 

cold temperatures could be reversed if temperatures are warmer: facilitation would be 

promoted in early germinants but prevented in later ones. 
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