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Regeneration traits and community assembly 

 

Abstract 

1. Despite the disproportionate influence that propagule production, dispersal, seed to seedling 

recruitment, and vegetative reproduction can have on plant population and community dynamics, 
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progress has been slow in the directed collection of regeneration traits to inform community assembly 

outcomes.   

2. While seed mass is globally available and linked to growth and reproductive output, there are limits to its 

explanatory ability.  In this essay, we call for expanded efforts to integrate a more diverse set of 

regeneration traits into community assembly models.   

3. First, we extend an existing community assembly framework to conceptualize regeneration as a series of 

transitional processes whose outcomes are influenced by abiotic filters, biotic interactions, and species 

traits.  We then briefly review the literature, highlighting filters and traits of demonstrated or theorized 

importance for each transition.  Finally, we place regeneration in the context of existing and emerging 

modeling approaches in trait-based community assembly, summarizing key areas of progress needed to 

integrate regeneration traits into these efforts.  

4. Synthesis.  By incorporating influential regeneration traits into empirical studies and global databases, we 

can begin to disentangle regenerative mechanisms underlying community assembly outcomes and 

enhance rapidly developing models of species’ abundances, distributions, and responses to 

environmental change.  

 

Key-words:  clonality, determinants of plant community diversity and structure, dispersal, emergence, functional 

trait, germination, seed mass, seed production, seed persistence, seedling establishment 

 

Introduction 

Regeneration is the process whereby mature individuals of a plant population are replaced by new 

individuals of the next generation through seed production, dispersal, germination, seedling emergence and 

survival, and vegetative reproduction, each of which has the ability to influence plant population and community 

dynamics (Grubb 1977).  At the population level, these regeneration processes can independently or jointly act as 

key determinants of population growth and abundance, especially in highly transient or early successional systems 
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(e.g., Silvertown et al. 1993; Jongejans et al. 2010; Harsch et al. 2014; Huang et al. 2015).  At the community level, 

species differences in the success or timing of new recruitment into open gaps can set community trajectories 

following major disturbances and direct species turnover throughout succession, driving ecosystem functions and 

services (e.g., Hausmann & Hawkes 2010; Aicher et al. 2011; Fukami 2012; Fraaije et al. 2015).  While determining 

the influence of regeneration processes on community assembly typically relies on measurements of seed and 

seedling abundances over time and space (Zobel et al. 2000; Zeiter et al. 2006; Clark et al. 2007), this information 

alone has limited applicability to other species and communities.  A more mechanistic understanding of intra- and 

interspecific variation in regeneration success within and across systems is critical to forecast community assembly 

outcomes and responses to changing environments. 

To explain the responses of individuals, populations, and communities over time and space, ecologists 

have drawn on functional traits—morphological, physiological, or phenological traits with demonstrated influence 

on plant fitness in the context of the environment (Violle et al. 2007).  Because functional traits can be measured 

across species and have implications for fitness, they offer a common currency to predict the performance of 

species, composition of communities, and how these shift over time and space.  Here, we define regeneration 

traits as those characteristics with demonstrated implications for regeneration processes (i.e. the extent of clonal 

reproduction, seed production, seed dispersal, germination, or seedling emergence/survival).  Incorporating 

regeneration traits into predictive frameworks of community assembly has long been recognized as an important 

goal in ecology (Weiher et al. 1999; Lavorel & Garnier 2002).  However, while some aspects of functional variation 

during regeneration are well-characterized across species (e.g., negative association between seed mass and seed 

output, Westoby et al. 2002), there has been relatively little progress in characterizing suites of regeneration traits 

and trait tradeoffs which differentiate ecological strategies across species and incorporating these traits into 

models of community and ecosystem processes.    

The goal of this paper is to identify recent advances in our understanding of key regeneration processes 

and outline a research agenda to incorporate regeneration traits into community assembly models.  We first 

provide a brief background on trait-filter community assembly theory, suggesting that this conceptual framework 

can also be applied to multiple, independent regeneration processes within and across communities.  To facilitate 
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the collection and use of regeneration trait data, we review the literature and highlight traits and filters of 

demonstrated or hypothesized importance to vegetative reproduction, seed production, dispersal, germination, 

seedling emergence, and establishment.  We then place regeneration traits in the context of community assembly 

models, describing data and empirical needs and highlighting potential challenges.  By summarizing the key areas 

for future progress, we hope to promote the integration of regeneration traits into our understanding of 

community assembly. 

 

Beyond seed mass: the need to improve community assembly models 

Community assembly theory predicts that species from a regional pool are “filtered out” of the local 

community by dispersal, abiotic, and biotic mechanisms according to the functional traits they possess (Keddy 

1992a).  At the broadest scale, traits influencing the probability that propagules reach the seedbank will determine 

which (and to what extent) species are present in the species pool (originally termed dispersal filters, although 

traits influencing the extent of both propagule production and dispersal ability are implicit; see Identifying 

influential regeneration traits and filters).  Environmental conditions further limit which species can persist in a 

community, which can result in trait similarities (i.e., trait convergence) among species within a given site (termed 

abiotic or environmental filtering).  For example, plant species in drier communities may display a narrower range 

of traits enabling water conservation and survival (e.g., lower specific leaf area (SLA), higher wood density) than 

observed in the regional species pool (e.g., Cornwell & Ackerly 2009).  Importantly, if multiple strategies are 

possible (e.g., drought tolerance or drought escape (Ludlow 1989; Freschet et al. 2011), abiotic filtering could also 

result in convergence around multiple trait values reflecting those strategies (i.e. multimodal trait distributions, 

Laughlin et al. 2015).  Another layer of complexity is added at the local community scale, where biotic interactions 

such as competition may further influence the number of species capable of coexisting in a given site (termed 

biotic filters).  For example, particular trait values may dominate in a community because they convey a 

competitive advantage in the presence of other species, resulting in a competitive hierarchy and trait convergence 

(e.g., early emerging seedlings preempt limited resources from slower competitors, Verdú & Traveset 2005).  
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However, if competitive exclusion occurs within a particular niche, but multiple niches are available, limiting 

similarity theory predicts that trait divergence maximizing niche differences will occur (e.g., coexistence of shallow-

rooted natives and deep-rooted perennials) (Kunstler et al. 2012; Kraft et al. 2015a).  Furthermore, biotic 

interactions could promote higher than expected trait divergence in a given environment if established biota alter 

the microenvironment in a way that facilitates survival among species whose traits may otherwise exclude them 

(e.g., plants with high SLA in systems limited primarily by water, Gross et al. 2009).  Finally, in addition to these 

deterministic drivers of community assembly, some degree of stochastic, probabilistic processes also influence 

community composition (Hubbell 2001); the relative importance of these mechanisms will likely depend on the 

scale at which trait-filter relationships are examined (Chase 2014).    

This type of framework should be applicable to traits influencing fitness at any life stage, including 

regeneration. In the first iteration of this “trait-filter” assembly framework, Keddy (1992a) explored how a 

germination trait (ability to germinate in mud) affected wetland plant assembly.  However, while regeneration 

traits have been considered sporadically in subsequent conceptual advances and empirical tests of this framework, 

efforts have largely focused on a handful of vegetative traits (e.g., SLA, wood density, height) which are relatively 

easy to measure, represent broad resource acquisition and growth strategies (e.g., leaf and wood economics 

spectrums, Wright et al. 2004; Chave et al. 2009), and explain a meaningful portion of the variation in plant 

performance and community composition across resource and productivity gradients (e.g., Poorter & Bongers 

2006; Cornwell & Ackerly 2009), presumably by influencing adult growth and survival.  Importantly, while SLA, 

wood density, or plant height may also capture aspects of variation in regenerative strategies across species (e.g., 

Adler et al. 2014), the implications of these traits for regeneration are rarely considered or tested directly.  

Because traits may have different implications for fitness or abundance across growth, survival, and regeneration, 

trait-based inferences may shift depending on which demographic transition is most limiting to population growth 

(e.g., seed mass in Larson et al. 2015b). Furthermore, filtering mechanisms across demographic stages may be 

additive, equalizing, or otherwise interactive.  Consequently, restructuring empirical efforts and models to 

incorporate the influence of widely available traits on regenerative processes could improve assembly model 

performance.  Still, some studies suggest that these vegetative traits vary independently from key aspects of 
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regenerative strategies (e.g., Grime et al. 1997; Craine et al. 2012a), and may be less useful predictors of 

regeneration processes. For example, Sonnier et al. (2010) found that most leaf traits showed little 

correspondence to assembly patterns in early successional communities across either stress or disturbance 

gradients, while plant reproductive height, seed mass, and allocation to reproduction explained community 

composition in response to one or both gradients. 

While comparative efforts initially surveyed a wide range of traits which could differentiate species 

responses to abiotic and biotic filters during regeneration (e.g., Grime 1981), in the last several decades the focus 

has shifted away from a range of regeneration traits specific to individual communities and filters (e.g., 

germination in mud, Keddy 1992b) and towards a few general traits that may correlate with community 

composition on larger temporal and spatial scales.  Specifically, many examinations of community assembly have 

focused on seed mass as the primary trait representing a plant’s regeneration strategy (e.g., Funk et al. 2008; Kraft 

et al. 2008; Cornwell & Ackerly 2009).  Seed mass is the most widely-collected regeneration trait represented in 

global databases (e.g., TRY, Kattge et al. 2011; BIEN, http://bien.nceas.ucsb.edu/bien/).  It is easily-measured and 

often positively correlated with seedling survival but negatively correlated with seedling growth rate and seed 

output (reviewed in Moles & Westoby 2006), a tradeoff which has been identified as one of four major dimensions 

explaining ecological variation among plant species (Westoby et al. 2002).  It has also been linked to other 

regenerative functions such as susceptibility to granivory (e.g., Blate et al. 1998), germination response to light and 

temperature (e.g., Milberg et al. 2000; Pearson et al. 2002), and seedling emergence from depth or through litter 

(e.g., Loydi et al. 2013).   

However, despite its widespread use, results from empirical studies have demonstrated that seed mass is 

not always the strongest predictor of community processes.  For example, seed mass may have a lower 

explanatory power than other traits with respect to dispersal distance (Thomson et al. 2011) seed persistence (Hill 

et al. 2012), or seedling survival (e.g., Funk & McDaniel 2010), and its importance for these processes is likely to 

vary across groups of species or environments (e.g., Hallett et al. 2011).  Thus, while seed mass is a valuable 

ecological tool, it is unlikely that this trait alone can capture variation in regeneration processes within and across 

communities.  Efforts to link regeneration traits to assembly patterns must extend beyond seed mass to 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

incorporate a wider variety of traits which may have direct, if context-dependent, implications for regeneration 

processes in response to the abiotic and biotic environment. 

Consideration of such traits in assembly models could be stalled for a variety of reasons.  First, relative to 

vegetative traits, there is relatively little centralized reference to how regeneration traits should be selected and 

measured in existing trait handbooks (Cornelissen et al. 2003; Pérez-Harguindeguy et al. 2013).  Because these 

traits are less familiar to community ecologists, they may also be perceived as difficult or time-consuming to 

measure.  However, while some traits may fit this description (e.g., germination hydrothermal time parameters) or 

require repeated measurement given intraspecific variability (e.g., dormancy-breaking requirements), these 

challenges are not unique to regeneration traits (Violle et al. 2012).  An equally important reason for their absence 

may lie in the potential complexity of explaining variation in regeneration outcomes.  Individual regeneration 

processes can be influenced by filters on small spatiotemporal scales which could be difficult to capture, and 

understanding broader regeneration outcomes may require teasing apart the influence of several interacting traits 

and filters on multiple regeneration processes.  These challenges are addressed in greater detail below (see 

Integrating regeneration traits into community assembly models).  

Still, recent efforts demonstrate that trait-filter frameworks have the potential to uncover patterns in 

regeneration and offer valuable insights into community assembly.  For example, using 25-year demographic 

records for 13 co-occurring annual plants, Huang et al. (2015) found that a few seed traits reflecting moisture and 

temperature requirements for germination could be linked to germination success in a given year according to key 

environmental variables (e.g., temperature during rainfall), and were also linked to long-term patterns of variation 

in fecundity and vegetative growth traits that reflect broad ecological strategies within communities. Thus, while 

the importance of particular regeneration processes and traits will vary across systems and species, it appears that 

regeneration within communities is not wholly stochastic, and that informative patterns are detectable within 

communities.  Below, we review potential traits and filters of interest during regeneration, then discuss their 

incorporation into assembly models. 
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Identifying influential regeneration traits and filters 

Here, we extend the trait-filter community assembly framework to encompass a range of regeneration 

processes including vegetative reproduction (clonality), seed production, dispersal, germination, emergence, and 

seedling establishment (Fig. 1).  Each of these processes can have a unique impact on community assembly and 

may be regulated by different filters.  Consequently, for each process within a community, we should identify the 

most relevant abiotic and biotic filters as well as traits that explain species performance in light of these filters.  

Theoretically, the culmination of trait-filter interactions during each of these processes will yield predictions of 

regeneration outcomes within a community; however, the necessary data to test the predictive ability of traits and 

filters during regeneration is severely lacking.  Thus, the first step will be to use this framework as a conceptual 

map to direct research efforts towards identifying trait-filter relationships which influence regeneration and its 

component processes across different environments.  To initiate these efforts, we briefly outline each 

regeneration process below. 

 

Clonality 

 While ecologists often discuss regeneration as being either seed-limited (i.e., seed production, dispersal 

processes) or establishment-limited (i.e., germination to establishment processes) (e.g., Nathan & Muller-Landau 

2000; Myers & Harms 2009; Aicher et al. 2011), the dispersal of propagules from vegetative organs (i.e., ramets, 

genetically identical shoot-root individuals) could have substantial and under-reported impacts on community 

assembly (Fig. 1; Zobel et al. 2010).  For example, studies have found that as many as 40% to >99% of new recruits 

in grassland gaps originate from vegetative reproduction (Bullock et al. 1995; Benson & Hartnett 2006).  Clonality is 

especially prevalent in herbaceous species (relative to woody; Aarssen 2008) and in temperate, aquatic, and arctic 

ecosystems (Klimešová & Herben 2015).  Within these ecosystems, however, the abundance of clonal recruits (and 

their contribution to assembly) also varies.  Most notably, while seed dispersal may dominate following severe 

disturbance with larger gaps to fill (e.g., Bullock et al. 1995; Klimešová & Herben 2015), high clonality potential 

may be a stronger driver of abundance in space-limited, competitive communities (e.g., Mudrák et al. 2015) or late 
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successional communities (e.g., Moora et al. 2009, but see Klimešová et al. 2011).  Furthermore, as our 

understanding of clonality has expanded beyond a binary trait (i.e. clonal or not, Weiher et al. 1999), it has become 

clear that an array of clonal functional strategies exist which may have complex interactions with abiotic and biotic 

filters.  

 Although there are relatively few empirical demonstrations of how clonal traits interact with filters to 

impact community assembly (Zobel et al. 2010; Klimešová et al. 2011), growing observational evidence has 

generated a shortlist of functional traits which could influence clonal recruit abundance in light of key abiotic filters 

(Fig. 1).  For example, bud bank size (i.e., the total number of buds available for the generation of ramets) was 

strongly, positively correlated with average annual precipitation among grassland communities (Dalgleish & 

Hartnett 2006), and the location of bud banks (e.g.,  belowground depth) could mediate species responses to 

disturbance filters such as grazing or fire (Dalgleish & Hartnett 2009).  There is also recent evidence that clonal 

traits reflecting the rate, location, or persistence of clonal growth may be linked to a few key spectra associated 

with abiotic filters.  Klimešová and Herben (2015) found that a strategy of high clonal multiplication rates and low 

persistence of parent-clone connections (i.e., rapid colonization and spread) was prevalent in tall, littoral plant 

communities, while low clonal spread rate and high persistence (i.e., prolonged maternal support) was prevalent in 

short-statured communities under extreme, stressful conditions.  Importantly, multiple clonal strategies have also 

been detected within communities (Wildová et al. 2007); if clonal trait variability influences biotic interactions, it 

could also be an important mechanism of coexistence within communities (Moora et al. 2009; but see Klimešová & 

Herben 2015). 

As with sexual regeneration processes (see below), several key areas of exploration require greater 

attention moving forward.  These include empirical investigations of how bud bank and clonal growth traits 

influence assembly within communities and across gradients (particularly in comparison to sexual regeneration), 

and how abiotic and biotic factors affect these relationships.  Additionally, clonal trait plasticity (Zobel et al. 2010), 

which can be extensive (e.g., Bittebiere & Mony 2015), is not well characterized.  Current trait handbooks contain 

limited information on the categorical assignment of clonal types (Pérez-Harguindeguy et al. 2013), but more traits 

are characterized in clonal trait databases (a growing resource).  For example, the development of the CLO-PLA 
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database of clonal and bud bank traits for Central European plant species (Klimešová & De Bello 2009) has 

facilitated a growing body of recent work, and should continue to be expanded and replicated in other geographic 

regions.  

 

Seed production 

In plant communities dominated by sexual regeneration, seed production is the first point at which inter- 

or intraspecific trait variation may shape assembly outcomes (Fig. 1).  Functional traits reflecting interspecific 

variation in reproductive capacity are typically correlated with suites of plant traits representing life history 

strategies (e.g., Westoby et al. 2002).  For example, a recent global analysis suggested that species whose 

population growth relies heavily on high seed production tend to be positioned on the “fast return” end of the LES 

(e.g., high leaf nitrogen, SLA), while species exhibiting high seed mass, wood density, and leaf longevity are more 

dependent on high rates of survival in lieu of high fecundity (survival-related traits discussed further below) (Adler 

et al. 2014).  Seed mass is a particularly important indicator of potential seed production; it reflects per seed 

resource investment (e.g., total N and P) and is inversely related to the number of seeds that can be produced 

(seed output per canopy area) (Henery & Westoby 2001).  Thus, seed mass and LES traits may be useful as proxies 

of variation in seed output across species within a community (Fig. 1).   

Like all regeneration processes, however, seed output will vary within and across species in response to 

abiotic factors such as water, nutrient, and light availability, as well as biotic factors such as competition, 

herbivory, and pollinator presence (e.g., Leishman et al. 1999; Peters et al. 2014).  In addition to life history traits 

described above, other traits are needed to predict seed output response to such filters.  For example, early 

emergence has been linked to higher fecundity (Verdú & Traveset 2005), and may further explain seed production 

patterns in favorable conditions (i.e., when there is little risk of post-emergence hazard-induced mortality); in 

contrast, minimum plant size for reproduction may be an indicator of seed output ability under high stress 

conditions (e.g., smaller minimum threshold sizes are better able to maintain or achieve greater seed output under 

stress; Aarssen 2015).   
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 The phenology of flowering could also influence relative success during seed production and, 

consequently, community assembly. Abiotic filters such as temperature or soil moisture (and their seasonality or 

change over time) could favor populations with flowering times coinciding with favorable climatic periods in a 

community (e.g., Craine et al. 2012b; Douma et al. 2012), while competition for pollinators or resources during 

flowering could favor phenological divergence (although this is perhaps less commonly detected, Rathcke & Lacey 

1985).  For example, Craine et al. (2012a) found that species more abundant in warmer, drier upland sites than 

moist lowland sites tended to have earlier first flowering dates (FFD), perhaps because flowering during high 

resource availability conveys a critical advantage for viable seed production.  However, some challenges remain for 

the integration of phenology into community assembly models.  One uncertainty is when shifting filters should be 

expected to induce plastic or adaptive phenological responses within species ("flowering time shifts", sensu 

Wolkovich et al. 2013) rather than driving species turnover in communities based on mean trait values (a subject 

currently being addressed by studies on phenology and climate change, Sherry et al. 2007; Craine et al. 2012b; 

Wolkovich et al. 2014).  Furthermore, whether species differences in FFD or the ability to shift flowering time 

impact reproductive success or abundance in predictable ways remains relatively untested.  As recent phenology 

databases are geographically expanded (e.g., USA National Phenology Network, https://www.usanpn.org/), these 

are likely to be areas of active exploration. 

Finally, in addition to identifying key traits linked to seed production, an important task for empirical 

studies is to identify conditions under which variation in per capita seed production (and related traits) is expected 

to have a major influence on community assembly patterns.  At the population level, total propagule production 

will depend not just on a species’ fecundity, but also adult abundance (Kroiss & HilleRisLambers 2015), making the 

standing community a critical consideration.  Scaling up, we generally expect that species in the community with 

greater total propagule production will dominate the seed-bank with a greater opportunity to influence 

community composition and dynamics.  However, the extent to which seed production influences assembly 

patterns may vary across filters (e.g., disturbance or successional gradients, Sonnier et al. 2010), and will ultimately 

depend on dispersal processes and functional tradeoffs at later stages (see below).  Consequently, seed production 

and underlying traits must be examined in concert with other regeneration processes and traits. 
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Dispersal  

Dispersal has long been recognized as a vital process affecting community assembly (reviewed by Schupp 

et al. 2010; Poschlod et al. 2013).  Community ecologists often think about dispersal in the context of propagule 

pressure, which may be a combination of seed production (see above) and dispersal.  Dispersal itself, the 

movement of seeds away from the parent plant, reduces competition between a seedling and its parent and 

siblings and allows populations or species to reach and colonize new gaps.  Although identifying which species can 

reach the seedbank is critical when evaluating the nature and extent of subsequent recruitment filtering in a 

community, directly quantifying seed arrival is not always feasible.  If dispersal traits can enhance predictions of 

dispersal probability and seedbank composition in a given community, this allows ecologists another way to 

differentiate under what conditions seed- or establishment limitation more strongly influences assembly (Kraft et 

al. 2015a).  

Explanations of spatiotemporal dispersal patterns have ranged from high stochasticity (e.g., equal 

dispersal abilities across species; seed arrival influenced by parent abundance and chance events) to predictable 

directed dispersal according to abiotic filters and plant/disperser characteristics (e.g., Nathan & Muller-Landau 

2000; Hubbell 2001; Chase 2007; Shipley et al. 2011).  While seed arrival will be partly influenced by stochastic 

factors, emerging evidence of non-random dispersal patterns should invigorate efforts to understand its relative 

role in communities.  For example, Fraaije et al. (2015) examined community assembly along a riparian moisture 

gradient and found that seeds of species more tolerant of dry or wet conditions were more likely to arrive at dry 

and wet ends of the gradient, respectively, suggesting directed dispersal resulting from an interaction between 

seed traits and abiotic filters.  Non-random dispersal could be dependent on a number of abiotic filters (e.g., wind 

and water movement) as well as the disperser community (Fig. 1) (reviewed in Schupp et al. 2010; Poschlod et al. 

2013).   

Recent studies have advanced our understanding of which particular traits may predict dispersal 

processes (Fig. 1).  Using a large dataset, Tamme et al. (2014) found that dispersal syndrome (e.g., water-, wind-, 

animal-dispersed), plant growth form, and terminal velocity were collectively the best predictors of dispersal 
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distance.  Marteinsdottir (2014) also found that two traits (dispersal syndrome and seed mass) strongly influenced 

long-distance dispersal.  In contrast, these and other traits (clonal growth index, dispersal method, height, seed 

mass, and SLA) were poor predictors of dispersal at the local scale.  This result contrasts with those from Thomson 

et al. (2011), who found that height was a good predictor of dispersal distance at the local scale.  As these results 

indicate, it is unclear exactly which traits will be predictive within and across communities, but the distribution and 

influence of different dispersal traits in communities is likely to depend on abiotic and biotic filters as outlined 

above.  For example, Ozinga et al. (2004) found that light and moisture gradients were linked to dominant 

dispersal syndromes across 123 plant communities, while Copeland and Harrison (2015) similarly found that 

species found in mesic- and xeric microclimates of a single region tended to exhibit water- and wind dispersal 

mechanisms, respectively.  Interactions between the animal disperser community and seed traits (e.g., dispersal 

mode or seed palatability traits) could also have particularly important implications for regeneration which are 

currently under-represented in assembly models.  For example, seed caching can result in directed dispersal away 

from the parent plant and into more favorable microsites for establishment (e.g., Hirsch et al. 2012), while 

scarification and digestion by dispersers can also enhance germination (e.g., Rodriguez-Perez et al. 2005). 

As trait and dispersal data are collected from different types of communities, we can begin to examine 

how seed output and dispersal traits collectively influence propagule pressure and, consequently, community 

dynamics.  Methods for collecting traits related to dispersal mode and potential can be found in Pérez-

Harguindeguy et al. (2013) .  More traits are characterized in recent dispersal trait databases, e.g., D3: Dispersal 

and Diaspore Database, (Hintze et al. 2013), which includes an array of dispersal traits for a regional set of species 

and offers a starting point for trait collection in other areas. 

 

Germination    

It is not simply the relative abundance of propagules in the seed-bank, but the fate of those seeds which 

influences community dynamics.  Variation in the extent or timing of germination within and across species can 

have important implications for community trajectories, particularly following disturbance (e.g., Donohue et al. 
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2010; Wainwright et al. 2012).  While efforts to compare germination characteristics across species were initiated 

decades ago (e.g., Grime et al. 1981; Baskin & Baskin 1988), such traits have had limited application in community 

assembly and dynamics.  For a given species, the proportion of propagules in the seed-bank which germinate (i.e., 

initiate radicle penetration through the seed coat) in a given year may depend on traits and filters influencing two 

specific processes: germination and seed persistence (Fig. 1). 

Germination is a complex process influenced by a variety of abiotic filters including soil moisture, 

temperature, light, and chemicals, which interact with species traits to remove layers of dormancy and induce 

germination (Fig. 1; reviewed in Long et al. 2015).  Seed mass may correlate with germination responses under 

certain filters (e.g., Pearson et al. 2002), but community assembly models should also strive incorporate traits that 

more directly capture how temperature and moisture influence the rate and timing of germination across species 

and populations.  These include indices derived from hydrothermal time germination models such as base water 

potential, cardinal temperatures (i.e., minimum, optimum, maximum temperatures), thermal time, and 

hydrothermal time for germination (Bradford 2002; Hardegree et al. 2013).  These indices can be assessed in a 

laboratory setting, and offer more informative metrics of germination response compared to germination rates 

measured at a single temperature or moisture level.  Base temperature and water potential, for example, identify 

the lowest temperature and moisture level (i.e., water potential, MPa) at which a selected percentile of the seed 

population is expected to germinate (e.g., 50th percentile of germinated seeds produced by a plant population in a 

given year).  Additionally, metrics which capture the width of the germination niche (i.e. the range of conditions in 

which a population may germinate) could have explanatory power (Donohue et al. 2010).  However, these traits 

may not account for additional dormancy layers inhibiting germination, which may be related to physical seed 

traits (e.g., seed coat hardness), or physiological indicators such as temperature stratification, light 

fluctuation/quality, fire, or ripening requirements (reviewed in Dalling et al. 2011; Long et al. 2015).  Consequently, 

the composition of germinants in a given year could depend on complex interactions between abiotic factors and 

germination traits which make it challenging to anticipate relative germination success (e.g., Larson et al. 2015b).  

Still, using just a few physiological germination traits (e.g., thermal time, optimal temperature and base water 

potential for germination) along with precipitation and moisture data, Huang et al. (2015) were able to explain 
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yearly variation in germination patterns across 13 desert annual species over a 25 year period.  This insightful 

study demonstrates that if the most appropriate filters, traits, and scales are identified, trait-based models can 

improve our understanding of this important regeneration process. 

Seed mortality (i.e., lack of persistence) can also influence the proportion of the propagule pool that 

germinates via both abiotic (e.g., extreme temperature, moisture) and biotic (e.g., fungal pathogens, granivory) 

filtering on seed survival (Long et al. 2015) (Fig. 1).  Seed persistence could be related to physical defenses (e.g., 

seed coat hardness), chemical defenses (e.g., phenolic compounds, oils), and physiological characteristics (e.g., 

inherent seed longevity indices, Long et al. 2008) (Dalling et al. 2011; Hill et al. 2012; Hamilton et al. 2013).  For 

example, Blate et al. (1998) found that rates of seed predation ranged from 0 to 100% across 40 tropical tree 

species and were negatively correlated with seed coat thickness and hardness, as well as seed mass.  Independent 

of granivory, there may be a tradeoff between seed traits governing the ability to germinate rapidly in an 

environment and the ability for a seed to persist in the soil (Saatkamp et al. 2011; Hill et al. 2012, but see Hamilton 

et al. 2013), such that multiple seed-bank strategies (transient vs. persistent) may interact to influence community 

dynamics over time and space.  Such a tradeoff between germination rate and seed persistence could parallel the 

LES tradeoff between rapid growth and greater longevity (Wright et al. 2004); although speculative, the possibility 

of general strategies with strong implications for seed-bank dynamics warrants further exploration. 

Moving forward, a key challenge will be to understand whether the complexity of germination, dormancy, 

and persistence traits and their interaction with multiple filters can be distilled into general principles relating seed 

traits to broad germination dynamics within a community.  The goal will not necessarily be to achieve species-

specific predictions of germination in a given year, but to capture general trends influencing vegetative dynamics.  

This may initially be a context-specific endeavor with inferences limited to local scales, but as more information is 

collected, it may be possible to look for general trends over broader spatiotemporal scales (Hardegree et al. 2013; 

Poschlod et al. 2013). 

 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Emergence 

Emergence is the probability that a germinated seed in the seed-bank will penetrate the soil/litter surface 

to commence autotrophic growth.  Co-occurring species can vary substantially in emergence success (e.g., Evans & 

Etherington 1991; Larson et al. 2015b), which has important implications for community dynamics.  However, 

emergence is among the least studied of recruitment processes and is often combined with germination as the 

transition from seed to emerged seedling, even though these stages may be unrelated and associated with 

different filters and traits (James et al. 2011; Larson et al. 2015b).  Like germination, emergence is a complex 

process to model for individual species, and it is yet unclear whether functional traits may be able to explain 

patterns of variation.  However, efforts in seed and crop sciences have highlighted some relevant filters and 

potential traits of interest (Fig. 1). 

Abiotic and biotic filters influencing emergence may include environmental hazards such as freezing and 

drought events, fungal pathogens, and mechanical suppression due to soil crusting, litter, moss, or soil burial (Fig. 

1; Sydes & Grime 1981; Luzuriaga & Escudero 2008; Loydi et al. 2013).  Traits describing germination phenology 

may be important predictors of pre-emergent susceptibility to environmental hazards like freezing (e.g., Boyd & 

James 2013).  Morpho-physiological traits of young radicles or shoots (e.g., tissue density or osmotic adjustment, 

González & Ayerbe 2011; Larson et al. 2015b) and cotyledon or coleoptile shape (Sydes & Grime 1981) are also of 

potential importance.  Although virtually unexplored in comparative ecology, interspecific variation in such traits 

may be substantial.  For example, Evans and Etherington (1991) demonstrated that seedling shoot and root lengths 

can vary over 10-fold across species in the first week after germination, while trait plasticity in response to soil 

moisture also varied by species.  In woody dicots, seedling functional type (determined by the position, exposure 

and function of cotyledons, Pérez-Harguindeguy et al. 2013) could also influence growth rate and tolerance of 

damage in young seedlings still dependent on embryonic tissues; however, most evidence of such impact to date 

has come from older seedlings (see following section).  To better understand how these traits influence post-

germination survival, studies which examine germinated and emerged seedling pools under different 

environmental scenarios will be especially helpful. 
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Leaf and root tissues of mature plants are the most commonly studied functional traits, and it may be 

possible to infer emergence responses from adult attributes if traits are ontogenetically conserved.  However, 

current evidence suggests that some but not all functional aspects may be conserved between regeneration and 

adult stages (e.g., Alvarez-Clare & Kitajima 2007; Butterfield & Briggs 2011).  For example, if root length of recently 

emerged seedlings is a trait of interest, seed mass may be a good proxy in models (Fig. 2; see also Evans & 

Etherington 1991), but root length measured from older seedlings may be a poor indicator, even with seedling age 

differences as little as 3 weeks (Fig.2).  Future efforts should thus seek to explore ontogenetic trait conservation 

from the time of seed germination and emergence through plant maturity to better understand when commonly 

measured traits can inform processes at other life stages, such as emergence. 

 

Seedling establishment 

Seedling establishment is perhaps the most studied process in regeneration, with known abiotic (water, 

light, and nutrient availability) and biotic (herbivory, pathogens, competition) filters (Fig. 1; Garwood 1996; Moles 

& Westoby 2004).  Biotic filters may also be facilitatory (e.g., mutualistic soil biota, Van Der Heijden 2004), 

although beyond N-fixation, symbiosis-related “traits” (e.g., mycorrhizal association) are not often incorporated in 

community assembly models.   

Vegetative traits which have been linked to seedling survival include total leaf/plant dry mass and leaf 

area (in response to drought, Butterfield & Briggs 2011), stem/leaf tissue density and toughness (in response to 

light, Alvarez-Clare & Kitajima 2007), leaf physiology and photosynthetic capacity (in response to light, Funk & 

McDaniel 2010), and rooting depth, root biomass, or taproot presence (in response to drought, e.g., Lloret et al. 

1999; Butterfield & Briggs 2011).  Among woody species, seedling functional type (sensu Pérez-Harguindeguy et al. 

2013) has also been related to seedling growth and survival (as well as other aspects of regeneration), particularly 

in tropical systems (reviewed by Garwood 1996). In these systems, up to 80% of pioneer species may have epigeal 

foliar cotyledons (i.e. aboveground and photosynthetic; Ibarra-Manríquez et al. 2001), which are linked to faster 

full sun growth rates even when cotyledons are damaged and may provide a competitive advantage.  In contrast, 
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seedlings with hypogeal reserve-type cotyledons tend to have higher survival rates following stem damage 

(Baraloto & Forget 2007), which could be important in communities with extensive stem herbivory or disturbance. 

In environments with high risk of early season environmental hazards, such as freezing or drought, seedling 

survival could also be influenced by germination/emergence phenology, as early-emerging seedlings may be more 

likely to experience hazardous events that are avoided by late-emerging seedlings (e.g., Graae et al. 2011; Boyd & 

James 2013, but see Verdú & Traveset 2005).  In contrast, in other systems with strong competitive filters, studies 

have demonstrated that earlier emergence could increase seedling establishment through competitive release, 

with long-term implications of these priority effects for community trajectories (Vaughn & Young 2015) (Fig. 1). 

With growing datasets, there is substantial room to improve our understanding of which seedling traits 

influence assembly across community types and environmental gradients.  Specifically, there is a relative shortage 

of empirical studies testing how interactions among a variety of filters and traits ultimately influence the 

composition of recruited seedling communities.  Such efforts may be complicated by the range of traits which can 

influence a plant’s response to a single filter.  For example, different leaf traits may enable response to herbivory 

through escape (e.g., phenology of seed or leaf production), defense (e.g., secondary metabolites), or tolerance 

(e.g., photosynthetic activity) (Boege & Marquis 2005).  Conversely, a single trait (e.g., photosynthetic capacity) 

may influence how a plant responds to multiple filters (e.g., herbivory, shade, and drought tolerance, Boege & 

Marquis 2005; Hallik et al. 2009; Funk & McDaniel 2010), adding additional layers of complexity in systems driven 

by multiple biotic and abiotic filters.  

 

Integrating regeneration traits into community assembly models 

Given the potential influence of regeneration processes on plant populations and communities, greater 

incorporation of regeneration traits into trait-filter assembly models could provide new insight into patterns of 

community composition and species distributions (e.g., Ozinga et al. 2004; Fraaije et al. 2015; Rosbakh & Poschlod 

2015).  We expand on their integration below, highlighting the necessary inputs and potential output of assembly 
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models which emphasize regenerative processes in plant communities.  We then outline a path forward, 

summarizing necessary areas of progress and potential challenges to be considered. 

While there are many evolving approaches to trait-based inferences of community assembly processes 

(e.g., Ackerly & Cornwell 2007; Pillar et al. 2009; Spasojevic & Suding 2012; Laughlin & Laughlin 2013; Loranger et 

al. 2016), the required inputs and desired outputs are generally similar (Fig. 3).  The ultimate objective of trait-

based assembly models is to generate expected trait distributions (and thus, species distributions) that match 

observed distributions within or across communities of interest (Keddy 1992a).  By incorporating regeneration 

traits, the goal will be to improve model output by including additional aspects of plant function to produce more 

accurate predictions of distributions and dynamics within communities.  In order to generate this output, raw data 

forming the basis for predicted distributions must be collected and assembled (i.e. data inputs), including both 

regeneration trait data for regional species pools and abiotic and biotic variables.  Before predictions can be 

generated, however, it is also necessary to empirically identify the key abiotic and biotic filters that operate in a 

system and develop expected relationships between traits and these filters (i.e. filtering mechanisms).  To 

formulate expected trait-filter relationships, studies often utilize observed species abundances to look for shifts in 

community-weighted trait means across filter gradients (e.g., Buzzard et al. 2015), evidence of trait convergence or 

divergence within communities and across gradients (Freschet et al. 2011), or both (e.g., Kraft et al. 2008; 

Spasojevic & Suding 2012; Roscher et al. 2013).  Recently, it has also been suggested that more direct approaches 

should also be used to establish these expectations, e.g., controlled studies which isolate impacts of individual 

filters on fitness across functionally diverse species from the regional pool (Kraft et al. 2015a).  Once data are 

assembled and anticipated filtering mechanisms are identified, community assembly outcomes can be predicted.   

As a hypothetical example of the possible inputs, outputs, and scale of assembly models emphasizing 

regeneration processes, suppose a community of interest includes emerged seedlings in a particular site and year 

which germinate from the larger species pool (i.e. seedbank) (Fig. 4).  A range of abiotic or biotic filters could 

differentially affect seed germination and emergence from the seedbank, and species’ responses to these filters 

should depend on relevant seed or early seedling functional traits (Fig. 4A).  Before these data can be used to 

generate predictions, however, empirical efforts must first develop an understanding of which filters may be most 
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influential and how traits mediate species’ responses to these filters (Fig. 4B).  For example, within a particular site, 

a dry year with low spring soil moisture content could impose a significant environmental constraint on the ability 

of species to germinate (abiotic filtering); in this case, we might expect species with less negative base water 

potentials for germination (i.e., high moisture requirements) to be excluded from the seedling community 

(Bradford 2002).  In contrast, in a relatively wet year, all species may be capable of germinating regardless of trait 

variation, and spring soil moisture may be irrelevant as an environmental filter; instead, we may expect 

competitive interactions (i.e. biotic filtering) to drive assembly.  For example, species which germinate rapidly (e.g., 

low hydrothermal or thermal times) may emerge earlier and preempt resources (e.g., light), precluding slow-

germinating species from establishing in the community (Verdú & Traveset 2005).  Based on these hypothesized 

trait-filter relationships, expected trait distributions within the community could be generated (Fig. 4C). 

While this example focuses on emerged seedlings as the community of interest (and consequently, filters 

which shift over time or patches within a community), regeneration traits could also have important influence on 

assembly over larger temporal and spatial scales, e.g., as measured through indirect links of regeneration traits to 

adult abundance.  For example, base temperature for germination was strongly linked to adult abundance along a 

regional temperature gradient (Rosbakh & Poschlod 2015).  These examples, at their differing scales, represent a 

starting point to consider the kinds of data and empirical efforts that will be required to account for regenerative 

outcomes in trait-based community assembly, and to anticipate the potential challenges.  We describe these in 

greater detail below, highlighting key areas of future progress (Table 1). 

 

Data inputs 

As initiated here, a first major step to obtaining relevant trait data is utilizing the literature and 

exploratory multi-trait surveys to compile shortlists of regeneration traits or metrics with theoretical or 

demonstrated potential to impact fitness and capture larger axes of functional variation across species during 

regeneration processes.  These efforts will increase accessibility to a wider range of potentially informative traits 

and provide a foundation for more comparable trait selection in empirical studies exploring regeneration 
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outcomes (Table 1, Action 1).  As studies incorporating regeneration traits are initiated, it will also be important to 

establish standardized trait measurement methods across studies and systems (e.g., as in Cornelissen et al. 2003; 

Pérez-Harguindeguy et al. 2013) (Table 1, Action 2) and, ideally, to expand trait databases to make commonly-

measured trait lists, measurement guidelines, and data more easily accessible (Table 1, Action 3).  For example, 

regional databases have recently been created for dispersal traits (D3: The dispersal and diaspora database, Hintze 

et al. 2013) and clonal traits (CLO-PLA, Klimešová & De Bello 2009).  Similar efforts should be extended both 

geographically and to traits associated with other regeneration processes.  The global TRY database has a growing 

number of traits linked to all aspects of regeneration, and represents an excellent resource to compile data for a 

wider range of species in a centralized location (Kattge et al. 2011).  Furthermore, although the extent and 

influence of intraspecific trait variation and plasticity are not yet well-understood during regeneration, studies 

suggest that these sources of variation may be substantial at multiple life stages (e.g., Violle et al. 2009; Kulpa & 

Leger 2013; Bittebiere & Mony 2015; Larson et al. 2015a); we suggest that intraspecific trait variation should be 

explicitly incorporated into studies and databases as much as possible (Table 1, Action 4).   

While environmental data is already a staple for assembly models and may be available for many plant 

communities, regeneration processes could be sensitive to variation in abiotic and biotic factors on smaller 

temporal and spatial scales (Clark et al. 1999).  Consequently, when focal communities are highly dependent on 

these processes, models may need to account for intra- or inter-annual variation in environmental variables rather 

than mean annual values for a community (e.g., to differentiate between outcomes in wet and dry years, Fig. 4).  

Collecting abiotic and biotic filter data at multiple spatial scales and time points within communities will allow for 

means and variability to be calculated, the latter of which could be useful in identifying generalizable patterns over 

longer or larger scales (e.g., across years, Huang et al. 2015).  The role of scale in regeneration trait-based model 

development is discussed further below (see Filtering mechanisms). 
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Filtering mechanisms 

In order to apply regeneration trait and filter data towards predictions of community composition and 

dynamics, we must first develop a mechanistic understanding of how different abiotic and biotic filters influence 

trait selection (Table 1, Action 5).  As regeneration traits are incorporated into community assembly models, we 

suggest that a highly mechanistic approach be utilized initially.  Because each regeneration process outlined above 

is potentially governed by unique aspects of plant function and filtering, it is critical to underpin assembly models 

with demonstrations of direct links between traits, filters, and species responses during individual regeneration 

processes prior to drawing inferences about trait influence on larger regeneration outcomes.  Establishing direct 

links between traits and the demographic processes underlying community assembly has been highlighted as a 

recent priority in community ecology, as assembly models have historically relied on indirect links between traits 

and abundance in communities to infer these relationships (e.g., Laughlin & Messier 2015).  

However, beyond identifying singular relationships, empirical methods and models must also be 

developed which capture and disentangle the relative roles of filtering from multiple regeneration processes on 

community assembly (Table 1, Action 6).  Notably, the hypothesized trait-filter relationships displayed in the 

hypothetical illustration above (Fig. 4) depend on several assumptions: first, that one trait may capture species 

responses to a single filter, and second, that trait distributions within a community may be reasonably predicted 

from a single filter (as opposed to simultaneous effects of multiple abiotic and/or biotic filters).  However, these 

assumptions may be unrealistic in natural communities.  First, given the likelihood that meaningful functional 

variation during regeneration (across or within species) is multidimensional in nature (e.g., Larson et al. 2015a), 

multiple independent traits (e.g., base water potential and seed mass) and their interactions could influence 

responses to a particular filter.  Consequently, it will be important to develop models which incorporate 

information regarding the simultaneous influence of multiple influential traits on regeneration processes.  We 

refer readers to recent approaches to this challenge with respect to both abiotic (e.g., Jamil et al. 2013; Laughlin & 

Messier 2015) and biotic (Kraft et al. 2015b) filters.   
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Second, it is becoming increasingly clear that both abiotic and biotic filters often influence trait and 

species distributions within communities (e.g., Cornwell & Ackerly 2009; Lasky et al. 2014; Kraft et al. 2015b).  If 

multiple filters simultaneously constrain regeneration processes, this could result in trait distributions that differ 

from expectations, especially if interacting abiotic and biotic factors are non-additive (Agrawal et al. 2007; 

Pakeman et al. 2009).  Furthermore, even if a single filtering mechanism dominates assembly patterns, 

interpretation can be complicated by the fact that multiple mechanisms could lead to trait convergence (e.g., 

abiotic filtering or competitive hierarchies) or trait divergence (e.g., competition driving limiting similarity, abiotic 

filtering driving divergent ecological strategies, or facilitation, Mayfield & Levine 2010).  Consequently, there is 

growing awareness that models must consider and more clearly differentiate between multiple different types of 

filtering (Kraft et al. 2015a) and have the capacity to account for a wider range of possible trait distributions (e.g., 

multimodality, Laughlin et al. 2015).  In order to untangle the implications of multiple trait-based filtering 

processes for regeneration, either within or across regeneration stages, these challenges must be addressed.  

A final challenge will be identifying the scales on which filters operate during regeneration.  For example, 

abiotic filters may operate at the scale of the microsite during some regeneration processes (e.g., germination, 

emergence, establishment), resulting in large environmental heterogeneity within a community (e.g., between hills 

and depressions, shaded and open).  In these cases trait-based abiotic filtering may occur across microsites at the 

plot-level, but be undetectable at the community-level, where environmental heterogeneity and species niche 

differences promote coexistence and regeneration trait divergence within the community (Grubb 1977; Grime 

2006; Kraft et al. 2015a).  In contrast, trait-filter influences on dispersal may be less detectable at small scales due 

to stochastic influences, but more detectable at larger scales (e.g., Miller et al. 2014, but see Shipley et al. 2011).  

This leaves several questions to be explored: What are the appropriate spatial and temporal scales to measure 

environmental filters and regeneration processes (such as successful seed production, germination, or 

recruitment)?  How do we incorporate finer scales of variation into trait-based models while minimizing 

complexity?  And finally, when and how critical is it to account for this smaller-scale variation with respect to 

understanding broader regeneration outcomes and influence on community dynamics (Table 1, Action 7)? 
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Conclusion 

The opportunities to enhance and apply our understanding of functional variation in the regeneration 

niche are enormous, spanning from the expansion of trait surveys and databases to the use of key traits in 

community assembly models (Table 1).  As a first step, we should reinvigorate comparative efforts that were 

initiated decades ago to identify key regeneration traits across a range of species and environments and, if 

possible, simplify patterns of trait variation (e.g., Grime et al. 1981; Baskin & Baskin 1988).  With these data, we 

may begin to characterize main axes of regeneration strategies and test whether a handful of key regeneration 

traits can be used to explore a broad range of questions regarding trait-filter interactions and their influence on 

species abundances and diversity across spatial scales (e.g., microsite, community, and regional variation) and 

temporal scales (e.g., seasonal, yearly, and cross-successional variation).  Existing assembly models offer a range of 

tools to answer these questions via both direct pathways (through links to individual regeneration processes) and 

indirect pathways (through links to community abundance and diversity).  Given expected shifts in climate, 

disturbances, and species introductions, predicting assembly patterns and responses of plant communities remains 

a primary ecological and applied goal; integrating regeneration traits into this understanding represents one of the 

most critical opportunities for advancement toward the realization of this goal.  

 

Acknowledgements 

We thank R. Standish, R. Salguero-Gomez, and anonymous reviewers for comments on earlier versions of this 

manuscript.  JEL was supported by a grant from the National Science Foundation (IOS-1256827). 

 

Data Accessibility 

This manuscript does not use data 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

References 

Aarssen L. (2008). Death without sex—the ‘problem of the small’ and selection for reproductive economy in 
flowering plants. Evol Ecol, 22, 279-298. 

Aarssen L.W. (2015). Body size and fitness in plants: Revisiting the selection consequences of competition. Pespect. 
Plant. Ecol., 17, 236-242. 

Ackerly D.D. & Cornwell W.K. (2007). A trait-based approach to community assembly: partitioning of species trait 
values into within- and among-community components. Ecol. Lett., 10, 135-145. 

Adler P.B., Salguero-Gómez R., Compagnoni A., Hsu J.S., Ray-Mukherjee J., Mbeau-Ache C. & Franco M. (2014). 
Functional traits explain variation in plant life history strategies. PNAS, 111, 740-745. 

Agrawal A.A., Ackerly D.D., Adler F., Arnold A.E., Cáceres C., Doak D.F., Post E., Hudson P.J., Maron J., Mooney K.A., 
Power M., Schemske D., Stachowicz J., Strauss S., Turner M.G. & Werner E. (2007). Filling key gaps in 
population and community ecology. Frontiers in Ecology and the Environment, 5, 145-152. 

Aicher R.J., Larios L. & Suding K.N. (2011). Seed supply, recruitment, and assembly: quantifying relative seed and 
establishment limitation in a plant community context. Am. Nat., 178, 464-477. 

Alvarez-Clare S. & Kitajima K. (2007). Physical defence traits enhance seedling survival of neotropical tree species. 
Funct. Ecol., 21, 1044-1054. 

Baraloto C. & Forget P.-M. (2007). Seed size, seedling morphology, and response to deep shade and damage in 
neotropical rain forest trees. Am. J. Bot., 94, 901-911. 

Baskin C.C. & Baskin J.M. (1988). Germination Ecophysiology of Herbaceous Plant-Species in a Temperate Region. 
Am. J. Bot., 75, 286-305. 

Benson E.J. & Hartnett D.C. (2006). The role of seed and vegetative reproduction in plant recruitment and 
demography in tallgrass prairie. Plant. Ecol., 187, 163-177. 

Bittebiere A.-K. & Mony C. (2015). Plant traits respond to the competitive neighbourhood at different spatial and 
temporal scales. Ann. Bot., 115, 117-126. 

Blate G.M., Peart D.R. & Leighton M. (1998). Post-dispersal predation on isolated seeds: a comparative study of 40 
tree species in a Southeast Asian rainforest. Oikos, 82, 522-538. 

Boege K. & Marquis R.J. (2005). Facing herbivory as you grow up: the ontogeny of resistance in plants. Trends Ecol. 
Evol., 20, 441-448. 

Boyd C.S. & James J.J. (2013). Variation in timing of planting influences bluebunch wheatgrass demography in an 
arid system. Rangeland Ecol. Manag., 66, 117-126. 

Bradford K.J. (2002). Applications of hydrothermal time to quantifying and modeling seed germination and 
dormancy. Weed Sci., 50, 248-260. 

Bullock J.M., Hill B.C., Silvertown J. & Sutton M. (1995). Gap colonization as a source of grassland community 
change: Effects of gap size and grazing on the rate and mode of colonization by different species. Oikos, 
72, 273-282. 

Butterfield B.J. & Briggs J.M. (2011). Regeneration niche differentiates functional strategies of desert woody plant 
species. Oecologia, 165, 477-487. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Buzzard V., Hulshof C.M., Birt T., Violle C. & Enquist B.J. (2015). Re-Growing a tropical dry forest: functional plant 
trait composition and community assembly during succession. Funct. Ecol., n/a-n/a. 

Chase J.M. (2007). Drought mediates the importance of stochastic community assembly. PNAS, 104, 17430-17434. 

Chase J.M. (2014). Spatial scale resolves the niche versus neutral theory debate. J Veg. Sci., 25, 319-322. 

Chave J., Coomes D., Jansen S., Lewis S.L., Swenson N.G. & Zanne A.E. (2009). Towards a worldwide wood 
economics spectrum. Ecol. Lett., 12, 351-366. 

Clark C.J., Poulsen J.R., Levey D.J. & Osenberg C.W. (2007). Are plant populations seed limited? A critique and 
meta-analysis of seed addition experiments. Am. Nat., 170, 128-142. 

Clark J.S., Beckage B., Camill P., Cleveland B., HilleRisLambers J., Lichter J., McLachlan J., Mohan J. & Wyckoff P. 
(1999). Interpreting recruitment limitation in forests. Am. J. Bot., 86, 1-16. 

Copeland S.M. & Harrison S.P. (2015). Identifying plant traits associated with topographic contrasts in a rugged and 
diverse region (Klamath-Siskiyou Mts, OR, USA). Ecography, 38, 569-577. 

Cornelissen J., Lavorel S., Garnier E., Diaz S., Buchmann N., Gurvich D., Reich P., Ter Steege H., Morgan H. & Van 
Der Heijden M. (2003). A handbook of protocols for standardised and easy measurement of plant 
functional traits worldwide. Aust. J. Bot., 51, 335-380. 

Cornwell W.K. & Ackerly D.D. (2009). Community assembly and shifts in plant trait distributions across an 
environmental gradient in coastal California. Ecological Monographs, 79, 109-126. 

Craine J.M., Wolkovich E.M., Gene Towne E. & Kembel S.W. (2012a). Flowering phenology as a functional trait in a 
tallgrass prairie. New Phytol., 193, 673-682. 

Craine J.M., Wolkovich E.M. & Towne E.G. (2012b). The roles of shifting and filtering in generating community-level 
flowering phenology. Ecography, 35, 1033-1038. 

Dalgleish H.J. & Hartnett D.C. (2006). Below-ground bud banks increase along a precipitation gradient of the North 
American Great Plains: a test of the meristem limitation hypothesis. New Phytol., 171, 81-89. 

Dalgleish H.J. & Hartnett D.C. (2009). The effects of fire frequency and grazing on tallgrass prairie productivity and 
plant composition are mediated through bud bank demography. Plant. Ecol., 201, 411-420. 

Dalling J.W., Davis A.S., Schutte B.J. & Elizabeth Arnold A. (2011). Seed survival in soil: interacting effects of 
predation, dormancy and the soil microbial community. J. Ecol., 99, 89-95. 

Donohue K., Rubio de Casas R., Burghardt L., Kovach K. & Willis C.G. (2010). Germination, postgermination 
adaptation, and species ecological ranges. Annual Review of Ecology, Evolution, and Systematics, 41, 293-
319. 

Douma J.C., de Haan M.W.A., Aerts R., Witte J.-P.M. & van Bodegom P.M. (2012). Succession-induced trait shifts 
across a wide range of NW European ecosystems are driven by light and modulated by initial abiotic 
conditions. J. Ecol., 100, 366-380. 

Evans C.E. & Etherington J.R. (1991). The effect of soil water potential on seedling growth of some British plants. 
New Phytol., 118, 571-579. 

Fraaije R.G.A., ter Braak C.J.F., Verduyn B., Breeman L.B.S., Verhoeven J.T.A. & Soons M.B. (2015). Early plant 
recruitment stages set the template for the development of vegetation patterns along a hydrological 
gradient. Funct. Ecol., n/a-n/a. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Freschet G.T., Dias A.T.C., Ackerly D.D., Aerts R., van Bodegom P.M., Cornwell W.K., Dong M., Kurokawa H., Liu G., 
Onipchenko V.G., Ordoñez J.C., Peltzer D.A., Richardson S.J., Shidakov I.I., Soudzilovskaia N.A., Tao J. & 
Cornelissen J.H.C. (2011). Global to community scale differences in the prevalence of convergent over 
divergent leaf trait distributions in plant assemblages. Global Ecology and Biogeography, 20, 755-765. 

Fukami T. (2012). Historical contingency in community assembly: integrating niches, species pools, and priority 
effects. Annual Review of Ecology, Evolution, and Systematics. 

Funk J.L., Cleland E.E., Suding K.N. & Zavaleta E.S. (2008). Restoration through reassembly: plant traits and invasion 
resistance. Trends Ecol. Evol., 23, 695-703. 

Funk J.L. & McDaniel S. (2010). Altering light availability to restore invaded forest: The predictive role of plant 
traits. Restor. Ecol., 18, 865-872. 

Garwood N.C. (1996). Functional morphology of tropical tree seedlings. In: The ecologiy of tropical forest tree 
seedlings (ed. Swaine MD). Parthenon New York, pp. 59-129. 

González Á. & Ayerbe L. (2011). Response of coleoptiles to water deficit: growth, turgor maintenance and osmotic 
adjustment in barley plants (Hordeum vulgare L.). Agr. Sci., 02, 159-166. 

Graae B., Ejrnæs R., Lang S., Meineri E., Ibarra P. & Bruun H. (2011). Strong microsite control of seedling 
recruitment in tundra. Oecologia, 166, 565-576. 

Grime J.P. (2006). Trait convergence and trait divergence in herbaceous plant communities: Mechanisms and 
consequences. J Veg. Sci., 17, 255-260. 

Grime J.P., Mason G., Curtis A.V., Rodman J. & Band S.R. (1981). A comparative study of germination characteristics 
in a local flora. The Journal of Ecology, 1017-1059. 

Grime J.P., Thompson K., Hunt R., Hodgson J.G., Cornelissen J.H.C., Rorison I.H., Hendry G.A.F., Ashenden T.W., 
Askew A.P., Band S.R., Booth R.E., Bossard C.C., Campbell B.D., Cooper J.E.L., Davison A.W., Gupta P.L., 
Hall W., Hand D.W., Hannah M.A., Hillier S.H., Hodkinson D.J., Jalili A., Liu Z., Mackey J.M.L., Matthews N., 
Mowforth M.A., Neal A.M., Reader R.J., Reiling K., Ross-Fraser W., Spencer R.E., Sutton F., Tasker D.E., 
Thorpe P.C. & Whitehouse J. (1997). Integrated screening validates primary axes of specialisation in 
plants. Oikos, 79, 259-281. 

Grubb P.J. (1977). The maintenance of species-richness in plant communities: The importance of the regeneration 
niche. Biol. Rev., 52, 107-145. 

Hallett L., Standish R. & Hobbs R. (2011). Seed mass and summer drought survival in a Mediterranean-climate 
ecosystem. Plant. Ecol., 212, 1479-1489. 

Hallik L., Niinemets Ü. & Wright I.J. (2009). Are species shade and drought tolerance reflected in leaf-level 
structural and functional differentiation in Northern Hemisphere temperate woody flora? New Phytol., 
184, 257-274. 

Hamilton K.N., Offord C.A., Cuneo P. & Deseo M.A. (2013). A comparative study of seed morphology in relation to 
desiccation tolerance and other physiological responses in 71 Eastern Australian rainforest species. Plant 
Species Biology, 28, 51-62. 

Hardegree S.P., Moffet C.A., Flerchinger G.N., Cho J., Roundy B.A., Jones T.A., James J.J., Clark P.E. & Pierson F.B. 
(2013). Hydrothermal assessment of temporal variability in seedbed microclimate. Rangeland Ecol. 
Manag., 66, 127-135. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Harsch M.A., Zhou Y., HilleRisLambers J. & Kot M. (2014). Keeping pace with climate change: stage-structured 
moving-habitat models. Am. Nat., 184, 25-37. 

Hausmann N.T. & Hawkes C.V. (2010). Order of plant host establishment alters the composition of arbuscular 
mycorrhizal communities. Ecology, 91, 2333-2343. 

Henery M.L. & Westoby M. (2001). Seed mass and seed nutrient content as predictors of seed output variation 
between species. Oikos, 92, 479-490. 

Hill J.P., Edwards W. & Franks P.J. (2012). Size is not everything for desiccation‐sensitive seeds. J. Ecol., 100, 1131-
1140. 

Hintze C., Heydel F., Hoppe C., Cunze S., König A. & Tackenberg O. (2013). D3: The Dispersal and Diaspore Database 
– Baseline data and statistics on seed dispersal. Pespect. Plant. Ecol., 15, 180-192. 

Hirsch B.T., Kays R., Pereira V.E. & Jansen P.A. (2012). Directed seed dispersal towards areas with low conspecific 
tree density by a scatter‐hoarding rodent. Ecol. Lett., 15, 1423-1429. 

Huang Z., Liu S., Bradford K.J., Huxman T.E. & Venable D.L. (2015). The contribution of germination functional traits 
to population dynamics of a desert plant community. Ecology. 

Hubbell S.P. (2001). The unified neutral theory of biodiversity and biogeography. Princeton University Press, 
Princeton, NJ, USA. 

Ibarra-Manríquez G., Martínez Ramos M. & Oyama K. (2001). Seedling functional types in a lowland rain forest in 
Mexico. Am. J. Bot., 88, 1801-1812. 

James J.J., Svejcar T.J. & Rinella M.J. (2011). Demographic processes limiting seedling recruitment in arid grassland 
restoration. J Appl. Ecol., 48, 961-969. 

Jamil T., Ozinga W.A., Kleyer M. & ter Braak C.J.F. (2013). Selecting traits that explain species–environment 
relationships: a generalized linear mixed model approach. J Veg. Sci., 24, 988-1000. 

Jongejans E., Jorritsma-Wienk L.D., Becker U., Dostál P., Mildén M. & De Kroon H. (2010). Region versus site 
variation in the population dynamics of three short-lived perennials. J. Ecol., 98, 279-289. 

Kattge J., Diaz S., Lavorel S., Prentice I., Leadley P., Bönisch G., Garnier E., Westoby M., Reich P.B. & Wright I. 
(2011). TRY–a global database of plant traits. Glob. Change Biol., 17, 2905-2935. 

Keddy P.A. (1992a). Assembly and response rules: two goals for predictive community ecology. J Veg. Sci., 3, 157-
164. 

Keddy P.A. (1992b). A pragmatic approach to functional ecology. Funct. Ecol., 6, 621-626. 

Klimešová J. & De Bello F. (2009). CLO-PLA: the database of clonal and bud bank traits of Central European flora. J 
Veg. Sci., 20, 511-516. 

Klimešová J., de Bello F. & Herben T. (2011). Searching for the relevance of clonal and bud bank traits across floras 
and communities. Folia Geobot, 46, 109-115. 

Klimešová J. & Herben T. (2015). Clonal and bud bank traits: patterns across temperate plant communities. J Veg. 
Sci., 26, 243-253. 

Kraft N.J.B., Adler P.B., Godoy O., James E.C., Fuller S. & Levine J.M. (2015a). Community assembly, coexistence 
and the environmental filtering metaphor. Funct. Ecol., 29, 592-599. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Kraft N.J.B., Godoy O. & Levine J.M. (2015b). Plant functional traits and the multidimensional nature of species 
coexistence. PNAS, 112, 797-802. 

Kraft N.J.B., Valencia R. & Ackerly D.D. (2008). Functional traits and niche-based tree community assembly in an 
Amazonian forest. Science, 322, 580-582. 

Kroiss S.J. & HilleRisLambers J. (2015). Recruitment limitation of long-lived conifers: implications for climate change 
responses. Ecology, 96, 1286-1297. 

Kulpa S.M. & Leger E.A. (2013). Strong natural selection during plant restoration favors an unexpected suite of 
plant traits. Evolutionary Applications, 6, 510-523. 

Kunstler G., Lavergne S., Courbaud B., Thuiller W., Vieilledent G., Zimmermann N.E., Kattge J. & Coomes D.A. 
(2012). Competitive interactions between forest trees are driven by species' trait hierarchy, not 
phylogenetic or functional similarity: implications for forest community assembly. Ecol. Lett., 15, 831-840. 

Larson J.E., Sheley R.L., Hardegree S.P., Doescher P.S. & James J.J. (2015a). Do key dimensions of seed and seedling 
functional trait variation capture variation in recruitment probability? Oecologia. 

Larson J.E., Sheley R.L., Hardegree S.P., Doescher P.S. & James J.J. (2015b). Seed and seedling traits affecting critical 
life stage transitions and recruitment outcomes in dryland grasses. J Appl. Ecol., 52, 199-209. 

Lasky J.R., Uriarte M., Boukili V.K. & Chazdon R.L. (2014). Trait-mediated assembly processes predict successional 
changes in community diversity of tropical forests. Proceedings of the National Academy of Sciences of the 
United States of America, 111, 5616-5621. 

Laughlin D.C., Joshi C., Richardson S.J., Peltzer D.A., Mason N.W.H. & Wardle D.A. (2015). Quantifying multimodal 
trait distributions improves trait-based predictions of species abundances and functional diversity. J Veg. 
Sci., 26, 46-57. 

Laughlin D.C. & Laughlin D.E. (2013). Advances in modeling trait-based plant community assembly. Trends in Plant 
Science, 18, 584-593. 

Laughlin D.C. & Messier J. (2015). Fitness of multidimensional phenotypes in dynamic adaptive landscapes. Trends 
Ecol. Evol., 30, 487-496. 

Lavorel S. & Garnier E. (2002). Predicting changes in community composition and ecosystem functioning from plant 
traits: revisiting the Holy Grail. Funct. Ecol., 16, 545-556. 

Leishman M.R., Sanbrooke K.J. & Woodfin R.M. (1999). The effects of elevated CO2 and light environment on 
growth and reproductive performance of four annual species. New Phytol., 144, 455-462. 

Lloret F., Casanovas C. & Penuelas J. (1999). Seedling survival of Mediterranean shrubland species in relation to 
root: shoot ratio, seed size and water and nitrogen use. Funct. Ecol., 13, 210-216. 

Long R.L., Gorecki M.J., Renton M., Scott J.K., Colville L., Goggin D.E., Commander L.E., Westcott D.A., Cherry H. & 
Finch-Savage W.E. (2015). The ecophysiology of seed persistence: a mechanistic view of the journey to 
germination or demise. Biol. Rev., 90, 31-59. 

Long R.L., Panetta F.D., Steadman K.J., Probert R., Bekker R.M., Brooks S. & Adkins S.W. (2008). Seed persistence in 
the field may be predicted by laboratory-controlled aging. Weed Sci., 56, 523-528. 

Loranger J., Violle C., Shipley B., Lavorel S., Bonis A., Cruz P., Louault F., Loucougaray G., Mesléard F., Yavercovski N. 
& Garnier É. (2016). Recasting the dynamic equilibrium model through a functional lens: the interplay of 
trait-based community assembly and climate. J. Ecol., n/a-n/a. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Loydi A., Eckstein R.L., Otte A. & Donath T.W. (2013). Effects of litter on seedling establishment in natural and 
semi‐natural grasslands: a meta‐analysis. J. Ecol., 101, 454-464. 

Ludlow M.M. (1989). Strategies of response to water stress. In: Structural and functional responses to 
environmental stress (eds. Kreeb KH, Richter H & Minckley TM). SPB Academic The Hague, the 
Netherlands, pp. 269-281. 

Luzuriaga A.L. & Escudero A. (2008). What determines emergence and net recruitment in an early succession plant 
community? Disentangling biotic and abiotic effects. J Veg. Sci., 19, 445-456. 

Marteinsdottir B. (2014). Seed rain and seed bank reveal that seed limitation strongly influences plant community 
assembly in grasslands. PLoS ONE, 9, e103352. 

Mayfield M.M. & Levine J.M. (2010). Opposing effects of competitive exclusion on the phylogenetic structure of 
communities. Ecol. Lett., 13, 1085-1093. 

Milberg P., Andersson L. & Thompson K. (2000). Large-seeded spices are less dependent on light for germination 
than small-seeded ones. Seed Sci. Res., 10, 99-104. 

Miller A.L., Diez J.M., Sullivan J.J., Wangen S.R., Wiser S.K., Meffin R. & Duncan R.P. (2014). Quantifying invasion 
resistance: the use of recruitment functions to control for propagule pressure. Ecology, 95, 920-929. 

Moles A.T. & Westoby M. (2004). What do seedlings die from and what are the implications for evolution of seed 
size? Oikos, 106, 193-199. 

Moles A.T. & Westoby M. (2006). Seed size and plant strategy across the whole life cycle. Oikos, 113, 91-105. 

Moora M., Öpik M., Zobel K. & Zobel M. (2009). Understory plant diversity is related to higher variability of 
vegetative mobility of coexisting species. Oecologia, 159, 355-361. 

Mudrák O., Janeček Š., Götzenberger L., Mason N.W.H., Horník J., de Castro I., Doležal J., Klimešová J. & de Bello F. 
(2015). Fine-scale coexistence patterns along a productivity gradient in wet meadows: shifts from trait 
convergence to divergence. Ecography. 

Myers J.A. & Harms K.E. (2009). Seed arrival, ecological filters, and plant species richness: a meta-analysis. Ecol. 
Lett., 12, 1250-1260. 

Nathan R. & Muller-Landau H.C. (2000). Spatial patterns of seed dispersal, their determinants and consequences 
for recruitment. Trends Ecol. Evol., 15, 278-285. 

Ozinga W.A., Bekker R.M., SchaminÉE J.H.J. & Van Groenendael J.M. (2004). Dispersal potential in plant 
communities depends on environmental conditions. J. Ecol., 92, 767-777. 

Pakeman R.J., Lepš J., Kleyer M., Lavorel S., Garnier E. & the V.c. (2009). Relative climatic, edaphic and 
management controls of plant functional trait signatures. J Veg. Sci., 20, 148-159. 

Pearson T.R.H., Burslem D.F.R.P., Mullins C.E. & Dalling J.W. (2002). Germination ecology of neotropical pioneers: 
interacting effects of environmental conditions and seed size. Ecology, 83, 2798-2807. 

Pérez-Harguindeguy N., Díaz S., Garnier E., Lavorel S., Poorter H., Jaureguiberry P., Bret-Harte M., Cornwell W., 
Craine J. & Gurvich D. (2013). New handbook for standardised measurement of plant functional traits 
worldwide. Aust. J. Bot., 61, 167-234. 

Peters D.C., Yao J., Browning D. & Rango A. (2014). Mechanisms of grass response in grasslands and shrublands 
during dry or wet periods. Oecologia, 174, 1323-1334. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Pillar V.D., Duarte L.d.S., Sosinski E.E. & Joner F. (2009). Discriminating trait-convergence and trait-divergence 
assembly patterns in ecological community gradients. J Veg. Sci., 20, 334-348. 

Poorter L. & Bongers F. (2006). Leaf traits are good predictors of plant performance across 53 rain forest species. 
Ecology, 87, 1733-1743. 

Poschlod P., Abedi M., Bartelheimer M., Drobnik J., Rosbakh S. & Saatkamp A. (2013). Seed ecology and assembly 
rules in plant communities. Vegetation Ecology. 2nd ed., Wiley-Blackwell, Chichester. 

Rathcke B. & Lacey E.P. (1985). Phenological patterns of terrestrial plants. Annu. Rev. Ecol. Syst., 179-214. 

Rodriguez-Perez J., Riera N. & Traveset A. (2005). Effect of seed passage through birds and lizards on emergence 
rate of mediterranean species: differences between natural and controlled conditions. Funct. Ecol., 19, 
699-706. 

Rosbakh S. & Poschlod P. (2015). Initial temperature of seed germination as related to species occurrence along a 
temperature gradient. Funct. Ecol., 29, 5-14. 

Roscher C., Schumacher J., Lipowsky A., Gubsch M., Weigelt A., Pompe S., Kolle O., Buchmann N., Schmid B. & 
Schulze E.-D. (2013). A functional trait-based approach to understand community assembly and diversity–
productivity relationships over 7 years in experimental grasslands. Pespect. Plant. Ecol., 15, 139-149. 

Saatkamp A., Affre L., Dutoit T. & Poschlod P. (2011). Germination traits explain soil seed persistence across 
species: the case of Mediterranean annual plants in cereal fields. Ann. Bot., 107, 415-426. 

Schupp E.W., Jordano P. & Gómez J.M. (2010). Seed dispersal effectiveness revisited: a conceptual review. New 
Phytol., 188, 333-353. 

Sherry R.A., Zhou X., Gu S., Arnone J.A., Schimel D.S., Verburg P.S., Wallace L.L. & Luo Y. (2007). Divergence of 
reproductive phenology under climate warming. PNAS, 104, 198-202. 

Shipley B., Paine C.E.T. & Baraloto C. (2011). Quantifying the importance of local niche-based and stochastic 
processes to tropical tree community assembly. Ecology, 93, 760-769. 

Silvertown J., Franco M., Pisanty I. & Mendoza A. (1993). Comparative plant demography--relative importance of 
life-cycle components to the finite rate of increase in woody and herbaceous perennials. J. Ecol., 81, 465-
476. 

Sonnier G., Shipley B. & Navas M.-L. (2010). Quantifying relationships between traits and explicitly measured 
gradients of stress and disturbance in early successional plant communities. J Veg. Sci., 21, 1014-1024. 

Spasojevic M.J. & Suding K.N. (2012). Inferring community assembly mechanisms from functional diversity 
patterns: the importance of multiple assembly processes. J. Ecol., 100, 652-661. 

Sydes C. & Grime J.P. (1981). Effects of tree leaf litter on herbaceous vegetation in deciduous woodland: I. Field 
investigations. J. Ecol., 69, 237-248. 

Tamme R., Götzenberger L., Zobel M., Bullock J.M., Hooftman D.A., Kaasik A. & Pärtel M. (2014). Predicting species' 
maximum dispersal distances from simple plant traits. Ecology, 95, 505-513. 

Thomson F.J., Moles A.T., Auld T.D. & Kingsford R.T. (2011). Seed dispersal distance is more strongly correlated 
with plant height than with seed mass. J. Ecol., 99, 1299-1307. 

Van Der Heijden M.G. (2004). Arbuscular mycorrhizal fungi as support systems for seedling establishment in 
grassland. Ecol. Lett., 7, 293-303. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Vaughn K.J. & Young T.P. (2015). Short-term priority over exotic annuals increases the initial density and longer-
term cover of native perennial grasses. Ecol. Appl., 25, 791-799. 

Verdú M. & Traveset A. (2005). Early emergence enhances plant fitness: A phylogenetically controlled meta-
analysis. Ecology, 86, 1385-1394. 

Violle C., Castro H., Richarte J. & Navas M.-L. (2009). Intraspecific seed trait variations and competition: passive or 
adaptive response? Funct. Ecol., 23, 612-620. 

Violle C., Enquist B.J., McGill B.J., Jiang L., Albert C.H., Hulshof C., Jung V. & Messier J. (2012). The return of the 
variance: intraspecific variability in community ecology. Trends Ecol. Evol., 27, 244-252. 

Violle C., Navas M.-L., Vile D., Kazakou E., Fortunel C., Hummel I. & Garnier E. (2007). Let the concept of trait be 
functional! Oikos, 116, 882-892. 

Wainwright C.E., Wolkovich E.M. & Cleland E.E. (2012). Seasonal priority effects: implications for invasion and 
restoration in a semi-arid system. J Appl. Ecol., 49, 234-241. 

Weiher E., van der Werf A., Thompson K., Roderick M., Garnier E. & Eriksson O. (1999). Challenging Theophrastus: 
A common core list of plant traits for functional ecology. J Veg. Sci., 10, 609-620. 

Westoby M., Falster D.S., Moles A.T., Vesk P.A. & Wright I.J. (2002). Plant ecological strategies: Some leading 
dimensions of variation between species. Annu. Rev. Ecol. Syst., 33, 125-159. 

Wildová R., Wild J. & Herben T. (2007). Fine-scale dynamics of rhizomes in a grassland community. Ecography, 30, 
264-276. 

Wolkovich E.M., Cook B.I. & Davies T.J. (2014). Progress towards an interdisciplinary science of plant phenology: 
building predictions across space, time and species diversity. New Phytol., 201, 1156-1162. 

Wolkovich E.M., Davies T.J., Schaefer H., Cleland E.E., Cook B.I., Travers S.E., Willis C.G. & Davis C.C. (2013). 
Temperature-dependent shifts in phenology contribute to the success of exotic species with climate 
change. Am. J. Bot., 100, 1407-1421. 

Wright I.J., Reich P.B., Westoby M., Ackerly D.D., Baruch Z., Bongers F., Cavender-Bares J., Chapin T., Cornelissen 
J.H.C., Diemer M., Flexas J., Garnier E., Groom P.K., Gulias J., Hikosaka K., Lamont B.B., Lee T., Lee W., Lusk 
C., Midgley J.J., Navas M.-L., Niinemets Ü., Oleksyn J., Osada N., Poorter H., Poot P., Prior L., Pyankov V.I., 
Roumet C., Thomas S.C., Tjoelker M.G., Veneklaas E.J. & Villar R. (2004). The worldwide leaf economics 
spectrum. Nature, 428, 821-827. 

Zeiter M., Stampfli A. & Newbery D.M. (2006). Recruitment limitation constrains local species richness and 
productivity in dry grassland. Ecology, 87, 942-951. 

Zobel M., Moora M. & Herben T. (2010). Clonal mobility and its implications for spatio-temporal patterns of plant 
communities: what do we need to know next? Oikos, 119, 802-806. 

Zobel M., Otsus M., Liira J., Moora M. & Mols T. (2000). Is small-scale species richness limited by seed availability 
or microsite availability? Ecology, 81, 3274-3282. 

 

 

  



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Table 1   Directions for future research.  Advancing our understanding of regeneration traits and their implications 

for community assembly relies on the realization of several key objectives.  Efforts geared towards some of these 

objectives are already in progress (see text).  

 

Data inputs:  Trait measurement & database development  

1. Establish a list of traits to measure. 

Utilize the literature and exploratory trait surveys to establish common lists of traits which are likely to 
capture the most important axes of interspecific functional variation during regeneration stages 
depending on abiotic and biotic context 

2.  Establish and compile standard protocols for regeneration trait measurement. 

These exist for some traits (e.g., seed mass) but not all (e.g., coleoptile tissue density). 

3. Increase data accessibility. 

Compile trait values of individuals and species into global databases (novel databases or expansion of 
current databases, e.g., TRY, D3, and CLO-PLA3; Klimešová & De Bello 2009; Kattge et al. 2011; Hintze 
et al. 2013) 

4. Incorporate intraspecific trait variation and plasticity into data collection efforts 

Measure traits across environmental gradients in controlled and observational settings to understand 
the extent of plasticity and intraspecific trait variation, which could be important to inform sampling 
protocols or to incorporate into assembly models. 

Filtering mechanisms:  Linking traits to community assembly 

5. Identify traits linking directly to abiotic and biotic filters during key regeneration stages. 

Conduct controlled and observational experiments to identify key traits linked to regeneration 
outcomes under the influence of specific filters. 

6. Determine the relative importance of abiotic and biotic filters on regeneration processes. 

Develop models to test hypotheses regarding the relative and combinational influences of biotic and 
abiotic filtering mechanisms operating within and across regeneration processes. 

7. Acknowledge and characterize the role of scale in trait-based filtering during regeneration. 

Examine traits, filters, and regeneration outcomes at different scales to identify conditions where traits 
can be a practical tool for community assembly predictions.  
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Fig. 2.  Relationships between root length of early seedlings (appearance of fully-expanded first leaf) and both seed 

mass (closed circles) and root length of late seedlings (three weeks following early stage, open triangles).  Early 

root length was strongly correlated with seed mass (Pearson r = 0.666, P < 0.001; solid line), but not with late root 

length (Pearson r = 0.008, P = 0.955; dashed line).  Examples of relative seedling development at early and late 

stages are illustrated in the inset.  Data are unpublished analyses using trait data for 47 semi-arid grass varieties 

(high watering treatment only) from Larson et al. (2015b).  
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Fig. 3.  Inputs and outputs of trait-based c
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by inter-annual variation in weather (e.g., precipitation), influential filters could vary across years.  For example, in 

a dry year, low spring soil moisture content could impose a significant filter on the ability of species to germinate 

as a function of their base water potential for germination: populations with more negative values (i.e., high 

moisture requirement) may be excluded.  In contrast, in a relatively wet year, all species may be capable of 

germinating, and spring soil moisture may be irrelevant as an abiotic filter.  Instead, competitive interactions over 

limiting resources (i.e. biotic filtering) may drive assembly if species with particular traits (e.g., rapid germination, 

or low hydrothermal/thermal times) are capable of emerging earlier and preempting resources (e.g., light) in the 

community.  (c) Based on these hypothesized trait-filter relationships, assembly models might predict (1) exclusion 

of less negative base water potentials for germination in a dry year and greater trait convergence around more 

negative values due to abiotic filtering (gray distribution) compared to a null model (hatched distribution), or (2) 

trait convergence around more rapid germination in a wet year due to biotic filtering (i.e. competitive hierarchy) 

(gray distribution) relative a null model (hatched distribution).  
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