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ABSTRACT 
 

Species diversity and coexistence have long been central foci of ecology, but field studies are 

often limited to describing diversity patterns, while theory frequently ignores environmental 

variation. Scale transition theory is an ideal framework in which to study species diversity, as it 

explicitly accounts for this environmental variability and allows for the quantification of 

coexistence mechanisms. Each coexistence mechanism arises from specific types of biotic and 

abiotic interactions. Moreover, mechanism magnitudes provide information about how these 

interactions contribute to coexistence. By studying how the natural history of a community 

determines these biotic and abiotic interactions, insight can be gained into how that natural 

history influences coexistence. 

Environmental variation is a central hypothesis for the maintenance of diversity in both 

desert annual plants and streams. This dissertation is broadly interested in the way differences in 

the environmental responses of species interact with the structure of the environmental 

conditions to affect coexistence. I use scale transition theory to develop theoretical understanding 

of how life history and environmental structure in these communities influence coexistence 

mechanisms and diversity. 

In desert annual plants, the focus is on the environmental response itself: how 

germination depends on environmental conditions. I analyze how this life history interacts with 

variation in the environment to affect coexistence. The germination responses of desert annual 

plants to an unstudied type of environmental variation, duration of soil moisture after rainfall, 

generate species-specific but highly structured patterns of germination variation. Although this 
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germination variation is one-dimensional, the nonlinearities that arise due to germination biology 

generate sufficient germination variation to promote coexistence by the temporal storage effect. 

In stream communities, I examine how the physical structure of stream environments 

affects coexistence given that species’ performance is environmentally dependent. This 

dissertation demonstrates that patterns of diversity along the stream are related to the strength of 

coexistence. The downstream drift of organisms has relatively minor effects on coexistence 

despite asymmetric shifts in the distribution of organism in the stream. This study identifies 

conditions that eliminate the effects of the branched structure of stream networks on coexistence. 

Branching has no effect on community dynamics if (a) tributaries have identical environmental 

conditions, (b) habitat size increases additively at confluences, and (c) demographic stochasticity 

is unimportant. Any effects of branching on coexistence caused by violating the environmental 

condition are asymptotically eliminated as streams increase in size. These studies provide a 

theoretical, mechanistic foundation for the study of stream communities that addresses 

environmental and life history factors long recognized as important by empirical stream 

ecologists. 

 

  



 

9 

 

INTRODUCTION 
 

Life history, environmental variation, and the structure of communities 

Environmental variation is one of the most common explanations for the maintenance of species 

diversity. It is widely recognized that species-specific life history characteristics cause species to 

perform best in certain environmental conditions. If environmental conditions are variable in 

space or time, they can interact with these life history differences to cause variation in the 

relative performance of different species. Indeed, attempts to understand communities using 

traits depend on the assumption that different trait values confer advantages in different 

environmental conditions. Local community composition and dynamics are also mediated by 

another aspect of life history: the way organisms move through space and time. The dispersal of 

organisms between sites and the persistence of organisms over time alter the composition and 

dynamics of communities. While these interactions between life history and environmental 

conditions quite clearly affect local dynamics, it is less well understood how they affect 

dynamics over larger spatial and temporal scales, which integrate over many different 

environmental conditions. Of particular interest is whether this temporal and spatial variation can 

support the coexistence of competing species at the larger scale. 

Attempts to relate the natural history of a community to the diversity of species have led 

to myriad hypotheses that posit coexistence arising from different life histories and 

environmental variation. However, such hypotheses are rarely rigorously tested (Amarasekare 

2003, Adler et al. 2007, Chesson 2008, Siepielski and McPeek 2010). Often, the overall effect of 

environmental variation on ecological communities is considered using conceptualizations such 

as the paradox of the plankton, disturbance regimes, environmental filtering, or landscape 

mosaics. However, such conceptual models are phenomenological and do not provide adequate 
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mechanistic foundations required for testing or understanding the effects of species differences 

and environmental variation on the diversity of ecological communities (Chesson and Huntly 

1997, Chase 2005, Siepielski and McPeek 2010, Kraft et al. 2014). Scale transition theory 

provides the necessary framework for addressing these issues. 

 

Scale transition theory is mechanistic and quantitative 

Scale transition theory provides a theoretical framework to quantify how variation in conditions 

over time or space scale up to affect community dynamics and diversity at large temporal and 

spatial scales (Chesson 2012). Most importantly, this theory identifies specific relationships that 

describe the processes by which spatially or temporally heterogeneous local dynamics influence 

dynamics at the larger scale. Each of these relationships defines a different variation-dependent 

coexistence mechanism: the storage effect, relative nonlinearity, or the fitness-density 

covariance. These variation-dependent mechanisms measure how competition is concentrated 

within species when integrated over heterogeneous conditions, rather than within any particular 

time or location. 

Ecological theory demonstrates that stable coexistence requires species to experience 

greater intraspecific density dependence than interspecific density dependence (Chesson 2000). 

This concentration of intraspecific density dependence can occur either locally in space or time, 

as is the case with resource or predator partitioning, or can arise when conditions are integrated 

over space and time. The variation-dependent coexistence mechanisms described by scale 

transition theory quantify how such integration can concentrate intraspecific competition when 

there are nonlinearities in the community dynamics at the local scale. These nonlinearities arise 

naturally from ecological interactions such as density dependence. 
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The coexistence mechanisms defined by scale transition theory have specific functional 

forms, which describe the processes by which nonlinear dynamics affect outcomes at the larger 

scale. Because these mechanisms have functional forms, quantifying the strength of coexistence 

mechanisms as they arise from life history and environmental conditions not only determines 

whether those factors affect coexistence, but also how they do so. Indeed, scale transition theory 

has identified the mechanisms and clarified understanding of how certain types of life history 

and environmental conditions affect diversity in competitive communities, ranging from 

resistance-resilience tradeoffs in fire-prone communities (Miller and Chesson 2009), to the scale 

of environmental variation (Snyder and Chesson 2004), and variation in germination rates and 

seed yields in annual plants (Chesson 2003, Angert et al. 2009). 

This dissertation focuses on two coexistence mechanisms: the storage effect and fitness-

density covariance. The storage effect can arise with both spatial and temporal environmental 

variation. Although there are differences between the spatial and temporal storage effects due to 

multiplicative growth rates in time, in both cases the storage effect depends on interactions 

between the ways species respond to the environment and density dependence. Unlike the 

storage effect, the fitness-density covariance only arises from spatial variation, and describes 

how organisms build up with respect to variation in local fitness across the landscape.   

 

Storage Effect 

The storage effect depends on the interaction between environmental conditions and density 

dependence. In traditional terms, the storage effect can be thought of as coexistence by 

partitioning physical environmental variation.  Partitioning of the physical environment, 

however, does not necessarily promote coexistence. For partitioning to promote coexistence, 
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there must be a linkage between the ways the organisms respond to the physical environment and 

the way they interact with each other.  This linkage is described by the covariance between 

environment and competition. This is the statistical covariance between a response of the 

organisms to the physical environment and their response to competition (how much their 

performance is lowered by competition) as environmental conditions vary in space or time. The 

environmental response as defined here is the per capita biological response to the environment 

in the absence of competition, and is often a recruitment or growth rate. For the storage effect to 

promote coexistence by partitioning the physical environment, this covariance must decrease if a 

species is perturbed to low density. The storage effect is likely to arise if the species have 

different environmental responses, allowing a species at low density to experience some times or 

places with a high environmental response and low competition from the rest of the community. 

 
Figure 1. Covariance between Environment and Competition.  

The case shown here promotes coexistence because a species at normal density (the resident) has higher covariance 

between the environmental response and competition than a species perturbed to low density (the invader). A high 

environmental response by the resident leads to high numbers of the resident, and high competition. The invader’s 

environmental response is uncorrelated with that of the resident, boosting its growth rate at times of high 

environmental response and low competition. 

 

Times or places with high environmental response and low competition are not enough to 

promote coexistence by themselves. As the name implies, the storage effect also requires 
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“storage,” or buffered population growth, to promote coexistence. Buffered population growth 

stores the benefits of good conditions through bad conditions, allowing good conditions to have a 

larger effect than bad conditions. The strength of buffered population growth determines the 

importance of the covariance between the environment and competition because it determines 

the extent to which gains from good environments are protected from bad environments. Storage 

can be achieved temporally with a long-lived life stage, such as a seed bank or long-lived adults. 

Spatially, storage is achieved by the spatial separation of biological interactions. Separation 

allows favorable locations to provide benefits that are not cancelled out by events in unfavorable 

locations. 

 

Fitness-density covariance 

Fitness-density covariance is similar to the storage effect, but only promotes coexistence with 

spatial environmental variation. The fitness-density covariance depends on the ability of 

organisms to build up in favorable locations, while the storage effect depends only on how the 

performance of a species changes with environmental conditions, which vary in space and/or 

time. For the fitness-density covariance to promote coexistence, there must be a linkage between 

the fitness of organisms and their density at a site. Fitness-density covariance measures this 

relationship with the covariance between fitness and relative density at a site. Fitness-density 

covariance arises if individuals are distributed unequally with respect to fitness. As the density of 

a patch increases beyond the average density, the contribution of that patch’s local dynamics to 

regional dynamics is magnified. The essence of the fitness density covariance is this weighting 

of the contribution of local patches to regional dynamics. The covariance between fitness and 

relative density will be positive if individuals tend to congregate in areas of high fitness, and 
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negative if the densest locations have low fitness. This mechanism promotes coexistence if the 

environment is partitioned so a species perturbed to low density is more able to build up in areas 

of high fitness than species at their natural densities.  

 
Figure 2. Fitness-density covariance.  

The linkage between local fitness and relative density is shown here promoting coexistence. The covariance between 

fitness and relative density is higher for the species perturbed to low density (the invader) than the species at natural 

density (the resident). Competition is likely to lower fitness at the highest density sites for the resident. If the species 

partition the environment so they concentrate in different areas, the invader can have high density in areas of low 

competition and high fitness, giving it an overall fitness boost. 

 

Study systems 

This dissertation examines two communities that seem very different: desert annual plants and 

aquatic organisms in streams. However, environmental variation has been a central hypothesis 

for the maintenance of diversity in both systems. In both cases, I am broadly interested in the 

way differences in species’ responses to the environment interact with the structure of the 

environmental conditions to affect coexistence. In the annual plants, the focus is on the 

environmental response itself: how does the germination biology of the plants interact with 

variation in the physical environment to affect coexistence? In the stream communities, the focus 

is on how the physical structure of stream environments affects coexistence given that species’ 

performances differ and are environmentally dependent. 
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Desert Annual Plants 

Theoretical studies have demonstrated the ability of germination variation to support coexistence 

in annual plants by the temporal storage effect (Chesson 1994, 2003). However, this theoretical 

work assumes germination variation, rather than deriving it from the germination biology of the 

plants. Experiments and observations provide evidence of environmentally dependent differences 

in the germination rates of these plants (Venable et al. 1993, Adondakis and Venable 2004, 

Facelli et al. 2005, Angert et al. 2009, Chesson et al. 2014). While these results suggest the 

operation of the temporal storage effect, they do not directly address how these differences affect 

the variances and correlations in germination rates that drive the storage effect. 

In addition, most experimental studies have focused on species-specific germination responses to 

temperature at the time of rainfall, which invariably occurs at different times of the fall 

germination season in different years (Adondakis and Venable 2004, Facelli et al. 2005). These 

studies provide valuable information on the germination response, but consider just a small 

component of actual environmental variation. 

 This dissertation takes a hybrid approach, using a model to capture the form of 

experimentally determined germination variation in response to an unstudied type of variation in 

the physical environment. This model is used to characterize the resulting germination variation 

and analyze how it contributes to the temporal storage effect. 

 

Streams 

The structure of stream environments is thought to have strong influences on the ecological 

communities inhabiting streams (Frissell et al. 1986, Speirs and Gurney 2001, e.g. Grant et al. 
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2007). Stream environments are structured by factors including downstream flow, network 

patterns, and one-dimensionality (Anderson et al. 2005, Grant et al. 2007, Lutscher et al. 2007),  

all of which have potentially large effects on community organization. 

The predominantly downstream flow of streams can lead to a dominant direction of 

dispersal of lotic organisms. The effect of drift has a long history of study in stream ecology, 

particularly with regard to the “drift paradox”, which is concerned with populations washing out 

of stream systems over long periods of time (Muller 1982, Hershey et al. 1993). In reality, unless 

drift is extremely strong, only a moderate amount of upstream movement is required for a 

population to maintain itself in a stream indefinitely (Speirs and Gurney 2001). Therefore, a 

more interesting question is how the presence of drift affects communities when it is not so great 

as to cause extinction. Anderson (2005) has examined how drift may propagate perturbations in 

population density downstream, but does not address how these shifts may alter coexistence 

conditions. 

The network structure of streams encompasses two linked topological constraints: 

dendritic (treelike branching) structure at large scales and 1-dimensionality at smaller scales. The 

more a species is limited to within-stream dispersal, the greater the effect of these two 

topological factors (Lowe and Bolger 2002). Researchers have begun to explore these scenarios, 

but most work has focused on reproducing patterns of diversity within the watershed rather than 

the mechanisms by which stream topology mediates density dependence and the conditions for 

coexistence (Fagan 2002, Muneepeerakul et al. 2008).  

Drift and the network topology of stream systems do not affect stream communities in 

isolation. Indeed, stream ecology has long recognized the influence of variation in the physical 

environment, as exemplified by a focus on characterizing stream communities by habitat type 
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and organizational schemes such as the river continuum concept or habitat templates (Vannote et 

al. 1980, Poff and Ward 1990). It is increasingly recognized that dispersal alters the composition 

of local communities in streams (Hitt and Angermeier 2008, Heino and Mykra 2008, Brown and 

Swan 2010). The effects of this dispersal on local dynamics is almost entirely ignored, although 

Lowe (2003) has shown important effects of dispersal on local dynamics in salamanders. 

This dissertation develops models of stream communities capable of probing how 

interactions between drift, network structure, overall dispersal rates, and environmental variation 

structure communities and contribute to the development of coexistence mechanisms. By 

determining how these factors affect the relationships underlying the coexistence mechanisms, 

this study develops a theoretical, mechanistic analysis of factors that have long been 

hypothesized to be important for structuring diversity in stream communities. 
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PRESENT STUDY 
 

The present study uses scale transition theory to quantify how life history characteristics and 

environmental structure affect diversity in communities of annual plants and stream organisms. 

This approach provides a mechanistic understanding of how experimentally derived germination 

variation and the structure of stream environments affect diversity by quantifying their influence 

on the functional relationships defining coexistence mechanisms. 

 Appendix A examines how patterns of germination variation in desert annual plants 

affect the strength of the storage effect. This chapter shows that desert annual plants have 

nonlinearities in their germination response to an unstudied source of variation in environmental 

conditions, the duration of soil moisture after rainfall. Using a modeling approach to capture the 

essential aspects of this germination variation provides a theoretical basis for understanding how 

the resulting variances and correlations of the germination variation affect the temporal storage 

effect. Even when environmental variation is one-dimensional, nonlinearities in the way species 

respond to the physical environment can generate germination variation with properties capable 

of maintaining multispecies coexistence. 

Appendix B studies the interacting effects of the scale of environmental change, overall 

dispersal distance, and downstream drift on patterns of local diversity and the strength of 

coexistence in stream communities. The ratio of environmental scale to dispersal distance is the 

primary driver of both patterns of local diversity along the stream and the strength of coexistence 

in the stream as a whole. This finding provides theoretical support for experimental and 

conceptual understandings of stream communities, which place primary importance on 

environmental variation and dispersal. As expected, the downstream drift of organisms alters 

where organisms are in the stream. Despite these shifts in location, drift usually has relatively 
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minor effects on the strength of coexistence. By explicitly including environmental variation in 

our study of drift, this study provides a more realistic basis for understanding when drift is 

important and the mechanisms by which it affects overall diversity in streams. 

Appendix C identifies conditions that, if met, eliminate the effects of the branched 

structure of stream networks on community dynamics and coexistence. In so doing, this study 

identifies the characteristics of the stream environment and the life history of aquatic organisms 

that determine the importance of branching for structuring stream communities. Specifically, the 

topology of a branched stream network is not inherently important. However, branching can 

appear to affect coexistence if it is associated with increases in the amount of environmental 

heterogeneity. If the scales of dispersal or environmental variation are large relative to the size of 

the stream, branching can interact with them to influence the strength of coexistence, but these 

effects are minor and disappear as streams increase in size. Determining the conditions that 

eliminate the effects of branching on coexistence provides a mechanistic, theoretical foundation 

for understanding how branching affects the overall diversity of stream networks, and isolate the 

drivers of these effects. 

This dissertation provides systematic, quantitative tests of the effects of specific 

characteristics of life history and environmental structure on coexistence. These studies develop 

theoretical foundations for understanding how germination biology and stream structures affect 

diversity by combining measurement of coexistence mechanisms with an understanding of how 

those mechanisms arise. 
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Abstract 

Temporal environmental variation is a leading hypothesis for the coexistence of desert annual 

plants. Environmental variation is hypothesized to cause species-specific patterns of variation in 

germination, which then generates the storage effect coexistence mechanism. However, it has 

never been shown how sufficient species differences in germination patterns for multispecies 

coexistence can arise from a shared fluctuating environment. Here we show that nonlinear 

germination responses to a single fluctuating physical environmental factor can lead to sufficient 

differences between species in germination pattern for the storage effect to yield coexistence of 

multiple species.  We derive these nonlinear germination responses from experimental data on 

the effects of varying soil moisture duration. Although these nonlinearities lead to strong species 

asymmetries in germination patterns, the relative nonlinearity coexistence mechanism is minor 

compared with the storage effect.  However, these asymmetries mean that the storage effect can 

be negative for some species, which then only persist in the face of interspecific competition 

through average fitness advantages.  This work shows how a low dimensional physical 

environment can nevertheless stabilize multispecies coexistence when the species have different 

nonlinear responses to common conditions, as supported by our experimental data.  

 

Introduction 

Annual plant communities have figured prominently in both theoretical and empirical studies of 

the contribution of environmental variation to the maintenance of species diversity. Theoretical 

work illustrates how environmentally sensitive germination generates the storage effect 

coexistence mechanism in a temporally variable environment (Chesson 1994, 2003, Chesson et 

al. 2004). This theory has primarily focused on the coexistence of species competing for 
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resources (e.g. Chesson 1994, 2003), although more recent work has extended these results to the 

storage effect acting through apparent competition (Kuang and Chesson 2008, Chesson and 

Kuang 2010). Several field studies have provided empirical support for the storage effect in 

annual plants arising from variable germination, variable growth, and competition between 

species (Facelli et al. 2005, Sears and Chesson 2007, Angert et al. 2009a).  

Theoretical models of coexistence in a temporally variable environment normally do not 

model the physical environment directly, but instead model fluctuations in population 

parameters, such as germination fraction, which are assumed to be driven by fluctuations in the 

physical environment (Chesson et al. 2004, Kuang and Chesson 2009). The probability 

distributions of fluctuations in these parameters (environmental responses) are the inputs to the 

models. These studies have provided general understanding of the ability of environmental 

fluctuations to promote coexistence in terms of the statistical properties of the environmentally 

dependent parameters (Chesson 1994). In particular, the strength of the storage effect is 

determined by the variances and correlations of these fluctuating environmental responses 

(Chesson 1994, 2003, Angert et al. 2009b).  However, a key problem is determining what these 

variances and correlations are for input to the models. 

Environmentally dependent germination rates provide the clearest example of fluctuating 

environmental responses in annual plants, although reproductive output also depends on 

environmental conditions during growth in ways that can promote the storage effect (Pake and 

Venable 1995, Angert et al. 2009a). Although variances and correlations of germination fractions 

have been measured from field data (Angert et al. 2009a, Chesson et al. 2014) it is difficult to 

obtain long enough sequences of observations for much precision. In the absence of good 

estimates of species differences in these respects, the phenomenological germination fractions 
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used in most theoretical studies assume a great deal of symmetry between species in the 

variances and correlations of germination fractions (Chesson et al. 2004, Kuang and Chesson 

2009). However, Angert et al (2009a) provide good evidence for substantial asymmetries in 

these statistical properties for an annual plant community, in general agreement with findings for 

tropical forests (Wright et al. 2005).  The strong symmetries imposed in theoretical models 

therefore may not provide accurate predictions for how the storage effect operates in nature.  

Because fluctuations in germination fractions are driven by environmental fluctuations 

(Grubb 1977, Adondakis and Venable 2004, Facelli et al. 2005), one possible approach to a 

better understanding of the nature of germination fluctuations is to develop models of how 

fluctuations in physical environmental variables drive fluctuations in germination. This 

approach, which we explore here, potentially has great value for understanding coexistence in 

annual plants by better understanding the statistical structure (variances and covariances) of the 

responses of the different species in a community to the fluctuating environment.  We are 

specifically concerned with arid systems where communities of annual plants form a major 

component of the flora (Venable et al. 1993, Facelli et al. 2005).  In these systems, the soil 

surface, where most seeds can be found, is dry the majority of the time. Pulses of rain dampen 

the soil for different periods following rainfall (Kemp 1983, Loik et al. 2004, Reynolds et al. 

2004, Schwinning and Sala 2004), and depending on associated environmental factors, can lead 

to germination pulses in the annual plant community (Beatley 1974, Chesson et al. 2004). 

Field and laboratory experiments have explored links between the environment and 

germination fraction, but in relatively limited ways. One principal finding is that variation in 

temperature at the time of rainfall drives variation in the germination fraction due to species-

specific responses to temperature (Adondakis and Venable 2004, Facelli et al. 2005, Chesson et 
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al. 2014). It is also known that soil moisture level, dormancy cycles, and the history of 

environmental conditions that a seed has experienced can affect the germination response (Grubb 

1977, Baskin and Baskin 1986, Baskin et al. 1993, Adondakis and Venable 2004, Facelli and 

Chesson 2008).  However, these studies often restrict attention to total germination at a fixed 

time after wetting of the soil (Baskin et al. 1993, Adondakis and Venable 2004).  Natural rainfall 

patterns lead to a wide range of durations of soil moisture with potential major effects on the 

amount of germination overall and the relative germination fractions of different species.  

Therefore, these studies potentially miss much environmental variation of significance for the 

coexistence of annual plant species. Here we study this important but neglected aspect of 

environmental variation, the duration of sufficient moisture for germination in the soil surface.  

We use our findings to understand how species’ responses to a given environmental driver of 

germination can structure the variances and correlations of germination fluctuations over time, 

and how the resulting asymmetric statistical properties affect species coexistence.  

Seed germination is a biological process, and takes time as the seeds imbibe water and 

begin meristematic activity (Fenner 1985, Bradbeer 1988). As long as there is sufficient 

moisture, germination of a nondormant seed proceeds, but when the moisture is reduced to a 

sufficiently low level, germination stops (Fenner 1985, Bradbeer 1988). Seeds that have begun 

cell division are killed by the loss of moisture, while those that have not begun cell division 

dehydrate and rejoin the seed bank (Bradbeer 1988, Baskin and Baskin 1998). The germination 

fraction we consider here is the fraction of seeds that have begun cell division, as their 

germination is irreversible. The duration of soil moisture determines the duration of the 

germination process, and therefore the number of seeds that complete the process and germinate. 
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The germination process is a clear biological link between the soil moisture duration and the 

resulting germination fractions.    

To study how this link between soil moisture duration and germination affects 

coexistence, we first experimentally determine how desert annual plant species differ from one 

another in their germination patterns as a function of time while sufficient soil moisture for 

germination is available. The patterns of germination variation are constrained by the one-

dimensional nature of variation in soil moisture duration and the germination biology of the 

species. We develop a model of germination fraction as a function of soil moisture duration from 

the experimental results, and show how germination patterns generated by variation in the 

duration of soil moisture drive the storage effect. This analysis provides a powerful illustration of 

how a single, specific environmental variable has the potential to cause major variation in 

relative germination, stabilizing species coexistence. Even though the physical environmental 

variable is one-dimensional, different nonlinear responses to this variable allow multispecies 

coexistence.   

 

Experiments 

For temporal germination variation to affect coexistence, it must lead to variation in relative 

germination fractions either between years (Chesson et al. 2004) or within years (Mathias and 

Chesson 2013). For variable soil moisture to generate this type of variation, it must lead to 

different communities of growing plants at different times after rainfall. We conducted growth 

chamber germination studies on plants from a well-studied annual plant community in the 

Chihuahuan Desert (Chesson et al. 2014).  Details of the growth chamber study are provided in 
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Appendix A, where the statistical tests demonstrating species-specific germination characteristics 

are given.  Here we summarize the key results.  

The cumulative germination fractions of seeds of different species as a function of time 

since the application of moisture are shown in Figure 1. These curves show species-specific 

delays before appreciable germination occurs.  Each curve then rises with species-specific 

steepness to a plateau, which is the species-specific final germination fraction. These shapes 

differ significantly between species within each temperature and moisture treatment, and these 

shapes change significantly between temperature and moisture treatments (Appendix A).  

In nature, any rainfall event will be associated with a specific temperature, moisture level, 

and moisture duration.  Although we did not experimentally vary moisture duration, the curves 

give cumulative germination as a function of time. Germination ceases following drying of the 

soil surface in the field, and so we interpret the cumulative germination up to a particular time as 

the total germination that would be observed had we dried the soil at that point.  In nature the 

time of surface soil drying depends on many factors such as sunshine, wind, and repeat rains, as 

well as the total rain received and temperature. Our focus in the theoretical developments here is 

the effect of moisture duration as revealed in the cumulative germination curves as functions of 

time. The extent to which these curves lead to species-specific germination variation as a 

consequence of variation in moisture duration depends on how their shapes differ between 

species.  
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Figure 1. Cumulative germination of desert annual plant seeds. Seeds of Erodium cicutarium (dark blue), 

Astragalus nuttalianus (green), Eriastrum diffusum (red), Lepidium lasiocarpum (cyan), and Plantago patagonica 

(magenta) were placed in petri dishes of soil and maintained over time at the specified moisture levels and 

temperatures in growth chambers. The percent moisture is percentage of field capacity, i.e. the maximum ability of 

the soil to hold moisture.  New germinants were counted every 48 hours. For full details see Appendix A. 

 

 
Figure 2. Simulated yearly germination. Yearly moisture duration, modeled as a gamma random variable, 

determines yearly germination rate of each species from cumulative germination curves from 16°C, 80% moisture 

treatment. Species colors as in figure 1. 

 

Figure 2 illustrates species-specific temporal patterns in germination simulated from the 

experimental germination results. Although each species experiences the same soil moisture 
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duration in each year, the species-specific nonlinearities in the germination curves lead to 

fluctuating relative germination rates. These germination patterns are not independent between 

species, as they are often assumed to be theoretically, because the germination for each species is 

monotonically dependent on the same underlying fluctuating environmental variable.  This 

means that the degree of statistical dependence between species is quite high. Indeed, beyond the 

delay before appreciable germination occurs, each species’ germination fraction can be predicted 

precisely from any other species’ germination fraction from the knowledge of their germination 

curves.   

Figure 1 shows that germination as a function of soil moisture duration is a sigmoid 

curve, which we model below. Our model captures the key sorts of species differences seen in 

these curves. Different species show different delays before appreciable germination occurs, 

different slopes of germination as a function of moisture duration, and different maximum 

germination fractions.  However, we do not attempt to model the full variation in germination 

conditions that occur in nature because far more environmental data from the field would be 

required. Our focus is on how a single fluctuating environmental factor, here soil moisture 

duration, can contribute substantially to species coexistence. This is not to deny the contributions 

of other factors, but to understand how multispecies coexistence can occur even though the 

environmental drivers of germination fluctuations are low dimensional.  

 

Model Description 

We use a standard model for the dynamics of a community of competing annual plants in a 

variable environment (e.g. Chesson 1994), but model the germination fraction, Gj(t), of the 
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species j in year t explicitly as a function of the soil moisture pattern in the year t.  In this model, 

the equation for the dynamics of species j (with population density Nj(t)) in discrete time is  

 ( 1) ( ) ( )j j j tNN t t    ,  (1) 

where  
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Here, s is the fraction of nongerminating seeds that survive to the next year in the soil seed bank.  

For simplicity, we assume this fraction to be the same for all species. The quantity Yj is the 

average number of seeds produced per germinated seed of species j when the total number of 

germinants per unit area ( ( ) ( )l ll
G Nt t ) is equal to 1.  We measure the magnitude of 

competition, C(t), as the natural log of the number of germinants per unit area  

 ( ) ( ) (ln )l ll
C t G Nt t     .  (3) 

This formula defines lottery competition, which has been used in a variety of studies of 

coexistence of annual plants in a variable environment (e.g. Chesson 1994, Angert et al. 

2009a). Other forms of competition are known to yield qualitatively similar results as long 

as competition is an increasing function of the germination fraction (Chesson 1994, 2003, 

Kuang and Chesson 2010).  

 To understand the consequences of moisture duration as a driver of variation in 

germination fraction, Gj(t), we model the germination fraction for the simplest case, in which one 

rainfall event accounts for the bulk of germination in a given year, with a small amount of 

germination occurring outside of this event. We define the germination fraction in year t as a 

function of the moisture duration in year t, which we designate u(t). The following specific 
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functional form captures the important qualitative aspects of the empirical germination 

timeseries (figure 1). 

  [ ( ) ]
( ) 1 j ju t
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  .  (4) 

Here, (x)+ means x, if x is positive, and zero otherwise. This function generates species-

specific germination curves defining germination fraction as a function of moisture 

duration (figure 3). The germination fraction depends on a species-specific delay, j, until 

germination begins, a species-specific speed, j, of adding new germinants after 

germination begins, and a species-specific maximum germination fraction, mj. The constant 

a specifies a minimum germination fraction mj(1 – a), which is assumed to be the 

germination arising from all sources other than the main rainfall event. This minimum 

germination simplifies calculations because infinity is not encountered on taking logs of 

Gj(t). We model the moisture duration for the key rainfall event in year t, u(t), as a gamma 

distributed random variable whose probability density function is depicted in figure 3. This 

variation in u(t) over time generates temporal variation in germination fraction as 

illustrated in figure 2. 
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Figure 3. Germination functions  
Bold curves: cumulative germination fractions of three species as functions of soil moisture duration. 
Germination in year t is found by evaluating these curves at u(t).  Parameters: Solid line:1 = 0.1, 1 = 0.25, m1 

= 0.5, Dotted line: 2 = 0.25, 2 = 0.5, m2 = 0.4, Dashed line:3 = 1, 3 = 1, m3 = 0.6.  a = 0.99 for all species.  Thin 
black line: gamma probability density function defining probability of moisture durations, shape parameter α 
= 1, scale parameter β = 4.  

Table 1. Notation used in the text 

Term Definition 

j Index for any species 

i Denotes a species in the invader state 

r Denotes a species in the resident state 

( )jN t  Population size of species j in year t 

( )C t  Competition in year t 

( )jG t  Germination fraction for species j in year t 

( )u t  Soil moisture duration in year t 

s  Seedbank survival rate 

jY  Per capita seed yield of species j when C(t) = 0 

jm  Maximum germination fraction of species j 

j  Germination speed of species j 

j  Delay for germination of species j 

a  Fraction of total germination outside the main rain pulse in a 

given year  

( )j t  Finite rate of increase of species j in year t: Nj(t+1)/ Nj(t)  

rj(t) Per capita growth rate of species j in year t: )n( )l (j t  

ir   Expected value of the invader growth rate: E[ri(t)] 

iE   Contribution to ir  of fixed differences between species 

iN   Magnitude of relative nonlinearity 

iI   Magnitude of the storage effect 

( )jE t   Environmental response of species j in year t: ln (Gj(t)) 

iC

  
Competition when species i is invader 

*

jC   Equilibrial competition for species j when j jE E   

j   Rate at which seeds are lost from seedbank: 
*

1 )(1 jE
s e   
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Analysis of coexistence 

We study coexistence using the technique of invasion analysis, which provides well-established 

methods and theory (Chesson and Ellner 1989, Schreiber 2012). As explained by Kuang and 

Chesson (2008, 2010) and in appendix B in more detail, we ask whether each species can 

increase following perturbation to low density in the presence of its competitors. In this analysis, 

one species (the invader) is perturbed to effectively zero density and the densities of the other 

species (the residents) are allowed to converge on the stationary distribution they achieve in the 

absence of the invader. The success of invasion is measured by the invader’s long-term low-

density growth rate, 
ir , where ( ) ln ( )j j tr t  . If a species has a positive 

ir , it will increase to 

rejoin the community. If each species has a positive invader growth rate, coexistence in the 

community is stable.  The signs of the invasion rates, 
ir , indicate whether the species coexist 

and the magnitudes are an indication of the strength of coexistence.  In a model like the one here 

where coexistence cannot occur in the absence of fluctuations, the 
ir  can be partitioned into 

contributions from three sources: 

 i i i iE N Ir         (5) 

(Chesson 1994). The formulae for the components of equation (5) in this particular application 

are derived in appendix B and are given in table 2 using the natural timescale of seed 

generations, 1/βj
 
, where βj is the probability applying independently for each year that a given 

seed of species j is lost from the seedbank (Table 1 and appendix B).  

In a constant environment, only the first term, ΔEi, is nonzero in equation (5).  The other 

two terms are nonzero in a variable environment, and are the magnitudes of the coexistence 

mechanisms relative nonlinearity (ΔNi) and the storage effect (ΔIi). These three terms are 
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general, but their values depend on the characteristics of particular models. We therefore 

consider the effect of variation in soil moisture duration on coexistence by examining its 

potential to affect each of these terms. 

 

Table 2. Mechanisms contributing to the invader growth rate. 
Mechanism Formula 
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iE : Average fitness  difference between species i and its competitors. 
iN : Relative nonlinearity. 

iI : Storage 

effect. Subscript i :a species in the invader state; Subscript r: resident state; Superscript –i: in the absence of the 

invader; Superscript r: average over the residents. These terms are measured on the natural scale of seed generations, 

1 j . Multiplication by 
j returns these expressions to the yearly scale. The environmental response, Ej , is the 

natural log of the germination fraction: Ej  = ln Gj. 
*

jC  is  equilibrial competition at j jE E . For derivations see 

appendix B. Note that relative nonlinearity is conventionally given with a negative sign, and therefore promotes 

recovery of species i from low density if negative.   
 

The first term, ΔEi, is the average fitness difference of Chesson (2000b). Similar to a 

spatial version of this model (Chesson 2000a),  ΔEi can be related to Tilman’s R* rule in the 

case of a constant environment (Tilman 1982). The quantity *

jC corresponds to the inverse 

of R*, even though the resource is not explicitly identified here. The quantity *

jC can be 

interpreted as the maximum amount of competition that species j tolerates at equilibrium 

(Chesson 2000a). Only the species with the highest tolerance of competition can persist in an 

equilibrium setting, corresponding to Tilman’s R* rule (Tilman 1982).  When the environment 

varies, ΔEi is modified by variance in the environmental responses Ej  (= ln Gj), but more 

significantly, the ΔNi, and ΔIi terms appear.  
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 The term ΔNi is never very large in the situations studied here, but can be important in 

some circumstances (Kuang and Chesson 2008).  Briefly, ΔNi depends on nonlinearities in the 

population growth rates, rj(t), as functions of C(t). When these nonlinearities are species-specific 

and C(t) fluctuates over time, ΔNi is nonzero. In the present model, nonlinearity differences stem 

from species-specific longevities, 1/βj, of seeds in the seed bank (Kuang and Chesson 2008). 

These longevities are never very different in our investigation, which focuses on the storage 

effect, ΔIi, and so ΔNi is never very large, but it is present   

The storage effect, ΔIi, measures the effect of interactions between the response to the 

environment, Ej(t) and the response to competition, C(t) (Chesson 1994). For the storage effect to 

promote coexistence, species must differ in their responses to the environment. Species-specific 

environmental responses are not sufficient for coexistence, however. To promote coexistence, 

species-specific environmental responses must affect the mediator of the interaction between 

species, which is competition. This interaction consists of two parts.  First is the per unit change, 

γj, in the per capita growth rate, rj, as Ej and C are jointly varied: 
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j

j

r

E C




 

,   (6) 

which here works out to be simply –s, i.e. the negative of survival in the seed bank measured on 

the natural scale of seed generations. Second is a measure of the average joint variation in Ej and 

C, which is the covariance between them, cov(Ej , C). Multiplying this covariance by γj and 

comparing between species (Appendix B) gives the magnitude of the storage effect (table 2).  

The contributions of γj and covariance between environment and competition (covEC) can be 

understood as follows.  

 CovEC measures the extent to which good germination years coincide with high 

competition.  High covEC means that the benefits of high germination are opposed by high 
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competition, while a low covEC means that some years can be doubly good, because they have 

both high germination and low competition.  These doubly good years are especially favorable to 

population growth, but it would seem that their effects might be canceled by doubly bad years 

that necessarily also arise with low covEC.  This is where γj, determined here by survival in the 

seed bank, comes in.  The seed bank moderates the effects of doubly bad years because when 

germination is low (bad E year), many seeds remain in the seed bank and are not exposed to 

competition. This means that a doubly bad year is only doubly bad for seed production.  Instead, 

it is good for carryover of seed from previous successful years (Baskin and Baskin 1978).  The 

outcome is that low covEC provides a net benefit from environmental fluctuations relative to 

high covEC where these doubly good and bad years do not arise.  Therefore, invader time-

average growth rates are boosted (coexistence is promoted) when invaders experience lower 

covEC than residents. 

In many previous theoretical analyses, different species were identically affected by the 

storage effect, but this outcome depended on the absence of species differences in the variances 

of environmental responses.  Such symmetry is unlikely in nature and is not a property of our 

present model.  In such circumstances, to understand how the storage effect stabilizes the 

community as a whole, we study the community average storage effect (Chesson 2003, 2008), 

which measures the size of the coexistence region (Chesson, in prep.). The community average 

storage effect is approximated in Angert et al. (2009b) in terms of the variances and correlations 

of environmental responses as 
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Here, 
j measures the standard deviation of Ej as it fluctuates in time. Therefore, 2  and  are 

the averages over species respectively of the variance and the standard deviation of their E’s (ln 

germination fraction) as they fluctuate in time. Similarly,   is a weighted average over pairs of 

species in the correlations over time between their E’s, with the weights being the products of the 

standard deviations of their E’s (Angert et al. 2009b).  

  Formula 7 shows that a strong community average storage effect can be produced in two 

different ways: (1) low average correlation with high average variance (the left term inside the 

brackets), and (2) high average correlation with large differences between species in standard 

deviation of the environment response (the right term inside the brackets). In this model, 2 , 

and   are determined by the temporal fluctuations in soil moisture duration and the function (4) 

translating moisture duration into germination fraction for each of the species.  Thus, to examine 

how germination variation due to variation in soil moisture duration generates the storage effect, 

we consider how these correlations, variances, and standard deviations arise. While the 

measurement of these statistical quantities is accomplished numerically, their relationship to the 

stabilization of coexistence by the storage effect shown in formula (7) is analytical. 

 

Model Results 

The model shows that soil moisture duration alone is capable of supporting stable coexistence of 

multiple species, as illustrated in figure 4. Formula (7) provides the principal guidance for how 

this comes about. High correlation between the E’s of different species often occurs in our model 

because there is a single underlying driver (soil moisture duration) of the environmental 

responses (ln germination fraction) of all species.  However, different nonlinear responses to this 

driver lower the average correlation. Standard deviations of environmental responses naturally 
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differ between species due to differences between species in sensitivity to their common driver. 

To analyze these effects, it is sufficient to consider just two species.   

 
Figure 4. Simulation of five species coexisting due to variable soil moisture duration. Moisture duration determines 

the germination fraction of each species according to (4). Soil moisture duration in each year is chosen from a 

gamma distribution with shape parameter α = 1 and scale parameter β = 4. Common parameters: s = 0.75, a = 0.99. 

Species-specific parameters: 1 = 0.25, 1 = 0.5, m1 = 0.44, Y1 = 26,2 = 0.5, 2 = 0.58, m2 = 0.54, Y2 = 29, 3 = 0.75, 

3 = 0.9, m3 = 0.61, Y3 = 30, 4 = 1.0, 4 = 1.5, m4 = 0.65, Y4 = 31, 5 = 1.25, 5 = 1.53, m5 = 0.7, Y5 = 33.  

 

Three species-specific parameters (delay, 
j , speed, 

j , and maximum, 
jm ) determine 

the germination fraction for each species by equation (4). Their effects on the variance can be 

studied by examining a single species, but correlation and standard deviation differences require 

comparisons between species. We illustrate these effects by fixing the germination parameters of 

one species while varying the germination parameters of the other species (figure 5). Because the 

variances, standard deviations and correlations are calculated on the log scale of germination 

fraction (Ej = lnGj), they are not affected by mean and maximum germination.  Instead, the 

shapes of the curves, which are determined by  and  , are critical.  How these curves interact 

with varying moisture duration to determine the components of expression (7) is calculated by 

numerical integration over the gamma distribution used for figure 4, and plotted against delay 

and speed in figures 6 and 7.   
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Figure 5. Comparison of germination curves. Solid bold line, species 1, parameters fixed at m1 = 0.4, 1 = 0.25, 1 = 

0.5. Dashed bold curve, reference curve for species 2, proportional to the species 1 curve. Other curves: various 

possibilities for species 2 representing differing departures from proportionality to the species 1 curve.  Species 2 

curves are created by incrementing the delay 2 by 0.25 between curves, and adjusting the speed, 2, to yield the 

same mean (
2 0.3G  ) at a fixed maximum germination fraction (m2 = 0.5) for each alternative species 2 curve. In 

all cases,  a = 0.99.  

  

Community average storage effect 

Formula (7) shows that increased average variance ( 2 ) of the environmental responses 

increases the magnitude of the community average storage effect ( I ) as long as the average 

correlation is not 1, and increased differences in the standard deviations, 
2( )j  , increase I  

when correlations are positive. The values of these statistical quantities, and the resulting 

strength of the community average storage effect, are shown in figure 6 as functions of the delay 

of species 2, with fixed properties for species 1.  

Species-specific delay and speed generate species-specific nonlinearities in the 

germination curves, which contribute to the storage effect through both terms inside the brackets 

of formula (7). These species-specific nonlinearities reduce the average correlation between 

environmental responses,  , despite their dependence on a shared environmental driver (figure 

6). Reduced correlation increases the contribution of the species average variance ( 2 ) to the 

community average storage effect. Increasing delay and speed together increases the variance of 

E over time (figure 6), as there are more years with no germination, and once germination starts, 
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maximum germination is achieved sooner (figure 5). Thus, the differences between species in the 

standard deviations of their environmental responses, as measured by 21
)(

1
jjn

 

 in 

formula (7), increases as delay and speed diverge between species (figure 6).  The development 

of the storage effect in this model requires these species-specific nonlinearities in the 

germination curves as functions of the underlying environmental driver. When species have the 

same delay and speed, their environmental responses have identical standard deviations and a 

correlation of 1. Hence, formula (7) is zero, and there is no storage effect (figs 6, 7 and 8 with ϕ2 

= 0.25). 

 

  

Figure 6. Components of the community average storage effect, I , as functions of delay, . Components as 

described in equation 7. A: Species average variance of the Ej; B: Average difference between species in the 

standard deviation of the Ej; C: Average correlation between pairs of species in their environmental responses; D: 

The resulting community average storage effect, I .  Parameters: Species 1 held at 1 1 = 0.5. Delay and 

speed of species 2 vary together to maintain the same mean (
2 0.3G  ) at fixed maximum germination fraction (m2 

= 0.5). Soil moisture duration modeled as gamma distributed with shape parameter α = 1 and scale parameter β = 4. 

 

In the analysis above, illustrated by figure 5, the parameter differences between species 

can be considered to represent a tradeoff between earliness of germination (shortness of the 

delay) and speed of germination once germination begins, affecting correlations between the 
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environmental responses of different species and differences in their variances.  This tradeoff 

was imposed by holding m2 and 
2G  constant as speed and delay were varied.  In our calculations, 

species 1 is fixed at one point on the tradeoff curve as species 2 is varied creating varying 

differences between the environmental responses of the two species.  However, there are other 

ways in which species may differ from one another affecting correlations and variance 

differences.  We now hold delay and speed constant in turn, while allowing m2 to vary to 

maintain the same value of 
2G . Since m does not affect the variance or correlation on the log 

scale, this allows us to examine the separate effects of speed and delay on the community 

average storage effect.  We compare these results with the community average storage effect that 

arises when delay and speed can interact via a tradeoff (figure 7). We find that varying delay has 

almost the same effect as varying both speed and delay in a tradeoff.  Speed alone has very little 

effect, and it is clear that when the two trade off, the change in the delay is much more important 

than the change in speed. 

 

 
 
Figure 7. Effect of speed and delay on the community average storage effect. Solid lines: Both speed and delay vary 

as in figure 6. A: Dashed line, speed held constant. B: Dashed line, delay held constant. Parameters: Species 1: 1 

1 = 0.5, m1 = 0.4. Species 2: all cases
2 0.3G  .  Solid lines: 2and2 vary together to maintain m2 = 0.5. A: 

Dashed line, 2 and m2 vary to maintain 2 = 0.5. B: Dashed line, 2 and m2 vary to maintain 2  = 0.25. Soil 

moisture duration modeled as gamma distributed with shape parameter α = 1 and scale parameter β = 4. 
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Species-specific storage effects 

Variation in soil moisture duration does not affect the low-density growth rate of each species 

equally when their germination rates are different nonlinear functions of this shared 

environmental variable.  We study these differences by considering the species-specific storage 

effects (table 2), which measure the boost that the storage effect provides to the invader growth 

rate of each species individually. Appendix D shows how unique invader-resident covariances 

arise, causing different species-specific storage effects. The species with the shorter delay has a 

positive storage effect. However, the species with the longer delay has a negative storage effect.  

Thus, the storage effect reduces the invader growth rate of this species rather than boosting it. 

Despite the negative storage effect of the longer delayed species, the community average storage 

effect is always nonnegative (figure 8) due to the positive correlation between environmental 

responses (7). 

 
Figure 8. Species-specific and community average storage effects. Dotted line: storage effect for species 1; Dashed 

line: storage effect for species 2; Solid line: community average storage effect. Species 1 held at 1  All 

parameters as in figure 6.  

 

At first sight, a negative species-specific storage effect appears to be at odds with the 

stabilizing effect of the nonnegative community average storage effect.  However, these two 

outcomes can be reconciled. In short, the increased stabilization measured by the community 
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average storage effect describes an increase in the size of the coexistence region, while the 

species-specific storage effects describe a shift in the location of the coexistence region. As 

shown in figure 9, persistence of a longer-delayed species requires an average fitness advantage, 

measured here as seed yield advantage, to make up for the negative storage effect caused by late 

germination. As the delay increases, this seed yield advantage must increase as well, shifting the 

coexistence region towards smaller Y1:Y2 ratios with increased delay. This is the effect of the 

differing species-specific storage effects. However, the range of seed yield ratios for which 

coexistence is possible increases with longer delay (figure 9). This increased size of the 

coexistence region is due to the increased strength of the community average storage effect. 

While species-specific seed yields allow another mechanism to affect coexistence, viz relative 

nonlinearity (Appendix B), this effect is very small compared to the storage effect (Appendix C). 

 

 
Figure 9. Coexistence regions shift as germination functions diverge. Coexistence possible for Y1:Y2 combinations 

between lines of the same type. Dashed lines: Similar germination functions. Species 1: 1 1 = 0.5, m1 = 0.4; 

Species 2: 2 2 = 0.6, m2 = 0.5. Solid lines: More divergent germination functions. Species 1: 1 1 = 

0.5, m1 = 0.4; Species 2: 2 2 = 1.0, m2 = 0.5. All cases:
2 0.3G  . Soil moisture duration modeled as gamma 

distributed with shape parameter α = 1 and scale parameter β = 4. 
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Additional sources of germination variation   

Soil moisture duration is only one environmental factor among many that generate germination 

variation. Normally, multiple simultaneous environmental drivers of the environmental response 

would be expected, likely increasing the storage effect.  Multiple drivers would ideally be 

studied with a detailed model of how all these drivers contribute jointly to the germination 

variation. Rarely, however, would that information be available.  Instead, one might account for 

additional sources of variation phenomenologically to provide a more realistic picture of 

community dynamics.  To do this, we define two multiplicative deviations, Dd and Dr , of the 

actual germination from the average germination fraction:  

( ) ( ) ( )j j j d jrG G D Dt t t    (8) 

where Djd(t) is the deviation due the specific soil moisture duration in year t, and Djr(t) is the 

deviation due to other environmental factors in year t. This multiplicative model for germination 

gives an additive model for the environmental response, Ej(t), the log of germination fraction, 

allowing the required variances and covariances to be readily calculated, especially if the 

germination deviations are assumed independent of one another.  Unsurprisingly, variation in 

both Djd(t) and Djr(t) generates a larger coexistence region than either source of variation acting 

alone (figure 10). The advantage of this extended model is that it allows a more realistic 

examination of the contribution to coexistence of an environmental driver of germination 

variation in the usual case when it is one among many drivers, with the others not well 

understood.  
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Figure 10. Coexistence regions for different sources of germination variation. Coexistence possible for Y1:Y2 

combinations between lines of the same type. Solid lines: soil moisture duration determines germination variation, (

( ) ( )j j jdG G Dt t ); Dashed lines:  phenomenological germination variation, ( ( ) ( )j j jrG G Dt t ); Dotted lines: 

germination variation from both soil moisture duration and phenomenological sources, ( ( ) ( ) ( )j j j d jrG G D Dt t t ).  

Parameters: Species 1: 1 1 = 0.5, m1 = 0.4; Species 2: 2 2 = 1.0, m2 = 0.5. Soil moisture duration 

modeled as gamma distributed with shape parameter α = 1 and scale parameter β = 4. 

 

Discussion 

We have shown that environmental variation in just one dimension can powerfully promote 

species coexistence by the storage effect.  In nature, species share the temporally varying 

environmental conditions they experience. Our experimental results demonstrate that while all 

species experience the same moisture duration, different germination biology leads to species-

specific nonlinearities in the germination response. Our model captures this essential pattern, 

with each species’ environmental response (ln germination fraction) being a fixed monotonic 

function of the same one-dimensional physical environmental variable (soil moisture duration) 

that varies stochastically over time.  Discounting very low germination, the environmental 

response of any one species predicts the environmental responses of all species.  Previous 

models demonstrating the storage effect have mostly assumed that the number of dimensions of 

the stochastic variation is equal to or larger than the number of species, and that this variation is 

symmetric (e.g. Chesson 1994).  Clearly this is not necessary.   



 

49 

 

Classical equilibrium theory (Levin 1970) emphasized that the number of density 

dependence factors limiting members of a guild of coexisting species should be at least as large 

as the number of coexisting species. These density dependence factors might, for instance, be 

distinct resources.  In variable environment coexistence theory the equilibrium requirement on 

the number of density dependent limiting factors might have been replaced by a requirement on 

the dimensionality of the physical environment.  Indeed, in most previous models of coexistence 

in a variable environment, the vector of environmental responses for the n coexisting species is n 

dimensional (e.g. Chesson and Kuang 2010). Here, however, this vector of environmental 

responses is a function of a one-dimensional driver and therefore is one-dimensional. Despite 

this low dimensionality, coexistence occurs.   

The critical nonlinearities in germination response can be described by two parameters: 

delay, which is the maximum moisture duration for which there is no germination, and speed, 

which is the rate at which germination increases with moisture duration once delay has been 

exceeded. Of these two parameters, delay has by far the stronger effects in our results. 

Differences between species in these parameters, which correspond to differences in the 

nonlinearities of their germination responses, affect multispecies coexistence in two distinct 

ways. First, although the environmental responses (ln germination fractions) are functions of the 

same underlying varying environmental factor, differences in the nonlinearities of these 

functions mean that an increase in moisture duration will not lead to proportional increases in 

germination across species.  Hence, correlations between species in environmental response are 

necessarily less than 1. Second, the environmental response fluctuations of different species have 

different standard deviations as a direct consequence of the fact that these responses are different 

functions of the underlying environmental driver, moisture duration. The community average 
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storage effect, given here by equation (7), shows how these two effects combine to promote 

species coexistence.  

Long term observations of a desert annual plant community show the kinds of correlated 

but differentially variable germination responses produced by these nonlinear responses to a 

common environmental factor (Venable 2007, Angert et al. 2009a). Even though the 

environmental responses of different species are closely related to one another, they nevertheless 

lead to species having large fluctuations over time in relative performance. Differences in 

relative performance in response to specific limiting factors is a key feature of equilibrium 

coexistence (Tilman 1982, Chesson and Kuang 2008) and leads to the constraint on the 

dimensionality of the limiting factors discussed above.  That constraint has been replaced here in 

this nonequilibrium setting by species-specific nonlinear relationships with a one-dimensional 

fluctuating environmental factor. 

Although different nonlinear responses to shared moisture duration variation can strongly 

stabilize coexistence, the species-specific delays driving these nonlinear responses mean that one 

species always germinates later than the others. We find that this longest-delayed species has a 

negative storage effect. The environmental response of the longest-delayed species is most 

sensitive to changes in the moisture duration, as measured by its variance. Having the highest 

variance in the environmental response causes the longest-delayed species’ covEC as invader to 

be larger than the covEC’s of the residents (Appendix D). To persist in the community, the 

longest-delayed species must have an average fitness advantage. The storage effect stabilizes 

coexistence at the community level because the positive storage effects of shorter delayed 

species are of greater magnitude.  
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Nonlinear dependence of the environmental response on a one-dimensional 

environmental driver can be compared to the nonlinear dependence of population growth rates 

on competition, which leads to the relative nonlinearity coexistence mechanism, quantified by 

ΔN (table 2).  In this model, the relative nonlinearity of the growth rates as a function of 

competition requires different rates of seed loss, β, from the seedbank, a feature that was 

minimized in our analysis.  In addition, species with larger seed loss need to generate larger 

fluctuations in competition than other species when they are abundant (Kuang and Chesson 

2008). This relationship between β and variance could arise in the model considered here if the 

species with the higher seed loss rate also had a longer delay in germination in response to rain.  

Although such a scenario is a possibility in a model, and could promote coexistence by relative 

nonlinearity, it seems maladaptive in nature (Yuan and Chesson, unpublished ms).  

Our results lend credence to previous claims from an empirical study that variation in a 

specific one dimensional physical environmental factor, growing season precipitation, can 

contribute powerfully to diversity maintenance by the storage effect in annual plant communities 

(Angert et al. 2009a). However, the underlying driver of the storage effect in the model presented 

here is precipitation available for germination rather than growth. Annual plants in the arid 

southwestern USA often have the bulk of their seed in the first few millimeters of soil, which 

dries out quickly after rain (Chesson et al. 2014). Moisture in this soil layer is essential for 

germination, but moisture in deeper soil layers, where plant roots are, fuels growth.  Moreover, 

germination and growth are at least partially separated in time in these systems. Germination 

mostly occurs in the fall and early winter, and growth largely takes place in later winter and 

spring, with these processes driven by distinct rainfall events occurring in different seasons 

(Ignace and Chesson, unpublished ms).   
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Levine and Rees (2004) also discuss a model and empirical system with one-dimensional 

environmental variation, where years are either good or bad for all species. The storage effect 

arises in their model because one species responds to the environment only through fecundity, 

while the other has environmentally sensitive fecundity and germination.  However, in our model 

the storage effect is generated by both one-dimensional environmental variation and 

nonlinearities in a single life history parameter, germination fraction.    

As increasing soil moisture duration increases the germination fraction for all species in 

our model, all species rank the suitability of environmental conditions the same way, discounting 

their interactions with each other.  Such concordant ranking of the environment is commonly 

referred to as inclusive niches, and is claimed to be common in plant communities, although 

most authors have spatial variation in mind (Westoby and Wright 2006).  Our model of 

responses to moisture duration provides a temporal example of how this phenomenon can 

promote species coexistence.  However, in the spatial case, there appear to be no comparable 

models of how coexistence occurs although it is frequently assumed (Keddy 2001). Muller-

Landau’s (2010) model of nested habitat suitability and Kelly and Bowler’s (2005) differential 

sensitivity model embody the essential idea.  Likely, a spatial version of our model would 

provide a robust example of coexistence, as coexistence usually occurs more readily in spatial 

analogues of models of temporal variation (Chesson 1985, 2000a). 

By explicitly considering the biology linking germination with a specific environmental 

variable, we can provide a basis for the variances and covariances of the environmental 

responses, which were previously unavailable theoretically. We demonstrate that these biological 

links have strong control over the patterns of germination variation, and therefore the 

development of the storage effect. The resulting germination patterns are quite different than the 
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symmetrical, independent germination variation commonly assumed in theoretical work. Much 

asymmetry between species is found empirically in the variances and covariances of the 

environmental responses of different species of annual plants (Angert et al. 2009a).  However, 

this empirical data is based on a limited number of years, and cannot determine the processes 

underlying the measured germination patterns. An explicit linkage between the environmental 

driver and the plant responses provides a basis for understanding such asymmetries, as we have 

seen here.  While we have focused here on the links between soil moisture duration and 

germination fractions, the pattern of variation in any environmental response depends on 

biological links to the physical environment. We therefore expect studies of such links in other 

communities and for other environmental responses to yield similar insight into the development 

of the storage effect in those communities. 

It should be kept in mind that study of just one physical environmental driver is an 

inadequate basis for precise prediction of the variances and covariances of the environmental 

response. Germination fractions are also critically dependent on other environmental variables, 

such as temperature at the time of the rain pulse, as shown in our experimental data (figure 1 and 

appendix A), as well as previous studies (Adondakis and Venable 2004, Facelli et al. 2005, 

Chesson et al. 2014).  We have shown here how germination variation resulting from different 

environmental drivers can be combined to determine overall diversity maintenance effects 

(figure 10), paving the way for development of more detailed and more realistic models based on 

a fuller representation of key environmental drivers. Our experiments show that the interactions 

species x temperature and species x moisture are each significant predictors of both moisture 

duration parameters delay and speed (Appendix A). Consideration of these sorts of interactions, 
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combined with good estimates of real environmental variation, are likely to lead to improved 

estimation of the patterns of germination variation and the stabilization of coexistence in nature. 

The particular environmental driver that we focused on here has been much neglected in 

empirical studies of coexistence in annual plant communities, where total germination at a fixed 

time with constant moisture supply has been the focus of analyses.  However, descriptive studies 

of germination biology often find differences between species similar to those seen in our 

experimental results (e.g. Morgan 1998, Wang et al. 1998, Li et al. 2006, El-Kassaby et al. 

2008), suggesting that variation in soil moisture duration is potentially important for coexistence 

in many communities. This is particularly likely in arid regions, where moisture comes as 

distinct, highly variable pulses (Loik et al. 2004, Reynolds et al. 2004, Schwinning and Sala 

2004). With little additional effort, such data could be collected in studies of the role of 

germination variation in species coexistence.  

It is critical to note that species-specific responses to the environment alone are not 

sufficient for coexistence to occur.  Although species-specific responses to environmental 

properties can generally be regarded as distinguishing the response components of the niches of 

the species (Chesson 2000b, Shea and Chesson 2002), such niche differences are not necessarily 

stabilizing niche differences, i.e. those that boost recovery of species from low density (Chesson 

2000b). To do that these differential responses to the environment must be coupled with the 

mediators of the interactions between species such that they intensify intraspecific density-

dependent interactions relative to interspecific density-dependent interactions (Kuang and 

Chesson 2009, 2010). With the temporal storage effect, that intensification arises as a long-term 

outcome of integrating the effects of environmental fluctuations over time.   
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In the model considered here, the mediator of the interaction between the species is 

competition. While species have both a response to competition and an effect on competition 

(Goldberg and Werner 1983), stabilization of coexistence requires the environmental response to 

be coupled to the competitive effect. The storage effect measures this coupling between 

environmental responses and competitive effects as the difference between covEC for invaders 

and residents. CovEC is not the covariance between the environmental response and competitive 

effect, but the covariance between environmental response and competitive response. However, 

the necessary coupling between the environmental response and competitive effect of a species 

leads to differences in covEC between resident and invader states of a species. For example, in 

the extreme case of a single-species resident, the competitive effects and response are highly 

correlated, leading to high covEC. However, an invader in this same situation with an 

environmental response uncorrelated with the resident’s environmental response will have zero 

covEC. Thus, species-specific responses to the environment, when combined with coupling 

between the environmental responses and competitive effects, lead to multispecies density 

dependence of covEC. 

One more factor is required for density dependence of covEC to lead to a stabilizing 

effect, namely buffered population growth.  This requirement is provided for here by the 

persistent seed bank. Buffering is expected to be a common feature of most systems, as it can 

arise from many different life histories, such as an egg bank (Cáceres 1997) or long lived adults 

(Kelly and Bowler 2002).  Lower average covEC in invader versus resident states becomes an 

advantage for an invader in the presence of buffered population growth.  The invader’s growth 

rate is made more variable by that lower covEC (Chesson and Huntly 1989) but the buffered 
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population growth means that strongly favorable conditions contribute more to population 

growth than strongly unfavorable conditions, leading to a net advantage of lower covEC.  

Numerous studies focus on differences between species in response to the environment 

alone without much attention to how or whether they are coupled with the mediators of the 

interactions between the species in a manner that would stabilize species coexistence (Siepielski 

and McPeek 2010).  However, such coupling is critical, and without it the simple finding that 

species are distinguishing by their responses to the environment cannot be regarded as evidence 

of stabilizing niche differences (Chesson 2008, Siepielski and McPeek 2010).  With respect to 

the storage effect, it is often straightforward to establish buffered population growth (Chesson 

2008).  The key then is to demonstrate that covEC is higher on average in resident than invader 

states.  This idea suggests a program of empirical research (Chesson 2008), but it could also 

receive much more attention in models to improve understanding of coexistence mechanisms.  

Here we have shown how asymmetries between species in their responses to a one-dimensional 

environmental driver can lead to these crucial covariance differences and thereby stabilize 

coexistence by the storage effect.  
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Appendix A. Experimental Methods 

We experimentally tested the germination responses of five species of desert annual plants 

subject to a range of environmental treatments. The species studied were Astragalus nuttalianus, 

Erodium cicutarium, Lepidium lasiocarpum, Plantago patagonica, and Eriastrum diffusum, 

derived from a well-studied community of annual plants in the Chihuahan Desert near Portal, 

Arizona (Chesson et al. 2014). Seeds from the study species were collected in the spring of 2007 

from plants that had matured their seeds. The seeds were stored outdoors in shade in Tucson, 

Arizona to expose them to a summer temperature regime.  

The design of the germination study was a 3 x 4 factorial with four replicates.  It involved 

three moisture levels and four daily temperature profiles. The response variables were 

cumulative germination of each species as a function of time for the duration of the experiment, 

which we refer to as germination curves. The inclusion of temperature and moisture treatments 

allows tests of whether the shapes of these curves change with temperature and moisture, as well 

as comparison with previous work showing species-specific responses of the final germination 

fraction to these factors (Clauss and Venable 2000, e.g. Adondakis and Venable 2004, Facelli et 

al. 2005). The details of the experimental design are as follows.  

In September 2007, fifteen seeds of each species were placed on 75 g of paving sand 

(approx 1 cm depth) in each of forty-eight 9 cm glass petri dishes, and covered with 25 g of sand.  

Equal numbers of these plates were watered to 80%, 20%, and 5% of field capacity, i.e. 16 plates 

for each moisture level. Plates were wrapped in parafilm (Pechiney Plastic Packaging Company, 

Chicago, IL) and equal numbers of plates at each moisture level were placed in each of four 

growth chambers. Each growth chamber had a different temperature regime, defined by 

day/night temperatures of 16°/6° C, 21°/11° C, 26°/16° C, or 31°/21° C. All chambers followed a 
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daily cycle of 11 hours of light and 13 hours of dark. Germination was assessed for all plates 

every two days for 40 days, with germinants removed as observed. Ungerminated seeds were 

assigned a time to germinate of 41 days. 

To analyze the germination curves from this experiment, we performed separate analyses 

of variance for three response variables: delay, speed, and final germination. Each of these 

models tested the explanatory variables species, temperature, moisture level, and the interactions 

species x temperature, species x moisture, and temperature x moisture. As there were multiple 

seeds of all species in each plate, plate is used as a random effect in all analyses to remove the 

common correlation induced by this aspect of the design. Analyses performed in JMP 10 (SAS 

Institute Inc. Cary, NC 2012). 

We define the delay of each seed as the time of germination.  The reciprocal of time to 

germinate is sensitive to small values and is an indicator of the extent to which a species tends to 

germinate early. We define this as speed. The final germination of each seed is 1 if the seed 

germinated at 40 days, and 0 if it did not, and thus measures differences between treatments in 

the fraction of germinated seeds by the end of the experiment. 

Specifying plate as a random effect means that the analysis depends on averages at the 

plate level over the designated response variables.  Delay describes the mean time to germinate 

of each species in a plate, while speed describes the mean of the reciprocal. The nonlinearity of 

the relationship between delay and speed means that they describe different moments of the 

distribution of germination timing of each species in a plate. The fact that the analysis depends 

on plate averages means these variables, which at individual seed level are highly nonnormal, are 

partially normalized at the plate scale of the analysis, according to the central limit theorem. 
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Moreover, the balanced experimental design means that the analysis is minimally affected by 

nonnormality.  

Results 

No germination was observed in any petri dish with moisture at 5% field capacity, and 

these data are omitted from subsequent analyses.  The key result is a significant effect of species 

on all three response variables: delay, speed, and final germination. In addition to species, 

temperature and the species x temperature and species x moisture interactions are also 

significant predictors of delay, speed and final germination (Tables A.1, A.2, A.3), while 

moisture is a significant predictor of final germination (Table A.3). Figure 1 in the text illustrates 

each of these effects.  

Table A.1. Significance tests of the fixed effects species, temperature, and moisture on germination delay 

Fixed Effects df den. df F ratio P 

Species 4 2356 88.19 <0.0001 

Temperature 1 28 57.79 <0.0001 

Moisture Level 1 28 3.75 0.0627 

Species x Temp 4 2356 37.57 <0.0001 

Species x Moisture 4 2356 4.83 0.0007 

Temp x Moisture 1 28 0.65 0.4283 

 

Table A.2. Significance tests of the fixed effects species, temperature, and moisture on germination speed 

Fixed Effects df den. df F ratio P 

Species 4 2356 57.35 <0.0001 

Temperature 1 28 19.94 <0.0001 

Moisture Level 1 28 2.21 0.1482 

Species x Temp 4 2356 22.32 <0.0001 

Species x Moisture 4 2356 3.06 0.0158 

Temp x Moisture 1 28 0.12 0.7335 

 

Table A.3. Significance tests of the fixed effects species, temperature, and moisture on final germination fraction 

Fixed Effects df den. df F ratio P 

Species 4 2356 93.98 <0.0001 

Temperature 1 28 71.72 <0.0001 

Moisture Level 1 28 5.45 0.0270 

Species x Temp 4 2356 29.88 <0.0001 

Species x Moisture 4 2356 6.21 <0.0001 

Temp x Moisture 1 28 1.41 0.2444 
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Appendix B: Invasion analysis, quadratic approximation and coexistence mechanisms 

 

Stable coexistence can be defined as a positive long-term invader growth rate for each species, 

which can be related to other definitions of stable coexistence, such as stochastic boundedness 

and the convergence of the probability distribution of population sizes on a stationary 

distribution with all species having positive population sizes (Chesson and Ellner 1989, Ellner 

1989, Schreiber et al. 2011).  

We denote this long-term invader growth rate as 
ir . Intuitively, when 

ir is positive, a 

species will recover if it is perturbed to low density, allowing it to persist in the community. To 

measure the invader growth rate, we hold the invader at a density of 0, while the residents are at 

the stationary distribution they achieve in the absence of the invader.  

As discussed in the text, ( ) ln ( )j j tr t   and Ej(t) = ln Gj(t), therefore 

 ( ) ( ) ( )
ln[ (1 )( ) ]j j jt t

j

tE E C
r t s e Ye


    . (B.1) 

This growth rate, rj, is a function of the environmental response and competition, rj = gj(Ej ,Cj). 

The mean invader growth rate, 
ir , does not simply equal the growth rate evaluated at the mean 

environmental condition due to properties of nonlinear averaging (Chesson 1994). We use 

methods from Chesson (1994) to approximate the invader growth rate, revealing coexistence 

mechanisms as quantitative contributions to long-term invader growth. The derivation below is a 

standard development similar to Kuang and Chesson (2010) and Chesson and Kuang (2010) but 

like the corresponding spatial case (Chesson 2000) exhibits the invasion criterion as a 

modification to Tilman’s R*.  

These approximations involve Taylor expansions, so we first find equilibrium values of C 

and E, which we refer to as C* and E*, such that  

 * *( , ) 0j Eg C   , (B.2) 
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about which we take these expansions. 

We find a common C* for all species, and then find the Ej
* for each species at C*. Unlike 

most previous treatments, the species considered here do not have equal expected values of E, 

][ jE E . Therefore, we first find *

jC , the equilibrium Cj for species j at ][ jE E ,  

 *]( [ , ) 0j j jE E Cg    (B.3) 
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We then set the common C* equal to the mean of these *

jC  over all species, 

 * *1
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C C
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   . (B.5) 

To find Ej
* we solve (B.1) for Ej

* at C*, giving 
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We now transform the right hand side of (B.1) into a function of the variables Ej and Cj, which 

are in units of growth rate. Following Chesson (1994), we define 

 *( , )j j j jg E CE   (B.7) 

and 

 *( , )j j j jg E C C  . (B.8) 

For the seedbank model used here, these give 
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and 
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The growth rate can now be written in terms of Ej, Cj, and their interaction: 

 
j j j j jjr  E C EC ,  (B.11) 

where γj measures the strength of the interaction, and is given by 
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We find γj using parametric differentiation, which gives a γ that is not species-specific since s is 

common for all species 

 
1

1
1 s

  


 . (B.13) 

The mean growth rate over time for a species can be found by taking expected values of (B.11), 

which is what we will need for finding the long term invader growth rate 
ir  . The form of  

(B.11) allows expected values to be taken of each term separately, which represent the 

contribution of each term to the average growth rate, 

 [ ] [ ] [ ]jj j j jr E E E  E C EC  . (B.14) 

While this separates the contributions of the environment, competition, and their interaction to 

the average growth rate, the expected values of jE , 
jC  and 

j jEC are not readily biologically 

interpretable. However, their Taylor expansions lead to useful, biologically interpretable 

coexistence mechanisms. These Taylor expansions follow:  

 * * 21
( ) (1 )( )

2
j j j j jE E E E     E  , (B.15)  



 

63 

 

 * * 21
( ) (1 )( )

2
j j j j j jC C C C     C  , (B.16) 

and the interaction term, i

j j

EC  

 * *( ) ( )i

j j j j j jE E C C    EC  . (B.17) 

 

Here, j  and j  are 
j

j

d

dE

E
 and 

j

j

d

dC

C
 , respectively, giving 

 
*

1 (1 )jE

j s e      (B.18) 

and 

 (1 )j s    . (B.19) 

Since s is common,   is equal between species. However, 
j  is species-specific when 

*

jE  is 

species-specific. Since 
*

jE  depends on Yj, (B.6), 
j  is species-specific when the Yj are species-

specific. Here, 
j  is approximately the probability of a seed being lost from the seedbank, 

1- (1 )-j js G  , and therefore defines a seed generation. 

Using small variation assumptions as in Chesson (1994), the expected values of Ej, Cj , 

and EjCj  simplify to functions of the variances and covariances of E and C as follows 

 * 1
[ (1 )( [ (1 )] ] va) )r(

2
j j j jE s E E E s s E   E  , (B.20) 

 *] ( [ ] ) (1 ) var(
2

)
1

[ j j j j j jE C C CE     C  , (B.21) 

and 

 ] , )[ cov(j j j j jE CECE  . (B.22) 
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While the average invader growth rate can be found by evaluating these expected values 

for i = j, it is most informative to write the expected invader growth rate as the sum of three 

coexistence mechanisms, 
iE , 

iN , and 
iI , which represent comparisons between invaders and 

residents, as described in Chesson (1994). Expressing each term as an invader-resident 

comparison is possible because by definition, the average resident growth rate is zero, 0rr  , 

although each term on the right hand side of (B.14) normally will not be 0. Since 
iE , 

iN , and 

iI  are comparisons for each species as invader while the others are residents, each term is 

species-specific.  

We define these mechanisms on the natural timescale of seed generations, i.e. 1 j

(Chesson 2003). The yearly scale can be recovered by multiplying these formulae by
j . The 

invader growth rate is now written as 

 i
i i i

i

E N I
r
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Recalling that the invader has density = 0, it does not contribute to competition, and thus we use 

the notation –i in superscript to indicate competition in the absence of species i. 

The equations for relative nonlinearity, 
iN , and the storage effect, 

iI , can be found by 

straightforward subtraction of the respective expected values given in equations (B.21) and 

(B.22). 

 ( ) a (
1

2
v r )

r i

i riN C       (B.27) 
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r
i i

r iI s E C E C    
  

  (B.28) 

The superscript r on the average means the average taken over the residents. In this model, the 

variation independent parts of (B.21) cancel on subtraction, leaving only the effect of variation in 

competition, measured by 
iN  (Chesson 1994). An expression for

iE  can also be found by 

simply performing the subtraction in (B.24), but the result is not as useful. Instead, we recognize 

that 
*( [ ] ) 0,j j jE E Cg   by the definition of *

jC . To a first order approximation, 

* * *( [ ] ) ( ) 0j j j jE E E C C      and therefore we can substitute 
* *( )j jC C  for 

*( [ ] )j jE E E   

in (B.15) to obtain. 
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2
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This formula for the expected value provides a more biologically interpretable form of 
iE ,  
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which compares the equilibrial competition for each species at their respective mean 

environmental responses, corresponding to Tilman’s R* rule as discussed in the text, and shown 

previously for a spatial version of this model (Chesson 2000a). This comparison between *

jC ’s is 

modified by the difference in variation of E between invaders and residents. Since the variance 

of Ej changes with species identity but does not depend on whether a species is in the invader or 

resident state, these differences affect the average fitness differences between species, but do not 

affect the stabilization of coexistence. 

 

Community average storage effect 

Each of the terms ΔEi, ΔNi, and ΔIi, are species-specific. In our model, the strong asymmetry 

in the patterns of germination variation between species leads to quite different values of 

ΔIi for each species, as described in the text. The community average storage effect, I , on 

the other hand, measures how much the storage effect increases the invader growth rates 

on average, and thus the stabilizing effect of the storage effect on the community as a whole 

(Chesson 2003, 2008).   

In the following section we discuss the approximation of the community average storage 

effect used in the text (equation 7). We follow the methods outlined in the appendix of Angert el 

al. (2009a), which is for a more complex model. We present the important steps and quantities 

here for clarity. 

The community average storage effect is defined in Chesson (2008) as  
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Here, cov( , )j jE C  , the superscript {-i} indicates the case with species l as invader, and the 

superscript { }i j on the average means the average over all species as invader except j.  In 

words, the quantity in parentheses is the comparison between cov(Ej, C) for a species as invader 

with the cov(Ej, C)’s for that same species as resident averaged over all other species in turn as 

invader. The rest of the equation averages these within-species comparisons over all species. 

 This expression can be approximated by  
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j txs

j n
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  , (B.32) 

as described in Angert et al. (2009b). Here, 2

txs  is the time by species variance in E. This 

development does not transform the equation for rj into a function of the variables Ej and Cj, as is 

done above. These two methods lead to equivalent results, since E and C are transformations of 

E and C onto the scale of growth rate (Chesson 1989). While the results are equivalent, their 

expression is not identical, as the transformation must be accounted for. We use the form for rj 

given in (B.1), as this is in terms of E and C. In this case, βj and γj are defined by differentiation 

with respect to E and C rather than E and C : 
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and 
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On this scale, βj is the same as the βj found earlier, but γj is not the same as the γj in the previous 

section. With these expressions for βj and γj , (B.32) becomes 
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Now we need the time by species variance, which is given in Angert et al. (2009b) as  
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where 2  is the species average variance of E. Here, ρij is the temporal correlation of Ei(t) and 

Ej(t), making   the weighted average correlation 
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We now have the expression for the community average storage effect used in the text, eq (7):  
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Appendix C. Approximations and the relative strength of coexistence mechanisms 

The functional descriptions of the coexistence mechanisms given in appendix B are 

approximations. It is therefore useful to check whether they are close enough. We do that here by 

presenting coexistence regions for simulated measurements of invader growth rates, which do 

not involve approximations, compared with the invader growth rates calculated based on the 

approximations developed in appendix B (figure C.1):  
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  (C.1) 

We present the comparison of approximate and simulated coexistence regions in seed yield 

space, as in figures 9 and 10 in the text. When the Y’s differ between species, the 
j  will differ. 

This leads to relative nonlinearity, as described in appendix B. We therefore use this opportunity 

to compare the effect of relative nonlinearity to that of the storage effect. We make this 

comparison using a coexistence region calculated without relative nonlinearity, where the 

invader growth rate is  
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  (C.2) 

We see in figure C.1 that the region based on the full approximation (between solid lines) 

matches closely with the region defined by simulation (between dashed lines). While there are 

small quantitative differences, these regions are qualitatively very similar. The region defined 

without relative nonlinearity is shown between dotted lines. Since there is little difference 
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between the regions with and without relative nonlinearity, relative nonlinearity has small effect, 

with the storage effect being the primary driver of coexistence.  

 

 
Figure C.1. Comparison of approximations, simulations, and strength of relative nonlinearity. Coexistence possible 

for Y1:Y2 combinations between lines of the same type. Solid lines: full approximation of invader growth rate 

according to C.1; Dashed lines: simulated invader growth rate; Dotted lines: approximation of invader growth rate 

without relative nonlinearity, according to C.2.The upper dotted line coincides with the upper solid line, obscuring 

it. Parameters: 1 1 = 0.5, m1 = 0.4, 2  2 = 1.0, m2 = 0.5.    



 

71 

 

Appendix D. Delay length and relationships between E and C for invaders 

Our results show species-specific storage effects, and of particular interest, negative storage 

effects for the longer-delayed species. The positive storage effect for the shorter-delayed species 

is always of greater magnitude than the negative storage effect of the longer-delayed species, 

however, leading to a nonnegative community average storage effect in all cases, as seen in 

figure 8 and discussed in the text. 

The way the asymmetries between species’ germination responses generate these species-

specific storage effects is not immediately obvious, as both invaders and residents have positive 

relationships between E and C. Therefore, the covariances between E and C, which underlie the 

storage effect, bear further examination. We visualize the development of these covariances by 

plotting the pairs of E and C for both residents and invaders at each timestep in a simulation. 

 When the species with shorter delay is the invader, it experiences low competition until 

the longer-delayed species begins germination. In figure D.1, the higher-delayed resident doesn’t 

start germinating until the lower-delayed invader has already reached about E = -2. Therefore, 

for moisture durations shorter than those leading to E = -2, the shorter delayed invader escapes 

competition from the resident. However, the competition experienced by the invader rapidly 

increases once the resident begins germination. The slope of the relationship between E and C is 

actually higher for the invader than the resident (figure D.1). However, the higher slope does not 

lead to a greater covariance. As we saw in the text, the variance of E rapidly increases with 

increasing delay because there are many more years with no germination. In figure D.1, there are 

many more blue points at about E = -5.25 than green points at about E = -5.5. This increased 

variance for the resident causes covEC for a long-delayed resident to be greater than covEC for a 

short-delayed invader, leading to a positive storage effect for the shorter-delayed species. 
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Figure D.1. Relationship between environment and competition for a short-delayed invader. Points are simulated E 

and C values for two species. Species 1 (green) invader, species 2 (blue) resident. Parameters: Species 1: 1 

1 = 0.5, m1 = 0.4. Species 2, 2 2 = 1.0, m2 = 0.5.  

 

Since the longer- delayed invader always germinates after the resident, it always experiences 

competition when it germinates, seen in the high C values for all blue points above an E of about 

-5.25 in figure D.2. However, a longer delayed invader has a higher variance of E, caused by 

more years with no germination, seen in the vertical set of points at an E of approximately -5.25. 

These points span a range of C values, because in some years, the shorter-delayed resident will 

have germinated and generated competition without germination of the longer-delayed invader. 

The buildup of competition before the invader starts germinating leads it to have a lower slope in 

its relationship between E and C than the less-delayed resident. However, the greater 

germination variance caused by long delay leads the longer-delayed invader to have a higher 

covEC than the early germinating resident, giving it a negative storage effect (figure D.2). 
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Figure D.2. Relationship between environment and competition for a long-delayed invader. Points are simulated E 

and C values for two species. Species 1 (green) resident, species 2 (blue) invader. Parameters as in D.1.   
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Introduction 

The importance of aquatic environments for both humans and ecological communities is 

disproportionate to their size. However, stream environments are disproportionately degraded by 

human activities, such as effluent discharge, channel alterations, and introduced species. This 

degradation conflicts with the maintenance of biological integrity as well as ecosystem services 

such as clean water and healthy fisheries. Stream ecosystems have been well studied both 

theoretically and empirically from the perspective of hydrology, nutrient flows, and ecosystem 

energetics. However, theoretical understanding of stream community dynamics is poor, and is 

inadequate to inform management and mitigation of anthropogenic degradation of stream 

communities.  

There has been extensive documentation of patterns of biodiversity in streams. Such 

diversity patterns often reflect environmental gradients (e.g. Vinson and Hawkins 1998, Finn and 

LeRoy Poff 2005, Clarke et al. 2008, Downes and Lancaster 2010). Conceptual models, such as 

the river continuum concept (Vannote et al. 1980) and habitat templet (Poff and Ward 1990, 

Resh et al. 1994, Townsend and Hildrew 1994), have been constructed to formalize these 

associations between diversity and environmental conditions, based on the assumption that 

diversity in streams increases with increasing habitat heterogeneity and species turnover 

correlates with environmental turnover (Frissell et al. 1986, Resh et al. 1994, Townsend and 

Hildrew 1994, Townsend et al. 1997, Vinson and Hawkins 1998, Poff et al. 2010). Biotic 

dispersal is expected to smooth the biological patterns relative to environmental patterns (Palmer 

and Poff 1997, Brown and Swan 2010, Heino and Peckarsky 2014), a prediction borne out in 

observational studies (e.g. Lowe 2003, Heino and Mykra 2008, Göthe et al. 2013, Kuglerová et 

al. 2014). In addition, the drift of organisms due to the downstream flow of streams is expected 
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to alter the diversity patterns of aquatic organisms (Muller 1954, 1982, Hershey et al. 1993, 

Humphries and Ruxton 2002).  

While experimental studies and conceptual models point to the importance of 

environmental variation and dispersal in structuring stream communities, their lack of 

mechanistic foundations limits their ability to draw inferences and make predictions about how 

these factors affect stream diversity. Much theoretical work on species coexistence has been 

developed, particularly for terrestrial and marine communities (Chesson 1998, 2000, Snyder and 

Chesson 2003, Sears and Chesson 2007), but little has been applied to streams. Theoretical 

attention has been paid to the downstream drift of organisms, but largely in a single species 

context in the absence of environmental variation (e.g. Speirs and Gurney 2001, Lutscher et al. 

2005, Pachepsky et al. 2005, Sarhad et al. 2013). When environmental variation or coexistence is 

considered, r-K tradeoffs are modeled in conjunction with monotonic increases in carrying 

capacity (Levine 2003, Lutscher et al. 2007, Vasilyeva and Lutscher 2012). These two 

approaches are interesting, but are only a small subset, and not necessarily the most compelling 

subset, of the potential approaches to stream community diversity maintenance mechanisms.   

Here, we develop a model of species interactions for streams, and use this model to probe 

coexistence and diversity patterns to provide a mechanistic foundation for stream community 

studies. We first ask how the downstream drift of organisms and the scales of environmental 

variation and dispersal contribute to the patterns of density and diversity along the stream. We 

then move beyond pattern description to analyze how these factors alter the strength of specific 

coexistence mechanisms that determine the composition of the community at the scale of the 

whole stream. Our approach yields a mechanistic basis for inferences about what observed 

patterns along streams represent in terms of community composition, persistence, and stability. 
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We also link diversity patterns to the scale at which organisms partition environmental variation 

and the role of dispersal in both local and regional community composition. 

 

Modeling stream community dynamics 

We chose a model of stream community dynamics with a form that allows the measurement and 

analysis of species coexistence mechanisms. This model explicitly addresses the environmental 

and dispersal characteristics of streams and their communities that have been the focus of 

previous conceptual and theoretical stream ecology (Box 1). Our model does not explicitly 

represent any particular species, but captures the essential properties of environmental variation 

and dispersal in streams. In particular, we account for the scale at which environmental 

conditions change in space, characterized by the correlation length of the environment (Box 1). 

Two aspects of dispersal are accounted for, the spread of the dispersal kernel, characterized by 

the mean organisms disperse, and the amount of drift, characterized by the proportion of 

dispersing organisms that go downstream. While we study these factors in general, in nature their 

values will be determined by the life history of the species, including the type of environmental 

factors they respond to and their dispersal biology. 

 

Box 1: Model Description 

We model community dynamics as a two-step process of within-patch dynamics followed by dispersal. 

The per capita population growth rate of species j in patch x, λjx(t), is determined by a Ricker equation 

with a patch- and species-specific environmental response, Ejx(t), and a patch-specific dispersal 

survival rate, Sx,  

 
( )

( ) ( ) jxC t

jx x jxt S E t e


  . (1) 

The specific life history trait affected by the environment is not explicitly defined here, but some 

possibilities include an environmentally dependent growth or provisioning rate. In general, increasing 

such physiological rates will increase the per capita resource use. We thus model competition as 

dependent on the environmental response:  

 ( ) ( ) ( )jx lx lxl
C Et t N t  . (2) 

The organisms produced from patch x at time t disperse according to the dispersal kernel, k(z). 



 

84 

 

Spatially-variable dispersal mortality leads to the patch-specific dispersal survival rate, Sx, of equation 

(1). 

          To model different scales of environmental variation, we alter the correlation length of the 

environmental variable, Ejx. The correlation length is the exponential decay rate of the autocorrelation 

of environmental conditions with distance, and as such, defines the scale at which environmental 

conditions change along the stream. 

We consider two different aspects of dispersal: the overall amount of dispersal and the 

direction of that dispersal. We characterize the scale of the dispersal kernel by the mean distance 

dispersed. Downstream drift is modeled by adjusting the proportion of dispersing individuals going 

upstream and downstream, which holds the overall amount of dispersal constant, but changes the 

direction of some dispersers. For the results presented here, we assume all species have the same 

dispersal properties. We model a reflecting boundary at the upstream end of the stream, while the 

downstream boundary is absorbing to represent loss from the system. 

 

Environment and dispersal determine patterns 

 
Figure B1. Population distributions along the stream arising from different patterns of environmental 
variation and dispersal conditions. Colors indicate species. Green line obscures blue in top and bottom 
panels of left column. Top row shows the environmental responses underlying the community dynamics in 
each column. 
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Pattern analysis  

To assess the relationship between patterns of abundance along the stream and the underlying 

environmental conditions, we simulate communities for different parameter combinations and 

measure the cross-correlation between the environmental response, Ej , of species j and its 

density, Nj (Figure 1). The density of a species at a site is only weakly correlated with its local 

(lag 0) environmental response when the mean distance organisms disperse is long relative to the 

scale at which environmental conditions change (Figure 1). Increased dispersal increases the 

influence of environmental conditions on local density at distant sites, as indicated by increased 

cross correlation between Ej and Nj at larger lags (Figure 1). Drift makes densities at a site more 

dependent on environmental conditions at upstream sites than downstream sites because sites 

receive a greater proportion of their propagules from upstream. 

 

 
Figure 1. Cross correlation of population densities (Nj), and environmental responses (Ej). Blue lines: symmetric 

dispersal. Green lines: 90% drift. Black lines: autocorrelation of E. Note different scale on x-axes for low and high 

environmental autocorrelation. 

 

To see how diversity changes with scale, we calculated the Shannon index of diversity for 

windows on the stream of different length (Figure 2).  Local diversity (window size = 1) is 

highest when dispersal is long relative to the scale of environmental variation. The rate at which 
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diversity approaches an asymptote with increasing window size reflects the rate of species 

turnover along the stream. Species turnover is highest with low environmental autocorrelation. 

Species turnover is lower with higher dispersal rates due to reduced competitive exclusion and 

more even densities along the stream. Drift slightly decreases diversity at all scales smaller than 

the whole stream, but drift has far weaker effects than dispersal distance and environmental 

autocorrelation. 

 

   
Figure 2. Shannon diversity averaged over the stream for different window sizes. Blue lines: symmetric dispersal 

(no drift). Green lines: 90% drift. A window size of 1 is the average diversity of a single site (alpha diversity), while 

a window size of 1000 (the number of sites in the stream), is the diversity of the whole stream (gamma diversity). 

 

These density and diversity patterns are largely determined by the ratio of the mean 

dispersal distance to the correlation length of the environmental variation. When this ratio is held 

constant, the density patterns do not depend on the absolute values of dispersal or environmental 

scale, as long as the correlation length and dispersal are not too short. We illustrate this scaling 

behavior by measuring two descriptors of the density pattern, the correlation between local 

density and local environmental conditions, and average local Shannon diversity, while holding 

the ratio of mean dispersal distance to correlation length constant (Figure 3). Flat lines indicate 

equivalent density patterns at a fixed ratio of mean dispersal to correlation length. The lines are 
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not flat at low correlation lengths and dispersal distances, presumably due to the discrete spacing 

of the patches one unit apart.  

 

 
Figure 3. Descriptors of environmental pattern for different ratios of mean dispersal distance to environmental scale. 

A. Correlation between Njx and Ejx. B. Mean Shannon diversity of a site. Ratios of mean dispersal distance to 

correlation length are indicated by line color: Red, 0.1. Green, 1.0. Blue, 10.0, Purple, 100.0. 
 

These shifts in the distribution of organisms are expected to alter the strengths of coexistence 

mechanisms because these mechanisms depend strongly on the distribution of organisms in 

space relative to environmental conditions and other organisms.  We define coexistence using the 

invasion criterion (Box 2). There are two primary coexistence mechanisms through which 

environmental variation can give a fitness benefit to invaders: separation of physiological 

activity (the storage effect, ), and concentration in favorable environmental conditions (the 

fitness-density covariance, ).  An illustration of how these mechanisms arise in streams 

follows: 
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Box 2: Coexistence and the invasion criterion 

By definition, stable coexistence occurs when species recover following perturbation to low density 

(Turelli 1978, Chesson and Ellner 1989, Schreiber 2012).  Coexistence is quantified by measuring the 

rates of recovery for each species in a multispecies community.  To do this in a model, the population 

of each species is reduced in turn to effectively zero density -- where its density has at most negligible 

effects on the fitnesses of any individuals of any species.  The rest of the species are allowed to come to 

a long-term steady state, normally meaning statistically stationary fluctuations.  These species are in 

the resident state, while the species at effectively zero density is in the invader state (see Appendix A 

for more details). The invasion rate is measured as the multiplicative growth rate , which defines 

growth from low density as ( 1) ( )i i iN t N t   . Here, ( )iN t is the average density of species i in the 

stream as a whole.  This quantity also has the interpretation as the average of fitness over all 

individuals of species i in the stream as a whole.  A value of greater than 1 means that species i 

recovers from low density, and conversely a value less than 1 means that it cannot recover.  

As a special case of a more general class of models (Chesson 2000) this invader growth rate 

can partitioned into contributions from two major mechanisms, the spatial storage effect, given by I , 

and fitness-density covariance, given by  :  

 1i i I       , (3)  

(Chesson 2008). Here ξi represents average fitness differences between species. The average fitness 

difference defines the difference in fitness between species i and the average fitness of the resident 

species. These fitness differences sum to zero and in the absence of coexistence mechanisms, the 

species with negative ξ values would not be able to recover from low density.  In this model, however, 

I  and   are positive, and if sufficiently large can outweigh any negative average fitnesses to give 

positive recovery rates for all species and hence stable coexistence. Therefore, the strength of 

coexistence mechanisms determines the maximum average fitness difference at which coexistence is 

stable. Provided coexistence is stable, increasing the strength of coexistence mechanisms increases the 

relative abundance of the weaker species (Figure B2). 

 

 
Figure B2. Relative abundance of species with lower average fitness with increasing mechanism 

strength. Red line: Mean E difference = 0.1.  Green line: Mean E difference = 0.25. Blue line: Mean E 

difference = 0.5. Purple line: Mean E difference =1. 
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Storage effect 

Figure 4 illustrates the factors contributing to the storage effect in a stream. When residents are 

in a favorable environment (green), the resulting high physiological activity increases per capita 

demand for resources at that location, increasing competition (black). This competition limits the 

fitness benefits of favorable environments for residents.  

When invaders are in a favorable environment (blue), they do not increase competition 

because they have negligible density and thus do not draw down resources. The fitness benefits 

of favorable environments for the invader are therefore limited only by the extent to which 

residents generate competition in those locations. The extent to which favorable environmental 

conditions are limited by competition is quantified by the covariance between environment and 

competition (covEC). When covEC is lower for the invader than resident, residents limit 

themselves more than they limit invaders, and coexistence is promoted by the storage effect. 

 
Figure 4. Environmental and competitive responses for an invader and resident. Blue: Invader environmental 

response. Green: Resident environmental response. Black: Competition. Symmetric dispersal. 

 

Fitness-density covariance 

The differences between residents and invaders in how their fitness is limited by competition can 

also contribute to coexistence in another way, the fitness-density covariance, as illustrated in 

Figure 5. Intuitively, per capita fitness increases when organisms concentrate in areas of high 

fitness. This concentration is measured as the relative density, νjx(t), which is defined as the 
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deviation of the density of species j at site x from the average density of species j over the 

stream; ( ) ( ) ( )jx jx jt tNt N  .  

Since residents generate competition, their maximum fitness at a site is limited (green) to 

near 1, and their density at a site tends to be near the local carrying capacity, adjusted by 

dispersal. Since our model does not have a variable carrying capacity, the relative density of 

residents of a site is near 1 (black), modified by dispersal and the number of sites with growth 

rates less than 1. In contrast, invader fitness (blue) can be much greater than 1 at sites with high 

E and low C. Areas of high invader fitness generate high relative density (red) because densities 

build up in areas of high fitness as long as there is some local retention. The height and spread of 

the peak of relative density depends on dispersal. 

Not only do invaders have areas of higher fitness than residents, they tend to build up in 

those areas due to local retention and limited dispersal. This relationship between the fitness of a 

site and the proportion of the total population at that site is measured as the covariance between 

fitness and relative density (covFD). When covFD is higher for invaders than residents, the 

invaders are more concentrated in areas of high fitness, and coexistence is promoted by the 

fitness-density covariance coexistence mechanism.  

 
Figure 5. Fitness and relative density for an invader and resident. Blue: Invader fitness. Green: Resident fitness. Red: 

Invader relative density. Black: Resident relative density. Symmetric dispersal. 
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These effects of covEC and covFD on the invader growth rate illustrated here are captured 

analytically for our model as in Table 1. The functional form of these analytical expressions 

captures the relationships illustrated above to provide mechanistic understanding of the operation 

of coexistence. The magnitudes of these mechanisms cannot be determined analytically in a 

model with complex environmental and dispersal patterns. To quantify coexistence, we simulate 

community dynamics to calculate the values of the storage effect and fitness-density covariance. 

 

Table 1. Components of invader growth rate. 

Mechanism Formula 

i  
(Average fitness difference) 

*

j i
x x

jiE E

E





 
 

 (Storage Effect) 
cov( , ) cov( , )

j
i j

i j

j j


  

  
E C E C  

 (Fitness-Density Covariance) 
cov ( , ) cov ( , )

j
i j

j i

j j j j   


  
  

 

Explanation of notation: subscript i, invader; superscript –j, in the absence of species j (species j is invader); E*, 

average E over sites and species; superscript i ≠ j, average over all other species in turn as invader with species j as 

resident;  n, number of species; Ejx, effect of SxEjx expressed in units of growth rate; Cjx, effect of Cjx expressed in 

units of growth rate; νjx, relative density (  ).  Covariances are taken over space. Derivations of these 

equations for our model are given in Appendix A. 

 

Here we ask how environmental pattern, dispersal distance, drift, and the resulting distributions 

of organisms affect the separation of physiological activity (storage effect), and the buildup of 

organisms in areas of high fitness (fitness-density covariance).  

 

Coexistence in the stream as a whole 

We compare the strengths of the fitness-density covariance and storage effect that arise with 

different levels of drift and scales of environmental variation and dispersal. As with the patterns 

of diversity, the primary driver of these relationships is the ratio of the mean distance organisms 

I



jx jN N
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disperse to the correlation length of the environment. When this ratio is held constant, both the 

total strength of coexistence stabilization and the relative contributions of the fitness-density 

covariance and spatial storage effect are unchanged (Figure 6). The slight slope of the red line is 

presumably due to dispersal distances being short relative to the discrete spacing of the patches 

one unit apart. 

 
Figure 6. Relationship between strength of coexistence and the ratio of dispersal to environmental scale. Line color 

indicates ratio of mean dispersal distance to correlation length: Red, 0.1. Green, 1.0. Blue, 10.0, Purple, 100.0. 
 

The concentration of organisms in favorable environments has the potential to contribute much 

more to coexistence than does the spatial segregation of physiological activity.  Low dispersal 

relative to the correlation length of the environment leads to a high fitness-density covariance 

because invaders do not disperse away from areas of high fitness, allowing them to build up over 

time. This same tendency to remain near the natal habitat leads to strong competitive exclusion 

as seen in figures 2 and 4, and thus high fitness-density covariance tends to be associated with 

high spatial segregation of the species. 

Increasing the mean distance organisms disperse spreads organisms out in space, 

reducing both spatial segregation (Figure 2) and the strength of coexistence (Figure 6). The 

relative contribution of the storage effect to stabilization increases with both dispersal and drift 
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(Figure 7). This is because the storage effect depends directly on how changes in physiological 

activity (the environmental response) covary with competition.  Competition can increase in 

favorable environments due to the direct physiological response of the organisms in individually 

drawing down resources, and indirectly through buildup of organisms in favorable locations.  

The dependence of competition on the buildup of organisms is reflected in identical rankings of 

the different dispersal and autocorrelation in terms of the strengths of the storage effect and the 

fitness-density covariance (Appendix C). However, the dependence on local physiological 

activity means that in contrast to the fitness-density covariance, the storage effect contributes to 

the stabilization of coexistence in all cases. Indeed, the storage effect becomes more important 

relative to the fitness-density covariance as conditions become less favorable to building up in 

good environments (Figure 7). In an extreme example, uniform global dispersal completely 

prevents buildup over time, and leads to no correlation between local density and environmental 

conditions (Figure B1). While this eliminates the fitness-density covariance, environmental 

variation can contribute to coexistence by the storage effect since physiological activity is 

variable in space (Figure 7, magenta lines). For further discussion of the development of these 

mechanisms and their relationships, see Appendix D. 

Drift weakens the fitness density covariance because the areas of highest relative density 

are shifted downstream from the locations of highest fitness (see Appendix B for illustration). In 

addition, when dispersal is high, drift can cause organisms to concentrate in downstream sites. 

With high dispersal and drift, downstream sites tend to have low fitness due to a large proportion 

of their dispersers washing out of the system. This scenario can lead to a negative fitness-density 

covariance (relative contribution of the storage effect is > 1 in figures 7 & 8). 
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Figure 7. Mechanism strengths depend on dispersal to environmental scale ratio, as well as drift. Line color indicates 

the ratio of mean dispersal distance to environmental correlation length: Red: 0 (No dispersal). Olive: 0.1. Green: 1. 

Blue: 10. Magenta: Global dispersal. See Appendix C for separate strengths of each mechanism. 

 

So far, we have considered only pure spatial variation. That is, the environmental 

conditions of each site are fixed through time. However, streams also exhibit spatio-temporal 

environmental variation, i.e., variation in environmental conditions between sites when the 

conditions at any given site vary through time. In effect, the environmental conditions are 

reshuffled among the sites every generation. Although the correlation length of the environment 

at any point in time may be nonzero, organisms experience an effective correlation length of 

zero, because the environmental conditions of a site are uncorrelated with the environmental 

conditions of its neighbors (and itself) at the next generation. An effective correlation length of 

zero means that no matter the dispersal conditions, the environmental conditions encountered at 

the next time step will be independent of those at the current time. However, washing out of 

streams and concentrating in headwaters generate fixed spatial effects. Thus, examining the 

effect of dispersal in a stream with spatio-temporal variation illuminates the influence of these 

phenomena on regional coexistence. 

In streams, the presence of spatio-temporal variation can stabilize coexistence, primarily 

by the spatial storage effect (Figure 8). Spatio-temporal variation leads to the storage effect in the 
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same way that purely spatial variation does, because the variation between sites in environmental 

conditions separates physiological activity. In contrast, organisms cannot build up over time in 

response to spatio-temporal variation unless there is habitat selection. Thus, spatio-temporal 

variation cannot contribute to the fitness-density covariance in our model, and the storage effect 

contributes most of the stabilization. However, the fixed spatial effects of the ends of the streams 

do cause the fitness-density covariance to be nonzero, seen in Figure 8 where the relative 

contribution of the spatial storage effect does not equal unity. The fitness-density covariance is 

very small but positive with low dispersal because organisms are concentrated in areas where 

they don’t disperse out of the system. The fitness-density covariance is negative with long 

dispersal and high drift because in that case organisms concentrate in areas where dispersers 

wash out of the stream (see Appendix B for an illustration).  

  

 
 
Figure 8. Stabilization of coexistence with spatio-temporal variation. Line color indicates the ratio of mean dispersal 

distance to environmental correlation length: Red: 0 (No dispersal). Olive: 0.1. Green: 1. Blue: 10. Magenta: Global 

dispersal. Environmental autocorrelation has no effect. Effects of drift due to fixed fitness effects of washing out of 

the stream. See Appendix C for separate strengths of each mechanism. 
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Discussion 

We provide here the first theoretical analysis of the combined effects of drift, environmental 

variation, and dispersal on diversity maintenance in stream communities. We find that the 

relative scales of environmental variation along the stream and dispersal are the primary drivers 

of coexistence in streams. Drift does not affect coexistence in isolation, but depends on the mean 

distance organisms disperse and the scale of environmental variation. All three factors primarily 

influence coexistence by determining the strength of the fitness-density covariance coexistence 

mechanism. 

The importance of concentration of organisms in determining the strength of coexistence 

illuminates similarities in the effects of seemingly widely disparate factors. This study explores a 

factorial combination of dispersal distance, environmental scale, drift, and type of variation 

(spatial or spatio-temporal). Any combination of factors that leads species to segregate strongly 

in space is associated with strong stabilization of coexistence, while those combinations that 

spread organisms out in space and reduce their association with favorable environmental 

conditions weaken coexistence. Thus, we find that neither dispersal distance nor environmental 

scale is decisive in itself, but their relative values determine the patterns of diversity and strength 

of coexistence. Spatio-temporal variation is very similar to high dispersal in that it also prevents 

organisms from concentrating over time. In this case, concentration is prevented because 

environmental conditions, rather than organisms, shift locations in time. In contrast to the other 

factors, drift reduces the correlation between organisms and their environment due to 

asymmetrical shifts in abundance rather than increases in spread (Appendix B). 

 Most previous theoretical studies of drift have considered single-species models, with a 

primary interest in how much drift can be withstood before extinction (Speirs and Gurney 2001, 
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Lutscher et al. 2005, Anderson et al. 2012). In contrast, we ask how drift affects the strength of 

coexistence in conjunction with dispersal and environmental variation. By considering these 

factors simultaneously, we provide a more complete understanding of when drift is important. 

While drift does indeed weaken coexistence, it has its greatest effect in environmental and 

dispersal conditions where coexistence is strongest (Figure 7). 

Our finding that environmental variation and dispersal are the primary drivers of stream 

community structure aligns our work most closely with previous conceptual and empirical 

studies focusing on how habitat heterogeneity (Frissell et al. 1986, Poff and Ward 1990, 

Townsend et al. 1997) interacts with dispersal to determine patterns of diversity along streams 

(Heino and Mykra 2008, Downes and Lancaster 2010, Brown and Swan 2010, Auerbach and 

Poff 2011, Brown et al. 2011, Patrick and Swan 2011). As suggested by these studies, we find 

that the composition of local communities is dominated by local environmental conditions when 

dispersal is short, and becomes more dominated by dispersal as dispersal increases relative to 

environmental scale.  

The patterns of diversity and density along the stream are strongly associated with the 

strength of coexistence: coexistence is strongest in the same conditions that lead to the strongest 

local exclusion, and weakest when local diversity is high and there is low turnover along the 

stream. However, these patterns of density and diversity along the stream do not directly 

determine the strength of coexistence. This association primarily arises due to the dependence of 

the fitness-density covariance on the distribution of organisms in the stream. The functional 

expressions of the coexistence mechanisms provides the theoretical foundation necessary to 

understand how these patterns translate into the strength of coexistence at the scale of the stream. 
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The fitness-density covariance can achieve very large values when species are highly 

segregated, but its dependence on the buildup of organisms makes its magnitude highly sensitive 

to the amount of dispersal. In contrast, the storage effect never gets as large, but is much less 

influenced by dispersal and environmental scale because it depends on links between local per 

capita physiological activity and competition. One critical outcome of these differences between 

the fitness-density covariance and the storage effect is that a lack of correlation between 

environmental conditions and local community composition does not imply neutrality. Instead, 

the storage effect can support stable coexistence regionally even when dispersal is the dominant 

driver of diversity patterns along the stream. This result was previously unavailable from 

conceptual understandings of stream communities, which assume that high dispersal and low 

correlations between local environments and community composition are hallmarks of neutrality 

(Thompson and Townsend 2006, Auerbach and Poff 2011, Brown et al. 2011). 

Conditions where local composition changes slowly along the stream are associated with 

weaker stabilization than conditions with strong spatial segregation of species. However, even 

weak stabilization can be extremely important for community composition (Figure B2). 

Fundamentally, the strength of stabilization must overcome average fitness differences for 

species to coexist indefinitely. Thus, if average fitness differences are small, only a small amount 

of stabilization is necessary for coexistence. In addition, the presence of even weak stabilization 

leads to longer persistence times in the face of changing environmental conditions, and 

potentially buffers changes in overall community composition with climate change (Figure 9). 
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Figure 9. Persistence time of different mechanism strengths as average fitness differences increase. Species defined 

with equal average fitness at time 0. Average environmental response of one species increased by 1/1000 per 

timestep to model directional environmental change favoring that species. Line color indicates the ratio of dispersal 

distance to environmental correlation length, which determines mechanism strength: Red: 0 (No dispersal, 

Mechanism strength = 3.0). Olive: 0.1 (Mechanism strength = 2.0). Green: 1 (Mechanism strength = 0.84). Light 

Blue: 10 (Mechanism strength = 0.15). Magenta: Global dispersal (Mechanism strength = 0.08). Dark Blue: 

(Mechanism strength = 0). 
 

It is not unusual for competing species to have high spatial overlap (Sheldon and Warren 

2009, Merritt et al. 2010, e.g. Troia and Gido 2013, Swan and Brown 2014), despite our finding 

that coexistence is strongest when species are most segregated. Examining such patterns can 

yield important insight into the natural history of the community. High spatial overlap and 

smooth species distributions along the stream imply that species are likely partitioning 

environmental variation at a smaller scale than their dispersal. Identifying the scale of relevant 

environmental variation can be critical for determining the environmental factors that are 

important in a given community. The evolutionary benefits of dispersal in these situations is also 

an interesting question, and suggests other processes that affect community structure. For 

example, complex spatio-temporal and temporal components of the total environmental variation 

may select for greater dispersal than is expected with purely fixed spatial environmental 

variation. Stream ecologists have long understood the importance of microhabitats, and it is 

likely that any realistic dispersal will be longer than the scale of microhabitat variation. An 
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interesting question, however, is how the habitat selection common to many aquatic organisms 

(Peckarsky et al. 2000, Reich and Downes 2004, Guillemette et al. 2010) may allow species to 

concentrate in microhabitats despite long dispersal distances.  

In nature, environmental variation occurs at multiple scales, and stream communities are 

thought to be structured by hierarchical environmental variation (Poff 1997, Lake 2000, Heino 

and Peckarsky 2014). In line with our findings, field studies and conceptual models suggest 

strong spatial segregation between species that partition large-scale changes in the environment, 

such as headwaters-mouth gradients of discharge, temperature, or substrate (Vannote et al. 1980, 

Frissell et al. 1986, Mykra et al. 2004, Bogan et al. 2013, Troia and Gido 2013). In contrast, 

within these large habitat classes, organisms are more likely to co-occur, and tend to partition 

microhabitats (Vannote et al. 1980, Poff 1997, Downes et al. 1998, Lee and Suen 2011). Our 

continuum of dispersal: correlation length ratios represent these different scales of habitat 

partitioning, indicating, as seems logical, that species that partition large-scale variation are more 

likely to experience little overlap, and are strongly stabilized. In contrast, species that experience 

more spatial overlap are likely partitioning smaller scale variation and are less strongly 

stabilized. 

Here, we have demonstrated a theoretical foundation for studying factors that conceptual 

and empirical studies have long thought to be important for stream communities. This approach 

provides additional insight unavailable from conceptual models, particularly with respect to the 

maintenance of diversity regionally and the implications of low correlations between species and 

environmental conditions. Perhaps most importantly, the management and restoration of stream 

communities is rarely informed by theory, and the theory available too often lacks a mechanistic 

foundation or is limited in its ability to describe several interacting processes acting at different 
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scales (Lake et al. 2007, Roni et al. 2008). We have demonstrated here that our theoretical 

development can address multiple interacting factors. In addition, this framework explicitly 

addresses communities at multiple scales, with the strength of regional coexistence being critical 

preservation and restoration (Lake et al. 2007). We suggest that a critical first step for managing 

stream communities is to determine the scale at which the species partition environmental 

variation and the scale at which they disperse. 
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Appendix A: Derivation of coexistence mechanisms 

We are interested in measuring the strength of coexistence in the case of spatially variable 

environmental conditions. We define coexistence by the invasion criterion: the average per 

capita growth rate of a species at low density, i , must be greater than 1. A growth rate greater 

than 1 allows that species to increase from detrimental perturbations to rejoin the community. 

This invasion criterion is supported by the results of (Schreiber et al. 2011, Schreiber 2012). 

Despite the primary importance of the average per capita growth rate, information is more 

commonly available for dynamics at the scale of the patch. Thus, we must determine the average 

per capita growth rate from population dynamics described at the patch level. When the 

environment varies in space, this may not be simply the average growth rate at each patch. 

As noted in the text, the growth of a patch is defined as  

 
( )

( ) ( ) jxC t

jx x jxt S E t e


  . (A.1) 

For the analyses that follow, we recognize that the effect of a location on fitness is the product of 

dispersal survival, Sx, and the environmental response, Ejx(t). This forms a composite 

environmental response, E’jx(t), such that E’jx(t) = Sx Ejx(t). The growth rate λjx(t) is a function of 

the composite environmental response and competition: 
'( ) ( , ( )( ))jx jx jxtt G E C t  .  

We follow the general methods of (Chesson 2000) to approximate the invader growth rate i for 

our particular model, developing analytical expressions for coexistence mechanisms as 

quantitative contributions to the overall growth rate.  We begin by transforming the effects of 

both the environment and competition into units of growth rate, Ejx(t) and Cjx(t). This requires 

defining equilibrial values of E’jx(t) and Cjx(t), E
* and C,* such that G(E*,C*) = 1. Thus, 

**1 CE e . This gives  
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The transformed variables, Ejx(t) and Cjx(t) are defined as *( ) ( ( ), )jx jxt G E t CE  and 

*( ) ( , ( ))jx jxt G E C tC  {Chesson 2000}. Thus,  
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E t
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E
 E   (A.4) 

and 

 
* ( )

( ) 1 jxC C t

jx t e


 C .  (A.5) 

As described in (Chesson 2000), this approximates the growth rate at a site as the additive 

contributions of environmental conditions, competition, and their interaction, as follows, 

 ( ) ( ) ( ) ( ) ( )jx jx jx jx jxt t t t t   E C E C .  (A.6) 

The growth rate of species j at time t , ( )i t , is the average per capita fitness of all organisms of 

species j at time t. This may not be the same as the fitness in the average conditions due to 

properties of nonlinear averaging and uneven distribution of organisms (Chesson 2000). Chesson 

(1994, 2000, 2008) has developed general results that define coexistence mechanisms as 

quantitative contributions to the invader growth rate,  

 1i i N I        . (A.7) 

Each of these terms has a specific functional form, as follows, 

 *

i i

i

iE   C  ,  (A.8) 
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In this formulation, each of these terms is species-specific and potentially includes both 

stabilizing and equalizing contributions to coexistence. In this paper, we are primarily interested 

in the stabilizing component of coexistence, as this determines the size of the coexistence region. 

This stabilizing component is measured by the community average forms of these mechanisms. 

The general forms of these community average measures are given in (Chesson 2008) as 
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  . (A.14) 

Superscripts x on covariances denote taking the covariance over sites, while subscripts i on 

covariances mean taking covariance over each species as invader. Superscripts –j mean in the 

absence of species j (species j is in the invader state). Superscripts i ≠ j on averages indicate 

taking the mean covariance of species j as resident over all other species in turn as invader. The 

averages over the expressions for I  and   are averages over all species in the community.  

Note that in this formulation, the average fitness differences, ξi, are still species-specific, and 
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account for the deviations of the species-specific coexistence mechanisms from the community 

average,  

 * ) ) )( ( (i

ii i i i iE I I N N             C  . (A.15) 

We now find expressions for each community average coexistence mechanism and the average 

fitness difference for our particular model. 

 For the storage effect, I , we have expressions for E and C, and need to find β and γ.  

The buffering coefficient, γ, measures the strength of the interaction between E, and C, and is 

defined as  

 
2

j

j

j j









E C
 . (A.16) 

This can be found by parametric differentiation. In this case, however, it is possible to 

algebraically transform equation (A.1) to determine the value of γ. First, we rearrange (A.4) and 

(A.5) to obtain  
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Substituting these into equation (A.1) yields  

 ( ) ( ) ( ) ( ) ( )jx jx jx jx jxt t t t t   E C E C  , (A.19) 

and thus, 

 1j    . (A.20) 

The sensitivity to competition, β, is defined as  
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Differentiation of equation (A.5) yields  

 1j   . (A.22) 

We now have an expression for the storage effect for our model as given in the text,  

 cov( , ) cov( , )

j
i j

i j

j jI


    
  

E C E C  . (A.23) 

In order to calculate the value of this expression in our simulations, we must choose values for 

E* and C*. Recognizing that species may have different expected values of Ej , we first define  

 * [ ' ]j jE E E  .  (A.24) 

We then determine a common E* by finding the expected value of 
*

jE  over species,  

 * *[ ]jEE E  , (A.25) 

 and this is used to calculate C* according to (A.3). 

 Finding β = 1 above also gives us the expression for the fitness-density covariance,   

used in the text:  

 cov ( , ) cov ( , )

j
i j

j i

j j j j    


    
  

 . (A.26) 

Here, ν is the relative density of species j , 
jx

jx

j

N

N
   . 

Relative nonlinearity contains two terms not previously encountered, F and τ. F is the 

competitive factor, and in our model with a single competitive factor, F = C. τ is a measure of 

the nonlinearity in the relationship between fitness and the competitive factor, defined as  
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C
 evaluated at C*, which are simplified versions of the 

equations from (Chesson 2000, 2008), given that there is only a single competitive factor, C. 

Thus, (1) 1j j    and (2) 1j  , yielding 1
2j   . Since neither τ nor var(F) are species-

specific in our model,  

 0N   . (A.28) 

To find the variation independent part of ξi, we must find iE  and *i

i

C  . The expressions are 

given in Chesson {2000} as  
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 C since all species experience the same competition 

generated by residents and are identically sensitive to that competition (have the same β). By the 

definition of E* given above, 
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 E  , which yields an expression for the variation 

independent part of ξi, 

 
*

j i
x x

i j

i

E E

E





  . (A.31) 



 

108 

 

Since this paper does not consider cases of species-specific differences in the strength of the 

variation dependent mechanisms, this is also the full measure of the average fitness difference 

for the cases considered here. 
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Appendix B. Illustration of coexistence mechanisms for different cases 

 
Figure B.1. Fitness and relative density for an invader and resident for different dispersal rates and environmental 

scales. Blue: Invader fitness. Green: Resident fitness. Red: Invader relative density. Black: Resident relative density. 
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Figure B.2. Environmental and competitive responses for an invader and resident. Blue: Invader environmental 

response. Green: Resident environmental response. Black: Competition. Symmetric dispersal. 
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Appendix C. Mechanism strengths 

 
Figure C.1. Strengths of fitness-density covariance and spatial storage effect with spatial variation. Line color 

indicates the ratio of mean dispersal distance to environmental correlation length: Red: 0 (No dispersal). Olive: 0.1. 

Green: 1. Blue: 10. Magenta: Global dispersal. 

 

 

 
Figure C.1. Strengths of fitness-density covariance and spatial storage effect with spatio-temporal variation. Line 

color indicates the ratio of mean dispersal distance to environmental correlation length: Red: 0 (No dispersal). Olive: 

0.1. Green: 1. Blue: 10. Magenta: Global dispersal. 
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Appendix D. Detailed examination of the development of coexistence mechanisms 

The storage effect and fitness-density covariance are strongly linked, because the terms E, C, λ, 

and ν are interdependent. Fitness, λ, is a function of both the environment and competition. 

Competition, C, is a function of the environment and density. Therefore, variation between sites 

in both environment and competition leads to variation between sites in fitness. Variation 

between sites in relative density contributes to variation between sites in competition. Both 

mechanisms are strongest when the ratio of dispersal distance to environmental variation is 

shortest (local concentration of organisms is highest), and decline in strength as organisms 

spread out in space. This identical ranking is because of the relationship between relative density 

and competition. When dispersal is short, organisms tend to stay near their natal patch, 

increasing relative density there. This concentration boosts cov(FD) for invaders, and cov(EC) 

for residents. 

When local exclusion is strong, dispersal is low relative to environmental change. This 

relationship allows invaders to concentrate in areas of high fitness, increasing their cov(FD). In 

the case of the storage effect, processes that keep organisms near favorable environments tend to 

increase competition there for the residents, increasing their cov(EC). In contrast, the dispersal 

and environmental conditions that spread organisms more evenly along the stream also spread 

invaders away from their areas of highest fitness. These conditions also spread the competition 

generated by residents away from their favorable sites. 

The magnitudes and the relative contributions of the storage effect and the fitness-density 

covariance change dramatically with changes in the factors considered here. The differences 

between the mechanisms are key. The storage effect directly accounts for how competition 

reduces the fitness benefits of high physiological activity at each patch. The fitness-density 
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covariance, on the other hand, measures how building up over time with respect to the resulting 

fitness variation weights the contribution of each patch to the overall regional fitness. The 

fitness-density covariance is able to be much stronger than the storage effect with low dispersal, 

because in that case, species are most able to concentrate over time in high fitness areas. This 

concentration can dramatically increase the contribution of those high fitness patches to regional 

fitness. This has a much larger effect than the increased competitive limitation of favorable 

environments for residents measured by the storage effect. In contrast, the storage effect is 

strongest relative to the fitness-density covariance at high dispersal rates or with sufficient 

spatio-temporal variation. In those conditions, competition is predominantly controlled by the 

physiological response to the environment rather than density. Thus, invaders can still have 

locations in which environmental benefits are less limited by competition, supporting the storage 

effect. Dispersal reduces or eliminates any buildup over time in these sites, leading each patch 

(including those with low fitness) to contribute similarly to regional fitness, thereby reducing the 

fitness-density covariance.  

Drift has a negative effect on the overall strength of coexistence. This negative effect is 

due to the peaks of relative density for the invader being shifted downstream from the fitness 

peaks. Thus, invaders build up, but not in the best sites. This shift weakens the fitness-density 

covariance (illustrated in Appendix B). However, coexistence is still stable in most of our 

examples because the negative effect of drift does not overcome the positive effects of 

environmental variation. While too much drift mortality can lead to extinction, this extinction 

can be avoided if there is sufficient environmental variation or low enough overall dispersal 

rates. Such an outcome is supported by two factors. First is that the storage effect is nearly 

unaffected by drift, since it depends strongly on the local environmental conditions. Second is 
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that while the fitness-density covariance is negatively affected by drift, the conditions that are 

most affected by drift (as judged by the slopes of the lines in Figure 8a) are those that have the 

greatest positive effect on coexistence when dispersal is symmetric. This relationship reduces the 

ability of drift to cause the fitness-density covariance to be zero or negative. Therefore, the effect 

of drift on coexistence cannot be studied in isolation, but depends strongly on the patterns of 

environmental variation and the overall dispersal distances. 
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Introduction 

Stream communities worldwide are undergoing dramatic change, often due to anthropogenic 

alteration of the watershed structure. Many factors can alter the structure of a watershed, 

including the building of dams, dewatering, or tributary rearrangement. Drought, which can be 

influenced by climate change, can also affect stream structure through drying at different 

locations along the stream. Understanding how such changes to topology affect the biotic 

communities that inhabit streams has important implications for conserving watershed 

biodiversity, ensuring the success of species of economic and social importance, and controlling 

the spread of invasive species.   

The defining characteristic of stream structure is the hierarchical branching pattern of 

watersheds, typically with many tributaries joining together to form ever-larger streams (Grant et 

al. 2007). This branching pattern is well studied in geomorphology, where it is thought to be of 

primary importance for material transport patterns, physical properties of the stream, and 

discharge (Strahler 1957, Leopold et al. 1964). Likewise, these dendritic branching patterns are 

considered to have important effects on ecological communities by influencing the way 

organisms move among habitats (Cuddington and Yodzis 2002, Fagan 2002, Grant et al. 2007, 

Auerbach and Poff 2011, Brown et al. 2011, Altermatt 2013). Local diversity in headwaters is 

expected to be most dependent on local environmental conditions, while community composition 

lower in the watershed and near confluences is expected to be more influenced by dispersal 

(Brown and Swan 2010, Auerbach and Poff 2011, Altermatt 2013, Swan and Brown 2014). 

Observational studies in invertebrates (Altermatt et al. 2013, Swan and Brown 2014), fish (Hitt 

and Angermeier 2008a), plants (Kuglerová et al. 2014) as well as experimental studies with 

artificial protist communities (Carrara et al. 2012, 2014) find consistent effects of branching on 
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patterns of local diversity within the stream. It is not clear, however, how the branching patterns 

of streams affect diversity in the watershed as a whole or whether these effects are due to the 

branched topology itself. 

The branching pattern of streams is inherently linked to other, simultaneous changes in 

the watershed, such as the size, quality, and quantity of habitat (Vannote et al. 1980, Frissell et 

al. 1986, Grant et al. 2007, Hitt and Angermeier 2008b). Observational evidence for effects of 

branching on community composition cannot determine whether the topology itself matters, or if 

these effects are primarily driven by associated changes to the stream (e.g. Hitt and Angermeier 

2008b, Finn et al. 2011, Altermatt et al. 2013, Swan and Brown 2014, Kuglerová et al. 2014).  

Such understanding is further impeded because many experimental and modeling studies 

represent streams with a single or few patches per reach (Fagan 2002, Auerbach and Poff 2011, 

Campbell Grant 2011, e.g. Carrara et al. 2012, 2014) or use neutral models (Muneepeerakul et al. 

2007, White and Rashleigh 2012). Such models include strict assumptions about the scale of 

environmental variation and dispersal relative to the branching patterns of the watershed. While 

there has been some effort to separate these effects (Göthe et al. 2013, Carrara et al. 2014), there 

remains no general understanding of how stream topology itself affects stream communities, nor 

how topology interacts with correlated factors. 

Here, we show that topology can be manipulated without changing other environmental 

factors to reveal the effects of stream topology alone. This result leads to a series of instructive 

null cases that assess the factors that allow branching to be important for the maintenance of 

diversity in stream communities. We use the strength of coexistence mechanisms at the 

watershed scale to quantify the effect of stream topology on diversity. We focus on the 
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watershed scale because it is the scale that determines the persistence of species in a given 

stream system, which is necessary for a species to be present at local sites.  

While previous studies have examined effects of stream topology on species richness at 

the scale of the watershed, they lack a theoretical foundation (e.g. Auerbach and Poff 2011, Finn 

et al. 2011). In other studies, coexistence was not stable in the watershed as a whole, and thus 

apparent effects of topology on local species richness disappeared as species went extinct 

(Carrara et al. 2012). The spatial storage effect and fitness-density covariance coexistence 

mechanisms are well developed theoretically, and quantify the strength of coexistence at the 

regional scale (Chesson 2000a, 2008). By studying the effect of stream topology on these 

coexistence mechanisms, we develop a theoretical foundation for diversity maintenance in 

watersheds. We find that branching can be important for coexistence in the watershed if it causes 

increased environmental heterogeneity or if watersheds are small relative to the scales of 

dispersal or environmental variation. 

 

Modeling and analyzing stream communities 

To analyze the effects of topology and associated changes to streams on the maintenance of 

diversity in the watershed, we develop a flexible model of streams as a series of patches with 

different environmental conditions and adjustable patterns of connections between patches. We 

model the ecological communities in these watersheds as guilds of competing species that 

disperse according to the specified stream network and that have different environmental 

preferences. 
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Community dynamics model 

We model community dynamics as a two-step process of local dynamics determined by 

environmental conditions and competition followed by dispersal. We do not model particular 

physical environmental variables such as temperature. Rather, we define an environmental 

response, Ejx of each species j in each patch x. The environment response defines the integrated 

effect of density-independent effects of the environment in a patch on the finite rate of increase 

in the absence of competition. These environmental responses and competition occur within the 

patch to define the per-capita multiplication rate of species j in patch x at time t: 

 
( )

( ) ( ) jxC t

jx x jxt S E t e


   (1) 

where Sx is a patch-specific survival rate determined by dispersal mortality. Strictly speaking, in 

the terminology of Chesson (2000a), Sx is a component of the environmental response, and 

would be incorporated in ( )jxE t .  For clarity, it is kept separate in the presentation, but is treated 

fully as part of the environment response in the analysis. As formulated, we expect Ejx to reflect 

physiological activity, and so larger values should increase competition.  Thus, we model 

competition, Cjx as  

 ( ) ( ) ( )jx jl lx lxl
t NC E t t ,  (2) 

where Nlx(t) is the density of species l in patch x at time t, and αjl is a competition coefficient that 

scales the importance of the density of species l in determining competition. As long as αjl is the 

same for all species, it cannot affect coexistence. 

 For Njx(t) organisms arriving at a patch at the beginning of a timestep, 
( )

( ) ( ) jxC t

jx jxt E tN e


  

are produced and disperse according to a dispersal kernel. We assume an absorbing boundary at 

the mouth of the stream, and therefore dispersal mortality depends on the position of a site with 
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respect to the mouth. The multiplication rate of each patch is the per capita contribution of 

organisms in that patch to the total population in the watershed at the next timestep, and is 

therefore adjusted by the dispersal survival rate, Sx, as in (1). 

Dispersal both upstream and downstream is assumed to be negative binomial, which may 

be symmetric or asymmetric to examine the effects of drift. However, some of our analytical 

results are independent of the distribution chosen. Individuals cannot disperse beyond the 

headwaters, and instead are reflected back downstream. Individuals dispersing beyond the mouth 

of the stream are killed. For our analyses, we restrict dispersal to the stream network. The 

upstream dispersal kernel divides in half at confluences.  

Our exact analytical results are not dependent on the precise model details assumed here, 

just the overall structure of the model (Appendix A). Our other results are expected to be 

qualitatively similar for other models of similar structure. 

 

Characterizing the stream 

We model watersheds as a series of connected patches, with the environmental response of each 

species in each patch determined by an autoregressive sequence. We define a random variable 

Zj,x,, dependent on the next site downstream, Zj,x-1, with correlation ρ and an independent 

deviation, ε:  

 
, , 1 ,j x j x j xZZ     . (3) 

This autoregressive sequence is normally distributed with mean 0. For our model, we define the 

environmental response, Ej,x, as the lognormal transformation of Zj,x, 

 

,

,

j x j

j

Z m

s

j xE e



  . (4) 
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The mean and variance of Ej,x are controlled by adjusting the mean, m, and standard deviation, s, 

of the Z distribution. For simplicity, we assume in the results presented here that m and s do not 

differ between species. The resulting sequence of environmental responses has a characteristic 

length scale at which the environment changes, which we measure with the correlation length. 

The correlation length, τ, is the exponential decay rate of the autocorrelation of environmental 

conditions with distance. The correlation length is defined mathematically by  A(d)
d®¥

¾ ®¾¾ e
-d

t , 

where A(d) is the autocorrelation of sites d units apart (Janke 1996).  

Branching topologies are accounted for by branching this autocorrelation process at 

confluences (Figure 1), generating a separate autoregressive sequence for each tributary with a 

shared starting point at the confluence. For our model, we transform this autoregressive sequence 

to a lognormal distribution. There are two critical properties of the resulting environmental 

conditions: the amount of environmental heterogeneity in the watershed and the arrangement of 

environmental conditions in space. The amount of environmental heterogeneity is determined by 

the joint effects of the scale of environmental autocorrelation and the number of sites in the 

watershed. For a given autocorrelation, more sites leads to greater environmental heterogeneity. 

The arrangement of environmental conditions depends on the correlation structure of the 

environmental conditions. Branching the autocorrelation process at confluences maintains the 

autocorrelation structure along the stream from mouth to headwaters. However, at the scale of 

the whole watershed, there are fundamental differences in the correlation structure between 

linear and branched autoregressive sequences (Appendix A). Essentially, these differences arise 

from having two autocorrelated sequences next to each other, starting from a common point, 

rather than stacked on top of each other, with one leading to the next. 
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Figure 1. Watersheds constructed as a series of autocorrelated patches connected by dispersal. 

Bifurcations of the stream generate different dendritic topologies.  

 

Quantifying the strength of coexistence in the watershed 

We quantify the strength of coexistence mechanisms at the watershed scale using the invasion 

analysis framework described in Box 1. By focusing on the watershed scale, we study the total 

maintenance of diversity in the watershed, rather than how species are arranged within the 

watershed. While most previous studies have focused on the way branching affects patterns of 

diversity within watersheds (e.g. Brown and Swan 2010, Altermatt 2013, Swan and Brown 

2014), species must persist in the watershed as a whole to be a part of local communities. The 

coexistence mechanisms considered here measure the strength of coexistence at the watershed 

scale, but depend on the patterns of environmental effects and organism abundance within the 

watershed (Box 1). Specifically, the storage effect promotes coexistence when high 

physiological activity of residents in good environments causes them to limit themselves more 

than they limit invaders. The fitness-density covariance promotes coexistence when invaders are 

more able to build up in patches with high fitness than residents (Box 1). General analytical 
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expressions for these coexistence mechanisms for our model provide a functional understanding 

of how these mechanisms arise (Table 1). However, their particular values generally cannot be 

determined analytically when space is explicit. Thus, we simulate communities and calculate the 

strength of the mechanisms from the resulting covariances as defined in Table 1. 

Box 1: The invader multiplication rate and coexistence mechanisms 

We define stable coexistence using the invasibility criterion — all species must be able to increase 

from low density (invaders) in the presence of the other species at their natural densities (residents). 

The behavior of the invader population is defined by its multiplication rate, 
i  , defined as 

( 1) ( ) ( )i iit t N tN   , with ( )iN t  being the density of species i at time t averaged over patches. Here, 

we assume that the watershed is effectively closed (sensu Chesson 2000b) and therefore this regional 

growth rate is the growth rate at the watershed scale. If 1i  , the invader will recover from low 

density. When environmental conditions and density vary in space, the multiplication rates for 

individual patches normally do not equal this population level multiplication rate. Accounting for this 

variation requires partitioning the regional multiplication rate into three different terms (Chesson 

2008), 

1i i I      .      (5) 

The first term, ξi, represents the average difference in fitness between species, which sum to zero. In 

the absence of stabilizing mechanisms, only the species with the largest ξi persists in the long run. If the 

environment varies, a species with negative ξi can have a positive invader multiplication rate if the 

stabilizing mechanisms I  and   are positive and large enough to counteract a negative ξi. 

Analytical expressions for these mechanisms are given in Table 1. 

The storage effect, I , measures the effect of interactions between the environmental response 

and competition, averaged over space.  Because it involves an interaction it depends on the covariance 

between the environmental response and competition over space.  Thus, their joint pattern in space is 

critical to this mechanism. This mechanism can promote coexistence as follows: When the 

environment at a patch is good for residents, the resulting high physiological activity increases 

competition in that patch, limiting fitness. In contrast, when an invader has high physiological activity 

it does not increase competition because it has negligible density. Any relationship between the 

environmental response and competition for the invader depends on competition generated by the 

residents. If the species respond differently to the environment, the invader can have some patches with 

a large E without the limitation of high competition. These relationships between physiological activity 

and competition are quantified as the covariances over space between the environmental response, Ejx, 

and competition, Cjx, referred to as covEC (Table 1). The difference between cov(EC) for invaders and 

residents measures the extent to which links between physiological activity and competition cause 

residents to limit themselves more than they limit invaders, integrated over the landscape. 

The fitness-density covariance,  , measures the effect of organisms building up density 

unevenly in space with respect to fitness. The regional multiplication rate of any species l,
l , is the 

multiplication rate of the population as a whole, and is therefore the average multiplication rate over 

individuals. However, multiplication rates are determined by dynamics at the scale of the patch. 

Finding the regional multiplication rate requires weighting these patch-level fitnesses by the relative 

density of the patch, lx lx lN N   . The fitness of a patches with high relative density counts more 

towards total population multiplication rate, altering 
l compared to the simple average over patches. If 
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it is easier to build up in areas of high fitness when at low density, invaders will gain a fitness 

advantage relative to residents. Much like the storage effect, this invader advantage tends to occur 

because invaders are at negligible density, and thus do not generate competition. This lack of self-

limitation means that invaders can exploit favorable sites without decreasing their own fitness through 

intraspecific competition.  As long as there is some local retention, these areas of high fitness generate 

high relative density. The extent to which concentration in areas of high fitness affects coexistence is 

measured as the difference between residents and invaders in the covariance over space between fitness 

and relative density (covFD) (Table 1). 

 

Table 1. Components of invader multiplication rate. 

Mechanism Formula 

i  
(Average fitness difference) i 

 
 

 (Storage Effect) 
cov( , ) cov( , )

j
i j

i j

j j


  

  
E C E C  

 (Fitness-Density Covariance) 
cov ( , ) cov ( , )

j
i j

j i

j j j j   


  
  

 

Explanation of notation: subscript i, invader; superscript –j, in the absence of species j (species j is 

invader); µ, fitness in average environmental conditions; superscript i ≠ j, average over all other species in 

turn as invader with species j as resident; Ejx, effect of SxEjx expressed in units of multiplication rate; Cjx, 

effect of Cjx expressed in units of multiplication rate; νjx, relative density (
lx lN N  ).  Covariances are 

taken over space. Derivations of these equations for our model are given in Appendix A of chapter 2 of 

this thesis. 

 

Provided dispersal is not global, the fitness-density covariance,  , tends to greatly 

outweigh the storage effect (Chapter 2 this thesis, Snyder and Chesson 2003, 2004). We do not 

consider global dispersal because global dispersal is by definition unaffected by the topology of 

connections between sites. The fitness-density covariance is the primary driver of coexistence in 

our models (Appendix A), and is the focus of our analyses. 
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Results 

Splitting the stream without changing the environment: the exact case 

If the environment of a stream is a strict function of distance from the mouth (Figure 2a), then 

branches do not have any effect on the densities of organisms or the environmental conditions 

they experience. In this case, branching has no effect on community dynamics or coexistence 

mechanisms. Several assumptions are required for this result to hold true:  

1. Splitting the stream does not affect the characteristics of the channel in any ways that affect 

the organisms.  

2. The total volume of the watershed at a given distance upstream of the mouth is the same 

regardless of the extent of branching.  

3. Demographic stochasticity can be ignored because local populations remain reasonably large. 

This result is theorem 1 of Appendix A and is demonstrated by simulation in Figure 3. It 

generalizes to show no effect of adding a new branch anywhere in a stream with environmental 

variation that is spatio-temporal as well as purely spatial (Appendix A). We restrict our 

presentation here to purely spatial variation for clarity. Although these assumptions are not 

empirically realistic, they demonstrate that the topology of the watershed is not important per se. 

For branching to have an effect, it must be associated with violation of at least one of these 

assumptions. 

 

Effect of environmental heterogeneity 

We consider violations of condition 1 by assuming that changes in the environment accrue 

independently up the branches, i.e. the ε sequences of equation (3) are independent up the 

branches.  The environmental conditions remain autocorrelated, but drift apart between 
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tributaries due to accumulation of independent changes in the environment (Figure 2b). This 

change leads to a strong increase in the strength of coexistence with branching (Figure 3). 

However, coexistence mechanisms based on environmental heterogeneity gain strength from the 

total amount of environmental variation. If environmental variation accrues independently up the 

tributaries as in Figure 2b, the question is whether the topology itself has any effect, or whether 

changes to coexistence are best explained by the increase in the amount of environmental 

variation due to defining tributaries with independent ε’s. 

The total amount of environmental heterogeneity in the watershed is defined by the total 

number of sites with an independent change in the environmental response (the ε’s of equation 

(3)). When the total amount of environmental variation (as well as stream volume) is held 

constant between topologies (Figure 2c), branching has only a small effect on the strength of 

coexistence (Figure 3). Instead, the strength of coexistence is explained in all essentials by the 

total amount of variation. However, the slopes of the blue lines in Figure 3 are larger when 

dispersal distance and environmental scale are long. This result can be understood by considering 

the effect of branching on watersheds of different sizes. 

 
Figure 2. Environmental heterogeneity cases. Colors represent environmental conditions. Total habitat 

size at a given distance from the mouth is the same between topologies. A. Tributaries have identical 

habitats. B. Environmental conditions diverge between tributaries. C. Amount of environmental 

heterogeneity (autocorrelation and number of sites) held constant between topologies. 
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Figure 3. Effect of branching on the strength of coexistence. Order is the Strahler order of the watershed. 

For the symmetric branching considered here, order is 1 + the number of times the stream splits. Lines 

represent cases shown in Figure 2. Black dots: Identical tributaries, Figure 2a. All watersheds are 480 

sites from headwaters to mouth. Orange triangles: Tributaries differ, Figure 2b. All watersheds are 480 

sites from headwaters to mouth. Blue squares: Amount of environmental heterogeneity held constant 

between topologies, Figure 2c. All watersheds have 1800 sites (4th order watershed is 480 sites from 

headwaters to mouth). 

  

Increasing stream size: asymptotic elimination of topological effects 

When environmental conditions differ between tributaries, differences in the strength of 

coexistence between topologies are asymptotically eliminated as watersheds increase in size 

(Appendix A). This result arises because the effects of branching on correlation structure and 

dispersal-mediated changes to density patterns become negligible for overall community 

dynamics as streams increase in length. The amount of environmental variation is thus the 

primary driver of the strength of coexistence. However, branching can appreciably affect the 

strength of coexistence when the scales of autocorrelation and dispersal are large relative to the 

size of the watershed (Figure 4 and Appendix A). These differences between topologies in the 

strength of the fitness-density covariance depend in particular on the ratios of dispersal and 

correlation length to the size of the watershed. All cases converge similarly as this ratio 

decreases (Figure 4d).  
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Here, we have held the ratio of correlation length to mean dispersal distance constant in 

all cases. This ratio is a primary determinant of the strength of coexistence (Chapter 2 this thesis) 

and allows us to make comparisons between dispersal and correlation scales, as in Figure 4d. 

However, considering such simultaneous changes in dispersal distance and correlation length 

does not permit comparison of their relative influence on how branching affects the strength of 

coexistence.  

 

 
Figure 4. Strength of coexistence and the ratio of dispersal and correlation length to watershed size (total 

number of sites). A-C, Blue: 2nd order watershed, Red: Linear stream. A. Dispersal = correlation length = 

5. Inset shows area of divergence between topologies. B. Dispersal = correlation length =144. C. 

Dispersal = correlation length = 288. D. For each of A-C, we express the fitness-density covariance for 

the linear stream as a proportion of the fitness-density covariance for the branched stream (proportion 

difference =1 where they have converged). Colors represent dispersal distances and correlation lengths: 

Red: 5, from panel A. Green: 144, from panel B. Blue: 288, from panel C. 
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Separating the effects of correlation length and dispersal 

The scale at which the strength of coexistence differs between topologies is not equally sensitive 

to correlation length and dispersal distance. The convergence of the strength of the fitness-

density covariance between linear and branched streams is only slightly delayed when the 

correlation length of the environment is increased (Figure 5). However, increasing the mean 

dispersal distance dramatically increases the scale at which branching is important for the 

strength of coexistence (Figure 5). 

We are primarily interested here in the scale at which branched and unbranched streams 

show appreciable differences. However, note that the overall values of the fitness-density 

covariance differ dramatically as we change the ratio of dispersal distance to correlation length. 

This ratio determines the ability of organisms to build up in areas of high fitness (Chapter 2 this 

thesis). In addition, increasing the correlation length relative to the number of sites in the 

watershed decreases the total amount of environmental heterogeneity, reducing the strength of 

the fitness-density covariance (Figure 4, Figure 5a and 5d). Putting certain conditions on the 

environmental sequence allows a different method of analysis that avoids these issues, as we see 

below. 
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Figure 5. Convergence between linear and 2nd order streams for factorial dispersal distance and 

correlation length cases. Blue: 2nd order watershed, Red: Linear stream. Insets show area of divergence 

between topologies. A. Dispersal = 5, correlation length = 5 (same as Figure 4a). B. Dispersal =144, 

correlation length =5. C. Dispersal = 5, correlation length = 144. D. Dispersal = 144, correlation length = 

144 (same as Figure 4b). 

 

Eliminating branching effects on correlation structure and boundary conditions 

So far we have considered the effects of correlation length and dispersal distance on the 

asymptotic elimination of topological effects on the strength of coexistence. Now, we eliminate 

the effects of branching on correlation structure and boundary effects for a given stream size to 

better understand how these factors determine the effect of branching on coexistence.  

We eliminate the effects of branching on correlation structure by holding the 

environmental responses at the mouth, confluences, and tips of the tributaries at the same value. 

Such autoregressive processes with fixed values at certain points are known as autoregressive 

bridges. Fixing the mouth, confluences and branch tips at the same environmental response 
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results in each segment of the stream being an independent realization of an autoregressive 

process with the same endpoints. Because these segments have the same endpoints, they can be 

stacked to form a linear stream without altering the autocorrelation structure of the environment 

along the stream (Figure 6). 

 
Figure 6. Streams constructed with and without environmental bridges. A: Stream without environmental 

bridge (same as Figure 2c). Linear stream is not equivalent to stacking the sections of a branched stream 

because independent divergence between tributaries would result in a break in the autocorrelation pattern 

if stacked. B: Stream with environmental bridge. Tributaries can be stacked to form linear stream without 

breaking the autocorrelation structure because they return to the same value at confluences and tips. 

 

Identical start and endpoints of each section of the stream permit organisms leaving the 

top of the stream to disperse to the bottom of the stream, and vice versa, without altering the 

relationship between dispersal and environmental conditions. While such looped dispersal is 

unrealistic, it is useful for our analyses as it eliminates any effect of boundaries on community 

dynamics. With both bridges and looped dispersal, branching can still interact with dispersal to 

affect the community composition at confluences. 

Streams with and without environmental bridges show only minor differences in the 

effect of branching on the strength of coexistence (Figure 7). This finding holds true whether the 

streams have boundary effects or looped dispersal. When boundaries are not present (the stream 

is a loop), the effects of dispersal on community composition at confluences cause the strength of 
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coexistence to decline with branching (Figure 7). This result is in strong contrast to the 

increasing strength of coexistence with branching when boundary effects are present (Figure 7). 

The large difference (and change in sign) in the slopes of the lines with and without boundaries 

indicates the primary importance of boundary conditions in determining the effect of branching 

on coexistence. This result does not depend on whether the environment is a bridge, despite the 

major breaks in correlation structure when streams are loops and the environment is not a bridge. 

 

 

 

 
Figure 7. Strength of coexistence for streams with and without environmental bridges and looped 

dispersal. All streams have 1800 sites, correlation length = mean dispersal distance = 72. Red dots: 

Boundaries, No bridge (same as blue line in middle panel of Figure 3). Green triangles: Boundaries, 

autoregressive bridge. Blue squares: Looped dispersal, no bridge. Purple crosses: Looped dispersal, 

autoregressive bridge. 

 

Discussion 

Analysis of results 

We have determined conditions where the branching patterns of streams have no or minimal 

effects on the strength of coexistence, either exactly or asymptotically. In so doing, we have 

isolated factors that determine the importance of the branched network structure of streams for 

diversity at the watershed scale. 

●
●

●
●

0.0

0.1

0.2

0.3

0.4

0.5

1 2 3 4

Order

F
it
n
e
s
s
−

D
e

n
s
it
y
 

C
o
v
a
ri

a
n
c
e



 

140 

 

In the exact case, adding a branch to a stream has no effect on community dynamics 

when three conditions are met: locations the same distance from the mouth have identical 

environmental conditions, total watershed volume at a given distance from the mouth is 

unaffected by branching, and demographic stochasticity is unimportant. In this case, the strength 

of coexistence does not differ between streams with different topology because the topology of 

the stream has no effect on community dynamics at any point in the stream.  

The elimination of any effect of branching topology on community dynamics 

demonstrates that topology itself does not inherently affect the strength of coexistence in stream 

communities. However, the strength of coexistence might be correlated with branching if 

branching is associated with violations of any of the three conditions described above. Indeed, 

we find that if branching introduces additional environmental variation, it can dramatically 

increase the strength of coexistence. While tributaries do have different environmental 

conditions, an increase in environmental variation with branching is synonymous with 

comparing a single path from headwaters to the mouth to the entire watershed. It is perhaps more 

natural to ask what the effect of branching is in a given watershed — that is, how does branching 

affect communities with a given amount of environmental variation? This comparison separates 

the effects of environmental heterogeneity from the effects of branching. 

When streams of different topology contain the same amount of environmental 

heterogeneity, community dynamics may differ in detail but as watershed size increases the 

differences between branched and unbranched streams disappear. While the environmental 

differences between tributaries is in violation of the exact case, the effect of branching on 

coexistence is asymptotically eliminated with stream size. When streams are large relative to the 

scales of dispersal and environmental correlation length, the dynamics within a section of the 
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stream (a reach) are not appreciably influenced by dynamics in other reaches. The scale at which 

branching effects are unimportant is not absolute, but is relative to the scales of dispersal and 

environmental variation because these factors determine the ways in which different reaches 

influence each other. As the watershed increases in size, the number of sites affected by other 

reaches does not change. Instead, the relative importance of these sites to overall dynamics 

decreases until it becomes negligible. Thus, the effect of branching on the strength of coexistence 

is asymptotically eliminated as streams increase in size. 

The decreasing importance of branching with watershed size is related to the concept of 

effectively closed communities (sensu Chesson 2000b). For a community to be effectively 

closed, locations outside the community cannot have appreciable effects on overall community 

dynamics. The area at which a community is large enough to be effectively closed is therefore 

the minimum scale that encompasses all processes affecting diversity in the community. The 

degree to which a community is closed depends on scale. As the scale of consideration increases, 

the effects of external factors decrease until the community is effectively closed. In branched 

streams, the proportion of any reach that is affected by confluences or boundaries decreases with 

stream size. Each reach therefore asymptotically approaches effective closure as confluence and 

boundary effects become negligible to community dynamics within a reach. 

Violations of the requirement that streams are large relative to the scales of 

environmental variation and dispersal identify conditions where branching might potentially 

have important effects on the strength of coexistence. Indeed, when the scales of dispersal and 

environmental variation are large relative to the size of the stream, coexistence is stronger in 

branched than linear streams. In these situations, branching has an appreciable effect on 
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coexistence because it interacts with dispersal and environmental structure to alter the way 

dynamics in a reach depend on other reaches.  

The branching patterns of streams have two primary effects on the way conditions in one 

reach influence dynamics in other reaches. First, the branched autocorrelation structure means 

that sites in different tributaries are correlated with each other. The correlation length of the 

environment determines the number of sites that are appreciably correlated with other reaches. 

Second, sites downstream of confluences receive propagules from multiple sites at a given 

distance upstream. If those upstream sites have different environmental conditions, the 

downstream sites receive a more diverse group of propagules than do equivalent sites in a linear 

stream. Dispersal distance determines the extent of this effect. Similarly, dispersal distance 

determines the number of sites appreciably influenced by boundary conditions. Since more 

branching yields a shorter stream for a given amount of environmental variation, increased 

branching increases the relative importance of boundary conditions for dynamics in the 

watershed.  

The interactions of branching with correlation structure, dispersal near confluences, and 

boundary effects do not equivalently influence on the scale at which branching has negligible 

effects on coexistence. The correlation between sites in different tributaries, as determined by 

environmental scale, has little effect on the importance of branching at any stream size. In 

contrast, increasing dispersal distance increases the stream size necessary to eliminate the effects 

of branching on the strength of coexistence. The two ways dispersal interacts with branching 

have opposing outcomes for the strength of coexistence: the integration of propagules near 

confluences reduces the strength of coexistence with increasing branching, while the washout of 

organisms from the stream increases the strength of coexistence as branching increases. 
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Habitat size and demographic stochasticity 

We establish in Appendix A the three conditions necessary to eliminate the effects of topology 

on community dynamics. For the results presented here, we relaxed condition 1, which requires 

that environmental variation is a fixed function of the distance from the mouth of the stream. We 

chose this condition to relax because of the primary importance of environmental variation in 

determining the strength of variation-dependent coexistence mechanisms, combined with the 

realistic expectation that tributaries do not have identical environmental conditions. However, 

the other two conditions, equivalence of total habitat size at a given distance from the mouth and 

the absence of demographic stochasticity, also must be met to exactly eliminate the effect of 

branching. While we expect them to have smaller effects than environmental variation, they may 

generate differences in the strength of coexistence between watersheds of different topology if 

they, like environmental variation, are associated with changes to topology. However, in simple 

cases, we find relaxation of these conditions to have only minor effects that do not qualitatively 

change our results (Appendix C), although further study is warranted. 

 

Links to previous results and real stream communities 

Do tributaries differ in their environmental conditions? If so, are the scales of 

environmental correlation or dispersal long enough for conditions in one reach to appreciably 

affect dynamics in another? The answers to these questions in any real community depend on the 

life histories of the species involved and the environmental structure of the stream. If the species 

have large dispersal kernels or partition large-scale environmental variation, branching may be 

important in determining the strength of coexistence. In contrast, if the species have short 
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dispersal and partition short-scale environmental variation, branching is likely unimportant for 

community dynamics and coexistence at the watershed scale. In both cases, the strength of 

watershed-scale coexistence is likely to be predominantly determined by the total amount of 

environmental variation in the watershed. 

The natural history of real stream communities is more complex and structured than we 

have considered here. We do not claim to have shown exactly how branching affects real 

communities. Instead, we suggest that in any community, the important determinants of the 

effect of branching on coexistence will be how branching interacts with life history and 

environmental structure to violate the conditions required for branching to have no effect. 

Understanding how such violations affect coexistence involves determining appropriate 

comparisons between topologies to account for the ways branching is associated with other 

factors, as we have done here by holding environmental heterogeneity constant. Life history, and 

particularly dispersal characteristics, will likely benefit from analyses of how they alter the scale 

of effective closure.  

The branched topology of a stream only affects the distribution of organisms insofar as it 

structures dispersal. However, dispersal can be quite complex, including habitat selection 

(Haskins 1997, Peckarsky et al. 2000, Reich and Downes 2003, Downes and Lancaster 2010, 

Guillemette et al. 2010) and out of network or leptokurtic dispersal (Skalski and Gilliam 2000, 

Lowe 2009, Grant et al. 2010). If these dispersal characteristics do not appreciably alter densities 

at distant sites, they likely have little effect on whether a reach is effectively closed. In addition, 

the primary importance of boundary conditions in determining both the magnitude and sign of 

the effect of branching on coexistence is particularly interesting in terms of realistic dispersal 

characteristics. There is likely a strong selective pressure driving species to avoid washing out of 
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the stream, especially in species with otherwise large dispersal distances. The ability of species 

to avoid washout potentially has important implications for how the strength of coexistence 

changes with branching by determining the relative importance of confluence and boundary 

effects. 

The downstream drift of organisms has received much attention in terms of its effect on 

the distribution of organisms within streams. Drift causes asymmetries in the way sites affect 

each other, and may therefore affect the scale of effective closure. Drift does not cause the 

strength of coexistence to depend on topology in the exact case, provided the amount of drift is 

not associated with branching (Appendix A). When the environment differs between tributaries, 

however, drift will increase the influence of upstream reaches on downstream reaches. Drift will 

also increase the effect of boundary conditions at the mouth relative to boundary conditions in 

the headwaters. Whether branching alters the net effect of these asymmetric shifts on coexistence 

is an open question. Examining whether drift alters the scale of effective closure will measure the 

effect of the interaction between drift and branching on coexistence. 

The way stream size increases in nature is in clear violation of condition two of the exact 

case, which requires total watershed volume at a given distance from the mouth to be 

independent of the topology of the stream. In nature, streams change in volume along their 

length in the absence of tributaries and the joining of tributaries does not double the size of 

habitat below the confluence (Schumm 1977). Increases in discharge increase velocity, and thus 

twice the discharge requires less than twice the cross-sectional area. Habitat area may increase 

even more slowly, as most aquatic species depend on the circumference (benthic or surface area) 

rather than the cross-sectional area. Thus, branched streams are expected to have a greater 

proportion of habitat area upstream of confluences than downstream. Larger upstream habitat 
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area will increase the influence of headwater reaches on overall community dynamics and 

change the relative importance of boundary conditions. These issues all cause the pattern of 

habitat size in watersheds to be associated with branching. Thus, they may contribute to 

relationships between the strength of coexistence and topology, although in a simple case these 

effects are minor (Appendix C). However, as with the violation of environmental variation 

conditions discussed above, to isolate the effects of topology from the effects of associated 

changes to habitat size, appropriate comparisons must be developed to hold habitat size structure 

equivalent across topologies. 

It is unlikely that habitat size will increase without simultaneously changing both the 

nature and amount of environmental variation within a site (Vannote et al. 1980, Frissell et al. 

1986, Poff 1997). Indeed, watershed structure is expected to be associated with gradients in 

many environmental conditions such as substrate, velocity, and temperature, as well as an 

increase in environmental heterogeneity within a site (Strahler 1957, Schumm 1977, Frissell et 

al. 1986, Rodriguez-Iturbe and Rinaldo 1997). In addition, the scale at which environmental 

conditions change varies at different positions in the watershed, with environmental conditions 

such as current velocity and oxygen level expected to change more gradually lower in the 

watershed (Strahler 1957, Vannote et al. 1980). Each of these issues describe changes to the 

environmental structure of the stream that are associated with branching, and thereby violate the 

conditions required for branching not to affect communities. The strength of coexistence in 

streams exhibiting these changes may therefore depend on branching. However, any such 

associations between the amount of branching and the strength of coexistence changes should 

not necessarily be attributed to topology. Instead, their effect on coexistence should be tested by 
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holding the resulting environmental structure constant across topologies, as we have done above 

with environmental differences between tributaries. 

The effects of a branched structure on the accessibility of sites, particularly between 

headwater tributaries, are expected to influence the outcomes of spatio-temporal extinction and 

colonization dynamics (e.g. Fagan 2002, Altermatt et al. 2011, Campbell Grant 2011). These 

expectations are supported by the importance of overland dispersal in the maintenance of 

salamander populations in headwater streams (Lowe 2002, Grant et al. 2010). More generally, 

when conditions differ between tributaries, the way branching controls movement rates is 

thought to be important for determining the outcome of many ecological and evolutionary 

processes, from the stability of predator-prey systems (Cuddington and Yodzis 2002) to local 

adaptation (Crispo et al. 2005). In all cases, these effects of branching depend on interactions 

between the scale of spatio-temporal variation and the way branching affects movement between 

sites. While branched networks have different accessibility between sites than other topologies, 

the comparisons necessary to isolate how spatio-temporal variation might interact with a 

branched topology to affect community dynamics have not been developed. 

In the exact case (Appendix A), we show that as long as environmental conditions remain 

a fixed function of the distance from the mouth, they cannot affect the strength of coexistence 

whether the variation is spatial or spatio-temporal. However, the effects on coexistence of 

interactions between branching and spatio-temporal variation that differs between tributaries 

remains an open question. The answer will likely depend on whether this variation is driving a 

form of competition-colonization tradeoff dependent on the connectivity between sites, and will 

require determining the comparisons required to isolate and define these connectivity effects. 

Unfortunately, theory for understanding competition-colonization tradeoffs is lacking for 
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situations where dynamics are based on abundance and dispersal occurs on the same time scale 

as population dynamics. This question needs more theoretical attention generally, and may be 

particularly important in streams due to their highly structured connection patterns. 

 

Conclusion 

Stream communities worldwide are under threat and are experiencing dramatic changes to their 

ecological communities, often due to anthropogenic change. Mitigating these impacts, whether 

slowing the spread of invasive species, reducing the impact of dams on native fishes, or 

protecting threatened amphibians or invertebrates in fragmented streams, requires knowledge of 

the processes maintaining diversity in watersheds (Lake et al. 2007, Roni et al. 2008, Heino 

2012). Many studies have focused on the patterns of diversity within streams, but these results do 

not say what preserves diversity in the watershed as a whole. Here, we have used coexistence 

mechanisms to identify the conditions necessary for the branching patterns of watersheds to 

affect diversity. In so doing, we identify the important factors to focus on for both better 

understanding stream diversity in general and for the management and conservation of aquatic 

organisms. We anticipate that further advances in understanding the drivers of diversity in stream 

communities will be gained by extending our approach to address other aspects of stream 

environmental conditions and life history.  
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Appendix A: Analytical development of exact and asymptotic null cases 

By Peter Chesson 

 

Assume that the model as described in the text applies here. Assume any given branched 

structure of the stream and any pattern of environmental variation given by the vector (Ex(t),Sx).  

Here Ex(t) is a vector of each species’ local environmental response at the location x. The 

location vector x needs to describe both the distance from the mouth of the stream, and also 

where it is on the branched structure of the stream.  For example, x = (d, 1, 2, 1) means distance 

d from the mouth, right up the first split, left up the second split, and right up the third split. We 

also need notation to refer to specific branches in the stream.  A branch, b, can be defined by a 

binary ordinal vector, e.g.  b = (1, 2, 1), which refers to the right branch of the left branch of the 

right branch of the main stream. A value of b = 0 refers to the mainstem.  If a branch is split, then 

locations of splits, which create nodes, are given as n(b) = d where d is the distance from the 

mouth to the split. For instance, n(1,2) is the location where the branch (1,2) itself splits leading 

to branches (1,2,1) and (1,2,2).   

Given this notation, we can take an existing stream structure and split it anywhere to 

make two identical stream structures upstream from the split, or node, introduced to the stream. 

To make this equivalent to the original stream structure with respect to population dynamics, 

each branch beyond the node is assumed halved in carrying capacity. Treating density 

proportional to numbers per unit carrying capacity, this means that in the formula (1.1) for Cjx, 

the α coefficients above the node are doubled if Nlx is in units of absolute local population size, 

but constant if Nlx is units of density. So interpreting the units in terms density, this means that 

splitting the stream maintains constant α coefficients.  All the other parameters, including 
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dispersal parameters, are dimensionless and can be kept the same beyond node in each of the two 

new branches. This means that local fitnesses, as a function of local densities are not changed by 

the split.  

To manage dispersal, dispersal from below the node to above the node divides the 

absolute numbers dispersing up stream in two, so that half goes up each branch.  However, in 

terms of density, the same number goes up each branch.  Dispersal downstream from above to 

below the node sums the absolute numbers from each branch.  Assuming these are equal because 

dynamics in each upstream branch are identical, splitting the stream has no effect on the numbers 

dispersing downstream beyond the node. Thus, any time transition for which the two branches 

have equal numbers above the node maintains that situation at the next time unit.  Moreover, one 

step in time maintains densities up each new branch identical to the same distance up the unsplit 

stream. To see this more precisely, suppose the stream has n nodes before the split, and we use 

the notation 1 1( ,.., , ,..., )s s na a a a  to specify a particular complete branch of the stream. Then we 

split 1( ,.., )sa a so that a complete branch on the stream after node s + 1 becomes the two new 

complete branches 1 1( ,.., ,1, ,..., )s s na a a a  and 1 1( ,.., , 2, ,..., )s s na a a a .  Now assume density 

equivalence at time t below and above the new node, i.e. 

 
1 1 1 1 1 1( ,( ,.., ,1, ,..., ) ( ,( ,.., ,2, ,..., ) ( ,( ,.., , ,..., )( ) ( ) ( )

s s n s s n s s nd a a a a d a a a a d a a a aN t N t N t
  

    .     

Then density equivalence is preserved by the dynamics of the system, i.e. 

 
1 1 1 1 1 1( ,( ,.., ,1, ,..., ) ( ,( ,.., ,2, ,..., ) ( ,( ,.., , ,..., )( 1) ( 1) ( 1)

s s n s s n s s nd a a a a d a a a a d a a a aN t N t N t
  

      . 
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This equivalences is thus true for all time and through the system if in fact it applies initially.  

Moreover, densities in other branches of the stream that do not involve the split remain identical 

in the split and unsplit systems. 

This gives us the result: 

Theorem 1 

A stream dynamical system, as defined above, can be split at any point. If the environment 

upstream of the new node is identical between the two resulting branches, the parameters α 

remain unchanged, and the initial densities are equal between the two branches and equal to the 

densities in the unsplit system, then the spatio-temporal dynamics of density in the split stream 

system with either new branch omitted are identical to the those in the original unsplit system.  

In addition, this means that the spatial storage effect, fitness-density covariance and the 

findings on coexistence also remain identical between the split and the unsplit systems. 

However, calculating the spatial storage effect and fitness-density covariance need more care, as 

when the stream is split in this way, sites are given unequal weights in the spatial averages:  

every node below a site decreases the weight of that site in the spatial average by half. Thus a 

site with p nodes below is weighted (½)p relative to sites in the mainstem of the stream with no 

nodes below. 

Asymptotic null cases are the limiting cases in which the distance between nodes 

becomes large, and the effects of any branches on dynamics and coexistence become negligible. 

We will refer to a stretch between nodes as a segment. We increase the length of a segment by 

adding sites.  We assume also finite spatial dependence: as the distance of a site from a node 

increases, joint probabilities involving that site and the node converge uniformly to zero. Now 



 

152 

 

consider an interior section of a stream segment that increases in length proportional to a 

parameter L, which is increased indefinitely.  Assume also that the distance of the interior section 

to the nodes is L1/2, then the interior section will become independent of the nodes as L is 

increased.  Outputs of localities in this model are constrained proportion to 1/Ejx(t) by the model 

equations (1) of the text. If this variable has a uniformly bounded finite second moment, then 

local densities also have uniformly bounded finite second moments after accounting for 

dispersal.  It follows that the interior section asymptotically dominates the dynamics of 

population density for the stream segment as a whole, independently of the dynamics beyond the 

stream nodes.  It follows that a stream with sufficiently large stream segments will have 

dynamics of stream-level density asymptotically independent of the branching structure of the 

stream provided stream segments are weighted in this averaging process by (½)p, with p being 

the number of nodes below the stream segment, as discussed above for site.     
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Appendix B: Components of the invader multiplication rate 

As described in the text, the regional invader multiplication rate, 
i , is the sum of three terms: 

1i i I      . In our models, all species have the same average fitness, and thus the 

average fitness difference, ξi, is zero for all species. The other two terms,  I  and  , are the 

storage effect and fitness-density covariance, respectively. Here, we show that the fitness-density 

covariance is by far the dominant coexistence mechanism (Figure B.1). This result is in keeping 

with previous studies of coexistence in spatially variable environments, which find that the 

fitness-density covariance tends to be stronger than the storage effect provided dispersal is not 

extremely long or global (Chapter 2 this thesis, Snyder and Chesson 2004). The fitness-density 

covariance is responsible for nearly the entire magnitude of the invader growth rate, as well as 

the changes to the values of the invader growth rate with branching (Figure B.1). We thus focus 

on the fitness-density covariance in the text. 
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Figure B.1. Strength of invader growth rate and component mechanisms. Top row: Correlation length = 

mean dispersal distance =5 (same as Figure 3, first panel). Bottom row: correlation length = mean 

dispersal distance = 72 (same as Figure 3, second panel). Order is the Strahler order of the watershed. 

Lines represent cases shown in Figure 2. Black dots: Identical tributaries, Figure 2a. Orange triangles: 

Tributaries differ, Figure 2b. Blue squares: Amount of environmental heterogeneity held constant 

between topologies, Figure 2c. 
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Appendix C: Habitat size and demographic stochasticity effects 

Appendix A determines that three factors must be true for branching to have no effect on stream 

communities: 1. splitting the stream does not affect the characteristics of the channel in any ways 

that affect the organisms, 2. the total volume of the watershed at a given distance upstream of the 

mouth is the same no matter the amount of branching, 3. demographic stochasticity can be 

ignored because local populations remain reasonably large. In the text, we violate condition 1. 

Here, we violate the other two conditions as a check of their relative effect on the strength of 

coexistence.  

While habitat area is expected to increase downstream, it is unlikely to increase exactly 

additively for two reasons. First, streams tend to gain and lose water along their length even in 

the absence of tributaries. Second, habitat area does not increase linearly with increased 

discharge, as discussed in the text. The cross-sectional area of a stream is therefore expected to 

be a concave function of distance from the headwaters because increased discharge leads to both 

increased area and increased velocity (Schumm 1977). Habitat size is expected to increase at a 

slower rate than cross-sectional area because most lotic organisms are dependent on surfaces 

(either benthic or the air-water interface). Here, we quantify how the strength of coexistence 

changes with branching when the habitat size of individual sites increases downstream as a 

concave function of distance from the headwaters. This model changes two characteristics of the 

structure of habitat size in the watershed: 1. Habitat size increases downstream even in linear 

streams (accounting for groundwater contributions). 2. Total habitat size at a given distance from 

the mouth depends on the presence of confluences. Specifically, the amount of habitat below 

confluences is less than the sum of the habitat sizes of the tributaries. 
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To examine the effect of these changes to habitat size on coexistence, we compare our 

results from Figure 3 in the text with cases using the same environmental structures but with 

habitat size defined as ln(number of sites upstream +1). The strength of coexistence does not 

change with branching in either model of habitat size as long as environmental conditions are a 

fixed function of the distance from the mouth. In other words, violating the habitat size condition 

but not the environmental variation condition has no effect on the strength of coexistence (Figure 

C.1). Associations between branching and the structure of habitat size do slightly weaken the 

strength of coexistence with increased branching when environmental conditions differ between 

tributaries (Figure C.1). Thus, violating habitat size conditions can have an effect on the 

relationship between branching and coexistence, but the size of this effect appears to be small 

and dependent on the nature of environmental variation. 

 
Figure C.1 Effect of associations between habitat size and branching on coexistence. Black dots, orange 

triangles, and light blue squares same as left panel of Figure 3. Green crosses, yellow squares, and dark 

blue stars have habitat size defined as ln(number of sites upstream +1). Environmental cases as follows: 

Green crosses: Identical tributaries. Yellow squares: Tributaries differ. Dark blue stars: Amount of 

environmental heterogeneity held constant between topologies. 
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a Poisson random variable with mean 
( )

( ) ( ) jxC t

jx jxt E tN e


. Since the effects of demographic 

stochasticity are expected to be highly sensitive to the number of organisms, we consider two 

different values of the competition coefficient, α, to yield communities with many or few 

organisms. While there is more variation in the results after 200 model runs with small 

population sizes, in both cases demographic stochasticity has no qualitative effect on the way the 

strength of coexistence is affected by branching (Figure C.2). 

 
Figure C.2. Effect of demographic stochasticity on coexistence. Left panel: α = 0.01. Right panel, α = 0.1. 

(With a mean environmental response of 2, these α’s yield local densities in the mean environmental 

conditions of approximately 40 and 4, respectively). Black, orange, and light blue lines same as left panel 

of Figure 3. Green crosses, yellow squares, and dark blue stars have demographic stochasticity. 

Environmental cases as follows: Green crosses: Identical tributaries. Yellow squares: Tributaries differ. 

Dark blue stars: Amount of environmental heterogeneity held constant between topologies. 
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