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DISSERTATION ABSTRACT 

Understanding the processes responsible for gradients in biodiversity is a central goal of 

ecological research. In order to elucidate the processes responsible for community 

assembly and structure, it is useful to adopt a functional trait approach to community 

ecology. This is because species names provide little information regarding how 

constituent species interact. In addition, assembly rules based on species names are likely 

to become intractably complex with increasing species richness but rules based on traits 

can provide simple, broadly applicable. In turn, generality is gained by emphasizing 

functional traits.  Here I first build from a previously published model that merged 

metabolic theory with a model of community evolution and assembly to derive a general 

assembly rule based on a continuous functional trait and compare this rule with a broad 

suite of empirical data (Chapter 1). However, linking metabolism to macroevolutionary 

rates and patterns has thus far been limited to non-ecological, static models. These 

models are not inconsistent with empirical data, but are relatively limited in their 

predictive ability (Chapter 2). I thus next develop a fully dynamic ‘metabolic theory of 

biodiversity’ (MTB) that explicitly implements the qualitative framework proposed in 

Allen et al. (2007). With this model I examine the influence of temperature dependent 

mutation rate on speciation rate, extinction rate and species richness (Chapter 2). The 

model predicts a variable influence of temperature, but the processes responsible for this 

variation are not immediately clear. I subsequently conduct a detailed analysis elucidating 

the key processes that allow/constrain a strong influence of temperature dependent 

mutation rate on species richness (Chapter 3). In addition to mutation rate, temperature-
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dependent metabolism can influence ecological (feeding and mortality) and ecosystem 

(e.g. decomposition and in turn nutrient supply) rates. As such, I extend the model 

developed in chapters 1-3 to incorporate these additional temperature dependencies and 

derive predictions for the influence of temperature over species richness (Chapter 4).  
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CHAPTER 1 

FUNCTIONAL TRAIT ASSEMBLY THROUGH ECOLOGICAL AND 

EVOLUTIONARY TIME 

(James C. Stegen and Nathan G. Swenson, Theoretical Ecology, in press) 

Abstract 

A classic community assembly hypothesis is that all guilds must be represented before 

additional species from any given guild enter the community. We conceptually extend 

this hypothesis to continuous functional traits, refine the hypothesis with an eco-

evolutionary model of interaction network community assembly, and compare the 

resultant continuous trait assembly rule to empirical data. Our extension of the ‘guild 

assembly rule’ to continuous functional traits was rejected, in part, because the eco-

evolutionary model predicted trait assembly to be characterized by the expansion of trait 

space and trait/species sorting within trait space. Hence, the guild rule may not be 

broadly applicable. A ‘revised’ assembly rule did, however, emerge from the eco-

evolutionary model: As communities assemble, the range in trait values will increase to a 

maximum and then remain relatively constant irrespective of further changes in species 

richness. This rule makes the corollary prediction that the trait range will, on average, be 

a saturating function of species richness. To determine if the assembly rule is at work in 

natural communities we compared this corollary prediction to empirical data. Consistent 

with our assembly rule, trait ‘space’ (broadly defined) commonly saturates with species 

richness. Our assembly rule may thus represent a general constraint placed on community 

assembly. In addition, taxonomic scale similarly influences the predicted and empirically 
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observed relationship between trait ‘space’ and richness. Empirical support for the 

model’s predictions suggests that studying continuous functional traits in the context of 

eco-evolutionary models is a powerful approach for elucidating general processes of 

community assembly. 

 

Introduction 

With the goal of understanding the processes responsible for the observed distribution 

and abundance of species, community ecologists have sought rules governing the 

assembly and structure of ecological communities. Although discussions of the processes 

constraining community assembly date back at least to Clements (1916, 1936) and 

Gleason (1917, 1926), Diamond (1975) was the first to coin the term ‘community 

assembly rule.’ Diamond (1975) examined patterns of island communities with respect to 

coexistence (and lack thereof) of various bird species. From these analyses Diamond 

(1975) inferred that some combinations of species are not possible (but see Connor and 

Simberloff 1979) and referred to these constraints as ‘community assembly rules.’ This 

pioneering study stimulated a great deal of work looking for (and refuting) assembly 

rules (e.g. Connor and Simberloff 1979; Fox and Brown 1993; Weiher and Keddy 1995; 

Stone et al. 1996; Weiher and Keddy 1999; Belyea and Lancaster 1999; Brown et al. 

2002; Gotelli and McCabe 2002; Feeley 2003; Temperton et al. 2004; Adams 2007; 

Bangert and Whitman 2007;  Piechnik et al. 2008;). 

 In order to elucidate the processes responsible for community assembly and 

structure, it is useful to adopt a functional trait approach to community ecology (Weiher 
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and Keddy 1995; Petchey and Gaston 2002; Fukami et al. 2005; Holdaway and Sparrow 

2006; McGill et al. 2006;Hoeinghaus et al. 2007). This is because species names alone 

provide little information regarding how constituent species interact to limit or promote 

the distribution and abundance of one another (Weiher and Keddy 1995; Foote 1997; Roy 

and Foote 1997; Villeger and Mouillot 2008). As pointed out by Weiher and Keddy 

(1995), assembly rules based on species names are likely to become intractably complex 

with increasing species richness but rules based on traits can provide simple, broadly 

applicable statements (e.g. Fox 1987; Fox and Brown 1993; Fox 1999). In turn, the 

generality of assembly rules is lost when focusing on species identities, but can 

potentially be gained with an emphasis on functional traits (Fukami et al. 2005; McGill et 

al. 2006). 

 Embracing the functional approach allowed Fox (1987) to hypothesize a general 

guild-assembly rule: species are added to a community from those guilds not represented 

at a given time, and only after all guilds are represented do additional species from any 

given guild persist in the community (see also Fox 1989; Fox and Kirkland 1992; Fox 

and Brown 1993; Fox and Brown 1995; Fox 1999). The Fox (1987) hypothesis has 

received some support in small mammal communities (Fox and Brown 1993; Fox and 

Brown 1995; Fox 1999; Brown et al. 2000; Brown et al. 2002; but see Stone et al. 1996; 

Simberloff et al. 1999; Stone et al. 2000). However, testing the Fox hypothesis requires 

that species be placed in discrete guilds and while this has been a useful starting point, 

developing community assembly rules in the context of continuous functional traits may 

provide a more quantitative and general approach (McGill et al. 2006). 
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 Here we have four primary goals: 1) Conceptually extend the Fox hypothesis to 

continuous functional traits; 2) Compare the predictions of this conceptual hypothesis 

with an eco-evolutionary model of community assembly; 3) If needed, provide a revised 

community assembly rule for continuous functional traits; and 4) Compare the 

predictions of the revised rule to empirical data. 

 

Extending Fox’s rule to continuous traits 

Fox (1987) hypothesized that species are added to a community first from unrepresented 

guilds, and after all guilds are represented additional species can be added within guilds. 

Extending this hypothesis to the assembly of continuous functional traits provides four 

related predictions. 1) As a community assembles the range of functional trait values will 

increase directly with species richness to a maximum and subsequently remain relatively 

constant. This prediction is parallel to the guild hypothesis in that Fox’s hypothesis 

predicts that the number of guilds will increase to a maximum. 2) The trait range will 

increase strongly with species richness during the early stage of community assembly, 

but this relationship will diminish as community assembly proceeds. Again, this parallels 

the guild hypothesis in that Fox’s hypothesis predicts that only that initial accumulation 

of species will result in additional functional groups. 3) As a corollary to the first two 

predictions, the trait range is expected to be a saturating function of species richness, but 

only when richness is sampled across the majority of its potential range. 4) The 

relationship between the nearest neighbor trait distance and species richness will initially 

be relatively weak, and as community assembly proceeds this relationship will strengthen 
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and become more negative. This fourth prediction assumes support for our first three 

predictions: the trait range will become decoupled from richness as assembly proceeds 

such that fluctuations in richness will lead to the ‘packing and unpacking’ of trait space. 

This is in contrast to the alternative scenario whereby increases and decreases in species 

richness lead to expansion and contraction of the trait range, respectively, throughout all 

stages of community assembly. 

 These four predictions suggest how continuous functional traits should assemble 

within a community if Fox’s guild assembly rule holds. However, these predictions are 

useful primarily as a point of departure. Their utility is limited because they are based on 

conceptual intuition rather than a formal model of community assembly. It is thus 

necessary to compare these conceptual predictions to more rigorous predictions that 

emerge from an explicit model of the assembly of continuous functional traits. Doing so 

will determine if Fox’s rule is expected to translate directly to continuous functional 

traits, and if it does not translate, allow for a revised continuous trait assembly rule. The 

following section describes such a model. 

 

Eco-Evolutionary Community Assembly 

 As in Diamond (1975), studies of community assembly commonly examine 

patterns of community structure and infer assembly rules and the processes generating 

these rules post-hoc. Weiher et al. (1998) captured the philosophy of this approach and 

stated that “In order to find and define any assembly rules for communities, we must first 

investigate the patterns among species assemblages.” This ‘top-down’ approach has been 
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useful and has provided a rich array of hypotheses (e.g. Cody 1999). A complementary, 

and potentially useful, ‘bottom-up’ approach would make use of theoretical frameworks 

that define ecological interactions from organismal-level processes and that allow for the 

dynamic diversification/assembly of continuous functional traits. Community assembly 

rules would thus be predicted a priori and emerge through the dynamic interplay of 

ecological interactions and phenotypic diversification. 

 The goal of community ecology in general, and work on assembly rules in 

particular, should be to provide a process-based understanding of community assembly 

and structure. A ‘bottom-up’ approach, as described above, can help elucidate key 

processes and is thus a necessary component of assembly rule research. Eco-evolutionary 

models (e.g. Doebeli and Dieckmann 2000; Ferriere et al. 2002; Ferriere et al. 2004) 

provide one approach for realizing this ‘bottom-up’ approach. These models describe the 

influence of functional traits on organismal-level processes such that community-level 

patterns emerge as a consequence of dynamic feedbacks between ecological interactions, 

the evolution of novel phenotypes, and ecosystem context (Fussmann et al. 2007).  

 Although evolution is not addressed in some community assembly research (e.g. 

Weiher and Keddy 1999; but see Foote 1997; Urban et al. 2008), the structure of natural 

communities emerges from the combined effects of ecological and evolutionary 

processes and historical contingencies (Brooks and Wiley 1988; Roughgarden 1989; 

Drake 1990a, b; Lawler 1993; Drake et al. 1996). In addition, experimental studies have 

demonstrated that evolution works on time scales relevant to ecological phenomena, 

including community structure (Thompson 1998; Bohannan and Lenski 2000; Hairston et 
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al. 2005; Hansen et al. 2007;  Yoshida et al. 2007; Venail et al. 2008; also see 

discussions in Ricklefs 2007). Eco-evolutionary models allow the combined influences of 

ecology, evolution, history, and ecosystem context to dynamically emerge as model 

communities assemble. Pursuing eco-evolutionary models will thus help extend 

community assembly theory beyond the influence of biotic and abiotic ‘filters’ (Poff 

1997) to also include the dynamic interplay between these filters and the selective 

pressures they place on organismal functional traits. This class of model therefore 

provides a powerful theoretical framework for generating a priori expectations for 

community assembly rules. 

 Here we use a modified version of an eco-evolutionary model of size-structured 

interaction webs (Loeuille and Loreau 2006, 2005). Using this model we provide 

predictions for the temporal dynamics of functional trait assembly within communities. 

These predictions are first compared to the conceptual predictions outlined in the 

previous section. We subsequently use the eco-evolutionary predictions to define a 

revised community assembly rule for continuous functional traits and compare empirical 

data to the predicted relationships between the trait range and species richness. More 

generally, we aim to develop theoretical expectations for how functional traits are 

‘packed’ as communities assemble through ecological and evolutionary time. Doing so 

will further elucidate how organismal-level processes influence functional trait assembly 

which may, in turn, allow more informed predictions for the response of communities to 

environmental change. 
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Model Description 

We built upon and modified a recently published eco-evolutionary model (Loeuille and 

Loreau 2006, 2005) to evolve dynamic interaction networks. In the model, species 

interactions are defined as functions of species’ body sizes and body size is allowed 

evolve. In turn, the assembly of whole communities can be followed from a single 

consumer to complex, species rich networks. No direct constraints are placed on 

community assembly or structure. Rather, these are emergent properties of a given 

community that result from dynamic feedbacks between inter- and intra-specific 

competition (exploitative and interference), inter-specific trophic interactions, and 

consumption of and recycling into an inorganic nutrient pool. The model represents a 

significant advance over previous interaction network models, which are too complex to 

allow inference (e.g. McKane 2004) or don’t explicitly define organismal functional traits 

(e.g. Cohen et al. 1990; Williams and Martinez 2000; Cattin et al. 2004; McKane and 

Drossel 2006). Furthermore, the model allows for biotic modification of a community’s 

niche structure and, in turn, allows biotic modification to drive community assembly 

(Glasser 1982). 

In the model, feeding rate is determined, in part, by a Gaussian feeding function 

defined by the difference between predator and prey body sizes (Fig. 1.S1). For a given 

predator body size there is an optimal prey body size around which feeding rate declines: 

a concept consistent with empirical data and other trophic models (Sala and Graham 

2002; Andersen and Beyer 2006; Loeuille and Loreau 2006; Cozar et al. 2008;). In 

addition, mass-specific feeding rate has been shown to scale with body size to the -0.25 
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power (Peters 1983; Moloney and Field 1989; Hansen et al. 1997). Feeding rate is thus 

modeled as a function of predator, Mi, and prey, Mj, body sizes: 

. Here, f0 is a constant 

independent of body size, s is the standard deviation of the Gaussian function, and d is 

the optimal predator-prey body size difference (Fig. 1.S1). Intrinsic, mass-specific 

mortality has likewise been shown to scale with body size such that: , 

where m0 is a constant independent of body size (Savage et al. 2004). 

In addition to exploitative competition, which emerges in the model due to 

population dynamics and resource consumption, interference competition is an important 

aspect of trophic dynamics (Skalski and Gilliam 2001). Interference competition is 

modeled following Loeuille and Loreau (2006; 2005) as a truncated, uniform distribution 

such that: . Similarly sized species are assumed more 

likely to interfere such that  is the threshold body size difference beyond which species 

i and j do not interfere and  is the mass-specific rate of interference.  

Species are modeled as pools of biomass and for an increasing order of body 

sizes, where basal nutrients are denoted with a subscript 0, change in the biomass of 

species i is given as: 

  

Only a fraction of consumed biomass is assimilated (ε) and this is assumed constant with 

respect to body size (Peters 1983).  
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The nutrient pool increases due to nutrients entering the system at a constant rate 

(I) and as a proportion (ν) of recycled nutrients from mortality and inefficient feeding. 

Nutrients leave the system at a mass specific rate (y) and decline due to direct 

consumption. Change in nutrient biomass is thus given as: 

 

 Novel body sizes enter the interaction network via mutation. Mass-specific 

mutation rate is assumed to scale with body mass to the -0.25 power (Gillooly et al. 2005; 

Gillooly et al. 2007). Realized mutation rate for species i is thus given as: λi = Niλ0Mi
-1/4, 

where λ0 is a normalization constant independent of body size. The value λ0 was chosen 

to give a mutation probability of 10-4 for a body size of 5kg, the approximate median 

body size of interaction webs evolved under a body-size-independent mutation 

probability of 10-4. As in Loeuille and Loreau (2005; 2006), mutations were assumed to 

result in small changes in body size such that a mutant’s body size was taken as a 

proportion, drawn from a uniform distribution between 0.8 and 1.2, of its ancestor’s body 

size. Other parameters were set to values similar to those producing realistic interaction 

webs in Loeuille and Loreau (2005; 2006) (Table 1).  

 Sensitivity analyses were performed on the two parameters shown to strongly 

affect interaction web structure in Loeuille and Loreau (2005; 2006): the strength of 

interference competition and niche breadth (s2/d). In particular, these parameters strongly 

influence patterns trait packing (see Fig. 2 in Loeuille and Loreau 2005). Three replicates 
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were run for each of the four combinations of the maximum and minimum interference 

competition and niche width parameter values. Additional sensitivity analyses were 

performed across a range of nutrient influx rates (Table 1) as Loeuille and Loreau (2005) 

found this parameter to affect the maximum body size and species richness. Nutrient 

influx rate sensitivity analyses were run with =0.1 and  s=1. Model simulations were 

run in the program R (http://www.r-project.org/) for 10 million time steps. This was 

sufficient time for interaction web species richness to reach a dynamic equilibrium across 

all parameter values (Fig. 1.S2). However, results are presented up to 2 million time steps 

to allow visualization of the early stages of community assembly, and patterns did not 

vary greatly beyond 2 million time steps. 

  

Model Analysis 

Interaction networks were initialized with a single consumer (body size=2kg) and an 

initial nutrient pool (body size=0kg). Consumer body size evolution and speciation 

proceeds via a mutation-selection process whereby novel mutants have either a negative 

population growth rate and immediately go extinct or increase and remain in the system 

as a new species. The fitness landscape, and thus population growth and speciation, is 

determined by the current species assemblage and population sizes and varies through 

time due to speciation and extinction. Established species are assumed to go extinct if 

their population size falls below a minimum threshold (1e-20), which is equal to the 

population biomass of a new mutant. Hence, a dynamic speciation-extinction process 
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emerges that is dependent on the contribution of novel phenotypes and temporal variation 

in the ecological context of the evolving interaction network. 

 These evolving interaction webs were sampled every 1000 time steps and for each 

sample, species richness, the range in body sizes, and mean nearest neighbor body size 

difference were calculated. Species richness was taken as the number of unique body 

sizes in the community. The range in body sizes was the difference between maximum 

and minimum sizes. Mean nearest neighbor difference was found by first finding the 

minimum body size difference between each species and all other species in the 

community. The mean value of these minima was then taken as mean nearest neighbor 

difference. This provides a continuous metric of trait ‘packing’ such that smaller values 

indicate tighter ‘packing’ of body sizes and thus great functional similarity. 

 

Comparing Conceptual and Eco-Evolutionary Predictions 

Consistent with the first prediction of our conceptual, continuous trait extension of Fox’s 

assembly rule, across all combinations of interference competition and niche breadth and 

across all rates of nutrient influx, body size range first increased and abruptly reached a 

relatively consistent maximum (Fig. 1.1; Fig. 1.S2). The eco-evolutionary model also 

predicts maximum body size range to be larger when interference competition is weaker, 

niche breadth is broader, and nutrient influx is greater (Fig. 1.S2). Species richness 

similarly increased through time, but reached a ‘dynamic equilibrium’ rather than a 

consistent maximum (Fig. 1.1). Richness during the dynamic equilibrium phase increased 
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with niche breadth and nutrient influx, but interference competition had a relatively small 

and inconsistent effect (Fig. 1.S2). 

 Consistent with the second prediction of our conceptual assembly rule, the trait 

range initially increased with species richness and this relationship diminished as 

community assembly progressed. More specifically, the linear slope of the regression 

relating the trait range to species richness, within a given time window, declined through 

time (Fig. 1.2a). This pattern was generally consistent across all combinations of 

interference competition and niche breadth and across all rates of nutrient influx (Fig. 

1.S3). There were, however, important departures from the expectation that the slope 

would consistently decline towards zero as community assembly progressed. In some 

cases the slope declined and subsequently increased and in other cases relatively steep 

negative slopes emerged. Nonetheless, the slope always converged towards zero as 

community assembly progressed (Fig. 1.2a, Fig. 1.S3). 

 When evaluated across the entire range of species richness observed within a 

community, instead of through time, the trait range was a saturating function of species 

richness (Fig. 1.2b). This saturating pattern emerged across all combinations of niche 

breadth and interference competition and across all nutrient influx rates (Fig. 1.S4), and is 

consistent with the third prediction of our continuous trait assembly rule. However, there 

was variation in the trait range for a given value of species richness (Fig. 1.2b), which 

was not expected and is inconsistent with our assembly rule.  

 The final prediction of our conceptual assembly rule states that the relationship 

between the nearest neighbor trait distance and species richness will initially be relatively 
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weak and that this relationship will become more negative as assembly proceeds. Patterns 

emerging from our eco-evolutionary model are roughly consistent with this prediction 

(Fig. 1.3). A consistent temporal decline in the nearest neighbor-richness slope did not, 

however, emerge across our sensitivity analyses (Fig. 1.S5). The emergent temporal 

patterns of the nearest neighbor-richness slope are thus inconsistent with our continuous 

trait assembly rule. 

 

A Revised Continuous Trait Assembly Rule 

Patterns that emerged from the eco-evolutionary model of community assembly are not 

entirely consistent with the predictions made by our conceptual extension of Fox’s guild 

assembly rule. Specific departures include i) temporal fluctuations in the slope relating 

the trait range to species richness; ii) variation in the trait range for a given level of 

richness; and iii) temporal fluctuations in the slope relating nearest neighbor trait distance 

to richness. These departures are significant enough that we reject our extension of Fox’s 

assembly rule, and we construct a new assembly rule from the most consistent patterns 

that emerged from our eco-evolutionary model. 

 The most consistent pattern of assembly that emerged from the eco-evolutionary 

model was the initial increase and subsequent plateau of the trait range. Our revised 

assembly rule is thus: The assembly of continuous functional traits should be 

characterized initially by a general increase in the trait range, followed by a period of 

transition whereby the trait range may increase in relatively discrete steps, and upon 

reaching a maximum the trait range will remain relatively constant irrespective of further 
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fluctuations in species richness. This is similar to the first prediction of our conceptual 

assembly rule, but allows for departures from a strict relationship between the trait range 

and species richness during community assembly. This allows for expansion of the trait 

range or trait packing within the trait range at any point in time. Our assembly rule thus 

predicts that on average the trait range will be a saturating function of species richness 

and that variation around this relationship is likely (e.g. Fig. 1.S2b). Empirical data 

characterized by a saturating relationship between the trait range, or morphological space, 

diversity, etc., would thus provide indirect support for our eco-evolutionary, continuous 

trait assembly rule. 

 

Empirical Trait Range-Richness Relationships  

To test our continuous trait assembly rule, we next compare empirical data to the 

prediction that trait space will be a saturating function of species richness. Before 

discussing the empirical data it is important to note that for the current purposes we 

consider measures of trait or morphological range, space, volume, diversity, etc. to be 

conceptually consistent with each other and we generally use these terms 

interchangeably. A number of empirical studies have examined the relationship between 

the range morphological space and species richness, thus allowing for an indirect 

comparison of our eco-evolutionary assembly rule to empirical data. The range in 

morphological space occupied by functional traits has been observed to be uncorrelated 

with (Foote 1993; Weiher et al. 1998), to increase with (Ricklefs and Miles 1994; 

Cornwell et al. 2006; Petchey et al. 2007), or to saturate with species or taxonomic 
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richness (Roy et al. 2001; McClain et al. 2004). While appearing divergent, these 

empirical patterns may be consistent with each other and our eco-evolutionary assembly 

rule. Saturating relationships between the trait range and richness consistently emerged 

from our eco-evolutionary model (Fig. 1.2a, Fig. 1.S3) such that linear and null 

relationships are likely under our assembly rule if species richness is sampled only below 

or above, respectively, the richness at which the trait range is maximized.  

 To demonstrate the likelihood of observing linear and null trait range-richness 

relationships we found, within model communities, the species richness at which the trait 

range was maximized and split trait range and richness data into those below and above 

this richness value. Regressing the trait range against richness within each data group 

shows strongly linear and extremely weak relationships for values below and above the 

richness value corresponding to the maximum trait range, respectively (Fig. 1.4). The 

mean regression slope and R2 values for these two data groups across our sensitivity 

analyses were, respectively, 0.34 and 0.87 for values below and 0.026 and 0.067 for 

values above the richness value corresponding to the maximum trait range. Our eco-

evolutionary assembly rule is thus at least consistent with saturating, linear and null 

empirical relationships between the trait range and species richness.  

 Our eco-evolutionary model predicts saturating, linear, and null relationships 

between the trait range and richness depending on whether or not the trait range is 

maximized across the sampled range of species richness. A detailed investigation of 

published empirical datasets provides general support for this prediction. Ricklefs and 

Miles (1994) examined a number of studies that related various measures of 
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morphological space or diversity to species richness. These authors concluded that there 

is a general increase in morphological space with species richness, but did not examine 

the form of this relationship. We collated data from the studies cited in Ricklefs and 

Miles (1994) and examined the form of the morphological space-richness relationship for 

each study. There is a broad range in the quality and applicability of data in these 

empirical studies and we do not address 7 of the 13 cited studies. We excluded these 7 

studies because they were not accessible, they provided very few data points (<5), the 

species richness range was 5 or less, and/or they did not provide specific data on 

morphological range, space, etc. We did, however, augment the studies cited in Ricklefs 

and Miles (1994) with 6 additional studies. 

 Travis and Ricklefs (1983) was the only study cited in Ricklefs and Miles (1994) 

that provided a relatively large number of data points that evenly sampled a relatively 

large species richness range. Data from Travis and Ricklefs (1983) are consistent with 

our assembly rule such that morphological volume saturated with increasing species 

richness (Fig. 1.5). The other 5 studies cited in Ricklefs and Miles (1994) are less than 

ideal as they have few data points (~5) and/or providing no data across the middle or high 

ends of the range in species richness (Fig. 1.S6). Nonetheless, Fig. 1.S6 provides plots of 

morphological range, volume, etc. against species richness from four of the studies and 

Foote (1993). In general, saturating functions are commonly observed (e.g. Findley 1976; 

Roy et al. 2001; McClain et al. 2004) and linear relationships are observed when 

maximum species richness is relatively small (e.g. Ricklefs and Travis 1980; Cornwell et 

al. 2006) or when the middle range of species richness is not sampled (e.g. Blondel et al. 
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1984). Winemiller (1991) and Petchey et al. (2007) provide an exception: non-saturating 

morphological/functional space/diversity-richness relationships across relatively broad 

and uniformly sampled ranges of species richness. This departure may be due to 

sampling: Winemiller (1991) and Petchey et al. (2007) sampled species across multiple 

orders. In contrast, data from Travis and Ricklefs (1983) are constrained to passerine 

birds and are characterized by a saturating function. 

 Empirical patterns suggest that our model should predict a linear relationship 

between morphological space and species richness when species are sampled across 

relatively divergent taxonomic groups. A potentially analogous scenario in the context of 

the eco-evolutionary model would be to analyze the trait range-richness relationship 

across model communities that differ in organismal trait values. Consistent with 

empirical patterns, the model predicts a non-saturating function between the trait range 

and species richness among communities that differ in organismal trait values (Fig. 1.6). 

 We suggest that nearly all empirical patterns examined to this point are generally 

consistent with the predictions of the eco-evolutionary model and thus our continuous 

trait community assembly rule. However in plant communities, Weiher et al. (1998) 

found no relationship between morphological space and species richness even though 

their species richness range (~2-19) was well sampled. These authors suggested that a 

null relationship might have resulted because they examined plant communities whereas 

studies prior to Weiher et al. (1998) had examined animal communities. However, 

Cornwell et al. (2006) demonstrated a positive relationship between morphological 

volume and species richness across plant communities. Our eco-evolutionary model is 
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based on trophic interactions and thus applies most directly to animal communities. The 

departure from our model’s predictions in Weiher et al. (1998) and the lack of consistent 

patterns between Weiher et al. (1998) and Cornwell et al. (2006) suggest that plant-

specific theoretical work is needed in the context of trait assembly. 

 

Discussion 

Attempts to develop community assembly rules often describe an empirical system at one 

point in time and define assembly rules post-hoc in terms of species names or sometimes 

functional guilds (see Weiher and Keddy 1999; Temperton et al. 2004). While useful 

within narrowly defined systems, this approach limits the generality of assembly rules. 

More generalized, and dynamic, assembly rules are needed for broad understanding of 

biological systems and for applied issues such as the restoration of ecological 

communities (Temperton and Hobbs 2004).  

 Here we have worked towards more general assembly rules by focusing on the 

dynamic assembly of a continuous functional trait, body size, in the context of an eco-

evolutionary model built from organismal-level processes. We began by conceptually 

deriving predictions for the assembly of continuous functional traits from Fox’s (1987) 

guild assembly rule. We subsequently used an eco-evolutionary model of community 

assembly to rigorously distill these conceptual predictions into an a priori continuous 

functional trait assembly rule. This predicted assembly rule was then compared to 

empirical patterns of community functional trait composition. 

 Our extension of Fox’s (1987) assembly rule provided conceptual predictions for 
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the interrelationships between species richness, the range in trait values and nearest 

neighbor trait distance. These predictions were commonly upheld across our sensitivity 

analyses, but a number of important departures emerged. For example, variation in the 

trait range was observed for any given value of species richness. This variation rejects 

our conceptual extension of Fox’s hypothesis because it shows that functional traits can 

be added to the periphery of or packed and unpacked within trait space at any given time. 

The only prediction that was consistently upheld was the temporal increase in the trait 

range to a maximum that subsequently remained relatively constant (Fig. 1.1, Fig. 1.S2). 

We subsequently tested this assembly rule by noting a corollary prediction: The trait 

range is a saturating function of species richness (Fig. 1.2b, Fig. 1.S4). This corollary 

prediction was generally supported empirically, with important departures observed in 

plant communities and for analyses that sampled across relatively broad taxonomic 

groups (e.g. across multiple bird orders). In turn, we extended predictions of the eco-

evolutionary model to more closely address studies that use broader taxonomic sampling. 

In this extended case the prediction of our model again matched the empirical 

relationship between morphological space, diversity, etc. and species richness (Fig. 1.6).  

 Predictions arising from the eco-evolutionary model appear to be broadly consistent 

with empirical communities. We suggest that our community assembly rule may thus be 

a general rule across animal communities that are relatively constrained taxonomically. 

The degree of sampled taxonomic or phylogenetic ‘breadth’ beyond which the expected 

relationship between morphological space and richness transitions from saturating to 

linear is, however, not clear. Future studies that couple theoretical and empirical analyses 
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to predict/quantify the taxonomic scale dependence of trait assembly will be useful in 

further generalizing our assembly rule. 

 To this point we have addressed community assembly in the context of Fox’s 

assembly rule, but the eco-evolutionary model makes additional predictions that go 

beyond our extension of Fox’s rule. The model predicts that greater resource supply, 

broader consumer niche breadth and weaker interference competition allow a larger trait 

range (Fig. 1.S4). Loeuille and Loreau (2005) similarly showed that maximum body size 

increases with production efficiency and nutrient supply. A broader consumer niche 

causes lower feeding rates and a flatter feeding function (Fig. 1.S1). The broadest trait 

ranges are thus predicted to emerge when resource supply is highest, ecological 

interactions (trophic and competitive) are weakest, and when organisms are the most 

ecologically similar to each other. Thus the more productive and closer a community is to 

being ‘neutral’ (sensu Bell 2000, 2001; Hubbell 2001, 2006), the broader the functional 

trait range should be. If supported empirically, a relationship between morphological 

space and the relative influence of neutral/stochastic processes (e.g. Gravel et al. 2006; 

Chase 2007) may provide a tool through which underlying community-level processes 

can be inferred. 

 In conclusion, we have provided theoretical predictions for how functional traits are 

assembled as communities emerge through ecological and evolutionary time, and provide 

a general community assembly rule for continuous functional traits. As communities 

assemble the functional trait range, space, volume, diversity, etc. is expected to increase, 

reach a maximum and subsequently remain relatively constant even if species richness 
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continues to increase or fluctuate. This assembly rule is supported indirectly through 

empirical analyses of the relationship between morphological space, diversity, etc. and 

species richness, and may thus be a general assembly rule across animal communities. 
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Table 1.1 Parameter values used in model simulations. 

Parameter Description Value (units) 
λo mutation rate normalization 0.00015 (mutation*mass0.25time-1) 
v ecosystem nutrient retention efficiency 0.5 (unitless) 
y nutrient loss rate 0.1 (time-1) 

I nutrient influx rate 
0.71,  1.15,  1.83,  2.85, 4.4, 6.68, 
10.0, 14.79, or 21.6 (mass*time-1) 

β interference competition max. body size difference 0.25 (mass) 
αo interference competition rate constant 0.1, 0.3 or 0.5 (time-1mass-1) 
mo mortality rate normalization 0.1 (mass0.25time-1) 
fo feeding rate normalization 1.189 (mass0.25time-1) 
s feeding function standard deviation  1, 2.25 or 3.16 (mass) 
d optimal body size difference 2 (mass) 
ε assimilation efficiency 0.25 (unitless) 
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Figure Legends 

Figure 1.1 Temporal dynamics of body size range (dashed), species richness (solid 

black), and mean nearest neighbor body size distance (grey). Note that species richness 

and nearest neighbor distance appear to be ‘mirror images’ of each other after the body 

size range has reached its maximum. All three metrics were normalized to their 

maximum values for visualization. Parameter values as in Table 1, and α0 = 0.5; s = 3.16. 

Figure 1.2 (A) Ordinary least squares slope for the regression between the body size 

range and species richness within a continuously moving window of 500,000 time steps. 

The choice of window size is somewhat arbitrary, and shorter or longer windows produce 

less or more smooth temporal trajectories. Lines represent the mean slope within a given 

time window for three replicates of each parameter combination: solid black (α0=0.5, 

s=3.16); solid grey (α0=0.1, s=3.16); dashed black (α0=0.5, s=1); dashed grey (α0=0.1, 

s=1). Regressions were not conducted if the richness range within a time window was 

less than four, and relatively large regions of interpolation were removed from the figure. 

(B) Individual data points are the mean body size range for a given species richness 

within a given parameter combination, and are based on three replicates for each 

parameter combination. Lines represent two standard deviations above the mean size 

range. Parameter combinations are the same as in part A, where open symbols correspond 

to dashed lines. 

Figure 1.3 Ordinary least squares slope for the regression between the nearest neighbor 

body size distance and species richness within a continuously moving window of 500,000 

time steps. Lines represent the mean slope within a given time window for three 
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replicates of each parameter combination. Line types correspond to parameters as in Fig. 

1.2. Regressions were not conducted if the richness range within a time window was less 

than four, and relatively large regions of interpolation were removed from the figure. 

Figure 1.4 Body size range as a function of species richness for α0=0.5 and s=3.16. The 

data are split between those below (A) and equal to or above (B) the maximum size 

range. The solid line in A is the ordinary least squares regression line. No regression line 

is provided in B: the regression was not significant (p>0.05). 

Figure 1.5 Empirical data from Travis and Ricklefs (1983) relating community 

morphological ‘volume’ to species richness. The morphological volume metric used was 

“…the geometric average distance across the morphological space occupied by a 

community…” See Travis and Ricklefs (1983) for additional details. The solid line 

represents a smoothed curve fit to the data. 

Figure 1.6 The body size range as a function of species richness at the end of community 

assembly (i.e. at time step 10,000,000). Each data point is a single community 

representing a unique combination of α0 and s, where α0 is equal to 0.1, 0.3 or 0.5 and s 

is equal to 1, 2.25 or 3.16. Given the difference in organismal trait values, this analysis is 

more closely aligned to empirical studies that sample species relatively broadly in terms 

of taxonomy (e.g. across multiple orders). 
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Figure 1.1 
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Figure 1.2 
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Figure 1.3 
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Figure 1.4 
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Figure 1.5 
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Figure 1.6 
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Secondary Figure Legends 

Figure 1.S1 Visual depiction of the Gaussian mass-specific feeding function across a 

range of prey body sizes. In both figures the optimal predator-prey body size difference is 

d=2. A) Feeding rates for a predator of body size 4 with different niche widths (n.w.) are 

depicted: 0.5, 2, 8 (solid, dashed, and dotted lines, respectively). Note the lower 

maximum feeding rate but broader feeding range with increasing n.w. B) Feeding rate for 

predators with n.w.=0.5, but different body sizes: 5 and 10 (solid and 10 dashed lines, 

respectively). Note the larger optimal prey body size and lower maximum feeding rate of 

the larger predator. 

Figure 1.S2 Temporal dynamics of the body size range (A, B) and species richness (C, 

D). In A and C: thick black (α0 = 0.5; s = 1); grey (α0 = 0.3; s = 1); thin black (α0 = 0.1; s 

= 1); red (α0 = 0.5; s = 2.25); blue (α0 = 0.3; s = 2.25); green (α0 = 0.1; s = 2.25); 

magenta (α0 = 0.5; s = 3.16); light blue (α0 = 0.3; s = 3.16); yellow (α0 = 0.1; s = 3.16). 

In B and D different lines are for different rates of nutrient influx and the size range and 

species richness increase with increasing influx. Black and grey lines are used for visual 

clarity and do not denote specific parameter values. 

Fig. 1.S3 Ordinary least squares slope for the regression between the body size range and 

species richness within a continuously moving window of 500,000 time steps. 

Regressions were not conducted if the richness range within a time window was less than 

four. In (A) colors denote parameter combinations as in Suppl. Fig. 2A. In (B) each color 

is a different nutrient influx rate. Colors are used for visual clarity and do not denote 
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specific parameter values. Individual data points are used in B due to numerous regions 

lacking correlations because of low variation in richness. 

Figure 1.S4 Mean body size range, for each value of species richness, as a function of 

richness. In (A) colors denote parameter combinations as in Suppl. Fig. 2A. In (B) lines 

are smoothed curve fits and each line represents a different nutrient influx rate. The size 

range increases with influx rate. 

Figure 1.S5 Ordinary least squares slope for the regression between the nearest neighbor 

body size distance and species richness within a continuously moving window of 500,000 

time steps. Regressions were not conducted if the richness range within a time window 

was less than four. In (A) colors denote parameter combinations as in Suppl. Fig. 2A. In 

(B) each line represents a different nutrient influx rate. Data for only four influx rates are 

presented for visual clarity and these four were chosen as they represent the diversity of 

emergent patterns. 

Figure 1.S6 Empirical relationships between various measures of morphological 

‘diversity’ (or space, volume, etc.) and species richness. See individual studies for details 

concerning metrics. (A) Trilobite data extracted from Figures 5, 7, 9, 11, and 15 in Foote 

(1993). The solid line represents a smooth curve fit. (B) Blastoidea data extracted from 

Figure 3 in Foote (1993). Caution should be used when interpreting A and B as these data 

are non-independent. (C) Passerine data from Table 1 in Ricklefs and Travis (1980). The 

solid line represents the linear regression. (D) Bird data from Table 8 in Blondel et al. 

(1984). The solid line represents the linear regression. (E) Bat data extracted from 

Figures 2-6 in Fenton (1972). The morphological diversity metric used was the maximum 
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distance between bird species in trait space within each community, which was measured 

directly from Figures 2-6. (F) Bat data from Table 1 in Findley (1976). 
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Figure 1.S1 
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Figure 1.S2 
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Figure 1.S3 
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Figure 1.S4 
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Figure 1.S5 
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Figure 1.S6 
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CHAPTER 2 

ADVANCING THE METABOLIC THEORY OF BIODIVERSITY 

Abstract 

A component of metabolic scaling theory has worked towards understanding the 

influence of metabolism over the generation and maintenance of biodiversity. Specific 

models within this ‘metabolic theory of biodiversity’ (MTB) have addressed temperature 

gradients in speciation rate and species richness, but the scope of MTB has been 

questioned due to empirical departures from model predictions. In this paper we first 

show that a generalized MTB is not inconsistent with empirical patterns and subsequently 

implement an eco-evolutionary MTB which has thus far only been discussed 

qualitatively. More specifically, we combine a functional trait (body mass) approach and 

an environmental gradient (temperature) with a dynamic eco-evolutionary model that 

builds on the current MTB. Our approach uniquely accounts for feedbacks between 

ecological interactions (size-dependent competition and predation) and evolutionary rates 

(speciation and extinction). We investigate a simple example in which temperature 

influences mutation rate, and show that this single effect leads to dynamic temperature 

gradients in macroevolutionary rates and community structure. Early in community 

evolution, temperature strongly influences speciation and both speciation and extinction 

strongly influence species richness. Through time, niche structure evolves, speciation and 

extinction rates fall, and species richness becomes increasingly independent of 

temperature. However, significant temperature-richness gradients may persist within 

emergent functional (trophic) groups, especially when niche breadths are wide. There is 
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thus a strong signal of both history and ecological interactions on patterns of species 

richness across temperature gradients. More generally, the successful implementation of 

an eco-evolutionary MTB opens the perspective that a process-based MTB can continue 

to emerge through further development of metabolic models that are explicit in terms of 

functional traits and environmental gradients. 

 

Introduction 

The metabolic theory of ecology addresses how the relationship between organism 

metabolism, body size and temperature scales up to population, community and 

ecosystem properties (Brown et al. 2004). Understanding the processes responsible for 

gradients in biodiversity is a central goal of ecological research (MacArthur 1972; Brown 

1981; May 1986) and may be the ultimate frontier for metabolic theory. To tackle this 

grand challenge, a first generation of metabolic models have linked temperature to 

mutation rate (Gillooly et al. 2005; Allen et al. 2006; Gillooly et al. 2007), speciation rate 

(Allen et al. 2006) and species richness (Allen et al. 2002). We refer to this body of work 

as the ‘metabolic theory of biodiversity’ (MTB). A central prediction of MTB is that the 

natural log of speciation rate or species richness plotted against 1/kT will reveal a linear 

slope of approximately -0.65, where k is Boltzmann’s constant (8.62 x 10-5 eV/K) and T 

is environmental temperature in Kelvin (Allen et al. 2007). 

The predicted influence of temperature on species richness has received detailed 

empirical evaluation (e.g. Hawkins et al. 2007a). Across a broad range of taxonomic 

groups a great deal of variation exists in the relationship between temperature and species 
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richness, and only a few datasets appear to support the -0.65 slope prediction (Algar et al. 

2007; Hawkins et al. 2007a,b; Latimer 2007; but see Gillooly and Allen 2007). As a 

result, MTB is tasked with the challenge of mechanistically explaining this variation (Fig. 

2.1).  

The goal of this paper is to show how MTB can be extended to deepen our 

understanding of the metabolic basis of speciation, extinction and species richness along 

environmental gradients. We first show that the scope of the MTB models developed in 

Allen et al. (2002, 2006) can be broadened by relaxing key assumptions related to 

temperature-dependent metabolism. Secondly, we propose a theoretical extension of 

MTB that implements the dynamical MTB discussed by Allen et al. (2007) that combines 

influences of and feedbacks among the influences of temperature and resource 

availability on mutation rate, speciation rate, extinction rate and community structure (see 

also Gillooly and Allen 2007). We implement this framework by merging trait-based 

community ecology (McGill et al. 2006) with the theory of adaptive dynamics and its 

extensions (Champagnat et al. 2006). As an example of this approach we evaluate the 

influence of temperature-dependent mutation rate on speciation rate, extinction rate and 

species richness within an evolving ecological interaction network. Our approach thus 

offers a novel perspective on how organism metabolism influences macroevolutionary 

rates and patterns.  
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Towards a More General MTB 

Allen et al. (2002; 2006) predicted the temperature dependence of species richness and 

per-capita speciation rate to follow the same exponential ‘Boltzmann’ form, 

 

e
!E / kT , as 

individual metabolic rate, where E ≈ 0.65 eV is the mean activation energy of metabolic 

reactions (Gillooly et al. 2001; Brown et al. 2004; Gillooly et al. 2006). These 

predictions are derived from a number of assumed temperature (in)dependencies. To 

generalize the predicted temperature dependence of speciation and species richness we 

introduce activation energy ‘scalars’. These scalars characterize how individual 

metabolism ‘scales up’ to higher levels of biological organization . For example, Enquist 

et al. (2003) show that temperature has no influence over the rate of energy flux across 

plant communities, consistent with a scalar of zero, but that within-community energy 

flux scales with temperature in the same way individual metabolism scales with 

temperature, consistent with a scalar of one.  

 

Generalized model of temperature-dependent speciation rate 

In order to scale up from individual processes to the macroevolutionary rate of speciation 

in communities, Allen et al. (2006) combined metabolic theory with population genetics 

(e.g. Kimura 1983).  Here ‘community’ refers to the collection of populations evolving at 

a given temperature, and the community speciation rate Vm (species time-1) is given by 

(1) +
+∝ smsm DJsJfV /α  
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where 

 

f
+
 is the fraction of mutations that are beneficial; s is the coefficient of selection; 

 

J
s
 is effective population size (reproducing individuals) of incipient taxa; Jm is effective 

community abundance (the number of reproducing individuals in the community); α is 

mutations per nucleotide per unit time; and 

 

D
s

+  is the genetic divergence (substitutions 

nucleotide-1) from beneficial mutations between incipient taxa and serves as a proxy for 

the total genetic divergence required for speciation. 

By considering the influence of temperature on each term in Eq. 1, we derive a 

generalized form of the temperature dependence of community speciation rate. 

Temperature dependence is assumed only for those variables that are (or appear to be) 

influenced by individual metabolism. Specifically, as in Allen et al. (2006), we assume 

that 

 

D
s

+ , 

 

f
+
, and s are independent of temperature. Including exponential temperature 

dependencies on all other variables yields 

(2) 
kTE

msm eTTJTJTV /)()()()()( ωϕδα ++∝∝ . 

Here, δ, ϕ, and ω are activation energy scalars, respectively, for Js, Jm, and α. While 

metabolic theory predicts that temperature positively influences the rate of mutations so 

that  ω = -1 (Gillooly et al. 2005; 2007) it has yet to make an explicit prediction for δ and 

ϕ . Allen et al. (2002) do, however, predict the temperature dependence of total 

population size (see also Savage et al. 2004).  

In developing a prediction for the temperature dependence of total population 

size, Allen et al. (2002) effectively assume that limiting resource supply does not vary 

with temperature and that population energy flux is ‘zero-sum’ (e.g. Damuth 1981; Ernest 
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et al. 2008). Population energy flux, BT, is thus predicted to be independent of 

temperature (Allen et al. 2002). In turn, after controlling for mean body size, population 

size, N, must decline exponentially with temperature due to the exponential increase in 

individual metabolic rate. Allen et al. (2002) provide empirical support for an exponential 

decline in population size with temperature (see also Savage et al. 2004). Furthermore, if 

resource availability does not vary with temperature among communities, community 

energy flux is also predicted to be independent of temperature. Recent analyses support 

the prediction that energy flux compared across communities does not vary with 

temperature (Enquist et al. 2003; Kerkhoff et al. 2005; Enquist et al. 2007a; but see Allen 

et al. 2005). If limiting resources do vary with temperature, the temperature dependencies 

of total population size and total community abundance will be modified (Gillooly and 

Allen 2007). Nonetheless, total population size and total community abundance are 

expected to have the same temperature dependence as each other. 

 The predicted temperature dependence of population size and community 

abundance discussed above is for total numbers of individuals. The expected relationship 

between community speciation rate and temperature is dependent on effective abundance 

and thus critically depends on the relationship between effective and total abundance 

(population and community). If there is no relationship between effective and actual 

abundance so that ϕ = δ = 0, community speciation rate is predicted to increase with 

temperature: kTEkTE
m eeV //)100( −−+ ∝∝ . In contrast, if effective abundance increases 

tightly with total abundance such that ϕ = δ = 1, metacommunity speciation rate is 
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predicted to decline with temperature: kTEkTE
m eeV //)111( ∝∝ −+ . Although empirical 

relationships between effective and actual abundance are variable, positive relationships 

have been observed (e.g. Frankham 1996), in which case ϕ and δ are expected to be 

positive. As long as ϕ + δ  > 1, metacommunity speciation rate is predicted to decrease 

with temperature. Thus, the generalized MTB model of speciation rate predicts that 

temperature can positively as well as negatively influence speciation rate, depending 

critically on the temperature dependencies of ‘effective abundance’ and resource supply. 

  

Generalized model of temperature-dependent species richness 

While the MTB has been developed towards understanding the influence of temperature 

dependent metabolism over species richness it has not explicitly detailed the underlying 

evolutionary processes. Indeed, this is reasonable considering the uncertainties involved.  

Given the above arguments, we can generalize the Allen et al. (2002) model by assuming 

that mean body size does not vary with temperature and that the area of community, A, is 

constant. Relating species richness, S, to temperature can be generalized as  

(3) S = N
m
B / AB

T
! e

"E /kT
e
#E /kT

e
#$ E /kT ! e

("#1#$ )E /kT

. 

Here B  is mean individual metabolic rate; φ and ψ are activation energy scalars for total 

community abundance and mean population energy flux, B
T

, respectively. As alluded to 

in the previous section, zero-sum energetics predict φ = 1 and ψ = 0. In this case, species 

richness is predicted to be independent of temperature (i.e. φ - 1 - ψ = 0). However, these 

assumptions are not consistently supported. For example, tree community abundance per-
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area does not vary with latitude (Enquist and Niklas 2001), suggesting that Nm may not 

vary with temperature (i.e. φ = 0). In this case our generalized model predicts 

S ! e
"0.65 /kT , similar to Allen et al. (2002). Empirical data from Allen et al. (2006) 

provide an intermediate example whereby the temperature dependence of area 

normalized Nm is consistent with φ = 0.69, which predicts S ! e
"0.31/kT . Furthermore, if 

Nm declines with temperature, species richness will also decline with temperature, as 

observed in some groups (Hawkins et al. 2007a).  

 In sum, by generalizing the Allen et al. (2002) model to include other temperature 

dependencies, we predict that a range of richness-temperature relationships should be 

observed, among which S ! e
"0.65 /kT  is a special case. A link between organism 

metabolism and large-scale patterns of species richness may be general, yet specific 

predictions necessitate a more mechanistic approach whereby some of the key MTB 

assumptions become MTB predictions. To this end, Allen et al. (2007) envisioned MTB 

as a broader framework in which the metabolic basis of macroevolutionary rates and 

patterns is an emergent property of dynamic feedbacks between ecological and 

evolutionary processes (see also Gillooly and Allen 2007). We next show how this eco-

evolutionary MTB can be explicitly implemented. 

 

Towards a Trait-Based, Eco-Evolutionary MTB 

A trait-based (McGill et al. 2006), eco-evolutionary (Champagnat et al. 2006; Fussmann 

et al. 2007) approach can extend MTB by explicitly linking limiting resource supply, 

ecological interactions and evolutionary rates. This approach emphasizes how MTB’s 
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key functional trait (body mass) and environmental gradient (temperature) both 

fundamentally determine ecological interactions and long-term evolution (Box 1). More 

specifically, we define mutation rate to be dependent on both body mass and temperature 

(Gillooly et al. 2005; Allen et al. 2006; Gillooly et al. 2007) and allow selection on 

genetic variation in body mass to emerge from mass-dependent ecological interactions 

(Loeuille and Loreau 2005, 2006). Our goal is to examine how temperature dependent 

mutation rate and trait(mass)-dependent ecology influence speciation rate, extinction rate 

and species richness. 

The adaptive dynamics framework 

Eco-evolutionary, and more specifically adaptive dynamics, theory provides a general 

mathematical framework to merge the current MTB with trait-based ecological processes 

and eco-evolutionary feedbacks. Adaptive dynamics theory combines simple population 

genetics with explicit ecological interactions to predict the long-term evolution of 

quantitative traits under the assumption of rare mutation (Metz et al. 1992). The current 

trait distribution determines the ecological structure of the community, hence the 

selection gradient acting on variation around any current trait value. For unstructured 

populations characterized by trait values Mi (M is the trait, e.g. body mass; i is the species 

identity number), the canonical equation of adaptive dynamics predicts the rate of 

phenotypic change per unit time of each species in the community, as long as selection is 

directional: 

(4) 
 
dMi dt = Δ f+α(Mi , M ,T ) Js (Mi, , M ,T )S(Mi , M ,T )  
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where Δ is the mutation step variance, f+ is the fraction of mutations that are beneficial, α 

is the mutation rate per reproducing individual, Js is the number of reproducing 

individuals, and S is the selection gradient. Here we use notations similar to Allen et al. 

(2006) to emphasize that the canonical equation (4) shares its evolutionary foundations 

with the MTB speciation rate model. Our notations also emphasize potential 

dependencies of variables on temperature T, species body mass, Mi, and the body mass 

distribution, 

� 

˜ M , in the community. 

 Adaptive dynamics theory predicts that directional selection described by 

equation (4) can turn disruptive at particular trait values named ‘evolutionary branching 

points’ (Geritz et al. 1998, Doebeli and Dieckmann 2000, Waxman and Gavrilets 2005) 

where mutant invasion results in coexistence instead of fixation. Adaptive dynamics 

theory also provides general insight into the process of extinction. The interplay of 

ecological and evolutionary processes can lead to ‘evolutionary suicide’ (Dieckmann and 

Ferriere 2004), that is, the extinction of an established phenotype and potentially a whole 

lineage. Like speciation, this also happens at special points in trait space, where an 

established species can be invaded by ecologically non-viable mutants (Dieckmann and 

Ferriere 2004).  

 Adaptive dynamics theory is a special case of the more general theory of eco-

evolutionary dynamics (Champagnat et al. 2006) in which the assumption of small and 

rare mutation is relaxed. Eco-evolutionary dynamics theory suggests that variation in 

speciation-extinction dynamics may originate from trait- and environment-dependent 



 

 

65 

mutation rate (Champagnat et al. 2006). Quantitative analysis of a specific model 

demonstrates this in the next sections. 

A metabolic eco-evolutionary model of biodiversity 

We use the adaptive dynamics framework to integrate metabolic ‘rules’ into a simple 

eco-evolutionary model. In our model body mass varies genetically, and the body mass 

distribution determines resource partitioning and energy flow among species. The 

community originates as a single species consuming only the basal resource (inorganic 

nutrients). This ancestral species can diversify into a species network in which trophic 

structure self-organizes and ecological niches emerge (Loeuille and Loreau 2005, 2006). 

The basal resource pool is dynamic and varies due to external inputs and outputs and 

direct consumption and recycling. Consumer biomass depends on intrinsic mortality, 

feeding, interference competition and predation. 

 Intrinsic, mass-specific mortality rate is assumed to scale with body mass to -1/4 

power (Savage et al. 2004) such that: 

(6) 

� 

m(Mi)∝Mi
−1/ 4

. 

Mass-specific feeding rate of species i scales with its body mass to the -1/4 power (Peters 

1983; Moloney and Field 1989; Hansen et al. 1997) and varies with the body mass of 

prey-species j following a Gaussian function (Sala and Graham 2002; Loeuille and Loreau 

2006, 2005; Andersen and Beyer 2006; Cozar et al. 2008). This Gaussian feeding function 

(Fig. 2.S1) is centered at an optimal body mass difference, d, and spreads with variance 

σ2 such that 
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(7) 

� 

f (Mi,M j )∝Mi
−1/ 4σ−1 exp[−(Mi −M j − d)

2σ−2]. 

The ratio σ2/d defines the width of a species’ trophic niche (Loeuille and Loreau 2005, 

2006). Trophic interactions can be influenced by interference competition (Skalski and 

Gilliam 2001), the strength of which is determined by species’ body mass differences:  

(8) 

� 

c(Mi,M j ) =
c0   if   Mi −M j < β
0    if   Mi −M j > β

⎧ 
⎨ 
⎪ 

⎩ ⎪  

(Loeuille and Loreau 2005, 2006). The metabolic ecology equations (6-8) are 

incorporated in a model of biomass ecological dynamics (Chapter 2 Appendix).  

 Mutation rate scales to the -1/4 power of the progenitor’s body mass and increases 

exponentially with temperature (Gillooly et al. 2005; Allen et al. 2006; Gillooly et al. 

2007; see also Martin and Palumbi 1993). The probability of a mutant produced by 

species i per unit time is thus Niα(Mi ,T ) , where Ni is population biomass and  

(9) α(Mi ,T )∝Mi
−1/4e−E /kT . 

The proportional change in body mass due to mutation is drawn randomly from a 

temperature-independent distribution. Mutants have either a negative population growth 

rate and immediately go extinct or increase and remain in the system as a new 

‘established’ species. Established species are assumed to go extinct if their population 

size falls below a minimum threshold, which is also the population biomass of a new 

mutant. Speciation and extinction rates measure the total number of unique body sizes 

establishing in or leaving the community per unit time, respectively. Measuring total 
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speciation and extinction facilitate comparison of the model’s predictions to empirical 

speciation and extinction data. Species richness is the number of unique body sizes 

present at a given time. 

 As the network diversifies, the system self-organizes into ‘body size guilds’ 

(Loeuille and Loreau 2005) (Fig. 2.S2). The trophic level of a species is dependent on the 

trophic structure of its prey and is thus dynamic through time. Although the definition of 

speciation and extinction rates within trophic levels is problematic (species entering and 

leaving a given trophic level can be due to speciation and extinction into that trophic 

level and/or speciation and extinction at lower trophic levels), the macroevolutionary 

dynamics of within-trophic level species richness can be quantified and analyzed. 

 

Metabolic Eco-Evolutionary Analysis 

Having this quantitative framework in place we can integrate the eco-evolutionary 

network dynamics numerically to compute the relative influences of temperature-

dependent mutation rate and ecological interactions on the generation and maintenance of 

biodiversity. To facilitate comparison with empirical analyses, temperature is varied 

across a range of biologically relevant values (from 5 to 45 °C), and the effect of 

temperature is analyzed as the slope of the ordinary least squares linear regression 

relating log-transformed speciation rate, extinction rate, or species richness to 1/kT. We 

also examine the effect of different ‘ecological scenarios’ by varying two key parameters: 

trophic niche width and interference competition strength (Loeuille and Loreau 2005). 

Computational details are provided in the Chapter 2 Appendix. 
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Speciation and extinction rates 

Speciation rates decline through time, tightly paralleled by extinction rates. Both rates 

initially take on larger values at higher temperature and approach zero as the community 

ages (Fig. 2.2A,B; Fig. 2.S3). Similarly, slopes relating log-transformed rates to 1/kT are 

initially steeply negative and can reach -0.65, but as speciation and extinction rates 

approach zero, the slopes become shallower (Fig. 2.2C,D; Fig. 2.S4). Trophic niche 

width strongly influences the tempo of this pattern: the wider the niche, the longer steeper 

slopes are maintained (Fig. 2.2C,D; Fig. 2.S4). 

  

Species richness of whole interaction networks 

From an ancestral community that contains only one species, richness evolves and 

converges to a stationary level. Both ecology and temperature strongly influence species 

richness dynamics (Fig. 2.3). Temperature-dependent mutation rate drives more rapid 

diversification at higher temperature (Fig. 2.3), and higher temperature causes species 

richness to increase sharply and subsequently decrease towards the long-term 

equilibrium. Thus, a phase of species proliferation overshoots the community’s emergent 

‘species carrying capacity,’ and is followed by a phase dominated by extinction. Cooler 

temperatures result in a relatively smooth build-up of species richness towards the 

stationary level. With narrow trophic niches, the influence of temperature on 

diversification speed has no long-term effect on species richness (Fig. 2.3A). With broad 

trophic niches, the difference in species richness between temperatures persists and 

stabilizes (Fig. 2.3B).  
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 A temporally variable temperature dependence of species richness thus emerges 

(Fig. 2.3C,D). The early phase of rapid diversification at high temperature and relatively 

slow diversification at low temperature (Fig. 2.3A,B; Fig. 2.S5) maximizes the 

temperature dependence of species richness. The slope of species richness (log-

transformed) against 1/kT can approach -0.65 under conditions of wide trophic niches and 

strong interference competition (Fig. 2.3D). In all ecological scenarios, the steepest slope 

emerges in a brief evolutionary episode, followed by a decline in the temperature 

dependence of richness (Fig. 2.3C,D; Fig. 2.S6). With narrow trophic niches, species 

richness converges to a stationary level that is temperature-invariant (Fig. 2.3A), so that 

the species richness-temperature gradient flattens completely (Fig. 2.3C). In contrast, 

wide trophic niches promote persistent, albeit small, differences in species richness 

across temperatures (Fig. 2.3B), and thus the emergence of a shallow, but evolutionarily 

persistent species-richness temperature gradient (Fig. 2.3D). 

 The influence of speciation on species richness also declines through time: the 

positive slope relating richness to speciation trends to zero (Fig. 2.4; Fig. 2.S7A). The 

strong correlation between speciation and extinction rates begets a similar pattern 

between richness and extinction (Fig. 2.4; Fig. 2.S7B). The model thus predicts an 

initially strong effect of temperature-dependent mutation on species richness that is 

mediated by both speciation and extinction processes; as the self-organized trophic 

structure stabilizes, this temperature dependence weakens. 
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Within-trophic level species richness 

The early emergence of a steep richness-temperature gradient followed by flattening is 

commonly observed within each trophic level (Fig. 2.3E,F; Fig. 3.S8). However, the 

emergence and subsequent fading of the richness-temperature gradient is slower in higher 

trophic levels, and the steepest slopes (near -0.65) reached during eco-evolutionary 

assembly vary between trophic levels. Differences across trophic levels in how richness 

varies with temperature seem to persist (Fig. 2.3E, F). In particular, with wide trophic 

niches and strong interference competition, within-trophic level gradients converge to 

different non-zero, negative slopes (Fig. 2.3F). Determining how robust these differences 

are warrants more detailed numerical analysis. 

 

Synthesis and Key Predictions 

The first part of this article looked back at the foundation of MTB and showed that Allen 

et al.’s (2002, 2006) seminal models can be extended to account for a broad range of 

relationships between temperature-dependent metabolism and speciation and species 

richness. There is thus no fundamental inconsistency between MTB and the breadth of 

empirical data on temperature-species richness patterns (e.g. Hawkins et al. 2007a; Fig. 

2.1). 

 Next, we showed how the broader MTB proposed by Allen et al. (2007) can be 

implemented by taking a functional trait approach. The evolution of body size is pivotal 

in this approach: body size determines resource partitioning and energy flow among 

species, and in return these ecological conditions shape selection on genetic variation in 
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body size (Fig. 2.5). We use a model similar to Loeuille and Loreau’s (2005, 2006), who 

focused on ecosystem properties at equilibrium, but incorporate the effect of temperature 

on mutation rate and focus on eco-evolutionary dynamics across the system’s entire 

history (Fig. 2.S2). Thus, the mass and temperature dependencies of effective population 

and community size and the temperature dependence of selection emerge from the 

interplay between mutation, ecology, speciation, extinction and the diversification of 

body mass. This effectively relaxes MTB assumptions related to the temperature 

(in)dependencies of abundance, the distribution of body mass, and ecological 

interactions, and paves the way for a new suite of analyses of the influences of individual 

metabolism and resource supply on speciation, extinction and community structure. 

Hereafter we summarize and discuss the key predictions of our model.  

 

Speciation and extinction rates are positively correlated and temporally declining 

throughout community evolutionary assembly (Fig. 2.2A, B). 

 Classic ‘birth-death’ models of macroevolution often assume speciation and 

extinction rates to be diversity-dependent and/or extremely low extinction rates (Raup et 

al. 1973; Sepkoski 1978 ; Weir 2006; Rabosky and Lovette 2008). McPeek (2007, 2008) 

took an ecologically explicit approach and showed that when the speciation rate is given 

and constant, ecological interactions result in either low or slowly increasing extinction 

rates. Our metabolic, eco-evolutionary model predicts both speciation and extinction rates 

during community assembly (Fig. 2.5) and yields contrasting results. 
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 The three processes driving speciation and extinction in our model are disruptive 

selection causing evolutionary branching, evolutionary suicide resulting in extinction (see 

also Dieckmann and Ferriere 2004, Loeuille and Loreau 2005, Ito and Ikegami 2006, Ito 

and Dieckmann 2007), and ecological disequilibrium. Overlap in timescales of 

population dynamics and genetic mutation results in ecological disequilibrium, which is 

more significant at higher temperatures/mutation rates (Champagnat et al. 2006). That is, 

a mutant with negative invasion fitness for equilibrium conditions may invade by taking 

advantage of transient ecological conditions (Ferriere and Gatto 1995, De Feo and 

Ferriere 2000). Some established species may in turn be driven to extinction 

(Champagnat et al. 2006).  

 The initially large difference between speciation/extinction rates at high versus 

low temperature (i.e. frequent vs. rare mutation) highlights the importance of ecological 

disequilibrium in the early phase of evolutionary assembly. The initially high rate of 

speciation is not surprising given that the environment is initially far from being saturated 

ecologically. More surprising is the similarly high extinction rate, which indicates a large 

contribution of ecological disequilibrium to the extinction process (see also Hall et al. 

2002). In contrast, low speciation/extinction rates reached at all temperatures in the long 

run indicate a reduced influence of ecological disequilibrium. Once trophic niches have 

self-organized, the stationary species turnover is driven by low rates of branching and 

suicide within body size guilds (Bonsall et al. 2004).  

 Our prediction of positively correlated and temporally declining speciation and 

extinction rates is consistent with numerous empirical studies (Webb 1969; Flessa and 
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Levinton 1975; Sepkoski 1978; Van Valen and Maiorana 1985; Stanley 1990; Hulbert 

1993; Alroy 1998; Newman and Sibani 1999; Ricklefs 2006; McPeek and Brown 2007; 

Weir and Schluter 2007; Alroy 2008; but see Benton and Emerson 2007). Evaluating 

speciation and extinction as dynamical eco-evolutionary outcomes of trait (body mass) 

variation and species interactions thus provides an important contribution towards 

reconciling macroevolutionary theory with empirical patterns. 

 

Along temperature gradients, species richness correlates positively with both speciation 

rate and extinction rate. However, the correlations are not constant and decline to zero 

with community age (Fig. 2.4). 

Our results can be usefully compared to neutral models in which community assembly is 

driven by stochastic dispersal, speciation (or mutation) and extinction. In particular, 

neutral theory predicts species richness to be proportional to speciation rate (Hubbell 

2001), and a positive empirical correlation of richness with speciation rate has been used 

as evidence for neutral community assembly (Allen and Gillooly 2006). The correlation 

between richness and speciation rate does not by itself, however, provide enough 

information to infer the processes underlying community assembly for two reasons.  

 First, our model is non-neutral because species are not demographically 

equivalent, yet it predicts a positive correlation between richness and speciation rate 

during diversification, consistent with empirical data (Allen and Gillooly 2006; Enquist et 

al. 2007b). The model also predicts a positive correlation between richness and extinction 

rate. These correlations are explained by a stronger interaction between mutation and 
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ecology at higher temperature, which enhances ecological disequilibrium and results in 

greater species richness and higher speciation and extinction rates. Second, the model 

predicts the lack of a correlation between richness and speciation in the long term due to 

the stabilization of community structure and decline in macroevolutionary rates. Thus, a 

null richness-speciation correlation does not indicate that the entire history of a 

community was driven by ‘pure’ niche processes. 

  

Temperature-richness gradients are evolutionarily dynamic. Steep slopes (close to -

0.65) are achieved during the early diversification phase and flatten later on. The 

maintenance of non-zero slopes in the long run depends on the width of trophic niches 

(Fig. 2.3A-D). 

 Our computation of temperature-related gradients assumes that all local 

communities along the temperature gradient begin their evolutionary history around the 

same time. Although this is not an unusual assumption (e.g. Allen and Gillooly 2006), 

different time origins for local evolutionary processes will affect the functional 

relationship between temperature and diversity. However, the steepest slopes occured at 

the point in time when the difference between richness at high vs. low temperature is 

close to its potential maximum (Fig 2.3A-D). Thus, shuffling the time origins of local 

evolutionary trajectories will not produce steeper slopes than those reported here. 

 In contrast, a dependence of trophic niche width on temperature may have a 

significant effect on predicted slopes. A visual inspection of Fig. 2.3A and B suggests 

that steeper negative slopes are reached and maintained if trophic niches widen with 
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increasing temperature; and positive slopes will emerge across sufficiently old 

communities if trophic niches narrow with increasing temperature. 

 

Temperature-richness gradients vary between functional groups. Differences reduce 

though time, but persist in the long run if interference competition is strong and 

trophic niches are wide (Fig. 2.3E, F). 

 Different temperature effects on richness in different functional groups leaves us 

with the question of where to look for empirical patterns of large-scale variation in 

species richness. The question of data nature and structure was raised early on (Allen et 

al. 2002), and continues to be discussed (e.g. Hawkins et al. 2007a,b, Gillooly and Allen 

2007). Our trait-based, eco-evolutionary approach suggests broadening the search beyond 

taxonomic groups by taking ecological function into consideration, thus echoing 

pioneering work by Margalef (1978), Grime (1979) and Ricklefs and Travis (1980). In 

particular, evolutionary rates are ‘translated’ ecologically into patterns of functional 

composition that may not be legible when using a taxonomic approach. Adopting a 

functional trait perspective allows a community to be characterized as a frequency 

distribution of trait values so that patterns may be predicted and sought within and 

between functional groups. One may then “go beyond ‘How many species and why?’ to 

ask ‘How much variation in traits and why?’” (McGill et al. 2006). However, while 

suitable data continue to accumulate (see McGill et al. 2006; Westoby and Wright 2006), 

we still know little about how community trait distributions are influenced by individual 

metabolism. 



 

 

76 

Conclusions 

There is disagreement with respect to the degree of support for the assumptions and 

predictions of MTB (e.g. Allen et al. 2002; Storch 2003; Gillooly et al. 2005; Allen et al. 

2006; Gillooly and Allen 2007; Gillooly et al. 2007; Algar et al. 2007; Hawkins et al. 

2007a; Hawkins et al. 2007b; Lanfear et al. 2007; Latimer 2007). We propose that the 

question be recast from whether or not this theory is correct to, “How can MTB be 

merged with other domains of ecological and evolutionary theory to provide testable, 

process-based predictions to account for observed macroevolutionary patterns?” We have 

moved towards answering this question by unifying trait-based metabolic ecology and 

evolution and shown that this provides an eco-evolutionary MTB similar to that 

envisioned by Allen et al. (2007) (Fig. 2.5).  

The simple model investigated here yields general predictions that have specific 

implications regarding the interpretation of empirical patterns: (1) communities for which 

temperature-richness gradients have negative slopes close to -0.65, are expected to be 

relatively young; (2) non-significant slopes reported for many communities might in 

reality be negative but relatively small (as predicted by our model’s long-term dynamics) 

and therefore difficult to detect; (3) functional heterogeneity (i.e. mixed trophic levels) in 

community data may obscure temperature-richness gradients evolving within functional 

groups; (4) other factors not included in our model, e.g. niche width varying with 

temperature or coevolving with body size, must play a role in shaping strongly negative 

or strongly positive temperature-richness gradients. 
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Such predictions are by no means intended to be definitive. Rather, the metabolic 

eco-evolutionary approach presented here should be taken as a foothold for advancing 

MTB. Further advancement of MTB can be achieved by studying the effects of additional 

metabolic temperature dependencies (e.g. ontogenic growth, life span) and temperature 

effects not directly related to metabolism (e.g. water availability). The influences of 

additional factors such as disturbance (Sousa 1979), spatially explicit dispersal (Loeuille 

and Leibold 2008; Urban et al. 2008), and the evolution of multiple functional traits (Ito 

and Ikegami 2006; Savage et al. 2007) are also important extensions. The eco-

evolutionary framework allows for theoretical experiments in which these effects are 

progressively included and assessed. In so doing, quantitative predictions will emerge 

from explicit physiological, ecological and evolutionary assumptions. A more complete 

understanding of how organism metabolism scales up to macroevolutionary patterns will 

be the result.   

 



 

 

78 

Box 1. Body size is allowed to evolve along temperature gradients and is a key 

functional trait influencing ecological and evolutionary processes. 

 Body size, here to be understood as the expected body mass of a reproductive 

individual in its local community, is a pivotal influence of both ecological and 

evolutionary processes that shape community structure and dynamics. So far, metabolic 

theory has not detailed all of the ways that size influences ecological interactions and 

evolves under selection generated by these interactions (McGill et al. 2006; but see 

Brown et al. 1993; Kelt and Brown 1998). Here we follow the path lead by Loreau and 

Loeuille (2005, 2006) to embed organism metabolism into an eco-evolutionary 

dynamical model in which body size, ecological interactions and community structure 

evolve jointly. We thus make the key assumptions that body size is a strong determinant 

of competitive and trophic interactions, and that the evolution of body size is a primary 

axis upon which species diverge. 

 On the ecological side, body size influences the survival and reproductive 

potential of an organism. Reproduction and mortality rates are well known to correlate 

across species with mass-specific metabolic rates (Peters 1983; Savage et al. 2004), and 

the scaling of organism metabolic rate with body mass is the fundamental tenet of the 

metabolic theory of ecology (Brown et al. 2004). Secondly, body size is a major 

influence of trophic links between species – who eats who, and with what intensity 

(Woodward et al. 2005; Petchey et al. 2008; Berlow et al. 2009). There is also strong 

evidence that trophic webs can be usefully represented by a single niche axis such as 
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body size (Williams and Martinez 2000). Thirdly, interference competition is common 

(e.g. Robertson and Gaines 1986; Skalski and Gilliam 2001) and occurs due to overlap in 

resource use (Case and Gilpin 1974) such that inteference is expected to occur among 

similarly-sized species. 

 On the evolutionary side, as emphasized in the Allen et al. (2006) evolutionary 

model of speciation rate, the effect of body size on individual metabolism translates into 

a body size-dependence of the rate of genetic mutation. Secondly, reproductive isolation 

is promoted by disruptive selection on ecologically important organismal traits, like body 

size (Dieckmann and Doebeli 1999). Indeed, macroevolutionary patterns of speciation 

often involve body size differentiation (Coyne and Orr 2004). Finally, since competitive 

and predatory interactions will determine the direction and strength of natural selection 

acting on genetic variation in body size, selection on body size will depend on and vary 

with the community size distribution (Loeuille and Loreau 2005, Lewis and Law 2007). 
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Figure Legends 

Figure 2.1 Slopes of temperature-richness gradients reported in the empirical 

literature. Slopes for significant regressions of log-transformed species richness as a 

function of inverse temperature, T, multiplied by Boltzmann’s constant, k. Non-

significant regressions are not presented and represent 38% of empirical analyses. Solid 

circle indicates a slope of -0.65. Data from: Allen et al. (2002), Kaspari et al. (2004), 

Hunt et al. (2005), Algar et al. (2006), Hawkins et al. (2007a), and Kreft et al. (2007). 

Some analyses regressed ln(richness) against 1000/T and the slopes from these 

regressions were converted to their values for an independent variable of 1/kT.  

Figure 2.2 Temporal dynamics of speciation and extinction rates (A, B), and their 

dependence on temperature (C, D) throughout community assembly. Niche width is 

0.5 in A and C, and 5 in B and D. Strength of interference competition is 0.5 in all panels. 

A, B: Temporal dynamics of speciation rate (solid) and extinction rate (dashed) at 45 °C 

(red) and 5 °C (blue) measured within 100,000 time step intervals. C, D: Temporal 

dynamics of the slope from the linear regression of log-transformed speciation rate 

(black) or extinction rate (grey) (within 100,000 time step intervals) against inverse 

temperature, T, multiplied by Boltzmann’s constant, k. Larger open and smaller solid 

circles indicate significant and non-significant regressions (p<0.05), respectively. Solid 

lines are lowess curve fits to all data points and black dashed lines indicate a slope of -

0.65. A value of one was added to all rates prior to analysis to allow log-transformation 

of null rates. 
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Figure 2.3 Temporal dynamics of species richness (A, B) and species richness-

temperature gradients (C-F) throughout community assembly. Niche width is 0.5 in 

A, C, E and 5 in B, D, F. Strength of interference competition is 0.5 in all panels. A, B: 

Species richness through time at 5 °C (lower trajectory) and 45 °C (upper trajectory). C, 

D: Temporal dynamics of the slope from the linear regression of log-transformed whole 

community species richness against inverse temperature, T, multiplied by Boltzmann’s 

constant, k. Non-significant correlations (p>0.05) are indicated as null slopes. E, F: 

Temporal dynamics of the slope from the linear regression of log-transformed species 

richness within trophic levels against 1/kT. Non-significant correlations are not presented 

for clarity. Species richness is measured every 1,000 time steps. In E and F to allow log-

transformation of null richness within a trophic level, all richness values were increased 

by one prior to analysis. Horizontal dashed line indicates a slope of -0.65. 

Figure 2.4 Temporal dynamics of the correlation between species richness and 

speciation rate or extinction rate across the temperature gradient throughout 

community assembly. Correlations are measured as the slope of the linear regression of 

species richness against total speciation or extinction rates (number of events) up to the 

time at which richness was measured. Black or grey lines indicate correlations with 

speciation or extinction, respectively. Dashed or solid lines indicate correlations with 

niche width values of 0.5 or 5, respectively. Non-significant correlations are represented 

as null slopes. 

Figure 2.5 Conceptual diagram of the trait-based, eco-evolutionary metabolic model 

studied here. Body size is the key functional trait that varies between species. At any 



 

 

82 

point in time, the size-abundance distribution and the basal resource pool directly or 

indirectly influence the ecological state of the system, the realized mutation rate, and the 

selective pressures acting on genetic variation in body size. In turn, the ecological state 

and emerging selection pressures determine the fate of arising mutants and drive 

evolutionary branching and suicide. High temperature favors the overlap of ecological 

and evolutionary timescale, thus causing ecological disequilibrium that further influences 

invasion of mutants, speciation and extinction. 
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Figure 2.1 
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Figure 2.2 
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Figure 2.3 
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Figure 2.4 
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Figure 2.5 
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Chapter 2 Appendix 

Consumers and nutrients are modeled as pools of ‘biomass’, Ni and N0, respectively, and 

changes in the sizes of these pools are given by Eqs. A1 and A2, respectively, in which 

consumer species are ordered by body size from 1 to n.  

 

(A1)  
dNi

dt
= Ni ε f (Mi ,M j )N j − m(Mi ) − c(Mi ,M j )N j − f (M j ,Mi )N j

j= i+1

n

∑
j=1

n

∑
j=0

i−1

∑
⎛

⎝⎜
⎞

⎠⎟
             

 

(A2)  

dN0

dt
= I − N0y + v (1− ε) f (Mi ,M j )N jNi

j=0

i−1

∑ + m(Mi )Ni
i=1

n

∑ + c(Mi ,M j )N j
j=1

n

∑
i=1

n

∑ Ni
i=1

n

∑
⎛

⎝⎜
⎞

⎠⎟

− f (Mi ,M 0 )N0Ni
i=1

n

∑
  

 

where the intrinsic mortality rate m and the feeding rate f are given by Eqs. A3 and A4, 

respectively, and Suppl. Fig. 1 provides a visualization of the feeding function. 

 

(A3)   

 

m(M
i
) = m0Mi

!0.25

 

 

(A4) f (Mi ,M j ) = f0Mi
−0.25σ −1(2π )−0.5 exp(−(Mi − M j − d)

2σ −2 )   

 

The population biomass of a new mutant is fixed to 1e-20. The value of the 

mutation rate ‘normalization constant’, αo, gives a mutation probability of 10-4 at 25°C 
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and for a body size of 5, the approximate median body size of interaction networks 

evolved under a body-size-independent mutation probability of 10-4. Other parameters are 

set to values similar to those producing realistic interaction networks in Loeuille and 

Loreau (2005) (Table A1). 

Species richness is measured as the number of unique body sizes observed at a 

given time within the whole community or within discrete trophic levels. Trophic 

position is defined continuously as the weighted mean trophic position of a consumer’s 

prey plus one, where basal nutrients are given a trophic level of zero, as in Loeuille and 

Loreau (2005). For within trophic level analyses a nominal classification is used whereby 

trophic level 1 contains species with trophic positions from 1-1.5, level 2 contains 

positions 1.5-2.5, level 3 contains positions 2.5-3.5, and level 4 contains positions 3.5-4.5 

(no trophic position above 4.5 was observed). Model simulations were run in the program 

R (http://www.r-project.org/) for 10 million time steps. This was sufficient time for 

species richness to reach stationarity whereby richness did not change directionally. 
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Table 2.A1. Parameter values used in model simulations.  
Parameter Description Value (units) 
αo mutation rate normalization 14722190 (mutation mass0.25 time-1) 
v ecosystem nutrient retention efficiency 0.5 (unitless) 
y nutrient loss rate 0.1 (time-1) 
I nutrient influx rate 10 (mass.time-1) 
β interference competition max. body size difference 0.25 (mass) 
co interference competition rate constant 0.1 (time-1mass-1) 
mo mortality rate normalization 0.1 (mass0.25time-1) 
fo feeding rate normalization 1.189 (mass0.25time-1) 
σ feeding function standard deviation  1 (mass) 
d optimal body size difference 2 (mass) 
ε assimilation efficiency 0.25 (unitless) 
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Secondary Figure Legends 

Figure 2.S1 Visual depiction of the Gaussian mass-specific feeding function across a 

range of prey body sizes. In both figures the optimal predator-prey body size difference is 

d=2. A) Feeding rates for a predator of body size 4 with different niche widths (n.w.) are 

depicted: 0.5, 2, 8 (solid, dashed, and dotted lines, respectively). Note the lower 

maximum feeding rate but broader feeding range with increasing n.w. B) Feeding rate for 

predators with n.w.=0.5, but different body sizes: 5 and 10 (solid and 10 dashed lines, 

respectively). Note the larger optimal prey body size and lower maximum feeding rate of 

the larger predator. 

Figure 2.S2 Evolutionary emergence of food web trophic structure at the lowest and 

highest temperatures evaluated. The strength of interference competition (c0), the niche 

width (n.w.), and temperature (T) are given at the periphery of the figures. Note different 

scales of y-axes. 

Figure 2.S3 Temporal dynamics of speciation rate at 45 °C (solid black line) and 5 °C 

(dashed black line) and extinction rate 45 °C (solid red line) and 5 °C (dashed red line) 

measured within 100,000 time step intervals. The strength of interference competition 

(c0) and the niche width (n.w.) are given at the periphery of the figures. Note different 

scales on the y-axes. 

Figure 2.S4 Temporal dynamics of the slope from the linear function relating log-

transformed speciation rate (dashed line) or extinction rate (solid line) (within 100,000 

time step intervals) to inverse temperature (T) multiplied by Boltzmann’s constant (k). A 

slope of –0.65 (dotted line) is expected if speciation rate is directly proportional to 
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mutation rate. To allow log-transformation of null rates a value of one was added to all 

rates prior to analysis. The strength of interference competition (c0) and the niche width 

(n.w.) are given at the periphery of the figures. Note different scales on y-axes. 

Figure 2.S5. Whole food web species richness through time, measured every 1000 time 

steps, for different temperatures and organismal trait values. The upper and lower 

trajectories in each panel correspond to 45 °C and 5 °C, respectively. The strength of 

interference competition (c0) and the niche width (n.w.) are given at the periphery of the 

figures. Note different scales on x- and y-axes. 

Figure 2.S6  Temporal dynamics of the slope from the linear function relating log-

transformed whole food web species richness to inverse temperature (T) multiplied by 

Boltzmann’s constant (k). All slopes are included irrespective of statistical significance. 

A slope of –0.65 is expected if species richness is directly proportional to speciation rate 

and speciation rate is directly proportional to mutation rate. The strength of interference 

competition (c0) and the niche width (n.w.) are given at the periphery of the figures. 

Figure 2.S7  Temporal dynamics of the slope relating untransformed whole interaction 

network species richness to untransformed speciation (A) or extinction (B) rate (number 

of events) up to the point at which richness was measured. Different lines correspond to 

different strengths of interference competition (c0) and niche widths (n.w.) as noted on 

panel A. 

Figure 2.S8  Temporal dynamics of the slope from the linear function relating log-

transformed (species richness+1) within trophic levels to inverse temperature (T) 

multiplied by Boltzmann’s constant (k). All slopes are included irrespective of statistical 
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significance. A slope of –0.65 (dashed line) is expected if species richness is directly 

proportional to speciation rate and speciation rate is directly proportional to mutation 

rate. The strength of interference competition (c0) and the niche width (n.w.) are given at 

the periphery of the figures. 
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Figure 2.S1  
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Figure 2.S2 
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Figure 2.S3 
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Figure 2.S4 
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Figure 2.S5 
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Figure 2.S6 
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Figure 2.S7 
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Figure 2.S8 
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CHAPTER 3 

CO-EVOLUTION OF DIVERSITY AND COMMUNITY INVASIBILITY 

GRADIENTS  

Abstract 

Biological diversity varies across spatial (e.g. latitude, elevation) and environmental (e.g. 

temperature, precipitation) gradients and these gradients are dynamic through 

evolutionary time. These diversity gradients may emerge due to gradients in evolutionary 

rates. For example, a dynamic gradient of increasing species richness with temperature is 

expected to emerge due to temperature dependent mutation rate. That is, dynamic 

diversity gradients are expected to emerge from constant evolutionary rate gradients. This 

is likely due to ecological saturation leading to diversity-dependent speciation and 

extinction. Diversity gradient dynamics may thus be driven by the parallel dynamics of 

community invasibility gradients. Understanding the coupling of these gradients will lead 

towards a unification of invasion biology with community assembly, evolutionary game 

and biodiversity theories and thus move us closer to a process-based understanding of 

diversity gradients and species invasions. Here, using an eco-evolutionary model of 

community evolution, we show that (i) community invasibility is expected to vary 

unimodally through time due to the buildup of species richness and constrained 

mutational step size across a niche axis; (ii) the rate of change in invasibility is dependent 

upon evolutionary rate; and (iii) the coupling between diversity gradients and invasibility 

gradients is coarsely characterized by four phases: (1) the rapid emergence of steeply 

increasing richness and invasibility with evolutionary rate; (2) the continuous flattening 
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of the diversity and invasibility gradients; (3) continued flattening of the diversity 

gradient and emergence of declining invasibility with evolutionary rate; and (4) flattening 

of both gradients with a simultaneous decline in the absolute magnitude of invasibility 

irrespective of evolutionary rate. Therefore, diversity gradients and their temporal 

dynamics are not due to either history or ecology, but rather to the dynamic interplay 

between history, evolutionary rates and ecological interactions. In addition, these 

theoretical expectations predict the relationship between richness gradients and 

invasibility gradients and can be tested empirically by starting from diversity gradients 

within specific types of communities and asking whether or not expected invasibility 

gradients are observed. Testing these predictions will lead to a more process-based theory 

of biodiversity in general and biological invasions in particular. 

 

Introduction 

Since the work of Alexander Von Humboldt (see Hawkins 2001)ecologists and 

biogeographers have documented patterns of species richness across spatial and 

environmental gradients and have sought to understand the underlying processes that 

create them (Dobzhansky 1950; Fischer 1960; Pianka 1966; MacArthur 1972; Brown 

1981; Mittelbach et al. 2007). There have been at least two key insights generated by this 

work. First, the field has documented several general diversity patterns. Specifically, 

diversity tends to increase: (i) towards the tropics (Rohde 1992; Willig et al. 2003; 

Hillebrand 2004); (ii) with increases in environmental energy (Currie 1991; Wright et al. 

1993; O'Brien 1998; Hawkins et al. 2003); and (iii) with increasing spatial (Dengler 
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2009) and temporal extent (White et al. 2006). Second, richness gradients are dynamic 

through time (Crame 2001; Leighton 2005; Powell 2007; Fisher et al. 2008) and are 

influenced by processes that operate across both ecological and evolutionary time scales 

(Ricklefs 2004; Jablonski et al. 2006; Harrison & Cornell 2007; Ricklefs 2007).  

Despite the progress made in the study of biodiversity, development of a 

quantitative theory of biodiversity is limited by three impediments. First, while many 

factors regulate species richness, there is no consensus on the relative importance of 

proposed forces. For example, there is great uncertainty with respect to the relative 

influences of deterministic, niche-based (Chesson 2000) and stochastic, neutral (Hubbell 

2001) processes, or the importance of history (Ricklefs & Schluter 1993) in generating 

variation in species richness and community structure (Gravel et al. 2006; Adler et al. 

2007). These uncertainties are reflected by the continued uncertainty on whether current 

diversity represents equilibrium (i.e. saturated) (e.g. MacArthur & Wilson 1967; Tilman 

2004) or non-equilibrium (i.e. unsaturated) (e.g. Ricklefs & Bermingham 2001) 

conditions (Loreau 2000; Ricklefs 2007). For example, ecologists are currently debating 

if local, native species richness has any ability to predict the invasibility of a community 

(Kennedy et al. 2002; Sax et al. 2005; Harrison 2008; Sax & Gaines 2008; Stohlgren et 

al. 2008). Third, despite an increasing realization that dynamical processes underlie 

diversity gradients there are surprisingly few mechanistic models that integrate both 

ecological and evolutionary forces to predict diversity gradients. Explanations for 

variation in richness gradients have instead been limited primarily to conceptual models 

and correlative inference (Currie et al. 1999; Willig et al. 2003; Currie et al. 2004). 



 

 

105 

The recent development of the ‘Metabolic Theory of Ecology’ (MTE) is 

exceptional because it explicitly links organismal-level processes to large-scale richness 

gradients (Brown et al. 2004). In particular, Allen et al. (2002) argue that species richness 

varies with temperature due to the temperature dependence of metabolism and, in turn, 

population size. The model provides a single, canonical prediction: ectotherm diversity 

should increase exponentially with environmental temperature such that a plot of 

ln(richness) against 1/kT will yield a linear slope of -0.65, where k is Boltzmann’s 

constant (8.63e-5 eV/K) and T is temperature (K). Recently, however, it is has become 

apparent that Allen et al.’s (2002) prediction is difficult to reconcile with observed 

temperature dependencies of species richness (Algar et al. 2007; but see Gillooly & Allen 

2007; Hawkins et al. 2007a; Hawkins et al. 2007b; Latimer 2007).  

In order to begin accounting for variation in ln(richness)-1/kT gradients Stegen et 

al. (in review) developed a dynamic ecological and evolutionary process-based model. 

The model unifies the MTE with the conceptual basis of evolutionary game theory 

(Vincent & Brown 2005), thus allowing for ecological and evolutionary feedbacks 

(Ferriere et al. 2004; Champagnat et al. 2006; Fussmann et al. 2007) in the context of 

metabolically dependent ecological, evolutionary and ecosystem processes. The Stegen et 

al. model shows that the MTE does not predict a single temperature dependence of 

species richness, but rather a dynamic gradient that emerges due to the interplay between 

evolutionary rates and community assembly. More specifically, changes in the predicted 

richness gradient likely arise due to changes in the degree of ecological saturation as 

communities assemble. The Stegen et al. model therefore provides an opportunity to ask 
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the broad question: Can one predict the invasibility of communities from the functional 

relationship between species richness and temperature? 

Here we show that there is indeed a strong link between diversity and invasibility 

gradients and that both these gradients are dynamic and co-evolve with each other. To 

this end we specifically ask: (i) How does community invasibility vary through time?; (ii) 

How are the temporal dynamics of invasibility dependent on evolutionary rate and the 

buildup of diversity?; (iii) How is the evolution of the diversity gradient coupled to the 

simultaneous evolution of the invasibility gradient?; and (iv) How can the model 

predictions be tested empirically? 

 

Model Description 

The eco-evolutionary model used here is described in Stegen et al. (in review), and only a 

brief account of the model is provided. The model is a consumer-resource model in 

which body mass determines the ecology of the system and is allowed to evolve by small 

mutational ‘steps.’ The probability of a mutation, α, in body mass is assumed to scale 

with body mass, M, and temperature, T, as predicted by metabolic theory (Gillooly et al. 

2005; Allen et al. 2006; Gillooly et al. 2007). This is such that , 

where α0 is a normalization constant independent of body mass and temperature, N is 

population biomass, E ≈ 0.65 eV is the mean activation energy of metabolic reactions 

(Gillooly et al. 2001; Brown et al. 2004; Gillooly et al. 2006) and k is Boltzmann’s 

constant (8.62 x 10-5 eV/K). Selection pressure on body mass emerges due to the 

ecological context (i.e. community structure) at a given point in time. In turn, selection is 
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an emergent property of the system and is dynamic through time as a community 

assembles (see also Simpson 1953; Rosenzweig 1978; Brown & Vincent 1987; Vincent 

& Brown 2005). In addition, mortality rate and ecological interactions are related to body 

size following allometric ‘rules’ (Peters 1983; Brown et al. 2004; Savage et al. 2004), 

and trophic interactions are size-structured such that smaller species are consumed by 

larger species (Woodward et al. 2005; Petchey et al. 2008; Berlow et al. 2009). In the 

context of these ‘rules,’ reproduction of an initial consumer species (feeding only on 

basal resources) provides body size mutants that lead to the diversification of body size 

and the emergence of a self-organizing species interaction network. Furthermore, 

population density and the size of the basal resource pool are dynamic such that for a 

given temperature (i.e. mutation rate), realized species richness emerges as a consequence 

of feedbacks between ecological interactions and temperature and mass dependent 

mutation rate. Equations and parameter values are provided in Table 1 (Loeuille & 

Loreau 2005, 2006; Stegen et al. in review). 

 

Model Methods and Analyses 

Interaction networks were initialized as a single consumer with a body size of two and an 

initial basal resource pool, which has a body size of zero. Species are assumed extinct if 

their population size falls below the population biomass of a new mutant (1e-20 mass 

area-1). Mutational ‘step’ size was constrained such that a mutant’s body size was taken 

as a proportion, drawn from a uniform distribution between 0.8 and 1.2, of its ancestor’s 

body size. Interaction networks were assembled at 5, 10, 15, 20, 25, 30, 35, or 45 °C and 



 

 

108 

long enough (10 million time steps) for species richness to equilibrate across all 

temperatures. Niche width (see Table 1) was shown by Stegen et al. (in review) to affect 

the influence of temperature dependent mutation rate on species richness. As such, 

sensitivity analyses were conducted by varying niche width across communities. Species 

richness was measured as the number of unique body sizes at a given time and 

communities were sampled every 1,000 time steps. Model simulations were run in the 

program R (http://www.r-project.org/). 

 To elucidate if and how invasion potential determines the influence of stochastic 

mutation rate on species richness, whole community invasion potential was quantified. 

Invasion potential was calculated through time as the proportion of potential phenotype 

space that could be invaded ecologically and ‘reached’ evolutionarily through relatively 

small mutations. Potential phenotype space was set to range from 0.1 to 12, which is 

slightly beyond the maximum body size range that emerged in any model community.  

 Previous work has shown that the influence of stochastic, temperature dependent 

mutation rate over species richness declines as communities assemble (Stegen et al. in 

review). To begin to couple invasion potential to this pattern, the temporal dynamics of 

invasion potential within communities was evaluated. This was done by visualizing the 

‘topography’ of the invasion fitness landscape through time and plotting invasion 

potential against time. The link between invasion potential and the influence of mutation 

rate over species richness was then qualitatively evaluated by visualizing the temporal 

dynamics of the relationships between ln(richness) or ln(invasion potential) and 

temperature. Species richness is log-transformed because proportional scaling between 
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mutation rate and species richness will result in a slope of -0.65 for the linear regression 

of ln(richness) as a function of 1/kT. Invasion potential was log-transformed to facilitate 

comparison between richness-temperature and invasion potential-temperature 

relationships.  

 To more directly elucidate how invasion potential determines the effect of 

stochastic mutation on species richness, the slope of the regression relating log-

transformed species richness to inverse temperature (1/kT) was plotted against invasion 

potential. These ln(richness) versus inverse temperature slopes, evaluated across all 

temperatures, were first plotted against the invasion potential of individual communities 

(i.e. invasion potential for single temperature values). This was done to determine how 

invasion potential of each community influenced the cross-community species richness-

temperature relationship. To evaluate how the influence of temperature on richness was 

determined by the invasion potential across all communities, ln(richness)-inverse 

temperature slopes were plotted against mean invasion potential evaluated across all 

temperatures/communities. 

  Invasion potential is not necessarily constant across communities/temperatures 

such that there may be an interaction between the absolute magnitude of invasion 

potential and the gradient in invasion potential across temperature. To determine if there 

was an interaction, ln(richness)-inverse temperature slopes were next plotted against the 

slope of the linear regression of log-transformed invasion potential as a function of 1/kT 

while simultaneously including information for the mean invasion potential evaluated 

across all communities at a given point in time. Subsequently, ln(richness)-inverse 
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temperature slopes, corresponding to a given ln(invasion potential)-inverse temperature 

slope, were plotted as a function of mean invasion potential. For this final plot, a 

significant relationship would indicate an interaction between mean invasion potential 

and the invasion potential gradient across temperature. 

 

Results 

Visualizing fitness landscapes through time shows that broad ‘ridges’ of invasibility 

across the body size axis emerge initially, but that through time these ridges splintered 

into distinct ‘peaks’ (Fig. 3.1). More quantitatively, within communities invasion 

potential was generally characterized through time by a unimodal function (Fig. 3.2). The 

time at which the peak in invasibility emerged was later for colder temperatures (i.e. 

lower mutation rates) due to relatively slow accumulation of species and filling of niches 

(Fig. 3.2). 

 Visualizing the temporal dynamics of the relationships between ln(richness) or 

ln(invasion potential) and temperature provides qualitative support for a link between 

invasion potential and the relative influence of mutation limited-assembly. This is such 

that the strongest influence of temperature dependent, stochastic mutation over species 

richness emerges when there is also an increase in invasion potential with temperature 

(Fig. 3.3). Furthermore, the declining influence of mutation rate over richness is 

paralleled by a decline in peak invasion potential in general and the movement of peak 

invasion potential to lower mutation rates (temperatures) (Fig. 3.3). 
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 Plotting ln(richness)-inverse temperature slopes against the invasion potential of 

individual communities revealed that these slopes were related non-linearly or linearly to 

invasion potential of communities assembled under low or high temperatures (i.e. 

mutation rates), respectively (Fig. 3.S1). Furthermore, a complex function characterized 

the relationship between ln(richness)-inverse temperature slopes to mean invasion 

potential evaluated across all temperatures/communities. Specifically, there were two 

regions where the slope declined with mean invasion potential, and both regions were 

non-linear (Fig. 3.4). These two regions were also separated in time/stage of assembly. 

The region emerging during the early stages of assembly was characterized by a 

decelerating function whereby slopes initially declined with mean invasion potential, but 

as mean invasion potential continued to increase (and assembly progressed) the slope 

reached its minimum value. The minimum slope was near -0.45 or -0.65 for narrow or 

broad niche widths, respectively. The later region was a continuous extension of the first 

whereby the slope increased towards zero with declining mean invasion potential but at a 

decelerating rate as assembly/time progressed (Fig. 3.4). 

Plotting ln(richness)-inverse temperature slopes against ln(invasion potential)-

inverse temperature slopes while simultaneously including information for the mean 

invasion potential at a given point in time revealed that the invasion potential-temperature 

gradient and the absolute magnitude of invasion potential combine to determine the 

relative influence of mutation-assembly (Fig. 3.5). Specifically, there is a positive, non-

linear relationship between ln(richness)-inverse temperature slopes and ln(invasion 

potential)-inverse temperature slopes (Fig. 3.5A,B). This non-linearity results because 
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ln(richness)-inverse temperature slopes are flattened by lower mean invasion potential 

(Fig. 3.5C,D). 

 

Discussion 

Our broad goal here has been to move beyond the theoretical and empirical observation 

that diversity gradients are dynamic through time in order to better elucidate the 

processes that drive these dynamics, with a particular emphasis on community 

invasibility. By focusing on predicted species richness gradients that emerge in the 

context of a persistent gradient in evolutionary rate, we have shown how the evolution of 

species richness gradients is coupled to the simultaneous evolution of community 

invasibility gradients. In so doing we have also examined the temporal dynamics of 

community invasibility and the influence of evolutionary rate over these dynamics. 

Below we discuss these results and conclude with a prospectus for empirically testing the 

predicted link between richness and invasibility gradients. 

 

Temporal Dynamics of Invasion Potential 

If mutational step size is not accounted for, the amount of invadible niche space declined 

as community assembly progressed. That is, when invasibility is not informed by 

mutational step size, initial broad ‘ridges’ of invasibility fragmented into small, isolated 

‘peaks’ of invasibility (Fig. 3.1)(see also Rosenzweig 1978). Realized community 

assembly was, however, due to the combined influences of ecological interactions and 

relatively small mutations. When both factors are considered, community invasibility (i.e. 
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invasion potential) increased and subsequently declined at rates that were strongly 

dependent on evolutionary rate (Fig. 3.2). This general temporal pattern emerged because 

initially only a few novel phenotypes would have had positive growth and could have 

been reached through mutation. As the range in extant body sizes increased the number 

of invadible niches also increased, thus increasing invasion potential. That is, 

diversification in body mass initially lead to further increases in diversification (see also 

Rosenzweig 1975; Sepkoski 1979; Benton & Emerson 2007). Phenotype space (i.e. the 

size range) was, however, eventually maximized (Fig. 3.S2) and available niches were 

filled such that the proportion of phenotypes that were invadible declined. The model 

thus predicts two phases of assembly: (i) diversity first begets diversity due to 

constrained mutational step size and biological niche generation; and (ii) increasing 

diversity eventually limits further diversification due to ecological saturation, similar to 

classic evolutionary game theory (Rummel & Roughgarden 1985; Taper & Case 1985; 

Brown & Vincent 1987; Vincent & Brown 2005). 

 

Relating Evolutionary Rate-Dependent Species Richness to Invasion Potential 

Before discussing specifics it is important to emphasize that while we have focused on 

temperature-dependent mutation rate, the model’s predictions can be extended to any 

factor that causes variation in evolutionary rate (e.g. variation in gene flow or the 

frequency of vicariance events). The model shows that the temporal dynamics of the 

invasion fitness landscape and community invasion potential strongly affect the influence 

of evolutionary rate on community assembly. The cross-community slope of the 
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regression relating log-transformed species richness to inverse temperature (1/kT) was 

not, however, consistently related to within-community invasion potential. The 

relationship between ln(richness)-inverse temperature slopes and within-community 

invasion potential is strongly non-linear when invasion potential is evaluated for the 

community with the lowest temperature. In contrast, this relationship is a negative linear 

function when invasion potential is evaluated for the community assembling at the 

highest temperature (Fig. 3.S1). This suggests that a strong effect of temperature (i.e. 

evolutionary rate) on species richness is predicted to emerge due to increasing invasion 

potential with temperature, in addition to high invasion potential per se.  

 An influence of the gradient in invasion potential across temperature is also 

suggested by the relationship between ln(richness)-inverse temperature slopes and mean 

invasion potential, evaluated across communities. Irrespective of the degree of consumer 

specialization, the relationship between ln(richness)-inverse temperature slopes and mean 

invasion potential is highly non-linear and characterized by three general phases 

separated in time: (i) as communities begin to assemble the slope becomes more steeply 

negative while mean invasion potential increases; (ii) the slope reaches its minimum 

value and subsequently begins to increase while mean invasion potential continues to 

increase; and (iii) as communities saturate ecologically in the late stages of community 

assembly the slope continues to increase towards zero while mean invasion potential 

declines (Fig. 3.4). The salient point is that the strongest influence of evolutionary rate 

over species richness (i.e. the steepest ln(richness)-inverse temperature slope) does not 

emerge when mean invasion potential is maximized. This implies that it is not the 
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invasibility of communities per se, but rather how invasion potential varies with 

evolutionary rate that determines the strength of the link between evolutionary rate and 

diversity. 

 

Coupled Dynamics of Gradients and the Magnitude of Invasion Potential 

Evaluating the linkages among the absolute magnitude of invasion potential and gradients 

in evolutionary rate, species richness and invasion potential showed that these linkages 

are dynamic and predictable. In general, as implied by analyses discussed above, the 

influence of evolutionary rate over species richness emerges due to a combination of how 

invasion potential varies with evolutionary rate and the absolute magnitude of mean 

invasion potential (Fig. 3.3). Steep increases in invasion potential with evolutionary rate 

(i.e. negative inverse-temperature slopes) correspond to steep increases in richness with 

evolutionary rate (Fig. 3.3). Importantly, causality is not unidirectional: invasion potential 

and species richness feedback on each other at a rate determined by evolutionary rate, 

and thus individual metabolism (Fig. 3.6). The dynamics of these feedbacks are realized 

in four general phases:  

(i) Initially, higher metabolic/evolutionary rates lead to faster buildup of species 

richness, which leads to faster buildup of invasion potential (Fig. 3.3), which 

further augments the buildup of species richness. That is, ln(richness)- and 

ln(invasion potential)-inverse temperature functions drive each other towards 

increasingly negative slope values while mean invasion potential increases (Fig. 

3.5);  
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(ii) Both gradients reach their minimum slope values at approximately the same time 

and both subsequently begin to flatten (Fig. 3.5). This flattening is due to the 

decline in invasion potential and thus the emergence of negative diversity-

dependent diversification at high temperature (Figs. 3.2,3.3);  

(iii) The ln(richness)-inverse temperature gradient continues to flatten whereas the 

ln(invasion potential)-inverse temperature gradient becomes null and 

subsequently positive (Fig. 3.5). During this phase mean invasion potential does 

not change dramatically (Fig. 3.4) due to declining/increasing invasion potential 

at high/low temperatures (Fig. 3.3); and  

(iv) In the final phase the ln(richness)-inverse temperature gradient becomes flat or at 

least extremely shallow while the ln(invasion potential)-inverse temperature 

gradient flattens but remains positive (Figs. 3.3,3.5). Simultaneously, mean 

invasion potential declines (Figs. 3.3,3.4,3.5) because invasion potential is near 

zero or declining across all temperatures (Figs. 3.2,3.3). This decline in mean 

invasion potential acts to strongly diminish the link between evolutionary rate and 

the ln(richness)-inverse temperature gradient. That is, after controlling for the 

ln(invasion potential)-temperature gradient, the ln(richness)-inverse temperature 

slope is much flatter at lower mean invasion potential (Fig. 3.5).  

Together these results suggest that the temporal dynamics of and, more generally, 

variation in diversity gradients are driven by dynamic feedbacks among diversity 

gradients themselves, the absolute degree of invasion potential and gradients in invasion 

potential that emerge in the context of evolutionary rate gradients (Fig. 3.6). Therefore, 
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variation in empirical diversity gradients is not simply due to variation in biotic and/or 

abiotic environments. Diversity gradients in general, and variation in these gradients in 

particular, emerge from the combined influences of history and feedbacks between 

evolutionary and ecological processes operating across a broad range of spatiotemporal 

scales (Ricklefs 2004; see also Harrison & Cornell 2007, 2007; Roy & Goldberg 2007). 

 

Empirical Prospectus 

 The model makes specific predictions that relate ln(richness)-inverse temperature 

gradients to ln(invasion potential)-inverse temperature gradients that can be tested 

empirically using observational and experimental datasets. To this end, empirical 

ln(richness)-inverse temperature slopes offer an entry point. For example, Fuhrman et al. 

(2008) provide data on environmental temperature and species richness of marine 

bacterial plankton, and the slope of log-transformed richness against 1/kT is roughly -

0.13. The eco-evolutionary model studied here predicts that a slope of this magnitude 

should arise with a ln(invasion potential)-inverse temperature slope near +0.3 such that 

‘colder’ communities are further from ecological saturation than ‘warmer’ communities. 

In addition, the mean invasion potential is predicted to be relatively small, although 

predicting an absolute value is premature. Testing these predictions represents a novel 

approach towards discerning the relative roles of historical and local-scale processes, and 

will require studies that combine community-level invasion experiments with additional 

comparative datasets. Furthermore, if supported, the model predictions would allow the 

functional relationship between ln(richness) and 1/kT to be used as novel tool for 
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inferring both the ecological (dispersal) and evolutionary (speciation) invasion resistance 

of extant communities, and therefore predicting the effects of ongoing species invasions. 

 In conclusion, this work represents another step towards the emergence of a 

process-based, predictive theory of biodiversity that is founded on well-defined 

organismal level processes. In particular, our model has provided explicit predictions 

linked to clear underlying processes and these predictions can and should be tested 

empirically. In the end the model predictions may be rejected, but in doing so we will 

have significantly advanced understanding of the processes that drive community 

assembly, patterns of biodiversity and community invasibility.
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Figure Legends 

Figure 3.1 Invasion fitness across the body size axis and through time for two niche 

widths and three temperatures (i.e. mutation rates). Figures are based on interpolation 

from samples taken every 100,000 time steps. Colors correspond to invasibility (i.e. 

population growth rate) of a given body size. Red corresponds to zero or negative growth 

such that those phenotypes are already in the system and at equilibrium (zero growth), are 

going to extinction (negative growth), or are not in the system and cannot invade (zero or 

negative growth). All other colors correspond to positive growth and thus denote 

phenotypes that can invade the system at that time. For visual clarity, before interpolation 

negative and zero growth rates were set to 0 and positive growth rates were set to 0.01. 

The persistent un-invaded region at small body sizes for broad niche width results 

because those body sizes cannot be reached via the relatively small mutation step size 

(see Methods). 

Figure 3.2 Invasion potential through time for the same niche widths and temperatures as 

in Fig. 1. Invasion potential was measured as the fraction of phenotype space (body size 

range = 0.1-12) that is invadible (i.e. has positive growth) and can be reached via small 

body size mutations of extant species (see Methods). Note that maximum invasion 

potential is higher with broader niche width and is realized at high mutation rate when 

invasion potential is at its minimum for low mutation rate. 

Figure 3.3 Log-transformed species richness (A,B) or invasion potential (C,D) as a 

function of temperature, and thus mutation rate, and time. Niche width is 0.5 (A,C) or 5 

(B,D). The time axis is truncated in panels A and B so that the early dynamics can be 
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better visualized. Beyond the truncation, the temperature gradient in species richness 

continues to diminish. The time axis is reversed in panels C and D to facilitate 

visualization of invasion potential patterns during the later stages of community 

assembly. 

Figure 3.4 The linear slope of ln(species richness) regressed against 1/kT, where k is 

boltzmann’s constant (eV/K) and T is temperature (K), is plotted against invasion 

potential (see Methods and Fig. 2) averaged across food webs evolved at all nine 

mutation rates. Each data point corresponds to the conditions across all food webs at a 

given time. This is presented for the same niche widths (0.5 in A and 5 in B) as in 

previous figures. Dotted arrows indicate the temporal trajectory of community assembly. 

Figure 3.5 (A,B) The linear slope of ln(species richness) regressed against 1/kT is plotted 

against the linear slope of ln(invasion potential) regressed against 1/kT. The diameter of 

each data point is proportional to mean invasion potential evaluated across all 

communities. Each data point thus represents three cross-community emergent properties 

at a given point in time. The temporal trajectory is indicated by the dashed red arrow. A 

small amount of error was introduced along both axes so that data points could be more 

easily visualized. (C,D) The linear slope of ln(species richness) regressed against 1/kT is 

plotted against mean invasion potential. Data are limited to a ‘vertical transect’ through 

panels A or B near the invasion potential-1/kT slope of +0.25. Solid black lines indicate 

linear regression models. Niche width is 0.5 (A,C) or 5 (B,D). 

Figure 3.6 Conceptualization the eco-evolutionary model’s central prediction: Gradients 

in evolutionary rates, here governed by temperature-dependent individual metabolism, 
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drive dynamic feedbacks among: (i) gradients in community structure, here realized as 

species richness gradients (SRG); (ii) gradients in ecological saturation, here realized as 

invasion potential gradients (IPG); and (iii) the absolute magnitude of invasion potential, 

here evaluated as mean invasion potential across communities (MIP). It is important to 

note that effects are not consistently negative or positive, but instead vary throughout 

community assembly. 
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Figure 3.1 
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Figure 3.2 
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Figure 3.3 
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Figure 3.4 
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Figure 3.5 
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Figure 3.6 
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Table 3.1 Model equations dependent on body mass, M, temperature, T, boltzmann’s 

constant (8.62e-5 eV K-1), k, the activation energy of metabolism (0.65 eV), E, niche 

width, s2/d, strength of interference competition (0.5 t-1), c0, the body size threshold 

beyond which species do not interfere (0.25 mass), β, assimilation efficiency (0.25), ε, 

resource input rate (10 mass t-1), I, resource loss rate (0.1 t-1), y, and recycling fraction 

(0.5), v. Consumer species are ordered by body size from 1 to n, and basal resources are 

denoted by the subscript 0. The constants α0 (14722190 mass0.25 t-1), f0 (1.189 mass0.25 t-

1), and m0 (0.1 mass0.25 t-1) are independent of body size and temperature. Undefined 

parameter values are variable either within or between communities. 

 

Mutation rate: 
 

Consumer feeding function: 
 

Interference competition: 

 

Consumer population dynamics: 

 

Nutrient dynamics: 
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Secondary Figure Legends 

Figure 3.S1 The linear slope of ln(species richness) regressed against 1/kT, where k is 

boltzmann’s constant (eV/K) and T is temperature (K), is plotted against invasion 

potential (see Methods and Fig. 2) for the same niche widths (n.w.) and mutation rates (l) 

as in Figs. 1 and 2. Each data point is one food web at a given time, but the slope is 

derived from all food webs. 

Figure 3.S2 Body size range across time for the lowest (dashed) and highest (solid) 

mutation rates examined. Upper lines correspond to niche width of 5 and lower lines 

correspond to niche width of 0.5. The key points are that the body size range reaches a 

maximum regardless of mutation rate or niche breadth, but that it takes longer to reach 

this maximum at lower mutation rates. In addition, narrower niche breadth leads to a 

lower maximum body size range. 
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Figure 3.S1 
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Figure 3.S2 
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CHAPTER 4 

THE METABOLIC BASIS OF DIVERSITY: INTERACTIVE EFFECTS OF 

TEMPERATURE DEPENDENT ECOLOGICAL, EVOLUTIONARY AND 

ECOSYSTEM RATES  

 

Abstract 

Biological diversity gradients (e.g. increasing species richness towards the tropics) are 

perhaps the most pervasive patterns in biology that still lack mechanistic understanding  

(Brown 1981; Willig et al. 2003; Currie et al. 2004; Mittelbach et al. 2007). In an attempt 

to mechanistically explain variation in species richness the metabolic theory of ecology 

(MTE) (Brown et al. 2004) predicts how ectotherm species richness should vary with 

environmental temperature (Allen et al. 2002). However, the MTE prediction is based 

only on the temperature dependence of population size and the majority of empirical 

analyses do not support the MTE prediction either qualitatively or quantitatively (Algar et 

al. 2007; Hawkins et al. 2007a; Hawkins et al. 2007b; Latimer 2007). As a result, there is 

considerable doubt as to a central role of metabolism in controlling biodiversity gradients 

(Storch 2003; Davies et al. 2004; Algar et al. 2007; Hawkins et al. 2007a; Hawkins et al. 

2007b; Latimer 2007). Furthermore, MTE has not addressed the interactive effects of 

additional temperature dependencies, such as organismal consumption (Sanford 1999, 

2002; Vasseur & McCann 2005) and mortality (Savage et al. 2004) rates or resource 

supply and ecosystem productivity (Lieth 1975; Allen et al. 2005). Here we expand the 

scope of MTE with a process-based eco-evolutionary model and provide testable 
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predictions for the relative importance of and interactions among metabolism-dependent 

ecological, evolutionary and ecosystem processes.  Model predictions are broadly 

consistent with empirical species richness-temperature gradients, both qualitatively and 

quantitatively. In particular, the model predicts that commonly observed non-linear 

functions between log-transformed species richness and inverse temperature emerge due 

to the simultaneous influence of and interaction among metabolism-dependent ecology, 

evolution and productivity. These results provide strong evidence that across a broad 

range of taxa, metabolism is a fundamental driver of biodiversity gradients. 

  

Introduction, Results and Discussion 

Gradients in biological diversity ultimately reflect the joint effect of ecological process, 

speciation and extinction (Ricklefs 2007). Importantly, biology still lacks a process-

based, predictive theory that integrates the influences of ecological and evolutionary 

forces over variation in biodiversity. Most biodiversity theory ultimately relies instead on 

conceptual and/or post-hoc statistical models (Willig et al. 2003). A distinct exception is 

the metabolic theory of ecology (MTE) (Brown et al. 2004), which predicts, both 

qualitatively and quantitatively, how temperature dependent metabolism drives variation 

in species richness (Allen et al. 2002; Allen et al. 2007; Gillooly & Allen 2007). Recent 

empirical work suggests, however, that while there is some support for the MTE 

prediction (Allen et al. 2002; Currie et al. 2004; Kaspari et al. 2004; Hunt et al. 2005; 

Gillooly & Allen 2007), discrepancies between model predictions and empirical patterns 

reject a strong influence of temperature dependent metabolism over species richness 
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(Algar et al. 2007; Hawkins et al. 2007a; Hawkins et al. 2007b; Latimer 2007). 

Specifically, it has been argued that MTE does not describe observed patterns of species 

richness across temperature gradients because functional relationships between the 

natural log of species richness and inverse temperature (1/kT), where k is Boltzmann’s 

constant (8.62e-5 eV/K) and T is temperature (K),: (i) differed from the MTE prediction 

of a linear slope of -0.65; and/or (ii) were not linear across the entire temperature range.  

 Current MTE models are, however, limited in terms of the studied pathways 

through which temperature may influence species richness. The full potential of MTE for 

understanding variation in biodiversity has thus not been articulated. For example, Allen 

et al. (Allen et al. 2002) linked metabolism to richness through the effects of temperature 

on population size, but did not address the influence of temperature dependent ecological 

or evolutionary rates, while Allen et al. (Allen et al. 2006) linked metabolism to 

speciation, but did not address species richness. More generally, no MTE model has yet 

evaluated the interactive effects of temperature-dependent ecological rates (e.g. feeding 

and mortality) (Peters 1983; Sanford 1999, 2002; Savage et al. 2004; Vasseur & McCann 

2005), evolutionary rates (e.g. mutation, speciation and extinction) (Gillooly et al. 2005; 

Allen et al. 2006; Gillooly et al. 2007) and ecosystem rates (Lieth 1975; Lavelle et al. 

1993; Vitousek et al. 1994; Allen et al. 2005) (e.g. productivity and nutrient recycling). 

To fully understand how temperature dependent metabolism influences species richness, 

it is paramount that MTE be extended to address the interactive effects of and dynamic 

feedbacks among temperature-dependent ecological, evolutionary and/or ecosystem rates. 

Here, by folding these key additional temperature dependencies into MTE, we greatly 
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expand MTE’s scope and significantly broaden understanding of how individual 

metabolism generates and maintains gradients in biodiversity.  

Ecological and evolutionary rates in our model that are defined by body size 

dependent metabolism include feeding, mortality and mutation (Peters 1983; Moloney & 

Field 1989; Hansen et al. 1997; Savage et al. 2004; Gillooly et al. 2005; Allen et al. 

2006; Gillooly et al. 2007). These rates and the rate of limiting resource supply (e.g. 

inorganic nutrients released through decomposition) are also allowed to vary with 

temperature-dependent metabolism (Peters 1983; Yodzis & Innes 1992; Lavelle et al. 

1993; Vitousek et al. 1994; Sanford 2002; Savage et al. 2004; Gillooly et al. 2005; 

Vasseur & McCann 2005; Allen et al. 2006; Gillooly et al. 2007). The unique attribute of 

our model is that community structure, natural selection and ecosystem productivity are 

linked such that the predicted temperature dependence of species richness is an emergent 

property of dynamic feedbacks among body size and/or temperature-dependent 

ecological, evolutionary and ecosystem rates. Temperature dependence for each of these 

rates is not, however, always observed empirically (Kerkhoff et al. 2005; Lanfear et al. 

2007; O'Connor 2009). Lack of temperature dependence may reflect temperature-

independent resource supply and/or strong behavioral thermoregulation. In turn, we 

provide broad model analyses for the qualitative and quantitative expectations for the 

relative influences over species richness of temperature dependent ecological, 

evolutionary and/or ecosystem-based processes, alone and in combination. These 

predictions are evaluated as the function between ln(richness) and 1/kT. 
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 Model predictions capture a broad range of empirically observed linear and non-

linear functions (Allen et al. 2002; Kaspari et al. 2004; Hunt et al. 2005; Algar et al. 

2007; Hawkins et al. 2007a; Kreft & Jetz 2007), and depend critically on underlying 

temperature dependencies and the stage of diversification and community assembly. 

More specifically, different combinations for temperature dependence on ecological, 

evolutionary and ecosystem processes give rise to a series of testable predictions: First, 

when only ecological rates are influenced by temperature (i.e. rates of resource use and 

mortality are temperature dependent), ln(richness) is predicted to saturate with or be a 

unimodal function of 1/kT, depending on the stage of diversification (Fig. 4.1a-c). 

Second, temperature dependent mutation rate is predicted to result in primarily in linear, 

negative relationships, but as communities reach a dynamic equilibrium the slope is 

expected to approach zero (Fig. 4.1d-f). Third, when only the rate of productivity is 

temperature dependent, negative linear ln(richness)-1/kT relationships are predicted 

throughout all stages of diversification (Fig. 4.1g-i). Fourth, when both ecological and 

evolutionary rates are temperature dependent richness is predicted to move through 

phases whereby it initially saturates at low values (high temperature), then does not vary 

with, and eventually saturates at high values (low temperature) of 1/kT (Fig. 4.2a-c). 

Fifth, combining temperature dependent evolution and productivity predicts ln(richness) 

to initially decline linearly with 1/kT and eventually to saturate towards small values of 

1/kT (Fig. 4.2d-f). Sixth, temperature dependent ecology and productivity are predicted to 

result in unimodal ln(richness)-1/kT relationships throughout community assembly (Fig. 

4.2g-i). The maintenance of this is unimodal relationship likely reflects an interaction 
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between negative influences of faster ecological rates and the positive influence of higher 

productivity at warmer temperatures. Lastly, simultaneously assigning temperature 

dependence for feeding, mortality, mutation and productivity rates predicts a distinct 

unimodal ln(richness)-1/kT relationship when communities are in dynamic equilibrium 

(Fig. 4.3a), while earlier in assembly ln(richness) is expected to saturate (Fig. 4.3b) or 

increase linearly (Fig. 4.3c) towards lower values of 1/kT (i.e. towards higher 

temperature). Furthermore, the model predicts the temporal transitions from linear to 

saturating to unimodal to be relatively continuous throughout community assembly (Fig. 

4.3, right panels). 

The combination of predictions that emerge due to the simultaneous influence of 

temperature-dependent ecological, evolutionary and ecosystem rates differs from the 

predictions arising from any subset of assumed temperature dependencies. It is therefore 

the interactions among temperature-dependent processes that determine the emergent 

influence of temperature over species richness. Further, the influence of each 

temperature-dependent process over richness varies throughout community assembly 

leading roughly to a three-stage process: (i) Mutation rate strongly influences species 

richness early in community assembly (Figs. 4.1d,e), leading to a linear ln(richness)-1/kT 

relationship (Figs. 4.3c); (ii) The mutation rate influence declines through time and a 

negative influence of higher ecological rates (Fig. 4.1a-c) increases leading to a saturating 

ln(richness)-1/kT relationship (Fig. 4.3b); and (iii) Mutation rate eventually loses its 

influence over richness (Fig. 4.1f) and the interaction between feeding rates and 
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productivity (Fig. 4.2h,i) is realized as a unimodal function that becomes more distinct 

through time (Fig. 4.3a,right panels). 

 At a relatively coarse level there appear to be 5 qualitative empirical functions 

relating ln(richness) to 1/kT, all of which are predicted by our eco-evolutionary model. 

These five categories, an example theoretical prediction, and an empirical example are as 

follows: linear (Fig. 4.1i; Allen et al. (Allen et al. 2002) Fig. 3d), saturation at high 

absolute temperature (Fig. 4.3b; Algar et al. (Algar et al. 2007) Fig. 1), saturation at low 

absolute temperature (Fig. 4.1a; Hawkins et al. (Hawkins et al. 2007a) Fig. 1An), 

unimodal (Fig. 4.3a; Hawkins et al. (Hawkins et al. 2007a)  Fig. 1Aj), and null (Fig. 4.1f; 

Hawkins et al. (Hawkins et al. 2007a) Fig. 1Am). The novel predictions arising from our 

eco-evolutionary model for the influence of temperature dependent metabolism over 

species richness thus qualitatively encompass all empirical ln(richness)-1/kT patterns 

observed to date. This provides strong support for a pervasive influence of temperature-

dependent metabolism over gradients in species richness.  

 Our model also provides quantitative predictions that can be compared to 

empirical data. Hawkins et al. (Hawkins et al. 2007a) reported slope values for relatively 

linear portions of empirical ln(richness)-1/kT relationships above and below temperature 

“break points.” Empirical slopes evaluated across cool portions of the temperature range 

varied from -1.79 to +0.95. The predicted range approaches this empirical range: ‘cool’ 

slopes are predicted to vary from -1.79 to +0.68. Across warmer temperatures empirical 

slopes range from -0.27 to +5.27. The model predicts ‘warm’ slopes from -1.28 to +0.78, 

and thus does not capture the steep positive ln(richness)-1/kT correlation observed in 
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some groups (e.g. Afrotropical amphibians), which may be due to declining resource 

availability (e.g. water) with temperature.  

 Declining resource supply with temperature is a scenario not implemented in our 

model because this effect of temperature has no clear link to individual metabolism. 

Nonetheless, our model can accommodate temperature dependent, but metabolism 

independent, resource supply. To facilitate comparison with the influence of other 

temperature dependencies we make the phenomenological assumption that limiting 

resource supply declines exponentially with temperature. In this case richness is predicted 

to saturate with 1/kT (qualitatively similar to Fig. 4.2c) and the maximum ln(richness)-

1/kT slope across the warm portion of the temperature range was +0.99, shallower than 

the maximum empirical slope. 

 The broad qualitative and to large extent quantitative consistency between model 

predictions and empirical patterns provides strong support for a metabolic basis of 

species richness gradients. The model does not, however, quantitatively predict 

ln(richness)-1/kT relationships for the warm portion of the temperature range for 

Afrotropical snakes and amphibians, western Palearctic butterflies, or Brazilian 

amphibians. This indicates that processes beyond those dependent on individual 

metabolism and/or resource supply influence species richness in these groups. For 

example, regional habitat area (Rosenzweig 1995) and/or complexity (Jetz & Rahbek 

2002) may decline steeply with temperature in these groups. The salient point is that 

although additional factors are important, temperature dependent metabolism can 
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strongly influence species richness in a manner broadly consistent with empirical 

patterns.  

 The challenge now is to more fully test the predictions of the eco-evolutionary 

model: a correspondence between model predictions and ln(richness)-1/kT empirical 

correlations does not by itself prove that the hypothesized mechanisms are at work. This 

challenge can be met by starting from the ln(richness)-1/kT relationship for specific 

groups and ask if the expected underlying influences of temperature are observed. The 

saturation of species richness with decreasing temperature (i.e. large 1/kT) observed in 

European Pteridophytes(Hawkins et al. 2007a), for example, is expected in the early and 

late stages of diversification with temperature dependent ecology alone or in the late 

stages of diversification with temperature dependent ecology and evolution. Consistent 

with these predictions, Pteridophytes are an old group generally characterized by no net 

diversification over the past 200 million years (Niklas et al. 1983). It is currently 

unknown, however, if the underlying temperature dependencies hold for this group, yet 

herein lies the power and novelty of our model: The temperature dependencies of 

ecological, evolutionary and ecosystem rates for European Pteridophytes can be 

quantified empirically and directly compared to the model’s predictions. Doing so would 

provide the opportunity to unambiguously reject the model. Furthermore, this approach 

can be extended to any group of interest, and as an example we next address North 

American tiger beetles in this context. 

 The saturation of species richness with increasing temperature (i.e. smaller 1/kT) 

observed in North American tiger beetles (Hawkins et al. 2007a) is expected under four 
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mutually exclusive scenarios (Figs. 4.1d; 4.2a,f; 4.3b). These scenarios can be parsed first 

by the stage of diversification/assembly: saturation at high temperature is expected early 

(short transient phase), near the beginning of the middle stage (diversification is just 

beginning to slow but is still relatively rapid) or in the late stages (little to no net 

diversification). Beetles are an ancient group arising ~285 million years ago(Hunt et al. 

2007), so are clearly not in the earliest stages of diversification. North American tiger 

beetles in particular are still rapidly accumulating taxa,(Barraclough & Vogler 2002) and 

may still be recovering ecologically from the last glacial maximum placing them 

qualitatively on the early side of the middle stages of diversification/assembly. The 

model therefore predicts that tiger beetle feeding, mortality, mutation and prey supply 

should all increase with temperature. Indeed, experimental and observational data support 

temperature dependent tiger beetle activity rate (Dreisig 1980) (and thus feeding and 

mortality), mutation rate (Gillooly et al. 2007), and prey movement rate (Hurlbert et al. 

2008) (tiger beetles attack due to prey movement).  

 The broad correspondence between model predictions and empirical patterns 

demonstrated here across levels ranging from assumed temperature dependencies to the 

emergent temperature-dependence of species richness shows that there is indeed a robust, 

mechanistic link between temperature dependent metabolism and large-scale patterns of 

biodiversity. We further note that the model predicts a decline in species richness through 

ecological time due to global warming, suggesting that temperature dependent feeding 

and mortality may exacerbate additional, negative influences of global change on 

biodiversity. As such, the framework developed here should be integrated into attempts to 
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predict the response of biological communities in general and biodiversity in particular to 

ongoing global warming. 

  

Methods 

Model Description 

A complete description of a temperature independent version of the model used here is 

provided in Chapter 1. Metabolic temperature dependencies were incorporated into this 

model by assuming ecology (feeding and mortality rates), evolution (mutation rate) 

and/or productivity (supply rate of external nutrients) to be proportional to individual 

metabolic rate and thus , where k is Boltzmann’s constant (8.62e-5 eV/Kelvin), T is 

temperature (Kelvin) and E is the mean activation energy of metabolism (0.65eV) 

(Gillooly et al. 2001). All potential combinations of these temperature dependencies were 

evaluated by turning specific temperature dependencies ‘on or off.’ To turn off a 

particular temperature dependency E was effectively multiplied by 0.  

 Communities were evolved at 9 temperatures ranging from 5-45 oC for 10 million 

time steps, enough time for species richness to reach a dynamic equilibrium. For the 

scenario in which ecology, evolution and productivity were all temperature dependent, 

communities were evolved at 17 temperatures from 5-45 oC in order to more fully 

describe the emergent unimodal ln(richness)-inverse temperature pattern. Niche breadth 

was set to 0.5 and the strength of interference competition was set to 0.1 for all 

simulations and other parameters were set to values similar to Loeuille & Loreau (2005). 
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 Species richness was measured every 1000 time steps as the number of unique 

body sizes observed in the system at that point in time. Presented log-transformed 

relationships were selected to broadly characterize emergent patterns. 

 

Empirical comparisons 

We compare model predictions to empirical data qualitatively by examining predicted 

and observed functional relationships between ln(richness) and 1/kT and quantitatively by 

comparing the ln(richness) versus 1/kT regression slope for the range of temperatures 

across which ln(richness) varies linearly with 1/kT, similar to Hawkins et al. (Hawkins et 

al. 2007a). Hawkins et al. (2007a) reported slopes for the relationship between ln(species 

richness) and 1/kT from ordinary least squares and reduced major axis (RMA) regression. 

Given that there is error in both the richness and temperature axes, RMA is the more 

appropriate regression model for these analyses. Correlation coefficients less than ~0.10 

lead to a large uncertainties in the estimated slope under RMA (O’Connor et al. 2007) 

such that we excluded empirical regressions with coefficients less than 0.10. We also 

excluded the analysis of non-native species due to the strong influence of human-assisted 

dispersal. 

 Empirical ln(richness)-1/kT regressions in Hawkins et al. (Hawkins et al. 2007a) 

that were linear across the entire sampled temperature range were limited to the relatively 

cool portion of the temperature range (~5 to 25 oC). As such, for comparison to model 

predictions we lumped these slopes with slopes evaluated below the temperature break 

(i.e. across cooler temperatures) of non-linear relationships. 
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 For comparison with model predictions we determined the range of slopes 

predicted by the eco-evolutionary model by finding the steepest positive and negative 

linear slopes for each combination of temperature dependencies. These slopes were 

evaluated above and below temperature “break points” such that slopes were only 

evaluated across relatively linear portions of the temperature range, similar to Hawkins et 

al. (Hawkins et al. 2007a). 
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Figure Legends 

Figure 4.1. Predicted response of species richness to univariate temperature 

dependencies: (a-c) ecology (feeding and mortality rates); (d-f) evolution (mutation rate); 

or (g-i) productivity (limiting, basal resource supply). Responses are characterized during 

the (a,d,g) early (5e4); (b,e,h) middle (2.25e5); and (c,f,i) late (10e6) stages of 

community assembly. Curved lines indicate lowess curve fits to non-linear relationships 

and linear lines indicate linear relationships. All major panels are scaled the same, but y-

axes of inset panels are scaled to the observed data range so that the predicted function 

can be easily visualized. Absence of a fitted function indicates those relationships 

interpreted as null. 

Figure 4.2. Predicted response of species richness to bivariate temperature dependencies: 

(a-c) ecology and evolution; (d-f) evolution and productivity; or (g-i) ecology and 

productivity. See Fig. 4.1 for additional details. 

Figure 4.3. Predicted response of species richness to temperature dependent ecology, 

evolution and productivity during the (a) late (10e6); (b) middle (2.25e5); and (c) early 

(5e4) stages of community assembly. See Fig. 4.1 for additional details. Right side panels 

demonstrate continuous temporal changes in the function relating ln(species richness) to 

1/kT across three time periods. Arrows indicate times at which left side panels were 

‘sampled.’ Note the initial emergence of a steep increase in richness with temperature and 

subsequent emergence of a saturating function (bottom panel), followed by a broad 

unimodal function (middle panel), followed by the emergence of a distinct unimodal 

function (top panel). 
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Figure 4.1 

 



 

 

147 

Figure 4.2 
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Figure 4.3 
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Table 4.1 Statistics for ordinary least squares linear regressions of log-transformed 

species richness as a function of 1/kT when mutation rate (Mut), ecological rates (Ecol), 

and/or productivity (Nut) are directly influenced by temperature-dependent metabolism 

(noted as X). Minimum (Min) and maximum (Max) slopes and the explained variance 

(R2) are provided for regressions below and above temperature break points (see text for 

details). 

Temp Depend Cool Temperatures Warm Temperatures Break 
Mut Ecol Nut Min R2 Max R2 Min R2 Max R2 oC 

X 0 0 -0.5 0.72 0.04 0.48 0.64 0.79 0.045 0.87 25 
X 0 0 -0.55 0.57 0.17 0.1 -0.57 0.81 0.036 0.26 20 
0 X 0 -0.26 0.62 0.24 0.48 -0.12 0 0.78 0.87 25 
0 X 0 -0.55 0.98 0.68 0.52 0.07 0 0.54 0.81 15 
0 0 X -0.55 0.64 -0.007 0 -0.43 0.81 0.35 0.2 25 
0 0 X -0.92 0.99 -0.12 0.23 -0.34 0.85 0.23 0.14 20 
X X 0 -0.48 0.47 0.12 0.61 -0.34 0.32 0.46 0.96 25 
X X 0 -0.69 0.57 0.1 0 -0.29 0.43 0.43 0.96 20 
X 0 X -0.65 0.97 0.2 0.11 -1.14 0.85 -0.13 0 25 
X 0 X -0.65 0.97 -0.02 0 -1.28 0.76 -0.003 0 30 
0 X X -0.64 0.74 0.12 0.42 -0.35 0.31 0.47 0.96 25 
0 X X -1.24 0.97 0.081 0.48 -0.06 0 0.32 0.4 15 
X X X -0.85 0.67 0 NA -0.52 0.74 0.24 0.86 20 
X X X -1.79 0.99 0 NA -0.42 0.68 0.17 0.79 12.5 
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DISSERTATION CONCLUSIONS 

The two key novelties of the work presented here are 1) the merging of ecological, 

evolutionary and ecosystem rates and processes that are each defined in terms body size 

and/or temperature dependent metabolism; and 2) subsequently focusing on the 

macroevolutionary dynamics, not simply equilibria, that emerge from continuous 

feedbacks among the ecosystem, community structure, speciation and extinction. 

The model’s studied here build from each other and from a previously developed model 

(Loeuille and Loreau 2005). That the model’s are built from well established individual-

level processes and that the basic model structure is known to produce realistic food webs 

(Loeuille and Loreau 2005) suggests that the model’s predictions should apply to a broad 

range of systems. Furthermore, the community assembly rule developed in Chapter 1 and 

predicted temperature dependencies emerging in Chapter 4 are both generally consistent 

with empirical data derived from a broad range of taxonomic groups. These results thus 

provide strong evidence for a pervasive influence of metabolism over community 

assembly and the generation and maintenance of biodiversity. 

 The model’s developed here are not a first step, nor are they the final step. They are 

built from a large body of theoretical and empirical work that has come before and their 

ultimate goal is to be yet another stepping stone towards understanding the processes 

generating observed community structure and macroevolutionary patterns. It is my 

conviction that continuing to work towards process-based understanding of biological 

systems will allow community ecology to emerge as a more predictive and thus 

applicable science. 
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