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Abstract: Although changes in habitat area, driven by changes in sea level, have long been 

considered as a possible cause of marine diversity change in the Phanerozoic, the lack of 

Pleistocene extinction in the Californian Province has raised doubts, given the large and 

rapid sea-level changes during the Pleistocene. Neutral models of metacommunities 

presented here suggest that diversity responds rapidly to changes in habitat area, with 

relaxation times of a few hundred to a few thousand years. Relaxation time is controlled 

partly by metacommunity size, implying that different provinces or trophic levels might 

have measurably different responses to changes in habitable area. Geologically short 

relaxation times imply that metacommunities should be able to stay nearly in equilibrium 

with all but the most rapid changes in area. A simulation of the Californian Province during 

the Pleistocene confirms this, with the longest lags in diversity approaching 20 kyr. The 

apparent lack of Pleistocene extinction in the Californian Province likely results from the 

difficulty of sampling rare species, coupled with repopulation from adjacent deep-water or 

warm-water regions. 
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1. Introduction 

Because sea level strongly affects the area of shallow-marine habitats [1–6], paleobiologists have 

long argued that sea level should be an important control on the diversity of shallow-marine 

communities [7–15]. Despite abundant anecdotal evidence supporting this relationship [14,15], 

numerous studies have cast doubt on the effect of sea level on shallow-marine diversity [16–21], 

although some have recognized its role [22]. One of the most compelling counterarguments to the 

importance of sea level and changes in habitat area has been the lack of elevated marine extinction 
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during the repeated and large changes of sea level during the Pleistocene (2.59 Ma–11.7 ka) [18]. Sea 

level oscillated widely during the Pleistocene, with up to 110 m change in as little as 15 kyr; changes 

extreme enough to expose the modern continental shelf [23–25]. The problem of the Pleistocene is the 

lack of marine extinction given what should have been extreme changes in habitat area. 

A common hypothesis for the lack of Pleistocene marine extinction is that the changes in area were 

too rapid and too short-lived for communities to respond [14,18]. Relaxation time is the time it takes 

for a biota to adjust to a diversity level appropriate for the available area [18,26], and it is essentially 

unknown for marine systems. A related concept is extinction debt, which refers to the extinction that 

has yet to take place before a new, lower equilibrium diversity is reached following habitat loss [27]. 

Measuring relaxation time in the fossil record would be difficult for two reasons. First, the 

inaccessibility of strata in the subsurface and the erosion of strata that have been exposed hinder 

accurate measurement of habitat area, and these factors complicate the measurement of diversity as 

well [28]. Second, cycles in sea level occur over periods ranging from tens of thousands of years to 

hundreds of millions of years, causing sea level to be in a nearly continuous flux [24], making it 

difficult to isolate the relaxation time from any particular sea-level change.  

Given the difficulties of directly measuring relaxation time in the fossil record, the aim of this study 

is to use numerical simulations to estimate relaxation time. These estimates will be used to understand 

the lack of Pleistocene extinction in particular and the relationship of sea-level change, habitat area, 

and diversity more generally through the Phanerozoic. 

2. Numerical Simulations 

The numerical simulations used here depict a neutral metacommunity, similar to those used in the 

Unified Neutral Theory of Biodiversity and Biogeography [29]. The model depicts the birth and death 

of individuals of species over a very large area, such as a province, and making individuals of all 

species identical in their probabilities of birth and death produces neutrality. There is no spatial 

structure to the metacommunity, and the metacommunity is well mixed, such that species may disperse 

anywhere equally. The metacommunity depicts a single trophic level, such as first-order consumers. 

For a given area, there are a fixed number of habitable sites, each of which is occupied by a single 

individual, making the model follow zero-sum dynamics. All simulations were performed in R [30] 

and the source code is available upon request. Parameters for all models are listed in Table 1. 

A scaled-down schematic illustrates the model steps (Figure 1). In this example, there are 100 

habitable sites, each of which is occupied by an individual of a given species, shown by different 

colors. The total number of sites therefore equals the total number of individuals in the 

metacommunity (Jm). The starting abundance distribution of individuals within species is based on Jm 

and a specified value of Hubbell’s θ [29], and it is calculated with the rand. neutral() function in the 

untb package of R [31]. Hubbell’s θ is defined as θ = 2Jmν, where ν is the per-individual probability of 

speciation, discussed below. Although Figure 1 portrays the occupied sites as a grid, there is no sense 

of space or arrangement of habitable sites in the model. 

The model consists of a series of time steps, each scaled to represent one year. Each time step 

consists of an initial disturbance phase and a subsequent replacement phase (Figure 1). During the 

disturbance phase, a fixed percentage of individuals die, producing sites to be colonized. The 
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probability of death (D) varies among runs from 0.333 to 0.01, corresponding to average individual 

lifespans of 1/D, or 3 to 100 years, typical of most marine mollusks [32,33]. All individuals have an 

equal probability of death. In the replacement phase, empty sites are refilled stochastically, based on 

the frequency distribution of species that survived the disturbance phase. More abundant species will 

be more likely to recolonize sites than rare species, solely because of their abundance. In addition, 

there is a small probability ν that any given vacant site will represent a speciation event, leading to the 

formation of a species with one individual, equivalent to Hubbell’s point-mode model of speciation [29]. 

The per-individual probability of speciation (ν) is tied to θ and Jm through the definition of theta, that 

is, θ = 2Jm ν [29]. 

Table 1. Simulation parameters and calculated relaxation times. 

Model Jm θ 
Probability  

of Death 

Area 

Change 

Relaxation Time  

(tr, in years) 

Constant area 

(Figure 4) 
100000 

10, 30, 

100, 300 
0.1 0 not applicable 

Habitat loss 

(Figure 5) 
100000 300 0.1 −50% 553 

Effect of lifespan 

(Figure 6) 
100000 300 

0.333, 0.1, 

0.333, 0.01 
−50% 

318, 1100,  

972, 1465 

Effect of lifespan, small 

θ 
100000 30 

0.333, 0.1, 

0.333, 0.01 
−50% 

623, 553,  

2335, 1212  

Effect of Jm 

(Figure 7) 

1000, 

10000, 

100000, 

1000000 

30 0.1 −50% 

*, 934,  

553,  

4636 

Habitat gain 

(Figure 8) 
100000 300 0.1 +50% 573 

* indicates that a relaxation time could not be calculated. 

Figure 1. Schematic illustration of the simulation steps, showing a metacommunity 

composed of individuals of different species, indicated by colors. In each time step, some 

individuals die, clearing a site (white) for replacement by individuals of other species or 

possibly new species (red). 
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In a modeled world with no change in habitat area, a full simulation would consist of an initial 

seeding of the cells with species based on a chosen value of θ, followed by repeated cycles of 

disturbance and replacement. Because site recolonization is stochastic, species undergo ecological drift 

in abundance [29] and some species may drift to extinction (zero abundance). Although Figure 1 

depicts a model with a Jm of 100, most simulations used a Jm of 100,000, with some simulations having 

a Jm of up to 10,000,000. 

Several simulations depict habitat loss (Figure 2). These consist of a long run (several thousand 

years) of no change in habitat area to allow diversity to equilibrate, followed by a single pulse of 

habitat loss, followed by a long run (several thousand years) to allow diversity to re-equilibrate. 

Although habitat loss in the natural world generally takes place over many years, habitat loss in the 

model was confined to a single year to provide a fixed point against which relaxation time could be 

measured. In the time step in which habitat loss occurs, the disturbance phase is followed by a habitat 

loss phase in which a specified fraction of sites (50%) are removed. Any species endemic to those sites 

goes extinct. The replacement phase follows as normal, based on the number of vacant sites, the 

frequency distribution of surviving species, and probability of speciation. 

Figure 2. Simulation of habitat loss, with the normal disturbance and replacement steps 

separated by an additional phase in which a given fraction of sites are lost. 

 

Several simulations depict habitat gain (Figure 3). Like the habitat loss simulations, habitat gain is 

confined to a single time step of one year to provide a fixed point for measuring relaxation time. 

Following the disturbance phase, habitat gain is simulated by adding a fixed percentage (50%) of 

empty sites. In the subsequent relaxation phase, all empty sites are filled with existing species, based 

on their relative abundances, as well as species produced by speciation events. 

Like Hubbell’s models, these simulations are neutral in that all individuals are competitively equal, 

and there are no species interactions beyond competition [29]. Species may exhibit different behaviors, 

but those differences are solely the result of their abundance. Abundant species, for example, are more 

likely to colonize vacated sites and are more likely to persist longer. Rarer species are more likely to 

undergo ecological drift to an early extinction. 

Following each simulation, an exponential function was fitted to the post-disturbance diversity 

history, and the time constant of the exponential was calculated, which is equal to the relaxation  

time [26]. 
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Figure 3. Simulation of habitat gain, in which a specified number of sites are added 

following disturbance and preceding replacement. Two new species (red and orange) were 

produced in this example. 

 

3. Results 

3.1. Constant Habitat Area  

When habitat area, and therefore the number of individuals (Jm), is held fixed, diversity fluctuates 

around an equilibrium set by θ (Figure 4). Larger values of θ result in higher diversities, and larger 

values of θ also produce abundance distributions with a greater evenness. Because the death of 

individuals is stochastic in the simulation, as is speciation, diversity fluctuates through time. The scale 

of these fluctuations is roughly proportion to the equilibrium diversity, with larger fluctuations at 

higher values of θ. Because θ is linearly proportional to speciation rate and to the number of 

individuals, which is in turn the product of habitat area and the density of organisms [29], the model 

predicts that larger habitat areas, increased density of organisms within that habitat, and increased  

per-individual speciation rates should all result in larger equilibrium diversity. 

Figure 4. Simulations depicting the effect of θ on diversity when habitat area (and 

therefore Jm) is constant. Because Jm is constant, increases in θ are caused by increases in ν. 
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3.2. Habitat Loss  

When a 50% habitat loss during a single time step is simulated (Figure 5), diversity undergoes a 

two-phase drop. The initial phase is instantaneous and reflects the loss of species that were confined to 

the area of eliminated habitat, as well as the loss of a few species that underwent stochastic extinction 

owing to small population size. The second phase of extinction is protracted, as diversity 

asymptotically approaches a new equilibrium that reflects the reduced habitat area. This asymptotic 

approach to a new equilibrium can be described with an exponential fit, where the time required to 

relax to 1/e of the original diversity (37%) is called relaxation time [26]. Relaxation is 86% complete 

after two relaxation times, and 95% complete after three relaxation times. In this simulation, relaxation 

time (tr) is 553 years, making the adjustment to the new equilibrium diversity largely complete within 

1600 years. 

Figure 5. Simulation showing the effect on diversity of an instantaneous habitat loss of 

50% at model time 5 kyr. 95% of extinction is complete after three relaxation times (tr). 

 

3.2.1. Effect of Lifespan 

Relaxation time is partly controlled by the probability of death of an individual, the inverse of the 

average lifespan of an individual (Figure 6; Table 1). Shorter average lifespans, and therefore higher 

probabilities of death, produce a greater initial drop in diversity (compare the proportional initial 

diversity loss for 3 yr and 100 yr in Figure 6). Shorter average lifespans also reduce the relaxation time 

because of an increased turnover of individuals in every time step, speeding ecological drift. Stochastic 

effects can cause the equilibrium diversity to be reached more slowly or more quickly than expected; 

for example, the relaxation time for an average lifespan of 30 yr is slightly shorter than that for  

10 years (972 years vs. 1100 years). Such stochastic effects become more important at smaller values 

of Jm and θ (Table 1). With longer average lifespans of 100 years, relaxation time can approach 1500 

years, long on human time scales, but geologically rapid. Even with these longer relaxation times, 

much of the diversity drop is experienced over a shorter span, such as the first thousand years. 
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Figure 6. Four simulations depicting the effect of the average lifespan of individuals on 

diversity before and after an instantaneous 50% habitat loss. 

 

3.2.2. Effect of Metacommunity Size 

The number of individuals in the metacommunity also controls relaxation time (Jm; Figure 7; Table 1). 

Small metacommunities (e.g., 1,000 individuals) have short relaxation times, much less than a 

thousand years. Larger metacommunities (e.g., 1,000,000 individuals) can have much longer relaxation 

times lasting nearly 5,000 thousand years. Because most of the diversity loss occurs in the first fraction 

of the relaxation time, a loss of habitat area would have to be exceptionally brief to not 

generate extinction. 

Figure 7. Four simulations showing the effect of metacommunity size (Jm) on diversity 

before and after an instantaneous 50% habitat loss. The lower overall diversities compared 

to Figure 6 reflect the θ of 30 here, versus 300 in Figure 6. 
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From the perspective of the geological record, the differences among these relaxation times are 

small, and they are all so short that it is likely impossible to measure these directly in the fossil record 

in most cases, given the complexity of the stratigraphic record [34,35]. Although the differences in 

these relaxation times are not great, they might be manifested in the fossil record in two ways. First, 

large provinces should have somewhat slower relaxation times than smaller provinces, and therefore 

be somewhat buffered to short-lived changes in area. In this way, smaller provinces might show 

greater turnover and volatility as a result of sea-level change than larger provinces. Second, the 

metacommunity of higher trophic levels, such as predators, will generally have fewer individuals than 

the metacommunity of lower trophic levels, such as first-level consumers. As a result, higher trophic 

levels might be more acutely responsive to changes in habitat area than lower trophic levels, and this 

could be expressed as faster turnover rates for higher trophic levels. 

3.3. Habitat Gain  

When habitat area undergoes an instantaneous 50% gain, a small pulse of speciation coincides with 

the area gain, and this is followed by a prolonged diversification to equilibrium (Figure 8). The initial 

pulse of speciation is triggered by the large number of additional unoccupied sites, each of which has a 

small probability of being filled by a speciation event. Although the probability of speciation is small, 

the large number of vacant sites allows for a small pulse of speciation. 

Relaxation time during this gain in habitat area is 573 years, similar to that for habitat loss (Figure 4). 

Relaxation time for habitat gain is very slightly longer (573 vs. 553 years), but this difference would 

likely not be detectable in the geological record. Because habitat loss is accompanied by an initial 

extinction of endemic species, diversity would be expected to reach its equilibrium value more quickly 

than during habitat gain, when the initial increase in diversity is smaller. 

Figure 8. Simulation depicting the change in diversity following an instantaneous 50% 

gain in habitat area at 5 kyr model time. 
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3.4. Summary  

All of these simulations indicate that neutral metacommunities should have relaxation times of no 

more than a few thousand years, even when the changes in habitat area are large and unrealistically 

abrupt as simulated here. In all cases, relaxation time is approached asymptotically with much of the 

diversity change experience in the early part of the relaxation period. These relaxation times are similar 

to or longer than estimates based on modern terrestrial faunas [26,36,37] and other models [27,38,39], 

suggesting that relaxation times are unlikely to be substantially longer than simulated here. 

Although relaxation time increases as individuals become longer lived and as metacommunities 

become larger, owing to the net effects of increased area and increased density of individuals, the 

relaxation times remain geologically brief, suggesting that ecosystems should remain roughly in 

equilibrium with habitat area over geologically resolvable time scales. 

4. Pleistocene Simulation 

4.1. Introduction  

All of these simulations suggest short relaxation times, and they imply that the diversity of shallow 

marine faunas should have been able to closely track sea-level changes, even during times such as the 

Pleistocene, when sea level underwent rapid and wide changes [23–25]. Pleistocene sea-level changes 

were driven by the growth and melting of polar ice caps, which produce the highest amplitude  

sea-level changes over short (10s–100s kyr) geologic spans on Earth [40]. Reconstructed sea-level 

curves for the Pleistocene (Figure 9, top) indicate nearly continuously changing sea level with 

amplitudes exceeding 100 m [25].  

Valentine and Jablonski [18] reported a lack of Pleistocene extinction in marine bivalves from the 

Californian Province, which extends from Point Conception, California (34.5°N) to Isla Cedros, Baja 

Mexico (28°N). Because of this, the ability of neutral communities to track continuously and widely 

changing sea level was tested by modeling the diversity of the Californian Province for the latest 

Pleistocene to today. 

4.2. Model  

Simulating the diversity of the Californian Province during the Pleistocene follows the same procedure 

as models described above, except that habitat area is allowed to change during every time step. 

The position of sea level, necessary to estimate habitat area, is based on the sea-level curve of 

Siddall et al. [25]. Their sea-level curve was digitized and interpolated to a resolution of 1 year, 

providing a record of sea level back from 379 ka to the present. Such an interpolation almost certainly 

misses the briefest variations in habitat area, but preserves the larger amplitude, geologically detectable 

changes in sea level. 

The area of the Californian Province was determined by measuring the area of the 0–100 m habitat 

corresponding to any given position of sea level. Area was measured using the National Geophysical 

Data Center’s ETOPO1 data set, a one arc-minute grid of global topography [6,41]. Areas were 

measured using the ancient sea level as the datum for the 0 m elevation and treating the topographic 
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profile of the California shelf as unchanged. This assumption is not true in detail, but it is a reasonable 

approximation for the gross configuration of the margin over these relatively short time spans. The 

area of the 0–100 m habitat is broadly similar to the Pleistocene sea-level curve, although changes in 

area are often dampened compared with the sea-level signal (Figure 9, middle). 

The simulation is based on annual time steps, with a metacommunity size (Jm) of 1,000,000 

individuals, a θ of 30, and a probability of death of 0.1, corresponding to an average individual lifespan 

of 10 years. Variations on these parameters, not included here, led to similar conclusions. 

4.3. Results  

The simulated diversity of the Californian Province (Figure 9, bottom, black curve) broadly tracks 

habitat area. In particular, the three 100 kyr sea-level cycles that dominate Late Pleistocene sea  

level [42] are reflected in the simulated diversity history. Even some of the details of these cycles are 

preserved, such as the rapid rise in sea level, habitat area, and diversity around 120 ka and the slower 

fall in all three from 120 ka to 20 ka. Diversity also records several shorter episodes of sea-level 

change, such as the three peaks from 340 ka to 280 ka and the brief drop in sea level at 65 ka. 

The diversity and sea-level histories differ in several ways. First, the diversity history displays more 

fine-scale variation, reflecting the stochastic aspect of the simulation. Second, the timing of peaks in 

diversity may not correspond to peaks in sea level. For example, sea level reaches a peak at 122 ka, but 

the local peak in diversity occurs 24 kyr later, at 98 ka. Third, the relative magnitude of peaks in 

diversity may not mirror the relative magnitudes of peaks in sea level. For example, three peaks in sea 

level at 335 ka, 315 ka, and 286 ka are successively smaller in magnitude, but the first and third of the 

corresponding peaks in diversity are nearly equal, and both are greater than the middle peak in diversity 

at 315 ka. Similarly, the peak in sea level at 256 ka is modest, but the effect on diversity is pronounced. 

In the fossil record, it is impossible to sample the full biota at any given time. This is also true for 

modern marine environments, given the logistical difficulties involved in sampling. Limited sampling 

is less likely to recover rare species, and this is simulated here by imposing abundance cutoffs. For 

example, the black curve in Figure 9 reflects all species in the simulation, that is, those that have an 

abundance of 1 or more individuals, whereas the red curve reflects only those species that have an 

abundance of 10 or more individuals at a given time. Similarly, blue indicates species with 100 or 

more individuals, and green depicts those with 1000 or more individuals.  

As the abundance cutoff gets larger, the correlations of diversity with area and sea level become 

progressively weaker. With no abundance cutoff the coefficient of determination (R
2
) of diversity with 

area and sea level are both strong (0.73 for area, 0.58 for sea level). For diversity versus area, these 

coefficients drop to 0.59 for a cutoff of 10, 0.38 for a cutoff of 100, and 0.21 for a cutoff of 1,000. For 

diversity versus sea level, the weakening is more pronounced: 0.45 for a cutoff of 10, 0.26 for a cutoff 

of 100, and 0.09 for a cutoff of 1,000. Time averaging in the fossil record might dampen some of the 

high-frequency variation in diversity, possibly improving the correlations with area and sea-level, but 

variations in preservation would tend to weaken these correlations. 
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Figure 9. Sea level [25] for the past 379 kyr, with the area and modeled diversity of the 

Californian Province. The black diversity curve represents all species, red represents 

species with at least 10 individuals, blue is those with at least 100 individuals, and green is 

those with at least 1000 individuals. 

 

5. Discussion 

5.1. Departures between Diversity, Habitat Area, and Sea Level  

The results from the simple area-change simulations and the Pleistocene simulation suggest that 

well-mixed metacommunities that operate under neutral, zero-sum dynamics should have a diversity 

that is nearly in equilibrium with habitat area over geological time scales, particularly at time scales 

greater than a few tens of thousands of years. Over shorter time scales, diversity may not be at 

equilibrium with habitat area, particularly following large and rapid changes in area. More generally, 

diversity may not be at equilibrium over shorter time scales because of the stochastic effects of death, 

replacement, and speciation. 



Diversity 2013, 5 287 

 

 

Habitat area is difficult to measure in the geological record, owing to the erosion of rocks and their 

inaccessibility in the subsurface [28]. Although the relationship between habitat area and sea level can 

be markedly nonlinear [3–6], changes in sea level are commonly used to infer changes in habitat area. 

In the case of the Pleistocene simulation, where habitat was defined as water depths ranging from  

0–100 m, habitat area broadly tracks sea level. Sea level and habitat area differ in several ways. For 

example, although the peak in sea level at 286 ka is slightly lower than midway between the peak at 

335 ka and the low point at 266 ka, the habitat area at 286 ka is much closer to that at 335 ka than at 

266 ka. Likewise, the drop in habitable area at 65 ka is much greater than the fall in sea level would 

suggest and the gain in area at 256 ka is much greater than the modest rise in sea level would imply. 

The divergence between sea level and habitable area will weaken any correlation between sea level 

and diversity, and the Pleistocene simulation demonstrates this. Whereas diversity and area have a 

strong positive correlation, the correlation of diversity with sea level is always weaker. Although the 

three 100 kyr cycles in sea level are reflected in the diversity history, smaller amplitude changes in sea 

level may be accompanied by little or no change in diversity. For example, the 315 ka peak in sea level 

is barely recorded in the diversity record, and the complicated history in sea level between 237 ka and 

193 ka is not reflected in diversity. Furthermore, some changes in diversity do not correspond to any 

change in habitable area and presumably reflect the stochastic nature of diversity changes in the 

simulation. For example, diversity rises to a peak at 141 ka as a result of an increase in area, but then 

decreases until 129 ka while habitat area is nearly constant.  

5.2. Complicating Factors and Their Implications  

The metacommunities simulated here are oversimplified in several regards. First, they are well-mixed 

and lack any spatial component, such that colonization of a vacant site depends solely on the relative 

abundance distribution of extant species. Second, the only ecological interaction in the simulation is 

competition, and the simulation is neutral in that all individuals are competitively equal. Third, the 

simulation follows zero-sum dynamics such that individuals occupy all available space. 

Although Hubbell’s neutral theory has received much criticism, the strength of the theory lies not in 

that it completely describes natural systems, but in that it makes predictions that are often borne out in 

nature [43]. Such successful predictions suggest that more complicated models that depart from 

neutrality may not be necessary for predicting some aspects of metacommunities and communities. For 

the problem of relaxation time and the simulations presented here, the question is not whether these 

simulations are a complete description of nature, but whether complications might lead to longer 

relaxation times than predicted. 

Increased species longevities are one way to lengthen relaxation time. For example, decreasing the 

probability of extinction would allow populations to persist during times of decreased habitat area, 

leading to a metapopulation diversity elevated above the equilibrium expected for the available area. 

Because ecological drift is more likely to lead to the extinction of small populations [29,44], 

mechanisms that favor the persistence of small populations will be most important for increasing 

relaxation time. This increased persistence could be achieved by decreasing the probability of death for 

individuals in species with small populations or by increasing the likelihood that species with small 

populations would colonize a vacated site. For example, breeding site selection can lead to increased 
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per-capita fecundity at small population sizes [45], which would tend to increase their probability of 

colonizing a vacated site. It is unclear, however, how this particular mechanism would work for 

benthic invertebrates, many of which simply release their gametes into the water. More generally, 

environmental heterogeneity increases the opportunities for individual behavior to drive population 

dynamics [46,47], raising the possibility that benthic invertebrates may exploit these opportunities and 

therefore might buffer their populations from ecological drift to extinction. 

Decreasing the probability of speciation is a second way to lengthen relaxation time. For example, 

following an increase in habitat area, a decreased probability of speciation would lengthen the time it 

would take for diversity to increase to the equilibrium expected for the larger area. In Hubbell’s model, 

speciation rate is tied directly to θ and metacommunity size (Jm), and decoupling these would allow the 

speciation probability to be lower, but at the expense of undermining most of the model. Changing to a 

more realistic speciation model, such as Hubbell’s random fission model [29] in which an existing 

population is split into two species during a speciation event, would likely lengthen relaxation time. In 

the point-mode speciation model used here, all new species begin at a population of one and are highly 

susceptible to ecological drift to extinction until the population builds to a sufficient size. By starting 

all new species at larger population levels, the probability of species extinction would be decreased 

and relaxation time would be increased. 

More complicated models that go beyond strict neutrality will be needed to test how much such 

effects can increase relaxation time. The models presented here support geologically short relaxation 

times, in agreement with several previous actualistic and modeling studies [26,27,36–39]. Some 

support for brief relaxation times comes from the fossil record. One survey of mass extinctions, which 

include effects more complicated than simple changes in habitat area, found recovery times of  

1–9 myr, but typically 1–3 myr [48]. These recovery times are longer than those suggested by the 

models presented here, but owing to difficulties in sampling, are likely overestimates of the true time 

to recovery [35]. More recent studies that explicitly consider sampling underscore geologically rapid 

recovery times [49,50], although these studies are at too coarse of a resolution to determine if the 

recovery times are as short as indicated by the models presented here. 

5.3. Other Explanations for the Lack of Pleistocene Extinction  

Although a long relaxation time cannot explain the lack of Pleistocene extinction in the Californian 

province, other explanations might. One possibility is that habitat area is not important for marine 

diversity [18]. Although evidence for a marine species-area relationship has been mixed [22,51,52],  

it seems unlikely that it does not exist in the marine realm. A lack of a species-area relationship would 

imply a lack of beta diversity, for which there is abundant evidence in both the modern and the fossil 

record [53–55].  

A second possibility is suggested by the species studied by Valentine and Jablonski [18], who 

recognized the difficulty of recovering rare species. Because rare species are those that are most likely 

to be experience ecological drift to extinction [29], it may be that Pleistocene extinction did occur, but 

was limited to species so rarely found that their existence or extinction is difficult to demonstrate. The 

abundance cutoffs used here suggest that most faunal turnover would occur within the rare tail of the 

abundance distribution, and that a difficulty in collecting rare species would result in a perception of 
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little or no extinction and relative faunal stability [56]. Numerous bulk samples may fail to recover 

much of the metapopulation diversity [57,58], and methods for integrating literature and museum data 

with collections can mitigate the difficulties of recovering rare taxa [58]. 

A final possibility is that local extinction did occur during Pleistocene low stands in sea level, but 

that species that locally went extinct were able to recolonize from deeper water or warmer southern 

waters [18]. Given the extensive latitudinal range shifts observed in these mollusk species [18,59], 

such a mechanism is likely and would create the impression that local extinction was less than it really was. 

6. Conclusions 

(1) Neutral models of metacommunities indicate geologically rapid responses to changes in habitat 

area, with relaxing times lasting a few hundred to a few thousand years, with most of the response 

achieved in the first quarter of that. This quasi-equilibrium with habitat area has superimposed variation 

in diversity caused by the stochastic effects of the probability of death, replacement, and speciation. 

(2) Short relaxation times suggest that marine biotas should be in near-equilibrium with habitat 

area, except for large and rapid changes in area. Large metacommunities may have somewhat longer 

relaxation times than small metacommunities, which may be reflected by differences in relaxation time 

among provinces and trophic levels. Such short relaxation times suggest that Pleistocene sea-level 

variations should have generated marine extinction. 

(3) Simulation of the Californian Province during the Pleistocene indicates good correspondence 

between diversity and habitat area, with a weaker correlation between diversity and sea level. These 

results suggest that the lack of Pleistocene marine extinction in the Californian Province is likely not 

the result of slow relaxation times, but is more likely the limitation of extinction to rare species and 

species that were able to recolonize from adjacent regions. 
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