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The fossil record provides the primary source of data for calibrating

the origin of clades. Although minimum ages of clades are given by the

oldest preserved fossil, these underestimate the true age, which must be

bracketed by probabilistic methods based on multiple fossil occurrences.

Although most of these methods assume uniform preservation rates, this

assumption is unsupported over geological timescales. On geologically

long timescales (more than 10 Myr), the origin and cessation of sedimentary

basins, and long-term variations in tectonic subsidence, eustatic sea level

and sedimentation rate control the availability of depositional facies that

preserve the environments in which species lived. The loss of doomed

sediments, those with a low probability of preservation, imparts a secular

trend to fossil preservation. As a result, the fossil record is spatially and

temporally non-uniform. Models of fossil preservation should reflect this

non-uniformity by using empirical estimates of fossil preservation that are

spatially and temporally partitioned, or by using indirect proxies of fossil

preservation. Geologically, realistic models of preservation will provide

substantially more reliable estimates of the origination of clades.

This article is part of the themed issue ‘Dating species divergences using

rocks and clocks’.
1. Introduction
The fossil record is a critical source of data for calibrating phylogenies and rates

of evolution. Although the oldest fossil of a clade supplies a minimum age for

that clade’s origin, a suite of fossil occurrences permits probabilistic models of

that clade’s maximum age [1–6]. The reliability of such probabilistic ages

depends on several factors, including establishing the phylogenetic topology,

identification of taxa and their assignments to a clade, correlation of strata

from different regions, absolute age estimates of fossil-bearing strata, as well

as the sampling of the fossil record [7]. This paper focuses on the last of

these issues, specifically how the stratigraphic record is assembled and its

implications for the preservation and sampling of fossils.

Through a series of modelling and field studies, the stratigraphic distri-

bution of species in local stratigraphic sections is well understood for shorter

geological timescales (less than 10 Myr) [8,9]. These studies guide the interpret-

ation of the fossil record over these timescales, including patterns of first and

last occurrence, changes in relative abundance and community composition,

and morphological changes. In particular, these studies demonstrate the

marked non-randomness of fossil occurrences as a result of the processes that

govern sedimentation and their effects on the resulting sedimentary record,

known as stratigraphic architecture. These studies have led to probabilistic

models of fossil occurrence that reflect the underlying controls on the fossil

record in local sections [10], and they improve upon ones that assume uniform

preservation. These models show, for example, that the difference in age

between when a species first appears locally in the fossil record and when it

first appeared in the region can often be up to a million years or more [11].

Similarly, the stratigraphic record can cause the last occurrences of species to

be clustered at particular layers in a pattern that might lead one to interpret

it as a mass extinction, when in fact that clustering is controlled by processes

of sedimentation [12]. These modelling studies and numerous field studies
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that support them show that the fossil record cannot be trea-

ted simply at face value as a history of the presence of a

species in an area through time [8,9].

Controls on the stratigraphic distribution of fossils are less

well understood for larger spatial scales (regional to global)

and longer spans of time (more than 10 Myr). Over these

large spatial and temporal scales, several additional factors

control the accumulation of sediment and the preservation

of fossils, and these factors are non-uniform over space and

time. Even though patterns of fossil occurrence at these

larger scales cannot simply be scaled up from smaller-scale

models, such non-uniformity means the fossil record cannot

be read at face value over larger spatial and temporal scales.

In particular, the preservation of fossils will be highly non-

uniform over the surface of the Earth and through time. This

marked non-uniformity requires that probabilistic models for

estimating the origin of clades incorporate spatially and tem-

porally variable rates of preservation. This paper addresses

the controls on fossil occurrence over large spatial and tem-

poral scales in terrestrial and shallow-marine sedimentary

deposits (i.e. shelf, typically up to approx. 100–200 m in

depth, but not continental slope and deeper-water environ-

ments) and their implications for estimating the time of

clade origin.
2. The stratigraphic record as the primary control
of the fossil record

Because fossils are found in sedimentary rock, the accumu-

lation of sediments is the primary control on the occurrence

of fossils. Whether a particular organism is found in any

given sedimentary rock is controlled by the age of the rock,

where the organism lived and taphonomic (fossilization) pro-

cesses. Because most organisms are preserved largely in the

habitat in which they lived [13], and because taphonomic

processes are strongly tied to sedimentary environment

[14], the preservation of an organism is primarily governed

by the preservation of strata from the environment in which

it lived. Because sedimentary environments shift laterally

over time in response to sedimentation and relative changes

in sea level, the accumulation of rock in an area is not only

a record of changing geological age, but also one of continu-

ally changing sedimentary environment (i.e. sedimentary

facies, the rock record of that environment). Thus, the fossil

record does not simply record the origination and extinction

of clades. It is pervasively controlled by whether sediment

from the environment in which members of a clade lived

was deposited within the biogeographic range of that clade.

Over time scales greater than a few thousand years, the

accumulation of sediment is controlled by changes in accom-

modation, a vertical distance or volume reflecting the

movements of the ocean surface caused by changes in the

position of sea level, as well as tectonic subsidence, the verti-

cal movements of Earth’s crust caused by plate tectonic

processes. Accommodation is therefore often thought of as

a volume within which sediments can accumulate. Accom-

modation is secondarily affected by sediment compaction

(their compression from the weight of overlying sediment),

as well as isostatic adjustment (depression of Earth’s surface)

to the weight of sediment and water [15–17]).

As this accommodation fills with sediment, water depth

or elevation changes by a simple relationship: the change in
water depth or elevation equals the change in accommo-

dation minus the thickness of accumulated sediment.

Because compaction and isostatic subsidence respond to the

changing amounts of overlying sediment and water, changes

in water depth or elevation primarily reflect the balance of

tectonic subsidence, eustasy (global sea level) and the

supply of sediment.

Accommodation must be created for sediment to accumu-

late and persist over geologically long timescales without

being subsequently eroded. Thus, the formation of a sedi-

mentary record requires eustatic sea-level rise or tectonic

subsidence. In uplifting regions or regions experiencing a

relative sea-level fall, newly deposited sediment tends to be

eroded and carried away, and older sediment and rock may

also be eroded. Areas undergoing tectonically driven subsi-

dence tend to be large, tens to thousands of kilometres

wide, and are known as sedimentary basins. Because the

total subsidence in sedimentary basins commonly exceeds

several thousand metres [16], far more than the roughly

200 m of variation in eustatic sea level [18], the accumulation

of a substantial sedimentary record requires the formation of

sedimentary basins [19]. Spatial and temporal variations in

the rates of tectonic subsidence, eustasy and sediment

supply control the timing and type of sediment accumulation

within sedimentary basins.
(a) Extent of sedimentary basins
At any given time, only a limited portion of Earth’s surface is

occupied by sedimentary basins (approx. 16% today [20]).

Other areas that are undergoing uplift and erosion supply

sediment to the basins, in addition to carbonate sediments

produced by organisms living primarily within marine

environments. For example, Neogene (2.58–23 Myr) sedi-

ments of North America are limited primarily to coastal

areas, where they consist overwhelmingly of shallow-

marine deposits (figure 1). Neogene terrestrial deposits on

North America are limited mainly to two small areas in the

centre of the continent. Thus, shallow-marine and terrestrial

biotas have markedly different probabilities of being sampled

from North America, particularly when biogeographic distri-

butions of clades are considered. Although there is a good

chance that a marine species could be preserved in Neogene

sediments from North America, many terrestrial plants and

vertebrates, particularly those with small ranges, simply did

not live where they could be preserved.

Every continent displays different patterns of sedimen-

tation and erosion, depending on its tectonic setting. These

patterns of sedimentation and erosion vary markedly over

time, and they reflect the changing tectonic history of a con-

tinent. For example, North America was nearly blanketed by

shallow-marine deposition during the Ordovician Period

(443–485 Myr), and regions of terrestrial deposition were

widespread in the Palaeogene (23–66 Myr) [21].

Over shorter time spans, sediment can be deposited more

widely than just in subsiding basins. For example, Pleistocene

(11 kyr–2.58 Myr) to Holocene (present–11 kyr) sediment is

present along many lakes and rivers across North America,

even in areas that are undergoing net uplift and erosion.

Because of this net uplift, this sedimentary record is ephem-

eral and unlikely to persist into deep geological time (i.e.

more than 1–10 Myr) [20,22], and these deposits can be con-

sidered ‘doomed sediments’. This decrease in the quantity of
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Figure 1. Preserved Neogene sediments from North America, shown in dark
grey (terrestrial and shallow marine) and light grey (deep marine). Areas in
white have undergone net erosion since the Neogene, and as a result, any
sediments that may have been deposited in these areas have since been
eroded away. pm, passive margin; rf, retro-foreland; fa, forearc; d, doomed
sediments. Adapted from [21].
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the stratigraphic record backward through time, as well as its

accessibility at Earth’s surface, are major causes of the pull of

the recent, where the quality of fossil record declines with

geological age [23,24].
(b) Types of sedimentary basins
Sedimentary basins form from a variety of tectonic processes,

and these change systematically over long spans of geological

time. Basins differ widely in their size, rates of subsidence

and sediment supply, and as a result, have characteristic

differences in the facies they contain. Given the primacy of

sedimentary basins for preserving a fossil record, and given

their markedly different characteristics, it is essential to

review the main types of sedimentary basins.

Sedimentary basins are broadly divided into two cat-

egories based on the mechanism that causes them to

subside [16], each of which will be discussed below. Basins

formed by stretching and cooling of the lithosphere (the

outer rigid portion of Earth) include rifts, passive margins

and cratonic basins. Basins formed by flexure and bending

of the lithosphere include two types of foreland basins.

Rift basins form where continental lithosphere is stretched

and thinned during continental break-up [25]. Subsidence

rates in rift basins are relatively rapid, and vary markedly

over distances as short as a few tens of km. Although individ-

ual rift basins are on the scale of tens to hundreds of km, rift

systems composed of multiple basins may be up to several

hundred km wide, and are often much longer. Rift basins

commonly begin with a rapid transition from fluvial (river

channels and their neighbouring floodplains) to lacustrine

(lake) deposits, because the rate of subsidence initially exceeds

sediment supply. This is followed by a long shallowing

upward to fluvial deposition in their later history as the rate

of sedimentation overtakes the rate of subsidence [25].
Unlike most basins, rift basins can form at relatively high

elevations (more than 100 m above sea level), especially

early in their history. For example, lakes along the east African

rift system are at elevations of 500–1500 m, and northern por-

tions of the Rio Grande Rift in the USA are at elevations up to

2300 m. Although failed rifts may remain at relatively high

elevations, rift basins that evolve into passive margins even-

tually subside to near or below sea level and are eventually

filled by marine deposits. The elevation of environments

within a terrestrial sedimentary basin, as well as the water

depths within marine sedimentary basins, are important to

consider because of the strong ties of the distribution of

biotas to elevation and water depth [9]. A recurring theme

will be the difficulty of preserving high-elevation terrestrial

deposits, which greatly limits the preservation of some biotas.

Passive margins evolve from the late stage of rifting, and

as a result, are necessarily limited to the peripheries of conti-

nents, such as the Atlantic coasts of the Americas, Europe and

Africa. During rifting and stretching, continental lithosphere

is heated from below, and it cools and subsides following rift-

ing. Like oceanic lithosphere, cooling continental lithosphere

follows a characteristic exponential subsidence history with

progressively slowing subsidence rates over time. Cooling-

driven subsidence can persist for up to 600 Myr, with an

average basin lifespan of 180 Myr [26,27]. Passive margins

are thus one of the longest-lived and most spatially extensive

of all sedimentary basins [27,28]. Progressively slowing

subsidence of passive margins causes sedimentary environ-

ments to build seaward through time, producing a net

upward shallowing through much of the basin. Subsidence

rates increase seawards on a passive margin, and rivers there-

fore introduce sediment where subsidence rates are lowest.

As a result, terrestrial deposits on passive margins are typi-

cally thin and deposited at low elevations (less than 100 m

above sea level), and most sediment deposited on passive

margins is marine. Subsequent uplift and erosion of the

inner edge of a passive margin tends to erode and destroy ter-

restrial deposits, making the record of passive margins even

more dominated by shallow-marine deposits.

Cratonic basins are produced by a small amount of

stretching subsidence, followed by a long history of cooling

subsidence that lasts for several hundred million years

[29,30]. Because their total subsidence is controlled by the

amount of stretching [16], subsidence rates in cratonic

basins are substantially slower than those in passive margins.

Cratonic basins have a characteristic circular shape, can be

over 500 km in diameter, and have subsidence rates that

decrease outwards from the centre of the basin. Cratonic

basins form in the interiors of continents and may form in

clusters (e.g. the Williston, Illinois and Michigan Basins of

North America). Their subsidence patterns may overlap one

another and other basins, such as adjacent passive margins

and foreland basins [31]. Cratonic basins are generally filled

with marine or low-elevation terrestrial deposits, depending

on the position of sea level and the supply of sediment.

Foreland basins form by flexure and bending of the litho-

sphere, where the lithosphere is laterally compressed, often as

a result of continental collision. Compression of the lithosphere

creates thrust faults that cause portions of the crust to become

stacked upon itself. Mountains formed by this crustal thicken-

ing create a vertical load or weight on the lithosphere. The

lithosphere is depressed (subsides) under the weight of this

load. Because the lithosphere has strength, this subsidence
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occurs not only under the load, but also adjacent to it, essen-

tially forming a moat called a foreland basin [32]. Foreland

basins occur as two distinct types, known as pro-foreland and

retro-foreland basins [33,34]. Pro-foreland basins form at the

edge of continental lithosphere, whereas retro-foreland basins

form in the interior of continents. Although pro-foreland and

retro-foreland basins can occur independently of one another,

they may form simultaneously during continental collisions,

with the pro-foreland basin separated from the retro-foreland

basin by a mountain range.

Subsidence rates in a foreland basin reflect the rates of

crustal thickening and erosion within the mountain belt. In

a pro-foreland basin, the load migrates over time towards

the continent interior, and it progressively incorporates and

deforms sediment previously deposited in the basin [34].

The preserved pro-foreland basin records the final position

of the load and the subsidence generated by it, followed by

erosion of the load and filling of the foreland basin with sedi-

ment. In contrast, the load in a retro-foreland basin stays in a

relatively static position, and the basin therefore records the

complete history of loading. This history starts with rapid

crustal thickening in the load and therefore rapid subsidence

in the basin, followed by slower thickening and erosion of the

load, leading to little or no subsidence and rapid sedimen-

tation. This is followed finally by erosion of the load, with

final uplift and filling of the basin [35]. As a result, foreland

basins typically have two phases, an early phase of rapid

deepening that records rapid crustal thickening and loading,

and a later phase of net shallowing that records the erosion of

the load and a decrease in the rate of subsidence [36].

Foreland basins are laterally limited, typically 100–400 km

wide, depending on the rigidity of the lithosphere, and 200–

2000 km long, depending on the lateral extent of the mountain

load [16]. The entire history of a foreland basin, from initiation

to filling, is typically 10–50 Myr, much shorter than the lifespan

of a passive margin or cratonic basin [28]. During the early,

rapidly subsiding phase of a foreland basin, it may fill with

marine sediments if a connection to the open ocean exists

(e.g. Persian Gulf), or it may fill with terrestrial sediment if

such a connection is lacking (e.g. Tarim Basin, south of the

Tien Shan). Terrestrial sedimentation typically occurs in the

latter history of foreland basins as erosion of the mountain

load causes rapid dispersal of sediment into the basin [36]. Fore-

land basins may develop in low elevations or at much higher

elevations (e.g. 800–2300 m in the Tarim Basin, 500–2000 m

in the western USA).

Several other types of basins exist, such as pull-apart, piggy-

back, forearc and backarc basins [16]. Some of these basins (e.g.

pull-apart, piggyback) are less important for the fossil record,

owing to their smaller area. For example, 74% of modern

basin area comprises passive margins, cratonic basins and fore-

land basins [20]. Forearc and backarc basins constitute an

additional 21% [20], but these basins are less likely to survive

into the deep geological record, owing to their tendency to be

destroyed through deformation, metamorphism and erosion

in collisions with islands or continents [22].

(c) Importance of changes in accommodation
for deposition in sedimentary basins

Within a sedimentary basin, the history of deposition and the

types of preserved sedimentary environments are driven by

changes in accommodation, that is, changes in the rates of
subsidence and eustatic sea level change over time. The appli-

cation of the principles of accommodation and sedimentation

to understanding and describing the sedimentary record is

known as sequence stratigraphy. All sedimentary basins experi-

ence a change in their subsidence rate over time, and eustatic

sea level changes continuously, owing to variations in glacial

ice volume, groundwater and lakes, ocean temperature,

mid-ocean-ridge spreading rates, continental collision and

break-up, and sedimentation in ocean basins [18]. In addition,

dynamic topography caused by mantle upwelling causes

waves of uplift and subsidence to pass through all types of

sedimentary basins on timescales of 1–10 Myr, creating relative

sea-level variations that may commonly be mistaken for

eustatic sea-level changes [37]. As a result, sequence strati-

graphic principles that are widely applied over timescales of

less than 10 Myr also apply over longer timescales [38–40].

Particularly important is the concept of stacking patterns,

which describe how strata (e.g. parasequences and sequences)

are spatially arranged. Stacking patterns in marine and

terrestrial systems are recognized on different criteria.

In marine systems, four stacking patterns are now recog-

nized: retrogradational, aggradational, progradational and

degradational (figure 2) [17,40,41]. Each represents the

balance between the rate of accommodation and the rate of

sedimentation, and each has characteristic and predictable

expressions in the sedimentary record. Retrogradational stack-

ing develops when accommodation exceeds sedimentation. As

a result, stratal units (such as parasequences or sequences) are

stacked upwards and landwards through time, creating a net

upward deepening. Aggradational stacking forms when the

rates of accommodation and sedimentation are equal. In aggra-

dational stacking, stratal units are placed vertically on top of

the preceding unit, with no net landwards or seawards displa-

cement, producing a trend of no net upwards shallowing or

deepening. Progradational stacking occurs when the sedimen-

tation is faster than accommodation, provided that the rate of

accommodation is positive. Progradationally stacked units

are stacked upwards and seawards through time, causing a

net upward shallowing. Degradational stacking is similar to

progradational stacking but occurs when the rate of accommo-

dation is negative, which requires uplift or eustatic sea-level

fall. In degradational stacking, each successive unit is placed

seawards and downwards along the depositional profile.

In terrestrial systems, stacking patterns are also based on

the relative rates of accommodation and sedimentation

(figure 3). Where the accommodation is faster than sedimen-

tation, fluvial systems tend to be dominated by floodplain

deposits with isolated fluvial channels [42] or by lacustrine

systems [43]. Where the sedimentation exceeds accommo-

dation, terrestrial deposits tend to consist of stacked fluvial

channels with minor floodplain deposits.

Changes in subsidence rate over the history of a sedimen-

tary basin control its long-term stacking patterns. For

example, subsidence is faster earlier in the history of rifts, pas-

sive margins, cratonic basins and foreland basins than later,

and as a result, these basins tend to have initial retrogradational

stacking, followed by increasingly progradational stacking

[36,44]. Foreland basins also oscillate between periods in

which the rate of crustal thickening and loading exceed the

rate of mountain erosion and those in which the rate of erosion

is greater than the rate of loading. Consequently, foreland

basins vary over timescales of 10 Myr with alternating retro-

gradational and progradational stacking where marine facies
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are present [45]. Where filled with fluvial sediment, foreland

basins alternate between floodplain-dominated intervals with

isolated channel deposits and periods characterized by stacked

fluvial channel deposits [42,46], that is, between deposits like

those at the top and the bottom of figure 3.

Because sea-level change is cyclical over a wide range of

timescales [18], complex patterns of stacking can arise

(figure 4). For example, a short-term rapid relative rise in sea

level superimposed on a long-term slow relative rise in sea

level can generate small-scale retrogradational stacking

within large-scale progradational stacking. This hierarchical

arrangement produces what are known as sequence sets. As

a result, a particular facies may be encountered repeatedly

with a short vertical stratigraphic interval, but separated

from other occurrences of the facies by thick intervals of

dissimilar facies. In addition, the presence of hiatuses (periods

of non-deposition or erosion) at sequence boundaries and

sequence-set boundaries will cause these facies intervals to

be even more widely spaced in geological time.
3. Principles for interpreting the antiquity
of clades

Given the unlikelihood of preserving and sampling the oldest

member of a clade, as well as the time that must elapse
between genetic divergence and acquisition of a preservable

character that allows the clade to be diagnosed [7], the

oldest sampled member of a clade will always underestimate

the age of the clade. Estimating a clade’s true antiquity, there-

fore, generally requires an extrapolation or a probabilistic

estimation based on rates of fossil preservation. Estimates of

these rates should reflect the fossilization process, the struc-

ture and nature of the stratigraphic record over long spans

of geological time, as well as the effects of uneven sampling

by palaeontologists.
(a) Preservation varies among taxa
Variations in preservation among taxa reflect not only the

presence or absence of hard parts (shell, bone, wood, etc.),

but also their chemical composition, shape and size

[14,47,48]. Organisms lacking hard parts generally have

their preservation limited to relatively few deposits with

extraordinary preservation [49], which hinders efforts to

develop quantitative models of fossil occurrence. For organ-

isms with hard parts, differences in preservation necessitate

separate estimates of preservation rate for different clades.

A common approach for inferring whether a normally preser-

vable organism is absent within a stratigraphic interval is to

use a taphonomic control taxon, that is, another taxon that

commonly co-occurs in taphonomically similar deposits

[50]. This approach can and should be extended to taxa that

are not only taphonomically similar, but also environmen-

tally similar, as organisms may have similar probabilities of

fossilization yet lived in different environments.
(b) Preservation varies among depositional
environments

Clades are most likely to be found in the environment in

which they lived [9]. Although transport out of habitat has

been reported, this is often because the circumstances are so

extraordinary, such as ankylosaurs preserved in marine

deposits [51], or nautiloids carried thousands of kilometres

by ocean currents [52]. Even so, post-mortem transport is

the exception rather than the rule [13]. Estimates of the pres-

ervation rate of a clade should therefore reflect the occurrence

of the depositional environment in which the clade lived.

For example, regarding all marine strata as a sampling
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opportunity is likely to be misleading, because clades are

generally confined to a narrow range of environments,

particularly at lower taxonomic levels [9].

The association of marine taxa with particular environ-

ments often weakens at higher taxonomic levels. For

example, marine invertebrate genera display a strong associ-

ation to specific environments over timescales approaching

10 Myr [53–57]. Families and orders of marine invertebrates

commonly show a broader distribution among environments

than genera at any one time, as well as a drift to deeper-water

environments over timescales of tens to hundreds of millions

of years [50,58–61].

The occurrence of terrestrial taxa is likewise tied to

depositional environments, with temperature, elevation and

moisture being the dominant controls [62–65]. Terrestrial

floras and faunas also undergo evolutionary changes in

their preferred habitat and biome [66]. They may also display

strong differences in preservation among associated deposi-

tional environments, which can exert a powerful control on

their preservation and abundance [48]. For example, articu-

lated and well-preserved vertebrate fossils are more

common in floodplain and palaeosol (soil) deposits, whereas

vertebrate fossils in river channel deposits are more com-

monly disarticulated, dissociated and abraded [67,68].

Similarly, floodplain deposits are more likely to contain

leaves and in situ wood, whereas channel deposits are more

likely to contain transported logs, limbs and roots [65,69].

The preferred habitat of some organisms may not be an

environment in which sediment deposition generally

occurs. For example, rocky coasts are rarely preserved [70],

such that the fossil record of marine organisms requiring

hard substrates is largely limited to hardgrounds (surfaces

of seafloor cementation that develop within depositional

areas) and cases in which they attach to other shells

[71–73]. For terrestrial settings, large areas of modern conti-

nents are non-depositional. For such clades, preservation

rates may be low, or even effectively zero, and decreasing

with geological age, owing to the loss of doomed sediments.

(c) Preservation varies among sedimentary basins
Preservation of a clade varies among sedimentary basins,

owing to the biogeographic distribution of the clade, as

well as the size, longevity and preserved environments of

basins. The concept of sedimentary basins, that is, that sedi-

mentation is geographically focused in limited areas, is of

particular importance for determining the origin of clades,
because clades are generally rare and geographically

restricted early in their history [74–76]. Owing to sedimen-

tary basins, repeated sampling at any one time will be

limited to relatively few areas, with a necessarily limited

coverage of biomes and biogeographic provinces.

As a result of their widely varying sizes, different types of

sedimentary basins offer greatly different opportunities for

sampling clades, particularly when clades are confined to

few biogeographic provinces. Given the limited number of

basins, the fossil record will consist of repeated sampling

opportunities from relatively few biogeographic provinces,

and this structure will be more pronounced for terrestrial

basins, especially upland basins.

Differences in basin longevity also play a role. Cooling-

driven basins (passive margins, cratonic basins) typically last

an order of magnitude longer than flexural basins (foreland)

and stretching basins (rifts) [28]. As a result, cooling-driven

basins will offer more persistent opportunities for sampling

clades and biogeographic provinces than will be possible in

flexural basins or rifts.

Basins differ systematically in their preserved sedimen-

tary environments, leading to substantial differences in the

nature of the marine and terrestrial fossil records. Marine

deposition occurs in many flexural basins, but dominates

the substantially larger and longer-lived cooling basins. In

contrast, terrestrial deposition is most common in stretching

and flexural basins. Within terrestrial systems, there are

marked differences in the preservation of low-elevation and

high-elevation deposits. Low-elevation settings are more

likely to be preserved within pro-foreland, retro-foreland,

rift, and cratonic basins. Of these, only cratonic basins are

likely to have geologically sustained deposition. High-

elevation provinces and biomes are less likely to be preserved

and are largely limited to some rift and foreland basins.
(d) Preservation varies through time
Preservation of clades varies through time for biological and

stratigraphic reasons. Biologically, clades tend to be rare and

geographically restricted initially, then expand through the

first half of their history in both abundance and geographical

range; and then contract through the latter half of their history

prior to their extinction [74–77]. Stratigraphically, preservation

varies through time, partly from the formation and cessation of

sedimentary basins, but also through temporal variations in

subsidence, eustatic and sedimentation rates.
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The formation and cessation of sedimentary basins pro-

vides the first-order control on fossil preservation, with

temporal variations in subsidence rate and eustatic sea level

providing a second-order control. As a result, fossil preser-

vation will not only be clustered geographically, it will be

clustered through time. One might hope that such clustering

might somehow cancel out on the global scale, leading to

globally uniform rates of preservation. This is unlikely to be

true for three reasons.

First, the initiation of particular types of sedimentary

basins is non-uniform and correlated over time. The roughly

400 Myr cycle of supercontinent formation and break-up,

known as the Wilson cycle [78], produces systematic vari-

ations in the types of basins forming over geological time

[28]. For example, supercontinent break-up leads to the for-

mation of long chains of rift basins of similar geological

age, succeeded by a pair of passive margins on opposite

sides of the newly formed ocean basin. Similarly, cratonic

basins formed in two global pulses, one coinciding with the

break-up of Rodinia in the Late Proterozoic to Early Cambrian

and the other coinciding with the break-up of Pangaea in the

Late Permian to Triassic [29,79]. In contrast, times of super-

continent assembly generate a series of collisions between

arcs (volcanic island chains), islands and continents, and this

results in a protracted interval in which pro-foreland and

retro-foreland basins form. The Wilson cycle is also

significant in that long-term sea level is strongly correlated,

with times of supercontinent assembly characterized by low

eustatic sea level and times of supercontinent break-up

corresponding to high positions of eustatic sea level [80].

Second, basins of a similar type and age will share similar

subsidence and therefore depositional histories, such as the

pair of passive margins on either side of the Atlantic Ocean

or the trio of North American cratonic basins initiated in

the Cambrian. Because basins tend to have declining rates

of subsidence over time, basins of the same age will follow

a similar retrogradational to progradational history. As a

result, basins of similar type and age will tend to have a simi-

lar stratigraphic architecture and facies. Likewise, long-term

eustatic sea-level changes will cause basins to have correlated

stacking patterns, resulting in parallel variations in preser-

vation rate. Within any individual basin, long-term stacking

patterns will systematically control the availability of particu-

lar sedimentary environments, causing the sampling of any

particular environment to be highly non-uniform through

geological time.

Third, the progressive loss of doomed sediments over time

systematically changes the rate of fossil preservation. For

example, caves form in areas that are undergoing net erosion,

yet sediment may be washed into caves and remain over rela-

tively short time scales. Although ancient cave fills can be

preserved, even ones bearing fossils, cave-fill deposits are over-

whelmingly most common in Pleistocene to Holocene records

[81], where they may be an important source of fossils. Many

modern river, lake and pond deposits are also examples

of doomed sediment where they are not accumulating in sub-

siding basins. Although these doomed sediments may be

palaeontologically important records of the most recent history

of clades, they are progressively lost with time, diminishing

their importance in older geological intervals.

Doomed sediments are not limited to surficial terres-

trial deposits. Sedimentary basins that lie along convergent

continental margins have a lower probability of surviving
subsequent continental collision, metamorphism and erosion.

For example, forearc basins older than 10 kyr have less than a

20% probability of surviving a 10-fold increase in age,

compared with passive margin sediments, whose probability

is 60–70% [22]. Deep-sea sediments also have a steadily

decreasing probability of preservation with age [82,83]. Half

of the oceanic lithosphere is less than 85 Ma, and all overlying

sediments are therefore younger. No oceanic lithosphere

today is older than 180 Ma, creating an upper limit to the

age of deep-sea sediment, except in the rare cases where

oceanic lithosphere has been uplifted and emplaced onto a

continent and not subsequently metamorphosed.

Doomed sediments are important because they impose an

irreversible decline in the probability of preservation backward

through time. Importantly, however, doomed sediments are

predictably more limited to certain terrestrial records, the

deep sea and particular types of basins along convergent mar-

gins. Whether they are important in any particular study of the

fossil record will depend on the antiquity, biogeography and

environment of a clade.
(e) Sampling varies with exposure and collection
Even though sedimentary basins may preserve a wide range

of sedimentary environments of any given age, only a limited

set of these can be sampled in most cases. Rocks of any given

age are accessible in only a small portion of most sedimentary

basins where erosion was sufficient to bring them to the sur-

face but not enough to remove them altogether. As a result, it

is often not possible to sample coeval shallower-water strata

in more landward areas where uplift has caused wholesale

erosion and destruction of the rock record [84]. Likewise,

coeval deeper-water strata may be buried in seaward

locations, making their fossils largely inaccessible, except in

drill cores.

The correspondence between subsequent structural defor-

mation and the original sedimentary basin will dictate how

extensively rocks of a given age can be sampled within a sedi-

mentary basin. Where subsequent deformation is unrelated

to the mechanism of basin formation, more complete

sampling of the basin is possible. For example, the latest

Cretaceous to Early Palaeogene mountain building in the

western USA uplifted older passive margin and foreland

basin deposits in a complex pattern that provides widespread

opportunities for sampling rocks of a given age. In contrast,

uplift on the edges of many Mesozoic to Cenozoic passive

margins, such as along the Atlantic Ocean, is parallel to

the basin margin. As a result, rocks of a given age are

exposed only in narrow belts largely parallel to the original

depositional strike, that is, parallel to the ancient shoreline.

For example, Cretaceous rocks in New Jersey are exposed in

a belt only 25 km wide, and that of the entire Palaeogene

and Neogene is only 50 km wide. Because both of these

belts are largely parallel to depositional strike, exposed

rocks of a given age in New Jersey contain a narrow range

of sedimentary environments.

Compounding these limitations to sampling, collection

effort by palaeontologists is greatly uneven, with some

regions receiving intense study and others receiving little or

none, despite the availability of fossiliferous rock. Databases

can exacerbate this, particularly in their early stages [85]; for

example, currently 78% of vertebrate collections and 74% of
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marine invertebrate collections in the Paleobiology Database

are from North America and Europe.

As a result of exposure and collection effort, the number

of sampling opportunities for any given geological time inter-

val can be significantly less than what is available in the fossil

record, making the described fossil record of any given age

dependent on a few regions. Consequently, patterns of

exposure and study by palaeontologists make it less likely

that sampling will be sufficient to even out heterogeneities

in fossil preservation.
 g
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4. Realistic models of fossil preservation
The simplest and most straightforward model of fossil preser-

vation assumes that preservation is constant through time and

space, that is, a stationary Poisson process. Although such a

model was a reasonable and necessary assumption when con-

fidence intervals on fossil ranges were first developed [86,87], it

is clear now that preservation is non-uniform on both short

[8,9] and long timescales.

Preservation of fossils varies among depositional environ-

ments, among depositional basins, and through time.

Sampling also varies, owing to limited exposure and vari-

ations in collection effort. The net effect is that fossil

occurrences will be highly clumped both spatially and tem-

porally. Such clumping was noted in the earliest studies of

gap distributions in the fossil record [86,88,89]. Clumping

typically has been detected as departures from exponential

gap distributions, often with the Kolmogorov–Smirnov

(K–S) test, widely criticized for its low statistical power [90,91].

Given the potential for type 2 errors with the K–S test, non-

random gap distributions are probably more common than is

generally reported. Unfortunately, models assuming uniform

preservation continue to be used widely [4,6,92–94].

Rather than start with a geologically unrealistic model of

uniform preservation, evaluated with low-power statistical

tests, models of preservation should start with an informed

prior, namely that fossil preservation is non-uniform in space

and time [5,10,95]. At small spatial and temporal scales (less

than 10 Myr), such models have been useful for understanding

a wide range of patterns in the fossil record [8–12]. Theoretical

models for larger spatial and temporal scales do not yet exist,

but could be developed from the principles described here.

For now, empirical models that capture the stratigraphic and

geographical structure of fossil occurrences are readily devel-

oped, even with a limited understanding of the facies and

basins in which clades are found. To be useful, such empirical

models need not capture all aspects of sedimentary environ-

ments, basins and temporal variations in fossil recovery, as

incorporating even some of these would still improve upon

models that assume uniform preservation.

Several approaches to non-uniform preservation have been

adopted. Perhaps the most straightforward is to use databases

to partition the data and develop per-locality sampling rate

distributions that capture environmental, geographical and

temporal variations in fossil recovery [5]. For example,

Wagner & Marcot [5] calculated separate lognormal rates of

recovery with the data binned by stage and continent, and

using lepidosauromorphs (lizards, snakes, etc.) as a tapho-

nomic/ecological control taxa for mammals, the subject of

their study. They found that these distributed rates perform

‘vastly better’ than the best uniform sampling rates. Partitioning
their data by depositional basins rather than continents would

probably give superior rates, given that it would capture the

underlying basin-scale controls on fossil occurrence. Likewise,

partitioning the data by depositional environment may also

yield improved results, but such an approach might be hindered

by a lack of consistent environmental interpretations as well as

problems of overpartitioning, leading to bins with insufficient

data. Nonetheless, the approach of Wagner & Marcot [5]

shows that considering environmental, geographic and tem-

poral variations in sampling rate is superior to assuming

uniform preservation.

Partitioning the data and using taphonomic/ecological con-

trol groups to estimate sampling probabilities can also be used

to develop sampling functions for fossilized birth–death

models [3,6,96], time-scaled phylogenies [4] and confidence

intervals on fossil ranges [95]. It is unclear whether this

approach is feasible for capture–mark–recapture methods

that simultaneously estimate speciation, extinction and

sampling rates [97], given that it may be difficult or even

impossible to extract the large amounts of data from the fossil

record needed to estimate the parameters of these methods.

Indirect proxies of preservation could also be used to con-

strain sampling probabilities. One possibility is rock-outcrop

area (the area over which rocks of a given age are exposed at

the Earth’s surface), which correlates with fossil occurrences

and diversity [98–103]. For example, Sansom et al. [103]

used rock outcrop area and sea level to constrain the diver-

gence times of jawless vertebrates in the lower Palaeozoic.

They showed that ghost clades are explained substantially

better by using confidence intervals on the oldest members

of a clade that incorporate non-constant preservation. Other

possible indirect proxies include the number of stratigraphic

units [97], or the number of gap-bound sedimentary

packages [100,104].

In many cases, indirect proxies may be more available

than details on sedimentary environment, basin type and

sequence stratigraphic architecture that form the direct con-

trols on the occurrence of fossils. Indirect proxies should be

used with caution as they can give a misleading picture of

potential fossil recovery where not all strata are ‘sampling

opportunities’ [5], that is, collections from which a clade of

interest could have been sampled had they been present.

For example, Early Palaeozoic jawless vertebrates have a

strong affinity for near-shore terrigenous sandy substrates

[103,105–107]. Estimates of outcrop area in general will incor-

porate many more environments than such near-shore ones,

thereby overestimating the opportunities for fossil recovery

and artificially shortening confidence intervals on the origin

of clades. Indeed, when Sansom et al. [103] accounted for

habitat, the length of their confidence intervals increased,

better reflecting the probability of recovery of these jawless

vertebrates. If indirect proxies such as outcrop area, number

of stratigraphic units and gap-bound packages were tailored

to particular habitats, biomes and provinces, they could

produce improved estimates of fossil recovery.

Parametrized distributions have also been used to

describe variable sampling probabilities through time and

among taxa [108]. For example, Silvestro et al. [108] fit a

generalized beta distribution for each taxon that reflected

the tendency for species to be rare at the beginning and

end of their range. This was used with a birth–death

model to study the diversification of a clade, but it could

also be used to estimate the age of clade origin. The accuracy
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of this approach is affected by strong deviations from their

preservation model, but only when those deviations are con-

sistent throughout the dataset. Given the shared history of

sedimentary basins, such consistency of deviations is

probably the norm in the fossil record.

Exceptional fossilization (e.g. preservation of soft parts)

poses a significant problem for estimating the age of clade

origin [4], because such occurrences are often unique or

nearly so. Considerably more examples of exceptional fossiliza-

tion must be found before it is possible to develop a

parametrized or empirical model of their occurrence through

time, among basins and among depositional environments.

Where the oldest-known member of a clade is found in a bed

with exceptional preservation, it may not be possible to say

more than that the minimum age of the clade is the age of

that bed, and that the true age of the clade is almost certainly

far older [86,87].
371:20150130
5. Conclusion
Although it has been well understood that the fossil record

is highly structured and non-uniform over relatively short

timescales (less than 10 Myr), it is also structured and non-

uniform over geologically long timescales (more than

10 Myr). Not only is the availability of suitable facies a con-

sideration on these longer timescales, the geographical

distribution and types of sedimentary basins are particularly

important in that they determine the sampling of provinces

and biomes. Changes in eustatic sea level tend to produce

correlated patterns of fossil occurrence among sedimentary

basins. Long-term cycles of supercontinent formation and
break-up also create correlated non-uniform patterns of

basin initiation and cessation. In addition, some sedimentary

environments and basins are ‘doomed sediments’, unlikely to

survive into the ancient past, and these impose a secular

trend on the fossil record. Deep-marine, shallow-marine,

low-elevation terrestrial and high-elevation terrestrial settings

are all controlled by separate factors and are expected to

show discordant patterns of fossil occurrence through the

Phanerozoic. Finally, exposure of sedimentary basins is

non-uniform, as is study by palaeontologists.

These variations are highly structured, and empirical

models can be readily developed to improve significantly

on the false assumption of constant fossil preservation

through time. It may also be possible to develop a theoretical

model to capture the spatial and temporal variation in the

fossil record, based on an understanding of basin formation

and long-term variations in rates of accommodation and

sedimentation. It is time to abandon the model of uniform

preservation and adopt the geologically realistic case of

spatially and temporally non-uniform preservation. Such an

approach will produce more reliable estimates of the time

of origination of clades.
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