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  Abstract 

 Th e Intergovernmental Panel on Climate Change   (IPCC) has acknowledged that 
climate change represents a tangible threat to species richness, based largely on 
the evidence from climate envelope modelling   and the shifts in ranges of current 
species. However, because of uncertainty in the accuracy of extinction   forecasts 
from climate envelope modelling  , it would be useful to have an alternative source 
of information. Th e evidence from the fossil record   is less widely discussed, but 
supports the view that a warmer global climate will increase extinction rates   even 
without other associated human impacts such as habitat loss. Fine-scale studies 
show heterogeneity in results, but global-scale analyses demonstrate that extinc-
tion rates   are generally elevated during greenhouse phases and that biodiversity 
is depressed. Th ese trends are consistent with studies of extinction events that 
have implicated global warming as a consistent cause, triggered by carbon diox-
ide (CO 2 ) release from large igneous province eruptions  . Th ey suggest that abiotic 
factors such as climate are a major infl uence on biodiversity through time, but 
relatively predictably so (unlike the paradigm of the Court Jester  ). Th ey indicate 
that there are perils of a warm climate distinct from those of climate change alone; 
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that global biodiversity loss through climate change will only be reversed on geo-
logic timescales; and that any reduction in global warming will bring some benefi t 
to global biodiversity. 

    4.1     Introduction 

 What will be the consequences of anthropogenic climate change during the cur-
rent and next centuries? Th is question dominates much of the current research in 
the biological and earth sciences. Within the evolutionary and ecological sciences, 
major questions relate to whether and how climate change will cause extinction  , 
and to what extent this might aff ect biodiversity (Lovejoy and Hannah,  2005 ). 
Th ere are three sources of relevant evidence, representing the past, the present 
and the future. 

 Th e evidence from the present represents our observations of extant, or recently 
extinct, organisms and the changes that they have experienced as a result of cur-
rent climate change. Although there have been few documented recent extinc-
tions as a result of climate change (e.g. Pounds et al.,  2006 ; Th omas et al.,  2006 ), 
the eff ects of climate change on individuals and species are nonetheless pervasive 
(e.g. Parmesan and Yohe,  2003 ). Another source of evidence uses these observa-
tions, and particularly those on species ranges and range shifts  , to project changes 
in organismic distribution into the future with the aid of climate models   (e.g. 
Th omas et al.,  2004 ). Th ese two sources of evidence form the backbone of the claim 
of the IPCC ( 2007 ) that large-scale extinction   can be expected in the current or 
next century. 

 Th e extent of extinction   risk from climate change, implied by the climate enve-
lope modelling   approach, depends on the simplifying assumptions that must 
be made, about which there are great uncertainties (Th uiller,  2004 ; Araújo and 
Guisan,  2006 ; Ibanez et al.,  2006 ; Pearson,  2006 ). It is therefore desirable to have 
indications of the severity of extinction and biodiversity loss from other sources, 
and evidence from the past can provide that. In general, the past provides an 
important context within which current and expected future climate change is 
viewed. Earth history, for example, contains records of the magnitude of climate 
fl uctuation that has occurred since life began and serves to show how unusual 
the magnitude and rate of anthropogenic climate change has been (Frakes et al., 
 1992 ; Huber et al.,  2000 ; IPCC,  2007 ). Th rough anthropogenic climate change, the 
earth system is expected to enter a state which has not been seen for millions of 
years (IPCC,  2007 ), in terms of both temperature (e.g. Royer et al.,  2004 ) and par-
ticularly atmospheric CO 2  concentrations (e.g. Berner and Kothavala,  2001 ). Th is 
means that projections based on present-day biotas rely on ever greater extrapola-
tion. Earth history, however, contains the record of how biotas responded to such 
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changes in the past and can thus potentially inform the future, if only the ‘rules 
of response’ can be extracted over long time periods. As well as past fl uctuations 
in climate, there has been enormous variation in biodiversity since life began, 
measured as changes in the number of fossil families and genera across geological 
strata (e.g. Benton,  1995 ; Alroy et al.,  2008 ). Th is should provide the necessary data 
to identify statistical relationships, if they exist. 

 In this chapter I review recent fi ndings on the relationship between biodiver-
sity and climate over earth history. I ask if there are observable rules of response, 
and, fi nding them, ask what the causes may be and how they may be used to 
inform the future in ways that complement the lessons of climate envelope mod-
elling  . I then discuss the implications of the Phanaerozoic   associations for our 
general understanding of the evolution of biodiversity. Finally, I provide a set 
of research questions, raised by this discussion, to guide the next generation of 
studies. 

   4.2     Global climate and biodiversity over earth history 

 By far the majority of studies aimed at understanding the link between biodiver-
sity and climate are in some sense selective: that is, they focus on particular taxa, 
within particular geographic areas, and they cover a relatively small part of the fos-
sil record  . While the information gained so far is defi nitely useful, it is somewhat 
optimistic to hope that such studies will reveal any consistent rules of response. 
Indeed, by far the most consistent message that such studies reveal is how hetero-
geneous the biotic responses to climate variation can be. Th ree examples serve to 
illustrate this. 

 Alroy et al. ( 2000 ) examined the evolution of North American mammal   com-
munities in response to temperature fl uctuations revealed by oxygen isotope   
ratios during the Cenozoic  . Th e study is a model of careful analysis; not only are 
the measures of diversity and taxonomic rates carefully standardised for sampling 
eff ort, but the analyses take into account the problems of time-series analysis, such 
as serial trends leading to meaningless correlations, and temporal autocorrelation 
amongst the data, which are ignored in many studies. However, neither standing 
biodiversity nor origination or extinction   rates show any consistent relationships 
with the oxygen isotope   record. 

 Gibbs et al. ( 2006 ) studied the evolutionary responses of marine nanoplank-
ton at sites in North America   across the Eocene   thermal maximum. Th ey found 
that peaks in extinction   and origination coincided with the warming, although 
these opposing forces paralleled each other so closely that biodiversity was hardly 
aff ected in the short term. In the longer term, however, extinction remained higher 
than origination, leading to a drop in diversity. 
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 In contrast, Jaramillo et al. ( 2006 ) studied neotropical plant diversity over a 
large part of the Cenozoic  . Overall, increasing biodiversity was positively corre-
lated with temperature, although there was no signifi cant association between 
temperature and either origination or extinction  . 

 Th us, three diff erent studies give three completely contrasting impressions. It 
may be that, in the future, meta-analysis can be applied to a large collation of such 
studies that will reveal underlying consistencies in the responses across groups, 
regions or time periods. Indeed, the large-scale patterns I discuss below suggest 
that an underlying consistency will eventually be discovered. However, the most 
that we can currently infer from the fi ner-scale studies is that evolutionary proc-
esses and biodiversity can sometimes be associated with temperature, although 
we cannot even suggest what the general direction of the response will be. Given 
this lack of consensus, therefore, we might be wise to ask if larger-scale studies, 
in terms of taxonomic representation, geographic scale and timescale, can sug-
gest general rules of response where other studies have failed. Th ere is reason to 
suspect that they might, because larger-scale analyses should be less susceptible 
to the idiosyncrasies of particular regions, time periods or taxa. Put simply, if you 
want to discover general rules, make your data as general as possible. 

 Fortuitously, large-scale studies support the idea that there are general rules 
about how global climate regulates biodiversity. In what was possibly the fi rst 
study of this sort, Denness ( 1989 ) correlated marine animal diversity in the fos-
sil record   with temperature estimates from a global climate model, and found a 
positive association (i.e. higher diversity in greenhouse climates). Although the 
estimates of global temperature used are no longer well supported in the face of 
new data (and the associations are now thought to be the opposite of those sug-
gested by the paper), such a clear correlation should have stimulated at least fur-
ther research into whether such long-term associations exist and how they might 
be regulated. However, the academic community ignored the paper; it has never 
been cited by another scientifi c paper, and all the palaeobiologists I have spoken 
to were ignorant of it. 

 Fortunately the ideas were revived more recently by a pair of studies linking 
atmospheric CO 2  concentrations to evolutionary processes. Rothman ( 2001 ) cor-
related a CO 2  proxy   against two large data sets across the Phanaerozoic  : the num-
ber of marine animal genera ( Fig 4.1 ) and terrestrial plant families (not shown). 
Both were negatively correlated with CO 2  concentrations (i.e. diversity was lower 
under high CO 2  conditions and vice versa). Cornette et al. ( 2002 ) showed that pre-
dicted CO 2  concentrations (predicted from the GEOCARB III   model) positively 
correlated with origination rates   and, more weakly, with extinction   rates in ma-
rine animal genera. Given the strong correlation between atmospheric CO 2  con-
centrations and global temperature during the Quaternary  , it could be thought 
that strong links might be inferred between global biodiversity and global climate 
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change. In fact, this was not the case, possibly because at the time it was not well 
established that CO 2  concentrations and global temperature were strongly linked 
over the Phanaerozoic as a whole (e.g. Veizer et al.,  2000 ).      

 Th e suggestion that a link between temperature and biodiversity existed also 
came from a study on cycles in the marine animal fossil record   by Rohde and 
Muller ( 2005 ;  Fig 4.2 ). Th eir paper reported a 62-million-year (myr) cycle in the 
number of genera. However, a lesser-known feature of this paper is that it also 
reports a longer-term 140 myr cycle in the numbers of genera ( Fig 4.2 ). Rohde and 
Muller noted that a 140 myr cycle was consistent with the periods of other cycles 
reported in climate and cosmic rays, and therefore that it might merit further 
investigation. Th e climatic cycles in question here are the long-term changes 
between greenhouse and icehouse   modes during the Phanaerozoic   (Frakes et al., 
 1992 ; Veizer et al.,  2000 ). Frakes et al. ( 1992 ) reported the greenhouse phases 
as early Cambrian to late Ordovican, early Silurian   to early Carboniferous  , 
late Permian   to mid-Jurassic, and early Cretaceous   to early Eocene  . Th e ice-
house phases are sandwiched in between: respectively, late Ordovician   to early 
Silurian, early Carboniferous to late Permian, late Jurassic to early Cretaceous, 
and early Eocene to Present, and recent results also confi rm this (Royer et al., 
 2004  –  Fig 4.3 a).       

 Figure 4.1      Number of marine animal genera and the isotopic fractionation between 
inorganic and organic carbon against time. Circles show the number of marine animal 
genera. Squares show ε toc , a proxy   of atmospheric CO 2  concentrations (note the reversed 
scale). Th e insert shows the overall negative association after removing temporal 
autocorrelations. A similar association exists for terrestrial plant families (Rothman, 
 2001 ). Reproduced from Rothman ( 2001 ) with permission of the National Academy of 
Sciences of the USA.  
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 Further investigation of the trends suggested by Rohde and Muller ( 2005 ) was 
provided by Mayhew et al. ( 2008 ), who analysed the fossil record   from two data 
sets: the marine animal genera data set of Sepkoski ( 2002 ) and the global family-
level data set of Benton ( 1993 ) ( Fig 4.3 b–d), analysed as a whole and separately 
for marine and terrestrial taxa. Temperature estimates came from Royer et al. 
( 2004 ), who used the low-latitude   sea-surface oxygen isotope   data of Veizer et al. 

 Figure 4.2      Number of marine animal genera against age. (a) All data; (b) singletons and 
poorly dated genera removed; (c) detrended to show the 62-million-year (myr) cycle; (d) 
detrended to show the 140 myr cycle; and (e) Fourier spectrum of (c), showing the 62 myr 
and 140 myr cycles rising beyond the spectral background (W and R). Reproduced from 
Rohde and Muller ( 2005 ) with permission of Macmillan Publishers Ltd.  See colour plate 
section .  



Fa
m

ili
es

d

c

b

a

Time (mya)

 Figure 4.3      Time series (10 myr intervals) of estimated low-latitude   sea surface 
temperature, per capita extinction   rates, per capita origination rates   and standing family 
diversity. (a) Estimated low-latitude sea surface temperature from Royer et al. ( 2004 ); (b) 
per capita extinction rates   (myr –1 ); (c) per capita origination rates (myr –1 ); and (d) standing 
diversity of all families in Benton ( 1993 ) using the maximum dating assumption. Four 
mass extinctions   indicated in (b) are the end-Ordovician   (O), late Devonian (D), 
end-Permian   (P) and end-Cretaceous   (C).  
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( 2000 ) to estimate temperature, after accounting for changes to seawater pH ( Fig 
4.3 a) caused partly by changes in atmospheric CO 2  concentrations predicted by 
GEOCARB III   (Berner and Kothavala,  2001 ). CO 2  concentrations from GEOCARB 
III   and the number of sedimentary rock formations (Peters and Foote,  2001 ,  2002 ; 
Peters,  2005 ) were used as alternative predictor (control) variables. All data were 
detrended prior to analysis so the associations refer to the variability around the 
long-term trends ( Fig 4.4 ), which in the case of the biodiversity data may strongly 
refl ect collection bias (Alroy et al.,  2008 ).    

 In all data sets, signifi cant negative correlations between biodiversity and 
temperature were revealed, such biodiversity being relatively low during green-
house phases (Mayhew et al.,  2008 ;  Fig 4.4 c). Associations were the opposite for 
origination and extinction   rates, which were positively associated with tempera-
ture ( Fig 4.4 a, b). Temperature during the previous (10 myr) time-step often cor-
related most strongly with biodiversity and origination, suggesting a lag eff ect, 
but this was never the case for extinction. Although CO 2  concentrations were 
commonly also a signifi cant predictor of biodiversity, origination and extinction, 
as expected from previous studies, it was generally a weaker predictor than tem-
perature and eliminated from general linear models   (Mayhew et al.,  2008 ). Th is 
was also expected, since CO 2  concentrations are not known to show a 140 myr 
cycle coincident with the cycles in biodiversity, but temperature is. Although the 
sedimentary rock record (in terms of numbers of formations) strongly predicted 
biodiversity and taxonomic rates, the eff ect of temperature was retained despite 
this, and this was also expected, because of the absence of a known 140 myr cycle 
(Mayhew et al.,  2008 ). 

 In summary, therefore, current evidence supports the suggestion that the fos-
sil record   has distinctive characteristics during greenhouse and icehouse   modes 
of the Phanaerozoic  . Th ree further questions arise, namely: (1) why do the asso-
ciations exist; (2) what do they imply about the consequences of anthropogenic 
climate change for biodiversity; and (3) what do they imply in general about the 
evolution of biodiversity? 

   4.3     Why do the associations exist? 

 Because the fossil record  , taken at face value, contains a number of inherent 
biases, it is wise to retain some caution when interpreting the above associations. 
In particular we should fi rst ask whether the associations imply the operation of 
evolutionary-ecological processes or whether they refl ect geophysical processes 
such as the relationship between climate and sedimentary rock formation, hence 
sampling or preservation bias. Given the previous discovery of cycles of biodiver-
sity that are predicted by cycles of sedimentation (Smith and McGowan,  2005 , 
 2007 ), this problem is a realistic one (but see Melott,  2008 ). 
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 Figure 4.4      Associations between the time series in  Fig 4.3 . In each case the raw data sets 
have been transformed to stabilise variance, detrended, and then mean standardised for 
plotting on the same scales. Inserts show the correlations between the plots. Closed circles 
are temperature and open circles are (a) extinction   rate, (b) origination rate, (c) standing 
diversity of families. Double open circles indicate the intervals with the fi ve largest 
extinction rate residuals, corresponding to well-known mass extinction events, which from 
left to right in the time series are: end-Ordovician  , late Devonian, end-Permian   (× 2), end-
Cretaceous  . Lines are fi tted curves using 25 d.f. splines. Reproduced from Mayhew et al. 
( 2008 ) with permission of the Royal Society of London and Blackwell Scientifi c.  
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 One argument in favour of an evolutionary-ecological explanation comes from 
the independent evidence concerning the causes of mass extinctions  . Detailed 
geochemical and geophysical evidence from several mass extinctions  , discussed 
in more detail below, supports the idea that high global temperatures have played 
a role (e.g. Wignall,  2001 ,  2005 ; Ward,  2006 ), and these are consistent in timing 
with the greenhouse climatic phases analysed above (Mayhew et al.,  2008 ). 

 It is also encouraging that the associations between temperature and the fossil 
record   are retained even when controlling for the number (or turnover as appro-
priate) of sedimentary formations (Mayhew et al.,  2008 ). Furthermore, a perio-
dicity of biodiversity of the same order is retained in sample standardised data 
from the Palaeobiology database   (Melott,  2008 ), suggesting that the biodiversity 
signal is robust to sampling rate. In addition, some associations become stronger 
(Mayhew et al.,  2008 ) when measures of diversity or taxonomic rate are used that 
ignore singletons and are therefore less susceptible to bias (Foote,  2000a ). Finally, 
while it is true that the fossil record can be misleading if taken at face value, it also 
clearly contains some valid biological signals (e.g. Alroy,  2008 ; Alroy et al.,  2008 ). 
Correcting for preservation bias is still a fi eld under development, and while it is 
sensible to revisit these analyses as new ‘corrected’ data sets become available, it 
is also wise to remember that such data sets are not a panacea and come with their 
own assumptions and challenges (Kerr,  2008 ). 

 An alternative approach to ‘check’ the biological causation might come from 
studies of the timing of diversifi cation in phylogenetic trees   of extant taxa, or of 
gene genealogies, although these would have to be deep-rooted, and fairly robustly 
dated. A study along these lines by Ding et al. ( 2006 ) found weak evidence of peri-
odic evolution of new transmembrane gene families at 62 myr cycles (correspond-
ing with a 62 myr cycle in biodiversity), but not at 140 myr cycles. More studies of a 
similar nature would be interesting. 

 Taking the gambit then that there are evolutionary-ecological explanations to 
be found, what might they be? A major question is how the correlations revealed 
might refl ect causation. Th ere are two parts to this question. Firstly, how do the 
three response variables of standing biodiversity, origination and extinction   relate 
to each other? Secondly, what is the action of the explanatory variables? 

 It is likely that the regulation of biodiversity is via changes in extinction  , with 
origination responding to reductions in diversity via a rebound. Foote ( 2000b ) has 
shown that over the marine record extinction better predicts biodiversity than ori-
gination, probably because of its greater variance. Delayed rise in origination after 
extinction is also commonly documented (e.g. Kirchner and Weil,  1990 ; Sepkoski, 
 1998 ; Lu et al.,  2006 ; Alroy,  2008 ). Supporting this notion, the correlations between 
temperature and biodiversity and origination are often lagged (both lagging 
behind temperature), but this is never the case for extinction, suggesting that 
extinction is the more immediate agent of change (Mayhew et al.,  2008 ). 
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 What might be the causal mechanisms underlying associations between global 
temperature and extinction  ? An important consideration is that temperature is 
not the only environmental variable that has varied over geological time, nor the 
only variable that can aff ect biodiversity. Atmospheric CO 2  concentrations have 
already been mentioned above, but other variables that are commonly linked 
to the fossil record   include sea-level   variation, large igneous province eruptions   
and extraterrestrial impacts. Th e fi rst has long been linked to variation in fossil 
diversity. A recent study to address this topic is the analysis of Purdy ( 2008 ) which 
shows a strong positive correlation between sea level and the number of marine 
genera (even without detrending) over the Phanaerozoic  . More mechanistically, 
another study, by Peters ( 2008 ), showed that changes in the turnover of diff erent 
sediment types predict the turnover from Palaeozoic   to modern marine faunas, 
and suggested that sea-level fl uctuations are a likely causative link to both. Sea-
level fl uctuations are, of course, not without relevance to the immediate future 
of life on earth, since sea-level rises are expected in response to climate warming 
(IPCC,  2007 ). 

 Large igneous province eruptions   and extraterrestrial impacts are two of the 
most widely invoked potential causes of mass extinctions   (Arens and West,  2008 ). 
Th e evidence for the infl uence of impacts is best at the end-Cretaceous   extinction   
( Fig 4.3 b), where the coincidental evidence for a large impact crater, pervasive 
worldwide geochemical evidence and sudden disappearance of many taxa make 
it a likely contributor, though perhaps not the sole cause (Keller,  2001 ). Th ere is also 
pervasive evidence that impacts can increase the severity of extinctions through 
other causes (Arens and West,  2008 ). Large igneous province eruptions have been 
invoked in several mass (and other minor) extinctions (Wignall,  2001 ). One study 
has suggested that the combination of volcanism and impact best predicts the 
severity of the extinction event (Arens and West,  2008 ). 

 Th ere is then the potential, not yet fulfi lled, to include a greater range of envir-
onmental variables such as these into statistical modelling of the fossil record  , and 
also to infer causation between the variables via path-analysis approaches. Clearly 
causative interactions between many of the variables are likely (see above refer-
ences). For example, tectonic   activity may release CO 2  to the atmosphere; atmos-
pheric CO 2  may increase temperature; tectonic   activity may infl uence sea level  ; 
temperature may infl uence sea level; and sea level and tectonic   activity may both 
infl uence the types and quantity of sedimentation processes. So far, however, only 
temperature is known to show the 140 myr cycles that are likely to predict those 
seen in the fossil record, although fl uctuations in sea level, which are not obvi-
ously periodic, clearly accord with similar ones in marine genera (Purdy,  2008 ). 
Why climate cyclicity might exist in the Phanaerozoic   remains an open question; 
the subject of ongoing debate amongst palaeoclimatologists and astrophysicists 
(e.g. Shaviv and Veizer,  2003 ; see also Caballero and Lynch,  Chapter 2 ). 
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 Given, then, that temperature has some direct and pervasive causative eff ect 
on extinction  , what are the possible mechanisms? Th ere are, again, two major 
sources of inspiration: mechanistic studies of mass extinctions   and studies of how 
global temperature change aff ects modern species. 

 Mechanistic studies of mass extinction  , notably the end-Permian   ( Fig 4.3 b) but 
increasingly others, have recently invoked marine crises, termed ‘euxinia  ’, in which 
large parts of the ocean surface waters become anoxic   (Meyer and Kump,  2008 ). 
Involved is a web of forces, including CO 2  eruptions from large igneous provinces  , 
such as the Siberian traps at the end-Permian, warming of the oceans, and release 
of submarine methane hydrates and hydrogen sulphide (H 2 S) by sulphur bacteria 
in anoxic   waters (Ward,  2006 ). On land the H 2 S released may have depleted the 
stratospheric ozone layer (Ward,  2006 ), and warming, combined with the dispo-
sition of the continents in a single large land mass, Pangea, may have combined 
to lead to widespread desertifi cation (Benton,  2005 ). Although such forces have 
only been studied in a few extinction events, the possibility that they may be more 
pervasive in earth history and correlated with extinction rates   generally deserves 
attention. As well as empirical documentation of the distribution and extent of 
euxinia, coupled earth–ocean–atmosphere models   capable of predicting their 
incidence through the Phanaerozoic   are required to see if euxinia are predicted to 
be associated with greenhouse phases more commonly than icehouse   phases (as 
seems likely – Meyer and Kump,  2008 ) and also with extinction severity. Similarly, 
the extent of low-diversity biomes   such as deserts   might be higher in greenhouse 
than in icehouse phases, but statistical studies are warranted. 

 Studies of the impact of current climate warming on present-day biodiversity 
emphasise how climate change may cause mismatch between species’ current 
distributions and the expected future distribution of their current climatic enve-
lopes (Th omas et al.,  2004 ). Although much publicity is focused on the changes 
taking place to cold environments, such as the Antarctic and high Arctic  , where 
the rate of climate change is highest and the eff ects most visible, most biodiversity 
is, of course, tropical. Some studies have suggested that tropical species   may suf-
fer just as much as, perhaps more than, high-latitude species, because although 
they may not experience high rates of temperature change, thermal tolerances of 
tropical species may not be high (Deutsch et al.,  2008 ), and the climatic space that 
is expected in tropical environments is outside the current norms (Williams et al., 
 2007 ). Another potential threat to tropical species is that many have small geo-
graphic ranges (Gaston and Blackburn,  2001 ), and this means that the entire popu-
lation of a species is vulnerable to local extinction   threats. Th ere is some excellent 
evidence from the fossil record   that small geographic ranges can show increased 
extinction rates   in comparison to large ones (e.g. Jablonski and Lutz,  1983 ), and 
the phenomenon is also predicted by the equilibrium theory of island biogeog-
raphy   (MacArthur and Wilson,  1967 ). It is not currently known, but if species in 
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greenhouse climate modes evolve these ‘tropical’ characteristics more generally, 
then that may make biodiversity in general more vulnerable to change than would 
be the case in icehouse   modes. 

 Collectively, then, these two approaches suggest two broad mechanisms by 
which greenhouse climate modes might elevate extinction  . Firstly, warm worlds 
may be more likely to experience certain types of threat, such as euxinia   (the per-
ils of a warm world). Secondly, when threats do occur, such as short-term climatic 
fl uctuations, the severity of the extinction that results from them might be elevated 
(the perils of change in a warm world). 

   4.4     Implications for current climate warming 

 Are Phanaerozoic  -scale studies useful for predicting the consequences of 
anthropogenic climate change? It might be argued that they are not. Firstly, the 
Phanaerozoic climate measures are at relatively crude temporal scales, and cannot 
therefore adequately address the eff ects of short-term climate fl uctuations, which 
we know have occurred in the Tertiary  , Quaternary   and Holocene  . Th us the whole 
issue of how rapid changes in climate, rather than climates per se, aff ect biodiver-
sity, simply cannot be easily addressed at those long temporal and global scales. 
Secondly, short-term processes might be diff erent from long-term processes, and 
it is a leap of faith to extrapolate from one to the other. Th irdly, confi dence in both 
the climate and biodiversity data is likely to be reduced at longer temporal scales 
because the data become sparser and more prone to biases. 

 Th ese three objections are all valid points, but should not in themselves deter us 
from seriously considering the long-term picture alongside other data ( Table 4.1 ). With 
regard to timescales, it is known that many of the statistically infl uential extinctions 
over the Phanaerozoic   occurred over much shorter timescales than is implied by the 
interval between data points, so short-term changes do contribute to the patterns 
observed over long timescales. Th is should not simply be dismissed. Furthermore, 
the long-term patterns allow us to consider variation that cannot be considered over 
shorter intervals, hence it adds to our empirical knowledge. Suppose we were only 
to consider Cenozoic   climate fl uctuations; we would have fi ner-scale data and have 
greater confi dence in them, but we would not be able to consider major greenhouse-
to-icehouse   fl uctuations in the same way, reducing the climatic variability we can 
consider. During the Cenozoic there was a gradual long-term reduction in planetary 
surface temperatures ( Fig 4.3 a), representing the transition from a greenhouse to 
icehouse mode, with shorter-term fl uctuations. However, that transition is unrepli-
cated, and would, as standard, be detrended and removed in a time-series analysis 
(e.g. Alroy et al.,  2000 ; Mayhew et al.,  2008 ; Melott,  2008 ). Hence a Cenozoic study 
would consider short-term fl uctuations, but of lesser extent.      
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 Furthermore, a study over short durations would necessarily have to consider 
fewer taxa, because the temporal detail required would not be available for all. Th is 
may be problematic because of the large idiosyncrasy that is suggested by exist-
ing studies; consistent rules may easily go undetected. Finally, the Phanaerozoic  -
level associations between biodiversity and climate do not rely on the modelled 
data being accurate in every sense; they simply rely on the underlying pattern of 
greenhouse and icehouse   fl uctuations of roughly the estimated duration, and this 
is known with greater certainty than the precise temperatures. It is perhaps bet-
ter, therefore, to view the global Phanaerozoic-level studies as complementary to 
fi ner-scale studies ( Table 4.1 ). 

 Once it has been decided that Phanaerozoic-scale studies can in principle pro-
vide a context for the eff ects of current climate change, it is important to con-
sider the level of predictability that such studies show. Th e associations might be 
described as moderate in strength, but they do not, prima facie, appear highly pre-
dictive ( Fig 4.4 ). In the extinction   time series ( Fig 4.4 a), the largest positive outlier is 
the end-Ordovician   mass extinction (see also  Fig 4.3 b), which took place during an 
icehouse mode. At this time, life was not established on land, and the continents 
were disposed rather southerly. It is conjectured that glaciation   and concomitant 

 Table 4.1     Complementary attributes of global Phanaerozoic   and fi ner-timescale studies. 

Attribute  Global Phanaerozoic   studies Finer-scale studies

Confi dence in raw 
data

Lower, but high confi dence 
not necessarily needed for 
associations to hold

High

Spatial scales 
considered

Large, so can detect general 
patterns

Small, so idiosyncrasies 
may mask general patterns

Temporal intervals 
considered

Long, so need other 
studies to infer short-term 
processes, but short-term 
processes can contribute to 
patterns

Short, so obviously more 
relevant to current change, 
and can consider issues of 
rate of change

Temporal 
durations 
considered

Very long, so can consider 
larger range of environmental 
conditions

Shorter, so idiosyncrasies 
may mask general patterns

Number of taxa 
considered

 Can be all taxa with a fossil 
record  , so general rules may 
be more apparent 

Fewer, studies tend 
to be taxonomically 
focused, so 
idiosyncrasies may mask 
general patterns
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eff ects on sea level   were a major factor in the extinctions at this time (Sheehan, 
 2001 ). However, such glacially caused mass extinctions   appear to be the exception 
rather than the rule. Clearly, then, greenhouse eff ects are not the only cause of 
extinction, and other abiotic extremes are also partly or wholly responsible (Arens 
and West,  2008 ). Th is adds error variance to the association with temperature. 

 Th e next mass extinction   that least conforms to the temperature trend is the end-
Cretaceous   extinction. Presumably the eff ects of meteor impact were important 
here. Th e fact that the associated residual is not even larger may be just coincidence 
(the end-Cretaceous was still a relatively warm period). However, temperature 
may also have played a role in accentuating the scale of the extinction. In general, 
variance around the trends sometimes appears greater in extinction compared 
to origination or biodiversity ( Fig 4.4 b, c; see also Cornette et al.,  2002 ). Likewise 
there are episodes of high extinction during the Carboniferous   icehouse   mode and 
Jurassic cool mode. Th is suggests that temperature also has tighter, more direct 
eff ects on the origination rate. Th is might be caused, for example, by allowing lar-
ger rebounds after extinction during greenhouse modes than in icehouse modes. 
Th is idea would fi t well with the accord that evolutionary rates   may be higher in 
low-latitude than in high-latitude   regions (Cardillo,  1999 ; Davies et al.,  2004 ). 

 In general, then, the moderate coeffi  cients of determination of the temperature–
biodiversity associations are not necessarily cause for pessimism in the under-
lying predictability between changes in temperature and biodiversity; they may 
simply represent the fact that in an observational, uncontrolled data set, many 
environmental variables are fl uctuating at the same time. It is encouraging that 
the fossil data are in broad agreement with the climate envelope modelling   data 
in suggesting that extensive extinction   and biodiversity loss will result from global 
warming, although they may imply diff erent mechanisms (see below). 

 Th e relationship between temperature and extinction   rates is much more pre-
dictive at high temperatures than at low temperatures ( Fig 4.4 a). At low tempera-
tures, extinction rates   are highly variable across strata. At high temperatures they 
are always high. Th is is notable because of the current direction of change in glo-
bal temperatures (i.e. upwards). Because the long-term background temperatures 
in tropical seas in the end-Permian   were of the order of 6 °C higher than today 
( Fig 4.3 a), and because global surface temperature rises of the order of 6 °C are 
possible for the current century (IPCC,  2007 ), this justifi es some concern over the 
possibility of catastrophic changes to global ecosystems on very short timescales. 
Th erefore, of the causative mechanisms outlined by studies that invoke climate 
change in mass extinctions  , we should ask if such mechanisms could operate and 
become more likely in the current or next century. Methane hydrate   stores in the 
deep ocean are suffi  cient to cause a catastrophic change   in climate if they were 
released suddenly (Archer,  2007 ). Worryingly, such stores are sensitive to seafl oor 
temperatures (Buff et and Archer,  2004 ), but comfortingly, present data indicate 
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that on the timescale of a century or so, the seafl oor is relatively buff ered against 
changes to surface temperature (Archer,  2007 ). However, methane hydrates could 
still be a signifi cant contributor to future climate warming, and release of methane 
from permafrost environments is tangible and a contributor to current climate 
change. On a longer timescale of hundreds of millennia, hydrate release is likely 
to have a greater eff ect, perhaps as large as that of fossil-fuel combustion, but this 
should give time for the anthropogenic warming to be combatted, and would in 
any case be a chronic rather than a catastrophic change (Archer,  2007 ). 

 Th e incidence of euxinia   today is very low, and euxinia are thought to be pro-
moted by periods of global warmth primarily through reduced solubility of oxygen 
rather than oceanic stagnation (Meyer and Kump,  2008 ). Anoxia leads to phos-
phate release from sediments; critical to the widespread incidence of euxinia is a 
continental confi guration that encourages nutrient trapping. Warmth combined 
with biological productivity can enhance oxygen depletion and sulphide build-up. 
Models of the nutrient-trapping effi  ciency of palaeogeographic reconstructions 
suggest that the end-Permian   continental confi guration, with Pangea enclosing 
the Tethys   sea, would have led to widespread conditions that favour euxinia. In 
contrast, the modern world has a much lower nutrient-trapping effi  ciency, and 
thus it appears that the likely future incidence of euxinia, while increasing due to 
temperature, is less likely to be catastrophic (Meyer and Kump,  2008 ). 

 Th ere are qualifi ers to add to the above summary. Reported incidents of hypoxia 
in coastal waters have shown a recent rise, and have been described as a major 
threat to coastal ecosystems globally (Vaquer-Sunyer and Duarte,  2008 ). While 
hypoxia is therefore unlikely to cause catastrophic eff ects on global biodiversity, 
similar to a mass extinction  , it is nonetheless likely to cause increasing depletion 
of fi sheries   in those aff ected areas and some loss of biodiversity (Bakun and Weeks, 
 2004 ). It may also contribute to greenhouse emissions, another positive feedback 
on the climate system. 

 We might also ask whether the distribution of world biomes   is expected to see 
catastrophic change  . Once again, the answer seems to be: some change, but not 
catastrophic. In general, biome shifts   on a scale of centuries will be detectable 
and signifi cant for biodiversity but not globally catastrophic (Cramer et al.,  2001 ). 
Biodiversity capacity in the absence of land-use change should actually show a net 
increase due to the positive eff ects of CO 2  increases trumping the negative eff ects 
of warming (Woodward and Kelly,  2008 ). 

 Th erefore, while the inferred processes at the end-Permian   and other extinc-
tions can be seen to be operating on smaller scales today, current research does 
not indicate that we will see catastrophic changes on the timescales of centuries, 
though changes could nonetheless be chronic. However, given the severity of the 
threat, we need higher certainty. We need much greater confi dence in our under-
standing of the underlying processes than we currently have, and we also need to 



GLOBAL CL IM ATE A ND E X T INCT ION: E V IDENCE F ROM THE F OS S IL  RECORD 115

know the extent of ‘breathing space’ that we have. In particular, we should try to 
push global ocean–earth–atmosphere   models   into an end-Permian environmen-
tal state to understand exactly what anthropogenic changes would pose a globally 
catastrophic threat. 

 Th e Phanaerozoic   associations bear two wider-ranging messages for our under-
standing of the eff ects of future climate change. Th e fi rst relates to the form of the 
relationship. Th is is essentially gradual in nature ( Fig 4.4 ) rather than a threshold 
eff ect, with warmer climates leading to larger eff ects. Climatologists often refer to 
tipping points in the climate system (Lenton et al.,  2008 ), such as the absence of 
Arctic   ice in summer which will have a signifi cant additional warming eff ect. Th e 
presence of tipping points, which may inevitably be passed, may engender help-
lessness and apathy amongst policy makers. In contrast, the fossil record   suggests 
that any kind of mitigation action that will reduce global warming will actually 
have benefi cial eff ects; any decrease in global temperature, however small, will 
lower extinction   risk. Th is suggests that, far from apathy, what is needed is the 
resolution to carry through benefi cial changes in the knowledge that, however 
slight, they will have some mitigating eff ect. Th e second message relates to the 
persistence of the eff ects. Rises in origination after extinctions  , at least amongst 
higher taxa, are likely to be delayed by millions of years, and therefore the bio-
diversity loss may be very long-term, measurable on geological timescales. Th is 
should again encourage immediate action, since any losses of biodiversity are 
unlikely to be replaced during the lifetime of our species. 

   4.5     Implications for the evolution of biodiversity 

 Aside from their potential for predicting the future, associations between global 
climate and the fossil record   are of interest simply because the variability in the 
history of life is something to understand and explain. Th e above studies suggest 
that abiotic factors play a major role in regulating biodiversity through time, and 
also, because of the taxonomic turnover that occurs through extinction   and ori-
gination rebounds, in the taxonomic composition of that diversity. 

 Studies of the fossil record   have produced two alternative paradigms related to 
abiotic and biotic eff ects on extinction   (Benton,  2009 ). Th e Red Queen hypothesis   
holds that biotic forces produce a continual and predictable extinction risk, while 
the Court Jester   hypothesis holds that extinction is abiotic, episodic and unpre-
dictable (Benton,  2009 ). Th e results detailed above are not fully consistent with 
either. Like the Court Jester, extinction is inferred to be mediated through abiotic 
causes, but like the Red Queen this extinction is relatively predictable. Th e results 
therefore demand a third paradigm, of abiotic but predictable extinction, which 
I propose here to call the ‘Ace of Spades’ because of the consistent associations 



CL IM ATE CHA NGE, ECOLOGY A ND SYSTEM AT ICS116

of that symbol with death and destruction, and in keeping with the playing-card 
connotations of the other two paradigms. 

 Some qualifi cation is needed; the associations relate, of necessity, to fl uctua-
tions around the long-term trends. One expects the long-term trends themselves to 
be regulated by the general extent to which origination outweighs extinction  , and 
how both change over time, and in particular whether growth is exponential or 
more logistic (Benton,  1995 ,  1997 ; Alroy,  2008 ). However, abiotic factors may infl u-
ence the long-term trends as well, for example, if the species richness is aff ected 
by sea level   for marine organisms (Purdy,  2008 ) or by continental confi gurations 
(Valentine and Moores,  1970 ). 

 An interesting puzzle that emerges from the Phanaerozoic   studies is that the 
relationship between taxonomic diversity and temperature is negative over time, 
but is positive across space, as seen in the latitudinal gradient in diversity. To fi nd 
the opposite eff ect in time compared to space seems contradictory, prima facie, 
but a deeper consideration shows a possible solution. Th e spatial pattern of lati-
tudinal diversity depends on regional processes, while the temporal pattern 
depends on processes that are presumably global. Essentially, then, the spatial 
diversity gradients could remain over time while global diversity fl uctuates over 
time. It is perfectly plausible that the global and regional processes might be dif-
ferent: hypothetically, for example, the waxing and waning of high-latitude   ice 
sheets may generally increase extinction   rates in high latitudes compared to low 
latitudes (Willig et al.,  2003 ), while the temporal incidence of marine euxinia   may 
cause temporal variability in global extinction across all latitudes. 

 In addition, processes or events can occur that cause the build-up of latitudinal 
gradients in diversity, but that do not contribute towards temporal global diversity 
trends. Time spent in the tropics and limited dispersal   to high-latitude   regions are 
thought to be infl uential in latitudinal diversity patterns (e.g. Böhm and Mayhew, 
 2005 ; Jablonski et al.,  2006 ), but neither can contribute to a global temporal pattern 
that by defi nition ignores them. 

 Th e spatial and temporal patterns are not contradictory in one respect, and that 
is in origination rates   (positively related to temperature in space and over time). 
Hence the Phanaerozoic   patterns support the idea, derived from spatial diversity 
patterns, of an association between environmental energy and speciation   rates, 
and generally of evolutionary rates  . 

   4.6     Future research 

 Like many scientifi c studies, analysis of the relationship between global tempera-
ture and the fossil record   poses many more questions than it answers. Because of 
the signifi cance of the topic, these new questions need urgent attention.  
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   Do the associations between global climate and the fossil record   hold using  ■

shorter-term variation?  

  Do these associations hold in the face of our increasing knowledge of sampling  ■

and preservation biases?  

  Do deeply rooted phylogenetic inferences or genealogies provide any support  ■

for higher diversifi cation rates during greenhouse modes?  

  Is the association between origination and extinction   dependent on tempera- ■

ture?  

  Does temperature retain its signifi cance in a larger multivariate analysis of  ■

many environmental explanatory variables, and what are the causal relation-
ships between the variables?  

  How are the temporal associations between temperature and biodiversity con- ■

sistent with spatial associations of the opposite form?  

  Does the incidence of marine euxinia   correlate with global temperature?   ■

  Are species’ geographic ranges smaller during greenhouse modes?   ■

  Does variation in the extent of biomes   over geological time predict extinction    ■

intensity, and does it accord with climate modes?  

  What increases in temperature in the near future will be required to recreate  ■

conditions in the Permian  –Triassic mass extinction  , if at all?  

  What threats to current biodiversity from current climate change result from  ■

high temperatures per se as opposed to changes in temperature?    
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