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 Abstract     Most of the evolutionary trends described in the following pages concern 
more or less gradual geometrical and ornamental transformations occurring over 
long periods of ecologically stable periods. Such trends are discussed in Chapter   1     
of this study. 

 By contrast, major evolutionary jumps in several invertebrate groups occur dur-
ing massive extinction periods, which are characterised by the appearance of primi-
tive forms resembling remote ancestors of their immediate progenitors. These forms 
are defi ned as atavistic. Homeomorphic species generated during sublethal environ-
mental stress can be separated from the ancestral group by several millions of years. 
In this paper we present a new theoretical model of retrograde evolutionary changes 
during sublethal environmental stress and analyse the evolutionary patterns of some 
planktonic foraminifera, radiolarians, nautiloids, conodonts, corals and ammonoids 
during major extinction periods. In ecologically stable periods, the transformations 
of the skeletons are characterised by an increase of shell curvature, corresponding 
to an increase in the apparent geometrical complexity. During periods of sublethal 
environmental stress, rapid retrograde evolution occurs in many invertebrates. The 
evolution of silicofl agellids is discussed as an example of application of artifi cial 
stress to modern organisms. 

http://dx.doi.org/10.1007/978-3-319-27917-6_1
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   Foreword   

 For billions of years nature unrolls the script of life, which incessantly amuses 
 scientifi c minds. The emergence of fi rst prokaryotes and their long dormancy, ensu-
ing sudden explosion of complex forms that appeared fi rst as eukaryotic single cell 
organisms, subsequent rise in multicellularity and multiple waves of genesis of new 
phyla, genera and species, constitute a highly convoluted natural history, mecha-
nisms of which remain the main challenge ever faced by human intellect. The path 
of evolution was turbulent, and often the genesis was interrupted by mass extinc-
tion. The responses of life to these mass extinctions are the main theme of this book. 
The mass extinction events, which the biosphere regularly witnessed, are associated 
with global catastrophes that suddenly presented living forms with severe stress by 
narrowing the conditions for survival. This mass extinction, however, not only elim-
inated species; it triggered a specifi c response that Jean Guex elegantly described in 
many papers and in this book as “retrograde evolution.” In brief, severe environ-
mental stress instigated the emergence of ancestral forms of many organisms, the 
forms that have seemingly been extinct for millions of years. In response to cata-
clysm evolution does not retreat by one step but rather goes all the way down to the 
basic forms. This is the most fascinating discovery as it not only implies the exis-
tence of persistent “genetic memory” but also assumes the presence of an internal 
switch that activates rapid return to the primeval evolutionary forms. The concept of 
retrograde evolution and the ideas presented by Jean Guex in this book open a new 
fi eld in evolutionary biology: the fi eld of “genetic memory” and rapid regulation of 
evolutionary trends in response to environmental challenges. What are the intrinsic 
mechanisms, how is the genetic memory preserved, why are primitive forms more 
resilient and what forces rapid retreat? All this remains an open problem. This 
conundrum is also a challenge, and this book is made to excite the intellectual 
capacities of the reader and inspire further advances in our evolutionary thoughts.  

  Manchester     Alexei     Verkhratsky    
  October 10, 2015 
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    Chapter 1   
 Evolutionary Trends During Periods 
of Relative Ecological Equilibrium                     

1.1                Introduction 

 The global crises which punctuate Earth History and are responsible for the classical 
extinctions that took place—for example, during the Permian Triassic or at the 
Cretaceous Tertiary boundary—are framing periods of relative ecological equilib-
rium during which gradual, slow evolutionary trends lasting millions of years develop. 

 These trends often start with “simple” organisms and end with much more 
“advanced” ones. These rather obvious trends have been widely studied during 
recent decades at the expense of researching the evolutionary reactions of the living 
organisms during the crisis. 

 The goal of the present book is to analyse the reversals of the most common 
evolutionary trends observed in the fossil record of some selected invertebrates 
(ammonoids, radiolarian, foraminifera and  conodonts  ) during periods of ecological 
disequilibrium and extinctions. It is therefore necessary to describe fi rst the basic 
trends observed during periods of ecological dynamic equilibrium. 

 Then we will describe the reversals affecting the organisms which survived 
major extinctions generated by ecosystem collapses due to both extrinsic (physical 
and/or chemical) and intrinsic (biotic) stresses. 

 Palaeontologists generally use the term “evolutionary trend” to describe the ori-
ented morphological transformations occurring in stratigraphic sequences of one 
particular species or in phyletic series of closely related species. In some cases, 
trends seem to be gradual and are used as a biochronological clock for stratigraphic 
correlations (Peybernes et al.  1997 ; Hottinger  1981 ; Less and Kovacs  1996 ). 
However, in most cases, they appear as discrete sequences of closely related species 
belonging to a single lineage showing an oriented morphological variation. 

 The phyletic increase in body size is the most frequently quoted evolutionary trend. 
It is known as Cope’s Rule, named after the American vertebrate palaeontologist who 
fi rst observed it in the nineteenth century (Cope 1896). The most famous case, illus-
trated in many palaeontological textbooks, is the controversial evolution of the horse.  
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1.2     Evolutionary Trends in Ammonites 

1.2.1     Initial Trends 

 Today it is banal to observe that the most frequent long-lasting evolutionary trend 
observed in Mesozoic ammonites is that where the ancestral group has an opened 
umbilicus (evolutes form) and the derived group has a closed umbilicus (involute 
form). This tendency was recognized more than hundred years ago (Hyatt  1889 ) 
and the same trend characterizes the Devonian bactritids from the very beginning 
of their history (Erben  1966 ) (Fig.  1.1 ). When completely accomplished, the 
increasing spiralization of initially evolute shells gives rise to lenticular (oxy-
cones) or spherical (sphaerocones) forms (Fig.  1.2 ). In the following discussion 

  Fig. 1.1    First coiling observed in the Devonian ancestors of ammonoids (Redrawn and modifi ed 
from Erben  1966 . From Guex ( 2001 ))       

  Fig. 1.2    Some typical involute shells generated by an evolute ancestor       
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we consider that the spiralization increase corresponds to an elevated apparent 
geometrical complexity of the shells because it is the consequence of a double 
increase of the curvature of these shells: fi rst the spiralization of the originally 
straight tube and second the increase in involution (tight coiling) (Fig.  1.3 ). 
Similar trends are also seen in nautiloids (Sobolev 1994) and certain gastropods 
(Runnegar  1987 ).

     Generally speaking such increases of the shell curvature are related to the surface 
increase “rule” observed in so many fossil lineages and described as the “general-
ized Cope’s rule” by Guex ( 2001 ,  2003 ).  

1.2.2     Size and Involution Increase in the  Acrochordiceratidae   

 Monnet et al. ( 2012a ,  b ) analysed the evolutionary trends of the family 
 Acrochordiceratidae   Arthaber from the Early to Middle Triassic (251–228 Ma). The 
study was based on very large samples of this ammonoid family which were 
obtained from strata in north-west Nevada and north-east British Columbia. They 
enable quantitative and statistical analyses of its morphological evolutionary trends 
and demonstrate that the monophyletic clade Acrochordiceratidae underwent the 
classical evolute to involute evolutionary trend associated with an increase in its 
adult shell size (diameter) and an increase in the complexity of its suture line. This 
trend in ammonoid geometry is a beautiful illustration of Cope’s rule with an accom-
modation of the increase of the shell diameter and involution (Fig.  1.4 ).

   The recurrent character of this kind of trend was fi rst discussed in the early 1940s 
to explain the multitude of heterochronous homeomorphies observed within this 
group (Schindewolf  1940 ; Haas  1942 ). Some ammonite lineages also show a broad 
trend towards increased sinuosity of the growth lines and, on a large timescale, this 
group shows an overall increase in suture line complexity. 

  Fig. 1.3    Increasing curvature leading to involute geometry       
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 A sharp description of the iterative evolution of the ammonoids has been pro-
duced by Haas ( 1942 , p 643): «…not only types and groups of types reiterate 
themselves in the history of ammonites, but also certain evolutionary cycles, each 
proceeding along defi nite anagenetic trends, e.g., from evolute, sturdy forms with 
coarse costation to more involute and discoidal ones with a fi ner and more sigmoi-
dal ribbing»  

1.2.3     Paedomorphic Genesis of a Sphaerocone Ammonite 

 During the middle and late Early Sinemurian, some microderoceratids start to 
develop a tendency to form globose geometry in the juvenile, prefi gurating the 
proterogenetic (paedomorphic) transformation of the evolute spinose  Microderoceras   
(Early Sinemurian Eoderoceratid) into a sphaerocone  Liparoceras   (Early 
Pliensbachian) via an intermediate group called  Tetraspidoceras   (Late Sinemurian) 
(Fig.  1.5 ).

  Fig. 1.4    Increasing size and involution (U/H = umbilicus vs. height) in the Acrochordiceratinae 
during the Middle Triassic (From Monnet et al.  2012a ,  b )       
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1.2.4        Rates of Changes in the Involution of Some Ammonites 

 Following the major End Triassic Extinction we can follow the evolution of several 
genera deriving from the smooth and very simple  Psiloceras  of the Lower 
Hettangian:   Kammerkaroceras    via   Discamphiceras    ( Discamphiceratinae  , 
 Psilocerataceae  ),   Angulaticeras    via   Saxoceras    and   Kammerkarites     (   Schlotheimiidae    , 
Psilocerataceae),    Pseudaetomoceras    via   Caloceras    and   Alsatites     (   Arietitidae    ,  
  Arietitaceae    ),    Badouxia    via  Caloceras  and   Sunrisites   . Thanks to new geochrono-
logical data produced by Guex et al. (2012a), the rate of change in the involution can 
be quantifi ed and expressed by the variation of the ratio U/D (=umbilicus vs. diam-
eter) in some typical phylogenetical lineages mentioned above (Fig.  1.6 ).

1.3         Increasing Involution in Foraminifera 

 The increase in involution equally affects many unicellular organisms such as 
planktonic and benthic foraminifera (e.g. the appearance of   Orbulina   ) at various 
stages of their development (Septfontaine  1988 ; Adams  1983 ; Blow  1956 ; Cifelli 
 1969 ). Certain benthic foraminifera exhibit an increase in lateral elongation 
(Hottinger and Drobne  1988 ) that geometrically corresponds to the development of 

  Fig. 1.5    Paedomorphic genesis of a sphaerocone   Liparoceras    within   Tetraspidoceras    starting 
from an evolute spinose ancestor   Microderoceras    (not to scale)       
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cadicone coiling in ammonites (Fig.  1.2 ). In other groups of microfossils discussed 
below in more detail, such as  nassellarian   Radiolaria, a similar phenomenon is 
observed, namely increased sphericity and reduction in the number of segments 
(Sanfi lippo and Riedel  1970 ). This results in the development of  cryptocephalic   and 
 cryptothoracic   forms (Dumitrica  1970 ). Similarly, within silicofl agellates 
( Chrysophytes  ) discussed in Chap.   8    , we fi nd that globular shells such as   Cannopilus    
have evolved from simple spicular forms (Guex  1993 ). Figure  1.7a–d  represents 
various modes of increasing shell curvature through the evolution of foraminifera. 
Note that (1) these modes of transformation are sometimes associated with an 
increase in size and (2) the increased involution can occur at any stage of the devel-
opment but it is more frequently peramorphic than paedomorphic.

1.4        Morpho-Functional Interpretations 

 Palaeontologists who described the above-mentioned trends have frequently pro-
posed ad hoc adaptive and morpho-functional explanations. Observed increase in 
involution among ammonites is generally explained in terms of optimal use of the 
shell material, shell strength and/or improved streamlining (Raup  1967 ). However, 
the geometrical antinomy between involute lenticular shells and spherical shells 
means that the trend towards increasing involution is not uniquely the result of an 
optimization mechanism for shelly material usage. This is in fact because involute 
lenticular forms, which are abundant in the fossil record, are far from an optimal 
geometry from this point of view. Other authors suggest that increased shell 

  Fig. 1.6    Increasing involution in Lower Jurassic main subfamilies (Guex et al. 2012a)       
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involution and greater complexity of sutures increase the shell’s resistance to hydro-
static pressure (Hassan et al.  2002 ). Increased surface area of benthic foraminifera 
is usually interpreted as aiding oxygen exchange. Similarly, elongation of the test is 
sometimes explained as an optimization of the animal’s motility within unconsoli-
dated sediment. As for size increase, the most frequent explanation is morpho- 
functional (better resistance to predators) or invokes the famous mantra “ nowhere 
but up !” (Stanley  1973 ; McKinney  1990 ).  

  Fig. 1.7    Foraminifera: ( a ) Increasing involution in the  Orbulina   lineage (planktonic foraminifera 
(Blow  1956 ; Cifelli  1969 )). ( b ) Cryptoproloculinization in  Lepidocyclina   (benthic foraminifera 
(Adams  1983 )). ( c ) Increasing involution in lituolids (benthic foraminifera (Septfontaine  1988 )). 
( d ) Benthic foraminifera elongation in  alveolinids   (benthic foraminifera (Hottinger and Drobne 
 1988 )). From Guex ( 2003 )       
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1.5     Decoupling of Volume, Surface and Linear Dimension 

 The above ad hoc explanations are hardly satisfactory because the trends discussed 
in this introduction are observed in very diverse phyla, including planktonic, nec-
tonic, benthic and burrowing organisms. Moreover, it is also well known that con-
tinuous size increase usually leads to gigantism, which can prove to be fatal in a 
more or less short time. The allometries observed during the geometrical/morpho-
logical evolution of shelly invertebrates show that size (i.e. diameter or length: see 
above), volume and surface can vary independently. 

 Within ammonites, an increase in volumetric size, which is not accompanied by 
an increase in linear size (i.e. the diameter; note that the body chamber’s length is 
often unknown for preservational reasons), will result in an increase of involution. 
Similarly, a decrease in linear size which is not accompanied by a decrease in vol-
ume will also lead to a drastic increase of involution. Such a process certainly 
accounts for the geometry of the lower Triassic small cryptogenic ammonites such 
as the spherical Isculitids deriving from the serpenticone Columbitids. We also note 
that an increase in the mantle’s surface area, if not compensated by a simultaneous 
increase in volume of the animal, results in an increase in suture complexity and/or 
fl exuosity of growth lines at the aperture. On the other hand, a decrease of the vol-
ume not compensated by a decrease in the mantle surface can explain the small 
juvenile bulges observed in the inner whorls of the primitive Psiloceratids such as 
the “Knötchenstadium” of   P. spelae    (syn.   P. spelae tirolicum   ). 

 Another interesting by-product of the above-described morphogenetic rules is 
the “stop and go” growth of the ammonites followed by an oblique reorientation of 
the growth lines (Guex  1967 , pp 328–329). This is obviously due to the fact that the 
growth stop of the shell secretion is followed by a delayed restart of the soft parts’ 
growth, generating a rotation of the growth lines.  

1.6     Radiolarian Evolutionary Trends 

1.6.1     Introduction 

 Radiolarians are Cambrian to recent holoplanktonic marine protists with morpho-
logically very diverse siliceous skeletons. In the Mesozoic, two main groups are 
differentiated: nassellarians (mostly conical, composed of one or more consecutive 
segments) and  spumellarians   s.l. (generally spherical, composed of one or more 
concentrical shells). Following the extensive radiolarian research over the past 
decades, it is now possible to trace the development of some Mesozoic radiolarians 
through time and to reliably reconstruct several phyletic lineages. In this section we 
analyse some lineages with well-marked trends in skeletal development (and com-
pare these trends with those observed in other marine organisms). The most usual 
geometrical transformations occurring in radiolarians are characterized by an 
increase of the surface of the shell. In several nassellarians, we observe a progressive 

1 Evolutionary Trends During Periods of Relative Ecological Equilibrium
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infl ation of the test, leading to a spherization. In some groups such a trend leads to 
cryptocephalization (Dumitrica  1970 ), a phenomenon analogous to the orbuliniza-
tion of some Tertiary foraminifers. The development of a terminal tube or of aper-
tural arches is also frequent in the nassellarians. In many respects, the transformations 
observed in the spumellarians are related to the same kind of geometrical modifi ca-
tions. For example, the addition of an arch to a polar spine in   Baumgartneria   , of a 
ring in the  Saturnalids  , of a button or spine also in the ring of  Aurisaturnalis , are 
clear examples of an increase of the shell surface through time. Several examples of 
evolutionary reversals are given in Chap.   4     where the radiolarian is discussed. For a 
comprehensive and general discussion on radiolarian systematics and terminology 
the reader is referred to the monograph by De Wever et al. ( 2001 ).  

1.6.2     Peramorphic Trends and Isometric Size Increase 

 Isometric size increase (i.e. without change in shape) is rare in radiolarians. Good 
examples are found in   Spongostichomitra    (Fig.  1.8 ) and   Obeliscoites   .  Spongostichomitra  
has a conical to cylindrical test with very thick and unconstricted spongy wall.

   Primitive forms have a small number of chambers, which are not visible in 
evolved species. Broken specimens show that the segmental divisions are lacking or 
poorly developed. This group shows an exceptional size increase between the 
Albian-Cenomanian transition.  

  Fig. 1.8    Isometric size 
increase in 
  Spongostichomitra    from 
the Albian-Cenomanian 
(scale bar 100 μm). Guex 
et al. (2012b)       
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1.6.3     Peramorphic Trends and Surface Increase: Spherization 
of the Test 

 The most frequent and best described trend is spherization of the test where the 
increase of volume is not or only weakly coupled with an increase of the length of 
the shell (Riedel and Sanfi lippo  1981 ; Sanfi lippo et al.  1985 ; Carter and Guex  1999 ). 
A similar trend was fi rst described by Sanfi lippo and Riedel ( 1970 ,  1982 ) in the 
Cenozoic  Thecotylidae   where it is accompanied by a reduction of the cephalotho-
rax. It is also well illustrated in   Palinandromeda    (Fig.  1.9 ) and   Mirifusus    (Fig.  1.10 ).

      Palinandromeda    is a broadly conical amphipyndacid with 5–7 segments and a 
large basal aperture (Fig.  1.9 ). The cephalis is dome shaped, poreless and usually 
has an apical horn. The thorax is small, cylindrical and directly joined to the cepha-
lis. The abdominal and postabdominal segments are trapezoidal or bell shaped with 
large pores increasing in size distally. The evolution of this group is characterized 

  Fig. 1.9    Evolution of   Palinandromeda    from the Late Aalenian-Early Bajocian. Scale bar 100 μm. 
From Bartolini in Guex et al. (2012b)       

  Fig. 1.10    Spherization of the test in   Mirifusus    from the Aalenian-Berriasian. Scale bar 100 μm. 
Guex et al. (2012b)       
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by an increase in the fl atness of the abdominal segment, developing a planar basal 
surface. This evolutionary transformation is an extreme exaggeration of the 
 spherization trend whereby the radius of the sphere becomes so large that this  nas-
sellarian   becomes widely bell shaped and fl at during its phylogeny. 

 The test of   Mirifusus    (Fig.  1.10 ) is spindle shaped during the Aalenian except in 
the earliest forms such as  Mirifusus proavus , and is probably derived from 
 Parvicingula -like nassellarians, where it is still slightly conical with the lower part 
of the spindle poorly developed. The proportions and shape of the conical proximal 
and infl ated median part of the test is highly variable but during its evolution, 
 Mirifusus  shows a strong increase in sphericity and many species of this genus tend 
to become spindle shaped and even can develop a terminal tube. It is interesting to 
note that the duration of the main evolutionary transformation from  M. proavus  to 
 Mirifusus minor  lasts roughly 20 million years (late Aalenian to late Oxfordian). 
Then  M. minor  remains practically unchanged for more than 20 million years until 
the late Hauterivian, when it becomes extinct. This clearly means that the end form 
can survive successfully for a long period of time if environmental conditions 
remain favourable. 

 Another important case of spherization occurs in the williriedellids (Fig.  1.11 ), 
which show an extreme increase of the involution, analogous to that observed in 
Neogene orbulinid foraminifers (Kennett and Srinivasan  1983 ; Bolli and Saunders 
 1985 ; Guex  1992 ,  1993 ,  2003 ). This phenomenon was described as cryptocephali-
zation by Dumitrica ( 1970 ).

  Fig. 1.11    Cryptocephalisation within the family  Williriedelidae   (  Williriedelum carpathicum    ,  
  Holocryptocranium tuberculatum    and   H. barbui   ). Scale bar 100 μm. From Dumitrica  1970  in 
Guex et al. (2012b)       

 

1.6 Radiolarian Evolutionary Trends
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1.6.4        Paedomorphic Trends in  Centrocubidae   

 Proterogenesis occurs sometimes in nassellarians and  spumellarians   s.l., especially 
in the  Pyloniaceae   and  Centrocubidae   where new structures fi rst develop in the ear-
liest ontogenetic stage. The initial antapical spicule of Centrocubids frequently 
evolves by doubling or quadrupling of the antapical spine, leading to entirely new 
modes of growth in subsequent descendants and to forms which are cryptogenic 
with regard to their ancestors. The evolution of the microsphere of some selected 
  Centrocubus    is illustrated in Fig.  1.12 .

1.7         Cope’s Rule, Surface Increase and Apparent Complexity 

 Before going further we should briefl y discuss the concept of complexity applied to 
living organisms which is used, most of the time, from a purely intuitive point of 
view (Fig.  1.13 ) (see McShea  1991 ; Lloyd  2001 ).

   In some cases it is possible to assign a numerical value to the apparent complex-
ity of a particular character. For example, an ammonite suture line with a high value 
of its fractal dimension will look more “complex” than a suture line with a low 
fractal dimension (Guex  1981 ). The global curvature of a shell provides also a mea-
sure of its geometrical complexity, a straight shell looking more “simple” than one 
which is highly contorted or tightly coiled (Figs.  1.1  and  1.2 ). It should also be clear 
that two concepts should be distinguished from the very beginning, with the concept 
of geometrical complexity coming fi rst and the idea of ornamental complexity being 
secondary. Sometimes the two variables covary during the ontogeny and sometimes 
they do not. 

 This distinction is important when analysing the covariation under the light of 
the very frequent evolutionary trend of phyletic size increase. 

 The size increase, however, is not a truly general evolutionary rule because many 
lineages do not increase in size during their evolution and numerous cases of size 
decrease are known in the fossil record. For example, a remarkable case of drastic 

  Fig. 1.12    Duplications of the antapical spine in  Centrocubus   between the Ladinian and Paleocene. 
Scale bar 100 μm. From Dumitrica in Guex et al. (2012b)       

 

1 Evolutionary Trends During Periods of Relative Ecological Equilibrium
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  Fig. 1.13    Examples of the surface increase rule generating an apparent complexity increase. All 
fi gures simplifi ed and not to scale (from Guex  1992 ). ( a )   Oertlisponginae    (Dumitrica  1970 ). ( b ) 
Development of the carina in planktonic foraminifera (Cifelli  1969 ). ( c ) Complexifi cation of the 
teeth in the   Piezodus    -   Prolagus    lineage (Hürtzeler  1962 ). ( d ) Development of the marginal notches 
in   Rotulidae    (Durham  1966 ). ( e ) Development of the actinal groves in   Proscutellidae    (Durham 
 1966 ). ( f ) Transitions from annelids to insects via  onychophorids   and  myriapods   (Raff and 
Kaufman  1983 ). From Guex ( 1992 )       

 

1.7 Cope’s Rule, Surface Increase and Apparent Complexity
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size decrease has been observed in planktonic foraminifera below the Cretaceous- 
Tertiary boundary which is certainly due to the environmental stress generated by 
the giant volcanism of the Deccan traps (see Courtillot  1999 ). These size fl uctua-
tions and trend reversals are usually dependent on environmental variations and 
increasing size is mainly observed at the beginning of phyletic lineages. 

 The allometries observed during the geometrical/morphological evolution of 
shelly invertebrates show that size (i.e. diameter or length), volume and surface can 
vary independently. Within ammonites, an increase in volumetric size, which is not 
accompanied by an increase in linear size (e.g. the diameter), will result in an 
increase of involution (Figs.  1.1  and  1.2 ). Similarly, a decrease in linear size which 
is not accompanied by a decrease in volume will also lead to an increase of involu-
tion, leading to subspherical forms. It is obvious that an increase in the mantle’s 
surface area, if not compensated by a simultaneous increase in volume of the ani-
mal, results in an increase in sutural complexity and/or fl exuosity of growth lines at 
the aperture in ammonoids, etc. An increase in the involution and in the apparent 
complexity of internal structures observed in tests of many foraminifera, as well as 
the increasing complexity of some ornamental traits or of geometrical features that 
are observed within many marine shelly invertebrates is indirectly related to this 
generalized Cope’s rule (rule of surface increase). To summarize we can say that 
from a geometrical point of view, all the trends described above are the result of an 
increase of the surface of the membrane responsible for the biomineralization. The 
ornaments themselves are subordinated to the general geometry of the shell, spe-
cially the details of the local curvature of its secreting membrane, as shown below 
(Chap.   5    , Fig.   5.10    ).  

1.8     Technical Remark About “Full House” (Gould  1996 ) 

 In 1996, Gould published a famous book, “Full House”, in which he tried to dem-
onstrate the absence of a global increase in complexity during the evolution of liv-
ing organisms. His main argument is that the most abundant organisms present on 
the Earth, the bacteria, did not really evolve morphologically during the last 3 bil-
lion years. In this book, Gould uses quantitative arguments like size variations 
observed in the Cretaceous and Cainozoic foraminifera and the fractal dimension of 
the Ceratites suture lines during the late Palaeozoic and early Mesozoic. We will 
briefl y examine those two quantitative arguments. 

 His fi gure 25 ( 1996 , p 160) shows the size variations of planktonic foraminifera 
during the Late Cretaceous and the Cainozoic. These diagrams are supposed to 
demonstrate that the rule of size increase (Cope’s rule) is meaningless because it is 
often represented by zigzag variations, as is the case in the planktonic foraminifera 
observed during that period. We consider that Gould’s argument is invalid because 
size decreases are always related to environmental stress, a phenomenon known 
since the beginning of the twentieth century (Shimer  1908 ; see also Mancini  1978 ). 
Gould’s diagrams (his Fig. 25) just illustrate in a perfect manner that the size reduc-

1 Evolutionary Trends During Periods of Relative Ecological Equilibrium
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tions occurred during the KT boundary, Late Eocene and Late Oligocene, which are 
periods of high environmental stress responsible for more or less pronounced 
extinctions (see Zachos et al. ( 2001 ) and Schmidt et al. ( 2004 ) for recent quantita-
tive data). 

 His second quantitative argument concerns the fractal dimension of some ammo-
noid suture lines during the late Palaeozoic and Triassic times (loc.cit Fig. 35, 
p. 210). The measurements representing these relationships, as constructed by 
Gould, are distributed in a completely chaotic way and are supposed to demonstrate 
that there are no relationships between sutural complexity and time during that 
period. 

 The problem is that Gould overlooked the fact that he should have connected the 
dots representing the various measurements following two criteria. First the ontog-
eny: small juvenile specimens have a suture line, which always looks less complex 
than an adult one. And secondly the phylogeny within each separate lineage: the 
suture line of most ceratitids becomes more complex during the evolution. This is 
well illustrated in our Fig.   5.3     which shows that the ceratitic suture line of the ances-
tor of the highly complex phylloceratids has a fractal dimension of about 1.2 when 
the resulting advanced   Phylloceras    has a suture line dimension of about 1.6 (see 
Guex  1981 ). The psiloceratid   Neophyllites    generated during the TJB extinction 
period also shows a drastic reduction of its sutural complexity.       

1.8 Technical Remark About “Full House” (Gould 1996)

http://dx.doi.org/10.1007/978-3-319-27917-6_5
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    Chapter 2   
 Sublethal Environmental Stress                     

2.1                The Geological Record 

 The concept of sublethal environmental stress denotes specifi c conditions that are 
critical to the survival or normal development of living organisms. The most com-
mon cases of environmental perturbations include pollution or poisoning by chemi-
cals such as toxic gases, nutriment shortage, large scale sea level falls, major 
climatic changes, hydric stress, acid rains, marine anoxies, etc. The origins of envi-
ronmental stress can easily be identifi ed and quite naturally the particular kind of 
stress can be hostile to some organisms and favourable to others. 

 The role of natural environmental stress on development and evolution is widely 
accepted (Badyaev  2005 ; Bijlsma and Loeschcke  2005 ; Nevo  2011 ; Kishony and 
Leibler  2003 ; Hoffman and Parsons  1991 ; Rutherford and Lindquist  1998 ; 
Hangartner et al.  2011 ; Cabej  2011 ; Jablonka and Raz  2009 ; Jablonka  2013 ; 
Schlichtling and Pigliucci  1998 ). The nature of sublethal environmental stress that 
occurred during major extinctions such as Permian-Triassic (PT), Triassic-Jurassic 
(TJ), Pliensbachian-Toarcian (Pl-To) and Cretaceous-Tertiary (KT) is currently 
intensively investigated by means of geochemical and geochronological studies 
(see, for example, the data in Figs.  2.3  and  2.5 .). However most problems related to 
these exceptional situations belong to the realm of palaeontology and most, if not 
all, of such palaeontological studies are dedicated to a census of the biodiversity 
variations (counting how many groups survive, how many disappear, etc.) rather 
than to the understanding of the basic phenotypic and epigenetic variations induced 
by major environmental perturbations. The modes of evolution during major extinc-
tion events, the characteristics of the organisms surviving major crises and what 
types of transformations have affected them have not been explored. The main goal 
of the present study is precisely to analyse in detail the transformations of some 
invertebrates during major extinction periods. 
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 The geological record of environmental stress is naturally poor because local 
pollution, nutriment levels, paleotemperatures, etc. can hardly be deduced neither 
from sediments nor from fossils. The primary indication and proof of the sporadic 
sublethal environmental stress are the extinction periods themselves, which are 
easily recognized from the presence of major faunal turnovers refl ecting the disap-
pearance of entire phyla and their replacement by new ones (Sepkoski  1978 ; 
Benton 1995). 

 The classical explanations of the origins of extinctions include extraterrestrial 
impacts, marine regressions, climatic changes or anoxic events (Hallam and Wignal 
1997; Hart  1996 ; Sepkoski  1978 ; Benton 1995; see also review by Courtillot and 
Gaudemer  1996 ). The theory of giant volcanism (Courtillot  1999 ) has the most 
general explanatory power, considering enormous potential consequences to the 
chemistry of seawater, global climate and temperatures. There is an almost perfect 
correlation between the major extinctions and periods of volcanism (Fig.  2.1 , from 
Courtillot loc.cit.). Virtually all major extinctions are related to the major ecological 
instability generated by giant volcanism, i.e. climatic changes, atmospheric poison-
ing by sulfur gases, as well as by darkening generated by fi ne particles and aerosols 
inducing major coolings and fall in the sea level (Fig.  2.2 ). In extremes, for exam-
ple, at the Permian-Triassic boundary, the only organisms found in crisis sediments 
are microbialites and fern or fungi spores. Often these sediments do not contain any 
fossils and hence are known as barren intervals. The after extinction recovery is 
generally characterized by the explosion of simple and primitive life forms, which 
can be divided into two major groups:

      1.    Persistent opportunistic simple forms such as bacteria, fungi, ferns and some 
simple forms or other microfossils.   

   2.    Primitive-looking forms derived from their immediate ancestors by retrograde 
evolution (a phenomenon that has been described as proteromorphosis), often 
associated with a reduction in body size. These organisms are not Lazarus taxa 
because their absence in sediments older than the ones where they are found is 
fully reproducible worldwide and the duration of the intervals of time in which 
they are totally absent can last several millions or several tens of millions of 
years. In other words, a “Lazarus” explanation of such organisms cannot be rec-
onciled with the geological record.    

  The present paper analyses how different groups (Foraminifera, Radiolaria, 
Ammonoids, Nautiloids, Corals,  Conodonts   and  Silicofl agellids  ) of invertebrates 
(except  conodonts  ) survive the sublethal biotic crises during extinction episodes and 
elaborates previously published works (Guex  1992 ,  1993 ,  2001 ;  2006 ). This study 
also aims at developing a model explaining the heterochronous repetition of similar 
evolutionary lineages without invoking repetitions of identical environmental 
conditions.  

2 Sublethal Environmental Stress
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  Fig. 2.1    Bivariate graph showing the correspondence between the principal mass extinctions and 
their geochronometrical age From Courtillot ( 1999 ), modifi ed       

  Fig. 2.2    Summary of the most obvious relationships between giant volcanism and major 
extinctions       
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2.2     Geochemistry, Geochronology and Volcanic Stress 

2.2.1     Introduction 

 Two major extinctions generated by giant volcanism have been recently studied in 
detail by the author and his colleagues: the Triassic-Jurassic and the Pliensbachian- 
Toarcian boundaries. These two major geological events will be discussed in the 
following sections in light of recent geochemical and geochronological data and 
will illustrate the environmental framework of the retrograde evolutions observed 
during these events and discussed in Chaps.   4    –  6    .  

2.2.2     A Precise Timing of the End Triassic Extinction 

 The End Triassic Extinction has long been suspected to be related to the onset of 
the Central Atlantic Magmatic Province (CAMP) volcanism but it is only recently 
that U-Pb ages measured on zircons have allowed a precise correlation with the 
relative timescale based on the evolution of the ammonites. That correlation has 
been established based on very detailed stratigraphic research done in the 
American Cordilleras (Northern Peru and Nevada, USA) and on the discovery of 
ash beds deposited in the same levels as age diagnostic ammonites (Guex 1995; 
Schoene et al.  2010 ; Guex et al. 2012a). These discoveries allowed us to propose 
an original model explaining the precise timing of the End Triassic extinction 
(ETE) (Fig.  2.3 ).

   One popular model to explain the ETE catastrophic event invokes super- 
greenhouse conditions due to extreme atmospheric CO 2  concentrations (McElwain 
et al.  1999 ; Schaller et al.  2011 ). This enrichment is often interpreted as degassing 
of magmatic CO 2  from huge volcanic basalt provinces (e.g. Sobolev et al.  2011  for 
the Permian-Triassic crisis) and/or from the degassing of carbonaceous or organic 
rich sediments (e.g. Svensen et al.  2009 ). 

 The second scenario invokes a short period of global icehouse conditions caused 
by degassing of huge volumes of volcanic SO 2 , atmospheric poisoning, cooling and 
eustatic regression coeval with the main extinction (ETE) but probably older than 
the main basalt emissions. As mentioned above, this model uses the same argu-
ments as those given in Sect.  2.2.3  for the Late Pliensbachian cooling event. 

 Although both hypotheses are compatible with massive volcanic degassing 
related to the emission of large volumes of fl ood basalts, they must also be able to 
explain the palaeontological record in complete stratigraphic sections that displays 
decoupling between the (marine) ammonoids vs. (terrestrial) plant extinctions 
(Guex et al. 2012a). Correlating the sedimentary and the fossil record with carbon 
and oxygen isotope variations and sea level changes from the T-J and Pl-To bound-
aries indicates that both boundaries are related to a regressive event followed by 
major sea level rise (Guex et al. 2001,  2004 , 2012a). 

2 Sublethal Environmental Stress
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 The data allowing us to discuss the various hypotheses of recent extinction models 
and the timing concerning the End Triassic Extinction (ETE) and the T-J boundary is 
shown in Fig.  2.3  (for references see fi gure caption). This compilation synthesizes the 
timing of sea level changes, and δ 13 C org , δ 18 O, and pCO 2  variations in relation with 
paleotemperatures, the age of the onset of the CAMP-related basaltic volcanism in 
the northeastern United States (Newark Supergroup) and Morocco (Argana Basin), 
and the ages of the two distinct End Triassic (ammonoids) and Earliest Jurassic (ter-
restrial plants) extinctions. 

 The chronology, established by ammonoids and U-Pb dating implies that the 
Newark supergroup basalts postdates the ETE and the disappearance of the latest 
Triassic ammonite Choristoceras  crickmayi   (Guex et al.  2004 ; Schoene et al.  2010 ). 
The delay between the recovery of the Jurassic ammonites and the extinction of the 
very last Triassic ammonoids lasted at least 200 kyr (probably more), based on sedi-
mentary rates in Northern Peru and Nevada. The extinction of the last Triassic 
ammonoids in the uppermost Rhaetian is correlated with a strong negative excursion 
of δ 13 C and a marine regression (Guex et al.  2004 ). The δ 18 O record (Clemence et al. 
 2010 ; Korte et al.  2009 ) indicates a cooling episode, which could explain the regres-
sive event recorded in the upper Rhaetian of Austria, England and Nevada. The ini-
tial regression is followed by a signifi cant sea level rise potentially associated to 
large volcanic CO 2  emissions related to the CAMP basaltic volcanism (McElwain 
et al.  1999 ,  2009 ; Schaller et al.  2011 ; Bartolini et al. 2012). A major plant extinc-
tion is correlated with the greenhouse conditions that postdates the ETE by at least 
a few hundred thousand years. The plant extinction is recorded in Greenland 
(McElwain et al.  1999 ,  2009 ) and is associated with a second negative δ 13 C recorded 
in the Hettangian Psiloceras planorbis beds (coeval with  P. pacifi cum  ). 

 The recovery of the ammonites after the End Triassic extinction, calibrated with 
the geochronological data is illustrated in Fig.  2.4 . This diagram shows a partial 
correlation between the δ 13 C org  curve and the diversity fl uctuations. This fi gure 
shows that the well-known fi rst negative excursion of the organic carbon is corre-
lated with the peak of the Rhaetian extinction.

  Fig. 2.4    Variations of the taxonomic richness of the ammonites and variations of δ 13 C org  and 
Sr 87/86 , from Guex et al. (2012a). P1 and P2: positive pulses of the carbon isotopes. TJB and HSB: 
Triassic Jurassic Boundary and Hettangian Sinemurian Boundary       
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   The second negative excursion is restricted to the  Psiloceras    zone. The mid- 
Hettangian slow-down of the diversifi cation is followed by an explosion of the 
diversity in the Upper Hettangian and by a new positive excursion of the organic 
carbon. However we note that the minimum of the ammonite diversity (D′) 
occurs later than the minimum of the δ 13 C org  curve which is located between the 
 P. pacifi cum   and  Kammerkarites   beds. The strontium data, based on Jones et al. 
(1994) measurements in Great Britain (see also Cohen and Coe 2007) are plotted 
as the mean-values of the original measurements per subzone. There is an appar-
ent correlation between the taxonomic richness and the variation of the  87 Sr/ 86 Sr 
ratio. Such a correlation was already observed and discussed by Cardenas and 
Harries (2010) at a very large scale in the marine Phanerozoic genera. According 
to these authors, this correlation is basically controlled by the availability of 
marine nutrients.  

2.2.3      The Pliensbachian -Toarcian Extinctions 

 A model similar to the one presented above (Fig.  2.3 ) can be proposed for the 
Pliensbachian Toarcian crisis which is known to be correlated with the onset of the 
Karoo-Ferrar large igneous province (Palfy and Smith 2000). 

 Recent high precision U-Pb dating on zircons of major sill intrusions in the 
Karoo basin can be directly correlated with the well-known Toarcian Oceanic 
Anoxic Event (OAE) and is concomitant with these sill intrusions into organic rich 
sediments of that basin (Guex et al. 2012b; Sell et al.  2014 ). In Fig.  2.5 , we present 
a synthesis of major isotopic variations, the available geochronological data and 
major sea level variations. These data allow us to investigate whether and how the 
geochemical and biochronological data can be correlated with the magmatic activ-
ity of the Karroo-Ferrar LIP.

   The end-Pliensbachian extinction, preceding the Toarcian AOE by a few hundred 
kyr (Dera et al.  2010 ), is marked by an important diversity drop (disappearance of 
90 % of the ammonite taxa) associated with a generalized sedimentary gap linked to 
a marked regression event in NW-Europe and the Pacifi c area. 

 This regression was interpreted as being due to a major short lived glaciation 
(Guex et al. 2001, 2012b) coeval with the main extinction and preceding the main 
basalt eruptions. Our major arguments refer to an important emersion topography 
observed on seismic images of the North Sea (Marjanac and Steel  1997 ), to the 
evidence of polar ice storage (Price  1999 ) and to the deposition of thick conglomer-
ates (Dunlap Formation in Nevada (USA) (Muller and Ferguson 1939) and Ururoa- 
Kawhia area, New Zealand (Hudson 2003)). The cooling model is supported by 
recent δ 18 O data on belemnites (Gómez et al.  2008 ; Harazim et al.  2012 ) and by the 
discovery of glendonites in the upper part of the Pliensbachian (Suan et al.  2011 ). 
The origin of the major cooling is probably related to huge volcanogenic SO 2  degas-
sing during the Late Pliensbachian preceding the major CO 2  emissions of the Early 
Toarcian (Guex et al. 2001). 

2.2 Geochemistry, Geochronology and Volcanic Stress
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 The regressive phase is followed, after a few hundred thousand years, by a world-
wide transgression during the Early Toarcian, with the deposition of black shales 
associated with the Toarcian OAE (Jenkyns  1988 ). The Toarcian OAE itself is 
responsible for a second extinction affecting mainly benthic foraminifera popula-
tions (Bartolini et al.  1990 ) and brachiopods (García-Joral et al.  2011 ). Radiolarians 
were also affected (Fig.   4.5    ) but their extinction was apparently slightly delayed in 
comparison with benthos and probably coincided with a drastic fertility drop just 
after the OAE. 

 The succession of ice house conditions immediately followed by super green 
house conditions can be explained thanks to a petrological model elaborated by our 
colleagues Sebastien Pilet and Othmar Muntener to explain the SO 2  dominated vs. 
CO 2  dominated degassing couplet generating the successive cold and hot condi-
tions. The model invokes a thermal erosion of the cratonic lithosphere inducing 
giant H 2 S/SO 2  release from sulfur bearing basal continental crust before CO 2  
becomes the dominant gas associated to the giant basalt emission (Guex et al. 
 2015b ).   

  Fig. 2.5    A model for the Pliensbachian-Toarcian crisis. ( a ) Standard ammonite zonation of the 
Upper Lias. ( b ,  c ) Numerical ages of beds 2, 22 and 99 at Palquilla (Peru) and of the Karoo basalts. 
Redrawn from Guex et al. (2012b), Sell et al. ( 2014 ). ( d ) Conglomerates present at the 
Pliensbachian—Toarcian boundary in New Zealand and Nevada. From Guex et al. (2012b). ( e ) 
Species richness of Radiolarians in the Upper Pliensbachian and Early Toarcian. From Gorican 
et al. ( 2013 ). ( f ) Variation of the δ 13 C around the Pliensbachian—Toarcian boundary. Redrawn 
from Hesselbo et al. (2007). ( g ) Variation of the δ 18 O and paleotemperatures around the 
Pliensbachian—Toarcian boundary. Redrawn from Dera et al. ( 2010 ). ( h ) Variations of sea level 
around the Pliensbachian—Toarcian boundary. From Guex et al. (2001) and simplifi ed from Guex 
et al. ( 2015 )       
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2.3     Graphic Representation of the Relationships 
Between Stress, Time and Evolutionary State 

 The catastrophe theory is a domain of the differential topology which was invented 
by René Thom ( 1972 ). It aims at building the simplest continuous dynamic model 
which can generate a morphology, given empirically, or a set of discontinuous 
phenomena. 

 Thom’s theory concerns the phenomena where a gradual and relatively slow 
change produces a sudden jump of the state of the system. Such phenomena are 
called catastrophes. The graphical representation known under the name of “cusp 
catastrophe” is ideal to describe empirically the cases of the evolutionary jumps 
which arise during gradual changes in the environmental stress (Fig.  2.6 ). The sur-
face illustrated in Fig.  2.3  represents the variable which characterizes the more or 
less advanced state of a taxonomic group which varies during the evolutionary time. 
This state is controlled by two parameters which, in our case, are the environmental 
stress and the time factor.

   When these parameters vary, the curve of the state of the taxonomic group 
under study follows a trajectory which depends on time and on the intensity of 
the environmental stress. When the stress gradually reaches a certain threshold, 
the evolutionary state of the evolving system arrives at the border of the cusp and 
a jump occurs towards a previous state of more primitive aspect. In this book we 
will use such simple diagrams to describe the phenomena of retrograde 
evolution.       

STATE
a b

Advanced

Primitive
Cusp catastrophe

proteromorphosis

ATAVISTIC REVERSAL

TIME

MORPHOLOGY
Primitive Advanced

(THOM)

TIME

Low

High STRESS

  Fig. 2.6    The cusp catastrophe of Thom. ( a ) Stress and time are the parameters controlling the 
state of the evolving system (primitive–advanced). ( b ) Simplifi ed graphic representation of ( a )       
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    Chapter 3   
 Retrograde Polymorphism in Some Planktonic 
Foraminifera                     

3.1                The   Ticinella    -   Thalmanninella    Lineage 

 A fundamental example of a Cretaceous planktonic foraminiferal anagenetic lin-
eage starting from a very primitive form (evolute with simple rounded chambers) 
and giving rise to more complex forms with an involute and carinated shell was 
recently identifi ed in the lineage   Ticinella    -   Thalmanninella    (Desmares et al.  2008 ) 
(Fig.  3.1 ). During the major Cenomanian oceanic anoxic event OAE2, the end forms 
of the lineage (group of  Thalmanninella    greenhornensis   ) gave rise to a very simpli-
fi ed atavistic group ( Thalmanninella    multiloculata   , also called “  Anaticinella   ”), 
which is a quasi homeomorph of its ticinellid ancestor. Here we present these dis-
coveries (Desmares et al.  2008 ) in the light of what is known about the infl uence of 
high environmental stress on the development and variability of some other marine 
invertebrates.

3.2        Stratigraphy 

 The stratigraphic interval considered in the present section spans from the Late 
Albian to Late Cenomanian. There are records of two major environmental pertur-
bations in this period: the Mid-Cenomanian Event and the Oceanic Anoxic Event 
called OAE2. These two anoxic events have markedly infl uenced the evolution of 
the   Ticinella   -  Thalmanninella    lineage as well as two diverging lineages represented 
by   Rotalipora      montsalvensis   -  praemontsalvensis    and  montsalvensis-   planoconvexa    
(Gonzalez-Donoso et al.  2007 ). The stratigraphic distribution and outline of the 
phylogeny of these lineages are shown in Fig.  3.1  (from Desmares et al.  2008 , modi-
fi ed; see also Caron  1985 ; Robaszynski and Caron  1995  for the stratigraphic details, 
and Guex et al.  2012b  for discussion). 
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 In Chap.   5     we will show that the anagenetic   Ticinella   -  Thalmanninella    lineage 
represents an example of geometrical transformation which is quite similar to what 
is known for many lineages of ammonites.  

3.3     The   Thalmanninella   -“  Anaticinella   ” Plexus 

 During the onset of the anoxic event OAE2, the intraspecifi c variability of 
  Thalmanninella      greenhornensis    increases remarkably; this group gives rise to 
 Thalmanninella    multiloculata    (Fig.  3.2 ), a “species” (morphospecies) with an indis-
tinctly marked or absent keel, which is the last member of the  ticinellid- 
thalmanninellid  lineage (Desmares et al.  2008 ).

    Th.    greenhornensis    is a complex trochospiral species that displays raised sutures 
on the spiral side, supplementary apertures on the umbilical side and a single keel. 
It further presents umbilical secondary apertures and non-infl ated chambers on the 
umbilical side. 

 Globular morphotypes with supplementary apertures also occur in the same 
assemblages as the keeled ones. They were initially referred to   Anaticinella      multi-
loculata    (Eicher  1972 ) which was fi rst described in the North American Basin 
(Eicher  1972 ; Longoria  1973 ; Leckie  1985 ; Desmares et al.  2003 ). 

  Fig. 3.1    Stratigraphic distribution and phylogeny of the Thalmaninellids discussed in the text 
(stratigraphic and phylogenetic data simplifi ed from Desmares et al.  2008 )       
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 In all Upper Cenomanian Western Interior Seaway outcrops, transitional speci-
mens between the keeled forms of  Th.    greenhornensis    and the globular morphot-
ypes of  Th.    multiloculata    were observed (Desmares et al.  2008 ). These morphotypes 
do not have a keel on all chambers of their fi nal whorls. Where present, the keel is 
more or less pronounced, i.e. from indistinctly marked to thick and protruding. 
From  Th. greenhornensis  to  Th. multiloculata , the chambers evolve progressively 
from crescentic to globular shape, the raised sutures become more depressed, and 
the periumbilical fl anges disappear progressively on the umbilical side. The junc-
tion between the sutures and the periphery that is oblique in  Th. greenhornensis , 
becomes perpendicular in  Th. multiloculata . In lateral view, specimens of  Th. green-
hornensis  that are compressed in form gradually change to a globular shape 
(Desmares et al.  2008 ). 

  Fig. 3.2    Retrograde polymorphism affecting the  Thalmaninella  lineage during the upper 
Cenomanian anoxic event (data reinterpreted from Desmares et al.  2008 ; see Guex et al.  2012b )       
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 Similar to the  Th. Greenhornensis-Th.    multiloculata    plexus, numerous interme-
diate specimens were found between the keeled   Rotalipora     cushmani  and the globu-
lar  Rotalipora    planoconvexa    (details in Desmares et al.  2008 ).   R. cushmani    is also a 
complex trochospiral morphotype that displays raised sutures on the spiral side, 
supplementary apertures on the umbilical side and a single keel.  R. cushmani  has 
sutural secondary apertures and equally biconvex chambers. While  R. cushmani  
displays a thick peripheral keel (Brönnimann and Brown  1955 ),  R. planoconvexa  
has globular chambers with an imperforate peripheral band (Longoria  1973 ). Raised 
sutures on the spiral side of  R. cushmani  become depressed in the specimens of  R. 
planoconvexa  and in transitional forms. Progressively, the single keel that is thick- 
beaded and protruding in  R. cushmani , is expressed less and less in forms transi-
tional towards  R. planoconvexa . On the umbilical side, the concentration of pustules, 
typically forming a “Y” shape on each chamber of  R. cushmani , disappears gradu-
ally on transitional forms and completely on  R. planoconvexa . During the onset of 
the Mid-Cenomanian event (Keller and Pardo  2004 ; Ando and Huber  2005 ), a simi-
lar transformation was also observed (Desmares et al.  2008 ). Under these environ-
mental perturbations, the keeled species  R.    montsalvensis    is associated with globular 
morphotypes  R.    praemontsalvensis   .       

3 Retrograde Polymorphism in Some Planktonic Foraminifera
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    Chapter 4   
 Trend Reversals in Radiolaria During 
Extinction Periods                     

4.1                End Permian Event and the Entactinids 

  Since the  Cambrian   period when they fi rst appeared, radiolarians have experienced 
several quasi extinctions but survive well until the present time. One of the most 
severe extinctions in their life history occurred at the end of the Permian and a care-
ful review of the way they survived the Permian Triassic crisis was recently pub-
lished (De Wever et al.  2006 ). It is demonstrated that following the Permian 
extinction some forms, such as the entactinarian   Parentactinia   , reduced the com-
plexity of their skeleton by partial loss of the outer spherical shell that surrounds the 
spicule. Incidentally, many earliest Triassic spicular forms belonging to the entacti-
nids are the result of a loss of the outer skeleton (De Wever et al.  2006 ). The evolu-
tionary process leading to simple and primitive looking end-forms under the 
infl uence of high environmental stress in radiolarians is very similar to what is 
observed in the  Silicofl agellids   and Foraminifera. Such simplifi cations often corre-
spond to the reappearance of ancestral geometries in the   Ticinella    lineage discussed 
above. Three examples illustrating such phenomena are given below .  

4.2     Retrograde Evolution of the  Albaillella  Lineage 
During the Permian-Triassic Crisis 

  The fi rst detailed evolutionary study of the genus   Albaillella    in the Upper Permian 
of Japan demonstrated that the  Albaillella  lineage starts with a small form having a 
conical shell with six narrow transverse bands and a ventral wing called   A . sp.  G    
(Kuwahara  1999  and Fig.  4.1 ). The apical part of the shell of this ancestral form is 
almost straight with a ventral wing protruding from near the last transverse band. It 
is followed by  Albaillella    yamakitai    Kuwahara, which has a conical shell with fi ve 
transverse bands, a dorsal bulge and one ventral wing. Next in the sequence is 
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  Albaillella  sp.  A   . with a conical shell and one ventral wing with dimple-like holes. 
The shell is small, conical, fl attened with a ventral wing and a strongly pentagonal 
form. The upper part of the shell starts to be slightly curved on the ventral side.  A . 
sp. A is followed by   Albaillella protolevis    Kuwahara and   A. levis    Sashida and 
Tonishi, characterized by a conical, smooth and infl ated shell with one ventral wing.

     Albaillella lauta    Kuwahara shows a ventrally curved upper part and shell height 
is greater than in   A. levis   . The next one,   A. fl exa    Kuwahara, has a ventro-apical shell 

  Fig. 4.1    ( a ) Anagenetic evolution of   Albaillella    during the  Upper  Permian showing increasing 
convexity of the conical shell and reversal of the trend above the Permian-Triassic boundary. ( b ) 
Diagrammatic representation of the evolutionary catastrophe observed in the Albaillellids at the 
Permian Triassic transition (from Guex et al.  2014 )       
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that is remarkably curved. It is followed by   A. angusta   , which is slightly less curved 
and by   A. excelsa   , which is smooth and elongated. The last three representatives of 
the lineage,   A. triangularis   ,  A . sp. D and   A. yaoi    show extreme curvature of the api-
cal part of the cone. 

 To summarize, the phyletic sequence is gradual with most intermediate forms rep-
resented and with the derived forms replacing progressively the ancestral forms. In 
other words there is no place for a persistent opportunistic form surviving during the 
development of the lineage. Of note, Kuwahara’s uppermost Permian section is cut by 
a fault. Nevertheless, we have a perfect record of the geometrical transformations of 
  Albaillella    during that critical evolutionary interval. Following the greatest extinction 
in the history of the Earth, the oldest Lower Triassic record of   Albaillella   , is provided 
by Takemura and Aono ( 2007 ) with the discovery of   Albaillella aotearoa    Takemura 
at Arrow Rocks (Oruatemanu), New Zealand. This Triassic species has a small, some-
what fl attened conical shell with a ventral wing. The upper part of the shell is almost 
straight in outline and is clearly a homeomorph of   Albaillella  sp.    G  and   A. yamakitai    
described by Kuwahara at the beginning of the Upper Permian lineage, providing a 
nice example of morphological retrogradation (=proteromorphosis).   

4.3     The Evolution of the  Saturnalids   During the KT Crisis 

 The fundamental studies on the evolution of the oertlispongids and their direct 
derivatives, the  saturnalids  , provide an outstanding illustration of the long-term 
complexifi cation of some radiolarian skeletons (Dumitrica,  1982 ,  1985 ). In the 
Early Paleocene, which immediately followed the End Cretaceous Extinction, this 
group was marked by the appearance of a very simplifi ed radiolarian group, the 
 Axopruninae  , a saturnalid that lost its equatorial ring and retained only two polar 
spines. The Triassic oertlispongids are represented by a simple spongy spherical 
shell with two spines. The upper spine of these radiolarians was transformed into an 
arch with increasingly complex geometry, suggesting at the same time an affi nity of 
this group with the saturnalids (Dumitrica,  1982 ). Subsequently it was established 
that Lower Jurassic saturnalid evolution is characterized by the transformation of 
the spongy inner shell into a sequence of two concentric latticed medullary shells, 
surrounded by an external shell. Further extrapolation of these initial discoveries 
showed that saturnalids derived from the oertlispongids by a similar complexifi ca-
tion of the lower spine, followed by a fusion of the two arcs, leading to the genesis 
of typical saturnalids with an equatorial ring (Kozur and Mostler,  1983 ,  1990 ). 
Similarly several Cenozoic forms with simple subspheric cortical shells with two 
axial spines (  Axoprunum   ,   Xyphosphaera   ) derived from the usual saturnalids by loss 
of the equatorial ring, a characteristic of this large family (Dumitrica,  1985 ). This 
major geometrical simplifi cation occurred suddenly within the Lower Paleocene 
and it clearly results from the major crisis leading to the Cretaceous-Tertiary extinc-
tion. The loss of the equatorial ring is comparable with the loss of the basal ring of 
the  silicofl agellids   at times of artifi cial or natural ecological stress (Fig.  4.2 ).

4.3 The Evolution of the Saturnalids During the KT Crisis
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4.4        Untwisting of Spines Around the Triassic–Jurassic 
Boundary Crisis 

 Drastic retrogradation in spine geometry occurs during the Triassic–Jurassic 
Boundary crisis.   Tipperella    is a late Norian to Hettangian genus characterized by 
having a simple subspherical test with four spines in the tetrahedral position. The 
cortical shell wall is thick and variable in appearance, composed of either small 
polygonal pore frames or spongy meshwork. The interior cavity is fi lled with spongy 
meshwork that is frequently dissolved. Spines are triradiate and strongly twisted 
through most of the Rhaetian stage (see Fig.  4.3 ), but towards the end of it they 
begin to untwist. This contrasts remarkably with basal Hettangian forms whose 
spines are straight and circular in cross section, similar to many Permian 
radiolarians.

   A similar case of untwisting can also be seen in  Betraccium  during the TJ crisis 
(see Guex et al. 2012). This middle Norian pantanelliid has a subspherical cortical 
shell with coarse polygonal meshwork and three radially arranged primary bladed 
spines in the same plane.   Betraccium smithi    Pessagno and other Norian species such 
as  B. deweveri  Pessagno and Blome,   B. maclearni    Pessagno and Blome and   B. yak-
ounense    Pessagno and Blome have twisted spines. All species with strongly twisted 
spines disappear around the Norian–Rhaetian boundary, and all subsequent species 
have straight three-bladed spines (Carter,  1993 ).  

  Fig. 4.2    Idealized view of the evolution of the  saturnalids   and loss of the equatorial ring at the 
Cretaceous-Cenozoic boundary. Not to scale (constructed after a diagram of Guex  1993 )       
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4.5     The Evolution of  Eucyrtidiellum  
During the Pliensbachian Toarcian Stages 

  In this section we  will   study the evolution of the genus Eucyrtidiellum during the 
Lower Jurassic and its reaction during the Pliensbachian Toarcian major crisis. To 
give a clear picture of the rate of faunal turnover among radiolarian during that 
period, we expressed it as the number of species with FAD (fi rst appearance datum) 
against the number of species with LAD (last appearance datum) in a given biochro-
nological unit, called Unitary Association (see Guex et al.  2015a ,  b ). A special tool 
of the UAgraph program (Hammer et al. 2015) called “Cumulated FADs/LADs” 
was used to construct Fig.  4.4  and we used the cumulative number of FADs plotted 
against the cumulative number of LADs. Each Unitary Association is represented 
by a point on the curve. Gentle slopes of the curve indicate high diversifi cation rates 
(great number of FADs vs. low number of LADs) and steep slopes indicate high 
extinction rates (low number of FADs vs. great number of LADs). Take notice of the 
problem that the beginning and the end of such a curve are biased by the fact that 
the base and the top of the original range chart record truncated ranges: all taxa in 
the lowest biochronological unit may range downward and all taxa in the highest 
unit may range upward. These parts of the curve must obviously be ignored. The 
advantage of this method is that it analyses the relationship between FADs and 
LADs and not only their absolute numbers. This means that the analysis is not 
biased by exceptional preservation, which is a common phenomenon in the radio-
larian fossil record.

  Fig. 4.3    Loss of the twisting of the spines in   Tipperella    at the Triassic–Jurassic boundary. 
Diagram, not to scale (from Guex et al.  2012a )       
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    Eucyrtidiellum  is a very common Jurassic  nassellarian   looking like a tiara. In the 
Pliensbachian  E. nagaiae  with an abdomen typically ornamented with strong verti-
cal costae, evolves from   E. gunense    (Gorican et al.  2006 ). During the topmost 
Pliensbachian–Early Toarcian major crisis, these forms give rise to smooth deriva-
tives without the abdominal costae (  E. disparile   ), that evolve to smooth poreless 
forms (  E. unumaense   ) in the early Middle Jurassic. Abdominal costae gradually 
reappear in the Bathonian (  E. dentatum   —  E. pustulatum   —  E. semifactum    ,    E. ptyc-
tum    and later   E. pyramis   ). The pores on the abdomen progressively close in this 
lineage. 

 The drastic simplifi cation of the ornamentation and retrograde evolution of 
 Eucyrtidiellum   during the Pliensbachian-Toarcian crisis is clearly related to the 
major environmental perturbation which occurred during that period (Gorican et al. 
 2006 ). That crisis is also well known to be correlated with the onset of the Karoo- 
Ferrar large igneous province discussed in Sect .   2.2    .       
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( 2013 )       
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Chapter 5
Evolution of Some Cephalopods During Major 
Extinctions

5.1  Repetition of Lineages by Retrograde Evolutionary 
Jumps in Ammonites

Iterative evolution is the most striking property of the ammonoid distribution dur-
ing their long life. The very large scale phylogeny of the three major distinct 
groups occurring during the Paleozoic and the Mesozoic periods is shown in 
Fig. 5.1 which demonstrates that major evolutionary jumps in ammonoids occur 
during severe extinction events. These are characterized by the rapid appearance 
of simple, primitive- looking forms which are similar to remote ancestors of their 
more complex immediate progenitors. Such forms are often atavistic and homeo-
morphic species generated during such sublethal stress events and they can be 
separated by several millions of years from their initial ancestor. A striking exam-
ple of such an iteration is given in Fig. 5.2 presenting the very simple morphology 
of the smooth evolute (or Xenodiscus group in a larger sense), appearing at the 
Permian Triassic boundary and giving rise to all the ammonoids known as 
Ceratitina. The group is affected by a quasi extinction at the Triassic Jurassic 
boundary and its recovery starts from the equally simple smooth evolute Psiloceras, 
which are, in turn, quasi homeomorph of Ophiceras. These two primitive forms 
developed phyletic lineages with many common features (Fig. 5.2), even though 
Psiloceras is derived from Ophiceras through a long and complex series of succes-
sive and distinct lineages. The detail of the relation between Phylloceratina and 
Psiloceras is given in Fig. 5.3.



Fig. 5.1 Large scale evolution of the different suborders of ammonoids. (1) Ophiceras, (2) 
Psiloceras (see text and Sect. 2.2). From Guex (2006)

Fig. 5.2 Evolution of the earliest Ceratitina and Psiloceratina at the base of the Triassic and of the 
Jurassic. From Guex (2006)

http://dx.doi.org/10.1007/978-3-319-27917-6_2
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5.2  Evolutionary Jumps of the Ammonites 
During the Middle-Late Toarcian Crisis

Here we return to two examples which we consider particularly illustrative (loc.
cit.). The first concerns the evolution of the Middle Toarcian Paronychoceras (the 
microconchs of Phymatoceras, see Guex 2000) and of their Late Toarcian offshoots, 
Onychoceras (the microconchs of Hammatoceras) (Fig. 5.4). The oldest known 
Paronychoceras, P. pseudoplanum, is a tiny relatively evolute smooth form with no 
keel or sign of ribbing. It is followed by P. costatum, which has no keel but faint 
crescentic lateral ribs. Its direct offshoot is represented by Pseudobrodieia lehm-
anni, itself followed by Brodieia sp. n. ind. which is ribbed, keeled and has lateral 
lappets. In the Early Late Toarcian (uppermost Variabilise zone-Thouarsense zone) 
the first microconch lineage gives rise to Onychoceras planum, followed by  

Fig. 5.3 Details of the relations between the Phylloceratida and Psiloceras (from Guex 2006). See 
Sect. 2.2 and Fig. 5.1

5.2  Evolutionary Jumps of the Ammonites During the Middle-Late Toarcian Crisis
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O. tenue (Early Insigne Zone) and O. differens (Late Insigne Zone). It is of impor-
tance that no intermediate forms linking the two successive lineages are known 
(Fig. 5.4). This possibly reflected the poor preservation of this group during the 
Middle-Late Toarcian crisis.

A second lineage of interest is observed during the same time which shows a simi-
lar case of iterative evolution: the Hildaites → Phymatoceras → Haugia → Denckman
nia (Middle Toarcian Phymatoceratinae) which gives rise to the plexus Podagrosites 
→ Pseudogrammoceras → Phlyseogrammoceras → Huddlestonia lineage (Upper 
Toarcian Grammoceratidae). The evolution of the Phymatoceratinae and one of their 
derivatives, the Grammoceratidae, is illustrated in Fig. 5.5. This lineage is rooted in 
evolute forms of the Lower Toarcian which belong to the genus Hildaites, and which 
evolved into the involute group of Haugia via Phymatoceras. During the Late-Middle 
Toarcian, the variability of Haugia increased and this group gave rise to a relatively 
evolute form called Denckmannia which, in turn, gave rise to a very evolute and 
simply ribbed ammonite, Podagrosites. This new group is a perfect homeomorph of 
the ancestral Hildaites. Starting from the Podagrosites pole, we observe a continuous 
morphological transition towards the different species of Pseudogrammoceras, 
eventually giving rise to the involute and fasciculate Phlyseogrammoceras and to the 
smooth oxycone Hudlestonia. This example demonstrates that the transition from 
involute forms (which are the outcome of a major evolutionary trend) towards a 
primitive looking evolute form is achieved through an increase of the variability of 
the ancestral advanced group during an episode of stress. It should be noted that such 
a transformation is global (i.e. it affects the whole ontogeny) and does not result from 
a simple heterochrony such as neoteny or progenesis.

Fig. 5.4 Evolution of the Paronychoceras → Pseudobrodieia → Brodieia lineage and catastrophic 
repetition of the early part of the lineage at the Middle-Late Toarcian boundary (from Guex 2001)

5 Evolution of Some Cephalopods During Major Extinctions
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Fig. 5.5 Anagenetic evolution of the Hildaites → Phymatoceras → Haugia lineage and cata-
strophic appearance of the sub-homeomorphic Podagrosites → Pseudogrammoceras → Phylseogra
mmoceras lineage (from Guex 2001)

5.2  Evolutionary Jumps of the Ammonites During the Middle-Late Toarcian Crisis
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5.3  Retrograde Covariation During Extinction Episodes

5.3.1  Buckman’s First Law of Covariation

The Buckman’s First Law of covariation named so by Westermann (1966) follow-
ing the first observations by Buckman (1887) in Sonninia and Amaltheus was 
originally described as follows: “Roughly speaking, inclusion and compression of 
the whorls correlate with the amount of ornament—the most ornate species being 
the more evolute (i.e. loosely coiled) and having almost circular whorls…” 
(Buckman 1887).

Some Pliensbachian ammonites belonging to the genus Amaltheus provide prob-
ably the best example of covariation. In this group, more specifically in the A. gib-
bosus group, all transitions between evolute and strongly spinose forms and 
quasi-smooth involute forms at the other extreme are observed (Figs. 5.6 and 5.11b), 
excluding the possibility to explain this compelling variability as a special case of 
scale and proportionality (Hammer and Bucher 2005).

MIDDLE - LATE TOARCIAN MAJOR CRISIS
SEE TEXT
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Fig. 5.6 Examples of covariation during the unstable Pliensbachian-Toarcian period: Correlation 
between the development of extreme retrograde polymorphism and main extinction events (see 
variations of the species richness). Margaritatus zone: Amaltheus gibbosus. Tenuicostatum Zone: 
Dactylioceras clevelandicum (courtesy of Mike Howarth). Dispansum Zone: Osperleioceras 
reynesi
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5.3.2  The Case of Osperleioceras reynesi

As already seen above, the crisis periods are not favourable to fossilization. During 
such perturbated intervals, the fossils are absent, rare or badly preserved. However, 
during the Middle Upper Toarcian crisis, the genus Osperleioceras is very well 
recorded in the Causses Basin (Southern France) and we can follow precisely the 
genesis of the loosely coiled and atavistic Osperleioceras reynesi from its tightly 
coiled ancestor O. bicarinatum which itself derived from the common ancestor 
Harpoceras.

The details of that very important morphological genesis of a primitive looking 
form are illustrated in Fig. 5.7. Note that the last step of that evolution is marked by 
a clear phenomenon of covariation, discussed below.

5.3.3  A Morphogenetic Explanation of Buckman’s Covariation

Covariation depends on the internal shell geometry, namely the lateral and ventral 
curvature of the shell which controls the amount of morphogens present in the more 
or less curved mantle, the most salient ornamentation being present where the 
whorls are most curved, shells with slight angular bulges often being spinose or 
carinate and flat ones being almost smooth (Guex 1999, p 42). The empirical con-
clusion was that the covariation phenomenon could be explained within the frame-
work of Gierer-Meinhardt’s reaction diffusion models. To prove that conclusion, 
André Koch simulated the distribution of “morphogens” (in the physical sense) in a 
quadrangular body chamber and demonstrated that morphogens maxima are located, 
as expected, in the part of the mantle located in the angular parts of the shell.

For this, Andre Koch (in Guex et al. 2003) calculated a numerical solution of the 
Gierer-Meinhardt equations for a cross section through an ammonite shell, orthogo-
nal to the growth axis. The solution of the standard reaction-diffusion equations of 
Gierer-Meinhardt in a bidimensional domain is as follows:

 ¶ = + - +t a a a aa D a a h aD r m s2 /  

 ¶ = + -t h h hDhh D a hr m2

 

with D º ¶ ¶ + ¶ ¶ ( )2 2 2 2/ / ;x y ,a x t  and h(x,t) corresponding to the activator and 
inhibitor morphogens, respectively. In the numerical simulation, the constants have 
the following values:

 Da a a a= = = =0 012 1 0 0 01 0 002. . . .r m s  

 Dh h h= = =0 4 1 0 0 01. . .r m  
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O.reynesi

O.bicarinatum
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LATE TOARCIAN

MIDDLE TOARCIAN

OSPERLIOCERAS

Fig. 5.7 Evolution of Osperleioceras through the Middle-Late and Late Toarcian crises, showing 
the development of a retrograde polymorphism in the Reynesi subzone. From Guex (1992)
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The units of distance, time and concentration are arbitrary! The domain of computa-
tion corresponds to the union of the two following areas:

 1. Area delimited by two arcs of circles {(−33.5120,−12.1072), 50.00} and 
{(−24.5332, −11.5931), 40.00}, and contained in the region x ≥ 0 and y ≥ −0.052.

 2. Area delimited by two arcs of circles {(33.5120, −12.1072), 50.00} and 
{(24.5332, −11.5931), 40.00}, and contained in the region x ≤ 0 and y ≥ −0.052.

The boundaries of the domains are supposed to be impervious for the inhibitor. 
The outer boundary (arc of circle of radius 50.00) is unaffected by the activator 
whereas the other boundaries are susceptible to this factor. The choice of these 
boundary conditions is motivated by the following arguments: The activator is sup-
posed to diffuse freely outside the mantle’s cells into the environment (intercellular 
medium and sea water).

The reaction-diffusion equations are solved numerically on a hexagonal mesh 
containing 1500 nodes corresponding to a hexagon radius of 0.23 units. The con-
centrations a(x,t) and h(x,t) are determined at each node of the mesh. The initial 
values of the concentrations at t = 0 correspond approximatively to the values taken 
from the (unstable!) homogenous stationary solution. We add small random devia-
tions ε(x,0) to the concentrations of the activator to allow the system to leave the 
initially homogenous state. The initial values are thus given by:

 
a x x e x, , with ,0 1 0 1 0 0 05 0 0 05( ) = + ( )éë ùû - < ( ) < +. . .e

 

 h x,0 100 0( ) = . . 

The stationary inhomogeneous solution is found using a standard iterative proce-
dure (details in Guex et al. 2003). Similar conclusions were obtained by Newell 
et al. (2008) in their general study of phyllotaxy: “… buckling leads to a template 
for primordia, it is growth that leads to the visible primordial bumps and phylla. 
This growth is postulated to be a biochemical response, perhaps through chemical 
agents such as auxin, to the local stress or curvature inhomogeneities of the buckled 
surface …”. In our carbonate shelly invertebrates, the morphogens have obviously 
nothing to do with auxin but could simply be Ca2+ ions.

The output of Koch’s calculation is given in Fig. 5.8, showing the distribution of 
the activator and inhibitor in a bended shell: very low concentration in the smooth 
part and very high concentration in the curved part.

More recently, an alternative model leading to the same kind of conclusions has 
been proposed by Mercker et al. 2013 where the authors write that “biomechanical 
forces may replace the elusive long-range inhibitor and lead to formation of stable 
spatially heterogeneous structures without existence of chemical prepatterns. We 
propose new experimental approaches to decisively test our central hypothesis that 
tissue curvature and morphogen expression are coupled in a positive feedback 
loop”.

5.3  Retrograde Covariation During Extinction Episodes
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It might be useful to note that a multitude of mathematical models can simulate 
the pattern formation in shelly organisms. To illustrate this we can mention the fact 
that phyllotaxy, a domain studied by botanists, has been formally described by mod-
els developed in three totally different fields of mathematics: pure geometry by Van 
Iterson (1907), pure physics by Douady and Couder (1992) and reaction-diffusion 
by Meinhardt et al. (1998). In other words it is clear that our model of spine forma-
tion in ammonites (Fig. 5.8) is obviously not the only possible, even if it has nothing 
to do with a proportionality problem.

5.3.4  Covariation and Environmental Stress

One notable characteristic of covariation in Buckman’s sense is that it usually gen-
erates extreme morphotypes of atavistic habitus with simple and evolute morpholo-
gies and it seems to occur exclusively during episodes of environmental stress.

To demonstrate this we shall stay in the upper part of the Lower Jurassic (Late 
Pliensbachian-Toarcian), a period of high ecological instability that provides evi-
dence of some of the best documented extinction events in ammonoid history.

The variations in ammonite biodiversity, expressed as species richness, from the 
Pliensbachian-Toarcian boundary up to the lower part of the Late Toarcian (Dera et al. 
2010) are correlated with the standard ammonite biochronological scale (Fig. 5.6).

The first extinction event is placed at the transition between the Gibbosus and 
Spinatum zones in the Late Pliensbachian (Meister 1988, 1989; Meister and Stampfli 
2000; see also Dera et al. 2010). The evolute spinose zonal index Amaltheus gib-
bosus is an atavistic form generated from involute A. margaritatus which strongly 
resembles the ancestral morphology of the Sinemurian Eoderoceras (Guex et al. 
2003, and see Fig. 5.11).

Across the Pliensbachian-Toarcian boundary (Fig. 5.6) the Dactylioceratidae 
reacted similar to other groups by a marked increase in variability with extreme 
forms leading from the depressed and strongly spinose Dactylioceras crosbeyi 
group to serpenticone forms with simple ornamentation of the Eodactylites morpho-
group, another typical case of covariation.

Fig. 5.8 Output of Koch’s program showing the relative concentration (white to dark grey) of the 
activator and inhibitor in the bended shell (see text). From Guex et al. (2003)
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The next crisis, known as the Early Toarcian Oceanic Anoxic Event, is character-
ized by the occurrence of the same kind of variability increase within the 
Dactylioceras semicelatum and D. clevelandicum group which develops spinose 
forms with cadicone internal whorls (Howarth 1973). This episode is also character-
ized by the appearance of evolute Hildoceratids known as Hildaites, derived from 
the relatively involute Protogrammoceratids. In this latter case the complete transi-
tion between the two groups is not well recorded.

During the Middle-Late Toarcian transition, an exceedingly important faunal 
turnover is observed with the disappearance of the Hildoceratids, Dactylioceratids 
and Phymatoceratids which are replaced in the ammonite populations by the 
Hammatoceratids and Grammoceratids. This crisis, like the others, is marked by a 
strong increase in polymorphism of the ammonites and is also marked by the 
appearance of atavistic/evolute primitive looking ammonites such as Podagrosites 
generated by Pseudogrammoceras (see above), which are similar to the ancestral 
lower Pliensbachian Fuciniceras (Guex 1992, 2006).

The same kind of biotic situation occurs once more during the Late Insigne–
Early Levesquei crises (Guex 1975; Dera et al. 2010) where the disappearance of 
abundant Osperleioceras, most typical Hammatoceratids, Alocolytoceras, 
Buckmanites and Oxyparoniceras is observed. In the topmost abundantly fossilifer-
ous beds of the Late Insigne Zone (Dispansum subzone) a huge polymorphism is 
observed again in the Osperleioceras reynesi group with typical Osperleioceras like 
O. alterans-wunstorfi (Guex 1975, Pl. 8, Fig. 3) giving rise to simplified O. reynesi 
(Guex 1975, Pl. 8, Fig. 2), a form characterized by an evolute coiling and simple, 
strong and almost straight lateral ribs (Guex 1992, Fig. 4; Morard and Guex 2003, 
Fig. 1). The same is detected in Hammatoceras of the bonarellii group (Guex 1975, 
Pl. 9, Fig. 12) which gives rise to serpenticone Catulloceras (Guex 1975, Pl.2, 
Fig. 4), the direct ancestor of the Dumortieria and Pleydellia leading to all the 
Haplocerataceae of the Middle and Upper Jurassic (Guex 1992, Fig. 5). Other 
examples of atavisms occurring during high environmental stress are discussed and 
illustrated in Guex (2006).

5.3.5  Ecophenotypes and Stress in Benthic Foraminifera

Benthic foraminifera are well known to be extremely sensitive to environmental 
stress (Camacho et al. 2015; Barras et al. 2010) and several classical studies have 
shown that the variability of these organisms was polarized in function of such per-
turbations. That polarization is mainly characterized by a differential colonization 
of the ecological niches where the geometrically simplest and archaic forms are 
more frequent in unstable environments. In a fundamental contribution, Grünig 
(1984) has demonstrated the influence of the depth over the different phenotypes of 
Spiroplectammina and Uvigerina in which the forms with spinose ornamentation 
predominate in deep environments when relatively smooth forms colonized the 
shallow waters (Fig. 5.9).

5.3  Retrograde Covariation During Extinction Episodes
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On another hand an extreme variability in the Permian porcelaneous foramin-
ifera such as Hemigordius (Fig. 5.10) was demonstrated by Gargouri and Vachard 
(1988) and Mehl and Noe (1990). In this group we observe all the transitions 
between glomospiroid forms and regular evolute panispiral morphotypes (Fig. 5.10). 
The glomospiroid morphotypes predominate in the hypersaline waters where noth-
ing else can survive.

5.3.6  Comparison Between the Covariation Observed 
in Metazoans and Foraminifera

The evolutionary trend observed in the Ticinella → Thalmaninella lineage discussed 
in Sect. 3.3 (Fig. 3.2) illustrates the frequent evolutionary trend occurring in coiled 
shells: in the T. greenhornensis–T. multiloculata plexus a strong keel is developed at 

Outer

UVIGERINA

SPIROPLECTAMMINA

shelf–bathyal shelf

Fig. 5.9 Influence of depth over the different phenotypes of Spiroplectammina and Uvigerina 
(From Grünig 1984)

Fig. 5.10 Morphocline showing the extreme forms going from the disorganized glomospiroid 
type to the typical planispiral Hemigordius type in function of environmental stress. Modified from 
Gargouri and Vachard (1988) in Guex (1992)
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the maximum lateral curvature of the chamber, demonstrating the relation between 
morphogen concentration and strong curvature of the membrane. During episodes 
of environmental stress such as anoxic events, a retrograde polymorphism is 
observed in these protists, which is perfectly similar to the case of Amaltheus 
described in the preceding section, as illustrated in Fig. 5.11b.

The fact that Buckman’s First Law of Covariation applies to both unicellulars 
and metazoans proves that similar biochemical signals are at work in both types of 
organisms. This note will be useful for our concluding remarks (see Chap. 9).

5.3.7  Heteromorph Ammonites and Uncoiling of Nautilus 
Above the Permian Triassic Boundary

The contemporary Nautilus pompilius is often regarded as one of the most typical 
example of a living fossil. Indeed, many very old (up to 300 Ma) nautiloids (s.l.) 
have a shell geometry which is very similar to that of the modern forms. It is there-
fore surprising to see that this ultraconservative group has been able to behave like 
ammonoids during major crises (see Fig. 5.12).

Fig. 5.11 (a) Evolutionary lineage going from the simple and evolute ancestral planktonic fora-
minifera Ticinella towards the involute and carinated Thalmaninella. (b) Highly evolute 
“Eoderoceras-looking” (=ancestral) Amaltheus showing a similar trend from evolute towards invo-
lute coiling

5.3  Retrograde Covariation During Extinction Episodes

http://dx.doi.org/10.1007/978-3-319-27917-6_9


50

The unique and fascinating example given here was found by Shigeta (2009) 
who described an uncoiled nautiloid at the base of the Triassic, deriving from the 
Pennsylvanian–Permian normally coiled Domatoceras (Fig. 5.12A). That extraor-
dinary transition occurred during the catastrophic Permian Triassic transition, 
which, again, is known to be one of the worst crisis ever occurring on the Earth with 
95 % of the species being extinct.

Fig. 5.12 (a) Domatoceras (Permian), (a′) Gyronautilus (Early Triassic. From Shigeta 2009), (b) 
Hybonoticeras (Tithonian), (b′) Protancyloceras (Tithonian), (c) Cycloceltites (U.Norian) (c′) 
Rhabdoceras (Rhaetian), (d) Strenoceras (Bajocian), (d′) Spiroceras (Bajocian) (b–d from Guex 
2001)

5 Evolution of Some Cephalopods During Major Extinctions
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The most spectacular reversals of the trends towards increasing involution are 
observed among ammonites called “heteromorphs” (uncoiled or with helicoidal 
coiling) which appear abruptly at various periods of the Triassic and of the Jurassic 
and which proliferate during the whole Cretaceous.

The oldest uncoiled Mesozoic group belongs to the genus Rhabdoceras and 
derives from the normally coiled Sympolycyclus/Cycloceltites group at the base of 
the Cordilleranus zone, just at the end of a major regressive event. The straight coni-
cal Rhabdoceras generates semiuncoiled ammonites such as Choristoceras (Spath 
1933), Peripleurites and the helicospiral Cochloceras. The Late Triassic hetero-
morph Choristoceras proliferated during the whole Rhaetian when most other typi-
cal Triassic ammonoids disappeared. Similar occurrences of uncoiled ammonites 
are observed during the Middle and Late Jurassic with the appearances of Spiroceras, 
Parapatoceras, discussed below with more detail, and Protancyloceras, deriving 
from normally coiled ammonites.

Magaritz (1989) was one of the first to understand the relationship between 
some carbon negative shifts (δ13C) and major extinctions in marine faunas. Indeed, 
it is obvious that collapses of biological productivity occurring during such peri-
ods imply massive release of light carbon which, in turn, appears in the strati-
graphic record. Taken alone, negative shifts of the δ13C are not sufficient to deduce 
the existence of environmental stress but they certainly can be taken as a stress 
index when they are concomitant with marine regressions and relatively high 
extinction rates.

In the case of the appearance of Spiroceras and Parapatoceras, we observe that 
they are precisely generated during two successive regressive events associated with 
negative shifts of the δ13C and clear drops in ammonite diversity (Fig. 5.13). These 
events could be related to the major changes in the Pacific plates during Middle 
Jurassic and to the volcanism generated by these events (Bartolini and Larson 2001). 
The first one appears in the Blagdeni-Banski subzones and derives from lineage Su
bcollina → Parastrenoceras → Strenoceras which are rooted within more involute 
Stephanoceratidae. The second one first occurs in the Orbis zone and derives from 
the lineage Cadomites (relatively involute), Hemigarantiana, Epistrenoceras 
(evolute).

Once more this uncoiling is a global process: uncoiled ammonites do not at all 
resemble juveniles of their ancestors and, therefore, they cannot be considered as 
“paedomorphs”. It is also worth noting that such peculiar groups are perfectly well 
adapted to the unstable rhaetian and cretaceous environments. For example, one of 
the only survivor of the End Triassic Extinction (ETE) is Choristoceras which sur-
vived until the early Hettangian Planorbis zone.

5.3  Retrograde Covariation During Extinction Episodes
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Fig. 5.13 Appearance of the Middle Jurassic Spiroceras and Parapatoceras during regressive 
phases and negative anomalies of the δ13C. From O’Dogherty et al. (2006)

5 Evolution of Some Cephalopods During Major Extinctions



53© Springer International Publishing Switzerland 2016 
J. Guex, Retrograde Evolution During Major Extinction Crises, SpringerBriefs 
in Evolutionary Biology, DOI 10.1007/978-3-319-27917-6_6

    Chapter 6   
 Retrograde Evolution of Corals at the End 
Triassic Crisis                     

6.1                Introduction 

 Rugose corals, characterized by their strong bilateral symmetry and complex skel-
eton, were amongst the most successful animals in the Paleozoic shallow waters, 
represented by several tenths of species. During the Permian-Triassic crisis, they 
have been obliterated and the Triassic recovery of reef building by  scleractinian   
corals with hexagonal radiate symmetry took several millions of years. In 2003, 
Stanley proposed that these corals lost their shelly skeleton and had a planktonic 
way of life. Later the same hypothesis was introduced to explain that the change of 
symmetry could have been acquired because of this new mode of planktonic life 
(Guex  2006 ).  

6.2     Coral Reefs During the End Triassic Extinction 

 During the End Triassic Extinction (ETE) the  scleractinian   corals, which were 
important reef builders during the Upper Triassic, underwent a marked decline 
that was followed by a “reef gap” during the Hettangian and early Sinemurian 
(Lucas and Tanner  2004 ; Gretz et al.  2015 ; Lathuilière and Marchal  2009 ). In fact 
that gap is not so important because the coral diversity in the Hettangian is already 
important (Kiessling et al.  2009 ). The oldest known lower Jurassic reef is located 
in the Hettangian from Ardèche (southern France) and was called Elmi’s reef 
(Kiessling et al.  2009 ). It was discovered by Elmi and Mouterde ( 1965 ) and stud-
ied in several subsequent works, summarized by Gretz et al. ( 2015 ). Some of the 
Elmi’s corals belong to the family  Zardinophyllidae   ( Pachythecaliina  ) and 
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represent an enigmatic group belonging to the oldest Mesozoic record of stony 
corals. The overall architecture of the corallite has some features of the Paleozoic 
rugose corals but has also the recent scleractinians aragonitic mineralogy. Their 
new genus   Cryptosepta   , collected in the Hettangian from Ardèche has poorly 
developed (cryptic) septa, which is a peculiarity that extends the boundaries used 
to distinguish post-Palaeozoic corals and an oversimplifi cation that strongly sug-
gests a prominent example of proteromorphosis (Gretz et al.  2015 ). It might be 
possibly related with the Sinemurian genus  Pachysmilia  , a missing link to Jurassic 
 Amphiastreidae   (Fig.  6.1 ).        
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  Fig. 6.1    ( a ) 
  Zardinophyllum    (Carn) ( b ) 
 Pachydendron  (Carn) ( c ) 
 Pachythecalis  (Nor) ( d ) 
 Cryptoseptaa  (Hettangian), 
( e )   Pachysmilia    (Sin) (data 
from Gretz et al.  2015 )       
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    Chapter 7   
 Retrograde Evolution of Early Triassic 
Conodonts                     

7.1                The Conodont Animal 

   Conodonts   were eel-shaped jawless animals, possibly related to the modern cyclo-
stome (Goudemand et al.  2011 ) but their relation to the vertebrates remains under 
debate. They proliferated during the Paleozoic and the Triassic and disappeared 
during the end Triassic extinction (ETE). They were extensively studied because 
they evolved very fast and represent very good stratigraphic markers, sometimes 
better than ammonites because one fi nds them in many environments where ammo-
nites are absent. These organisms have complex apatitic teeth which are generally 
well preserved in a variety of sediments.  

7.2     Iterative Evolution in Conodonts 

 Triassic conodonts frequently show iterative evolutions, with repetition of heteroch-
ronous homeomorph lineages (Hirsch  1994 ). Specifi c examples of such evolution-
ary repetition, accompanied by a typical geometrical simplifi cation during the 
transition between the ancestors and descendants, can be found above the Permian 
Triassic major mass extinction: the repetition of the morphogroup   Neospathodus    at 
the base of two successive lineages,   Clarkina  d  uring the upper Permian and 
  Kashmirella    -   Paragondolella    during the Lower and Middle Triassic (Fig.  7.1 ). It is 
tempting to surmise that the catastrophic event, which prompted proteromorphosis 
coincides with the Dienerian negative carbon excursion and sea level high-stand 
coeval with high temperature.         
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  Fig. 7.1    Permian: ( a )  “   Neospathodus    ”    arcucristatus    ,  ( b )   Protoclarkina crofti    ,  ( c )   Clarkina bit-
teri    ,  ( d )   C. meishanensis,    ( e )   C. krystyni.    Early Triassic: catastrophic reappearance of atavistic 
  Neospathodus kummeli    ( a′ ) giving rise  to    Kashmirella      timorensis    ,  ( b′ )   Paragondolella regale    and 
( c′ )   P. excelsa    (From Kilic et al.  2015 )       
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    Chapter 8   
 Genetic Memory in the Evolution 
of Silicofl agellids                     

8.1                Introduction 

  Atavisms  appearing   during massive extinctions or sublethal environmental stresses 
indicate that retrograde evolution is related to some genetic memory of the phyloge-
netical history of the group, recalling an Haeckelian reverse recapitulation. This 
clearly implies that biological experiments could be performed to reconstruct partial 
phylogenies of recent animals or plants by submitting them to sublethal artifi cial 
stress. Examples of such experiments are exceedingly rare; a spectacular experi-
ment has been however conducted on living Silicofl agellids ( Chrysophytes  ) by Van 
Valkenburg and Norris in 1970. This experiment demonstrates the infl uence of envi-
ronmental stress on the development of a polymorphism oriented towards the reap-
pearance of ancestral geometries (=atavisms). 

 Before describing this experiment we should recall that the development of 
Silicofl agellids is highly sensitive to temperature, salinity variations and pollution. 
These organisms are also known for their great variability which is, in part, con-
trolled by environmental factors (Frenguelli  1935 ; Defl andre  1932 ,  1950 ; Van 
Valkenburg and Norris  1970 ; Dumitrica  1972 ; McCartney and Wise  1990 ; Guex 
 1993 ; McCartney et al.  2011 ). 

 Silicofl agellids fi rst appear in the Cretaceous, and their evolution is characterized 
by (1) progressive increase in complexity of the skeleton by adding new elements 
(apical and basal systems) and (2) elongation of the skeleton with development of 
bilateral symmetry and concomitant simplifi cation of some skeletal elements (loss 
of the lateral radial spines). 

 Before discussing the responses of this group to external environmental instabili-
ties, we will briefl y analyse the main characters of their geometrical evolution in 
three main lineages rooted in the spicular ancestor   Variramus   :   Dictyocha    on one 
side and   Vallacerta    and   Corbisema    on the other side.  
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8.2     Phylogeny 

 The oldest representatives of the silicofl agellids appear during the lower Cretaceous 
(McCartney et al.  1990 ,  2011 ). Recent studies of the stratigraphic distribution pro-
vide a rather precise idea of the morphological transformations that characterize 
their evolution (McCartney et al.  2010 ). A simplifi ed synthesis of the phylogeny of 
the principal silicofl agellids useful to our discussion is shown in Fig.  8.1 .

   The non-spicular forms of this group are classically described as composed of 
two main elements, the apical system and the basal ring surrounding it. The apical 
system has two distinct geometries: it can be composed of a simple spicule 
( Dictyocha  ), which becomes more complex and subdivides itself into an apical ring 
as in   Distephanus    or   Cannopilus    -   Paracannopilus   . Alternatively, the ancestral spic-
ule develops an apical dome in   Schulzyocha    and   Vallacerta    (Fig.  8.2 ).

   During the Lower and Upper Cretaceous, silicofl agellids were represented by 
four distinct groups: the primitive ancestral spicular form,   Variramus   , with its 
direct derivatives   Schulzyocha    and   Cornua   , and the genera   Vallacerta    and 
  Lyramula   . These primitive forms had a branched and thorny skeleton with princi-
pal rods laid out in a relatively irregular manner and their tips sometimes bi- or 
trifurcated. Except for several  Variramus  species, the orientation of the branches 
is organized in the same way as the apical part of   Dictyocha      fi bula   . The evolution 
of the  Dictyocha  lineage is schematically illustrated in Fig.  8.2 . This diagram 

  Fig. 8.1    Simplifi ed phylogeny of the  Silicofl agellids   (modifi ed from Guex  1993  and McCartney 
et al.  2011 )       
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shows how the geometry of this group increases in complexity. Starting form the 
spicular  Variramus , we observe the development of a basal ring in  Dictyocha , fol-
lowed by an apical ring in   Distephanus    which develops a more complex apical 
system in   Cannopilus    and   Paracannopilus   , simulating the morphology of some 
 nassellarian   radiolarians. 

 Another peculiar lineage of  silicofl agellids   is represented by the series 
  Variramus    →   Vallacerta    (Fig.  8.2 ), which is also characterized by an increasing 
complexity of the apical system of the skeleton. The trend starts with a widening of 
the median part of the spicule in   Schulzyocha     loperi  (see McCartney et al.  2010 ), 
giving rise to an initial, weakly developed apical dome which is followed by signifi -
cant development of the apical dome in  Vallacerta hannai . Increasing regularity 
leads to a perfect symmetry of the spicule that characterizes  Vallacerta    hortoni    and 
  V. quadrata   , with the development of forms with fi ve and four horns. 

 Another important lineage is generated from the spicular   Cornua   , which acquires 
a basal ring characteristic of its direct descendant   Corbisema    (Fig.  8.2 ).  

  Fig. 8.2    Development of apical dome, basal ring and complex apical system in the three main 
lineages of  Silicofl agellids   (discussion in Guex  1993 )       
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8.3     Genetic Memory of Silicofl agellids 

 The evolution of the silicofl agellids is important in the light of the fundamental 
observations of van Valkenburg and Norris ( 1970 ) who experimented with mono-
clonal cultures of   Dictyocha fi bula   . On the basis of a single stock, these authors 
studied the development of these unicellular algae in various environmental con-
texts (nutrient, salinity, temperature variables). On the whole, they chose ran-
domly and examined approximately 200 skeletons generated in their cultures. In 
addition to  Dictyocha fi bula , they recognized a large variety of forms assignable 
to the morphogenera   Distephanus   , co-occurring with individuals lacking a basal 
ring such as   Cornua    and   Variramus   , as well as several forms having lost all sym-
metry. The variability of populations obtained during this experiment is close of 
that of   Dictyocha fi bula    described by Frenguelli ( 1935 ) in the Gulf of San Matias 
in Patagonia. These researchers also noted that in supersaturated cultures many 
cells loose their skeleton (see also Jochem and Babanerd  1989 ; Moestrup and 
Thomsen 1990). 

 In brief this experiment shows that a monoclonal population of protists with 
simple skeletons, maintained in conditions which are equivalent to an artifi cial eco-
logical stress, develop an important variability with most of the morphotypes exist-
ing in the phylogenetic lineage being represented, and the development of archaic 
types is also observed, i.e.   Variramus    by loss of the basal ring or cells without any 
skeleton, like the ancestors of the whole lineage (Fig.  8.3 ). In other words this mod-
ern group clearly has a genetic memory of the skeletal geometry of its Cretaceous 
ancestors and of its phylogeny (Guex  2006 ).

  Fig. 8.3    Main morphotypes generated under artifi cial stress applied to a monoclonal population 
of   Dictyocha    in the Van Valkenburg and Norris ( 1970 ) experiment (see details in Guex  1993 )       
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8.4        Technical Remark About the Generic Name  Distephanus  

  In 1993, we noted that the  widely   used silicofl agellid genus  Distephanus  was pre- 
occupied by a terrestrial genus name of plant. As this genus was rarely used in the 
literature, we proposed to consider it as a  nomen oblitum  and keep the vernacular 
silicofl agellid name. Our solution was not followed and in 2014, Dumitrica demon-
strated that  Distephanus  could be replaced by another silicofl agellid name,  Octactis . 
Meanwhile, Jordan and McCartney (2015) introduced the new generic name 
 Stephanocha  to replace the very commonly used  Distephanus . In the present work 
we chose not to get involved into the polemic and continue to use the well-known 
silicofl agellid  Distephanus  name, even if we entirely agree with Dumitrica’s techni-
cal conclusion.         

8.4 Technical Remark About the Generic Name Distephanus
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    Chapter 9   
 Conclusions                     
   

  As already noted, there are very few biological papers that propose even a partial 
explanation of the evolutionary reversals observed in the palaeontological data dis-
cussed above. 

 Several evolutionary reversions are documented in the recent literature (Hall 
1984; Cabej 2011): reappearance of limbs of snakes, eyes of ostracods, mandibles 
in collembola, reappearance of ancestral digits of guinea pigs, horse toes, all ele-
ments that were lost during the evolution of these different zoological groups. None 
of these reversals seems clearly related to environmental stress and some of them 
have been done artifi cially like the teeth in chicken. The biochemical or genetical 
origin of these reversals is not known. Furthermore, they operate in a way strictly 
contrary to the cases discussed in the present paper where all the reversals concern 
the loss of most recent ancestral structures of the groups submitted to an extreme 
sublethal stress and the recovery of these structures in later evolution during more 
or less stable environmental conditions. 

 One potential source of variability and genesis of “hopeful monsters” invoked as 
a possible mechanism for abnormal development is a dysfunction of the heat shock 
protein HSP90 on the development of drosophiles (Rutherford and Lindquist 1998) 
under artifi cial chemical stress. It is clear, however, that all individuals raised in 
their experiment are pathological and totally dissymmetrical, contrary to most of the 
evolutionary cases discussed in the present paper where all the individuals keep a 
perfect symmetry. One case where a dysfunction of HSP90 could be invoked is the 
case of some completely disorganized and dissymmetrical entactinids around the 
Triassic–Jurassic boundary discovered by E.S. Carter (Fig.  9.1 ) and discussed in 
detail by Guex et al. (2012b).  

 In fact, the loss of symmetry during development has long been known as a com-
mon result of environmental stress (see, for example, the thoughtful discussion of 
Hoffman and Parsons, 1991). However, dysfunction of HSP90 genes is certainly not 



  Fig. 9.1    Example of completely disorganized and dissymmetrical entactinids around the Triassic–
Jurassic boundary (simplifi ed from Guex et al. 2012b)       

  Fig. 9.2    Simplifi ed and diagrammatic representation of the evolutionary lineages discussed in the 
main text and their reaction to catastrophic events. Not to scale       
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responsible for the appearance of the perfectly regular atavistic cephalopods and 
planktonic microorganisms generated during periods of major environmental 
perturbations. 

 Figure  9.2  summarizes in an extremely simplifi ed way the evolutionary cases 
discussed in the main text. It shows that most of the evolutionary innovations are 
accumulated peramorphically (by “terminal addition” in the Haeckelian terminol-
ogy) over long periods of time (Guex et al. 2012b). It is precisely these newly 
acquired characters which are generally lost during periods of sublethal stress that 
are always much shorter than the recovery periods (a few thousand years vs. several 
millions of years). The more generalized (=plesiomorphic) characters are also much 
more stable. This suggests that another possible mechanism could involve the 
genetic switching of Schlichtling and Pigliucci (1998) (see also Badyaev 2005). If 
this were true, we could speculate that some regulatory genes controlling the devel-
opment of the newly acquired characters could be switched off at certain concentra-
tions of pollutants (or under some sublethal temperature conditions) and switched 
on at normal concentrations. However that hypothesis cannot explain the usual 
cases where atavistic forms generated under extreme environmental stress are 
indeed giving rise to completely new lineages that are not identical to the ancestral 
one (compare, for example, the lineages following  Ophiceras  and  Psiloceras  in 
Guex (2006) (see Fig.   5.2    )). Whatever the cause (genetic or biochemical) of the 
reversal processes described here, we note that it is very easy to inhibit the develop-
ment of morphological novelties accumulated over several millions of years and to 
“reinitialize” the evolutionary clock of organisms submitted to high environmental 
perturbations leading to extinctions.  

 Our examples demonstrate clearly that multicellulars follow basically the same 
kind of evolutionary transformation (peramorphoses or atavisms) as their unicellu-
lar ancestors by accumulating new characters in an Haeckelian way (see also Torday 
2015). In other words the basic morphogenetic rules are the same as in unicellulars 
but they are spreading all along the ontogeny of the multicellulars (Fig.  9.1 ).  In sum-
mary we have seen that in both, unicellular and metazoans, most of the anagenetic 
evolution occurs by addition of new characters during long periods of time (several 
millions of years) (Fig.  9.1 ). Retrograde evolution is catastrophic in the sense of 
Thom (1972): as discussed in Chap.   1    , we use the cusp catastrophe to represent the 
evolutionary retrogradations occurring during extreme environmental stress (instan-
taneous in geological time). These diagrams show one simple thing: we can note 
that the retrogradations occur in exactly the same way in protists/unicellular and in 
metazoans (see Figs.   5.13     and   9.1    ). In other words it seems that the problem can be 
reduced to isolated cells communicating only with the external marine environment, 
the morphogenesis and phylogeny being strictly controlled by intracellular signals, 
which are not yet well understood.  

9 Conclusions
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   Ophiceras   ,   37   ,   38   
   Orbulina   ,   5   ,   7   
   Osperleioceras   ,   43   ,   44   ,   47   
   Osperleioceras bicarinatum   ,   43   
   Osperleioceras reynesi   ,   42   ,   43   ,   47   
  Ostracods  ,   63   
   Oxyparoniceras   ,   47     

 P 
   Pachysmilia   ,   54    
  Pachythecaliina  ,   53   
   Palinandromeda   ,   10     
   Paracannopilus   ,   58   ,   59   
   Paragondolella   ,   55   
   Paragondolella regale   ,   56   
   Parapatoceras   ,   51   ,   52    
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   Parastrenoceras   ,   51   
   Parentactinia   ,   31   
   Paronychoceras   ,   39   ,   40   
   P. costatum   ,   39   
   P. excelsa   ,   56   
   Phlyseogrammoceras   ,   40    
   Phylloceras   ,   15   
   Phymatoceras   ,   39–41     
   Piezodus   ,   13   
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   Praemontsalvensis   ,   27   ,   30   
   Prolagus   ,   13   
  Proscutellidae  ,   13   
   Protancyloceras   ,   50   ,   51   
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   Pseudaetomoceras   ,   5   
   Pseudobrodieia   ,   39   ,   40   
   Pseudogrammoceras   ,   40   ,   41   ,   47    
  Psilocerataceae  ,   5   
   P. spelae   ,   8   
   P. spelae tirolicum   ,   8   
  Pyloniaceae  ,   12     

 R 
   R. cushmani   ,   30   
   Rhabdoceras   ,   50   ,   51    
   Rotalipora   ,   27   ,   30   
  Rotulidae  ,   13     

 S 
  Saturnalids  ,   9   ,   33–34     
   Saxoceras   ,   5   
  Schlotheimiidae  ,   5   
   Schulzyocha   ,   58   ,   59    
  Scleractinian  ,   53   ,   54    
  Silicofl agellids  ,   18   ,   31   ,   33   ,   57–61      
   S.loperi    ,   59   
  Snakes  ,   63   
   Sonninia   ,   42   
   Spiroceras   ,   50–52      

   Spiroplectammina   ,   47   ,   48   
   Spongostichomitra   ,   9    
  Spumellarians  ,   8   ,   9   ,   12   
   Strenoceras   ,   50   ,   51   
   Subcollina   ,   51   
   Sunrisites   ,   5     

 T 
   Tenuicostatum   ,   42   
   Tetraspidoceras   ,   4   ,   5   
   Thalmanninella   ,   27–30        
  Thecotylidae  ,   10   ,   39   ,   42   
  Thouarsense  ,   39   ,   42   
   Ticinella   ,   27   ,   28   ,   31   ,   48   ,   49     
   Tipperella   ,   34   ,   35     

 U 
   Uvigerina   ,   47   ,   48     

 V 
   Vallacerta   ,   57–59      
   Variramus   ,   57–60       
   V. hannai   ,   59   
   V. hortoni   ,   59   
   V. quadrata   ,   59     

 W 
   W. carpathicum   ,   11   
  Williriedelidae  ,   11     

 X 
   Xenodiscus   ,   37   
   Xyphosphaera   ,   33     

 Y 
   yamakitai   ,   31   ,   33     

 Z 
  Zardinophyllidae  ,   53   
   Zardinophyllum   ,   54         
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