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4.1 � Introduction

Many ammonoid taxa have long been known to show a huge degree of morpho-
logical variation of their conch (for reviews, see Kennedy and Cobban 1976; De 
Baets et al. 2015). Morphological variability is an important subject in evolutionary 
studies because genetic variation and thus its morphological reflection is one of the 
driving factors of evolution. To some extent, intraspecific morphological variability 
reflects the evolvability of species and their evolutionary dynamics by promoting 
diversification and by protecting against extinction (West-Eberhard 1989, 2003; 
Wagner and Altenberg 1996; Sniegowski and Murphy 2006; Kolbe et  al. 2011). 
High levels of morphological variability have been attributed to various ecologi-
cal and developmental mechanisms, including selection for ecological generalists 
in an unstable environment (Simpson 1944; Parsons 1987; but see Sheldon 1993), 
adaptation to a variable hydrodynamic regime (Jacobs et  al. 1994), inherent de-
velopmental plasticity (Yacobucci 1999), and the lack of competitors (Erwin et al. 
1987; Valentine 1995). Variations in ammonoid shell forms have been rarely studied 
in this context, but see Yacobucci (2004b).

This very broad range of shell shapes of many ammonoid species continues to 
present a challenge for delimiting and distinguishing species, which becomes even 
more important when it concerns taxa widely used in biostratigraphy (e.g., Reeside 
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and Cobban 1960; Kennedy and Cobban 1976; Dzik 1985). However, whatever the 
causes of morphological variation of ammonoid shells are, these morphologies were 
not randomly distributed. The ammonoid shell, which grew by accretion, consists 
of a roughly conic, chambered, calcified conch, usually coiled (more or less regu-
larly), which may bear ornamentation consisting of ribs, tubercles, spines, or keels. 
Numerous characters can be used to describe the ammonoid shell (e.g., Arkell et al. 
1957; Dommergues et al. 1996; Korn 2010; Klug et al. 2015a); its morphology can be 
separated into three major sets of characters, which are the geometry of the shell tube 
(including whorl shape and degree of involution), its ornamentation, and the suture 
shape. These three categories all display strong patterns of covariation, which were 
first described over a century ago (e.g., Buckman 1892; Jayet 1929; Haas 1946) and 
more recently have been used to characterize the intraspecific variation of ammonoids.

In his study on Bajocian (Middle Jurassic) ammonoids from Dorset (England), 
Buckman (1892) noted the following observation on the genera Sonninia and Amal-
theus: “roughly speaking inclusion and compression of whorls correlate with the 
amount of ornament—the most ornate species being the most evolute, and having al-
most circular whorls” (Buckman 1892, p. 313). Later, Westermann (1966) restudied 
the material of Buckman. He took measurements of shell characters to quantitatively 
evaluate the descriptive observation of Buckman (1892). He was thus able to confirm 
the phenomenon, which he called “Buckman’s first law of covariation”: “covariation 
between ornament on the one hand and the whorl section and coiling [involute/evo-
lute] on the other” (Westermann 1966, p. 305). He also described another relation-
ship between ornament and suture frilling: compressed variants normally have more 
elongated and finely frilled suture lines (“Buckman’s second law of covariation”; 
Westermann 1966). Note that these morphological patterns will be referred to here as 
rules (and not laws), because a law usually describes a true, absolute and unchanging 
relationship among interacting elements, whereas a rule describes a frequently docu-
mented pattern (with known exceptions) in the interactions of organisms and their 
environments, particularly in biology (e.g., Cope’s rule, Bergmann’s rule).

This chapter aims to illustrate these patterns of covariation in the ammonoid 
conch and then review the various explanations for the origin of this constrained 
morphological variation. For a discussion of intraspecific variation of ammonoids 
more generally, see De Baets et al. (2015).

4.2 � Rules of Covariation

4.2.1 � First Rule—The More Evolute, The More Depressed, 
The More Ornamented

Buckman’s first rule of covariation was coined by Westermann (1966) for the inter-
dependence between shell geometry (involution of the shell and shape of the whorl 
section) and the coarseness of shell ornamentation. In other words, the more evolute, 
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the more depressed and the more ornamented the ammonoid shell is (Fig. 4.1). As 
initially defined, this pattern of covariation holds within a species (i.e., intraspe-
cific variation) of ammonoids. Indeed, many authors have characterized a species 
as a variable species ranging from compressed forms that have dense, fine ribs and 
small, sharp tubercles to more robust forms that have fewer but more robust ribs and 
more rounded tubercles (e.g., the classic example of the Cenomanian Acanthoceras; 
Kennedy and Hancock 1970; Wright and Kennedy 1987).

This pattern of covariation of some shell characters has been documented in very 
different taxonomic groups and time periods: Devonian agoniatitins (De Baets et al. 
2013), Triassic tropitids (Silberling 1959, 1962; Tozer 1971), Spathian sibiritids and 
dinaritids (Dagys et al. 1999; Weitschat 2008), Anisian beyrichitins, ceratitins and 
arctohungaritids (Silberling and Nichols 1982; Dagys and Weitschat 1993; Dagys 
2001; Monnet and Bucher 2005), Jurassic cardioceratids (Callomon 1985; Wright 
2012), Toarcian hildoceratids (Morard and Guex 2003), Aalenian leioceratins (Bay-
er 1972; Bayer and McGhee 1984; Chandler and Callomon 2009), Oxfordian-Kim-
meridgian perisphinctids (Atrops and Melendez 1993), Barremian gassendiceratins 
(Bert et al. 2013), Aptian deshayesitids (Martin 2003), Cretaceous hoplitids (Re-
eside and Cobban 1960; Kennedy and Cobban 1976; Reyment and Kennedy 1998), 
Albian mortoniceratines (Jayet 1929), Late Cretaceous acanthoceratoids (Kennedy 
and Hancock 1970; Kennedy and Wright 1985; Wright and Kennedy 1984, 1987, 
1990; Courville and Thierry 1993), Cenomanian schloenbachiids (Wilmsen and 
Mosavinia 2011), Turonian collignoniceratids (Tanabe 1993; Kennedy et al. 2001), 
and many others (review in De Baets et al. 2015). Although abundantly described, 
this pattern of covariation is rarely assessed quantitatively, even though such an ap-
proach could be used to evaluate species delimitations and investigate the evolution 
of intraspecific variation.

The covariation pattern involves the conch geometry (shape and coiling) and 
the shell ornamentation (robustness and density). The ammonoid shell geometry 
can be quantified by using the classical linear measurements usually supplied with 
systematic descriptions of ammonoid species: D, shell diameter; H, whorl height; 
U, umbilical diameter; W, whorl width (Klug et al. 2015). Conch geometry can be 
approximated with the following ratios: degree of compression of whorl section 
(ratio H/W; ellipsoid of whorl shell aperture), and degree of involution (ratio U/D; 
amount of overlap between successive whorls). These ratios provide a relative met-
ric, which allow shells of different absolute size to be compared. Note, though, that 
these ratios are known to change through ontogeny.

The ornamentation of the ammonoid shell is an important diagnostic character, 
which has frequently been interpreted incorrectly because of the lack of recognition 
of the intraspecific covariation of shell characters. Ornamental characters may be 
relatively diverse but are described mostly as qualitative characters. The degree 
of ornamentation can be approximated by the density of these ornaments and by 
their thickness. The former (often available in the literature) can be expressed as 
the number of (ventral) ribs (and/or tubercles) per whorl or demi-whorl at a distinct 
diameter (R/D). The latter (more rarely available in the literature) can be character-
ized by the difference of height and width of the whorl section (H and W) measured 
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Fig. 4.1   Buckman’s first rule of covariation: the more evolute, the more depressed, the more 
ornamented the ammonoid shell is. a Scheme of Buckman’s first rule of covariation (modified 
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exactly on top of a rib and between two consecutive ribs (RH and RW, respectively; 
Hammer and Bucher 2005). Note that ribbing density and strength of ornamentation 
are mostly negatively correlated (Bert 2013; De Baets et al. 2015).

Buckman’s first rule of covariation is thus the statement of a regular relation-
ship between three characters: negative correlation between whorl compression and 
strength of ornamentation as well as negative correlation between whorl involution 
and strength of ornamentation. This kind of correlation can be evaluated by means 
of standard linear regression models for each pair of characters. Here, quantitative 
analyses have been performed using the software PAST (Hammer et al. 2001) and 
the statistical environment R (http://www.r-project.org/). These analyses and their 
graphical outputs are standard (e.g., Davis 2002; Hammer and Harper 2006; for a 
detailed application see Bert 2013). Figure 4.2 illustrates this pattern of covariation 
for the ammonoid species Acrochordiceras carolinae from the Anisian of Nevada 
(dataset from Monnet et al. 2010). The linear regression analysis of the covaria-
tion pattern for this species (146 specimens from a single bed) indicates that the 
three character sets are significantly correlated ( p value lower than 1 %). Whorl sec-
tion (H/W) and degree of involution (U/D) are more strongly correlated (r = 0.59), 
whereas density of ornamentation (R/D) is less correlated with the two other char-
acters (r = 0.25).

4.2.2 � Second Rule—The More Compressed, The More Frilled

In his monographic study, Buckman (1892) also stated that in Sonninia, the com-
plexity of the suture line increases in proportion to the decrease of ribbing intensity 
(i.e., negative correlation between suture complexity and strength of ornamenta-
tion). However, he neither illustrated nor quantified this relationship. Furthermore, 
this correlation had already been suggested by previous authors (for a review, see 
De Baets et  al. 2015). Westermann (1966) referred to this covariation pattern as 
Buckman’s second rule of covariation. Based on the first rule, a relationship be-
tween the complexity of the suture pattern and the geometry of the whorl section 
can be derived: the more compressed the whorl section, the more frilled the suture 
line (i.e. positive correlation between suture indentation and whorl compression). 
Contrary to the first rule, which is abundantly recognized in large samples, the sec-
ond rule may not necessarily hold in all these cases (e.g., Dagys et al. 1999; Dagys 
2001) or may be muted by larger constraints on suture pattern than shell shape (e.g., 
in Neogastroplites species: Yacobucci and Manship 2011).

after Bert 2013): intraspecific variation of a species grades from a gracile morph ( higher and 
tight whorl section, thin ornamentation and close umbilicus) to a robust morph ( lower and broad 
whorl section, strong ornamentation and wide umbilicus). b Intergrading morphological series of 
Sonninia adicra (Bajocian) illustrating the covariation pattern between ornamentation robustness 
and whorl section (modified after Westermann 1966). c Intergrading morphological series of Riep-
pelites boletzkyi (Anisian) illustrating the covariation pattern between ornamentation robustness 
and degree of involution (modified after Monnet and Bucher 2005)
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Buckman’s first rule of covariation within Acrochordiceras (Triassic)

a
covariation (linear correlation) between whorl compression, involution and rib density

b
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Fig. 4.2   Buckman’s first rule of covariation within Acrochordiceras carolinae (Anisian) for 146 
specimens from the same stratigraphic bed. a Intergrading morphological series illustrating the 
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The suture line (imprint of septa on the conch) has been variously quantified: by 
simple indices such as the number of lobes (e.g., Batt 1991; Saunders et al. 1999) or 
by more complex indices such as fractal indices (e.g., Garcia-Ruiz et al. 1990; Boy-
ajian and Lutz 1992; Pérez-Claros 2005; Pérez-Claros et al. 2002, 2007), by Fourier 
analysis (Gildner 2003; Allen 2006; Ubukata et al. 2014), by geospatial information 
systems (Manship 2004; Yacobucci and Manship 2011), or by Eigenshape analysis 
(Ubukata et al. 2010). Despite all these tools, the correlation between whorl shape, 
coiling and suture indentation has rarely been quantified within species. The real-
ity of this second rule thus remains to be completely investigated. Nevertheless, 
shell shape and coiling are well known to have a conspicuous effect on suture pat-
tern (Westermann 1971, 1975; Seilacher 1988; Checa and García-Ruiz 1996; Olóriz 
et al. 1997; Klug and Hoffmann 2015).

Note that the two rules can be merged into a single covariation pattern: the more 
evolute the shell, the more depressed, the more ornamented, and the less frilled is 
the suture. However, since the second rule is rarely tested, it is not yet known if this 
extended rule always holds. Finally, two additional types of covariation have been 
proposed. Hammer and Bucher (2006) added a potential additional rule: negative 
correlation between septal spacing and whorl compression (Fig. 4.3). Because of 
the lack of additional descriptions and datasets corroborating this latter rule, it will 
not be discussed further in the present study. Interestingly, Bert (2013) also de-
scribed intraspecific patterns of covariation within Gassendiceras (Barremian), not 
only between two morphs like Buckman’s rules of covariation, but between three 
morphotypes. In addition to the two classic poles usually recognized (a robust pole 
with thick section, evolute shell and strong ornamentation versus a slender pole 
with narrower section, involute shell and weaker ornamentation), Bert added a third 
morphological pole with thick section and less robust ornamentation. Additional 
cases are discussed by De Baets et al. (2015).

4.3 � Impact of These Rules on Ammonoid Systematics

Since only hard tissues are typically fossilized for ammonoids, paleontologists nec-
essarily define morphological species and do not have access to the interbreeding 
criterion of biological species (i.e., a set of interbreeding individuals reproductively 
isolated from other populations; e.g., Mayr 1963, 1969). Two major and opposite 
approaches have been used to define fossil morphospecies (for reviews on ammo-
noids, see Tozer 1971; Dzik 1985, 1990; Chandler and Callomon 2009; De Baets 
et  al. 2015). The first concept (“typological approach”) puts emphasis on every 
(even slight) difference in morphological characters; such an approach leads to the 
multiplication of species (oversplitting) and is encouraged by the concept of the 

covariation pattern between ornamentation robustness, whorl section, and degree of involution. 
(Modified after Monnet et al. 2010). b Pairwise linear fitting (reduced major axis) of the three 
character sets (ornamentation is here evaluated by means of rib density)
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Fig. 4.3   Buckman’s first rules of covariation within Amaltheus margaritatus (Pliensbachian). 
a Intergrading morphological series illustrating the covariation pattern between ornamentation 
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holotype as well as by the utility of ammonoid species as stratigraphic markers. 
However, many living species are known to not have such a narrow morphological 
variation. The second concept (population approach) takes the present-day biologi-
cal species’ structure into account by allowing a certain degree of morphological 
variation. The notion of species as an array of intergrades separated from another 
series of organisms between which intermediates are absent or at least rare has been 
formally known at least since Dobzhansky (1937). It is worth noting that it has been 
demonstrated that in a single interbreeding population, the quantitative, morpholog-
ical characters are variable and their frequencies often follow a statistically normal 
distribution (e.g., Mayr 1942; Sokal and Rohlf 1995; Templeton 2006). Hence, a set 
of specimens showing a continuous inter-gradation of characters fitting a normal (or 
at least continuous and unimodal) distribution should be interpretable as variants 
of a single species (De Baets et al. 2015). The recognition of Buckman’s rules of 
covariation can then serve as an aid to discriminate between ammonoid morphospe-
cies, which may correspond to biospecies (although some discrepancies between 
reproductive isolation and distribution of morphological characters may inevitably 
occur, such as in sibling/cryptic species; e.g., Mayr 1948; Knowlton 1993; Boyle 
and Rodhouse 2005). Note that the criterion of normal distribution of the intergrad-
ing character states can be relaxed because it is not always strictly normal within 
living biospecies and because fossil populations often are biased by several geo-
logical and taphonomic processes (e.g., temporal and vertical mixing/averaging, 
transport; Bush et al. 2002; Kidwell and Holland 2002; Hunt 2004; review in De 
Baets et al. 2015).

Ammonoids, perhaps more than any other group, have suffered from taxonomic 
splitting (Tozer 1971; Kennedy and Cobban 1976), and authors have frequently 
divided intergrading populations into a whole range of typological species and even 
genera, which belong to what can now be regarded as a single variable species 
(e.g., Buckman 1892 and Westermann 1966). This problem results from the truly 
remarkable intraspecific variation seen among many ammonite groups (De Baets 
et al. 2014). Note that in some groups, end-member variants may show an extreme 
morphological distance and, in the absence of sufficiently large samples, may be 
attributed to different species or genera (e.g., taxonomic discussion in Monnet et al. 
2010, p. 972; De Baets et al. 2013). The two extreme forms can be very different in 
their morphological proportions, but are always linked by (more frequent) interme-
diate forms (Weitschat 2008; De Baets et al. 2015). It is therefore critical to assess 
intraspecific variation from large assemblages. Recognition of this variation has led 
to significant simplification of the nomenclature in several cases (e.g., Reeside and 
Cobban 1960; Kennedy and Cobban 1976; Silberling and Nichols 1982; Wright and 
Kennedy 1984, 1987, 1990; Hohenegger and Tatzreiter 1992; Atrops and Melendez 
1993; Weitschat 2008; Monnet et al. 2010; Bert 2013). Neglecting the population 

robustness, whorl compression, and degree of involution (modified after Guex et  al. 2003). b 
Scatter plot illustrating covariation of rib density and degree of involution (modified after Morard 
and Guex 2003). c Illustration of the covariation between septal density and whorl compression 
(modified after Hammer and Bucher 2006)
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concept can lead to erroneous ecological and biostratigraphic interpretations (Dagys 
and Weitschat 1993) as well as overestimated values of past taxonomic richness. As 
a consequence, ammonoid workers have to accept that a single specimen may not 
necessarily be sufficient for unequivocal species identification and/ or description. 
This evaluation also requires that the studied assemblages are derived from a single 
bed in order to minimize the mixing of forms that evolved through time or that 
lived in different environmental settings (see Kidwell and Holland 2002). In the 
face of this large variation in ammonoid forms, developing species definitions is 
often challenging.

It is worth noting that Buckman’s rules of covariation of the ammonoid shell are 
defined for a single species from a single sample and for regularly coiled (mono-
morphic) planispiral ammonoids. The systematic context for the original studies 
was an attempt to reduce the number of named species by recognizing that the 
observed range of fossil forms was, in fact, due to intraspecific variation rather 
than species-level differences. For instance, based on a careful re-study of Sonninia 
from the Jurassic of Dorset, which Buckman (1892) split in 64 typological spe-
cies, Westermann (1966) clearly documented the pattern of covariation between the 
geometry of shell tube and strength of the ornamentation, and recognized a single 
(highly) variable species. Although a large degree of intraspecific variation in Son-
ninia is still accepted, Westermann (1966) lumped together specimens from vari-
ous stratigraphic levels (e.g., Callomon 1985; Sandoval and Chandler 2000; Dietze 
et al. 2005) and this stratigraphic “lumping” should be avoided at the risk of syn-
onymizing species with temporal anagenetic changes (compare Monnet et al. 2010 
and Dzik 1990). Another relevant case has been described by Dagys and Weitschat 
(1993), who documented a case of marked intraspecific variation in a large sample 
of 600 specimens of Czekanowskites rieberi from a single concretion of Anisian 
age (Middle Triassic) from Arctic Siberia. Morphologically, specimens of C. rieberi 
grade from keeled, narrowly umbilicate, smooth suboxycones to widely umbilicate 
subcadicones with bullate, straight ribs. Dagys and Weitschat (1993) illustrated that 
this variation has a roughly normal distribution, which suggests that all specimens 
belong to a single population (for another example, see Bert 2013). Fig. 4.4 displays 
an example of the covariation pattern and normality of the quantitative parameters 
for the shells of Acrochordiceras carolinae from the Anisian of Nevada (dataset 
from Monnet et al. 2010).

A recent example of the impact of Buckman’s rules of covariation on ammonoid 
taxonomic nomenclature has been described by Monnet et al. (2010). Based on bed-
by-bed ammonoid collections in north-west Nevada, this study revised the species 
of Acrochordiceras, which is one of the most important genera of both Tethyan and 
North American ammonoid faunas of the Anisian (Middle Triassic). However, there 
was a profusion of species in the literature included in Acrochordiceras, mainly be-
cause of the typological taxonomic concept, which is often based on small samples 
and usually characterized by slight morphological differences such as a more com-
pressed shell, coarser ribbing, or absence of tuberculation. A careful examination of 
these co-occurring “species” erected applying the classical typological concept re-
veals the presence of intermediate forms among them, thus suggesting the existence 
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histograms of intraspecific variation within Acrochordiceras (Triassic)
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Fig. 4.4   Distribution of some characters (whorl section, coiling, and ornamentation) for 146 
specimens from the same stratigraphic bed of Acrochordiceras carolinae (Anisian). All characters 
display a normal distribution with p values significantly lower than 1 % (Shapiro–Wilk test)
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of only one highly variable species. This pattern is illustrated in Fig. 4.5a, which 
compares the distribution of the degree of coiling (U/D) for various sizes of Ac-
rochordiceras carolinae from north-west Nevada, with inclusion of values for the 
holotype of other synonymized species (for more details, see Monnet et al. 2010). 
The figure shows that A. carolinae has a wide range of intraspecific variation with 
a continuous unimodal distribution and that each old typological “species” falls 
within this variation. Hence, the wide range of morphological variation exhibited by 
acrochordiceratids illustrates Buckman’s first rule of covariation well.

When additional material is acquired through more sampling with better pre-
served and better stratigraphically controlled material, the revision of ammonoid 
species accounting for intraspecific variation usually significantly decreases species 
richness of ammonoid genera (Kennedy and Cobban 1976; De Baets et al. 2015). 
Study of additional specimens more rarely leads to the erection of additional species 
or the re-establishment of older ones based on previously overlooked differences in 
ontogeny or morphology (e.g., Rieppelites cimeganus in Monnet et al. 2008; Son-
ninia in De Baets et al. 2015). Therefore, the history of species taxonomy for an 
ammonoid genus usually is characterized by an initial rapid increase in taxonomic 
richness as a result of taxonomic oversplitting related to a strict typological ap-
proach, followed by a plateau with the accumulation of data, and then a decline in 
diversity when a better numerical grasp on intraspecific variation and finer strati-
graphic resolution is achieved. The taxonomic history of the genus Acrochordiceras 
illustrates this pattern well (Fig. 4.5b). Note also that the confusion between dimor-
phism and continuous intraspecific variation is not uncommon, particularly when 
only a small sample is available (e.g., Dzik 1990; Monnet et al. 2010). Nevertheless, 
continuous intraspecific variation does not rule out dimorphism (see e.g., Wright 
and Kennedy 1984 for an example of dimorphic species in Mantelliceras for which 
each dimorph follows Buckman’s rule of covariation; further discussion in De Baets 
et al. 2015; Klug et al. 2015b).

4.4 � Causes of Covariation

Buckman’s rules of covariation involve three sets of characters: shell shape, or-
namentation, and suture patterns. What mechanism could produce such consistent 
and pervasive covariation across the ammonoid body plan? A helpful way to think 
about constraints on form was provided by Seilacher (1970) in what has come to 
be known as “Seilacher’s Triangle” (Gould 2002). The three corners of the triangle 
represent three categories of constraint that limit the types of forms organisms take: 
(1) historical/phylogenetic, (2) functional/adaptive, and (3) constructional/morpho-
genetic. In reality, all three types of constraint are likely to influence the anatomical 
forms of organisms and entangling these in fossil samples is not straightforward. 
Given the pervasiveness of Buckman’s covariation across a variety of ammonoid 
clades, phylogenetic constraints are not likely to explain the phenomenon. Several 
authors, though, have attempted to explain Buckman’s rules in terms of either func-
tional or constructional constraints.
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distribution of various morphotypes within the intraspecific variation of Acrochordiceras carolinae
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normal distribution of U/D and the position of each species synonymized with A. carolinae, thus 
illustrating the continuous range of degree of coiling for all of the old typological species. D shell 
diameter, U umbilical diameter. b Numbers of species, figured specimens and studied specimens 
of the genus Acrochordiceras through time in the literature (unpublished data exhaustively compil-
ing all publications with taxonomic descriptions of the genus)
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4.4.1 � Adaptive and Environmental Constraints

The various forms of the ammonoid shell have been largely interpreted in terms 
of functional needs (e.g., Dietl 1978; Jacobs 1992; Jacobs et al. 1994; Jacobs and 
Chamberlain 1996; Hewitt 1996; Westermann 1996; Klug and Korn 2004; Saunders 
et al. 2004, 2008; Klug et al. 2008), mostly in order to reconstruct the modes of life 
and habitats of this extinct group (e.g., Kennedy and Cobban 1976; Westermann 
1996; Westermann and Tsujita 1999; Ritterbush and Bottjer 2012; Ritterbush et al. 
2014). Although parts of these adaptive interpretations remain debated, the ammo-
noid shell has defense properties and is undoubtedly a buoyancy apparatus, which, 
along with shell shape, structure, and ornamentation, impose hydrodynamic limits 
on the animal’s swimming abilities (e.g., Saunders and Shapiro 1986; Elmi 1993; 
Jacobs 1992; Jacobs and Chamberlain 1996; Seki et al. 2000; De Blasio 2008; Ifrim 
2013). The sometimes extreme intraspecific variation and covariation of characters 
of ammonoids challenge current and past ideas about a close correlation between 
mode of life and shell morphology in ammonoids (Dagys and Weitschat 1993; Da-
gys et al. 1999; reviewed in De Baets et al. 2015).

Checa et  al. (1997) argued that the usual morphological covariation observed 
within ammonoid species (involution–whorl section–ornamentation) might result 
from a selection pressure to maintain a similar hydrodynamic performance among 
the morphotypes. Indeed, based on calculation of the center of gravity for a popula-
tion of Czekanowskites rieberi, which illustrates Buckman’s first rule of covariation 
well (Dagys and Weitschat 1993), Checa et al. (1997) demonstrated that, despite 
the extreme morphological variation, hydrostatic (orientation) and hydrodynamic 
(stability) properties of the population remained within narrow limits. Hence, co-
variation may be a way of regulating the major hydrostatic parameters at popula-
tion and ontogenetic levels, thus supporting this functional interpretation of shell 
shape (Hammer and Bucher 2006). Kawabe (2003) documented for Cenomanian 
ammonoids that compressed forms tend to inhabit high-energy sandy inner shelf 
environments and depressed forms tend to occur in low-energy offshore mud fa-
cies, but external shell ornamentation does not necessarily vary according to litho-
facies differences. A similar pattern has also been documented by Landman and 
Waage (1993a) for Maastrichtian Scaphites and by Jacobs et al. (1994) for Turonian 
Scaphites whitfieldi, which shows a similar correlation between nearshore–offshore 
environments and whorl shape compression (additional examples are discussed in 
De Baets et al. 2015). Hence, Buckman’s rules of covariation may result from an 
ecophenotypic response to habitats with different energy. However, some authors 
reported the exactly opposite pattern, with more depressed and heavily ornamented 
forms in shallower water, thus questioning this functional interpretation (Fig. 4.6; 
Wilmsen and Mosavinia 2011). Batt (1989) showed that the distribution of various 
morphotypes of Cenomanian ammonoids in the Western Interior partially reflects 
environmental gradients (e.g., water depth), especially among different lineages. 
Furthermore, size (ontogenetic stage) probably plays an important role in control-
ling the amplitude of these adaptive constraints, which may be reduced at small 
sizes.
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In contrast to the previous interpretations, Westermann (1966) and Reyment 
(1988) argued against any adaptive cause of this intraspecific covariation pattern. 
They maintained that the occurrence of such a large morphological variation within 
a single species and its abundant presence in distantly related groups through time 
and space is unlikely to reflect ecophenotypism. Paleogeographic differences also 
do not seem to impact the covariation patterns: e.g., the low paleolatitude Acro-
chordiceras and the high paleolatitude Czekanowskites (Anisian) show similar pat-
terns of covariation (Dagys and Weitschat 1993; Monnet et al. 2010).

The covariation between suture indentation and shell ornamentation may also 
reflect functional constraints, in this case resulting from the role of suture complex-
ity in stiffening the phragmocone (the more indented the suture, the more resistant 
the shell to hydrostatic pressure; Westermann 1966). However, the function of the 

Buckman’s first rule of covariation and environmental gradient

morphological gradation in intraspecific variation

coiling
more evolute

more involute

strong, coarse
smooth, fine

more depressed
more compressed

ornamentation

whorl section

fair weather wave base

storm wave base

Fig. 4.6   Buckman’s rules of covariation and ecophenotypism. Ammonoid intraspecific variation 
of its shell morphology is often reported to be ordered along a paleoenvironmental gradient (espe-
cially water depth as reflected by proximal–distal facies): strongly tuberculate, depressed forms 
reflect comparatively shallow, nearshore environments with higher water energy and predation 
pressure, whereas compressed, weakly ornamented morphs are forms of open (and deeper) marine 
waters. (See, e.g., Wilmsen and Mosavinia 2011; but compare with Bayer and McGhee 1984 and 
Jacobs et al. 1994 who reported the exact opposite pattern)
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septal folding is still the subject of much debate and several hypotheses have been 
proposed (Klug and Hoffmann 2015), so  the hypothesis about shell stiffening might 
prove to be invalid.

With regard to the covariation between septal spacing and whorl compression, 
Hammer and Bucher (2006) explained it in terms of hydrostatic properties. They 
calculated that, under equal lengthening of the body chamber during growth, the 
buoyancy of compressed forms is more affected. Hence, this covariation pattern can 
be explained by function: in order to retain neutral buoyancy, the more compressed 
forms must construct septa more often than the depressed morphs. However, given 
the often very variable septal spacing of sutures within species (e.g., Paul 2011), 
this covariation requires additional studies to be further tested. Kraft et al. (2008) 
documented cases of non-mature septal crowding in Carboniferous ammonoids and 
suggested that close septal spacing can be interpreted as a response to adverse eco-
logical conditions, which caused growth deceleration.

4.4.2 � Constructional and Developmental Constraints

With regard to the first rule of covariation (the more evolute, the more depressed, 
the more ornamented), several authors have argued for morphogenetic explana-
tions. Westermann (1966) stressed that the correlation between H/W and U/D is 
logical, at least partially, because whorl height (H) is part of the diameter (D) (Sokal 
and Sneath 1963). Hence, the fact that evolute whorls are much more rounded than 
involute whorls in part due to a single varying dorso-ventral growth vector. Wes-
termann (1966) also tentatively proposed that the amplitude (robustness) of shell 
ornamentation (ribs, spines) is a function of the growth rate for whorl width (W) 
and thus varies with whorl roundness (H/W). Westermann (1966) supposed that the 
mantle margin secreting the shell tended to more intense rhythmic lateral contrac-
tion in depressed forms than in compressed ones.

Guex et al. (2003) simulated the covariation pattern by a reaction/diffusion mod-
el of ammonoid morphogenesis, in which morphogens concentrate in shell regions 
of high curvature such as on the flanks of a depressed shell. The aim of this model 
is to fit the following observation: “the most salient ornamentation is present where 
the whorls are most curved, shells with slight angular bulges often being spinose 
or carinate and flat ones being almost smooth” (Guex et al. 2003). Although this 
model is an interesting attempt to better understand shell morphogenesis, it remains 
speculative. Indeed, this model makes a large number of assumptions about the na-
ture of the underlying pattern formation system of shell morphogenesis (discussion 
in Hammer and Bucher 2006), which remain to be corroborated by physiological 
studies. Even if these reaction/diffusion models are able to reproduce color patterns 
of mollusks (e.g., Meinhardt 1995; Boettiger et al. 2009), it is not yet demonstrated 
that it upholds for shell morphogenesis as well. Additionally, this model does not 
yet explain the covariation of ribbing density with whorl compression and degree 
of involution. Other researchers (Checa 1987, 1994; Checa and Westermann 1989) 
argued for the opposite causal link for constructional constraints that could explain 
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Buckman’s first rule, noting that the formation of more robust ribs during shell 
growth could cause the shell to automatically become more inflated and depressed.

Hammer and Bucher (2005) suggested that the first rule of covariation is “sim-
ply” a statement of proportionality that needs no special explanation. They assumed 
that robustness of ornamentation is proportional to the amount of soft parts: “if the 
shell is depressed ( compressed dorsoventrally), the diameter of the soft parts is 
small in the dorsoventral direction, and the ventral ribbing correspondingly small”. 
Hence, size of lateral and ventral ornamentation correlates with the proportions of 
the aperture (width and height). This explanation of Buckman’s rule highlights sim-
ple mechanical constraints on the construction of ammonoid ornamentation. While 
morphogenetic pre-patterns can probably be translated into pigmentation patterns 
more or less directly (Fowler et al. 1992; Meinhardt 1995; Hammer and Bucher 
1999; Boettiger et al. 2009), ribbing and other three-dimensional shell features in-
volve growth, folding, and stretching of tissues, implying strong developmental 
constraints in terms of growth rates, mechanics, and geometry. The ratios of pro-
portionality can vary across species (some species have stronger lateral ribs relative 
to shell width than others) and thus weaken the interspecific correlation between 
ornamentation and whorl shape (Hammer and Bucher 2005). Whatever the model, 
the covariation involving rib density can be explained by a domain effect if it is 
considered as a secondary consequence of ornamentation robustness and controlled 
by reaction/diffusion processes: thicker ribs tend to imply fewer ribs in the same 
space (Hammer and Bucher 1999).

Buckman’s second rule of covariation (more compressed shell, more frilled su-
tures) can also be explained as a case of constructional constraint. Although the 
function of septal folding is subject of much debate, it has been suggested that septal 
formation behaves like “viscously fingering” liquids (Checa and Garcia-Ruiz 1996). 
According to this model, the degree of suture indentation depends on the space and 
shape available for the suture during its formation (“domain effect”): with equal 
mantle length secreting the septum, the more compressed the shell, the less space 
is available for the mantle, and the more constrained the suture shape will be. This 
domain effect on suture pattern has also been invoked to explain the evolutionary 
trends in suture complexity coupled with trends in involution and size increase (e.g., 
Monnet et al. 2011, 2015). This effect is also illustrated by increasing indentation 
of suture line during ontogeny (e.g., Swinnerton and Trueman 1917; Wiedmann 
1966a, 1966b; Korn and Klug 2003; Pérez-Claros et al. 2007).

Hammer and Bucher (2006) argued that whorl shape and suture indentation 
covariation results from a heterochronic process. Because most ammonoids have 
rather circular whorls and simple sutures early in ontogeny, late in ontogeny the 
more depressed forms can be regarded as retaining their juvenile shape and suture 
(paedomorphosis) compared to the more compressed forms. However, this inter-
pretation may not always hold, especially with regard to cadiconic forms in which 
sutures also increase their indentation, thus corroborating the domain effect hypoth-
esis (see above). Nevertheless, Buckman’s second rule of covariation may reflect 
intraspecific variation in development which is well known to vary within ammo-
noid species (e.g., Dommergues et al. 1986; Meister 1988; Courville and Crônier 
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2003). Similarly, Bert et  al. (2013) also argued that heterochronic variation can 
explain the covariation between whorl compression and ornamentation coarseness, 
since this covariation is reflected in the ontogenetic changes of studied species (see 
also Courville and Crônier 2003; compare De Baets et al. 2015).

Yacobucci (2004a) studied the correlation between the variation of shell shape 
and of ornamentation (rib thickness and spacing). With respect to Buckman’s first 
rule of covariation, one can expect that species with variable shell shapes would 
also have variable patterns of ornamentation. However, her study documented a 
different pattern in Cenomanian acanthoceratids of the Western Interior: groups 
with especially large shape variation are not those with the most intense variation 
in ornamentation. Hence, ammonoid shell morphogenesis is complex with some 
character sets more constrained than others, probably due to a different impact of 
developmental, constructional, environmental, and functional processes.

In conclusion, the causes of Buckman’s rules of covariation for the ammonoid 
shell are still debated. Constructional and adaptive constraints are not mutually 
exclusive: both can contribute to the fabrics of structured intraspecific variation 
for ammonoid shells (Seilacher 1970). The recurrence of particular combinations 
of morphology, which are commonly regarded as strong arguments for functional 
constraints, can also represent “fabricational noise” (Seilacher 1970, 1973). Ad-
ditional studies are required to test quantitatively the various hypotheses (e.g., the 
proportionality hypothesis of Hammer and Bucher 2005 is so far confirmed only by 
a single dataset). Additional insights may be found in comparative studies on the 
morphogenesis of living mollusks as well as from theoretical models of shell mor-
phogenesis (e.g., Urdy et al. 2010a, 2010b; Moulton et al. 2012; Chirat et al. 2013; 
Moulton et al. 2015).

4.5 � Extent of Buckman’s Rules of Covariation

Buckman’s rules of covariation appear to be a pervasive pattern of the intraspecific 
variation of monomophic Mesozoic ammonoids to varying degrees. A number of 
questions still remain to be investigated: Does each component of the covarying 
character set equally contribute to the global covariation pattern? Is the degree of 
covariance constant during growth? Is the degree of covariance constant through 
time during anagenetic changes? Do dimorphic pairs show similar covariance? 
Does the covariation pattern apply equally within different taxonomic groups? Does 
the extent of covariation vary through time and phylogeny? Does it change with en-
vironmental factors and, if so, which ones? Is it related to environmental instability, 
developmental flexibility, or competition (Yacobucci 2004b)?

With regard to the relative contribution of each character set into the global co-
variation pattern, no comparative study has yet been conducted to our knowledge. 
Nevertheless, as can been seen with the examples of Acrochordiceras and Amal-
theus (Figs. 4.2 and 4.3), pair components of the extended rule (the more evolute, 
the more depressed, the more coarsely ornamented, the less densely ornamented, 
the less frilled the sutures, and the less densely septate) are not equally correlated, 
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as shown by the various values of the linear correlation coefficient. Since these pair 
components (e.g., involution/whorl compression, or suture frilling/whorl compres-
sion) can be explained by different causes, not only are these different contributions 
expected, but their detailed investigation can help decipher which explanations best 
fit observed patterns and consequently are the most likely explanations for Buck-
man’s rules of covariation.

Very little is known about ontogenetic patterns of covariation (De Baets et al. 
2015). Since intraspecific variation of ammonoids is frequently documented to be 
higher in juvenile stages, one can question whether Buckman’s rules of covariation 
uphold with the same amplitude throughout ontogeny. For instance, some covarying 
patterns are revealed only late in ontogeny (Monnet et al. 2010: variation of ribbing 
density for Acrochordiceras drastically decreases through ontogeny and is weakly 
correlated early in ontogeny). Investigating the relative proportion of covarying 
components through growth may help us to find the best explanation for this covari-
ation. Understanding covariation through growth patterns may also yield insights 
into shell morphogenesis (e.g., Urdy et al. 2010a, 2010b; Chirat et al. 2013), such as 
which parameters contribute in which proportion to covariation.

With regard to the phylogenetic imprint on covariation patterns, studies have 
clearly focused on Mesozoic planispirally coiled ammonoids. Intraspecific varia-
tion and covariation has only rarely been quantitatively studied in Paleozoic am-
monoids (Nettleship and Mapes 1993; Kaplan 1999; Korn and Vöhringer 2004; 
Ebbighausen and Korn 2007; Korn and Klug 2007; De Baets et al. 2013). On the 
one hand, Kaplan (1999) found significant covariance only in clades within the 
Medlicottiaceae and the Clymeniina for Paleozoic ammonoids, while on the other 
hand, the lack of reports of Buckman’s rules from Paleozoic ammonoids is related 
to the rarity of studies and certainly need not reflect the true absence of covaria-
tion. According to Swan and Saunders (1987), Buckman’s first rule also applies to 
Paleozoic ammonoids, but they discussed the correlation mostly above the species 
level and not in the context of intraspecific variation. Several authors reported two 
or more discrete morphs in Carboniferous ammonoids (e.g., McCaleb and Furnish 
1964; Furnish and Knapp 1966) ranging from a more openly coiled group with a 
more compressed whorl section and more prominent ribbing to a less openly coiled 
group with a less compressed and/or less prominent ornamentation. In most cases, 
intergradational forms between the two or three categories were found and larger in-
traspecific variation exists in juvenile than in adult forms (Davis et al. 1996), which 
might speak for a more continuous range of intraspecific variation and covariation 
(for alternative interpretations, see Davis et al. 1996; Stephen et al. 2002 and De 
Baets et al. 2015).

Concerning covariation patterns within heteromorphic species, few studies 
are available and their results vary. It has often been stated that heteromorph am-
monoids have a higher degree of intraspecific variation than normally coiled am-
monoids (e.g., Wiedmann 1969; Dietl 1978; Ropolo 1995; Kakabadze 2004 and 
references therein). The phenomenon has only rarely been quantified (Urreta and 
Riccardi 1988; Landman and Waage 1993b; Tsujino et  al. 2003; De Baets et  al. 
2013; Knauss and Yacobucci 2014). This might be partially related to fragmentary 
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preservation and problems of dealing with the unconventional shell morphology 
(e.g., classic Raup parameters cannot be used in some of these forms). Note that 
Scaphites is here not considered as a heteromorphic ammonoid as it only uncoils 
at the end of ontogeny, but see Landman et  al. (2010) for a review of intraspe-
cific variation in Scaphites conforming to the first rule of covariation. Nevertheless, 
Delanoy (1997) documented that Heteroceras emerici (Barremian) varies between 
two poles interconnected by intermediates: from heterocone (large turricone and no 
planispiral part of the shell before the shaft) to colchicone (small turricone preced-
ing a substantial planispiral portion before the shaft). The first pole is associated 
with a rather robust ornamentation and the latter pole with a rather slender orna-
mentation, thus illustrating a covariation between strength of ornamentation and 
coiling. A similar variation is also known in Imerites (Barremian; Bert et al. 2011). 
In contrast, Ropolo (1995) described Crioceratites shibaniae (Hauterivian) with a 
very variable coiling grading continuously from the criocone morphology to the 
tripartite morphology (coil, shaft, and hook), but without changing the ornamenta-
tion, which is very stable from one morphotype to another. Interestingly, Urreta and 
Riccardi (1988) reported covariation of whorl shape and ribbing in several species 
of the heteromorph Labeceras (Albian) “with the more depressed specimens having 
stronger and fewer ribs and incipient tubercles on the hook’s inner margin”. Bert 
et al. (2013) reported similar covariation between whorl compression and ornamen-
tation coarseness within Gassendiceras (Barremian). Finally, De Baets et al. (2013) 
described a continuous variation between more coarsely ribbed, more loosely coiled 
forms with a more compressed whorl section and less coarsely ribbed, but less 
coiled forms with a more depressed whorl section in the openly to advolutely coiled 
Erbenoceras solitarium (Devonian). De Baets et al. (2013) reported a negative cor-
relation between coiling and ribbing, such that more loosely coiled variants had 
a more densely spaced, finer ribbing, as opposed to Mesozoic coiled ammonoids 
where the relationship is reversed (denser, finer ribbing for more coiled variants). 
Therefore, it is not possible in the present state of knowledge to generalize a single 
rule of covariation patterns of ammonoids. They can partially follow some of Buck-
man’s rules or completely diverge from them.

Apparently, Buckman’s rules of covariation are valid in most ammonoid groups 
with regularly coiled shells throughout their long evolutionary history and as such 
should result from inherent constructional properties and/or common selection 
pressures. It is worth noting that even with sufficiently large collections, not all 
species follow these covariation rules, even if they coexisted (e.g., Brayard et al. 
2013; Monnet and Bucher 2005; De Baets et al. 2015). The phylogenetic imprint 
of the strength of Buckman’s rules of covariation in ammonoids thus remains to be 
investigated (e.g., do phylogenetically closely related species share similar propor-
tions of covarying characters).

Another question in evolutionary biology pertains to whether intraspecific varia-
tion can lead to interspecific differentiation (West-Eberhard 1989, 2003, 2005), 
because anatomical variations within populations increase the range of ecologi-
cally relevant variation that can fuel speciation (Schluter 2000, 2001; Butler et al. 
2007; Nosil 2012), especially by means of heterochrony (Spicer et al. 2011; Tills 
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et al. 2011). In this context, Yacobucci (2004a) described a Buckman-like pattern 
of covariation within a Late Cretaceous clade of acanthoceratid ammonites. Entire 
genera could be categorized as compressed, involute, and lightly ornamented (e.g., 
Metoicoceras, Neocardioceras) while other, closely related genera were depressed, 
involute, and more heavily ornamented (e.g., Acanthoceras, Plesiacanthoceras). 
Similarly, within a genus, different species showed either a more compressed morph 
(e.g., Metoicoceras praecox) or a more depressed morph (e.g., Metoicoceras ges-
linianum), along with the corresponding coiling and ornamentation. Therefore, 
Buckman’s rules of covariation may uphold  (compare Swan and Saunders 1987; 
Yacobucci 2004a; Moulton et al. 2015), but additional datasets and studies are re-
quired to better understand this phenomenon. Particularly, such studies may help to 
determine whether patterns of covariation are constrained by phylogenetic heritage.

4.6 � Conclusions

Ammonoids have long been known to show a large intraspecific variation of their 
shell morphology. This phenomenon is often, but not systematically, considerably 
structured and characterized by a typical covariation of characters: species can be 
characterized by a continuous unimodal intergradation of morphotypes following 
the overall rule ‘the more evolute, the more depressed, the more coarsely ornament-
ed, and the less frilled the sutures’. These covariation patterns have been labeled 
as Buckman’s rules of covariation. Although this covariation has been abundantly 
documented in ammonoids of almost all geological periods and taxonomic groups, 
coexisting species still can have different intraspecific patterns (reviewed in De 
Baets et al. 2014). Competitive, but not mutually exclusive, hypotheses explain this 
pattern (especially adaptive vs. constructional constraints). As noted by Bert (2013), 
it appears that Buckman’s rules of covariation are not the only covariation patterns 
of intraspecific variation of ammonoids, although these rules may be more com-
mon. Nevertheless, Buckman’s rules of covariation and ammonoid morphogenesis 
are not yet fully understood (Yacobucci 2004a, 2004b). Documenting the existence 
of Buckman-like covariation patterns among various related groups of ammonoid 
species and genera will help us better understand the underlying cause(s) of these 
correlations. Therefore, construction of datasets (especially for ornamentation and 
suture) and their quantitative analyses is the next important step in order to inves-
tigate and test the various still unresolved questions about covariation rules of the 
ammonoid shell.

Acknowledgments  We warmly thank Arnaud Brayard (Dijon), Hugo Bucher, Christian Klug, 
David Ware and Maximiliano Meier (all Zürich) for constructive discussion on ammonoid tax-
onomy and providing datasets. The referees Christian Klug (Zürich) and Jean Guex (Lausanne) 
are also thanked for their comments.



88 C. Monnet et al.

References

Allen EG (2006) New approaches to Fourier analysis of ammonoid sutures and other complex, 
open curves. Paleobiology 32:299–315

Arkell WJ, Furnish WM, Kummel B, Miller AK, Moore RC, Schindewolf OH, Sylvester-Bradley 
PC, Wright CW (1957) Treatise on invertebrate paleontology. Part L. Mollusca 4. Cephalopo-
da, Ammonoidea. Geological Society of America, University of Kansas

Atrops F, Melendez G (1993) Current trends in systematics of Jurassic Ammonoidea the case of 
Oxfordian-Kimmeridgian perisphinctids from southern Europe. Geobios Mem Spec 15:19–31

Batt RJ (1989) Ammonite shell morphotype distributions in the Western Interior Greenhorn Sea 
and some paleoecological implications. Palaios 4:32–42

Batt RJ (1991) Sutural amplitude of ammonite shells as a paleoenvironmental indicator. Lethaia 
24:219–225

Bayer U (1972) Zur Ontogenie und Variabilität des jurassischen Ammoniten Leioceras opalinum. 
N Jb Geol Paläont Abh 140:306–327

Bayer U, McGhee GR (1984) Iterative evolution of Middle Jurassic ammonite faunas. Lethaia 
17:1–6

Bert D (2013) Factors of intraspecific variability in ammonites, the example of Gassendiceras al-
pinum (d’Orbigny, 1850) (Hemihoplitidae, Upper Barremian). Ann Paleontolog. http://dx.doi.
org/10.1016/j.annpal.2013.11.007

Bert D, Delanoy G, Bersac S (2011) The Dichotomus Horizon: a new biochronologic unit of the 
Giraudi Zone of the Upper Barremian of southeastern France, and considerations regarding 
the genus Imerites Rouchadzé (Ammonoidea, Gassendiceratinae). Noteb Geol CG2011–A01

Bert D, Bersac S, Delanoy G, Canut L (2013) Palaeontology, taxonomic revision and variability 
of some species of the genus Gassendiceras Bert et al., 2006 (Ammonitina, Upper Barremian) 
from southeastern France. Acta Geol Polon 63:355–397

Boettiger A, Ermentrout B, Oster G (2009) The neural origins of shell structure and pattern in 
aquatic mollusks. Proc Natl Acad Sci U S A 106:6837–6842

Boyajian G, Lutz T (1992) Evolution of biological complexity and its relation to taxonomic lon-
gevity in the Ammonoidea. Geology 20:983–986

Boyle P, Rodhouse P (2005) Cephalopods—ecology and fisheries. Blackwell Publishing, Oxford
Brayard A, Bylund KG, Jenks JF, Stephen DA, Olivier N, Escarguel G, Fara E, Vennin E (2013) 

Smithian ammonoid faunas from Utah: implications for Early Triassic biostratigraphy, correla-
tion and basinal paleogeography. Swiss J Palaeontol 132:141–219

Buckman SS (1892) Monograph of the ammonites of the Inferior Oolite Series. Part VII. Monogr 
Palaeontol Soc 220:313–344

Bush AM, Powell MG, Arnold WS, Bert TM, Daley GM (2002) Time-averaging, evolution, and 
morphologic variation. Paleobiology 28:9–25

Butler MA, Sawyer SA, Losos JB (2007) Sexual dimorphism and adaptive radiation in Anolis 
lizards. Nature 447:202–205

Callomon JH (1985) The evolution of the Jurassic ammonite family Cardioceratidae. Spec Pap 
Palaeont 33:49–90

Chandler R, Callomon JH (2009) The Inferior Oolite at Coombe Quarry, near Mapperton, Dor-
set, and a new Middle Jurassic ammonite faunal horizon, Aa-3b, Leioceras comptocostosum 
n.biosp. in the Scissum Zone of the Lower Aalenian. Proc Dorset Nat Hist Archaeol Soc 
130:99–132

Checa AG (1987) Morphogenesis in ammonites—differences linked to growth pattern. Lethaia 
20:141–148

Checa AG (1994) A model for the morphogenesis of ribs in ammonites inferred from associated 
microsculptures. Palaeontology 37:863–888

Checa AG, Garcia-Ruiz JM (1996) Morphogenesis of the septum in ammonoids. In: Landman NH, 
Tanabe K, Davies RA (eds) Ammonoid paleobiology. Plenum Press, New York

http://dx.doi.org/10.1016/j.annpal.2013.11.007
http://dx.doi.org/10.1016/j.annpal.2013.11.007


894  Buckman’s Rules of Covariation

Checa AG, Westermann GEG (1989) Segmental growth in planulate ammonites: inferences on 
costal function. Lethaia 22:95–100

Checa AG, Company M, Sandoval J, Weitschat W (1997) Covariation of morphological characters 
in the Triassic ammonoid Czekanowskites rieberi. Lethaia 29:225–235

Chirat R, Moulton DE, Goreily A (2013) Mechanical basis of morphogenesis and convergent evo-
lution of spiny seashells. Proc Natl Acad Sci U S A 110:6015–6020

Courville P, Crônier C (2003) Les hétérochronies du développement: un outil pour l’étude de la 
variabilité et des relations phylétiques? Exemple de Nigericeras, Ammonitina du Crétacé su-
périeur africain. C R Palevol 2:535–546

Courville P, Thierry J (1993) Sous-espèces géographiques et/ou contrôle environemental de la 
variabilité morphologique chez “Thomasites” gongilensis (Woods, 1911), (Ammonitina, Acan-
thocerataceae, Vascoceratinae) du Turonien inférieur de la Haute Bénoué (Nigéria). Geobios 
Mem Spéc 15:73–89

Dagys AS (2001) The ammonoid family Arctohungaritidae from the Boreal Lower–Middle An-
isian (Triassic) of Arctic Asia. Rev Paléobiol 20:543–641

Dagys AS, Weitschat W (1993) Extensive intraspecific variation in a Triassic ammonoid from 
Siberia. Lethaia 26:113–121

Dagys AS, Bucher H, Weitschat W (1999) Intraspecific variation of Parasibirites kolymensis 
Bychkov (Ammonoidea) from the lower Triassic (Spathian) of Arctic Asia. Mitt Geol-Paläont 
Inst Univ Hamburg 83:163–178

Davis JC (2002) Statistics and data analysis in geology, 3rd edn. Wiley, New York
Davis RA, Landman NH, Dommergues JL, Marchand D, Bucher H (1996) Mature modifications 

and dimorphism in ammonoid cephalopods. In: Landman NH, Tanabe K, Davis RA (eds) Am-
monoid paleobiology. Plenum Press, New York

De Baets K, Klug C, Monnet C (2013) Intraspecific variability through ontogeny in early ammo-
noids. Paleobiology 39:75–94

De Baets K, Bert D, Hoffmann R, Monnet C, Yacobucci MM, Klug C (2015) Ammonoid intraspe-
cific variability. Ammonoid Paleobiology: from anatomy to ecology

De Blasio FV (2008) The role of suture complexity in diminishing strain and stress in ammonoid 
phragmocones. Lethaia 41:15–24

Delanoy G (1997) Biostratigraphie des faunes d’Ammonites à la limite Barrémien-Aptien dans 
la région d’Angles-Barrême-Castellane. Étude particulière de la Famille des Heteroceratidae 
Spath 1922 (Ancyloceratina, Ammonoidea). Annales du Museum d´Histoire Naturelle de Nice 
12:1–270

Dietl G (1978) Die heteromorphen Ammoniten des Dogger. Stuttg Beitr Naturk Ser B 33:1–32
Dietze V, Callomon JH, Schweigert G, Chandler RB (2005) The ammonite fauna and biostratig-

raphy of the Lower Bajocian (ovale and laeviuscula zones) of E Swabia (S Germany). Stuttg 
Beitr Naturk Ser B 353:1–82

Dobzhansky T (1937) Genetics and the origin of species. Columbia University Press, Columbia
Dommergues JL, David B, Marchand D (1986) Les relations ontogénèse-phylogénèse: applica-

tions paléontologiques. Geobios 19:335–356
Dommergues JL, Laurin B, Meister C (1996) Evolution of ammonoid morphospace during the 

Early Jurassic radiation. Paleobiology 22:219–240
Dzik J (1985) Typologic versus population concepts of chronospecies: implications for ammonite 

biostratigraphy. Acta Palaeontol Polon 30:71–92
Dzik J (1990) The ammonite Acrochordiceras in the Triassic of Silesia. Acta Palaeontol Polon 

35:49–65
Ebbighausen R, Korn D (2007) Conch geometry and ontogenetic trajectories in the triangularly 

coiled Late Devonian ammonoid Wocklumeria and related genera. N Jb Geol Paläont Abh 
244:9–41

Elmi S (1993) Loi des aires, couche-limite et morphologie fonctionnelle de la coquille des cepha-
lopodes (ammonoïdes). Geobios Mem Spéc 15:121–138

Erwin DH, Valentine JW, Sepkoski JJ (1987) A comparative study of diversification events: the 
early Paleozoic versus the Mesozoic. Evolution 41:1177–1186



90 C. Monnet et al.

Fowler DR, Meinhardt H, Prusinkiewicz P (1992) Modeling seashells. Comput Gr 26:379–387
Furnish WM, Knapp WD (1966) Lower Pennsylvanian fauna from Eastern Kentucky; part 1, am-

monoids. J Paleontol 40:296–308
Garcia-Ruiz JM, Checa A, Rivas P (1990) On the origin of ammonite sutures. Paleobiology 

16:349–354
Gildner RF (2003) A Fourier method to describe and compare suture patterns. Palaeontol Electron 

6(12)
Gould SJ (2002) The structure of evolutionary theory. Belknap Press, Cambridge
Guex J, Koch A, O’Dogherty L, Bucher H (2003) A morphogenetic explanation of Buckmans law 

of covariation. Bull Soc Geol Fr 174:603–606
Haas O (1946) Intraspecific variation in, and ontogeny of, Prionotropis woolgari and Prionocyclus 

wyomingensis. Am Mus Nat Hist 86:145–224
Hammer Ø, Bucher H (1999) Reaction-diffusion processes: application to the morphogenesis of 

ammonoid ornamentation. Geobios 32:841–852
Hammer Ø, Bucher H (2005) Buckman’s first law of covariation—a case of proportionality. Le-

thaia 38:67–72
Hammer Ø, Bucher H (2006a) Generalized ammonoid hydrostatics modelling, with application to 

Intornites and intraspecific variation. Paleontol Res Jpn 10:91–96
Hammer Ø, Harper DAT (2006b) Paleontological data analysis. Blackwell, Oxford
Hammer Ø, Harper DAT, Ryan PD (2001) PAST: paleontological statistics software package for 

education and data analysis. Palaeontol Electron 4(1):9
Hewitt RA (1996) Architecture and strength of the ammonoid shell. In: Landman NH, Tanabe K, 

Davis A (eds) Ammonoid paleobiology (Topics in Geobiology, 13). Plenum Press, New York
Hohenegger J, Tatzreiter F (1992) Morphometric methods in determination of ammonite species, 

exemplified through Balatonites shells (Middle Triassic). J Paleontol 66:801–816
Hunt G (2004) Phenotypic variation in fossil samples: modeling the consequences of time-averag-

ing. Paleobiology 30:426–443
Ifrim C (2013) Paleobiology and paleoecology of the early Turonian (late Cretaceous) ammonite 

Pseudaspidoceras flexuosum. Palaios 28:9–22
Jacobs DK (1992) Shape, drag, and power in ammonoid swimming. Paleobiology 18:203–220
Jacobs DK, Chamberlain JA (1996) Buoyancy and hydrodynamics in ammonoids. In: Landman 

NH, Tanabe K, Davis RA (eds) Ammonoid paleobiology (Topics in Geobiology, 13). Plenum 
Press, New York

Jacobs DK, Landman NH, Chamberlain JA (1994) Ammonite shell shape covaries with facies and 
hydrodynamics: iterative evolution as a response to changes in basinal environment. Geology 
22:905–908

Jayet A (1929) La variation individuelle chez les ammonites et la diagnose des espèces. Note 
préliminaire basée sur l’analyse d’Inflaticeras varicosum (Sowerby). Mém Soc Paléonto Suisse 
49:1–11

Kakabadze MV (2004) Intraspecific and intrageneric variabilities and their implication for the 
systematics of Cretaceous heteromorph ammonites: a review. Scripta Geol 128:17–37

Kaplan P (1999) Buckman’s rule of covariation and other trends in Paleozoic Ammonoidea; mor-
phological integration as key innovation. Geol Soc Am Abstr Progr 31:172

Kawabe F (2003) Relationship between mid-Cretaceous (upper Albian-Cenomanian) ammonoid 
facies and lithofacies in the Yezo forearc basin, Hokkaido, Japan. Cretac Res 24:751–763

Kennedy WJ, Cobban WA (1976) Aspects of ammonite biology, biogeography, and biostratigra-
phy. Spec Pap Palaeont 17:1–94

Kennedy WJ, Hancock JM (1970) Ammonites of the genus Acanthoceras from the Cenomanian of 
Rouen, France. Palaeontology 13:462–490

Kennedy WJ, Wright CW (1985) Evolutionary patterns in late Cretaceous ammonites. Spec Pap 
Palaeont 33:131–143

Kennedy WJ, Cobban WA, Landman NH (2001) A revision of the Turonian members of the am-
monite subfamily Collignoniceratinae from the United States Western Interior and Gulf Coast. 
Bull Am Mus Nat Hist 267:1–148



914  Buckman’s Rules of Covariation

Kidwell SM, Holland SM (2002) The quality of the fossil record: implications for evolutionary 
analyses. Annu Rev Ecol Syst 33:561–88

Klug C, Hoffmann R (2015) Ammonoid septa and sutures. Ammonoid Paleobiology: From anat-
omy to ecology

Klug C, Korn D (2004) The origin of ammonoid locomotion. Acta Palaeontol Polon 49:235–242
Klug C, Meyer E, Richter U, Korn D (2008) Soft-tissue imprints in fossil and recent cephalopod 

septa and septum formation. Lethaia 41:477–492
Klug C, Korn D, Landman NH, Tanabe K (2015a) Ammonoid shell form. Ammonoid Paleobiol-

ogy: from anatomy to ecology
Klug C, Zaton M, Parent H, Hostettler B, Tajika A (2015b) Mature modifications and sexual di-

morphism. Ammonoid Paleobiology: from anatomy to ecology
Knauss MJ, Yacobucci MM (2014) Geographic information systems technology as a morphomet-

ric tool for quantifying morphological variation in an ammonoid clade. Palaeontol Electron 
17(1):20A

Knowlton N (1993) Sibling species in the sea. Annu Rev Ecol Syst 24:189–216
Kolbe SE, Lockwood R, Hunt G (2011) Does morphological variation buffer against extinction? 

A test using veneroid bivalves from the Plio-Pleistocene of Florida. Paleobiology 37:355–368
Korn D (2010) A key for the description of Palaeozoic ammonoids. Foss Rec 13:5–12
Korn D, Klug C (2003) Morphological pathways in the evolution of Early and Middle Devonian 

ammonoids. Paleobiology 29:329–348
Korn D, Klug C (2007) Conch form analysis, variability, and morphological disparity of a Frasnian 

(Late Devonian) ammonoid assemblage from Coumiac (Montagne Noire, France). In: Land-
man NH, Davis RA, Manger W, Mapes RH (eds) Cephalopods—present and past. Springer, 
New York

Korn D, Vöhringer E (2004) Allometric growth and intraspecific variability in the basal Carbonif-
erous ammonoid Gattendorfia crassa schmidt, 1924. Paläontol Z 78:425–432

Kraft S, Korn D, Klug C (2008) Patterns of ontogenetic septal spacing in Carboniferous ammo-
noids. N Jb Geol Paläontol Abh 250:31–44

Landman NH, Waage KM (1993a) Morphology and environment of Upper Cretaceous (Maastrich-
tian) Scaphites. Geobios Mem Spec 15:257–265

Landman NH, Waage KM (1993b) Scaphitid ammonites of the Upper Cretaceous (Maastrichtian) 
Fox Hills Formation in South Dakota and Wyoming. Bull Am Mus Nat Hist 215: 1–257

Landman NH, Kennedy WJ, Cobban WA, Larson NL (2010) Scaphites of the “Nodosus Group” 
from the upper Cretaceous (Campanian) of the Western Interior of North America. Bull Am 
Mus Nat Hist 342:1–242

Manship LL (2004) Pattern matching: classification of ammonitic sutures using GIS. Palaeont 
Electron 7(15)

Martin E (2003) Intraspecific variation of Dufrenoyia furcata Sowerby (Ammonoidea, Ancyloc-
erataceae, Deshayesitidae) from the Gargasian in the Vaucluse (Southern France). Mitt Geol-
Paläont Inst Univ Hamburg 87:115–124

Mayr E (1942) Systematics and the origin of species. Columbia University Press, New York
Mayr E (1948) The bearing of the new systematics on genetical problems—the nature of species. 

Adv Genet 2:205–237
Mayr E (1963) Animal species and evolution. Harvard University Press, Cambridge
Mayr E (1969) Principles of systematic zoology. McGraw-Hill, New York
McCaleb JA, Furnish WM (1964) The Lower Pennsylvanian ammonoid genus Axinolobus in the 

southern midcontinent. J Paleontol 38:249–255
Meinhardt H (1995) The algorithmic beauty of sea shells. Springer, Berlin
Meister C (1988) Ontogenèse et évolution des Amaltheidae (Ammonoidea). Eclog Geol Helv 

81:763–841
Monnet C, Bucher H (2005) New middle and late Anisian (Middle Triassic) ammonoid faunas 

from northwestern Nevada (USA): taxonomy and biochronology. Foss Strat 52:1–121
Monnet C, Brack P, Bucher H, Rieber H (2008) Ammonoids of the middle/late Anisian boundary 

(Middle Triassic) and the transgression of the Prezzo limestone in eastern Lombardy–Giudica-
rie (Italy). Swiss J Geosci 101:61–84



92 C. Monnet et al.

Monnet C, Bucher H, Wasmer M, Guex J (2010) Revision of the genus Acrochordiceras Hyatt, 
1877 (Ammonoidea, Middle Triassic): morphology, biometry, biostratigraphy and intraspecific 
variability. Palaeontology 53:961–996

Monnet C, De Baets K, Klug C (2011) Parallel evolution controlled by adaptation and covariation 
in ammonoid cephalopods. BMC Evol Biol 11:115. doi:10.1186/1471-2148-11-115

Monnet C, Klug C, De Baets K (2014) Evolutionary patterns of ammonoids: phenotypic trends, 
convergence, and parallel evolution. This volume

Morard A, Guex J (2003) Ontogeny and covariation in the Toarcian genus Osperleioceras (Am-
monoidea). Bull Soc Geol Fr 174:607–615

Moulton DE, Goreily A, Chirat R (2012) Mechanical growth and morphogenesis of seashells. J 
Theor Biol 311:69–79

Moulton DE, Goriely A, Chirat R (2015) The morpho-mechanical basis of ammonite form. J Theor 
Biol 364C:220–230

Nettleship MT, Mapes RH (1993) Morphological variation, maturity, and sexual dimorphism in 
an upper Carboniferous ammonoid from the Midcontinent. Geol Soc Am Abstr Progr 25(2):67

Nosil P (2012) Ecological speciation. Oxford series in ecology and evolution. Oxford University 
Press, Oxford

Olóriz F, Palmqvist P, Pérez -Claros JA (1997) Shell features, main colonized environments, and 
fractal analysis of sutures in Late Jurassic ammonites. Lethaia 30:191–204

Parsons PA (1987) Evolutionary rates under environmental stress. Evol Biol 21:311–347
Paul CRC (2011) Sutural variation in the ammonites Oxynoticeras and Cheltonia from the low-

er Jurassic of Bishop’s cleeve, Gloucestershire, England and its significance for ammonite 
growth. Palaeogeogr, Palaeoclimatol, Palaeoecol 309:201–214

Pérez-Claros JA (2005) Allometric and fractal exponents indicate a connection between metabo-
lism and complex septa in ammonites. Paleobiology 31:221–232

Pérez-Claros JA, Palmqvist P, Oloriz F (2002) First and second orders of suture complexity in 
ammonites: a new methodological approach using fractal analysis. Math Geol 34:323–343

Pérez-Claros JA, Olóriz F, Palmqvist P (2007) Sutural complexity in Late Jurassic ammonites and 
its relationship with phragmocone size and shape: a multidimensional approach using fractal 
analysis. Lethaia 40:253–272

Reeside JB, Cobban WA (1960) Studies of the Mowry Shale (Cretaceous) and contemporary for-
mations in the United States and Canada. U S Geol Surv Prof Pap 355:1–126

Reyment (1988) Does sexual dimorphism occur in upper Cretaceous ammonites. Senckenbergiana 
Lethaea 69:109–119

Reyment RA, Kennedy WJ (1998) Taxonomic recognition of species of Neogastroplites (Ammo-
noidea, Cenomanian) by geometric morphometric methods. Cretac Res 19:25–42

Ritterbush KA, Bottjer DJ (2012) Westermann Morphospace displays ammonoid shell shape and 
hypothetical paleoecology. Paleobiology 38:424–446

Ritterbush K, De Baets K, Hoffmann R, Lukeneder A (2014) Pelagic palaeoecology: the impor-
tance of recent constraints on ammonoid palaeobiology and life history. J Zool. doi:10.1111/
jzo.12118

Ropolo P (1995) Implications of variation in coiling in some Hauterivian (lower Cretaceous) hetero-
morph ammonites from the Vocontian basin, France. Mem Descr Carta Geol Italia 51:137–165

Sandoval J, Chandler RB (2000) The sonninid ammonite ‘Euhoploceras’ from the Middle Jurassic 
of South-West England and southern Spain. Palaeontology 43:495–532

Saunders WB, Shapiro EA (1986) Calculation and simulation of ammonoid hydrostatics. Paleo-
biology 12:64–79

Saunders WB, Work DM, Nikolaeva SV (1999) Evolution of complexity in Paleozoic ammonoid 
sutures. Science 286:760–763

Saunders WB, Work DM, Nikolaeva SV (2004) The evolutionary history of shell geometry in 
Paleozoic ammonoids. Paleobiology 30:19–43

Saunders WB, Greenfest-Allen E, Work DM, Nikolaeva SV (2008) Morphologic and taxonomic 
history of Paleozoic ammonoids in time and morphospace. Paleobiology 34:128–154

Schluter D (2000) The ecology of adaptive radiation. Oxford University Press, Oxford
Schluter D (2001) Ecology and the origin of species. Trends Ecol Evol 16:372–380



4  Buckman’s Rules of Covariation 93

Seilacher A (1970) Arbeitskonzept zur Konstruktions-Morphologie. Lethaia 3:393–396
Seilacher A (1973) Fabricational noise in adaptive morphology. Syst Zool 222:451–465
Seilacher A (1988) Why are nautiloid and ammonoid sutures so different? N Jb Geol Paläontol 

Abh 177:41–69
Seki K, Tanabe K, Landman NH, Jacobs DK (2000) Hydrodynamic analysis of Late Cretaceous 

desmoceratine ammonites. Revue Paleobiol Vol Spec 8:141–155
Sheldon PR (1993) Making sense of microevolutionary patterns. In: Lees DR, Edwards D (eds) 

Evolutionary patterns and processes (Linnean Society Symposium, Vol 14). Academic Press, 
London

Silberling NJ (1959) Pre-Tertiary stratigraphy and Upper Triassic paleontology of the Union Dis-
trict, Shoshone Mountains, Nevada. U S Geol Surv Prof Pap 322:1–67

Silberling NJ (1962) Stratigraphic distribution of Middle Triassic ammonites at fossil hill, Hum-
boldt Range, Nevada. J Paleontol 36:153–160

Silberling NJ, Nichols KM (1982) Middle Triassic molluscan fossils of biostratigraphic signifi-
cance from the Humboldt Range, Northwestern Nevada. U S Geol Surv Prof Pap 1207: 1–77

Simpson GG (1944) Tempo and mode in evolution. Columbia University Press, New York
Sniegowski PD, Murphy HA (2006) Evolvability. Curr Biol 16:831–834
Sokal RR, Rohlf FJ (1995) Biometry: the principles and practice of statistics in biological research. 

Freeman, New York
Sokal RR, Sneath PHA (1963) Principles of numerical taxonomy. Freeman, San Francisco
Spicer JI, Rundle SD, Tills O (2011) Studying the altered timing of physiological events during 

development: it’s about time…or is it? Respir Physiol Neurobiol 178:3–12
Stephen DA, Manger WL, Baker C (2002) Ontogeny and heterochrony in the middle Carbonifer-

ous ammonoid Arkanites relictus (Quinn, McCaleb and Webb) from the Northern Arkansas. J 
Paleontol 76:810–821

Swan ARH, Saunders WB (1987) Function and shape in Late Paleozoic (mid-Carboniferous) am-
monoids. Paleobiology 13:297–311

Swinnerton HH, Trueman AE (1917) The morphology and development of the ammonite septum. 
Quart J Geol Soc 73:26–58

Tanabe K (1993) Variability and mode of evolution of the middle Cretaceous ammonite Subpri-
onocyclus (Ammonitina: Collignoniceratidae) from Japan. Geobios Mem Spec 15:347–357

Templeton AR (2006) Population genetics and microevolutionary theory. Wiley, Hoboken
Tills O, Rundle SD, Salinger M, Haun T, Pfenninger M, Spicer JI (2011) A genetic basis for intra-

specific differences in developmental timing? Evol Dev 13:542–548
Tozer ET (1971) Triassic time and ammonoids: problems and proposals. Can J Earth Sci 8:989–

1031
Tsujino Y, Naruse H, Maeda H (2003) Estimation of allometric shell growth by fragmentary speci-

mens of Baculites tanakae Matsumoto and Obata (a Late Cretaceous heteromorph ammonoid). 
Paleontol Res Jpn 7:245–255

Ubukata T, Tanabe K, Shigeta Y, Maeda H, Mapes RH (2010) Eigenshape analysis of ammonoid 
sutures. Lethaia 43:266–277

Ubukata T, Tanabe K, Shigeta Y, Maeda H, Mapes RH (2014) Wavelet analysis of ammonoid 
sutures. Palaeont Electron 17(1):9A

Urdy S, Goudemand N, Bucher H, Chirat R (2010a) Allometries and the morphogenesis of the mol-
luscan shell: a quantitative and theoretical model. J Exp Zool (Mol Dev Evol) 314B:280–302

Urdy S, Goudemand N, Bucher H, Chirat R (2010b) Growth-dependent phenotypic variation of 
molluscan shells: implications for allometric data interpretation. J Exp Zool (Mol Dev Evol) 
314B:303–326

Urreta MBA, Riccardi AC (1988) Albian heteromorph ammonoids from Southern Patagonia, Ar-
gentina. J Paleontol 62:598–614

Valentine JW (1995) Why no new phyla after the Cambrian? Genome and ecospace hypotheses 
revisited. Palaios 10:190–194

Wagner GP, Altenberg L (1996) Complex adaptations and the evolution of evolvability. Evolution 
50:967–976



C. Monnet et al.94

Weitschat W (2008) Intraspecific variation of Svalbardiceras spitzbergensis (Frebold) from the 
Early Triassic (Spathian) of Spitsbergen. Polar Res 27:292–297

West-Eberhard MJ (1989) Phenotypic plasticity and the origins of diversity. Annu Rev Ecol Syst 
20:249–278

West-Eberhard MJ (2003) Developmental plasticity and evolution. Oxford University Press, Ox-
ford

West-Eberhard MJ (2005) Developmental plasticity and the origin of species differences. Proc 
Natl Acad Sci U S A 102:6543–6549

Westermann GEG (1966) Covariation and taxonomy of the Jurassic ammonite Sonninia adicra 
(Waagen). N Jb Geol Paläontol Abh 124:289–312

Westermann GEG (1971) Form, structure and function of shell and siphuncle in coiled Mesozoic 
ammonoids. Life Science Contributions Royal Ontario Museum 78:1–39

Westermann GEG (1975) Model for origin, function and fabrication of fluted cephalopod septa. 
Paläontol Z 49:235–253

Westermann GEG (1996) Ammonoid life and habitat. In: Landman NH, Tanabe K, Davis A (eds) 
Ammonoid paleobiology (Topic in Geobiology, 13). Plenum Press, New York

Westermann GEG, Tsujita CJ (1999) Life habits of ammonoids. In: Savazzi E (ed) Functional 
morphology of the invertebrate skeleton. Wiley, Chichester

Wiedmann J (1966a) Stammesgeschichte und System der posttriadischen Ammonoiden. N Jb Geol 
Paläontol Abh 125:49–79

Wiedmann J (1966b) Stammesgeschichte und System der posttriadischen Ammonoiden. N Jb 
Geol Paläontol Abh 127:13–81

Wiedmann J (1969) The heteromorphs and ammonoid extinction. Biol Rev 44:563–602
Wilmsen M, Mosavinia A (2011) Phenotypic plasticity and taxonomy of Schloenbachia varians (J. 

Sowerby, 1817) (Cretaceous Ammonoidea). Palaeontol Z 85:169–184
Wright JK (2012) Speciation in the cardioceratinid ammonites of the Costicardia subzone (corda-

tum zone) of the Oxfordian of Skye. Scott J Geol 48:61–72
Wright CW, Kennedy WJ (1984) The Ammonoidea of the lower chalk. Part 1. Monograph of the 

Palaeontographical Society London 567:1–126
Wright CW, Kennedy WJ (1987) The Ammonoidea of the lower chalk. Part 2. Monograph of the 

Palaeontographical Society London 573:127–218
Wright CW, Kennedy WJ (1990) The Ammonoidea of the lower chalk. Part 3. Monograph of the 

Palaeontographical Society London 585:219–294
Yacobucci MM (1999) Plasticity of developmental timing as the underlying cause of high specia-

tion rates in ammonoids. In: Olóriz F, Rodríguez-Tovar FJ (eds) Advancing research on living 
and fossil cephalopods. Kluwer Academic, New York

Yacobucci MM (2004a) Buckman’s paradox: variability and constraints on ammonoid ornament 
and shell shape. Lethaia 37:57–69

Yacobucci MM (2004b) Neogastroplites meets Metengonoceras: morphological response of an 
endemic hoplitid ammonite to a new invader in the mid-Cretaceous Mowry Sea of North 
America. Cretac Res 25:927–944

Yacobucci MM, Manship L (2011) Ammonoid septal formation and suture asymmetry explored 
with a geographic information systems approach. Palaeontol Electron 14(1)3A


	Part I 
	Macroevolution
	Chapter-4
	Buckman’s Rules of Covariation
	4.1 Introduction
	4.2 Rules of Covariation
	4.2.1 First Rule—The More Evolute, The More Depressed, The More Ornamented
	4.2.2 Second Rule—The More Compressed, The More Frilled

	4.3 Impact of These Rules on Ammonoid Systematics
	4.4 Causes of Covariation
	4.4.1 Adaptive and Environmental Constraints
	4.4.2 Constructional and Developmental Constraints

	4.5 Extent of Buckman’s Rules of Covariation
	4.6 Conclusions
	References







