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Abstract

In order to grasp a glimpse of evolution, it is important to understand how structural adaptations
arise in a lineage and how this improves the fitness of an organism. This fitness of adult specimens
is the result of the success of the ontogenetic process where the emergence of adaptations, which
withstand selective pressure on every stage of the organisms development, have been fixed by
mutations and natural selection. So, to study evolution, ontogeny should be one of the crucial
components under investigation. In order to do so, one has to compare different ontogenetic
stages. The problem then arises: should biological time (or developmental age) of the developing
larva be scaled to body size or to chronological time? Many discussions have been formulated on
the subject, where frequently deductive models have been proposed suggesting that size is not a
good parameter to study shape differentiations (which can be considered as being a reflection of
developmental differentiations). This study is an empirical approach to the problem, where changes
in size are completely dissociated from changes in shape using geometric morphometrics based on
thin plate splines. This approach allowed us to regress the overall shape changes in the bony
neurocranium in a sample of the larval catfish Clarias gariepinus (Teleostei: Clariidae), during a
limited period of ontogeny, to size and age. These results indicate that, at least for this sample, size
is a better measure of biological time than age is. Even though further research is needed to allow
extrapolations to the complete ontogeny, this study demonstrates that empirical data should be
considered when drawing conclusions about the relation between ontogeny, size and age.
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Introduction

Studies dealing with evolution generally focus on the adaptive nature of structural or genetic
specialisations in adult organisms. However, the environmental factors influencing evolution act
on every ontogenetic stage. The importance of ontogeny, when studying the influence of
environmental factors on the relation with ecology and distribution of fishes and amphibians, was
formulated as such by Orton (1955): "we commonly base ecological and distributional studies on
the adult stage only, and overlook the possibility that the relative success or failure of a species may
be determined largely by events that affect its early developmental stages, rather than its more
conspicuous adult". Natural selection acts upon each larval stage, as well as any embryonic stage,
a vision already formulated in 1874 by Balfour (in Hall and Wake, 1999). Natural selection does
indeed act upon an organism throughout its early development, but it even does so to a larger
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extent than is the case in the adult stage, as evidenced by high (and variable) mortality rates in larval
fish (Orton, 1955; Aldenhoven, 1986). As a result, this selective pressure has a vast impact on
which ontogenetic innovations are likely to be inherited and which are not (of course the
reproductive strategies, whether or not involving parental care are of importance as well here). In
other words, the effect of selective pressure on ontogeny appears to be in contradiction with what
is stated in the biogenetic law of Haeckel but favours more von Baer's view on ontogeny. Haeckel's
view implied terminal additions (thus at the end of the ontogeny) of new forms, where embryonic
stages were often considered simply to be non-functional marks of ancestry. As a result, ontogeny
was considered as a sequence of ancestral adult forms. This is in contrast with the view of von Baer,
which implied that new forms arise as a result of non-terminal differentiation through ontogeny,
going from a general to the special body plan (Gould, 1977; Løvtrup, 1978). However, a
reformulation of concepts, dealing with recapitulation in general, makes clear that both Haeckelian
recapitulation  and von Baerian recapitulation  can be the result of natural selection. It only depends
on what moment during ontogeny the innovation arises (terminal or non-terminal) (de Beer, 1940;
Løvtrup, 1978). The process of ontogenesis itself has to be considered as a process that survives
natural selection and is altered in response to it. One important additional aspect that is lacking in
the theories of Haeckel and von Baer, is the adaptive value of added innovations during ontogeny.
Selective pressure can be translated in the emergence of functional improvements of the working
'Bauplan' of an organism (or at least of a lineage of organisms). The first major objection to such
a formalistic view of ontogeny and phylogeny by Haeckel and von Baer was formulated by
Garstang (1922), who reversed Haeckels theorem "Phylogeny is the mechanical cause of ontogeny"
into "ontogeny does not recapitulate phylogeny, it creates it". In this context, and especially with
the emphasis on functionality of ontogenetically added traits, another statement by Garstang, i.e.
"The phyletic succession of adults is the product of successive ontogenies", can be rephrased as
"the phyletic success of adults is also the product of the success of the ontogenies". Or to put it in
the words of Whitman (1919: in Hall, 1999): "All that we call phylogeny is today, and ever has been,
ontogeny itself. … It is ontogeny from which we depart and ontogeny to which we return".
So, ontogeny has to be considered as the backbone of evolution, onto which natural selection acts.
The process of ontogenesis can be subdivided into two phases: a period of the creation of form
(morphogenesis), followed by a period of modification of form (mainly through differential growth)
(Løvtrup, 1978). Since natural selection acts upon all of these phases and since only adaptive (or
neutral) transformations can survive natural selection, studying evolution should rely more on
studying the ontogenesis of the function of form. However, very few studies actually deal with the
ontogeny of function. Those that do mostly focus on overall locomotion, thus involving the
complete body 'Bauplan' (e.g. Marsh, 1988; Richard and Wainwright, 1995; Hale, 1996; D'Août and
Aerts, 1999; Sagnes et al., 2000; Budick and O'Malley, 2000; Hernández, 2000). Some papers deal
with the ontogeny of function in certain apparatuses, for example the feeding and respiratory
systems (e.g. Otten, 1982; Coughlin, 1994; Reilly, 1995; Cook, 1996; Hunt von Herbing et al.,
1996a; Doi et al., 1998; Adriaens et al., 2001).
Before going further into the subject, it is necessary that some definitions used throughout this
chapter should be explained. This study deals with the relations between development on the one
hand, and the body size and age of an organism on the other hand. A distinction is made between
chronological time and developmental time. Chronological time reflects the actual age of the
organism, and can be expressed as minutes, hours or days postfertilisation or posthatching.
Developmental time equals biological time, and represents the time frame of the ontogenetic
processes. In this context, a biologically (or developmentally) older organism represents one that
is in a later developmental state, whereas a chronologically older specimen implies that the
specimen is simply chronologically older. Due to fluctuations in both the genetic as well as the
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epigenetic control of development, both expressions of time are not necessarily correlated. In this
paper, the annotation 'age' implies chronological age.
One major area, in which ontogeny is considered as being the most explanatory, is the role of
heterochronies as a basis for evolutionary processes and innovations. Even though, by definition,
heterochrony involves an evolutionary change in rates and timing of developmental processes,
heterochronies have been used to explain major transitions in for example vertebrates by studying
adult (fossil) specimens only (e.g. Schad, 1993). In other cases ontogenetic allometries are frequently
treated as being a reflection of heterochronic processes (so-called allometric heterochronies)
(Godfrey and Sutherland, 1995a,b). However, conceptually, a distinction between both phenomena
has to be made, because by definition, heterochronies involve the 'timing' of developmental
processes, thus 'time' becomes an essential part (Klingenberg, 1998). Allometries, on the other
hand, are changes in shape as a function of size (Kluge and Strauss, 1985). It is therefore crucial
to know the true nature of the relation between these three factors: ontogeny, age and size. The
benefits and problems of using size or age as a measure of biological age has already been
elaborated on (Blackstone, 1987; Strauss, 1987b; German and Meyers, 1989; Godfrey & Sutherland,
1995a,b). Since comparative analyses of specimens or species require that they can be scaled to the
same developmental time frame and since developmental age cannot be measured directly, it is
crucial to use the best measure for that biological age.
However, as Blackstone (1987) mentioned in his reply on a critique of Strauss to an earlier paper
of his: "The differences in opinion expressed by Strauss (1987) and Blackstone (1987a) will be
resolved not by further commentary but rather by empirical data", so another deductive approach
is not required but empirical data are (German & Meyers, 1989). As a result, to investigate these
relationships, the ontogenetic changes in neurocranial shapes of an African catfish, Clarias gariepinus
(Burchell, 1822) (Teleostei: Clariidae) were studied, both during normal and abnormal development.
As a model for abnormal development, an experimental setup was used to induce reduced growth.
Dwarf specimens have already been used to study heterochronies in mammals. However, these
involved cultivated races (Fiorello and German, 1997). In the present study phenotypic plasticity
within one generation is considered. The experimentally induced abnormal specimens (see material
and methods) provide a control to see whether size or age is still a better measure for biological age,
even when the overall body size is altered. Most studies on allometric heterochronies use a set of
metric variables that are considered most appropriate in describing shape. However, such a
biometric approach is only a superficial representation of true shape changes and is very much
related to size, even when using ratios (Dodson, 1978). In this study geometric morphometrics are
used so that (1) shape changes are described adequately, (2) size is completely separated from shape
by a Generalised Procrustes Analyses superimposition method, and (3) shape variation can be
regressed statistically versus age and body size (Rohlf and Slice, 1990; Klingenberg, 1996).
The study of the ontogeny of the head in teleosts has determined research at our lab during the
years, starting with a descriptive approach of Oncorhynchus mykiss (Verraes, 1973) and Astatotilapia
elegans (Ismail, 1979). In addition to the latter studies, the ontogeny of function was studied as well
(Aerts, 1987; Adriaens, 1998). Relying on this methodological basis, the study of the ontogeny of
form and function is currently being expanded so that both qualitative and quantitative analyses are
improved (e.g. by using geometric morphometrics), as well as that ontogeny is considered in a
phylogenetic framework. Combining the ontogeny of function and form in this framework should
enable us to investigate the ultimate goal: the evolution of ontogeny, and thus the rise of
innovations.
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Materials and Methods

Experimental setup
Shape changes during head ontogeny in Clarias gariepinus were studied in normal and 'abnormal'
development (see Results for a note on this annotation). Two experimental setups were used in
order to obtain ontogenetic stages of abnormal development, i.e. reduced growth or dwarfism (see
note on actual dwarfism in results). Two batches of fertilised eggs of C. gariepinus were obtained
from the Laboratory of Ecology and Aquaculture (Catholic University of Leuven) and were kept
in aquaria (240 l) until a couple of days after hatching. In the first experiment, half of the hatched
larvae were transferred to small containers (made of mosquito mesh), one specimen per container.
The other specimens were raised in the large 240 l tanks. The small containers were suspended in
these large tanks, thereby reducing possible influences on growth by differences in temperature
(about 25°C) or water quality. The larvae were raised until the age of 38 days posthatching (PH)
(while they were fed Tetramin flakes ad libitum), after which they were killed by an overdose of
MS-222 and fixed in neutralised and buffered formalin. As this experiment only yielded specimens
of an identical (chronological) age, a second experiment was done in which the same procedure was
repeated. This time, more specimens in the same normal and abnormal conditions were raised in
order to obtain an ontogenetic series. Also, this time standardized small containers were used (5
by 5 by 10 cm), which again allowed a flow through of water. Again, feeding occurred ad libitum.
The first experiment consequently yielded seven normal and seven abnormal specimens (all of an
age of 38 days PH), whereas the second experiment generated 100 normal and 95 abnormal
specimens, of 20 different age classes (standard length (SL) ranged from 8.0 up to 40.7 mm).

Morphology
One normal (48.5 mm SL) and one abnormal specimen (27.5 mm SL) of the first experiment were
used for embedding in Technovit 7100 and serial sectioning (5 µm sections) with toluidin staining.
A three-dimensional reconstruction was made of the abnormal specimen using PC3D (Jandel
Scientific) and a digitiser (Houston Instruments, HIPAD Plus). For a clearer representation of the
reconstructions, the PC3D-plots were redrawn manually. All other specimens of both experiments
were cleared and stained, following the protocol of Hanken and Wassersug (1981), with trypsin
being replaced by a 1% KOH-solution. Some specimens were only stained for bone (using Alizarin
red S), whereas others were double-stained (also using Alcian blue 8GX), in order to have an idea
of possible artificial staining due to decalcification during cartilage staining (Vandewalle et al.,
1998). 

Morphometry
For this study, a screening of the cleared and stained specimens of the second experiment yielded
nine normal and nine abnormal specimens, which were suitable for a geometric morphometric
analysis of the osteocranium. The standard length of these specimens ranged from 19.4 mm to 33.4
mm (normal specimens) and from 21.2 mm to 34.4 mm SL (abnormal specimens), and are thus of
comparable length ranges (allometric differences due to difference in size classes can thus be
ignored) (Fig. 1). Also, the size range of both sets of specimens is very small, so that non-linearity
in the data can also be considered as being absent. This makes the data more suitable for further
analysis (Klingenberg, 1996). Additionally, by using a short phase in ontogeny, the reduction of
observed shape variance in larger specimens (compared to smaller specimens) is omitted as well
(Arnqvist and Mårtensson, 1998). The regression analysis of shape variation with relation to size
(as mentioned below) was done using logarithmically transformed standard lengths (in mm), in
order to improve the linear statistical analyses applied (German & Meyers, 1989).
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Figure 1. Plot of size (mm standard length) versus age (days postfertilisation)
of the specimens used in this study: normal and abnormal specimens of two
experimental setups (numbers correspond to the number of the experiment).

Figure 2. Position of the landmarks
and major bones on the dorsal surface of
the neurocranium of Clarias
gariepinus (21.2 mm SL, abnormal
specimen).  (Abbreviations: o-fr - frontal
bone; o-leth - lateroethmoid bone; o-meth
- mesethmoid bone; o-par-soc -
parieto-supraoccipital bone; o-pt -
p t e r o t i c  b o n e ;  o - p t - s c l  -
posttemporo-supracleithral bone; o-sph -
sphenotic bone; prc-scl - suprascapular
process).

In the specimens of the second experiment, shape changes with relation to size and age are studied
using landmark-based geometric morphometrics. Digital images were taken of the dorsal view of
the neurocranium using a Wild M5 stereoscopic microscope, equipped with a Colorview8 digital
camera. Images were taken with Analysis Docu (Soft Imaging System GmbH, version 3.0), with
the exception of the three largest specimens. As these were too large to be photographed using the
stereomicroscope, they were photographed using a Nikon F601 camera equipped with a Sigma
macro lens (105mm). The slides were scanned with a Nikon Coolscan IV-ED. The contrast and
sharpness of the images were improved by altering gamma-levels and using a sharpen filter.

A total of 40 landmarks were defined on the dorsal surface of the neurocranium (Fig. 2). The
landmarks were chosen in such a way that (1) they could unambiguously be observed and
homologised in all the specimens, and that (2) they were clearly demarcated at interdigitations (type
1 landmark) or distal tips of processes (type 2 landmarks) (so-called type 3 landmarks are thus
avoided) (Bookstein, 1990, 1991). Landmarks were digitised using tpsDig (Rohlf, 2001a). 



298 Adriaens & Verraes

Figure 3. Plot of the consensus (reference configuration) of the
normal specimens configurations with the vectors representing the
residuals of landmark position for each specimen: A. Averaged
configuration of 10 replicas; B. Left-right averaged configuration.

The amount of methodological measurement errors was reduced at different levels: (1) all
specimens were treated equally during clearing and staining, (2) since the neurocrania of C. gariepinus
are dorsoventrally flattened, the projection of three-dimensional landmarks into a two-dimensional
plane involves a low dimensionality reduction error, (3) specimens were positioned in glass pearls
so to stabilise them in a comparable horizontal plane (the horizontal position was judged based on
the alignment of the ventral parasphenoid bone and the dorsal fontanel) (Arnqvist & Mårtensson,
1998). Digitising errors were reduced as all specimens were digitised ten times, after which the
average coordinates for all landmarks in all specimens were calculated. Additionally, to remove
noise as a result of left-right asymmetry, the right-sided landmark of paired landmarks was
projected onto the other side, averaged with the coordinates of the left-sided landmark, and
projected back to the right side. The axis of symmetry was defined as the axis connecting landmark
1 and 14 (Fig. 2). All other unpaired landmarks were projected onto that axis. As a result, all
left-right asymmetry was removed (Fig. 3).

Landmark configurations were scaled (to centroid size 1), translated and rotated using Generalised
Least Squares or Generalised Procrustes Analysis superimposition (GPA) (Rohlf & Slice, 1990).
The fitness of the dataset for partial warp analysis was tested using tpsSmall to ensure that the
distribution of the specimens (in terms of Procrustes distance between the specimens) in Kendall
shape space was highly correlated with that of the projected specimens in tangent space (Rohlf,
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1996, 1998). TpsRelw was used to calculate partial and relative warp scores as descriptors for the
variation in shape (Bookstein, 1991; Rohlf, 1993, 2001b). Since the specimens span a very short
growth range, principal warps were unweighted so that small-scale and large-scale changes are given
equal weights (i.e. a set to 0) (Rohlf and Marcus, 1993). This program also generated the weight
matrix of partial warp scores, which was used for further statistical testing. An ANOVA was done
on the UniY-partial warp scores of the normal and abnormal specimens, as well as a backward
stepwise canonical variate analysis on 16 non-uniform partial warp scores using Statistica 5.5
(Statsoft Inc.) and Matlab (Release 12, The Mathworks Inc.) (Rohlf, 1995). The scores of the
specimens along the calculated canonical variate axis 1 were used as an independent variable in a
regression on partial warps (Loy et al., 1999). This was done using tpsRegr, which also generated
deformation grids of hypothetical shape configurations of centroid CV1-scores of both groups (all
the tps-software by F.J. Rohlf is freeware, available at http://life.bio.sunysb.edu/morph/) (Rohlf,
2000). Regression analyses of relative warp scores versus size and age were done using the data
analysis toolbox of Excel (version 2000, Microsoft Corporation). As a measure of size, standard
length was preferred because of its frequent use when comparing ontogenetic stages (but see Howe,
2002). Based on the regression between shape variation and the two independent variables (size and
age), landmark configurations of regressed minimal and maximal values for each of these variables
was calculated using tpsRegr. This involved configurations regressed for minimal size (log values
of 19.4 mm SL), for maximal size (log values of 34.4 mm SL), for minimal age (32 days
postfertilisation - PF) and for maximal age (64 days PF). Several statistical parameters for the
regression of shape to the independent variables (logarithmic standard length, age in days PF, and
a combination of both variables) were obtained from the report created by tpsRegr: (1) the sum of
squared Procrustes distances between the observed specimens and the consensus (is equal for all
independent variables); (2) sum of squared residual Procrustes distances between the observed
specimen and regressed specimen after being superimposed; (3) R²-values expressing the explained
amount of variation by the regression (calculated as 1-% of unexplained variation); and (4) an
F-value obtained from a Goodall test for goodness of fit, which is analogous to a ratio of the
explained variance to the unexplained variance in the regression (Rohlf, 2000). Additionally,
probabilities for the fitness of the regression were calculated by randomisation of the samples (1000
randomisations) (Rohlf, 2000). For all statistical analyses, p-levels below 0.05 were considered as
significant. Shape differences between the regressed configurations and the actual configurations
of each of these minima and maxima was visualised using tpsSpline (Rohlf, 2002).

Results

Specimens
It has to be emphasized that in the context of this paper, the term 'abnormal' does not imply
aberrant morphologies but simply implies that specimens have been subjected to a constrained and
isolated raising condition in the experimental setup.
Even though the first experiment clearly yielded dwarf specimens (24.5 ±2.1 SD mm SL vs 42.7
±5.2 SD mm SL for the normal specimens), this was not the case for the specimens of the second
experiment (Fig. 1). One possibility could be that due to the absence of food competition, the
isolated specimens initially grew faster than the normal specimens. However, this competition
would be the same in both experiments. The differences in the container size in both experiments
may be involved. The growth curve of normal and abnormal specimens bisects at about 55 days
PF (corresponds to about 27 mm SL). When using total body length, the trendlines bisect much
later, at about 65 days PF (= 64 days PF) (Fig. 4). Although this experiment did not yield specimens
of distinct reduced body size, the specimens are still good representatives since not dwarfism is the
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Figure 4. Plot of growth curves of larval Clarias gariepinus, raised at different density levels
(Hecht & Appelbaum, 1987), and of the specimens used for the geometric morphometric analysis
of this study (for these specimens, average body size was used for equally aged specimens) (solid dots
indicate normal specimens; white dots indicate abnormal specimens).

topic of this study but the relation between ontogenetic shape changes (as a reflection of biological
time) versus chronological age and size. The fact that little difference exists in growth rates even
makes them a better sample for comparing shape changes.

Morphology
For the morphological analysis, the specimens of the first experiment were used because a clear
size-difference existed in the normal and abnormal specimens. As mentioned, these specimens were
all of equal age (38 days PH). In order to have an idea whether ontogenetic differentiation is more
closely related to chronological age or to size, two controls were selected from the obtained
specimens and were compared to an 'abnormal' specimen (23.3 mm SL): a normal specimen of an
identical chronological age or 'age-control' (38 days PH but of a different size, i.e. 41.9 mm SL) and
a normal specimen of comparable size or 'size-control' (21.5 mm SL but of a younger age, i.e. 31
days PH). The latter specimen was obtained from a previous study, and was raised under the same
conditions as the normal specimens of this study (Adriaens and Verraes, 1998).
For anatomical details on the head morphology and ontogeny in Clarias gariepinus, we refer to
Adriaens and Verraes (1996, 1997a,b,c,d; 1998) and Adriaens et al. (1997). Hyphenated bone names
reflect the complex nature of that bone as a result of fusions (e.g. the posttemporo-supracleithral
bone is a complex bone resulting from the fusion between the posttemporal bone and the
postcleithral bone in Siluriformes). What becomes clear in these specimens is that the
developmental state in the abnormal specimen is more comparable to the size-control than to the
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Figure 5. Osteology of the skull in normal and abnormal specimens of experiment 1: dorsal view (top row), lateral view
(middle row) and ventral view (of the neurocranium only) (bottom row) for the abnormal specimen (23.3 mm SL, 38 days
PH) and two normal controls (size-control: 21.5 mm SL, 31 days PH; and age-control: 41.9 mm SL, 38 days PH)
(Abbreviations: N - plate-like nasal bone; OS - orbitosphenoid; PS - pterosphenoid; PV - praevomeral bone; SO -
supraorbital process of the fourth infraorbital bone; * - lateral plates of skull roof bones).

age-control (Fig. 5). Some examples can be given. In the skull roof, the degree of closure of the
fontanel is a first good parameter for comparing developmental states. In the abnormal specimen,
the anterior part of the parieto-supraoccipital bone is still split, thus not yet separating the anterior
and posterior fontanel. This is also the case in the size-control but not in the age-control. In the
latter specimen, the anterior parts of that bone have already contacted each other (but haven't fused
yet), which corresponds to a later developmental state. The parieto-supraoccipital bone is still
separated by cartilage from the pterotic bone in the abnormal and size-control specimens, but a true
suture is found in the age-control. Anteriorly, the parieto-supraoccipital bone has a narrow
interdigitating strip with the frontals in the abnormal and size-control, which is substantially
broader in the age-control. A similarly increased interdigitation can be seen between the frontal
bone and the mesethmoid bone. The nasal bone in the abnormal and age-control specimens
consists mainly of the tubular component, whereas the plate-like extensions are present in the
age-control only. The difference in ontogenetic level is also apparent in the infraorbital bones,
where the supraorbital process of the fourth infraorbital bone is still lacking or little developed in
the abnormal and size-control but is clearly developed in the age-control.
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The ossification of the ventral side of the neurocranium basically follows the same pattern. For
example, the posterior processes of the praevomeral bone are long and form a long interdigitation
in the age-control, which is not yet the case in the other two specimens. The orbitosphenoid bones
are elliptic in the abnormal and size-control. The juvenile configuration, however, with left and
right bones fused and thus forming a kind of gutter, is present in the age-control. The formation
of the lateral process of the parasphenoid bone is restricted in the former two specimens, but is
more substantial and interdigitating with the pterosphenoid in the age-control. The lateral plates
of the lateral ethmoids, the frontals, the sphenotics and pterotics (which can clearly be observed
in a ventral view) are distinctly more elaborate in the age-control compared to the other two
specimens. In the branchial basket, the ontogeny of the suprabranchial organ follows this trend as
well (not drawn). 
Even though these specimens suggest that the ontogenetic status of a specimen is more closely
related to body size than it is to age, some inconsistencies do exist. For example, the lateral process
of the parasphenoid bone already contacts the pterosphenoid bone in the size-control, which is not
the case in the abnormal specimen (since the size-control is a bit smaller, the opposite would be
more likely). The same is true for the perichondral part of the sphenotic, which has reached the
ventral margin of the taenia marginalis in the size-control but not yet in the abnormal specimen.
However, this may be an artefact due to insufficient staining (Vandewalle et al., 1998).
The general morphology of the abnormal specimens is not aberrant to that in normal specimens,
as could be derived from the serial sections and three-dimensional reconstructions (Fig. 6). Even
though minor changes in ontogenetic level could not be discerned in this way (since no
3D-reconstruction was available for size- and age-controls), the reconstructions showed that the
development of the soft tissues (especially muscles, tendons and ligaments) in the abnormal
specimens corresponds to that of normal specimens. It is of course to be expected that no major
deviations from the normal muscular 'Bauplan' would have occurred, since this would probably
lead to mortality.

Growth curve
Growth in Clarias gariepinus has been a subject of many studies, due to the economic importance
of this species (e.g. Clay, 1979; Hogendoorn and Koops, 1983; Bok and Jongbloed, 1984; Henken
et al., 1987; Hecht and Appelbaum, 1987; Britz and Hecht, 1987; Legendre et al., 1992). In order
to have an idea how representative the growth of the specimens of experiment 2 is, we compared
it with that of other studies. In their paper, Hecht and Appelbaum (1987) calculated growth curves
(using body weight) for C. gariepinus fry (up to an age of 50 days), and this under different stocking
densities (150, 300 and 600 individuals per 30 liter). They also regressed age (in days
postfertilisation) versus body size (in mm total length), which provided the regression equation to
transform one into the other. Even though developmental growth is better expressed by non-linear
models (as for example Gompertz curves), a linear regression between both variables yielded high
correlation coefficients (resp. 1.00, 0.99 and 0.99 for the three stocking densities), since larval
growth spans only a very small period corresponding to the beginning of the typical asymptotic
growth curves (German & Meyers, 1989). When comparing these growth curves with those of the
normal and abnormal specimens of our experiment 2, it becomes clear that overall growth is
substantially lower (Fig. 4). This presumably is the result of differences in feeding frequency and
feeding regime, which is more optimized in the study of Hecht and Appelbaum (1987).
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Figure 6. Graphical 3D-reconstruction of the head in an abnormal Clarias gariepinus (27.5 mm SL, 38 days PH)
(fronto-lateral view): A. superficial muscles and bones exposed; B. eyes, eye muscles and infraorbital bones removed; C. anterior
part of the lower jaw, part of the jaw adductor muscle (A2A3') and posterior eye muscles removed; D. A3", levator arcus
palatini, intermandibular muscle and anterior eye muscles removed; E. as in D. but dilatator operculi and eye muscles also
removed; F. as in E. but tentacular apparatus, adductor operculi and protractor hyoidei also removed (Abbreviations: fr-I
- foramen of the olfactory nerve; l-an-ch - angulo-ceratohyal ligament; l-an-iop - angulo-interopercular ligament; l-enp4-pvm
- entopterygoido-prevomeral ligament; l-mp-enp4 - metapterygoido-entopterygoid ligament; l-mx-pal - maxillo-palatine ligament;
l-mx-prmx - maxillo-premaxillary ligament; l-op-iop - operculo-interopercular ligament; m-A2A3' - A2A3'-part of the
adductor mandibulae complex; m-A3" - A3"-part of the adductor mandibulae complex; m-ad-ap - adductor arcus palatini
muscle; m-ad-op - adductor operculi muscle; m-dil-op - dilatator operculi muscle; m-epax - epaxial muscles; m-ex-t - extensor
tentaculi muscle; m-hh-ad - hyohyoideus adductor muscles; m-hh-inf - inferior hyohyoideus muscle; m-intm - intermandibular
muscle; m-l-ap - levator arcus palatini muscle; m-l-op - levator operculi muscle; mnd-b-ex - base of the external mandibular
barbel; mnd-b-in - base of the internal mandibular barbel; m-obl-inf(o) - inferior obliquus muscle of the eye; m-obl-s - superior
obliquus muscle; m-pr-h - protractor hyoidei muscle; m-rec-ex - external rectus muscle; m-rec-in - internal rectus muscle;
m-rec-inf - inferior rectus muscle; m-rec-s - superior rectus muscle; m-re-t - retractor tentaculi muscle; m-sh - sternohyoideus
muscle; ns-b - nasal barbel; o-apal - autopalatine bone; o-ch-p - posterior ceratohyal bone; o-ep-br - part of the frontal bone
enclosing the epiphysial bridge; o-fr - frontal bone; o-hm - hyomandibular bone; o-io-IV - fourth infraorbital bone; o-iop -
interopercular bone; o-leth - lateral ethmoid bone; o-meth - mesethmoid bone; o-mp - metapterygoid bone; o-mx - maxillary
bone; o-op - opercular bone; o-par-soc - parieto-supraoccipital bone; o-pop - preopercular bone; o-prmx - premaxillary bone;
o-pt - pterotic bone; o-pt-scl - posttemporo-supracleithral bone; o-pvm - prevomeral bone; o-q - quadrate bone; o-sph - sphenotic
bone; o-spop - suprapreopercular bone; pal - palatine; r-br-IX - ninth branchiostegal ray; t-dil-op - tendon of the dilatator
operculi; t-ex-t - tendon of the extensor tentaculi muscle; t-l-ap - tendon  of the levator arcus palatini muscle; t-re-t - tendon
of the retractor tentaculi muscle).
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Figure 7. Biplot of the uniform shape variation in compression (partial warp UniY) of normal and
abnormal specimens versus body size (log mm standard length) (deformation grids reflect the degree of
compression corresponding to the minimal and maximal UniY values) (solid dots indicate normal
specimens; white dots indicate abnormal specimens).

In contrast to the data of Hecht and Appelbaum (1987), body size of the normal and abnormal
specimens is less correlated with age (R²=0.64 and p=0.2 for normal specimens, R²=0.65 and
p=0.028 for abnormal specimens) (Fig. 4). This suggests that the growth curve of the normal
specimens appears to be non-linear. Consequently, the abnormal growth series will be more
representative for the shape analysis. Even though small, the slopes of the normal and abnormal
growth curves are slightly different (0.55 for normal specimens and 0.34 for abnormal specimens).
However, since R²-values are rather low, this difference has to be taken cautiously. Since the
purpose of this study is not to describe differences in growth rates between the normal and
abnormal development, but to investigate the relation between ontogenetic shape changes and age
or size, this does not invalidate the used specimens. 

Morphometrics

Distribution in shape space
 The data of all specimens (all ten replicas of the 18 specimens) proved to be fit for further analysis
with partial warp decomposition, since Procrustes distances between specimens in Kendall shape
space are highly correlated with distances between the projected specimens in the tangent space (all
correlation coefficients were 1.000) (Rohlf, 1996). This implies that the distribution of the
specimens in the non-Euclidean shape space is sufficiently approximated by that in Euclidean
tangent space. This allows further statistical analyses, for example through relative warp analysis
(Rohlf, 1999). Such a close approximation is also found in the averaged specimens (of the ten
replicas), including the specimens were left-right asymmetry had been removed (both for normal
and abnormal specimens separately as well as together).
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Uniform vs non-uniform shape changes
Since no biological cause or significance is to be expected for uniform shape changes (i.e. length
versus width compression or shear) in the specimens studied, the decomposed contribution of the
uniform partial warps (UniX or shear and UniY or compression) could be considered as being
irrelevant for this study (Bookstein, 1996). Shear has already been reduced to zero, since landmark
coordinates have been made symmetrical to the median axis. The UniY partial warp scores for the
abnormal specimens, however, were highly correlated with body size (in log-values of mm SL,
R²=0.91, p<0.001) (Fig. 7). The correlation with age, however, was lower (R²=0.73, p<0.005). This
means that in abnormal specimens, the ontogeny can be regressed linearly to an increasing
lengthening of the skull (with respect to the skull width, irrespective of the non-uniform
components). This was not the case for the normal specimens (R²=0.17, p=0.27 for size and
R²=0.06, p=0.52 for age). However, a significant difference in this uniform shape variation in the
two groups was confirmed with an ANOVA (F=9.994, p=0.006). In relation to the centroid size
(calculated values before GPA superimposition, which are a measure of the size of the landmark
configuration), correlations were very low (R²=0.23, p=0.19 for normal specimens and R²=0.44,
p=0.05 for abnormal specimens). Again, the low statistical significance of the results in the normal
specimens is shown here.
A canonical variate analysis of the non-uniform partial warp scores was done in order to evaluate
whether normal and abnormal specimens also differed in localized shape variation (in contrast to
the uniform overall shape variation). Because of the high number of variables (74 non-uniform
partial warps) in relation to the number of specimens (18), the total weight matrix could not be used
for this analysis (as this resulted in a singularity in the within-group sum of squares and cross
products matrix). As a result, a screening of partial warp scores was done. First, standard deviations
were calculated and only those partial warps with standard deviations that were not close to zero
(sd>1.10-10), were retained (37 partial warps remaining). Second, of these the first 16 partial warps
were used since this was the maximally allowed number of variables. The first 16 partial warps were
preferred, since they have higher eigenvalues compared to the others (explained 87.21% of the total
non-uniform shape variation) (Table 1). 

Partial Warp Eigenvalue % of variation explained

1 1672 13.55
2 1365 11.06
3 962 7.80
4 869 7.05
5 844 6.84
6 819 6.64
7 766 6.21
8 593 4.81
9 588 4.76

10 555 4.50

Table 1 Eigenvalues and percentage of variation explained for the first ten non-uniform partial warps of
the total dataset (of a total of 37 partial warps).

The canonical variate analysis showed that these 16 non-uniform shape variables were sufficient
to discriminate the shapes of the normal and abnormal groups (D²=56.12, F=20.04, p<0.001). This
can be observed in Fig. 8, where both groups are separated along canonical root 1 (which thus
represents the regressed axis in the data plot that explains best the shape difference between the
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Figure 8. Scatter diagram of size (log mm standard length) and age (days postfertilisation) versus scores of
canonical variate root 1 (CV1) for 16 non-uniform shape variables for normal and abnormal specimens
(deformation grids correspond to group centroid CV1-values).

groups). The deformation grids of the centroid canonical scores for each group show some minor
shape differences (in relation to the consensus) in the ethmoid region, the anterior margin of the
parieto-supraoccipitals and the sphenotic-pterotic region.

Relative warp analysis
The relative warp analysis, which corresponds to a principal component analysis of the shape
variation in tangent space using the weight matrix of partial warp scores, reduces the number of
shape variables (partial warps) into a lesser number of more explanatory, independent shape vectors
(orthogonal relative warps). The number of relative warps corresponds to n-1 (with n the number
of specimens) or 2*(p-3) (where p equals the number of landmarks), depending on which one has
the lowest value, where all have positive singular values. These singular values (obtained by a
singular value decomposition of the weight matrix) are good representatives of the amount of
variation explained by each relative warp (Bookstein, 1991; Rohlf, 1993). In this study, a relative
warp analysis was done on the averaged and symmetrical data of the normal specimens, of the
abnormal specimens and of the total dataset. However, due to the erratic nature of the growth
series of the normal specimens, as could be derived from previous analyses, most attention is paid
to the results of the warp analyses of the abnormal specimens and the total dataset. For the normal
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and abnormal dataset, a total of 8 relative warps were calculated (corresponding to n-1). For the
total dataset 17 relative warps were calculated, of which the first five describe about 80% of the
variation (Table 2).

Relative Warp Singular Value % of variation explained

1 0.11318 30.20%
2 0.10250 24.76%
3 0.07794 14.32%
4 0.05729 7.74%
5 0.04638 5.07%
6 0.03913 3.61%
7 0.03587 3.03%
8 0.03333 2.62%
9 0.02798 1.85%

10 0.02628 1.63%
11 0.02352 1.30%
12 0.02150 1.09%
13 0.01886 0.84%
14 0.01743 0.72%
15 0.01431 0.48%
16 0.01373 0.44%
17 0.01132 0.30%

Table 2. Singular values and percentage of variation explained for the relative warps of the total dataset.

Normal and abnormal specimens are separated by a combination of relative warp 1 (RW1) and 2
(RW2) (but especially RW2), with the exception of the largest normal specimen (N9) (Fig. 9A). A
distinction could not be made whether the aberrant position of this specimen in the lower right
quadrant of the plot was the result of an aberrant skull shape or the fact that this was the only
normal specimen which was photographed with the Nikon reflex camera. One normal specimen
(N6) had a very large RW2 value, which corresponded to a 24.7 mm SL specimen. This specimen,
however, was stained for cartilage as well, which may have influenced decalcification and
consequently staining of bone and thus the landmark positions (Vandewalle et al., 1998). However,
this does not appear to be the case for one other specimen (N2), which was also stained for
cartilage and which clustered nicely along the increasing body size (a relative warp analysis after
removal of these two outliers yielded a plot where both groups overlapped even more). The
RW2-scores for the abnormal specimens were in general lower than those of the normal specimens,
with an apparent growth sequence following a trend from negative RW1 and negative RW2 scores
to positive RW1 and positive RW2 scores (only the sequence for A4-A5 and A7-A8 is reversed
along RW1, which was also the case in a relative warp analysis of abnormal specimens separately).
The landmarks that show the largest variation in position involve the medial point of interdigitation
between the parieto-supraoccipital and the frontal (landmarks 32 and 36), as well as the medial
outgrowths of the former bone (landmarks 33 and 35) (Fig. 3). These processes eventually fuse in
the middle, thereby splitting the cranial roof fontanel. When comparing the plots of the residuals
in landmark positions (in relation to the consensus) of the normal and abnormal specimens
separately, some differences can be noted. In the normal specimens, a larger variation (compared
to that of abnormal specimens) can be observed in the position of the posterior process of the
posttemporo-supracleithrum (landmarks 10 and 18), the position of the lateral process of the
ossified suprascapular ligament (landmarks 11 and 17), as well as the position of the two points of
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interdigitations between the frontals and the parieto-supraoccipital (landmarks 31, 32, 36 and 37)
(Fig. 2). The opposite is the case for the lateral point of contact between the sphenotic and the
pterotic bones (landmarks 8 and 20) and the caudal point of interdigitation between the sphenotic
and the frontal (landmarks 30 en 38).
As mentioned, body size seems to follow RW1 to a large degree (small specimens have low and
negative RW1 values, large specimens have high and positive RW1 scores), whereas RW2 seems
to represent to some degree the general shape difference between the normal ontogeny and
abnormal ontogeny. It is important to emphasize here that RW1 is not comparable to what the
so-called size-component is in a principal component analysis based on length variables (i.e. PC1),
since in relative warp analysis, size has been removed after scaling to unit centroid size (Rohlf &
Slice, 1990). This implies that a true relation between that component of shape, which explains
most of the shape variation, and size is represented here (and not a relation between size and
size-shape). 
Shape changes represented by RW1 involve the following (when going from -RW1 to +RW1) (Fig.
9B): (1) a general trend towards lengthening of the skull (in relation to its width); (2) an elongation
of the mesethmoid (landmark 27 shifts caudally); (3) the rostral margins of the mesethmoid and
lateroethmoid approach each other (right-sided landmarks 3 and 4 shift towards each other); (4)
the narrowing of the anterior part of the cranial fontanel, coupled to the caudal extension of the
mesethmoid (landmarks 27, 28 and 40 converge in a caudal direction); (5) a posterior shift of the
epiphysial bridge (landmarks 29 and 39 shift medio-caudally); (6) an enlargement of the sphenotic
coupled with a caudal shift of the caudal point of interdigitation with the frontal (landmarks 30 and
38 shift caudally); (7) a general narrowing of the cranial fontanel (right-sided landmarks 29, 32 and
33 shift medially); (8) a narrowing of the caudal margin between the posttemporo-supracleithral
bone and the parieto-supraoccipital bone (right-sided landmarks 12 and 13 get closer); (9) a
lengthening of the supraoccipital process (landmarks 14 and 34 spread out from each other); and
(10) a slightly lateral tilting of the ossified transscapular ligament, which is presumably linked to a
widening of the parapophyses of vertebrae 4 and 5 that enclose the swimbladder (right-sided
landmarks 10 and 11 become displaced laterally) 
The second most important trend in shape variation is explained by RW2. Judging from the cranial
fontanel, these shape changes seem to be inversely related to those of RW1, however, some
substantial differences exist (when going from +RW2 to -RW2) (Fig. 9C): (1) instead of
lengthening, the mesethmoid experiences a shortening (landmark 27 moves towards landmark 1);
(2) as a result of the previous shift, the narrowing of the anterior part of the cranial fontanel
involves a rostro-medial displacement of the rostro-medial tips of the frontal bones (landmarks 27,
28 and 40 converge rostrally); (3) instead of just shifting medially, the rostro-medial part of the
parieto-supraoccipital bone becomes extended in a mainly rostral direction, which is also the case
for the lateral point of contact with the frontal bone (right-sided landmarks 31, 32 and 33 shift
rostro-medially); (4) shape changes in the ossified transscapular ligament now involve a
mediocaudal tilting (right-sided landmarks 10 and 11 become displaced medio-caudally).

Regression of shape to size and age
A regression analysis of the relative warp scores for each group separately (normal and abnormal)
with regards to body size (log-values of the standard length) and age (days postfertilisation) was
compared to that of the total dataset (Fig. 10). In relation to the already mentioned discriminating
shape difference between normal and abnormal specimens, the different slopes of the regression
curves show that with respect to size the shape differentiation (represented by RW1) in abnormal
specimens has a higher slope than that in normal specimens (0.29 for the normal group, 0.47 for
the abnormal group) (Fig. 10A). With regards to age, however, the normal specimens show a higher
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Figure 9. Relative warp analysis of grouped normal and abnormal specimens: A. Biplot of
RW1 versus RW2 (solid dots are normal specimens, white dots are abnormal specimens,
enumeration according to increasing standard length); B. Shape variation represented by RW1
(deformation grids and vectors of minimal (-RW1) and maximal (+RW1) values); C. Shape
variation represented by RW2 (deformation grids and vectors of minimal (-RW2) and
maximal (+RW2) values) (curves on the deformation grids are reference lines to give an idea
of the overall shape corresponding to the landmark positions and are not actual specimens).

slope (0.005 for the normal group, 0.003 for the abnormal group). However, again the aberrant
nature of the growth series of the normal specimens became clear as very low R²-values were found
(Table 3). Additionally, all regressions of normal specimens were also statistically unsupported (with
the exception of RW2 versus age). 
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Figure 10. Plot and regression curves of the RW1 and RW2 scores versus size and age: A. RW-scores
calculated per group (black dots indicate normal specimens, white dots indicate abnormal specimens); B.
RW-scores of the total dataset (body size as log-values of the standard length, age in days
postfertilisation).
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The abnormal specimens, however, showed statistically well supported high R²-values for the
regression of both size and age to RW1 (Table 3). In these specimens, RW1 is the only one that
shows these high correlations. Even though R²-values for both size and age are high, the correlation
with size is the highest (0.95 and 0.92, respectively). The regressions of the total data set were still
statistically supported, however, lower R²-values were obtained compared to the abnormal
specimens only (Table 3). 
Important is that the amount of explained shape variation (expressed as RW1) by size is still
relatively high (R²=0.81, p<0.001) which was not the case for age (R²=0.58, p<0.001). These
results would indicate that even though with comparable growth rates but different shape changes
(in normal specimens versus abnormal specimens), ontogenetic shape differentiations are more
closely related to size than they are to age.

Standard Length
(log mm)

Age
(days postfertilisation)

per group

     normal (n=9) RW1 0.41 0.27
RW2 0.23 0.48*

     abnormal RW1 0.95** 0.92**
RW2 0.03 0.02

grouped

     total (n=18) RW1 0.81** 0.58**
RW2 0.01 0.08

Table 3. R²-scores for linear regressions of Relative Warp 1 and Relative Warp 2 scores versus body size
and age (* p<0.05, ** p<0.001).

Size Age Both

Normal specimens

     F-value 2.4** 2.5** 1.8**
     Count 48* 51 89

Abnormal specimens

     F-value 6.3** 5.1** 3.8**
     Count 1** 1** 1**

Total data

     F-value 5.4** 4.3** 3.7**
     Count 1** 1** 1**

Table 4. Statistics of the randomisation test of the regression analysis of total shape variation to the
independent variables size (log-values of standard length), age (in days postfertilisation) and both variables
combined, for both groups (normal and abnormal) separately as well as combined. F-values are obtained
from the Goodall test for goodness of fit. Counts indicate the number of times a better regression was found
(including the one observed) (*p<0.05; ** p=0.001).
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Figure 11. Graphs of the statistics for the regression of the total shape variation to
the independent variables (size and age) for abnormal (left) and total (right) dataset:
A. Goodness of fit of the regression (F-values, p<0.001) and R²-values; B. sum of
squared Procrustes distances between specimens and the consensus and sum of
squared residual Procrustes distances between superimposed regressed and actual
specimens.

Even though RW1 does explain the largest range of variation in the sample, it only explains about
30% of the total variation (Table 2). So, the amount of shape variation explained here by size and
age may not be representative for the overall shape variation being explained. When regressing the
total shape variation to size (as log-values) and age, however, the above mentioned observations
are confirmed (Fig. 11). 

A slight difference could be found in several statistical parameters, indicating that size is a better
measure for biological time. The sum of squared residual Procrustes distances between each
observed specimen and its corresponding regressed specimen in the total data set is slightly smaller
when regressed to size than it is when regressed to age (0.0316 for log-size and 0.0334 for age).
More variation is explained by the regression of shape to size (R²=0.25) than it is to age (R²=0.21).
For the abnormal specimens, the relation is even more supported (R²=0.48 for size and R²= 0.42
for age). These results are also supported by the Goodall test for goodness of fit (Table 4). This
F-test gives the significance of the regression model directly in shape space (Goodall, 1991).
Randomisations of the samples again demonstrated the aberrant nature of the normal specimens,
as up to 88 alternative regressions were found which yielded an equal or better result than the one
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Figure 12. Deformation grids representing shape differences between the observed
landmark configurations of specimens of minimal and maximal size (log-values of
standard length) and age (days postfertilisation) and those of corresponding regressed
and superimposed configurations.

observed (Table 4). For the abnormal and total dataset, however, the observed regression proved
to be the best.
A plot of the deformation grids visualizes the small differences in shape between observed
specimens (with the minimal and maximal size and age) and the regressed specimens (of
comparable size and age) after being superimposed (Fig. 12). For the smallest specimen, shape
differences can be observed in the ethmoid region and the part of the parieto-supraoccipital bone
that will separate the neurocranial fontanel. For the youngest specimen, shape differences are
localized in the same regions, but show an opposite direction of deformation (e.g. right-sided
landmarks 3, 4 and 28 are displaced laterally instead of medially in the smallest specimen). Shape
differences for the maximal size and maximal age are very much similar, as is to be expected since
both regression curves have quite comparable fits, as well as the largest specimen is also the oldest
specimen of the sample (34.4 mm SL, 64 days PF).

Discussion

Ontogeny and growth
How are growth (size) and ontogeny (shape) regulated? Two major factors that control both these
variables are a genetic factor (the decoding of the basic blueprint of the genetic code) and a whole
set of epigenetic factors. Epigenetic factors are of greater importance in vertebrate development
than invertebrate development (Hall, 1999). They comprise both genetic (e.g. DNA-methylation)
and non-genetic processes, of which the latter can be induced both by the organism itself (e.g. the
induction process during limb formation) or by the external environment (e.g. inductive role of
gravity or temperature during early embryogenesis) (Carlson, 1996; Pough et al., 1998; Hall, 1999;
Jones and Takai, 2001). Genes code for factors initiating and regulating growth, whereas hormones
are believed to be the most important controlling agents (Jenkin, 1970; Simone, 1990; Gannam and
Lovell, 1991; Stern and Elmen, 1999). However, body size itself may be a regulator of endocrine
stimulation or inhibition of growth itself, as larger fish may have a different growth pattern than
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small fish (Hogendoorn, 1983; Buckel et al., 1995). Body size itself could then be considered as one
of many epigenetic factors that influence growth (Adriaens, 1998). According to Blackstone (1987)
chronological time should be preferred over size (as a scale for biological time), since in contrast
to size, age is a time scale extrinsic to the organism. However, this actually implies that when using
an extrinsic time scale, it cannot be ascertained whether a one-to-one relation does exist between
that time scale and biological time. As a result, due to its intrinsic nature, any fluctuations in the
biological time of the organism can be expected to influence the size of that organism (or vice
versa). In his paper, Blackstone later admits that "for organisms grown in different environments
(i.e., in nature), size would be superior to measures of chronological time in all the ways that Strauss
suggests". This is certainly the case for the specimens used for this study, but it is generally also the
case when comparing different species, and even different populations of the same species.
From a genetic point of view it might seem evident that ontogeny is the result of a chronological
sequence of gene expressions, and is thus basically determined by age. However, since vertebrate
ontogeny is largely controlled by epigenetic factors, fine-tuning the ontogeny as a response to the
environment (within the range of allowed phenotypic plasticity for a specific organism), the
dominance of age may be overruled. Already since early 20th century, empirical studies of Albert
Pézard, Julian Huxley and George Teissier suggested that not chronological time but body size was
the relevant variable for studying growth (Gayon, 2000). As stated by Strauss (1984) "almost all
anatomical, physiological, and behavioural attributes are size-related in some way", body size itself
can be considered as being an important epigenetic factor (or at least as the translation of
environmental factors through body size). This size-dependency can be categorized as acting on
different levels: (1) different parts of the same structure can interact spatially with each other (Barel,
1984; 1985); (2) different structures of an organism are in constant spatial competition with each
other (Weiss and Amprino, 1940; Corsin, 1961; Verraes, 1974b; Hanken, 1983); and (3) different
individuals in a population are constantly confronted with each other, resulting in many forms of
competition affecting growth (Fricke and Fricke, 1977; Ochi, 1986; Olson, 1996).
The importance of knowing whether ontogeny, in the sense of structural differentiations during
biological time, is related to chronological time (thus age) or to size depends on the goals one aims
to achieve. Form a practical point of view, when requiring a useful measure for biological time, it
is satisfactory to know the statistical relation between chronological age or size and biological time.
From a causal point of view, however, it is important first to know how a developing organism
measures biological time.  Embryos are believed to measure time based on cell size (Hall and
Miyake, 1995). The latter authors even stated that "physiological rates rather than chronological
time can be used as a time standard in comparative studies", where physiological rates are known
to be influenced by size (in terms of surface and volume). A recent review on the developmental
basis of allometries confirms this view (Stern & Elmen, 1999). In holometabolous insects, it had
been found that the required stimulus for the initiation of metamorphosis (involving a drop in the
production of a crucial hormone) is the attainment of a critical larval body size. Based on
experimental data, the latter authors concluded that two possible models exist in insects that explain
the size-dependency of development: (1) nutritional or size information is translated by a central
system into hormones that in turn regulate the developmental size of organs, and (2) developing
(and growing) organs themselves translate available nutrients into their own growth and into
endocrine signals that regulate development (and growth) of other organs. Even though
development of insects differs significantly from that of vertebrates, evidence suggests comparable
mechanisms in vertebrates. Stern and Elmen (1999) provide a splendid example of the growth of
antlers in deer: even though being renewed each year, antlers regenerate each year to a size that
scales to the corresponding body size. This supports the hypothesis that in vertebrates, "organs also
contain autonomous information that enables growth to the correct approximate final size" but that
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"this growth requires non-autonomous signals" (the latter refers to epigenetic influences of other
organs or the environment) (Stern & Elmen, 1999). From an evolutionary point of view, it seems
more logic that size would be more important in relation to the timing of ontogenetic adaptations,
since natural selection is more likely to act upon body size and not age, as has already been
demonstrated (Vigliola and Meekan, 2002). Especially during ontogeny, aspects of size will be
involved with selective pressure. As for example the transition from an embryonic period to the
larval period is marked by the shift from endogenous feeding to exogenous feeding, the gape size
will be a determining factor for the survival.
The importance of this problem can be judged from the absence of a consensus on which of the
variables is to be applied when comparing ontogenetic stages, or even the morphology of
intraspecific or interspecific individuals. In their paper, Stern and Elmen (1999) state that they "feel
that it is more useful to keep these two types of allometry separate", when referring to ontogenetic
allometry and static allometry (the latter comprising intraspecific and interspecific variation in size
parameters in specimens of a comparable ontogenetic stage) (Gayon, 2000). However, they do not
argue why. Since ontogeny spans all phases from the onset of embryogenesis until the end of
senescence, and processes underlying developmental differentiation comprise those underlying
growth (e.g. in ossification), there should be no reason why both allometries should not be
considered as equal even though there is a difference in the time span. The only argument that does
play a role is the difference in growth rates that can occur when comparing ontogenetic
differentiation with size variation (Godfrey & Sutherland, 1995a). In literature, it becomes clear that
ontogenetic stages are frequently being compared based on age (e.g. Verraes, 1974a; Vandewalle
et al., 1992; Bolker and Thomson, 1992; Tilney and Hecht, 1993; Holden and Bruton, 1994; Kohno
et al., 1996a,b), whereas others prefer to use size (e.g. Kindred, 1919; Bamford, 1948; Srinivasachar,
1958; Hoedeman, 1960; Weisel, 1967; Verraes and Ismail, 1980; Surlemont et al., 1989; Podoskina,
1993; Bartsch, 1994; Mabee and Trendler, 1996; Cubbage and Mabee, 1996; Hunt von Herbing et
al., 1996b). It is thus of great importance that a consensus is met whether size or age should be
used, in order to allow correct comparisons of ontogenetic stages, but perhaps even more
frequently needed, to compare adult specimens of variable size and age.

Size or age for comparing ontogeny
Based on the discussion, it might seem the case that from a practical pount of view size would be
a better measure for biological time, but since chronological time may be involved as well, several
hypotheses can be formulated: (1) development is related only to size; (2) development is related
only to age; (3) development is the result of a complex relation between size and age; (4)
development is in some way related to both size and age but these are only a small part of a whole
complex of epigenetic factors; or (5) development has nothing to do with both size or age, but is
simply the end result of the interaction between the decoding of the DNA and the environment.
Based on this study, it is hard to evaluate to what degree age and/or size are involved in
determining biological time in relation to other epigenetic factors, which makes it at this point
impossible to support or invalidate the fourth hypothesis. The fifth hypothesis, however, can be
rejected based on the results of this study, as well as that of many other studies mentioned in this
chapter. 
The results of this study appear to be in favour of the hypotheses (1) and (3), thus involving size.
The geometric morphometric analysis (or so-called new morphometrics) of the relation between
morphological shape changes during ontogeny, as a reflection of biological time, can be considered
as  an excellent tool to study statistical links with size or age, but only if shape changes are not
perfectly isometric. Three aspects are of great importance here. First, biological shape is best
described and analysed by means of landmarks, since only landmarks (preferably homologous
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points) give an unambiguous geometric description of shape, they allow mathematical analysis of
this shape and allow biologically relevant interpretations of shape (which is not the case in outline
analyses) (Bookstein, 1990). Second, due to Generalised Procrustes Analysis superimposition, all
factors that might mask true shape, such as translation, rotation and actual size of the biological
form, are removed from the samples (Rohlf & Slice, 1990). In this way, any possible influence of
size in the shape analysis itself is omitted, which is not the case in biometrical approaches of shape
analyses, even in most cases when ratio's are used (see Albrecht, 1978; James and McCulloch,
1990). As a result, all correlations of ontogenetic shape variation that are found in the analysis with
for example body size imply that body size is a good measure for developmental time, as well as
any size difference in the normal and abnormal specimen has no influence when comparing shapes.
Third, since during this shape analysis the specimens (represented as landmark configurations) in
the non-Euclidean Kendall shape space are projected in the linear tangent space, statistical analyses
like regression analysis, principal component analysis, or canonical variate analysis are allowed
(Rohlf & Marcus, 1993). The statistical analysis of the landmark configurations of the normal and
abnormal specimens of the second experiment showed that growth in the normal specimens was
quite aberrant, as this could be derived from the growth curves (Fig. 4), the regression analysis of
uniform shape variation (Fig. 7), the relative warp analysis of both uniform and non-uniform shape
variation (Table 3), as well as the randomisation tests (Table 4). The results of the abnormal and
total dataset (normal and abnormal grouped), however, provided a better insight in the relation
between developmental timing versus body size or age. The relative warp analysis yielded those
vectors that explained best the ontogenetic shape variation (Fig. 9). The regression of the first of
these vectors (RW1 and RW2), which together explained about 55% of the variation (Table 2),
showed that highest correlations with the independent variables were found for size in both the
abnormal and total data set (Table 3). Lower R²-values were found in the total data set, which is
presumably the result of the aberrant nature of the growth in the normal specimens, as well as the
fact that subtle but statistically significant shape differences exist between the normal and abnormal
specimens (Figs. 7, 8). The trends observed in the regression analysis of RW1 versus the
independent variables are confirmed by the more relevant regression of the total shape variation.
Again a slightly higher correlation is found with size, even though much lower than that for RW1
(Fig. 11A). The statistically supported goodness of fit, as well as of the randomisation tests of these
regressions, allows to assume that even small difference in R²-values (0.25 versus 0.21 in the total
data set) can be used as an argument that size may be a better measure for shape differentiation and
is even better supported in the abnormal specimens data (Fig. 11, Table 4). A counter argument
could be that this difference is simply the result of a discrepancy in the unit of measure of the two
variables (size in mm SL and chronological age in days). The observed lower correlation between
shape variation and chronological age may well be (to some degree) the result of its less accurate
unit of measure (within 24 hours, some subtle but relevant shape changes may occur). However,
the closer correlation between size and shape might be confirmed even better as well. Since
specimens of an identical age also show a variation in body size (as confirmed by this study since
specimens of the same age where sampled at exactly the same moment), and since the specimens
of the first experiment supported a closer relation between ontogeny and size, this variation may
result in even less supported statistical parameters of the relation between chronological time and
biological time. Some further research, with a more accurate knowledge of age should be conducted
to clear this out.
Since in the abnormal specimens comparable R²-values were obtained for both size and age (0.48
and 0.42 respectively for the total shape variation), as well as higher R²-scores were obtained when
regressing total shape variation to both variables combined (R²=0.56), it could be suggested that
the combination of both age and body size is to be considered a better measure for biological time,
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thus supporting the third hypothesis mentioned before. Some arguments have to be made here.
First, since age and body size themselves are highly correlated when plotted in relation to each
other, it is not surprising to find a high R²-value for age if a high value is found for size. Second,
the fact that the specimens of the second experiment spanned only a very short ontogenetic range,
the linear relation between size and age is even more pronounced. Consequently, since
chronological age and size are correlated themselves, any inferences on the importance of
chronological time with relation to biological time could not be made here. A determination of for
example hatching size has been attributed to the age at hatching in herrings, and not the other way
around (Geffen, 2002). However, apart from evidence from literature supporting a relation between
size and biological time, the results of this study are also in favour of that hypothesis since both all
relevant R²-values for RW1, as well as R²-values for total shape variation, are higher when regressed
to size (Fig. 11).
Additional evidence in favour of the first hypothesis, however, comes from the specimens of the
first experiment. Even though no morphometric analysis was done on these specimens, a
comparative morphological study clearly shows a close relation of ontogeny with body size, and
not with age. The osteology of these specimens shows that artificially induced dwarf specimens
have a morphology comparable to that of similar-sized normal specimens and not to that of
similar-aged normal specimens (Fig. 5). It has to be noted that morphological variation between
specimens that (1) were raised under the same conditions, (2) are of comparable age, and (3) are
of comparable size should be considered as well, which could not be done in this study due to the
low number of available specimens. Morphological similarities are not confined to restricted parts
of the head since the overall morphology (both neurocranium and splanchnocranium) is very
similar. As a result, abnormal specimens, which are of equal age to larger normal specimens, reflect
a morphology to a shorter biological time, but are of comparable biological time as younger, equally
sized specimens. These results suggest that age is not a good measure for biological time. However,
size and age do always appear to be related to each other to some degree, as can be derived from
growth studies. Important is that when it comes to studying the ontogeny of a certain species a
more reliable comparison, whether it be larval stages or adult stages, will be done when using size
as a measure of biological time. It does seem doubtful, however, that this rule would fit any species,
especially when a phase of metamorphosis is involved. Such a phase could reflect a substantial
change in biological time, without any change in size.

Consequences
One implication of the results of this study would involve the study of allometries and
heterochronies. As mentioned, by definition the former involves morphological differences (and
especially shape differences) in relation to size, whereas heterochronies involve time shifts in the
rate, onset or offset of developmental processes. What both have in common is that they can be
studied by considering morphological shape changes. However, when studying allometries, shape
variation is scaled to size whereas when studying heterochronies, shape variation is scaled to
chronological age. Important is that in both cases these variables (size and age) are used as a
reference in order to compare similar stages, which are thus of a similar developmental age. What
about heterochronies if it now seems that size is a better measure of developmental age than
chronological age is? Can indeed allometric studies be used to draw conclusions about
heterochronic processes, and thus evolution, as is frequently the case in these so-called size-based
(or allometric) heterochronies? Some authors claim you cannot, whereas others have showed that
age can be problematic as well (Godfrey & Sutherland, 1995a,b). In their theoretical approach to
the problem, the latter authors discussed the inappropriateness of a size-shape model for explaining
heterochronies, where shape is represented by plotting logarithmically transformed length variables
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(Godfrey & Sutherland, 1995a). Such approaches, however, involve the biometric representation
of shape (by using a limited number of length variables), which as already mentioned is not a good
representative of true shape. Since the results of this study are not based on such shape analyses,
these objections are not applicable. Another point of relevant critique by these authors concerned
the mathematical impossibility for correctly describing biologically growth curves, even in the form
of Huxley's power function. One aspect of special interest to this study here that needs to be
considered with special care is that for growth comparisons, since it is a fact that growth curves
have different growth rates depending on the ontogenetic period (the k-coefficients for the power
function are higher during early growth than during later growth for the same specimen)
(Blackstone, 1987; Godfrey & Sutherland, 1995a). In this study, however, the specimens studied
represent only a small fraction of the growth curve: body size ranged only between 19.4 mm SL and
34.4 mm SL (taking into account that Clarias gariepinus can reach up to 1.4 m) (Skelton, 1993). As
a result, minimal fluctuations in growth rate during this period can be expected. It could thus be
concluded that based on the results of this study, allometric studies based on size would indeed
allow inferences about heterochronies. However, two criteria require to be met: (1) it needs to be
ascertained that growth rates of the specimens (or species) under study are indeed the same, but
also (2) that these growth rates remain constant during the whole sampling range.
To conclude, the obtained results indicate that at least in C. gariepinus, size is a better measure for
scaling biological time during a restricted period in ontogeny, than chronological age is. Geometric
morphometrics are an excellent tool to describe differences in biological time as differences in
shape, which allows the elimination of any size-influence and allows further statistical analysis of
regressions. However, caution has to be paid when dealing with isometric shape changes during
ontogeny (which would actually be size changes), as these would hardly be detected using this
method. However, if this would be the case, geometric morphometrics are not required as the more
generally used biometric approaches are applicable then (e.g. PCA on linear measurements).
Further studies should be done to get an idea to what degree the relation between size and
biological time remains satisfactory during longer periods of ontogeny, as well as using more
descriptors of shape as a reflection of biological time. It should also be inferred whether the
variable 'standard length' is a good measure of overall body size in fishes or not, as arguments have
been formulated that this would not be the case (Strauss, 1987).
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