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Abstract
In this essay, I provide examples of: (i) the presence of fractal properties and a continuum 
of forms in living organisms; (ii) the potential contributions of plant evo-devo towards a 
general theory of development encompassing various multicellular organisms; (iii) the 
“arrival” of a wealth of forms in plants that cannot be explained by natural selection 
alone. As elucidated by evo-devo studies, evolutionary diversification is also due to, 
e.g., (epi)genetics, correlation, phenotypic integration, self-organization, and physical 
constraints. Four kinds of phyllotaxis patterns in vascular plants – from Fibonacci 
systems with divergence angles around 137.5° to spiral systems with divergence angles 
below 80° – are described and illustrated: Cycas (gymnosperm), Huperzia (clubmoss), 
Pandanus (screw palm), and Costus (corkscrew ginger). They serve as examples of 
morphogenetic variation in plants that call for evo-devo explanations beyond (or prior 
to) the “survival of the fittest”. Charles Darwin was already convinced that natural 
selection had not been the only driving force in evolution. 

Towards a theory of development encompassing various multicellular 
organisms
Vervoort (2014, pp. 209-210) proposed a theory of development comparing plant 
versus animal development, especially in respect to the independent origin of 
multicellularity. He stated that “most developmental biologists working on an-
imals do not feel competent to address and discuss plant developmental data, 
and vice versa”. 

Minelli (2018) is clearly a glorious exception. His recently published book 
Plant Evolutionary Developmental Biology proves that he succeeded in doing 
“the metamorphosis of an evo-devoist trained in zoology to something like a 
plant evo-devoist” (Minelli, 2018, p. ix). With his comparison of lichens and galls 
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(Minelli, 2017) he had already showed his flair for switching between various 
kingdoms of life, and for floating unconventional ideas. 

Comparisons between animal and plant development were already made in 
the 18th century. Caspar Friedrich Wolff [1734-1794] and Johann Wolfgang von 
Goethe [1749-1832] belong to the pioneers capable of doing both (Arber, 1946; 
Aulie, 1961; Rutishauser and Moline, 2005; Abzhanov, 2018; Rutishauser, 2018). 
There is an old tradition to look first at plants to better understand the architec-
ture and development of animals. Wolff had begun his inquiries with plant stud-
ies in order to get a heuristic Ariadne thread (“Richtschnur”) before entering the 
supposedly much more complex bauplans of animals. Wolff (1759), who was cit-
ed several times by Goethe (1790, 1823), belonged to the epigeneticists (Wyder, 
1998). Wolff understood the morphogenesis of organisms and their parts as a 
succession of developmental processes, including tissue differentiation. He first 
detected the existence of shoot apical meristems (SAMs) in the buds of vascular 
plants (Figs. 1-4). 

In Darwin’s view, plants and animals share a common ancestry and there-
fore have physiological properties in common. Darwin studied the circular mo-
tion (circumnutation) of searching tendrils and climbing shoots. According to 
him, the climbers belong to the most animal-like groups of plants: How do they 
find and get in contact with supporting objects? (Costa, 2018). Both animal-like 
plants and plant-like animals were of interest to Darwin. For example, the mod-
ified trichomes of sundews (Drosera) with their liquid droplet tips reminded him 
of the tentacles of marine invertebrates (Rutishauser, 2009). 

Today, we are learning more and more about how plants perceive their en-
vironment and how they react accordingly. Neurotransmitters as known from 
animals are also active in plants (Baluška et al., 2006; Baluška and Mancuso, 
2007). Thus, we have to accept that there is something like intelligence and 
learning behaviour in plants. Now it is up to us as researchers to “think like 
a plant” (Holdrege, 2005), and to get a “feeling for the organism”, as experi-
enced by Nobel Prize winner Barbara McClintock [1902–1992] (Keller, 1983; 
Rutishauser, 2018).

Developmental aspects (including genetics and comparative morphology) 
of all kinds of multicellular organisms are needed in order to create a theory of 
development (Minelli and Pradeu, 2014). Thus, not only metazoans (multicellu-
lar animals) and land plants (including bryophytes and vascular plants) but also 
fungi, lichens and various algal clades belonging to other eukaryote lineages 
need to be studied for the identification of general principles of development. 
These principles comprise gene regulatory networks through which genes act 
not as soloists but in concert (Huang 2011; Benitez et al., 2018).
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Various multicellular organisms such as land plants as well as brown and 
red algae show polar growth that may last for a long period. Especially known 
for indeterminate apical growth are shoots of vascular plants with meristematic 
tips, the shoot apical meristems. They show a unique morphogenetic potential 
giving rise to leaves as lateral appendages (Figs. 1-4), and – by lateral branching 
– also to daughter shoots and flowers. Many biologists and mathematicians are 
attracted by the regular spiral (helical) leaf arrangement patterns in vascular 
plants, often coming close to Fibonacci systems with divergence angles between 
consecutive leaves of ca. 137.5° (Fig. 1a). Thus, plants (especially bryophytes and 
vascular plants) have distinctive morphogenetic modalities that are rare in, or 
absent from, other multicellular organisms such as metazoan animals lacking 
indeterminate apical growth (Benitez et al., 2018). 

Developmental geneticists, biophysicists and specialists in computer sim-
ulation have already started to better understand the various phyllotactic pat-
terns, especially in model organisms such as Arabidopsis, linking molecular (e.g., 
auxin, cytokinin) drivers with biophysical processes (Cooke, 2006; Smith et al., 
2006; Bainbridge et al., 2008; Newell et al., 2008; Besnard et al., 2014; Runions 
et al., 2014; Rutishauser, 2016b; Minelli, 2018, p. 103]. Most spiral phyllotactic 
patterns follow Hofmeister’s rule: A new leaf primordium tends to form at the 
shoot apical meristem as far away from the previously initiated leaves, resulting 
mainly in Fibonacci systems with divergence angles (d) around 137.5° (Fig. 1), 
and related Fibonacci-type patterns such as Lucas systems (with d = ca. 99.5°) 
and bijugate systems (with d = 180° + ca. 68.8°). However, phyllotaxis research-
ers will also have to explain spiral systems violating Hofmeister’s rule, such as 
those found in clubmosses, screw palms and corkscrew gingers (Figs. 2-4). 

Figure 1. Shoot tip of the gymnosperm Cycas circinalis: (a) and (b) show a quite large shoot apical 
meristem (SAM, diameter 2 mm, stars indicate its centre), seen from above and from a slightly 
lateral position; (c) shows the same shoot tip prior to the removal of young tightly packed leaves 
surrounding the SAM. The youngest six leaf primordia reveal typical spiral phyllotaxis (Fibonacci 
system) with divergence angles between consecutive leaf primordia close to 137.5° (as indicated 
by crescents with arrowheads). Scale bars = 2 mm [SEM micrographs by RR, UZH] 
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The phyllotaxis patterns presented in Figures 1–4 allow some conclusions 
(for details see figure legends): (i) SAMs are usually 0.1–0.5 mm in diameter (Figs. 
2-4). Larger SAMs are rare; they can be found in only a few vascular plants such 
as cycads (Fig. 1a, b). (ii) Highly regular phyllotaxes probably evolved as optimal 
solutions of package problems (Fig. 1c), answering the question: How can young 
leaves be arranged so that they are as compact as possible within a shoot bud? 
Thus, irregular (seemingly chaotic) phyllotaxis patterns in vascular plants seem 
to be much rarer than regular ones (Rutishauser, 2016b). (iii) Certain features, 
such as the shape of leaf primordia and relative frequencies of peculiar spiral 
patterns, may be genetically fixed as well as the result of developmental correla-
tions because they are restricted to one group of vascular plants, being absent 
from other closely related taxa. For example, spiral patterns with divergence 
angles of exactly 120° are favoured in combination with leaf primordia showing 
triangular shapes, fitting into each other along the corners of an equilateral 
triangle, as found in screw palms (Pandanus) and Cyperaceae (sedge family) 
among monocots (Fig. 3). (iv) Regular spiral patterns with divergence angles as 
low as 50-80° are frequent in clubmosses (lycophytes, Fig. 2) and in a subgroup 
of monocots, the corkscrew gingers (Costaceae) of the banana–ginger alliance 
(Fig. 4). It seems best to accept that the spiral patterns with divergence angles 
below 80° resulted from convergent evolution in these two distinct groups of 
vascular plants that evolved leaves independently: microphylls in lycophytes, 

Figure 2. Shoot tips of the clubmoss Huperzia squarrosa (Lycopodiaceae): The youngest 12 leaf 
primordia reveal «Fibonacci-type» spiral phyllotaxis with divergence angles of consecutive 
leaf primordia close to 65.5°. This (1,5,6) spiral system has contacts between leaves that show 
age differences of 5, 6 and 11 plastochrones. This aberrant phyllotactic pattern is often found in 
lycophytes, but very rare in seed-plants including conifers (Fierz, 2014; Gola and Banasiak, 2016). 
See more on this and related «Fibonacci-type» phyllotaxes in Rutishauser (1998). Scale bars = 150 
µm [SEM micrographs by RR, UZH]
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megaphylls in seed plants (Pires and Dolan, 2012; Gola and Banasiak, 2016). The 
completely different shape of the leaf primordia, being tangentially elliptical in 
clubmosses and crescent-like in corkscrew gingers, may be another argument 
in favor of convergent evolution (see Minelli, 2018, pp. 313-327 for additional 
examples of convergence and parallelism in plants). 

Figure 3. Shoot tip of the screw palm Pandanus utilis (Pandanaceae): Three different views of 
the same tip. The triangular shape of the leaf primordia 2–4 next to the shoot apical meristem is 
strongly correlated with orthotristichous phyllotaxis (divergence angle 120°). The youngest leaf 
primordium (1) is hidden. This variant of spiral phyllotaxis is also found in many Cyperaceae. In 
Pandanus, older leaf stages towards the rosette periphery start to twist their position by secondary 
stem torsion, leading to the leaf arrangement of typical «screw palms» with divergence angles 
clearly exceeding 120°. Scale bars = 300 µm [SEM micrographs by RR, UZH] 

Figure 4. Centre of developing inflorescence in corkscrew ginger Costus scaber (Costaceae). Its 
spiromonostichous phyllotaxis resembles a spiral staircase (divergence angles ca. 60°). Note the 
crescent-shaped bract primordia 1–7, with floral buds in the older axils. In C. scaber, the bracts 
of the terminal spike-like inflorescence continue with divergence angles as low as ca. 60° (as 
shown here), whereas other corkscrew gingers such as Chamaecostus cuspidatus switch back to 
Fibonacci systems (with divergence angles of ca. 137.5°) when starting inflorescence development 
at the tip of aerial shoots (Kirchoff and Rutishauser, 1990). New aerial shoots (starting from the 
sympodial rhizome) of corkscrew gingers (Costaceae) first show Fibonacci angles (or nearly so), 
but gradually diminish their divergence angles below 90° along the leafy zone of the upright 
stems. Scale bars = 200 µm [SEM micrographs by RR, UZH] 
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Continuum and fractal patterns in plants as compared with animals 
Goethe (1823) wrote: “Nature has no system; she has – she is – life and de-
velopment from an unknown centre towards an unknowable periphery.” Thus, 
Goethe believed that nature’s patterns are not fixed – he detected and tried to 
explain all kinds of transitions both between and within organisms (Abzhanov, 
2018; Sattler, 2018). 

Furthermore, Goethe (1790) was aware that there are complementary per-
spectives on vascular plants. Some of the various architectural models designed 
to conceptually dismantle a growing shoot (e.g. leaves and stems as subunits) 
were already described by Goethe (1790: see Rutishauser and Sattler, 1985; Ru-
tishauser, 2018; Sattler, 2019 this volume). 

Various kinds of homology (“sameness”) exist in metazoan animals as well 
as vascular plants. Comparing iterated parts (e.g., limbs, leaves) in organisms 
with modular (metameric) construction we tend to speak of “serial homology” 
(Darwin, 1872; Rutishauser and Moline, 2005; Minelli and Fusco, 2013). Serial 
homology in arthropods and vertebrates depends to some degree on genetic 
networks including Hox genes. Serial homology in seed plants depends on regu-
latory networks with e.g. MADS-box genes giving “identity” to the floral organs 
typically found in four kinds (Vervoort, 2014). 

Serial homology may also exist between the whole body of a multicellular 
organism and its parts. Minelli (2003b, p. 574) provided evidence for fractal pat-
terns in modular animals (arthropods, vertebrates): “It is possibly not by chance 
that segmented appendages are only present in animals whose main body is 
also segmented.” In vertebrates (e.g., mice) the single limb shares some kind of 
homology (“sameness”) with the main body axis that runs from head to tail. 
Therefore, Minelli (2003a, 2003b, p. 573) proposed the paramorphism concept for 
modular animals: “It may be justified, instead, to look for correspondences be-
tween the appendages and the main body axis of the same animal, as the latter 
might be the source of the growth and patterning mechanisms which gave rise 
to the former.” 

A similar kind of axis paramorphism is present in vascular plants with re-
spect to the iteration of both shoots and leaves, as recently summarized by 
Minelli (2018, pp. 243–244): “[…] it is sensible to expect that paramorphism is 
a kind of ‘modulated fractal pattern’, where the iteration of a small set of rules 
over different body axes (the longitudinal axis of shoot and leaf) is to some 
extent constrained by the different context but nevertheless results in recog-
nizable repetitions of a basic regularity.” Thus, a single leaf of a vascular plant 
shares a kind of homology with the whole shoot, which includes both stem and 
leaves. This process of iteration that continues from the whole shoot with its 
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leaves to each leaf with its leaflets was observed by botanists well before the 
times of contemporary evo-devo. In particular, Agnes Arber (1950) and Rolf 
Sattler (1994, 1996) considered a single leaf of vascular plants (especially when 
compound) as a partial repetition of the whole shoot to which it belongs. Arber 
(1950) presented her ideas as the “partial-shoot theory” of the leaf (see Kirchoff, 
2001; Rutishauser and Isler, 2001; Flannery, 2003), whereas Sattler used con-
cepts such as homeosis, partial homology and the “continuum model” to explain 
developmental similarities between compound leaves and shoots with respect 
to growth modes, architectural complexity and symmetry (arguments further 
developed by Sattler, 2019 this volume). 

Fractal patterns in plants and animals are attractive because growing organ-
isms seem to be able to produce them in an elegant way using simple algorithms 
(Minelli, 2018, p. 238). Thus, fractal properties according to the holographic par-
adigm may help to explain modular construction in both metazoan animals and 
vascular plants: The whole is built up of the parts in such a way that each part 
bears something of the whole within it (Rutishauser and Isler, 2001; Rutishaus-
er and Moline, 2005). Fractal properties are obvious in phyllotaxis patterns as 
shown in Figures 1-4: The patterns observable towards the periphery of a shoot 
bud are repeated by new leaf primordia at the shoot apical meristem (see more 
on phyllotaxis in Minelli, 2018, pp. 102-106). 

Riverweeds (Podostemaceae) as well as bladderworts (Lentibulariaceae, es-
pecially genus Utricularia) serve to illustrate the continuum and fractal proper-
ties in vascular plants (Rutishauser et al., 2008; Rutishauser, 2016a; Minelli, 2018, 
pp. 254-256). Both of these groups of flowering plants may be called “morpho-
logical misfits” because they do not fit the classical root-shoot model of typical 
seed plants. If, however, for ease of communication, we cling to structural cat-
egories such as ‘leaf’ and ‘stem’ and ‘root’ for the description of morphological 
misfits in vascular plants, we get into trouble with either/or homology (“same-
ness”) of the various plant parts. Then we are forced to accept the existence of 
structural intermediates such as “stem-leaf mixed organs” in Podostemaceae, as 
found and genetically analyzed by Katayama et al. (2010). 

Process philosophical approach in biology: ‘leaf’, ‘stem’ and ‘root’ are usual-
ly taken for granted as organs in vascular plants. However, when we realize that 
these structural categories are arbitrary concepts to some degree, each of them 
encompassing a certain set of developmental processes, then we are prepared 
to abandon structural concepts and instead refer to combinations of develop-
mental (morphogenetic) processes that depend – to some degree – on gene reg-
ulatory networks. This radical view was proposed by Sattler (1992, 1994, 1996, 
2018, 2019 this volume), Sattler and Rutishauser (1997) and Langdale (2008). 
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According to Sattler (see his “Beyond-Wilber” website): “A structure is not seen 
as having processes, a structure is seen as process(es).” Thus, there is no longer 
a structure-process dualism. This process philosophical approach was used by 
Nicholson and Dupré (2017) for all kind organisms: “The living world is a world 
of process rather than a world of things.”

Somewhere between the structural approach and process philosophy are 
the concepts of dynamic patterning modules and biogeneric materials as pro-
posed by Newman and Bhat (2009), Hernández-Hernández et al. (2012) and 
Benitez et al. (2018). They may prove to be heuristically quite fruitful concepts 
when we want to fully understand the mechanisms responsible for the major 
evolutionary transitions among eukaryotic lineages that became multicellular. 

Natural selection is insufficient to explain the wealth of forms in 
vascular plants and other multicellular organisms 
Minelli (2018) pointed to four aspects of evolutionary developmental biology, 
while focusing on plants (see also Langdale, 2008; Wagner, 2014; Harrison, 2017; 
Rutishauser, 2018): (i) During the last 20 years there was a rapid growth of 
evo-devo as a new approach to understanding the evolution and development 
of organismal form. (ii) To a considerable extent, evo-devo deals with develop-
mental genes, their evolution and their expression. (iii) Evo-devo explains the 
arrival of the fittest whereas Darwinism explains the survival of the fittest. (iv) 
There is a strong need to focus on the phenotype which is at the same time the 
product of development and the direct target of selection. Accordingly, Minelli 
(2018) calls for a renaissance of comparative plant morphology in evo-devo. 
Such a discipline complementing developmental genetics may be labelled as 
“MorphoEvoDevo” (Wanninger, 2015).

Darwin (1872) showed in the 6th edition of “Origin of Species” that he was 
well aware that natural selection is not sufficient to explain the wealth of forms 
(‘bauplans’) in the various kingdoms of life. To make sure that the reader of his 
book received this key message, Darwin wrote not once but twice (in the Intro-
duction as well as in Chapter VII) that “I am convinced that natural selection 
has been the main, but not the exclusive, means of modification.” Darwin (1872, 
chapter VII) also admitted: “Many characters appear to be of no service what-
ever to their possessors, and therefore cannot have been influenced through 
natural selection.” With respect to plants he pointed to “an admirable essay”, 
written by the botanist Carl Wilhelm von Nägeli [1817-1891]: “He specifies the 
arrangement of the cells in the tissues, and of the leaves on the axis, as cases in 
which natural selection could not have acted.” Darwin (1872, chapter VII) con-
tinued his objection to natural selection as exclusive means of morphological 
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change (“modification”) in evolution: “It should always be borne in mind that 
when one part is modified, so will be other parts, through certain dimly seen 
causes, such as an increased or diminished flow of nutriment to a part, mutual 
pressure, an early developed part affecting one subsequently developed, and 
so forth, – as well as through other causes which lead to the many mysterious 
cases of correlation, which we do not in the least understand. These agencies 
may be all grouped together, for the sake of brevity, under the expression of the 
laws of growth.” 

The ‘laws of growth’ as proposed by Darwin – and later articulated more 
formally by D’Arcy Thompson (1917, 1961) – may in a contemporary inter-
pretation also encompass developmental genetics and all interacting ontoge-
netic processes from the molecular to organismal level, including epigenetics, 
correlation, self-organization, phenotypic integration (i.e. interdependence of 
morphological traits, also termed synorganization), morphogenetic fields and 
gradients, physical constraints such as intrinsic material properties and tissue 
tension during development, and even neuronal aspects in plants (Baluška et al., 
2006; Newman, 2014; Vecchi and Hernández 2014; Wanninger, 2015; Abzhanov, 
2017; Cabej, 2018; Bateman and Rudall, 2019 this volume).

Darwin’s and Thompson’s ‘laws of growth’ got a refreshing renewal in 
the ‘law-of-form’ approach by Newman et al. (2006). They are aware that the 
roots of their approach go back well before the rise of contemporary evo-de-
vo, amalgamating ideas of Goethe, Geoffroy St-Hilaire, Owen, Bateson, D’Arcy 
Thompson, and also Brian Goodwin (Newman, 2014, p. 107). Newman et al. 
(2006) favour a kind of evolutionary saltationism when they suggest: “[…] once 
multicellularity had been achieved, the emergence of distinct body plans likely 
occurred with much less genetic change and at a faster pace than would be pre-
dicted by gradualistic models of evolution by natural selection.” 

As already admitted by Darwin (1872, see underlined words in the quotation 
above) phyllotaxis patterns as observable in vascular plants (Figs. 1-4) appear 
as developmental patterns that are not under the control of natural selection. 
There are developmental constraints (‘laws of growth’) that force most spiral 
patterns to approach the famous Fibonacci angle, which is about 137.5° (Cooke, 
2006; Mirabet et al., 2012; Swinton et al., 2016). Fierz (2014) examined the phyl-
lotaxes of 6,000 cones of one single European black pine tree (Pinus nigra). She 
counted 5,838 cones (97%) exhibiting the main Fibonacci pattern with 8 and 13 
parastichies. Additional nine aberrant spiral patterns with “Fibonacci-type” se-
quences were quite rare and occurred with different frequencies. Interestingly, 
all of them have something to do with the golden ratio 0.618. With only one 
cone observed, the (1, 5, 6) spiral system was the rarest phyllotaxis observed 
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among the 6000 pine cones, showing divergence angles of d = ca. 65°! This is ex-
actly the pattern that is much more frequent in clubmosses (Fig. 2). It seems that 
vascular plants with leaf primordia that are much smaller than their shoot api-
cal meristem tend to deviate more easily from the typical Fibonacci phyllotaxis, 
escaping to other kinds of Fibonacci-type spiral systems or even to irregular 
(“chaotic”) ones. Thus, we have to consider – besides mathematical rules – also 
physical constraints imposed by the shoot apical geometry (Rutishauser, 1998, 
2016b; Cooke, 2006). 

Fibonacci systems (with divergence angles approaching 137.5°) and related 
spiral patterns are – besides land plants such as lycophytes and seed-plants – 
also known from brown algae (Phaeophyceae, e.g. Sargassum) and red algae 
(Rhodophyceae). These multicellular eucaryotes gained indeterminate apical 
growth and repeated formation of lateral appendages as a result of convergent 
evolution. The lineages on the tree of life leading to brown algae, red algae and 
land plants (as part of Chara-like green algae) diverged from unicellular ances-
tors more than 1,000 millions of years ago (Pires and Dolan, 2012; Peaucelle and 
Couder, 2016). Fibonacci spirals were even obtained in physics experiments that 
had no relation to biology (Douady and Couder, 1998). Thus, there are strong 
arguments in favour of the view that self-organization processes beyond natu-
ral selection allowed the emergence of Fibonacci systems and related patterns 
in living organisms. 

Conclusions
Not everything is possible in plant development. There are architectural con-
straints, favouring some body-plan features while excluding other imaginable 
patterns in living organisms. This short essay gives emphasis on evo-devo 
research of land plants. For example, the paramorphism concept as proposed 
for modular animals by Minelli (2003a, b) has its counterpart in land plants 
when compound leaves repeat the developmental pathways (“programs”) of 
the shoots to which they belong. Thus, there are fractal properties common to 
both multicellular animals and multicellular plants. Unlike metazoan animals, 
plants (as well brown and red algae) may form multicellular bodies with inde-
terminate apical growth and iteration of lateral appendages (Minelli, 2018). The 
resulting regular Fibonacci-type patterns obey Hofmeister’s rule with a new 
leaf primordium positioned in the least crowded spot around the shoot apical 
meristem (Fig. 1). Much rarer spiral patterns that violate (at least to some de-
gree) Hofmeister’s rule are also found in plants (Figs. 2–4). Thus, the various 
spiral patterns in plants and other multicellular organisms cannot be explained 
exclusively by natural selection. They follow ‘laws of growth’ (e.g. self-orga-
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nization, gene regulatory networks, auxin gradients), as already foreseen by 
Charles Darwin. It is now time to switch in evolutionary biology from the Mod-
ern Synthesis to the Extended Synthesis by the inclusion of developmental and 
evolutionary processes that contribute to non-aptation (Bateman and Rudall, 
2019 this volume), giving rise to a wealth of forms in living organisms beyond 
(or prior to) natural selection (Pigliucci and Müller, 2010; Huang, 2011; Horst-
hemke, 2012; Wagner, 2014). As concluded by Minelli and Baedke (2014), “In-
vestigating evolvability means shifting the focus from the survival of the fittest 
to the arrival of the fittest”. 
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