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 1 Emergent properties from organisms to ecosystems: towards a 1 realistic approach 2  3 JEAN-FRANÇOIS PONGE 4  5 Museum National d’Histoire Naturelle, CNRS UMR 5176, 4 avenue du Petit-Chateau, 6 91800 Brunoy, France 7 (E-mail: jean-francois.ponge@wanadoo.fr) 8  9 Received 21 May 2004; revised 8 November 2004 10  11 ABSTRACT 12  13 More realistic approaches are needed to understand the complexity of ecological 14 systems. Emergent properties of real systems can be used as a basis for a new, 15 neither reductionist nor holistic, approach. Three systems, termed here BUBBLEs, 16 WAVEs and CRYSTALs, have been identified as exhibiting emergent properties. 17 They are non-hierarchical assemblages of individual components, with amplification 18 and connectedness being two main principles that govern their build-up, 19 maintenance and mutual relationships. Examples from various fields of biological and 20 ecological science are referred to, ranging from individual organisms to landscapes. 21  22 Key words: emergent properties, ecological systems, amplification, connectedness. 23  24 CONTENTS 25 



 2  1 I. Introduction 2 II. The Bubble model 3 III. The Wave model 4 IV. The Crystal model 5 V. Biological assemblages of Bubbles, Waves and Crystals 6 VI. Modelling emergence, a new challenge for ecology 7 VII. Conclusions 8 VIII. Acknowledgements 9 IX. References 10  11 I. INTRODUCTION 12  13 The concept of emergence was coined to designate properties of groups that cannot 14 be entirely explained by their individual components (Mayr, 1982). Another meaning 15 of emergence, not used herein, is the appearance of novelty, for instance the 16 emergence of life in the universe (Henle, 1942). From a mechanistic point of view, 17 basic to the emergence of properties that overwhelm those of individual components 18 is the requirement for individual components to share common properties and for 19 enough matter and energy to be concentrated in space and time in order to exert a 20 measurable and long-lasting effect. This occurs through amplification of space- or 21 time-restricted phenomena, thus passing in a given time and in a given space from 22 chaos to order (Holland, 1998; Levin, 2000). An example of such amplification of 23 small-scale processes into macro-scale processes can be easily found in infectious 24 diseases and, more generally, in non-linear phenomena. In the case of infection, the 25 



 3 disease is the emergent property, the microbe the agent, acting at the scale of 1 individual cells of the host. The disease occurs only once a given threshold of 2 pathogen population size has been reached within the host (Wilson & Worcester, 3 1945). Accordingly, non-linear dose- or stimulus-response relationships can be 4 explained by the requirement for a given component to be accumulated before it can 5 produce a measurable effect (Stock, 1999). 6  7 Three basic models can be recognized in the assemblage of matter and 8 energy that leads to the emergence of properties. They differ according to the 9 amplification processes which build them and cohesion forces that stabilize them. 10 Numerous examples can be taken from the field of ecology, the theme focussing 11 mainly on the move from organisms to ecosystems. The aim is to reconcile holistic 12 and reductionist theories, which apply to the same subjects but interpret them quite 13 differently (Bergandi & Blandin, 1998), and show that in the field of biology 14 emergence is simply a property of matter. 15  16 II. THE BUBBLE MODEL 17  18 The BUBBLE model (Fig. 1) describes a system whose most important properties are 19 conditioned by its external envelope, i.e. the skin of the BUBBLE. This outer sheet is 20 the seat of the main cohesion forces that maintain the integrity of the system. It acts 21 as a filter, regulating all exchanges of matter and energy between the inside and 22 outside. The external boundary delineates the system, giving it shape and unity. This 23 is also the zone of contact with other systems. However, the BUBBLE needs other 24 forces in order to react to environmental influences and, thus, to maintain viability. 25 



 4 Without internal expansion/reaction forces that maintain a constant turgor or act as a 1 skeleton, the system would collapse when faced with antagonistic effects from its 2 surroundings. 3  4 In the real world all living organisms are BUBBLEs. They are protected by a 5 skin, a cuticle, a shell, or at least a resistant membrane that delineates them. The 6 periphery of living organisms is the seat of sensory functions, absorption (energy 7 included), excretion, electrical activity and, in unicellular organisms, movement. 8 Death of the organism may result if the integrity of this envelope is lost, either directly 9 by leakage of internal components or indirectly through infection or toxicity. The 10 envelope itself, which acts as an external skeleton (cuticle, shell), largely determines 11 the shape of the organism. When the envelope is soft (skin, epidermis) it is reinforced 12 by an internal skeleton, which can be either solid or liquid (Quillin, 1998). Near-13 perfect BUBBLEs, strongly protected against environmental hazards, exist as resting 14 stages of organisms, such as eggs, cysts, spores, seeds, and also soil micro-15 aggregates (Kilbertus, 1980). 16  17 BUBBLEs also exist at a supra-organismal level. Territories and nests fall 18 within this category. Physical barriers are created around them or around their 19 offspring by nesting organisms such as ants, termites, bees, and many vertebrates. 20 Interactions between fungi are associated with the intense production of pigments 21 which act as signals, creating barriers which incompatible fungal partners cannot 22 cross (Boddy, 2000). Similarly, territorial animals create barriers using sound, optical, 23 chemical, tactile or electrical signals (McGregor, 1993). All these barriers (physical or 24 not) act as filters and their integrity is essential for the stability and persistence of the 25 



 5 group or individual which they protect from antagonistic actions and environmental 1 stress. 2  3 When not delineated abruptly by the environment itself (shore, cliff) the 4 contour of ecosystems represents a biological boundary, with special features, 5 termed the ecotone (Van der Maarel, 1990). Forest margins act as filters against 6 alien species (Honnay, Verheyen & Hermy, 2002), pollutants (Weathers, Cadenasso 7 & Pickett, 2001) or climatic hazards (Chen, Franklin & Spies, 1993) and exhibit a 8 higher variety of plant and animal species (Harris, 1988). If a forest ecosystem is 9 considered in its three-dimensional entirety, canopy included (Fig. 2), then features of 10 the BUBBLE model appear more clearly. The photosynthetically active layer is the 11 seat of most exchanges of matter and energy with the atmosphere. It consists of the 12 touching crowns of all canopy and edge trees. These interconnected crowns form a 13 skin, the properties of which, for example albedo, can be studied independently of 14 component trees (Kawata, Ueno & Ohtani, 1995). The theory that the forest 15 ecosystem has a skin was put forward by Oldeman (1986), but similar examples can 16 be found also in cross sections of non-forest plant communities drawn by Watt 17 (1947). Tree trunks, besides being pathways for exchanges between the soil and the 18 photosynthetically active layer, are the skeleton, expanding the system upwards and 19 giving it rigidity. After destructive events such as storms, disease outbreaks, fires or 20 felling operations, any injury to the expanded external sheet must be repaired rapidly 21 by regrowth or regeneration to avoid invasion by another, competing ecosystem 22 (Ponge et al., 1998). 23  24 



 6 BUBBLEs share common properties with Holons. The Holon is the basic 1 concept of the hierarchical (holistic) paradigm, which interprets the universe as a 2 nested assemblage of organisational levels, each level being controlled by one of 3 higher order (Koestler, 1969). Like Holons, BUBBLEs are delineated by a ‘filter’ and 4 exhibit a ‘high internal connectance’. Contrary to Holons, BUBBLEs are not of a 5 symbolic nature, they belong to the real world. They result from (i) strong connection 6 between individual components of the skin, (ii) coexistence of compatible internal 7 components, (iii) action/reaction forces between the two phases (inside and outside) 8 which have been delineated by the skin. Non-exclusive interaction between 9 components (cells, organs, organisms) is the driving force which helps to explain 10 their appearance, development, and stability in space and time. The BUBBLE model 11 is a structural model of an integrated system, not a superorganism in the 12 Clementsian meaning of the ecosystem (Clements, 1916). BUBBLEs cannot be 13 understood without a knowledge of the mechanisms that create and stabilize their 14 external envelope and their internal skeleton when it exists. As an example, consider 15 soap bubbles, the reference model. The coherence of the soap film which delineates 16 the bubble is ensured by links between soap and water atoms which are regularly 17 dispersed in a thin layer (Isenberg, 1978). The bubble itself (the soap film plus the 18 gaseous sphere which it surrounds) is in a stable state when the cohesion forces of 19 the film (the skin) equilibrate with the pressure of the air inside (the internal skeleton, 20 here gaseous). This equilibrium explains the spherical shape of the bubble. However, 21 the self-assemblage of atoms in a spheric soap film (the reductionist view) does not 22 explain how the bubble was created. The air current which creates them (allowing a 23 tube to be formed before the sphere closes by its own means) is a disturbance event 24 (the holistic view) which acts at a much larger scale than that of the atom. Important 25 



 7 parameters of the bubble (size, thickness of the soap layer, composition of the 1 internal atmosphere) cannot be understood without resorting to the event which 2 creates it, acting at the scale of the whole. The cohesion of soap/water atoms and 3 their self-arrangement in a thin crystalline layer explains how an air current, not 4 acting at the scale of the atom itself, may force atoms of the soap film to surround a 5 volume of air. Once created, the bubble may move (for instance upwards if heated) 6 according to forces that act on its entirety (skin and skeleton). 7  8 At the ecosystem scale, BUBBLEs can be considered as the seat of 9 coevolution. The fact that many organisms live together in a closed structure 10 increases the number of stable interactions leading to coevolution (McMahon et al., 11 1978). In a previous paper, I argued that in the course of Earth’s history, there was 12 only a limited number of strategies by which plants, microbes and animals could 13 associate to form terrestrial ecosytems (Ponge, 2003). 14  15 What happens when several BUBBLEs come into contact? I showed the 16 importance of the skin for ensuring the integrity of the system. If BUBBLEs that come 17 into contact belong to compatible types, the result will be fusion, by disappearance of 18 the frontier separating them. Fusions between cells or cell organelles are well known. 19 At the organism level, fusions occur more rarely, due to lack of compatibility, except 20 in the plant kingdom as in grafting (Bormann, 1962). Fusions between compatible 21 ecosystems occur frequently through coalescence of vegetation clumps (Connor, 22 1986). The reverse phenomenon, fragmentation, has often been observed and 23 theorized, under man-induced or natural influences (Collinge, 1996). Fragmentation 24 and fusion are, in fact, two opposite aspects of the same phenomenon, when 25 



 8 BUBBLEs react to unfavourable or favourable effects of their environment. When two 1 communities are incompatible from an ecological point of view, the passage from one 2 to another can be described as a two-phase, fractal assemblage of non-miscible 3 systems, involving the interplay between vegetation and soil organisms as the 4 underlying mechanism (Ponge et al., 1998). Examples of some more in-depth studies 5 include savanna/forest and heath/forest boundaries (Bernier & Ponge, 1994; Eldridge 6 et al., 2001). 7  8 III. THE WAVE MODEL 9  10 The WAVE model (Fig. 3) describes patterns resulting from cyclic (periodic) 11 processes the propagation of which is ensured in space by a chain reaction, which 12 has been explained and modelled as ’percolation’ (Broadbent & Hammersley, 1957) 13 or ‘reaction-diffusion’ (Turing, 1952). Spatial patterns of units regularly dispersed as 14 bands or patches and permanently changing into one another are the visible 15 outcome of cyclic processes (Wissel, 1991). The model includes the cyclic process, 16 the total surface or volume involved, and all the factors in play in the spatial 17 assemblage of patches. Contrary to BUBBLEs, WAVEs are not delineated by a 18 boundary. Rather, it can be said that the absence of an external envelope allows 19 them to propagate themselves in time and space. 20  21 Before giving ecological examples, imagine a flow of cars in a traffic jam. In 22 your own car, your main concern is with the delay while you start your car when the 23 car in front of you starts to move. The delay is due to the need for safety, but also 24 includes the time required by a cycle involving your sense organs, your muscles and 25 



 9 the inertia of your car. The process repeats itself at the next stop of the car in front. 1 Now imagine you are in a helicopter above the traffic jam. What you see is a wave of 2 alternately moving and stopping vehicles, that appears along the congested part of 3 the road. This is the emergent property, the cycle of changes occurring from one car 4 to another being the underlying process. The wave is the result of this cyclic process, 5 the chain reaction being due to interactions (with inertia) between adjacent cars. In 6 the absence of such interactions, no wave would appear, this is why it happens only 7 during congestion or at least during dense traffic. 8  9 How can WAVEs occur among organisms and communities? First, it must be 10 remembered that every periodic phenomenon can give rise to a WAVE, provided that 11 (i) a chain reaction exists between repeated sequences, as during the propagation of 12 a nerve impulse, (ii) no boundary arrests the process before it can start. A file of ants 13 following each other’s chemical signals fits the WAVE model in the same way as the 14 above mentioned file of cars (Millonas, 1992). More generally, the propagation of a 15 signal of any kind throughout an animal group is a WAVE. 16  17 Concentric circles occurring during the development of a colonial organism, 18 such as fairy rings of fungi, belong to the WAVE type, too. After the start of colonial 19 development, resources become depleted at the centre of the fungal colony (the 20 nucleus), while the growing apices of fungal hyphae explore a new area, further from 21 the nucleus (Gourbière, 1983). During this time, resources (litter for instance) may 22 accumulate again at the now abandoned centre of the colony, enabling a new 23 colonial development. Several fairy rings may thus result aligned as concentric 24 circles. Flexible connection between successive circles occurs through alternation of 25 



 10 periods/places of depletion and accumulation of resources (Fisher, 1977). Such 1 concentric rings, when created by fungal pathogens such as Armillaria mellea, may 2 spread over kilometres and have been found to be responsible for the sequenced 3 collapse and wave regeneration of wide areas of forests and orchards (Brown, 2002). 4 The alternating depletion and accumulation of a resource consumed by two partners 5 has been proposed as a non-stochastic explanation for the coexistence of species in 6 the presence of active competition for space or nutrients (J.F. Ponge cited in Vannier, 7 1985). 8  9 At the ecosystem level, WAVEs are better depicted as banded landscapes, 10 such as those described in tiger bush and wave regeneration of forests. Tiger bush is 11 a banded landscape commonly observed in African savannas on gentle slopes with 12 periodical flooding (d’Herbès et al., 2001). Underlying processes are successional, 13 involving plants, microbes, animals, mineral and organic matter, with a weak but 14 constant upslope displacement of the regeneration niche of a few dominant species 15 (Eldridge et al., 2001). The direction of the displacement and the interval between 16 successive bands are dictated by the direction and angle of the slope, respectively 17 (Tongway & Ludwig, 2001). An analogous process is involved in the wave 18 regeneration of mountain coniferous forests, slope and wind being the driving forces 19 of the downslope advance of even-aged lines of trees (Sprugel & Bormann, 1981). In 20 both cases, the anisotropy of the landscape and associated factors (flooding, wind) 21 originate and control the banded pattern (Thiéry, d’Herbès & Valentin, 1995). Each 22 band is coherent, due to interconnection between organisms belonging to the same 23 ecological unit or ‘eco-unit’ (Oldeman, 1990). Each ‘eco-unit’ is defined by the ‘zero-24 event’ which created it and in time by the lapse from pioneer to senescent stages of 25 



 11 the succession. Underlying processes creating ‘eco-units’ are both autogenic (the life 1 history of species and the successional development of the community) and allogenic 2 (storms, infectious diseases). When examining banded patterns at a low level of 3 resolution, they appear as concentric circles, centered on a nucleus from which the 4 process started (Tongway & Ludwig, 2001). 5  6 More generally, in the absence of environmental anisotropy, cyclic processes 7 in the plant community create non-banded spatial patterns which belong to the 8 WAVE type, too (Watt, 1947; Oldeman, 1990). They involve cyclic changes in 9 environmental conditions, caused by the development and activity of dominant 10 organisms and their plant, microbial and animal associates (Ponge et al., 1998), 11 which result in a mosaic assemblage of developmental stages of one ecosystem 12 (Watt, 1947; Oldeman, 1990). 13  14 All these phenomena exhibit emergent properties which can be observed, 15 measured and predicted independently of the unit sequences which compose them 16 (holistic concept). However, these properties cannot be adequately understood and 17 described mathematically without a knowledge of the mechanisms at play within unit 18 sequences (reductionist concept). An abundance of theoretical literature exists on 19 dynamic spatial patterns involving a flexible connection between individual 20 sequences (Bonabeau, 1997). 21  22 IV. THE CRYSTAL MODEL 23  24 



 12 Contrary to WAVEs, where connection between units is flexible, a rigid connection 1 between unit components is the main characteristic of CRYSTALs (Fig. 4). Here, too, 2 repetitiveness builds up the system, and explains its emergent properties. Positive 3 feedback or synergistic reaction (Ashby, 1956) is at play in the rapid passage from 4 chaos to order which is typical of CRYSTAL development, starting from a nucleus 5 which acts as a template for the organization of the whole. As a corollary, any part of 6 a CRYSTAL exhibits the same properties as the whole CRYSTAL. When several 7 CRYSTALs come into contact, they may undergo attraction/repulsion forces, causing 8 fusion or constant spacing, thereby constructing higher-order CRYSTALs, as in clay 9 (Olson, Thompson & Wilson, 2000) and cellulose lattices (Dey & Harborne, 1997). 10 CRYSTALs exhibit high stability against external influences, but they may 11 disintegrate and return to chaos when a local disruption of the assemblage spreads 12 to the whole CRYSTAL by a chain reaction, e.g. during the dissolution of a salt 13 crystal (Lasaga & Lüttge, 2003). 14  15 At the organismal level CRYSTALs are commonly observed in tight 16 assemblages of identical unit components, for instance in membranes (Singer & 17 Nicolson, 1972), cell walls (Dey & Harborne, 1997) and parenchyma (Andersen et al., 18 1997). Properties of CRYSTALs are also exhibited by arborescences, which repeat 19 indefinitely in a fractal manner, containing the same pattern of branching, as in coral 20 reefs, tree crowns, and root systems. The pattern is dictated by the genetically coded 21 architectural model (Hallé, Oldeman & Tomlinson,1978), interactions between unit 22 components (as long as they come into contact), and interactions with the immediate 23 environment (Sachs & Novoplansky, 1995). The ‘constructal’ theory explains how 24 multiple interactions between unit components may form complex, stable 25 



 13 assemblages with optimal use of matter and energy (Bejan, 2000). This justifies the 1 inclusion of fractal structures in the CRYSTAL model. 2  3 Strongly interacting organisms in a CRYSTAL may, by oscillatory processes 4 (trial-and-error behaviour included), optimize their shape and position within a group 5 at a supra-organismal level. Examples can be found in the arrangement of tree 6 crowns in forest canopies and of individuals in bird flocks (James, Bennett & Krause, 7 2004). Oscillations of individual trees within a forest canopy change the shape of the 8 tree crown and are at the origin of a space between adjoining crowns, called ‘crown 9 shyness’ (Rudnicki, Lieffers & Sillins, 2003). Similarly, dense animal aggregations 10 optimize benefit/cost ratios for foraging and escape of predators (James et al., 2004). 11 Individual replacements may occur without endangering the group, just as atoms 12 may jump in true crystals without endangering the whole structure (Huntington, 13 1975). Likewise, behavioural interactions within a social group can be interpreted as 14 CRYSTALs (Granovetter, 1978), as can termites and bees nests (Courtois & 15 Heymans, 1991). 16  17 V. BIOLOGICAL ASSEMBLAGES OF BUBBLES, WAVES AND CRYSTALS 18  19 The main properties of BUBBLEs, WAVEs and CRYSTALs are summarized in Table 20 1, and some biological and ecological examples are shown in Table 2. 21  22 The outer envelope of BUBBLEs is responsible for their high resistance, i.e. 23 their direct reaction to external, antagonistic forces (Holling, 1973), and it is the seat 24 of connection forces (Fig. 1). BUBBLEs as ecological systems include a number of 25 



 14 biological components which can evolve together in a common, stable space. 1 Organisms living in BUBBLEs develop numerous competitive and mutualistic 2 interactions (Oldeman, 1990; Ponge, 2003). At the ecosystem level the appearance 3 of the skin of BUBBLEs is explained by (i) between-individual interference, which 4 forces the organisms to grow organs used for long-distance dispersal and energy 5 acquisition away from the substratum, (ii) more interaction at the periphery with 6 external factors such as light and wind (water currents for aquatic ecosystems). 7 Surprisingly, such patterns have been modelled and explained at the molecular 8 scale, as in soap bubbles (Isenberg, 1978), but not at the scale of organisms, social 9 groups and ecosystems, despite their common occurrence. An exception is the work 10 of Oldeman (1986, 1990) and Rossignol et al. (1998), which explained how complex 11 ecosystem architecture is governed by simple rules of coexistence and how distinct 12 structures appear at the boundary of ecosystems. 13  14 As with other periodic phenomena, WAVEs are characterized by the absence 15 of defined limits in space and time. They are in a dynamic state of equilibrium which 16 confers upon them low resistance but high ‘resilience’ to external pressure. 17 ‘Resilience’ is an autogenic process in which the system is reconstructed after an 18 external pressure has destroyed all or part of it (Holling, 1973). WAVEs require some 19 degree of homogeneity in the environment to develop as regular lines or patches, 20 according to anisotropy or isotropy of the environment (Thiéry et al., 1995). In turn, 21 they create a reversible (flexible) heterogeneity as a consequence of their 22 development (Watt, 1947; Oldeman, 1990). 23  24 



 15 Contrary to the two previous cases, CRYSTALs exhibit an homogeneous 1 structure. Events that create them can be accidental (a nucleus, followed by the the 2 self-reinforcing assemblage of dispersed components), as in bird flocks (James et al., 3 2004), or they may result from strong interactions between adjoining components, as 4 in forest canopies (Rudnicki et al., 2003). Like BUBBLEs, CRYSTALs are structured, 5 not dynamic models. At first, CRYSTALs may appear to exhibit many features in 6 common with BUBBLEs, and can be confused with them. Both are stable against 7 external influences and both are weakly dynamic. The differences lie in the origin of 8 the strong continuity, which is in the external envelope of BUBBLEs and in the whole 9 matrix of CRYSTALs. The BUBBLE model allows disorder to occur on the inside 10 without endangering the whole structure, unlike CRYSTALs where local disorder may 11 cause the whole system to collapse. 12  13 What relationships exist between BUBBLEs, WAVEs and CRYSTALs? In the 14 biological world, they are currently found nested. The skin of a BUBBLE belongs to 15 the CRYSTAL model, which confers on it a high structural stability. Examples can be 16 found in cell walls (Dey & Harborne, 1997), epidermis (Esau, 1965), and forest 17 canopies (Oldeman, 1986). WAVEs can also be perceived in the outer envelope of 18 BUBBLEs, provided a vibration is propagated. This can be seen at the surface of 19 ciliate cells (Naitoh, 1966), and electrical- or molecular-mediated waves are known at 20 the surface of organs and organisms (Kondo & Asai, 1995; Aliev, Richards & 21 Wikswo, 2000). The propagation in space of the mechanical effect of wind on forest 22 canopies also follows the same principle (Lee, 1997). Individual bands in banded 23 landscapes, and individual patches in ecosystem mosaics (‘eco-units’ sensu 24 Oldeman, 1990), exhibit a structure which belongs to the BUBBLE model (Watt, 25 



 16 1947; Oldeman, 1990; Tongway & Ludwig, 2001). The ‘zero-event’, sensu Oldeman 1 (1990), is analogous to the air flush which initiates the development of soap bubbles. 2 More generally, assemblages (cells, organs, organisms) included within BUBBLEs, 3 WAVEs and CRYSTALs follow in turn the BUBBLE, WAVE or CRYSTAL model, 4 according to the scale and the conditions that allow their start and development. 5  6 Each time a BUBBLE, WAVE or CRYSTAL appears, a 3-D discontinuity is 7 created (organ, organism, ecosystem and landscape boundaries), explaining the 8 fractal discontinuities that can be observed when zooming over a range of scales 9 (Gonzato, Mulargia & Ciccotti, 2000). 10  11 VI. MODELLING EMERGENCE, A NEW CHALLENGE FOR ECOLOGY 12  13 All patterns and processes depicted by BUBBLEs, WAVEs and CRYSTALs, and their 14 multi-scale combinations, may help to describe and explain most emergent 15 properties of organisms and ecological systems. Modelling complexity, more 16 especially in the field of ecology and biological development, has been a challenge 17 for nearly a century, if we exclude the geometric representation of human proportions 18 by Leonardo da Vinci, largely tainted with hermetism. As early as 1917, d’Arcy 19 Thompson showed that a limited set of equations could be used to derive the shape 20 of a wide variety of organisms (he used fish as an example) by distorting a unique 21 geometric model. Subsequently, developments in computer science helped to mimic 22 properties of natural systems (Holland, 1975). The advent of cybernetics (Wiener, 23 1948) allowed complex physiological, social and ecological processes of control and 24 regulation to be described and better understood (Laborit, 1968; Negrotti, 1983; 25 



 17 Bergandi, 2000). As a consequence, there appeared to be a cleavage between 1 people that observed and classified the living world (‘naturalists’) and those that 2 recreated it on their computers (‘theoreticians’). The second half of the 20th century 3 was marked by a clear departure between ‘upper’ and ‘lower’ scientists, despite 4 repeated claims that models should incorporate a better knowledge of underlying 5 processes without which models would be a waste of time (de Wit, 1986). The need 6 to study the real world with its chances, individualities and ‘fuzzy’ contours, rather 7 than theoretically sound but unrealistic models tending to perfection, has been 8 stressed by field-experienced authors, who derived ecosystem-level properties from 9 a good knowledge of biological traits of dominant organisms and their interactions 10 (Watt, 1947; Oldeman, 1990; Coffin & Urban, 1993; Grime, 1998). However, 11 theoretical models aimed at predicting properties at ecosystem level (Loreau, 1998; 12 Ponsard, Arditi & Jost, 2000) still do not take into account chances and 13 individualities, as depicted by field conditions and past history of sites. Following the 14 interest of physicists in biological science and the acceptance of the unpredictable by 15 theoreticians, accidental events that may cause departure from a deterministic trend 16 are now incorporated in predictive ecological models (Stone & Ezrati, 1996; 17 Bonabeau, 1997). Recent, promising approaches include attempts to incorporate 18 basic biological processes and accidental events into ecosystem modelling (Favier et 19 al., 2004). 20  21 Landscape ecology (Urban, O’Neill & Shugart, 1987), aimed at identifying 22 emergent properties without an a priori hypothesis, failed to reveal true, integrated 23 systems because of its own operational concepts, favouring patterns over processes 24 and holism over reductionism (Bergandi & Blandin, 1998). When tautologically based 25 



 18 on sophisticated methods or theories, science may drive us up blind alleys 1 (Oldeman, 1990). Instead, in a more modest manner, we should in a first explanatory 2 step let patterns emerge from our observation of the real world (Benzécri, 1969), 3 discern emergent properties, and only then investigate underlying processes by 4 experimental and theoretical methods. Today, this is not the mainstream of scientific 5 practice, which creates theory as a first, decisive step. However, it could well move 6 into prominence in the near future, if and when interest in more realistic approaches 7 increases. 8  9 VII. CONCLUSIONS 10  11 1. The Emergence of properties can be understood from a materialistic point of 12 view, by taking into account principles that govern the build-up, maintenance 13 and mutual relationships of biological and ecological assemblages 14 2. Three self-assembled models can be recognized that explain how properties 15 may emerge at organism and community levels: BUBBLEs, WAVEs and 16 CRYSTALs 17 3. These models differ in cohesion forces and dynamic properties 18 4. These elemental models combine, in a nested way, to form complex biological 19 and ecological systems 20  21 VIII. ACKNOWLEDGEMENTS 22  23 
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 1 BUBBLE WAVE CRYSTALOuter envelope Yes No NoStability (resistance) High Low HighStability (resilience) Medium High LowConnection Pellicular Flexible MassiveInternal variation (disorder) High Medium LowAutogenic build-up Yes No YesAllogenic build-up Yes Yes No
Table 1. Main properties of the three models describing systems w ith emergent properties



 29  1 Table 2. Some examples of BUBBLEs, WAVEs and CRYSTALs cited in the text   Examples References BUBBLEs Boundaries of ecosystems as skins Watt (1947); Oldeman (1986); Kawata et al. (1995); Harris (1988); Van der Maarel (1990); Chen et al. (1993); Weathers et al. (2001); Honnay et al. (2002 )   Fusion and fragmentation Bormann (1962); Connor (1986); Bernier & Ponge (1994); Collinge (1996); Ponge et al. (1998); Eldridge et al. (2001)  Internal skeleton (liquid) Quillin (1998)  Territories McGregor (1993); Boddy (2000)   Mutualistic interactions between components McMahon et al. (1978); Ponge (2003)   Soil micro-aggregates Kilbertus (1980) WAVEs Surface of ciliate cells Naitoh (1966)  Surface of organs Aliev et al. (2000)  Banded morphogenesis Turing (1952); Kondo & Asai (1995)  Surface of ecosystems Lee (1997)  Ant files Millonas (1992); Bonabeau (1997)  Fairy rings Fisher (1977); Gourbière (1983); Brown (2002)  Competitive alternance Vannier (1985)  Wave regeneration Sprugel & Bormann (1981)  Patch dynamics Watt (1947); Oldeman (1990); Wissel (1991); Ponge et al. (1998)   Banded landscapes Thiéry et al. (1995); d'Herbès et al. (2001); Tongway & Ludwig (2001); Eldridge et al. (2001) CRYSTALs Cell walls, membranes Singer & Nicolson (1972); Dey & Harborne (1997)  Epidermis Esau (1965)  Parenchyma Andersen et al. (1997)  Arborescences, fractal patterns, constructal theory Hallé et al. (1978); Sachs & Novoplansky (1995); Bejan (2000); Gonzato et al. (2000)  Bird flocks James et al. (2004)  Forest canopies Oldeman (1986); Rudnicki et al. (2003)  Social groups Granovetter (1978)   Nests of social animals (bees, termites) Courtois & Heymans (1991) 



 30 FIGURE LEGENDS 1  2 Fig. 1. The BUBBLE system. 3  4 Fig. 2. The forest, described as a BUBBLE. 5  6 Fig. 3. The WAVE system. 7  8 Fig. 4. The CRYSTAL system. 9 
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