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    Abstract     Tropical coral reefs harbour some of the most diverse biological 
communities on our planet and as such rival tropical forests communities in species 
diversity and number of individuals from all domains. The cooperative interplay of 
prokaryotes, eukaryotes – particularly – the interactions among plantae and animalia 
shape this delicate balance, which ultimately culminate in the beauty of the coral 
reef biome. Some algal species but especially scleractinian corals with their 
interconnected organizational structure precipitate a calcium-carbonate skeleton 
that, upon generation after generation, form and shape structures that can even be seen 
from space. Yet this process is limited by light penetrability – either by depth or by 
visibility – that provides endosymbiotic algae with the energetic fl ux to convert light 
quanta into biochemically available energy. As a result, the sheer dominance of coral 
species somewhat camoufl ages the delicate balance between reef builders and 
bioerosive processes. This intrinsically interwoven biocommunicative dynamics is a 
key issue in order to comprehend how such structures can evolve and stretch out over 
1,000s of km. Neglecting the importance of these processes compromises a full 
understanding of reef-dynamics and in turn promotes accelerated reef degradation due 
to improper use of reef resources to those who rely on them. Doing so simply increments 
reef instability and as such its long-term survival. This article attempts to shed light on 
the crucial role of biocommunicative processes and how these are manifested across 
taxa. In fact biocommunication is so essential in assigning each organism a specifi c 
role in this network of interdependences that the elegance even within organisms 
themselves – seen from a biomic perspective –attain self-similar properties. In turn 
and regardless of the taxa involved, self-similarity in coral reef ecosystems is an 
underlying feature that relies on intact and effi cient biocommunicative pathways.  

    Chapter 20   
 How Corals Coordinate and Organize: 
An Ecosystemic Analysis Based on 
Biocommunication and Fractal Properties 

             Pierre     Madl     and     Guenther     Witzany    

        P.   Madl    
  Department of Physics and Biophysics ,  University of Salzburg ,   A-5020   Salzburg ,  Austria     

    G.   Witzany      (*) 
  Telos- Philosophische Praxis ,   A-5111   Buermoos ,  Austria   
 e-mail: witzany@sbg.at  



352

1         Introduction 

 Although the coral reef biome seems to be an ecosystem characterized and shaped 
by coral species, it should not be forgotten that the underlying and thus governing 
network of relationships is embedded in inter- and intraspecifi c communication pat-
terns. In fact, tropical coral reefs are embedded in an oligotrophic environment, with 
productivity so high that almost nothing is exported but recycled within the system 
(Veron  1995 ). Seen from this perspective a coral reef is one large organic body that 
strictly relies on the exchange of signs and signals at the physico-chemical level. As 
demonstrated by several studies, every coordination within or between organisms-
in-populations depends on communication processes (Witzany  2010 ,  2011 ,  2012 ; 
Witzany and Baluska  2012 ). Although signalling molecules according their evolu-
tionary origins and variety of adaptation processes differ throughout all king-
doms, domains, families, genera and species, certain biocommunicative patterns 
are quite conservative and can be found across all hierarchic levels:

•    Abiotic parameters such as temperature, light, gravity, etc., affect the local ecosphere 
of an organism; these are sensed, interpreted (against memorized background 
information) and subsequently used to organize behavioural responses for optimal 
adaptation. This is particularly important to attain optimal energy- effi cient and 
thus stable turnover rates.  

•   Transspecifi c communication with non-related organisms – a for example found 
in attack, defence and symbiotic (both microbiota as well as endosymbionts) 
signalling interactions.  

•   Species-specifi c communication between same or related species.  
•   Intraorganismic communication such as signal mediated coordination within the 

body of the organism. Specifi cally it regards cell-to-cell communication as well 
as intracellular signalling between cellular parts.   

This article gives an overview of the manifold levels of coral biocommunicative 
patterns and thereby not only broadens understanding of these organisms and how 
they shape their own environment – but in turn are shaped by the developing reef 
structure themselves. This highlights its importance, without which this  ecosystem 
would not be possible at all. 

 In general, the context of a given situation determines the meaning of the used 
signs: (a) growth and (b) development are different modes of behaviour and need 
other patterns of signalling than (c) defence or (d) reproductive patterns (Fig.  20.1 ). 
When dealing with growth and development one also must include the concept of 
self-similarity – an issue to which an entire sub-chapter (towards the end of this 
chapter) is dedicated to. Likewise, (e) mutualistic symbioses require different forms 
of coordination from those of (f) commensalism or (e) parasitism. Thus, this 
systematic approach of coral communication demonstrates that the meaning 
(semantics) of physico-chemical signals (photonic interactions and molecules) is 
context-dependent, and helps to give a better understanding of the full range of 
sign- mediated interactions of life within the coral community.
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   Hence, coral species diversity must be regarded as the result of these various 
pathways of interaction, so much so that species characterization change over dis-
tance in such a way that morphological distinctions, and therefore species boundar-
ies, merge. Accordingly, speciation in corals is envisaged as a gradual change within 
lineages, yielding pseudo-species and hybrids – both elements of a reticulate evolu-
tive concept. This concept implies that there is constant mixing of genes in the form 
of horizontal gene transfer (Krediet et al.  2013 ), uniformity of biodiversity and 
equal rates of speciation and extinction that leads to races, subspecies and eco-
morphs (Veron  1995 ). In accordance, the species composition of reefs can be sum-
marized as the outcome of (i) prevailing environmental conditions (ii) community 
history, (iii) ecological succession, (iv) environmental disturbance, and (v) bioero-
sion/coral predation (Veron  1995 ). 

 Before diving deeper into issues of coral biocommunication, a few words about 
the supporting framework that makes this cooperative ensemble to that what it is: 
one of the largest organic structures of the world. In fact, they can reach dimensions 
that become so huge as to be seen even from outer space. 

  Fig. 20.1    Under optimal environmental conditions, reefs oscillate around suitable climax populations. 
Thereby all organism (incl. corals) take part in an effi cient energy turnover that enables them to 
attain a quasi-stable position in the web of life and thereby improve their overall chances of 
survival. This net advantage is used to maintain repair-, regeneration, and growth processes and 
to further strengthen stress-resisting capabilities. Legend:  EMR  electromagnetic radiation,  SST  sea- 
surface temperature,  UV  ultraviolet,  IR  infrared (Adapted from Madl et al.  2005 )       
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 In order to understand the role of corals as keystone species among this biome, it 
is essential to comprehend that coral diversity is only possible by the common effort 
of organisms found among protists, unicellular algae, corallinacea, vermitids, mol-
luscs, just to name a few that form the underlying supportive framework. Figure  20.2  
highlights successive events that render the substrate ideal for colonization by scler-
actinia. The underlying bio-communicative vocabulary must be such as to redirect 
the unordered activity of a many species (many degrees of freedom) to converge 
towards the formation of a climax community dominated by corals (which implies 
a reduction to a single degree of freedom). Intermediate results are embedded in 
feedback loops that increase the survivability of the underlying biological matrix in 
such a way as to modify their activity to further strengthen the initiated path of 
development – just as is the case of a strange attractor in chaotic systems. Thus, sign 
and symbol-related vocabulary, along with feedback loops are essential elements 
that shape the phylo-ontogenesis of coral reef evolution. This implies that organis-
mic activity is not random and chaotic but rather mutually enforcing. From ecologi-
cal observation it is known that environmental tolerance increases with latitude, 
thus once a coral dominated biome is established, the persistence of long- lived, 
stress-tolerant species are evolutionary conservative and relative immune from 
extinction (Veron  1995 ). Even though organisms are subject to constant epigenetic 
modulation, this conservative property ensures that coral reefs can endure in an 
otherwise very dynamic biotic system over space and time.

2        Semio-Physical and -Chemical Vocabulary 

 Communication patterns within and among corals are rather complex. Depending 
on the developmental stage or other situational contexts, e.g. growth patterns, repro-
ductive effort and tissue repair require a vocabulary that involves different physico- 
chemical bits of information that are necessary to perceive, interpret and react to 
environmental stimuli. Sensing spatial delimitations from neighbouring sessile 
organisms or microbiotic shifts in mucosal community composition of corals 

  Fig. 20.2    Schematic timeline of framework building activities initiated by calcareous algae 
( Porolithon ,  Melobesia ) bryozoa and foraminifera. Degenerative processes (bioerosive activity) 
pick up once a given substrate density is exceeded (Adapted from Velimirov   , personal communication, 
Nov. 2011).  Insert : section of a ribbon reef revealing self-similar properties (Spalding et al.  2001 )       
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(quorum sensing), or predation pressure from carnivorous species, often involves a 
physical set of vocabulary (Golberg et al.  2011 ). Coping with such challenges 
requires learning – a real intrinsic property of autopoietic systems. Corals seem to 
be able to do so as it is known that diurnal polyp and/or tentacle extension, reveal 
geographic variations (particularly in high-latitude locations) that differ to like- 
individuals kept in aquaria and as follows is an acquired result of fi sh predation 
(Veron  1995 ). Another coping strategy regards the colourful appearance of the reef 
community. This is not an accidental by-product, rather the electromagnetic spec-
trum – particularly within the UV-range via the emission and perception of photonic 
signals – is an essential tool of communication used to exchange information among 
species. In this way, the underwater world, and reefs in particular, generate a pho-
tonic landscape that serves to exchange bits and pieces of information essential for 
their survivability. Examples regard coordination of sexual reproduction among 
mass-spawning corals, schooling behaviour of reef fi sh, juvenile fi sh that seek shel-
ter in branching corals us UV-signalling to communicate to each other the arrival of 
a predator – just to name few examples. As has been shown by Mazel ( 2004 ) fl uo-
rescence is also applied in hunting rituals by mantis shrimps. The most sticking 
example of how sign-mediated communication is effectively used for mutual advan-
tage regards cuttlefi sh and squids during stress and mating rituals. Here utilization 
of their chromatophores signals their mating partner or rival readiness or rejection. 
Another example concerns the frequently used “cleaner-blue” – a bluish color used 
by fi sh and shrimps to signal their cleaning services to commensal members request-
ing some “cosmetics” (banded coral shrimp in Fig.  20.3 ). Hence changes in bodily 
color patterns not only refl ect different growth stages but also altered social func-
tionality amidst the reef community. In this way, information is shared fi rst on a 
physical level and later transcribed into an array of biochemical substances that are 
then further used in intraspecifi c sign- and signal-mediated pathways.

  Fig. 20.3    Many reef animals reveal fl uorescence when shined upon with an UV-radiation source. 
The resulting fl uorescence pattern in the visible range is species-specifi c and most likely a bio- 
communicative tool in an environment predominantly shaded by the bluish hue of ocean water.  Top 
row  from  left  to  right : fi re bristle worm  Pherecardia striata , banded coral shrimp  Stenopus 
hispidus , tiger snake eel  Myrichtys maculosus  and a gobiid resting on a  Eusmilia fastigiata .  Bottom 
row :  Montastrea cavernosa  and soft coral.  Last pair  shows reef section under normal light and 
UV-light (Modifi ed after Chaumette and Chaumette  2008 )       
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   With regards to corals, fl uorescence proteins (FPs) are not only species-specifi c 
but also modulated in their use and as such are adjusted to the state of health and 
predation pressure in reef ecology (Matz et al.  2006 ) (Fig.     20.4 ). FPs play a major 
role in coral-environment interaction and include endosymbiont masking to cope 
with herbivorous feeding pressure all the way to dinofl agellate shielding strategies 
during extreme abiotic conditions (Alieva et al.  2008 ). Hence, the functional impor-
tance of FPs are highlighted by their upregulation in response to light or injury and 
in reverse by their down-regulation due to heat stress (Kenkel et al.  2011 ). In addi-
tion, coral FPs feature a crucial role in planulae, in that apart from chemotaxis, FPs 
are also involved during settlement response patterns on crustose coralline algae 
and are thus a direct indicator of how well recruits colonize a new substrate. The 
same authors also state that FPs are involved in the modulation of photosynthetic 
activity of their endosymbionts and during acquisition of free-living “zooxanthel-
lae” into coral tissue (see also Fig.  20.7 ).

   Among corals, most fl uorescent emissions concentrate at polyp centers and 
decline by 70–90 % in regions between polyps. Such a distribution of the host-based 
FPs is consistent with the hypothesis that these compounds may provide some mea-
sure of photoprotection to the coral’s reproductive organs (Zawada and Jaffe  2003 ). 
Already Salih et al. ( 2000 ) postulated that FPs may reduce susceptibility to photo-
inhibition of fl uorescent corals by fi ltering out damaging UVA and excessive 

  Fig. 20.4    Fluorescence    images of some coral species under normal and UV-light.  Top row : 
 Acropora  sp.  Second row :  Fungia fungites  ( left ) and  Platygyra lamellina  ( right ).  Third row : 
 Diplora strigosa  with resting gobiid ( left ) and brain coral  Meandrina meandrites  ( right ).  Bottom 
row :  Diploria labyrinthiformis  ( left ) and  Eusmilia fastigiata  ( right ) (Adapted from Madl et al. 
 2005 ; Chaumette and Chaumette  2008 )       
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photosynthetically active radiation (PAR). Hence, it is not that far fetched to consider 
some photoprotection also for endosymbionts and regulation of their photosynthetic 
activity – especially when thinking about the deactivating role of radical oxygen 
species (ROS) and proton pumping. As the upregulation of FPs occurs in injured or 
compromised coral tissue, it yields a scavenging (antioxidative) effect of hydrogen 
peroxide (H 2 O 2 ), thus describes a fundamental biochemical characteristic of these 
proteins (Palmer et al.  2009 ). This is particularly important as corals host highly 
hyperoxic endosymbionts and as such produce a large quantity of ROS (Bou- 
Abdallah et al.  2006 ). However, species specifi city variations of this phenomenon 
rather point toward selection pressure related to some essential functions in parallel 
evolution, particularly as different colors translate into different metabolic proper-
ties (Alieva et al.  2008 ). In terms of energetic requirements, to produce and maintain 
fl uorescence, FPs have half-lives amounting to 20 days, thus are extremely long- 
lived and energetically inexpensive for the coral host to maintain (Leutenegger et al. 
 2007 ). Thus, FPs are among those crucial clues that aid in the convergence of a 
multidirective successive gradient to a monodirective one that, when successful, 
ultimately converge to a quasi-stable coral biome – compare also with Fig.  20.2 . 

 Apart from FPs, several other classes of molecules, which serve as signs in com-
municative processes have been identifi ed – and regard e.g. secondary metabolites, 
neurotransmitter, hormones and obligate RNAs such as microRNAs and RNAi. 
Varying behavioural patterns lead to the production of different signals with differ-
ent functions: antimicrobials, antifungals, corresponding secondary metabolites, 
and hormones (Kim  1994 ; Slattery et al.  1995 ,  1999 ; Ramesh and Venkateswarlu  1999 ; 
Iwashima    et al.  2000 ; Yasumoto et al.  2000 ; Roussis et al.  2001 ; Twan et al.  2003 ; 
Watanabe et al.  2003 ; Iguchi et al.  2004 ;    Kelman et al.  2006 ; Zhang et al.  2005 ; 
Krediet et al.  2013 ). 

 As will be demonstrated later, corals also possess a broad variety of hormonal 
substances for different behavioural purposes, e.g. reproduction cycles and defence 
patterns against opportunistic microbes, carnivores, herbivores and fungal infec-
tions (Hay et al.  1987 ; Slattery et al.  1999 ).  

3     Interpretation of External Infl uences 

 The physical environment is more important than biological mechanisms in driving 
evolution. Biological factors are hierarchically somewhat lower in that these limit 
coral biodiversity and hence the rate of evolution (Veron  1995 ). That is, corals are 
particularly affected by abiotic stimuli, such as temperature/latitude, light/depth, 
tides/wave surge, gravity, and only to a lesser extent by symbiosis and nutrients (Bak 
et al.  1982 ; Veron  1995 ; McClanahan and Maina  2003 ). Natural disturbances such as 
earthquakes, cyclones and tsunamis change and thereby shape the reef ecosystem. 
Under natural conditions such interferences result in change of species composition, 
favouring pioneering and faster-growing species and initiating a new cycle of coral 
succession. For chronic exposure to abiotic stressors, corals react via morphogenetic 
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adaptations (Fig.  20.5 ), i.e. light intensity, swell and surge patterns, and oceanic 
 currents (Geistner  1977 ; Horiguchi et al.  1999 ; Gleason et al.  2005 ; Stambler and 
Dubinsky  2005 ; Vargas-Angel et al.  2006 ; Veron and Stafford-Smith  2000 ). As a 
result, the combined input of environmental parameters and their sensing capabilities 
of the coral organism result in a phenotype that is epigenetically controlled and thus 
expressed as various morphotypes (growth form, color patterns) even within same 
species.

   In the context of anthropogenic infl uences, eutrophication owing to land-based 
intensive farming or off-shore based mariculture, excessive fi shing practices, and 
other man-made activities also interfere with the reefs delicate biocommunicative 
structures. These infl uences can be so intense that they easily tip the balance from a 
coral dominated reef towards a fi lter-feeding (Hatcher  1997 ; Elmqvist et al.  2003 ; 
Hoegh-Guldberg et al.  2007 ) or algal-dominated community (Hughes  1994 ). 
Closely associated with eutrophication and coastal degradation is the global trend in 
the decline of mangrove forest cover. Mangroves are an essential part of the wider 
tropical reef ecosystem, as their numerous prop roots account for a very rich and 
diverse habitat ranging from algae, sponges, and marine invertebrates to nurseries 
for young shrimp and coral fi shes. Habitat degradation for shrimp farms and other 
coastal utilisation not only increases coastal erosion, but likewise interferes with the 
delicate communication patterns of the wider reef ecosystem, thereby detrimentally 
feeding back onto the adjacent reef (Mumby et al.  2004 ).  

  Fig. 20.5    Morphological compression gradient of  Pocillopora damicornis  due to environmental 
infl uences. The  left/bottom inlet  idealizes the preferred growth distributions among coral species 
under gradually altered abiotic conditions. The  right/top  series of inlets displays the attenuation of 
wave energy by the reef crest (Modifi ed after Veron  1995  and adapted from Madl et al.  2005 )       

 

P. Madl and G. Witzany



359

4     Transorganismic Communication 

 Both mechanical and chemical sign-mediated interactions of corals with other 
genera, families, and phyla, as well as with members of other kingdoms, are not 
only essential for their survival, but are the basis of coordination and organisation. 
These interactions cover the entire range – from the mutually supporting over to 
neutral or even harmful behavioural patterns. The varieties of symbiotic communi-
cations, for example, require very different behaviours from the partners involved 
(Weis et al.  2001 ). 

 Direct and indirect defence mechanisms are manifold and complement each 
other. Corals possess a ‘non-self’ warning system, especially when confronted with 
opportunistic microbes (Rohwer and Kelley  2004 ). Such microbes include single- 
celled autotrophic and heterotrophic prokaryotes, autotrophic and heterotrophic 
eukaryotes, as well as viruses. 

 Corals interact with non-related species predominantly through their mucopoly-
saccharide layer (MPSL). This layer forms a boundary through which dissolved 
nutrients and gases diffuse (Fig.  20.6 ). Hence, the mucus is a barrier against 
opportunistic pathogens and can be considered the primary immune organ of corals. 
Benefi cial prokaryotic residents living on and within the MPSL are yet another 
shield against opportunistic settlers (Shnit-Orland and Kushmaro  2009 ) and act as 
an host-associated microbial community (Krediet et al.  2013 ). Even specifi c viruses 
take part in this protective cocktail and thus sustain coral health (Sharon and 
Rosenberg  2008 ; Van Oppen et al.  2009 ). Here in particular, the quorum-sensing 
network of the various  Vibrio  species inhabiting the MPSL, stress the importance of 
this communication system (Golberg et al.  2011 ). Intrinsically coupled to viruses 
is the microbial community as the former is mostly comprised of bacteriophages 
(Leruste et al.  2012 )

   As can be deduced from Fig.  20.6 , any shift away from a protective microbial 
community to a pathogenic mix is refl ected by a corresponding shift in prokaryotic 
species composition. There are large numbers of mucus-adapted microbes, such as 
phosphate and nitrogen fi xers. Studies report that even cold-water corals actively 
‘harvest’ the surface layer to obtain additional nutrients (Neulinger et al.  2008 ). In 
order to do so, corals encourage growth of specifi c microbes by the secretion of 
specialised mucus (Kushmaro and Kramarsky-Winter  2004 ). This in turn provides 
specialised microbiota as the ideal substrate to protect the coral animal from oppor-
tunistic settlers by occupying entry niches and through the formation of inhibition 
zones, e.g. prokaryotically-mediated production of antibiotics (Geffen and 
Rosenberg  2005 ) and according to the Hologenome Theory in turn leads to epige-
netically modulated microbial species composition (Golberg et al.  2011 ; Krediet 
et al.  2013 ). Any disruption of the highly diversifi ed microbial density on the MPSL 
will render corals more susceptible to opportunistic pathogens. This pushes the 
seemingly stable but actually very labile equilibrium of a healthy coral towards one 
where diseases become established, and ultimately may result in the decline of 
the whole colony (Rohwer and Kelley  2004 ). 
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4.1     Coordination of Defence and Regeneration 

 Being predominantly sessile in lifestyle, corals are equipped with additional 
defence mechanisms against mechanically-induced damage and microbes 
(Gunthorpe and Cameron  1990 ; Kramarsky-Winter  2004 ). In this context, it 
appears that corals can differentiate between the various modes of infl icted tissue 
damage, i.e. triggered by (a) viruses, (b) bacteria, (c) fungi and (d) invertebrates as 
well as (e) damage induced by vertebrates. According to the type of damage, corals 
secrete different combinations of substances that serve to deal with such lesions 
(Geffen and Rosenberg  2005 ). 

  Fig. 20.6    Mucus-microbial interaction: Proposed model of the microbial contribution to coral 
nourishment. This includes contribution by symbiotic algae, the endolithic community, suspension 
and detritious feeding and coral mucus microbial community. In addition to particulate and 
dissolved exchanges of inorganic and organic matter, these processes complement the nutrient 
requirements of the colony.  Bar chart : Microbial changes of the MPSL during bleaching and 
recovery. The percentage of  Vibrio  metabolic groups,  Pseudomonas  and chlorophyll are presented 
at each phase (Modifi ed after Kushmaro & Kramarsky-Winter  2004  and adapted from Madl 
et al.  2005 )       
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 A localised wound response leads not only to the production of mobile signal 
molecules, but requires a systematic reaction involving the entire organism whereas 
a mature colony has more reserves than a juvenile recruit (Alker et al.  2004 ). 
Reactions to lesions stimulate the transmigration of specifi c amoeboid wound cells 
toward the site of injury where they clean up cellular debris. In this way, necrotic 
tissue can be sloughed off. Only then will the surrounding tissues stretch to cover 
as much of the wound as possible. If lesions are too large to be covered by stretch-
ing tissues, a much slower process takes over: tissue regrowth over the denuded 
area. This does not take place, however, when corals are affected by disease 
(e.g. shifted microbial species composition of the MPSL) as these are characterized 
by a signifi cant reduction of amoebocytes engaged in tissue repair (Kramarsky-
Winter  2004 ). This is of crucial importance as amoebocytes are also involved 
in coral responses to pathogenic and temperature stress (Mydlarz et al.  2008 ) – 
compare with Fig.  20.7 .

   According to the intensity of damage infl icted by opportunistic species, corals 
are able to coordinate directly and indirectly their complementing protective 
measures to varying degrees (Chadwick-Furman and Rinkevich  1994 ; Koh  1997 ; 
Rinkevich  2004 ). The exposure to parasites or pathogens stimulates the coral 
organism to produce a specifi c array of immune substances (Bigger and Olano  1993 ; 
Rinkevich et al.  1994 ; Golberg et al.  2011 ; Krediet et al.  2013 ). 

 In addition, corals also produce enzymes that render their tissues unpalatable to 
certain predators (Lindquist and Hay  1996 ; Kelman et al.  1999 ). Contrary to the 
predictable succession of developmental phases of individual organisms, modular 
organisms can proliferate at one end while at the other tissues may be already in the 

  Fig. 20.7    Endosymbiont 
expulsion increases with 
the severity of environmental 
stress exposure (Modifi ed 
after Lesser  2004  and adapted 
from Lesser  2004 ; Madl et al. 
 2005 )       
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phase of senescence. Death in such organisms often results from becoming too big 
or succumbing to disease rather than from programmed senescence. Thus, the body 
of a coral has an age structure – it is composed of young and developing, actively 
functioning, as well as senescent, parts (Begon et al.  1996 ; Vytopil and Willis 
 2001 ). As will be discussed more in details further below. the modular structure 
enables corals to respond adequately to spatial limitations, predators, and unfavour-
able environmental conditions. Their morphology, in particular branching species, 
not only provides shelter for juvenile fi sh species and other invertebrates, but 
actively benefi ts the survivorship of the coral.  

4.2     Communicative Coordination of Symbioses 

 As outlined above, the coral holobiont hosts unicellular algae, fungi, protists, bacte-
ria, archea, and viruses. Indeed, corals are part of this symbiotic relationship that 
comprises many different species (Marhaver et al.  2008 ). The above makes it obvi-
ous that there are multiple symbiotic interactions at work in a coral colony, which 
can be clearly differentiated into mutualistic, aggressive and defensive properties 
(Van Veghel et al.  1996 ; Hay  1997 ). How fragile acute stressors in this delicate 
interconnected balance can be is briefl y demonstrated by relating to the coral’s 
endosymbionts. Owing to the gradual increase in global sea-surface temperatures, 
communication processes between endosymbionts and coral hosts are increasingly 
disturbed (Baird et al.  2009 ; Rosenberg et al.  2009 ). In fact, the combined effects of 
thermal stress and excessive sunlight damage the endosymbiont’s photosynthetic 
capabilities (Salih et al.  2000 ). In such cases, the coral’s ability to neutralise endo-
symbiotic production of radicals is compromised (Lesser  2004 ). Hence, thermal 
stress combined with high irradiance – in which even the buffering capacity of FPs 
are overstretched – pushes the host into the distress phase which leads to degrada-
tion of the dinofl agellates or ever more frequent to the expulsion of the endosymbi-
otic algae (Fig.  20.7 ), particularly when temperature extremes exceed thermal 
threshold levels (Hoegh-Guldberg  1999 ,  2004 ). 

 During extended bleaching events coral communities of entire reef sections 
loose their ability to regenerate and ultimately fade out, giving rise to a com-
pletely altered ecosystem (Edmunds and Gates  2003 ; Rowan  2004 ; Jones et al. 
 2008 ). There are however, and as known from examples in the Red Sea, some 
clades of  Symbiodinum  that are better adapted to the higher temperatures and 
therefore develop different symbiotic interactions seem capable to act as a rescue 
(Stat et al.  2008 ). Under certain circumstances corals are able to swap less 
temperature- tolerant clades for better-adapted ones (Buddemeier et al.  2004 ; 
Sampayo et al.  2008 ), thereby enabling corals to partly regain their vitality (Rowan 
 2004 ). The most marked differences among clades of  Symbiodinium  can be found 
between corals of the Caribbean and those in the Indo-Pacifi c region, while lesser 
differences exist among clades along a depth gradient within a given region (Toller 
et al.  2001 ).   
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5     Interorganismic Communication 

 Species-specifi c and species-related sign-mediated interactions are termed interor-
ganismic communication. Hermatypic reef corals are social organisms and with few 
exceptions, such as some members of Fungiidae, they are predominantly colonial 
and modular in appearance. This social capacity implies a competence for species- 
specifi c sign-mediated interaction process, which enables corals of the same or a 
similar species, as well as distantly related relatives, to coordinate their behaviour. 
This coordination is most obvious during sexual reproduction. 

 While some corals reproduce sexually, which requires synchronisation of opposite 
sexes (e.g. mass spawning), others do so asexually via budding or fragmentation. 
Most corals employ both modes of reproduction (Miller and Ayre  2004 ). About ¾ of 
all endosymbiotic coral species spawn eggs and sperm rather than brood larvae. 
Spawning is associated with higher fecundity, while brooding results in fewer, larger 
and better developed larvae (Veron  1995 ). Those species involved in mass spawning 
expel their gametes at precisely different time-windows that are coupled to the meso-
scopic triggers such as the lunar cycle, solar insulation, and/or sea- surface temperatures 
(Harrison et al.  1984 ; Penland et al.  2004 ; Twan et al.  2006 ) – see Fig.  20.8 . Another 
¾ of endosymbiotic coral species are hermaphrodites and these include both spawn-
ers and brooders. Hermaphroditic corals may have simultaneous or sequential gonad 
development and/or gamete release, giving varying potentials for self-fertilization 
(Veron  1995 ). One may ask why these various modes of reproduction are enforced 
in favor for one rather than the other. Yet, as briefl y mentioned above, these are the 
results of the various modes of interaction among the individual organism with their 
environment and as such are most likely also epigenetically modulated.

   Evolutionary processes are also induced via hybridisation (Márquez et al.  2002 ; 
Miller and Van Oppen  2003 ). In situ observations along the GBR revealed that in a 
single night up to 150 species of the highly cross-fertile genus  Acropora  spawn 
within hours of each other. High cross-fertilisation rates were documented in vivo, 
while molecular tree topologies confi rmed non-monophyletic patterns. This bears 
little similarity to cladistic analysis based on skeletal morphology or to the fossil 
record leading to the conclusion that hybridisation is essential for the enormous 
 success among members of this family (Ryan  2006 ; Van Oppen et al.  2001 ). 

 Corals at a mature stage possess more refi ned capability to differentiate between 
‘self’ and ‘non-self’ (Rinkevich et al.  1994 ; Rinkevich and Sakai  2001 ). In order 
to protect their own growth range against proliferating opportunists, corals take 
defensive measures against ‘non-self’ tissues. Allelopathic reactions, such as the 
production of chemicals to signal the presence and to limit excessive proliferation of 
neighbouring coral species, occur in very complex ways and in various combinations 
and gradations (Yamazato and Yeemin  1986 ). There are some completely different 
and complementary defence mechanisms, e.g. escape by growth, aggressive behavior, 
allelochemicals and aggregation (Bruno and Witman  1996 ). Aggressive and 
defensive behavioral patterns reciprocally depend on the extent of physical contact 
(Bak et al.  1982 ; Ferriz-Dominguez and Horta-Puga  2001 ). Such responses can be 
quite broad, in that they can involve complete rejection of neighboring coral colonies 
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by use of sweeper and or stinging tentacles (Fig.  20.9 ) – the former literally digest 
competitors away (Barnes and Hughes  1999 ). In the opposite case, and among 
closely related species, it can result in complete merger of both colonies (Connell 
 1976 ; Cope  1982 ; Chadwick- Furman and Rinkevich  1994 ). Research employing 
various juvenile coral species showed that there are three kinds of response patterns: 
fusion, non-fusion and incompatible fusion. In the case of incompatible fusion, the 
junction of merging tissues lacks endosymbiotic algae. Slow-growing polyps charac-
terize such an interfacial region. Over prolonged periods of time and as a result of 
this incompatibility, a skeletal barrier forms (Veron  1986 ; Hidaka et al.  1997 ).

  Fig. 20.8     Top : Triggers to mass spawning. Global wind fi elds (m · s −1 ) obtained from remote 
sensing data, for January 2009, where  blue  is on average less than 5 m · s −1 .  Bottom : Wind-speed 
frequency distributions and monthly averaged wind-speed data (m · s −1 ) extracted from 1996 to 
2006. Usually,  white caps  form when winds reach or exceed 6 m · s −1  ( red arrows  indicate potential 
spawning windows) (Modifi ed after van Woesik  2009  and adapted from Madl et al.  2005 )       
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   Encounters of different coral species quite often result in subduing of the succumbing 
species by a more dominant species. Overgrowth – by coral, sponges or other community 
member – is simply one strategy to overcome spatial restriction or to outcompete 
members that reveal suppressed fi tness (Veron  1986 ; Frank and Rinkevich  2001 ). 

 Spatial and nutritional competition among corals and the concomitant stress factor 
do affect their fi tness (Tanner  1997 ; Idjadi and Karlson  2007 ). Once resource limita-
tions and habitat constraints are encountered, additional pressure to already stressed 
individuals can be fatal (Fig.  20.10 ). In addition, some corals generate considerable 
amounts of mucus loaded with nematocysts, which spreads out and over into the 
nearby environment to harm neighbouring colonies. Prolonged mucus production 
can  signifi cantly damage and even kill affected areas of a colony. Other corals kill 
via the excretion of chemical poisons into the adjacent water body, while others 
again secrete substances, which render larval settlement of potential competitors 
unfavourable (Lang  1970 ,  1971 ,  1973 ; Logan  1986 ; Lang and Chornesky  1990 ; 
Geffen and Rosenberg  2005 ). 

 Once a coral detects the presence of a nearby species with its ability for non-self 
recognition, it reacts with the production of fi nely gradated cytotoxic substances that 
will be used against potential intruders, or even against related coral species. Corals are 
able to learn, in that they compare a given stimulation pattern with bodily “memorized” 
stimulation patterns of the past (Hildemann et al.  1977 ; Rinkevich  2004 ). 

  Fig. 20.9     Physogyra lichtensteini  ( left ) utilizes its sweeper tentacles (Modifi ed mesenterial 
fi laments of the gut,  arrow ) to digest  Pavona explanulata  ( right ) (Adapted from Madl et al.  2005 )       
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 Hence, corals are capable of differentiating between tissues and chemicals of kin 
species and those of ‘non-related’ species. This is essential in order to avoid reper-
cussions that negatively affect the survival rate of nearby individuals of the same 
species. Fitted with such tools of discrimination, corals are even able to differentiate 
the sex of their opponents (Ates  1989 ). 

 Along with their symbiotic partners, each colony must have some kind of sphere 
of individuality in order to survive and prosper. Once intruders compromise these 
preconditions, substances are produced and released into the water body that 
hamper growth and proliferation of nearby competitors (Kim  1994 ; Wilsanand et al. 
 1999 ; Roussis et al.  2001 ; Slattery et al.  1995 ). For the same purpose, even sturdy 
coral species can produce and release fast-acting antibacterial agents into the 
environment (Geffen and Rosenberg  2005 ).

6        Intraorganismic Communication 

 Intraorganismic communication processes are sign-mediated interactions within 
cells (intracellular) and between other cells of the same organisms (intercellular). 
Both communication processes are of crucial importance for the coordination of 
growth and development. 

  Fig. 20.10    Phase model of stress-responses. According to the dynamic concept of stress, the coral 
animal passes through a succession of characteristic phases.  Alarm : the onset of disturbance is 
followed by stabilization of the structural and functional conditions. If the negative stress event 
(distress) is taking place faster than the coral is capable to respond, the immediate impairment 
results in acute collapse (acute damage). If the intensity of the stimulus is not destructive, restitution 
in the form of “repair” process is quickly initiated.  Resistance : restitution initiates the resistance 
phase, in which the resistance “solidifi es” (hardening). Despite continued stress, the resulting 
improvement in stability brings about normalization (adaptation).  Exhaustion : if the state of stress 
lasts for extended periods of time, increases in intensity, or acts synergistically with another 
distressing factor, a state of exhaustion may set in, weakening the organism’s host defences, and 
leading to premature collapse (Modifi ed after Madl  2005 )       
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6.1     Intercellular Communication 

 Intercellular communication serves to communicate events within coral tissues or 
compartments to remotely located cells or tissues. Injured corals organise an integrated 
molecular, biochemical and cell-biological response. This also includes immuno-
logical reactions (Bigger and Olano  1993 ; Hildemann et al.  1977 ; Rinkevich  2004 ) and 
the exchange of ultraweak photon emissions (Madl and Egot-Lemaire  2013 ). 

 As such a coral’s current state is constantly monitored. This kind of information 
is to some extent suppressed, especially when the organism undergoes periods of 
growth. Doing so enables expression of the pre-processed intermediate steps neces-
sary to accommodate such phase transitions. Embryonic development in particular 
and its subsequent transition into the larval stage as well as the metamorphosis to a 
juvenile polyp require fi nely tuned coordination of growth and development (Okubo 
et al.  2007 ). Special signalling pathways initiate these steps. Neuropeptides, for 
example, are hormone-like substances that coordinate metamorphosis even in corals 
(Iwao et al.  2002 ), whereas ultraweak photonic interactions relies solely on physical 
properties of the electromagnetic spectrum (Madl and Egot-Lemaire  2013 ).  

6.2     Intracellular Communication 

 Intracellular merger of symbiotic dinofl agellates with marine cnidarians is the most 
important prerequisite to ensure a highly productive and diverse reef ecosystem 
(Santos et al.  2002 ; Takabayashia et al.  2004 ). To assert that the effects of symbiosis 
are long-lasting, this endocytotic process is coordinated by a gene termed ApRab5. 
If, however, expression of this gene is disturbed, it leads to sudden separation and 
expulsion of the symbionts (Chen et al.  2004 ,  2005 ). 

 Therefore, successful intracellular communication between the symbiogeneti-
cally assimilated unicellular eukaryotes must take place. It makes sure that external 
information is transformed and forwarded to endsoymbionts. This information epige-
netically infl uences gene expression of algal DNA. This in turn triggers a particular 
genetic reply, which leads to the production of signal molecules and generates an 
adequate response behaviour (Chen et al.  2000 ). If these modes of communications 
are recurring frequently it ultimately will be epigenetically memorized. 

 Viroids, viruses – still the least studied biological entities in coral mucus (Leruste 
et al.  2012 ) – and bacteria interfere via various pathways in intracellular communi-
cation. So it does not come as a surprise that under extreme circumstances, this 
interference can disturb or even trigger collapse of the entire coral holobiont – as 
is the case of induced tissue bleaching by  Vibrio shiloi  in  Oculina patagonica  or 
 Vibrio coralliilyticus  in  Pocillopora damicornis  (Rosenberg  2004 ; Rozenblat and 
Rosenberg  2004 ). Indeed most  Symbiodinium  species are infected with icosahe-
dral double-stranded DNA-containing viruses. Under normal conditions, they 
replicate without harming the host. Nonetheless, their latent virulence turns lytic 
(lethal to  Symbiodinium ) once water temperatures rise, thereby forcing the coral to 
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expel their decaying endosymbionts, which – as in the case of abiotically induced 
bleaching – likewise leads to tissue bleaching (Villarreal  2005 ). The modes of 
elimination of the endosymbiont from the host varies and can range from exocytosis, 
host cell detachment and host cell apoptosis (Weis  2008 ) – compare with Fig.  20.7 . 

 Microbial interactions on the other hand are reciprocal; this enables incorpora-
tion of specifi c genetic features into the intruder’s genome as well as the export of 
microbial datasets into those of the host organism (Rohwer  2010 ). It is very likely 
that the ability to incorporate different traits in each other is a key principle of sym-
biogenetic processes (Shackelton and Holmes  2004 ). 

On a macroscopic scale, corals possess a decentralised neural network (Westfall 
and Sayyar  1997 ). Alignment of this network is never static, but implies neuronal-
like plasticity. Here the faculty of learning and epigenetic fl exibility becomes mani-
fest by the animal’s past experiences, as it is the capacity to modify (increase or 
decrease) the magnitude of their connections. Both memory- functions and long-
lasting neuronal plasticity require new RNAs for the appropriate protein synthesis 
(Netea et al.  2011 ). Such neuronal plasticity implies that signals are relayed via the 
synapse to the nucleus. Therein, these signals are converted in order to evoke a 
change in gene transcription. Only then, can the resulting changes (RNAs, proteins) 
be converted and sent back to the synapse to enable long-lasting change (Moccia 
et al.  2003 ; Martin  2004 ; Thompson et al.  2004 ). 

 As demonstrated with the FPs, variation in colour pigmentation of corals is pri-
marily the result of a few genes and their associated proteins within the endosymbi-
onts. It is worth noting that the various colour patterns are the result of phenotypic 
plasticity rather than species diversity, as previously thought (Kelmanson and Matz 
 2003 ) that are subject to epigenetic modulation. 

 The simple organismic structure of the phylum Cnidaria, groups them close to 
the ‘archaic’ section of the animal lineage as they share most characteristics with a 
common ancestor as well as those of modern animals of higher taxa, i.e. large-scale 
coral-algal-sponge bioherms emerged some 450 Ma ago (Hallock  1997 ). It is worth 
mentioning that evolution, growth and development of the most important coral 
endosymbionts, i.e. members of the dinofl agellate genus  Symbiodinium , assign  
them a similar age. In this respect and based on the emergence of the fi rst cnidarian 
precursors, the coral animal can be regarded as a ‘window into the past’ (Margulis 
and Schwartz  1988 ). Indeed the failure of symbiosis through lack of light may have 
played a central role in mass extinctions – particularly the one some 70·E 6  years BP, 
towards the end of Cretaceous (Veron  1995 ).   

7     Growth and Stability in Coral Reef Communities 

 Coral reefs are complex ecosystems and in order to understand the various biocom-
municative pathways involves comprehension of their complexity. In order to bridge 
the line of arguments in a way that encompasses this complexity – from the 
framework- builders to the coral reef itself – requires a simplifi ed approach that so 
far poses still an intractable challenge. Bradbury and Reichelt ( 1983 ) were among 
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the fi rst to investigate the applicability of a fractal approach. While their investiga-
tion used coral reef topography stretched only over four orders of magnitude (0.1–
100 m) they could identify a trend in maximization of fragmentation, i.e. maximizing 
surface contact with the surrounding environment. Yet still this approach did not 
unveil its general applicability as mechanistic connections between organismic pro-
cesses and their ecological consequences could not be established. Purkis et al. 
( 2006 ) upscaled this attempt by involving remote sensing technology and merged it 
with fractal statistics. Therein, the study provides clues to the dynamic nature of 
fractal properties, namely the competing spatial requirements among corals and 
algal communities on one side and disturbances of anthropogenic and bioerosive 
origin on the other. The former is particularly sensitive as reef degradation is com-
monly indicated by a shift either towards a fi lter-feeding community (Hatcher  1997 ; 
Elmqvist et al.  2003 ; Hoegh-Guldberg et al.  2007 ) or an algal-dominated state and 
a loss in landscape heterogeneity (Hughes  1994 ). 

 Besides these dynamics, they summarize that there exists an intense non-linear 
spatio-temporal instability on the decimeter to meter level on timescales of months 
to years – a conclusion well in line with Bradbury and Reichelt ( 1983 ). Yet there is 
more to that as this complex meta-stability is known to extend at scales over kilo-
meters to megameters for timescales that extent to decades or even centuries. 
Nonetheless, the governing principles inducing these properties are still scarcely 
understood and hard to come by when looking at the molecular level only. There is 
still no general all-encompassing theory to this fractal dependence as proper under-
standing of key issues in ecosystem stability is largely absent (Enquist et al.  1998 ). 

 With biological diversity being a matter of body size (Enquist et al.  1998 ; West 
et al.  1997 ) that covers at least 15 orders of magnitude – from viruses in the 
nanometer- range via the prevailing megafauna in the meter-range and the actual 
dimensions of the coral-reef biome in the megameter-range. In fact, a promising 
approach in solving the connections among important reference points of ecological 
communities across diverse ecosystems that interrelate organismic, community and 
ecosystem properties is to focus on size-dependent (allometric) relationships (Mora 
et al.  2011b ) (Fig.  20.11 ). This is done not only among members of the same species 
but even across phyletically distant species (Enquist and Niklas  2001 ).

   Sizes of biological structures such as growth patterns of branching corals occur 
according to following relation: m 3/4  – with “m” denoting body mass (Enquist et al. 
 1998 ). Nonetheless, West et al. ( 1997 ) and Basillais ( 1998 ) proposed a quantitative 
model that at least explains the origin and ubiquity of this quarter-power scaling. In 
their model, they use several unifying principles of which a space-fi lling fractal-like 
branching pattern is most striking. These patterns are characterized by a gradual 
decrease in branching diameter. Figure  20.12  reveals the self-similar properties of 
an acroporid coral species and the methodology for its determination.

   Fractals have two intrinsic properties, scale-invariance and self-similarity. While 
the former implies that an object looks the same on all scales, the latter assigns any 
part of the system – appropriately enlarged – a similar appearance as the whole 
(Purkis et al.  2006 ). This self-similar property becomes especially visible among 
modular organisms across most phyla and – as has been demonstrated above by 
referring to satellite images – is even observable at the megascopic level. Indeed the 
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intrinsic fractal property indicates that all members constituting a coral reef biome 
must be subject to this underlying principle. This includes viral aggregations and 
prokaryotic ensembles revealing group behavior and the obvious modular organized 
eukaryotic representatives among porifera and cnidaria. Interestingly, some 19 
phyla – apart from hard and soft corals, also sponges, hydroids, bryozoans, colonial 
ascidians, many protists, fungi and most plants – reveal modular organization 
(Begon et al.  1996 ). Fractality among higher invertebrates is most often encoun-
tered as group aggregations or local abundances that relate to the topographic fea-
tures. Examples regard the wall of mouths at outer reefs and reef crests (that 
constitute the deliminating fractal perimeter) or sea-urchin aggregations at reef fl ats 
and within lagoons. Self-similarity among more mobile species such as fi sh com-
munities are most evidently seen in the collective behavior of swarms and schools. 

 With regards to corals, the basic unit is made of the corallite and associated 
tissues that reveal species-specifi c characteristics, yet neither timing nor form is 
predictable for the resulting colony. Thus, individual colonies are composed of a 
highly variable number of such modules in which growth morphologies are subject 
to environmental infl uences (compare with Fig.  20.5 ). Modularity in this regard 

  Fig. 20.11    Organismic diversity relative to body size of a reef. As outlined by the log-log-scales 
the body sizes compromising most of this biomass are small. It implies that the biomass of top- 
predators cannot exceed the total biomass of the reef ecosystem. Yet at the same time it visualizes 
a balanced species composition. Any deviation from the linear trend is an indicator of a disturbed 
ecosystem (Adapted from Madl et al.  2005 )       

 

P. Madl and G. Witzany



371

enables a colony to exist as a physiologically integrated whole – all part of one 
individual but physiologically independent – or when broken into fragments into a 
number of individual colonies. The peculiar feature distinguishing corals from other 
phyla (or domains) is the connecting system linking modules together. Most of the 
structure in corals is dead (precipitated aragonite matrix) with only a thin layer of 
living tissue in-between the water-aragonite interface (compare with Fig.  20.6 ). 
Growth in corals is obtained by the accumulation of these modules. On the other 
hand decay is induced either from excess accumulation of calcifi ed sections, from 
becoming too big, from bioerosive processes or succumbing to disease rather than 
from predetermined senescence. In any case, growth in a modular organism reveals 
an age structure that is visible by the presence of young and developing and senescent 
parts (Begon et al.  1996 ). 

  Fig. 20.12    Superposition of schematic and actual branching patterns in an ( a )  Acropora formosa . 
The contour-image ( b ) renders growth pattern more visible, with “k” denoting the generation of 
the branching structure ( d ) and “d” indicating the diameter of a given generation ( c ) – the latter 
shows only the fi rst three generations       
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 Modular organisms are broadly divided into those that concentrate on vertical 
growth (most species among Acroporidae, Poccilpopoidae, Poritidae, etc.) and those 
that spread their modules laterally over a substrate (some species of Oculinidae, 
Meandrinidae, Mussidae, Faviidae, etc.). The most straightforward approach to determine 
a coral’s fractal pattern – as with many biological geometries relating to a self-similar 
pattern – necessitates a numerical determination of key parameters, such as corallite 
diameter, spacing-dimensions of septo-costae, fronds/branch diameters or lengths, etc. 
Due to simplicity and to keep morphometric data census within reasonable limits, 
only branching corals have been used in this study. Fungoid, fl abellate cerioid mean-
droid thamnasterioid and hydnophoroid growth forms have been omitted, as efforts to 
determine their fractal-properties have not been worked out at that stage. Yet it was 
possible to confi rm self-similarity in the neo-cortex of the human brain (Kiselev et al. 
 2003 ), thus it is more than likely that fractality is an intrinsic feature also in massive 
brain corals particularly among members of Meandinidae, Mussidae and Faviidae. As 
with other modular organisms or organ structures revealing vertical growth, it is more 
appropriate to use branching diameters rather than internodal length (Madl et al.  2010 ; 
Koblinger and Hofmann  1985 ,  1988 ; West et al.  1997 ). Diameters conserve far better 
the fractal dimension than does inter-nodal distance or length. 

 By pooling species among four major coral groups, amounting to 77 individual 
data sets, the morphometrically evaluated parameters – generation-number “k” and 
the corresponding generation diameter “d”, the below graph is obtained (Fig.  20.13 ). 
As can be deduced from the trend lines, branching patterns across coral families 
follow self-similarity properties, thus reveal their true fractal nature.

    It follows that, across the broad sampling of diverse coral taxa, biocommunication- 
mediated biomass production can likewise be described by a single allometric rela-
tionship. Coral morphology suggests that their evolution is profoundly infl uenced 
by optimization processes of trade-offs enforced by performing growth, survival 
and reproductive success simultaneously. Obviously, these trade-offs are confi ned 
by phenotypic expression to a fi nite number of coral morphologies. This kind of 
evidence suggests that communities dominated by corals behave similarly by virtue 
of shared organizing principles operating at species-level – an observation that has 
been already confi rmed in tropical plant ecosystems (Enquist and Niklas  2001 ). 

 Extrapolation of this general allometric framework and incorporation into a 
model reveal how several prominent organismic community and ecosystem proper-
ties emerge from relatively few allometric – so to speak biocommunicative – rules. 
The constraints of resource transport through ‘fractal-like’ networks ultimately govern 
how corals allocate biomass and ultimately fi ll space. As outlined previously by a 
number of bionic examples, such constraints are refl ected in scaling relationships. 
These allometric rules determine how metabolic activity and biomass are partitioned 
among different parts of a coral colony. As done by Enquist and Niklas ( 2001 ) for 
plant communities, such rules provide a quantitative basis for drawing mechanistic 
connections between numerous features of reef biology, ecology, ecosystem studies 
and evolutionary biology (Veron  1995 ). 

 Although the above assumptions have been originally made with a tropical forest 
ecosystem, it is very likely that similar governing rules act on behalf of the reef 
ecosystem (Figs.  20.14  and  20.15 ). Such a model enables usage of a simplifi ed 
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  Fig. 20.13    Trends in branching patterns among 92 coral species across various families including 
Acroporidae, Pocilloporidae, Poritidae and some Ascleractinia (Milleporidae and Stylasteridae). 
Species used for Fig.  20.13 :       

  A. abrolhosensis    A. maryae    A. valenciennesi    Seriatopora guttatus  no2 
  A. abrotanoides    A. nobilis    A. variolosa    Seriatopora guttatus  no3 
  A. anthocercis    A. secale    Alveopora  sp.   Seriatopora hystrix  no1 
  A. anthoceris    A. secale    Alveopora viridis    Seriatopora hystrix  no2 
  A. arabensis    A. selago    Distichopora  sp . no    Stylaster  sp. 
  A. austera    A . sp no01   Madracis mirabilis    Stylocoeniella guentheri  
  A. austera    A . sp no02   Millepora dichotoma  no1   Stylocoeniella  sp no1 
  A. awi    A . sp no03   Millepora dichotoma  no2   Stylocoeniella  sp no2 
  A. brueggemanni    A . sp no04   Millepora dichotoma  no3   Stylophora kuehlmanni  no1 
  A. cerealis    A . sp no05   Millepora  sp. no3   Stylophora kuehlmanni  no2 
  A. digitifera    A . sp no06   Millepora  sp. no4   Stylophora kuehlmanni  no3 
  A. divaricata    A . sp no07   Montopora altasepta    Stylophora subseriata  no1 
  A. donei    A . sp no08   Montipora australiensis    Stylophora subseriata  no2 
  A. elseyi    A . sp no09   Palauastrea ramosa    Stylophora subseriata  no3 
  A. formosa    A . sp no10   Paulastrea ramosa    Stylophora pistillata  no1 
  A. gomezi    A . sp no11   Pavona maldivensis    Stylophora pistillata  no2 
  A. grandis    A . sp no12   Pocillopora damicornis    Stylophora  sp. 
  A. granulosa    A . sp no17   Pocillopora verrucosa    Stylophora subseriata  no4 
  A. granulosa    A . sp no20   Porites cumulatus    Stylophora subseriata  no5 
  A. hemprichii    A . sp no21   Porites cylindrica    Stylophora subseriata  no6 
  A. humilis    A . sp no24   Porites  sp.   Stylophora subseriata  no7 
  A. humilis    A. squarrosa    Seriatopora aculeata    Stylophora subseriata  no8 
  A. hyacinthus    A. squarrosa    Seriatopora guttatus  no1  Unknown staghorn sp. 
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  Fig. 20.14    Probable number of individuals plotted against time during a simulated community 
ontogeny.  Inlets : polar views of four distinct stages, from the initial random “coral recruits” to the 
appearance of a mature community consisting of a more or less constant number of individuals – 
for legend see Fig.  20.14  (Modifi ed after Enquist and Niklas  2001 )       

  Fig. 20.15    Frequency distribution of a simulated community as the number of individuals plotted 
against colony diameter of the anchoring stem ( red parts ). Regression corresponds to y prop x −2.0 . 
Large  green circles  denote coral canopy radius,  grayish  and  black circles  the shaded areas of the 
dominating colonies (Modifi ed after Enquist and Niklas  2001 )       
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biocommunicative approach in which dispersal and mortality assumptions shape 
the dynamics of succession; i.e. recruits are dispersed randomly to a maximum 
distance d defi ned by height of the parent colony and the predominant orientation 
of water currents. Obviously, offspring initiating growth under or near the parent 
colony must receive less light and nutrients. Thus, depending on the amount of 
resource attenuation it either induces premature death or less vigorous growth (see 
initial dynamics and the related die-off in Fig.  20.14 ). Ecological communities have 
a phylogenetic structure that is refl ected in the biocommunicative fact that general 
taxonomic and biomass partitioning is directly related to species richness (Enquist 
et al.  2002 ). Thus, by extending the model to include anthropogenic distress factors 
such as eutrophication, decreased visibility and ecosystemic pressure via excess 
predation, it would make modeling of reef dynamics and their potential effects in 
efforts to manage such an ecosystem a lot easier. It would also help to identify the 
general features maintaining the diversity of species assemblages (Enquist et al. 
 2002 ).

    In conclusion, we can say that besides the non-saturating relationship between 
biodiversity and function, as documented by Mora et al. ( 2011a ) ignoring biocom-
munication issues demonstrate that negative interaction between human density and 
biodiversity are programmed. Using the fractal property of a log-log relationship 
of species diversity versus species geometry (here diameter), it is defi nitely possible 
to clearly deduct the weak or missing biocommunicative links and how potentially 
devastating human interference at a given trophic level may result – particularly on 
highly diverse reef ecosystems. Thus, ignoring the biocommunicative features 
of reefs revealing highly diverse species composition that are subject to biomass 
reduction by excessive utilization are extremely vulnerable to any further expansion 
and intensifi ed human activities.  

8     Conclusion 

 There is compelling evidence that evolution, growth and development of scleractin-
ian corals largely depend on successful trans-, inter- and intra-organismic commu-
nication processes. Indeed, it is not the individual coral organism that accounts for 
prosperous long-term establishment within the wider coral reef ecosystem, but 
rather the active and dynamic sign-mediated interactions with its surrounding that 
enables the coral to survive in the long run. Only once these processes are success-
fully established can coordination and organisation within the coral animal and 
among corals take place in a controlled manner. These processes enable corals to 
proliferate along with other organisms within the tropical reef ecosystem. 

 Proliferation of corals depends on successful communication, which means the 
communication processes may also fail. Such a response of a particular interaction 
can be misleading, e.g. interaction between the coral and its endo- and exosymbi-
onts pretends to be mutualistic, only to draw a temporary advantage from a given 
interaction and/or even to damage the exploited organism substantially once a shift 
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in environmental conditions takes place. It is obvious that this cannot be the general 
form of communication. If all symbionts were to behave in this way, no individual 
species could survive in the long run. In the majority of cases, there must be effi -
cient and successful interactions that are benefi cial or at least not harmful for all the 
participants involved. 

 Biocommunication and self-similarity are intrinsically coupled. As has been 
demonstrated this network of interrelationships is visible among the members of an 
entire phylum – the cnidaria. However, the biocommunicative network among other 
taxa cannot be denied as the entire biome reveals a fractal nature. Thus both on the 
ecosystem levels, across taxa and particularly among anthozoa, self-similarity is an 
intrinsic property without which, the entire ecosystem cannot attain any other 
appearance than it actually has. Exceptions to this assumption are only possible 
once this web of interdependencies fl ips from a coral-dominated to an algal- 
dominated ecosystem – an occurrence that has been already observed in the 
Caribbeans (Hughes  1994 ). Such dynamic alterations of the web of life imply that 
all related biotic entities – from viruses all the way up to the larger megafauna and 
ultimately the entire biome itself undergoes a sudden change into a new dynamic 
equilibrium that is governed by a new fractal order. In this regard, restoration of the 
original state and conversion back into a fl ourishing reef biodiversity is only possi-
ble by considering the underlying relationships among the various hierarchical 
structures that are necessary to maintain a coral-dominated equilibrium. Without 
taking into consideration the biocommunicative aspects of that relationship, any 
restorative attempts are most likely condemned to failure.     
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