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As governments take stock of the implementation of the Convention on Biological Diversity at COP 7 it is crucial to incorporate more knowledge of biodiversity into ongoing and future efforts in conservation and sustainable use.

“Why are there so many kinds of animals?” 

This was the question asked by distinguished ecologist Evelyn Hutchinson [1] in 1959, the centenary of Darwin’s Origin of Species, a question that has remained as enigmatic today as it was then [2].

There are about a million described species of animals, three-quarters of them being insects, of which disproportionately large numbers belong to the order Coleoptera, or beetles. In contrast to land animals, there are far fewer species in the sea.

Hutchinson considered a number of possible explanations. Could food chains or feeding relationships suffice? If one supposes an energy conversion efficiency of 20% at every link of the chain, and each predator being twice as big as its prey, the fifth animal link will have a population of one ten thousandth (10-4) of the first, which is about as long as it would get. Food chains could hardly generate a great deal of biodiversity. 

Natural selection isn’t going to help; an overly efficient predator will simply eat itself out of prey, thus breaking the link and making itself extinct in the process. While lengthening the chain is difficult, shortening the chain is not; the most dramatic example is the whale-bone whale, which can feed largely on plankton.

What about the diversity of terrestrial plants, which provide a variety of different structures - bark, leaves, flowers and fruits - for different animals to feed on? A major source of biodiversity of land animals was indeed introduced by the evolution of almost 200 000 species of flowering plants, and the three-quarters of a million species of insects are a product of that diversity. But then, why are there so many different kinds of plants? 

Part of the answer is that instead of linear food-chains, nature is replete with food-webs. Most predators eat more than one species of prey, which reduces the danger that it will eat its prey and itself extinct. So, at least part of the answer as to why there are so many kinds of animals and plants is that biodiverse communities are better able to persist than less diverse communities. And that was the origin of the idea that complex ecosystems are more stable, which has been hotly debated to this day. While it may be intuitively obvious that the more flexible the links in the food-web, the less likely they will break, mathematicians find it extraordinarily difficult to represent such flexibility, and more so, to agree what constitutes stability, let alone complexity [3].

Energy available? 

Going back to biodiversity, ecologists have long noticed that while a hectare of tropical rainforest contains an estimated 200 to 300 species of trees, the same area of temperate forest contains only 20-30 species. One hypothesis is that diversity is ultimately determined by the amount of energy available to an ecosystem. Support for this idea came from measures of productivity and biodiversity in different ecological communities. Productivity is the rate of production of biomass by an ecosystem, and is in general determined by the rate of energy supply.

High proportions of land and freshwater species on earth do occur in the tropics, which receive the highest amount of the sun’s radiant energy. Average species richness increases from high to low latitudes and this has been documented for a wide spectrum of taxonomic groups, including protists (single-celled organisms), trees, ants, woodpeckers and primates, and for data across a range of spatial resolutions [4]. Species richness also appears to increase with energy, measured as mean annual temperature, and evapotranspiration. 

But that doesn’t seem to be the whole story. The relationship between diversity and productivity was found to vary at different spatial scales [2]. At large geographical scales, such as across continents in the same latitude, diversity generally increases with productivity. At smaller local scales (metres to kilometres), several different patterns emerge.

Early studies found biodiversity peaking at intermediate levels of productivity in a unimodal curve (a curve with a single hump). More recent reviews have come up with a variety of relationships, with diversity increasing, decreasing or remaining unchanged as productivity increases. Although some of these patterns suggest that energy is causally involved, other factors may also be important, such as environmental heterogeneity: spatial or temporal variation in the physical, chemical or biological features of the environment.

Complexity of the environment?


In a simple lab experiment [5], the bacterium Pseudomonas fluorescens was used to test the relationship between environmental heterogeneity and diversity. This bacterium is known to rapidly differentiate into distinct ‘morphs’ in different microhabitats in unmixed culture vessels. One major morph flourishes at the interface between air and the liquid growth medium, another does best in the centre of the culture vessel and a third occupies the bottom of the vessel. The researchers found that there are further variations within each major morph, so that a total of ten types can be distinguished. Shaking the vessel eliminated environmental heterogeneity and, with it, diversity. With a gradient of productivity, a unimodal diversity curve was obtained. In other words, diversity increased with energy available up to a point, and then decreased as available energy increased further.

Ecosystems typically consist of plants and animal species of vastly different sizes, from big mammals to birds, insects and microbes in the soil, which would use resources that match their size. Thus, the more finely the species can divide up space and resources, the more species can coexist in the same habitat. But how best to represent this environmental heterogeneity?

Mark Ritchie from the University of Utah, Logan, in the United States, and Han Olff in Wageningen Agricultural University, in the Netherlands, reasoned that the distributions of habitat, food and resources often appear to be statistically self-similar over three to four orders of magnitude. If so, their volume or area can be described with fractal geometry [6]. 

A fractal is a structure that has dimensions in between the usual 1, 2 or 3; and ‘self-similar’ refers to the property that the structure appears the same over many scales. Typical examples are fern leaves, branching blood vessels and the coastline.

In a fractal environment, body size determines the abundance of food and resources that a species perceives, and it sets limits to the similarity in body size between any two species. Ritchie and Olff derived a body size ratio between species of adjacent sizes that declines with increasing organism size. That in turn predicts how diverse the community can be.

Thus, energy, productivity and environmental heterogeneity all appear to play a role in creating biodiversity. 

I shall now show how biodiversity and productivity are intimately linked through energy capture and storage in a sustainable system. 

Why Are Organisms So Complex?

A Lesson in Sustainability

The organism is like an ecosystem in many respects. It is highly complex. And like the ecosystems, it is useful to look at its complexity is in terms of organised, nested heterogeneity. The simplest kind of nested heterogeneity is a fractal structure – with fractional dimensions in between the usual 1, 2 or 3 - that is similar on many, if not every scale. Fractal geometry offers a ready mathematical description of the simplest kind of organised complexity. 

Some years ago, I showed how such a system is optimised for storing and mobilising energy. In other words, it captures and stores useful coherent energy, and mobilises it most efficiently and rapidly. The rigorous arguments [7-9] involve formal thermodynamics, a discipline that deals with energy transformation; but can be stated in a much more intuitive form [10], which I shall reproduce here.

How organisms make a living

‘Sustainability’ has become a buzzword, but it is difficult to say exactly what it means. Rather than indulge in getting a correct definition, I want to show that there is a lot we can learn about sustainability by studying how organisms sustain themselves, or keep alive.  

The pre-requisite for keeping away from thermodynamic equilibrium – death by another name – is the ability to capture energy and material from the environment to develop, to grow and to recreate oneself from moment to moment during one’s life time. The organism not only sustains itself dynamically, it also reproduces future generations, which is part and parcel of sustainability.

An organism needs, first of all, physical barriers that separate inside from the outside, though not completely. It also needs a dynamic structure that enables it to store as much energy and material as possible, and to use the energy and material most efficiently and rapidly, with the least amount of waste and dissipation. Dissipation means the loss of useful energy from the system.

The organism has solved those problems over billions of years of evolution. It has an obviously nested physical structure. Our body is enclosed and protected by a rather tough skin, but we can exchange energy and material with the outside, as we need to, we eat, breathe and excrete. Within the body, there are organs, tissues and cells, each with a certain degree of autonomy and closure. Within the cells there are numerous intracellular compartments that operate more or less autonomously from the rest of the cell. And within each compartment, there are molecular complexes doing different things, such as transcribing genes, making proteins and extracting energy from our food. And all those compartments are perfectly orchestrated. 

The organism is indeed so perfectly coordinated that an actively mobile animal typically appears liquid crystalline under the polarising microscope, due to the coherent motions of all its molecules [7]. This perfect coordination depends to a large extent on how energy is mobilised within the organism.

It turns out that energy is mobilised in cycles, which can be thought of as dynamic boxes, and they come in all sizes, from the very fast to the very slow, from the global to the most local. Biologists have long puzzled over why biological activities are predominantly rhythmic or cyclic, and much effort has gone into identifying the centre of control, and more recently to identifying master genes that control biological rhythms, all to no avail. 

Cycles make sense

The organism is full of cycles possibly because cycles make thermodynamic sense. Cycles involve perpetual returns to the same states; they give dynamic stability as well as autonomy to the organism. Cycles also enable the activities to be coupled, or linked together, so that those yielding energy can transfer the energy directly to those requiring energy, and the direction can be reversed when the need arises. These symmetrical, reciprocal relationships are most important for sustaining the system. That’s how our metabolism and physiology is organised: closing the cycle and linking up.

I have drawn a diagram to represent the nested cycles that span all space-time scales, the totality of which make up the life cycle of the organism (Fig. 1). I have also proposed that the life cycle has a self-similar fractal structure, so if you magnify each cycle, you will see that it has smaller cycles within, looking much the same as the whole. 

The system effectively stores and mobilises energy over all space-times that are coupled together, so energy can get from any space-time compartment to every other, from the local to the global and vice versa. This complex dynamical structure is the secret of how the system can sustain itself as a whole.
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Figure 1. The life cycle of the organism consists of a self-similar fractal structure of cycles turning within cycles.

In the ideal, the system is always tending towards a dynamic balance, expressed in another diagram (Fig. 2). The simple equation, S = 0, inside the cycle, says there is an overall internal balance and compensation of energy so that the system’s organisation is maintained, and the necessary dissipation (entropy, S, made up of degraded, incoherent energy) is exported to the outside, S > 0. But that’s the abstract ideal. In practice, dissipation within the system goes to a minimum, not quite zero. In other words, the system does grow old and eventually die, but only very slowly.
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Figure 2. The organism consists of internally balanced cyclic processes coupled to energy flow.

Minimum dissipation means, in one sense, that energy (as well as material) going into the system is used many times over before it is exported to the outside. Intuitively, one can see that the more complex the dynamical structure, the more cycles there are, the longer the energy remains in the system, and the least amount is dissipated. In other words, increase in space-time differentiation leads to increase in the energy that can be stored in the system.

Sustainable systems as organisms

Can we look at a sustainable ecosystem, and ultimately the sustainable global ecosystem in the same way? I have suggested that we can some years ago [11].

Since then, evidence has been accumulating in ecology that productivity – rate of production of biomass – generally, though not always, goes up with biodiversity, although the precise causal relationship is still uncertain.

In my theory based on energy storage, productivity and the complexity of space-time differentiation - a correlate of biodiversity - are completely linked: the more complex the space-time differentiation, the greater the energy stored, which is productivity by another name. 

It also explains why greater energy input doesn’t necessarily increase productivity: if the energy is supplied at a rate greater than what the space-time differentiation of the system can assimilate, then no further increase in productivity can occur. An over-abundant supply of energy can indeed unbalance the system, leading to a decrease in space-time differentiation, and hence a fall in productivity (hence the unimodal relationship between diversity and productivity).

Evidence linking productivity and biodiversity has also emerged in agriculture. David Tilman and his colleagues in the University of Minneapolis in the United States have recently produced the best experimental evidence that biodiverse fields are more productive [12-13], although the precise explanation is still hotly debated [14]. Other ecologists are also rediscovering how it is the symbiotic reciprocal relationships, rather than competition, which sustain the ecosystem as a whole [15]. It is a case of closing circles and joining up to build a more complex space-time differentiation in the ecosystem. 

Sustainable farming across the world relies on cultivating a diversity of crops and livestock to maximise internal input, which effectively closes up cycles and maximises the nested, space-time structure of the system. This wisdom has informed traditional indigenous farming systems for millennia, in marked contrast to the high external input monoculture of industrial farming, which breaks cycles and destroys space-time differentiation, and is proving unsustainable in many respects. 
These findings also explode the myth of constant ‘carrying capacity’ that has been used to estimate how many people a piece of land, or the earth as a whole, can support. 

In recent years, African farmers all along the edge of the Sahara, in Nigeria, Niger, Senegal, Burkina Faso and Kenya, have been working miracles [16], pushing back the desert, and turning the hills green, simply by integrating crops and livestock to enhance nutrient recycling, by mix-cropping to increase system diversity, and reintroducing traditional water-conservation methods to overcome drought. Yields of many crops have tripled and doubled, keeping well ahead of population increases. 

In fact, high local population densities, far from being a liability, are actually essential for providing the necessary labour to work the land properly, digging terraces and collecting water in ponds for irrigation, and to control weeds, tend fields, feed the animals and spread manure. In some areas, the population density or carrying capacity went up fivefold, but the land is far more productive than ever before.

Organisms are the most energy-efficient ‘machines’ by far, a point lost on policy-makers bent on increasing efficiency by getting rid of workers and introducing other unsustainable ‘labour-saving’ measures. It is time indeed for policy makers to learn thermodynamics.
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