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a b s t r a c t

A complexity indicator based on the diversity of energy and resource uses by a system is proposed in this
paper. The indicator is an emergy-based index of complexity derived from a modified Shannon informa-
tion formula that provides a quantitative assessment of the diversity of sources. The emergy approach
assigns to each driving input a weight that derives from the environmental work performed by nature in
order to generate such resource. This quality assessment goes far beyond the simple accounting of mass
and energy of input flows, but takes into proper account their interlinkage with the biosphere dynam-
ics. The rationale of the proposed indicator is that complexity cannot be assessed by simply counting
individuals, species and processes, but requires that focus is placed on several aspects of resource flows,
namely their amount, frequency, and quality. Different mixes of emergy input flows originate different
levels of growth and complexity. Systems that only rely on a small set of sources out of the large number
potentially available possess a built-in fragility, that may determine their collapse in times of shrinking
or changing resource basis. For validation purpose, the proposed indicator was applied to the perfor-
mance of selected national economies (Nicaragua, Latvia, Denmark and Italy) in selected years and of
the urban system of Roma (Italy) over a forty-year (1962–2002) historical series. Results point out an
increasing complexity of the urban system of Rome over time, while a lower complexity was calculated
for the investigated national systems as a whole (likely effect of nationwide averaging), with Italy rank-
ing highest and Latvia lowest. The same assessment performed for the Italian agricultural system over a
twenty-year time series (1985–2006) shows a decline of the emergy-adjusted Shannon indicator from
about 75% down to 62%, while the decline was from 73% to 63% for the agriculture of Campania region
(southern Italy).

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction: state-of-the-art and innovative measures
of diversity

Complexity of systems has long been represented by
“information-theory” measures. For example, complexity in bits is
the number of yes–no decisions required to define a configuration
and is expressed on a logarithmic scale. In short, the information-
theory measures the logarithm of the possibilities among the parts
and connections. For example, there is great complexity at the
small-scales of molecules and heat, where information-theory
measure on a logarithmic scale is molecular entropy. However,
information theory measures do not differentiate between large
scale complexity that operates a macroscopic natural or social
system and small scale complexity with the same number of
parts that have smaller influence on the global dynamics of the
larger system in which they are embedded. Information-theory
measures do not distinguish this complexity on small molecular
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scale from that found on a large ecological scale. The awareness of
such a limit gave rise to innovative measures, all based on Shannon
information formula and all trying to overcome the scale problem
by means of concepts that incorporate time and spatial scales into
the assessment. Two of such different measures are reviewed in
the following.

1.1. Diversity in ecosystems

While studying the interactions between components of ecosys-
tems, Margalef (1968) suggested that “a measure of the aggregation
of the ecosystems may be found in the average distance between
the place of energy input and the energy sink. The distance
can probably be measured either in terms of space or of
time”. He also pointed out that “there is some energy exchange
between. . .subsystems in the sense that the less-organized sub-
system gives energy to the more-organized, and, in the process of
exchange, some information in the less-organized is destroyed and
some information is gained by the already more-organized”. The
transfer of energy between subsystems originates a hierarchical
organization of components, where many components at the lower
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levels ‘pay the bill’ of supporting few components at the higher
ones. Finally, Margalef compared an ecosystem to a message trans-
mitted by means of a certain code. Borrowing expressions from
information theory, he defined the average information content per
individual as

D = −
∑

pi log2 pi = 1
N

log2

[
N!

Na!Nb!, . . . , Ns!

]
(1)

where Na, Nb, . . ., Ns are number of individuals of species a, b, . . .,
s; N is the total number of individuals; pi is the probability that
one individual belongs to species i. The minimum of these expres-
sions is when all individuals belong to the same species, while the
maximum is when each individual belongs to a different species.
These cases are both improbable in nature, while actual values are
in between: Margalef called this measure “diversity” and discussed
it as a measure of organization, correlating it with the size of the
sample, the energy flow per unit biomass and the entropy pro-
duction in sustaining a unit of biomass in the ecosystem. Changes
in diversity have been discussed by Margalef as useful and clear
indicators of movement of the ecosystem back and forth on the
succession pathway.

1.2. Thermodynamic depth

Lloyd and Pagels (1988) developed a measure of complexity
named thermodynamic depth, based on a probabilistic metric in
information theory. The author’s concern was to avoid a defini-
tion of complexity based on additive properties of the individual
objects. If so, complexity could be increased just by increasing
the number of the objects, thus making complexity to prolifer-
ate very cheaply. Rather, “complexity must be a function of the
process. . .that brought the object into existence. . .Seven bulls need
not be too much more complex than one bull. It took billion of years
for the earth to evolve one bull; but one bull and a few compli-
ant cows will produce seven bulls relatively speedily” (Lloyd and
Pagels, op. cit.). Given a macroscopic state, d, of a system D that can
be reached through n different trajectories, experiments can assign
a probability pi to the i-th trajectory. A trajectory of macroscopic
states of a system D is defined as an ordered set of macroscopic
states ai, bj, . . ., ck, such that D has been measured to be in the state
ai at time t1, in the state bj at time t2 ≥ t1, . . ., in the state ck at
time tn ≥ tn−1. Lloyd and Pagels proved that the complexity of the
state d, that has been reached through the i-th possible trajectory,
is measured by the function

D(d) = −k ln Pi (2)

and that the average complexity of a state is proportional to the
Shannon entropy of the set of trajectories that can lead to that state,

S = −k
∑

pi ln pi (3)

where k is an arbitrary constant. They named depth the function
D(d) and defined complexity as the pathway from the reference
state to the present one. Considering all the possible trajectories
that may lead to the present system’s state, they calculate the so-
called thermodynamic depth DT of a state, as the amount of entropy
that the system has pumped from the ‘relevant’ degrees of free-
dom (those that needed to be constrained for the system to evolve
into the state d) to ‘irrelevant’ degrees of freedom (the remaining
ones) in the course of constructing the state d. The thermodynamic
depth can be shown to be “proportional to the amount of infor-
mation needed to identify the trajectory that leads to d given the
information that the system is in d already” (Lloyd and Pagels, op.
cit.):

DT (d) = (kB ln 2) [Io(d) − I(d)] (4)

In other words, the depth as a measure of system’s complexity is
greater when the trajectory leading to the state d is unlikely or
when the number of discarded trajectories is higher.

2. Incorporating quality and hierarchies within complexity
measures

The diversity and thermodynamic depth indices developed by
Margalef and by Lloyd and Pagels address the important issue of
complexity from an information theory and probabilistic point of
view, by looking at the organization and the development trajec-
tories of a system’s state, which is already a major step ahead in
complexity assessment. Brown et al. (2006) and Brown and Cohen
(2007), building on Odum’s emergy synthesis approach (Odum,
1996) identified a main problem in the lack for an overall measure
of biodiversity at various levels of an ecological hierarchy, due to
the fact that Shannon-like diversity measures cannot be summed.
If they were summed – these authors point out – bacteria and other
small animals and plants would dominate the resulting diversity to
the total neglect of the larger species. What is needed is to develop
a quantitative evaluation of total biodiversity within regions or
ecosystems by weighting biodiversity at each hierarchical level by
means of trophic-level quality indicators (identified as “transformi-
ties”) derived from the emergy approach. In this way measures of
biodiversity can be quantitatively compared and changes resulting
from species loss can be scaled based on transformities. A more real-
istic picture of total biodiversity emerges and allows comparison of
losses and gains that result from changes in ecological health.

2.1. Emergy and transformity: concepts and definitions

Odum (1996) introduced the concept of emergy in order to
account for the quality of incoming energy and resources, i.e., for
the environmental services supporting a process as well as for their
convergence through a chain of energy and matter transforma-
tions in both space and time. By definition, emergy is the amount
of energy of one type (usually solar) that is directly or indirectly
required to provide a given flow or storage of energy or matter.
Solar emergy is expressed in solar equivalent joules (seJ, or solar
emjoules). The solar emergy required to generate a unit flow or
a storage of available energy is called solar transformity and is
expressed as solar emergy joules per joule of output flow or prod-
uct (seJ/J). The transformity of solar radiation is assumed equal
to one by definition (1.0 seJ/J), while the transformities of all the
other flows and storages (including those related to human soci-
eties) are calculated based on their convergence patterns through
the biosphere hierarchy.

While it is true that all energy can be converted to heat, it is not
true that one form of energy is substitutable for another in all situ-
ations. For instance, plants cannot substitute fossil fuel for sunlight
in photosynthetic production, nor can humans substitute sunlight
energy for food or water. It should be obvious that a characteristics
that makes an energy flow usable by one set of transformation pro-
cesses makes it unusable for another set. Thus, quality is related
to a form of energy and to its concentration; where higher qual-
ity is somewhat synonymous with higher concentration of energy
and results in greater flexibility. So, wood is more concentrated
than detritus, coal more concentrated than wood, and electricity
more concentrated than coal. As a consequence, the quality (con-
centration, wave-length, pulsing, etc.) of incoming energy makes
it able to drive different forms of complexity in recipient systems.
The emergy approach makes the quality assessment possible and
provides concepts and quantitative calculation procedures rooted
in systems ecology and irreversible thermodynamics.
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