Ecological Modelling 224 (2012) 18-24

Contents lists available at SciVerse ScienceDirect

Ecological Modelling

journal homepage: www.elsevier.com/locate/ecolmodel

Ecological state equation

Ricardo A. Rodriguez®*, Ada M. Herrera?, Riidiger Otto®, Juan D. Delgado¢, José M. Fernandez-Palacios®,
José R. ArévaloP

3 Fundacién Canaria Rafael Clavijo, Calle Ofra s/n, E-38320 La Laguna, Tenerife, Islas Canarias, Spain

b Departamento de Parasitologia, Ecologia y Genética, Universidad de La Laguna, Avda. Astrofisico Francisco Sdnchez, s/n. Campus de Anchieta, E-38071 Tenerife, Islas Canarias, Spain
¢ Area de Ecologia, Departamento de Sistemas Fisicos, Quimicos y Naturales, Facultad de Ciencias Experimentales, Universidad Pablo de Olavide, Ctra. de Utrera, km 1, E-41013 Sevilla,
Spain

ARTICLE INFO ABSTRACT

Article history:

Received 6 August 2011

Received in revised form 15 October 2011
Accepted 18 October 2011

The direct equivalence between ecology and thermodynamics has not been attained despite accepted
thermodynamic features of the ecosystem. This article explores the homeomorphism between ecology
and statistical mechanics by analysis of ruderal vegetation. In conventional thermostatistical algorithm,
the pro-kinetic effect of temperature on molecules was replaced by the anti-kinetic effect of species diver-
sity on biological individuals. The existence of an ecological equivalent of the thermodynamic Boltzmann
constant was empirically verified. From the relationship of this constant with biocenological variables,
we derived a probable ecological equation of state under stationary and quasi-stationary conditions. This
equation of state is homeomorphic with regard to the ideal gas state equation, and it is useful to infer
the value of some biocenological parameters whose direct measurement is difficult, as biomass, energy
and dispersal. According to these results, ecosystem assessment from conventional thermostatistics is
plausible and empirically verifiable. This approach offers useful analytical tools for the conservation and
restoration of ecosystems.
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1. Introduction

The background to the thermodynamic nature of ecosystems
dates back to 1887, and particularly to 1925 (Odum, 1968). How-
ever, with some exceptions (e.g. MacArthur, 1955; Odum, 1969),
references to the link between entropy and ecological informa-
tion, or diversity, are generally scarce in the literature. Subsequent
efforts to introduce thermodynamic approach into ecosystem ecol-
ogy have given rise to wider dissemination of the topic (Messer,
1992; Jergensen and Fath, 2004; Jergensen and Svirezhev, 2004;
Tiezzi, 2005; Ludovisi, 2006; Haegeman and Etienne, 2010), but the
parallelism between the two disciplines has yet to be consolidated.

There is no standard procedure to measure entropy content
of living systems (Aguilar, 2001; Aoki, 2006). This hinders the
application of an interdisciplinary approach in this field. Thus, con-
ventional physics seems, at the first sight, inadequate to describe
ecosystem dynamics (Ulanowicz, 2004). In principle, there are no
limits to the application of thermodynamic concepts to ecology
and the problem is to achieve direct homeomorphism between
thermodynamic and ecological models (Svirezhev, 2000).

This article explores such homeomorphism applying the laws
of physics, as nearly as possible, to ruderal vegetation. In physical
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terms, our main objective in this article is to explore whether the
thermodynamic equation of state (PV=NkgT, whose variables are
explained in Table 1) can be used as a precursor of an equivalent
ecological equation of state. All our results indicate that an empiri-
cally verifiable ecological equation of state can be obtained directly
from conventional thermodynamics.

2. Methods and theoretical foundations

Nine surveys (G1-G9) of 2-year-old bistratified ruderal vege-
tation were conducted in an approximately homogeneous area in
terms of ecological conditions. Sixty fixed 4m? plots were estab-
lished in accordance with a generally accepted criterion (Tilman,
1999). The spatial coordinates of the center point of each plot
was specified in an ad hoc system of coordinates, in meters. The
study area is located in the district “Guajara” (28°27'57.02"N;
16°18’05.98”"W) in Tenerife, Canary Islands. The field work was
performed from 07-25-2004 to 11-06-2005, with approximately
monthly sampling. In all surveys, all the individuals were counted
and systematically classified. In two surveys (G9 and replication in
an equivalent geographic area adjacent to G4) all individuals were
uprooted and grouped by species per plot to measure fresh weight
in kg. In five of the remaining surveys, biomass per plot was esti-
mated by uprooting as few plants as possible (3-5 individuals per
species or specimens of another species of equivalent size in the
case of rare species) in order to minimize the ecological impact.
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Table 1
Hypothetical homeomorphism between ecosystem ecology and thermodynamics.
Parameter Thermodynamics Ecology
s
Main state variable T(K) H=— g x-In ("ﬁ') (nats/individual)
i=1
Structural element Ideal gas molecule Individual

Individual mass

Indicator of velocity

Individual energy
Interactions between individuals for energy transmission
Type of interaction for energy transmission

Total energy

State of reference

Specifici) volume

Specific) pressure

Aggregate(,) pressure-volumen product
Boyle’s law

Charles’ law

Gay-Lussac’s law

Coordinates to calculate Boltzmann constant
Equation of state

m (kg) (constant for all the molecules of the
same kind of gas, N>, Hy, etc.)

v (m/s) (independent of m for all the molecules
of the same kind of gas, N,, Ha, etc.)

E=1/2m1?=1/2kpT8

Intermolecular collisions

Non-elastic, conservative; without any
tendency to establish intermolecular
associations

Constant, isolated system.
Equilibrium state
Visy=1/(mr/sy)

Py = (1 »U%)/V(S)

P'V(a) = P(S)»V(S)Nm = 2N(1/2m»v2)
(constant T): P-Vig) =k*
(constant P): V|T=k
(constant V): P/[T=k

kg: P, [(P-V(¢))/(N-T)]
P-Viqy=N-kg-T or,
2N(1/2m-v?)=N-kg-T

Fresh biomass, m, (kg) (variable even for
individuals of the same species that live
together)

I, (d) (Eq. (3)) (probably, inversely correlated
with me even for individuals of the same
species due to the multi-scale trade-off
biomass (m,) <> dispersal (I.) that is an
essential feature in the r-K life history theory)*®
Ee=1/2m, 12 =1/2k./H (4)8
Interspecific interactions

Elastic, non-conservative; with a tendency to
establish association (e.g. mutualism) as well
as repulsion (e.g. competence) that can be
mutually canceled at the aggregate scale (null
net effect) under stationary conditions (see
below)

Constant due to replenishment from outside.
Stationary state (“open equilibrum”)

Vets) = 1/(Met/so)

Pe(s) = (1- Ig )/Ve(s)

Pe - Vg(a) = Pe(s) . Ve(s) -N-me = 2N(1/2ﬂ1g IZ)
(constant H): Pe-Ve(q) = ki

(constant P,): V.-H=k

(constant Ve): Pe-H=k

ke: Pe(s)- [(PE'Ve(a)'I"I)/I\,)]1

Pe - Ve(a) =(N-ke)/H (5)"

or,2N(1/2m, -12) = (N - ke)/H (5)

Note: T: temperature. H: Shannon’s diversity index, value per plot or class mark (midpoint) of the range of H values per plot per macrostate, the replacing of the midpoint by
the mean yields equivalent results. S=number of species. k=a constant. N: total number of molecules or individuals. n; = number of individuals of species i. N= ¥n;. mr: total
physical mass (N-m). mer: total ecological mass (N-m.) per plot (), macrostate () or survey (s), depending on the studied scale. s;: physical space occupied by the gas. s,: mean
space per plot or macrostate in the ecosystem. kg: Boltzmann constant =1.3806504 x 10-23 J/K/molecule. k.: ecological equivalent of Boltzmann constant. ® This hypothetical
correlation, given that E. = 1/2m, - I2, could be one of the fundamental conditions for stationarity because if there is a trade-off between m, and I, then E, — constant at the
aggregate scale (for the ecosystem as a whole); this subject only can be stated as a hypothesis in advance here because it is complex enough to deserve an independent
analysis in a forthcoming article. $With 1 translational degree of freedom. *P-Vq) increases with T. TP,V decreases with H due to the anti-kinetic (therefore “ecologically
antithermic”) effect of diversity (Margalef, 1974; Odum, 1972). *See Fig. 1 as well as Table 3. **From the antithermic transformation of the equation on the left, according
to premise 2. In regard to ': the constant value of P,V for a constant value of H expresses the well-known denso-dependence of many ecological phenomena in physical

terms. That is to say, a same ecological assembling exerts a higher consumption pressure in a reduced space than in a wider one.

Biomass measurement for censuses G6 and G7 was impossible due
to adverse weather conditions. From the diversity per plot values,
we obtained 30 successive statistical distributions of density per
survey with biomass data, and 1 distribution per survey without
such data (212 distributions in total).

The division of ecosystem in many parcels of equivalent size is
arbitrary. On the contrary, the grouping of parcels according to its
diversity value can improve our description of ecosystem since any
complex system develops inhomogeneities which enable us to rec-
ognize groups of elements that are more similar to one another than
they are to the background (Levin, 1998). In fact, ecosystems have
a recognizable structure because they are composed of different
parts arranged in a definite pattern (Margalef, 1963).

Therefore, assuming a hierarchical functional structure of the
ecosystem (Nielsen, 2000; Ulanowicz, 2004; Miller, 2008), the
categories of H (diversity index of Shannon, 1948) of each distri-
bution were interpreted as alternative internal thermostatistical
macrostates within potential functional fluctuations of the com-
munity, each including several species configurations (microstates)
represented by their respective plots. For each microstate and
macrostate, the value of the variables (Table 1) was calculated.
Diversity calculations were performed using Primer-5.2.9 (Primer-
E Ltd., 2002). For statistical tests, Statistica-6 (StatSoft Inc., 2001)
was used.

According to Montero and Moran (1992), the stationary state is
for the analysis of open systems what equilibrium is for the analysis
of closed systems (premise 1); in both cases the mean values of state

variables are stable over time. The fundamental difference is that in
the first case there are internal gradients that act as force fields and
in the second there are not (Tschoegl, 2000). But if the gradients
are constant, this difference should not affect the description of the
ecosystem using the conventional thermodynamic algorithm.

In other words, the exchange of energy, substance and struc-
tural elements in an open system is not synonymous with change
(non-stationarity) when the input of resources is exactly or approx-
imately offset by the corresponding output (quasi-stationarity). In
this situation the constancy of the state variables resembles that of
a closed equilibrium state, and this stationary state can be inter-
preted as being in “open equilibrium” (gains = losses).

There have been several attempts to develop a theory of non-
equilibrium stationary states as a direct analogy of the theory
of states of equilibrium based on the Boltzmann approximation
(Filyukov and Karpov, 1967; Jaynes, 1980; Oono and Paniconi,
1998)evenin ecology (e.g. Shipley et al.,2006; He, 2010). According
to Trepagnier et al. (2004) and Komatsu et al. (2009), the prob-
abilistic distributions for non-equilibrium stationary states may
possibly be obtained from a general principle that is analogous to
that of equilibrium in statistical mechanics. This approach seems
to be fruitful in physics (e.g. Hyeon-Deuk and Hayakawa, 2003)
and should not be ignored because of its potential capacity to unify
different disciplines, especially if we consider that there is still no
consistent and generally accepted formalism to describe the behav-
ior of complex systems away from equilibrium (Wei, 1966; Lin,
1999; Dewar, 2003).
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Apparently, owing to the existence of inter-specific relation-
ships, the ecosystem does not meet the requirement of physical
independence between elements (resulting in a zero balance
between intermolecular forces of attraction and repulsion) nec-
essary for the ideal gases model of classical statistical mechanics,
where molecular interactions take place at random. However,
firstly, mutually negative and positive inter-specific relationships
(e.g. competition and mutualism, respectively) may tend to can-
cel each other out, with a zero balance net result in a large-scale
ecosystem. Secondly, since the publication of the unified neutral
theory of diversity (Hubbell, 1997, 2001) there is a growing ten-
dency to consider that diversity arises, at least in part, in a random
manner, which downplays the evolutionary and ecological role of
inter-specific relationships in ecology.

On the other hand, it is possible that the analytical importance
of the debate between determinism and stochasticity has been
historically overvalued in biology. For example, our conventional
knowledge about biological evolution would not have any sense
without a harmonious coexistence between the causality of the sur-
vival of the fittest and the randomness of mutation and Mendelian
inheritance. Something similar to this could take place in the ther-
modynamic analysis of ecosystem; perhaps randomness is the
norm within an analytical space enclosed by certain non-stochastic
general conditions, as the competitive exclusion principle or the
balance between trophic production and respiration, which can act
as the ecological equivalents of thermodynamic constraints.

It is therefore possible to assume that the ergodicity or space-
time transitivity (Birkhoff, 1931; Hopf, 1932; Aguilar, 2001) of the
states of equilibrium is applicable to ecology (e.g. Kerner, 1957)
in order to calculate an ergodic indicator (I.) of species disper-
sal activity in stationary ecosystems (hypothesis 1). The empirical
verification of I, coherence with what would be expected from
the physical point of view would allow extrapolating the rest of
the analytical algorithm from conventional thermodynamics to the
description of the ecosystem in a homeomorphic manner (hypoth-
esis 2). The empirical confirmation of both hypotheses depends on
the use of a biocenological variable to replace the role of tempera-
ture in the above-mentioned algorithm (see hypothesis 3, below).
In physical terms, we explore whether, through this replacement,
the thermodynamic equation of state (PV=NkgT, whose variables
are explained in Table 1) can be used as a precursor of an equivalent
ecological equation of state.

Shannon’s (H) information measure (Shannon, 1948) has proved
effective to estimate species diversity (Magurran, 2004). Lack of
information (uncertainty) and entropy are identical in essence
(Ayres, 1994). As a result, any increase of information has an
anti-entropic effect at local level (Rothstein, 1951; Brillouin, 1953;
Jaynes, 1957; Gallucci, 1973; Brissaud, 2005) generally linked to
reduced population fluctuations, or the talandic temperature of
the ecosystem (Margalef, 1974; Odum, 1972). These factors would
involve a reduction of I, with anti-kinetic effect. That is to say, an
inverse correlation between H and I, would indicate that diversity
reduces individual dispersal in a similar way as low temperature
reduces molecular movement (premise 2).

Therefore, the pro-kinetic role of temperature in the standard
thermostatistic algorithm could be replaced by the anti-kinetic
effect of species diversity (H) in biocenosis, thereby enabling
extrapolation of the algorithm to ecosystem modelling (hypothesis
3).

In order to calculate I, (for a species i in a plot j), the value of the
dispersal capacity (d) must be determined, as follows:

>t [\/ (% = %0)* (0 = Yh)* x 2 e/ (i + i)
dij= ) (1)

m

where d;; is the mean dispersal capacity of species i in plot j with
central geographic coordinates (x, y) within an ecological space s,
divided into m plots; i; is the abundance of i in plot j; iy is the abun-
dance of i in plot k; and i}, is the shared number of individuals of i in
plots j and k. The element on the left (Pythagorean theorem) of the
numerator in equation 1 for each plot is a measure of the physical
distance of j from m according to the spatial distribution of species
iin so. According to the degree of homogeneity of the abundance
of i for all the plots (Vm), this element on the left is adjusted by the
multiplier (2ij,,)/(ij + i), which is the Bray-Curtis similarity index
(Washington, 1984), (range 0-1). Therefore, the magnitude of the
ergodic indicator (I.) of the ecological dispersal activity of i in plot
jis:

d: :
Loij= <G',j) x 100, (2)

where o is the standard deviation of d;; (Eq. (1)).

Eq. (2) is the reciprocal of the coefficient of variation
(CV=0/u x 100) or the signal-to-noise ratio of d;;. Therefore I,;;
maintains the invariance to scale changes (spatial scale, in this
case) of the variation coefficient. This allows comparing I, values
obtained from different-sized ecosystems; a desirable feature since,
from the physical point of view, the same velocity can be mea-
sured in two trajectories of different lengths. The mean value of
the ergodic indicator of dispersal capacity for all the species S in
plotj is:

I = Z,’S:1 (Iei,j)’
S

Any species is represented by individuals in the ecological space,
and the statistical influence of the number of individuals per species
and plot on the value of I with respect to the entire ecological space
So is implicit in the overall distribution of values of (2i;)/(i; + ).
Therefore, the value of I, (Eq. (3)) can also be interpreted as an
indicator of the mean dispersal capacity per individual for plot j.
The parameter I, only acquires operative utility for ecosystem mod-
elling in Eq. (3) because this equation represents the minimum scale
of aggregation necessary to calculate the main state variable (H). For
the calculation of derived variables I, is expressed in dispersal units
(d).

Egs. (1)-(3) reflect two assumptions: (1) from conventional
mechanics, any living being can also be interpreted as a physical
object that invests a certain amount of trophic energy in move-
ment, proportional to [e. (2) It is not possible to estimate individual
trajectories from a momentary observation of any ecosystem. This
difficulty may be resolved by assuming the validity of hypothesis
1, i.e., a species with a wider and more homogeneous distribution
in an observational time interval At— 0 with regard to the suc-
cessional process is also one represented by individuals with faster
dispersal during an interval At>> 0 just before the observation. The
plausibility of both assumptions depends on the final empirical
results being consistent with the laws of physics and ecology.

From our knowledge of standard physics (Roller and Blum, 1986;
Aguilar, 2001) and combining hypotheses 2 and 3, we may infer the
homeomorphism summarized in Table 1.

(3)

3. Results

The entire study included 49,009 individuals, belonging
to 96 species, with a mean density of 22.731+1.761 (SE)
individuals/m? and a mean species diversity H=1.226 4+ 0.049 (SE)
nat/individual/plot. Mean fresh biomass was 0.541+0.025 (SE)
kg/plot (merp) and 0.049 £ 0.002 (SE) kg/individual/plot (me). The
mean value of I, considering all the 520 plots with observable veg-
etation was 61.146 +0.851 (SE) d/individual.
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Table 2

Adjustment of I, to gamma distribution () and linear correlations (r) I, vs. H (*).
Census n nct x2t pl r* p*
G1 59 9 0.740 0.864 —0.405 0.002
G2 59 6 0.699 0.403 —0.442 <0.001
G3 56 7 0.463 0.793 -0.251 0.063
G4 59 9 0.598 0.741 —0.446 <0.001
G5 54 9 1.295 0.730 —0.093 0.502
G6 60 9 2.036 0.565 -0.159 0.224
G7 60 6 0.202 0.653 0.087 0.507
G8 58 14 2.714 0.438 -0.619 <0.001
G9 59 9 1.586 0.662 —0.565 <0.001

Note: H: Shannon diversity per plot. I,: ergodic indicator of dispersal per plot (Eq.
(3)). n: number of plots. n.: number of categories of the distribution. x2: results of
the chi-square test. p: significance level.

In conventional statistical mechanics the values of molecu-
lar velocity (v) fit the gamma distribution represented by the
Maxwell-Boltzmann equation (Roller and Blum, 1986; Aguilar,
2001). In the present case, the distribution of I, values per plot per
survey fits the gamma distribution also (see T in Table 2, left sec-
tion). This supports the replacement of v by I, to calculate E, (see Eq.
(4), Table 1). The correlation between H and I, per set of plots and
survey is generally inverse and significant (see * in Table 2, right
section) except in the surveys G5, G6 and G7. This result confirms
the anti-kinetic (therefore “ecologically anti-thermic”) effect of H
under stationary conditions (premise 2). That is to say, biodiversity
tends to reduce individual dispersal (movement) in a similar way
as low temperature reduces molecular movement.

The linear fit of (Pe-Vyq)-H)/N with respect to P (Fig. 1)
has in general a low slope (n=7; mean b=0.124; 0.027% of
the range or 0.169% of the standard deviation of the ordinates
as a whole), as expected according to ecological transfor-
mation of the laws of gases (Table 1). The whole set of
regression equation intercepts (n=7) yielded a mean value
of ke=122.9543J¢/nat/individual/individual, where Je: 1 eco-
Joule =1 kg-d? (ad hoc unit), similar to kg x 102> =138.06504. If the
surveys G4 and G5 (Fig. 1, panels d and e) are excluded from the
analysis due to their deviation from the stationary state pattern (see
Table 3), the mean value of k. is 142.6260, which is also similar to
kg x 102> =138.06504. According to these observed mean values,
the value of k. is approximately equivalent to a change in the man-
tissa of kg of the order of 102>, with k. being the reduction of mean
energy (Ee = 1/2me - 12 = 1/2ke/H; see § in Table 1) per individ-
ual for each increment of H of one nat/individual (see T in Table 1
note). The mean values of (Pe-V,)-H)/N per plot also coincided
statistically with ke =1.3806504 x 102 Je/nat/individual/individual
(Table 3), except in G4 and G5.

There are not significant differences between the means of
PeVe(qy and (Nke)/H under stationary conditions (Fig. 2, censuses
G1-G5 and G8-G9). In regard to these same censuses, there are
not significant differences between the observed (mer,) and the
expected (m'erp =N - ke/I2 - H) mean values of the total biomass
per plot (Fig. 3a). There are not significant differences between the
observed (E. = 1/2m,I2) and the expected (E'. = 1/2k./H) mean
values of the eco-kinetic energy per individual per plot (Fig. 3b).
Starting from these three results it does not seem rational to reject
the plausibility of Eq. (5) (Table 1) as a probable state equation, at
least in the first instance.

4. Discussion

In general, the scatter of internal macrostates (Fig. 1) in regard
to Pe(s), (Pe-Vea)-H)/N resembles an isosceles triangle, much like
the scatter plot corresponding to the concurrent analysis of sev-
eral gases. However, in physical thermodynamics the apex of the

triangle is oriented to the left of P, while in ecological thermody-
namics (Fig. 1) the apex is oriented to the right of P probably due
to the anti-thermic effect of H.

It would be expected that, under conditions of perfect stationar-
ity,r~0,b~0and p > 0.05 for any estimation of k.. The present case
(Fig. 1) does not fulfill this combination of requirements in an exact
way. Nevertheless, this expectation is neither observed exactly in
regard to the empirical estimation of kg in the real gases. The main
conventional thermostatistical factor in this regard is the adjust-
ment of the scatterplot to a regular pattern, as well as the statistical
tendency to a same value (kg =1.3806504 x 10~23 J/K/molecule) in
any state of equilibrium. Fig. 1 and Table 3 indicate that these con-
ditions are fulfilled in this case attending to k. In addition, the
results of Figs. 2 and 3 reflect more general criteria in favor of the
plausibility of the ecological state equation (Eq. (5)).

The estimation of k. (Fig. 1) as well as the internal consistency
of the state equation (Figs. 2 and 3) have been assessed through the
statistical treatment of the same data. This could be seen as a case of
analytical circularity. However, such a presumption is compensated
if we take into account that applying a uniform methodology to all
censuses we can obtain results as much in favor (G1-G3 and G8-G9)
as against (G4-G5) stationarity. Additionally, it is important to take
into account that there is also a certain level of analytical circularity
in thermodynamics itself, without any significant damage to the
prestige of this science: “in practice the criterion for equilibrium is
circular. Operationally, a system is in equilibrium state if its properties
are consistently described by thermodynamic theory” (Callen, 1985,
p. 15).

The same criterion has been applied in this case. That is to say,
ecosystem has been considered as stationary or quasi-stationary (it
does not change or change very slowly) whenever PeV, ) ~ (Nk.)/H.
Under these conditions, using variables that are relatively simple to
measure empirically, such as diversity (H), species abundance (N)
and spatial coordinates (x, y), it is possible to calculate the mean
value per plot of other variables that are usually very difficult to
measure, such as biomass (me.) or energy (E¢), by means of the
algebraic transformation of the equation of state (5), (Figs. 2 and 3).

The sequence of the total number of individuals per census
(N¢) from G1 to G9 (G1: 308, G2: 319, G3 193, G4: 406, G5: 160,
G6: 23,055, G7: 19,805, G8: 2618, G9: 1995) indicates that in G6
(Nc-=23,055) and G7 (N:=19,805) there must have been a substan-
tial increase in biomass per plot (m.p). This indicates a probable
absence of stationarity in G6 and G7. This can be a plausible expla-
nation to the non-significant inverse correlation between I, and H
in G6 and G7 (Table 2), as well as in G5. That is to say, at the first
sight, the opposite correlation between I, and H (anti-kinetic or
“anti-thermic” effect of H) could be used as a previous indicator of
stationarity to decide the application of the state equation to esti-
mate variables that are usually very difficult to measure directly in
practice (e.g. biomass).

This article focuses on stationary or quasi-stationary ecosystems
(with a minimum rate of change) and this can be seen as one lim-
itation of this approach. However, assuming that stationary states
of open systems produce minimal entropy (Prigogine’s theorem:
Aguilar, 2001; Prigogine et al., 1972), these states should predom-
inate naturally. As an example, in this study most surveys (5 of 7)
with biomass values show stationarity. In fact, the predominance
of stationary states in nature underlies all classification of ecosys-
tems: if changes in biotic communities (non-stationarity) were too
dynamic, we would be unable to identify any typical features of a
given ecosystem, such as a rainforest, a coral reef, a ruderal com-
munity, a desert, and so on. Moreover, according to Schumpeter
(1982), a non-stationary process can be described as a succession
of relatively short stationary states (this procedure is known as
comparative statics in economics). This can be also considered as a
plausible alternative application of our proposal.
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Fig. 1. Estimated value of k.. (a—e) Censuses G1-G5. (f-g) Censuses G8-G9. The regression coefficients (b) of the regression equations tend to be low (n=7; mean b=0.124;
0.027% of the range or 0.169% of the standard deviation of the ordinates as a whole), as expected according to ecological transformation of the laws of gases (Table 1). The
whole set of regression equation intercepts (n="7) yielded a mean value of k. = 122.9543 J./nat/individual/individual, similar to ks x 102> =138.06504. If the surveys G4 and
G5 (panels d and e) are excluded from the analysis due to their deviation from the stationary state pattern (see Fig. 2a and b), the mean value of k. is 142.6260, which is

also similar to kg x 1025 =138.06504. Table 3 provides additional evidences of the lack of significant differences between the empirically determined mean value of k. and
138.06504 as a reference value for the plots surveyed.

Table 3

Comparison between the mean values (1) of (Pe-Ve(q)-H)/N and kg x 10?° = 138.06504 as a reference value at the plot level.
Census i s.d. n s.e.m. Reference value t p
G1 145.597 84.150 55 12.021 138.06504 0.627 0.534
G2 138.555 94.058 57 12.458 138.06504 0.039 0.969
G3 148.542 85.693 46 12.635 138.06504 0.829 0.411
G4 272.703 341.160 59 44.415 138.06504 3.031 0.004*
G5 69.405 40.935 42 6.316 138.06504 -10.870 1.2E-13*
G8 154.593 79.630 60 10.280 138.06504 1.608 0.113
G9 200.007 347.910 60 44915 138.06504 1.379 0.173

Note: The mean values of (P.-V,q)-H)/N were only statistically different from the reference value in surveys G4 and G5 (considered non-stationary states according to Fig. 2).
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Fig. 2. (a) Means (+1 SE) of (P.Ve)q) and (Nk.)/H) at the macrostate level. (b) Means (+1 SE) of (P, V. )y and (Nke)/H at the plot level. *p <0.05 between (PeVe)q) and (Nk)/H
for the respective census. The non-significant differences in G1, G2, G3, G8 and G9 are consistent with the expected pattern for a state equation of the type (PeVe)q) = (Nke)/H

or 2N(1/2m,I2) = (Nk.)/H (Eq. (5), Table 1) under stationary conditions.
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oy = Nk /I2H) values of total biomass per plot. (b) Means (+1 SE) of the observed (E. = 1/2m.I?) and

expected (E. = 1/2k./H) values of the individual eco-kinetic energy per plot. *p <0.05 between E, = 1/2m,I? and E. =1/2k./H for the respective census. The non-significant
differences in G1, G2, G3, G8 and G9 are consistent with the expected pattern for a state equation of the type (PeVe)q) =(Nke)/H or 2N(1/2m.I2) = (Nk.)/H (Eq. (5), Table 1)

under stationary conditions.

The fact that an ecosystem is not a totally random entity (albeit
being a very complex system) but a deterministic one does not
change significantly the main scheme from Table 2 and Eq. (5):
that, under stationary conditions, diversity (or information) has an
“anti-kinetic” effect (reduction of I.).

Certain doubts about the application of this approach to more
complex systems in which the movement of individuals could be a
dominant feature are completely expectable. Obviously, the analyt-
ical treatment of these doubts completely depends on the chosen
definition of “complexity”. By general norm, complexity in ecology
is implicitly identified with ecosystems of high diversity. In addi-
tion, as we can see in Table 2, dispersal (I, Eq. (3)) is correlated
with diversity (H) in an inverse fashion. That is to say, if we subor-
dinate the validity of this model to movement intensity, then the
model has been tested, with apparent good results, in a ruderal
ecosystem with relatively low diversity and high dispersal activity
at the first trophic level. In other words, complexity does not seem
to be associated with high dispersal, but just the opposite. Entropy
is to be thought of as ‘spread’ because high entropy means that the
elements of an assembly are spread over a wide range of energy lev-
els (Guggenheim, 1967; Dugdale, 1998). Therefore, if diversity (H)
has and anti-entropic effect (see references with regard to premise
number 2 in Section 2) on an environment with gradients that mean
different energy levels, then the reduction of dispersal activity with
the increment of diversity is the expected.

On the other hand, if our model is valid for the first trophic level,
then there is a plausible possibility that it could be also valid for the
remaining levels, because the consumers depend on the produc-
ers: “we are forced to compute our diversity through samples of the

community (...). Nevertheless, there is evidence that the more inclu-
sive structure is reflected in the composition of these selected parts”
(Margalef, 1963, p. 358). It is possible that the main methodological
change in this regard would have to be an increment of the spatio-
temporal scale of sampling to compensate the individual mobility
of the consumers.

Certainly, the great animal migrations are the major exhibitions
of dispersal in nature. But a migratory system is, by definition,
in a non-stationary state since it is in movement through a non-
constant gradient between two zones with different environmental
characteristics. Therefore, given the boundary conditions sketched
in this article, our model is clearly not applicable to this last situa-
tion.

5. Conclusions

According to our results, ecosystems can be modelled starting
directly from conventional statistical mechanics. The advantages of
this approach are: (a) simplicity, (b) interdisciplinary consistency,
(c) low level of algebraic complexity, (d) extensive possibilities for
empirical testing.

This approach offers some potential answers to several
important questions for the restoration and conservation of
ecosystems, e.g. What is the preliminary indicator of stationar-
ity under natural conditions? (Answer: an inverse and significant
correlation between I, and H); Is there any standard quanti-
tative interaction indicative of ecological change? (Answer: a
breakdown of the equivalence PeVe(g) = Nk./H towards lower sta-
ble diversity indicates ecological deterioration); What is the
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elemental trophodynamic impact of diversity loss? (Answer:
138.06504 Je/nat/individual/individual). The potential ecological
importance of these answers should not be underestimated.

Taking into account the relative simplicity of the studied subsys-
tem (only one taxocene) the presented approach would seem too
simple with regard to ecosystems of high complexity, e.g. a tropical
forest. However, Eq. (5) can be considered a description of a sim-
ple ecological structure which, replicated thousands of times and
interconnected at many hierarchical levels, can be the elemental
functional unit of very complex ecosystems.

The authors of this article have a residual uncertainty about the
application of this analytical procedure to any kind of stationary
ecosystem. Nevertheless, this is precisely one of the main aims of
the present article: to offer this idea to a wider empirical scrutiny
with the goal of fixing the validity limits of our results in consistency
with the boundary conditions sketched in this article.

This approach can probably be improved, but the important fac-
tor is that the application of a well known algorithm provides a
pattern that can be quantified and empirically verified; these could
be useful as benchmarks for evaluating radical or gradual envi-
ronmental change. According to Brown et al. (2002), a theory of
diversity that explains the variety of living things and ecological
systems in terms of relatively simple principles is one of the great-
est challenges to modern science. The approach exposed here could
be, perhaps, an additional step to reach such an ambitious goal,
whit the added benefit of its coherence with the thermodynamic
foundation of the conventional ecosystem ecology.

Acknowledgements

The authors wish to thank Drs. Manuel Antonio Gonzalez de
la Rosa and Marta Gonzdlez Hernandez, as well as the “Fundacién
Canaria Rafael Clavijo”, for personal, institutional and financial sup-
port which allowed us to carry out this research. We also thank José
Juan Caceres Hernandez for his guidance on the statistical treat-
ment of data. The manuscript was significantly improved from the
comments of Bryan D. Fath and two anonymous reviewers. Finally,
our special thanks are due to Michael Lee McLean who undertook
the daunting task of translating the text into English.

References

Aguilar, J., 2001. Curso de Termodindmica. Alambra Universidad, Madrid.

Aoki, 1., 2006. Min-Max principle of entropy production with time in aquatic com-
munities. Ecol. Complex. 3, 56-63.

Ayres, R.U., 1994. Information, Entropy and Progress. A New Evolutionary Paradigm.
American Institute of Physics Press, New York, pp. 35-36.

Birkhoff, G.D., 1931. Proof of the ergodic theorem. Proc. Natl. Acad. Sci. U.S.A. 17,
656-660.

Brillouin, L., 1953. The negentropy principle of information. J. Appl. Phys. 24,
1152-1163.

Brissaud, J.-B., 2005. The meaning of entropy. Entropy 7, 68-96.

Brown, J.H., Gupta, V.K,, Li, B.-L., Milne, B.T., Restrepo, C., West, G., 2002. The fractal
nature of nature: power laws, ecological complexity and biodiversity. Philos.
Trans. R. Soc. Lond. B 357 (1421), 619-626.

Callen, H.B., 1985. Thermodynamics and an Introduction to Thermostatistics. Wiley
& Sons Inc., Singapore, pp. 14-15.

Dewar, R., 2003. Information theory explanation of the fluctuation theorem, max-
imum entropy production and self-organized criticality in non-equilibrium
stationary states. J. Phys. A 36, 631-641.

Dugdale, J.S., 1998. Entropy and its Physical Meaning. Taylor & Francis, London, p.
101.

Filyukov, A.A., Karpov, V.Y., 1967. Description of steady transport processes by the
method of the most probable path of evolution. J. Eng. Phys. Therm. 13, 624-630.

Gallucci, V.F., 1973. On the principles of thermodynamics in ecology. Annu. Rev. Ecol.
Syst. 4, 329-357.

Guggenheim, E.A., 1967. Thermodynamics, an Advanced Treatment for Chemists
and Physicists. North Holland Publishing Company, Amsterdam.

Haegeman, B., Etienne, R.S., 2010. Entropy maximization and the spatial distribution
of species. Am. Nat. 175, E74-E90.

He, F., 2010. Maximum entropy, logistic regression, and species abundance. Oikos
119, 578-582.

Hopf, E., 1932. Complete transitivity and the ergodic principle. Proc. Natl. Acad. Sci.
U.S.A. 18, 204-209.

Hubbell, S.P., 1997. A unified theory of biogeography and relative species abundance
and its application to tropical rain forests and coral reefs. Coral Reef 16, S9-S21.

Hubbell, S.P., 2001. The Unified Neutral Theory of Biodiversity and Biogeography.
Princeton University Press, New Jersey.

Hyeon-Deuk, K., Hayakawa, H., 2003. Kinetic theory of a dilute gas system under
steady heat conduction. J. Phys. Soc. Jpn. 72, 1904-1916.

Jaynes, E.T., 1957. Information theory and statistical mechanics, I. Phys. Rev. 106,
620-630.

Jaynes, E.T., 1980. The minimum entropy production principle. Annu. Rev. Phys.
Chem. 31, 579-601.

Jorgensen, S.E., Fath, B.D., 2004. Application of thermodynamic principles in Ecology.
Ecol. Complex. 1, 267-280.

Jorgensen, S.E., Svirezhev, Y.M., 2004. Towards a Thermodynamic Theory for Eco-
logical Systems. Elsevier Science B.V., Amsterdam.

Kerner, E., 1957. A statistical mechanics of interacting biological species. Bull. Math.
Biophys. 19, 121-146.

Komatsu, T.S., Nakagawa, N., Sasa, Sh-1., Tasaki, H., 2009. Representation of nonequi-
librium steady states in large mechanical systems. J. Stat. Phys. 134, 401-423.

Levin, S.A., 1998. Ecosystems and the biosphere as complex adaptive systems.
Ecosystems 1, 431-436.

Lin, S.-K., 1999. Diversity and entropy. Entropy 1, 1-3.

Ludovisi, A., 2006. Use of thermodynamic indices as ecological indicators of the
development state of lake ecosystems: specific dissipation. Ecol. Ind. 6, 30-42.

MacArthur, R.H., 1955. Fluctuations of animal populations and a measure of com-
munity stability. Ecology 36, 533-536.

Magurran, A.E., 2004. Measuring Biological Diversity. Blackwell Publishing Inc.,
Malden.

Margalef, R., 1963. On certain unifying principles in Ecology. Am. Nat. 97, 357-374.

Margalef, R., 1974. Ecologia. Omega S.A., Barcelona, pp. 871-872, 875-876.

Messer, ., 1992. Statistical mechanics of terrestrial ecosystems. Ecol. Model. 63,
319-323.

Miller 111, W., 2008. The hierarchical structure of ecosystems: connections to evolu-
tion. Evol. Educ. Outreach. 1, 16-24.

Montero, F., Mordn, F., 1992. Biofisica, Procesos de Autoorganizacién en Biologia.
Eudema, S.A., Madrid, pp. 48-49.

Nielsen, S.N., 2000. Thermodynamics of an ecosystem interpreted as a hierarchy of
embedded systems. Ecol. Model. 135, 279-289.

Odum, E.P., 1968. Energy flow in ecosystems: a historical review. Am. Zool. 8, 11-18.

Odum, E.P,, 1969. The strategy of ecosystem development. Science 164, 262-270.

Odum, E.P., 1972. Ecologia. Nueva Editorial Interamericana, México, D.F, pp. 37-41.

Oono, Y., Paniconi, M., 1998. Steady state thermodynamics. Prog. Theor. Phys. S130,
29-44.

Prigogine, 1., Nicolis, G., Babloyantz, A., 1972. Thermodynamics of evolution. Phys.
Today 25 (11), 23-28, 25 (12), 38-44.

Primer-E Ltd., 2002. Primer-5.2.9. Plymouth, UK.

Roller, D.E., Blum, R., 1986. Fisica. vol. 1, Mecanica, Ondas y Termodindmica. Reverté,
S.A., Barcelona, pp. 687-778.

Rothstein, ., 1951. Information, measurement and quantum mechanics. Science 114,
171-175.

Schumpeter, J.A., 1982. Historia del Analisis Econémico. Ariel, S.A., Barcelona, p.
1015.

Shannon, C.E., 1948. A mathematical theory of communication. Bell. Syst. Tech. ]. 27,
379-423.

Shipley, B., Vile, D., Garnier, E., 2006. From plant traits to plant communities: a
statistical mechanistic approach to biodiversity. Science 314, 812-814.

StatSoft, Inc., 2001. STATISTICA (Data Analysis Software System), Version 6. StatSoft,
Inc., Tulsa.

Svirezhev, Y.M., 2000. Thermodynamics and ecology. Ecol. Model. 132, 11-22.

Tiezzi, E., 2005. Towards a thermodynamic theory for ecological systems. Ecol.
Model. 188, 492-493.

Tilman, D., 1999. Diversity and production in European grasslands. Science 286,
1099-1100.

Trepagnier, E.H., Jarzynski, C., Ritort, F., Crooks, G.E., Bustamante, CJ., Liphardt,
J., 2004. Experimental test of Hatano and Sasa’s nonequilibrium steady-state
equality. Proc. Natl. Acad. Sci. U.S.A. 101, 15038-15041.

Tschoegl, N.W., 2000. Fundamentals of Equilibrium and Steady-State Thermody-
namics. Elsevier Science B.V., Amsterdam, pp. 6-7.

Ulanowicz, R.E., 2004. On the nature of ecodynamics. Ecol. Complex. 1, 341-354.

Washington, H.G., 1984. Diversity, biotic and similarity indices: a review with espe-
cial relevance to aquatic ecosystems. Water Res. 18, 653-694.

Wei, J., 1966. Irreversible thermodynamics in engineering. Ind. Eng. Chem. 58, 55-60.





