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Abstract

The complex pattern of vegetation is the macroscopic manifestation of biological diversity and the ecological order
in space and time. How is this overwhelmingly diverse, yet wonderfully ordered spatial pattern formed, and how does
it evolve? To answer these questions, most traditional approaches have been empirical and inductive, based primarily
on vegetation classification and gradient analysis. In contrast, here we develop a statistical thermodynamic model of
the organizational order of vegetation (OOV) that can be used to derive vegetation patterns at large scales. We define
OOV as a thermodynamic measure of the degree of structural and functional self-organization of natural vegetation
in a given environment, which is related to the complexity and stability of ecosystems. The model unites OOV,
ecosystem entropy, actual annual evapotranspiration, and mean annual temperature in the same thermodynamic
framework. We use the model to calculate OOV values for major world biomes and derive their global pattern. The
vegetation gradients predicted by the model contain the major ecoclines empirically identified by Communities and
Ecosystems (1975) 385. In addition, the thermodynamic model predicts more gradients of ecosystems at the global
scale, which provides theoretical insights into large-scale vegetation pattern analysis. This paper demonstrates that, as
we deal with the complexity, diversity, and heterogeneity of ecological systems, statistical and non-equilibrium
thermodynamics may serve as both a theoretical framework and a practical modeling approach to integrate patterns
and processes across scales. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction vegetation as a crucial part of biodiversity is the
result of interactions among numerous biological
and physical factors; on the other hand, it pro-
vides the fundamental basis for the diverse and
complex functionings of ecosystems. While earlier

vegetation studies mainly aimed to understand

The study of the diversity and complexity of
vegetation pattern has long been an essential and
fascinating topic in ecology. On the one hand,
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how climatic and soil conditions determine the
distribution of vegetation types, recent research
has focused on biological diversity, pattern and
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process, patch dynamics, and spatiotemporal veg-
etation dynamics (Pickett et al., 1987, Wu and
Levin, 1994; Crawly, 1997). How do species form
diverse vegetation types that exhibit spectacular
patterns in space and time over a wide range of
scales? This remains a fascinating, yet challenging
question in ecology today (May, 1986; Currie,
1991 Levin, 1999). Undoubtedly, the structure,
functioning, and dynamics of vegetation are com-
plex, and the complexity of vegetation results
from a hierarchy of causes and mechanisms over a
range of scales (Pickett et al., 1987; Wu and
Loucks, 1995). Simplification is the key to achiev-
ing any understanding of complexity (Wu, 1999),
and thermodynamics provides a suite of theories
and methods to simplify and understand complex
phenomena (Nicolis and Prigogine, 1989;
Jorgensen et al., 1992; Schneider and Kay, 1994;
Jorgensen, 1997; Miiller, 1997; Ulanowicz, 1997).

Ecosystems are essentially dissipative systems
whose order and metastability in structure and
functioning are maintained through continuous
negative entropy fluxes from their environment
(Nicolis and Prigogine, 1977; Naveh, 1987; Naveh
and Lieberman, 1984 O’Neill et al., 1986; Wu,
1991, 1999; Li, 2000). In the past several decades,
numerous studies in a variety of fields have indi-
cated that the principles and methods of statistical
and non-equilibrium thermodynamics not only
are suitable for physical and chemical systems,
but also can be used to understand the pattern
and process of ecosystems (e.g. Frédnzle, 1994;
Schneider and Kay, 1994; Jergensen, 1997,
Miiller, 1997). In this paper, we develop a mathe-
matical model of the organizational order of natu-
ral vegetation using a statistical thermodynamic
approach. The organizational order of vegetation
(O0V) is a thermodynamic measure of the degree
of structural and functional self-organization of
natural vegetation in a given environmental set-
ting, which is related to the complexity and stabil-
ity of ecosystems. First, we develop the
thermodynamic equation for OOV and discuss its
mathematical properties and ecological implica-
tions. Second, based on the OOV equation we
derive a series of criteria and conditions for de-
tecting the existence and variation of vegetation
pattern. Finally, to enhance our understanding of

large-scale vegetation pattern and complexity
from a thermodynamic perspective, we compute
the OOV values for 22 major world biomes that
were identified by Whittaker (1975), and deduce
the global pattern of vegetation distribution in
terms of OOV gradients.

2. A statistical thermodynamic model of the
organizational order of vegetation

Statistical thermodynamics relates average
molecular properties to macroscopic thermody-
namic properties such as temperature, pressure,
work, heat, and entropy, and its goal is to under-
stand and interpret the macroscopic properties of
systems in terms of the properties of their con-
stituent particles (Hill, 1960; Callen, 1985). Thus,
statistical thermodynamics couples attributes of
systems at different scales. To develop a statistical
thermodynamic model of vegetation pattern, we
start with the well-known Boltzmann equation,
which describes the relationship between the en-
tropy and order of an isolated or closed system
ie.

S=kInW (1)

where S is the entropy of a system, k is Boltz-
mann’s constant (k =1.3805 x 10~2* JK 1), and
W is the ‘number of complexions’ of the system or
the probability of a collection of system states
(Atmar, 2001). In a hierarchical system (e.g.
cells — tissues — organs — individuals — populations
—communities), W generally decreases with in-
creasing organizational levels; that is the total
number of patterns that can possibly be formed
by the components declines at each higher level.
In other words, the organizational order of the
system increases and more ‘organized’ spatiotem-
poral patterns, as opposed to random or disor-
derly variations, emerge at higher levels.
According to Boltzmann’s order principle, an
increase in system’s entropy necessarily and posi-
tively corresponds to a decrease in system’s orga-
nization, and W in Eq. (1) can be understood as a
micro-scale measure of the macro-scale disorder
of the system. Furthermore, a thermodynamic
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equilibrium is reached when entropy increases to
its maximum (and so does the number of com-
plexions) in isolated systems, whereas in closed
systems equilibrium structures (e.g. crystal struc-
tures) can be formed when the free energy (free
energy = total energy — temperature x system en-
tropy) reaches a minimum value. Boltzmann’s
order principle is not applicable to dissipative
structures such as ecosystems that are open and
far from the thermodynamic equilibrium. How-
ever, when the concept of negative entropy is
introduced, as in Schrodinger (1944) and Nicolis
and Prigogine (1977), Boltzmann equation can be
used to describe open systems that have constant
energy and material exchanges with environment.
In this case, instead of using S to measure the
degree of system disorganization, — S can be
related to the degree of system organization.

Let us assume that ecosystems can be studied as
thermodynamic systems composed of a large num-
ber of biological particles (organisms) and that the
large-scale patterns of natural vegetation are mani-
festations of the steady states these biological
particles have reached in relation to their environ-
ment. At the first glance, these assumptions may
seem overly simplified and hard to be justified
ecologically. However, similar assumptions have
been successfully used in other studies. For exam-
ple, Durrett and Levin (1994a,b) modeled ecosys-
tems as particle systems to understand how
large-scale patterns emerge as the results of local-
scale interactions (also see Levin (1999)), while
Volterra (1926) treated predator and its prey popu-
lations as particles to explore the behavior of the
ecological community. Based on the above statisti-
cal thermodynamic assumptions of ecosystems, we
can derive the equation for the OOV by modifying
the Boltzmann equation, which takes the following
form:

—S=klIn(l/W) 2

where — S is the negative entropy required for the
development and maintenance of vegetation
(JK 1Y, k is the Boltzmann’s constant, and In(1/
W) is defined as the OOV, which may be perceived
as a macroscopic, thermodynamic representation
of the steady state reached between vegetation and
its environment over large spatial and temporal
scales.

Eq. (2) indicates that the order of vegetation
can be measured by the total sum of entropy
fluxes generated by biotic and abiotic components
of the ecosystem. However, to apply this equa-
tion, we must be able to quantify — S. Empirical
ecological data have shown that the large-scale
patterns of vegetation distribution, primary pro-
ductivity, and species richness tend to be posi-
tively correlated to the actual evapotranspiration
(AET) of ecosystems (e.g. Holdridge, 1947,
Rosenzweig, 1968; Whittaker, 1975; Currie and
Paquin, 1987; Currie, 1991). Thus, we can assume
that, at large spatial scales, the negative entropy
produced through the actual AET of ecosystems
constitutes the major portion of — S in Eq. (2).
From a thermodynamic perspective, the negative
entropy generated by AET is dependent on the
phase transition from liquid water to water vapor
in ecosystems. Therefore, to approximate ecosys-
tem’s negative entropy using AET, we have:

— S=JyAAET/T (3)

where 4 is the latent heat of vaporization for
water (2.4987 x 10° J g— 1), y is the specific gravity
of water (1.0 gcm ~3), A4 is the area of the ecosys-
tem (cm ~?), AET is the actual evapotranspiration
(cm), and T is the thermodynamic or absolute
temperature in Kelvin (K).

From Eq. (2) and Eq. (3), we obtain a general
equation of the OOV:

OOV = In(1/W)=hAAET/T 4)

where OOV is the organizational order of vegeta-
tion, and /= Ay/k = 1.8099 x 10%¢ (K cm ~2).
From Eq. (4), we can make the following infer-
ences: (1) In the three-dimensional thermody-
namic state space formed by 4, AET and 7, OOV
is a holistic measure of the large-scale organiza-
tion of ecosystems, describing the statistical ther-
modynamic steady state that is created and
maintained by the interactions among a large
number of biological particles and their environ-
mental constraints on multiple scales. (2) In a
non-equilibrium thermodynamic framework, the
order of vegetation is positively related to the area
and the actual AET, but negatively related to the
thermodynamic temperature, of ecosystems. (3)
The validity of Eq. (4) is supported by dimen-
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sional analysis and empirical data obtained at
large spatial scales (e.g. regional and global), and
thus it should be applicable to the study of the
order of vegetation and its spatial patterns at
these scales. (4) The values of OOV, typically
large as with many thermodynamic variables,
each corresponding to a point in the thermody-
namic state space, change continuously and
nonlinearly.

Let’s suppose that A4 is a constant: 4,=0.1 ha
(i.e. 107 cm?), which is the sample area frequently
used by Whittaker (1975) in his gradient analysis
of vegetation. Imagine a reference point that cor-
responds to this area in the two-dimensional ther-
modynamic state space composed of AET and T.
The value of OOV at this reference point (OOV,)
can be expressed as: OOV,=hAAET/T=hb,
where h’=1.8099 x 10** Kcm ! and b= AET,/
T,; b may be interpreted as a measure of the
efficiency of negentropy production by evapotran-
spiration at the reference point. If OOV represents
the value of the OOVat any point in the AET-T
thermodynamic state space, then we obtain the
following equation that describes the deviation
between this arbitrary point and the reference
point:

OOV’ = 00V — 00V, = h'(AET/T — b) )

Here, we term OOV’ the gradient of the OOV.
The importance and utility of Eq. (5) will be
explored in the following sections.

3. Thermodynamic conditions for vegetation
development and OOV gradients

In Section 2, we derived the equations for the
OOV and its gradient (OOV’) in terms of A, AET
and thermodynamic temperature (7°) of ecosys-
tems. In the following, we will analyze these equa-
tions and deduce the general thermodynamic
conditions for the existence of vegetation and its
gradients.

From Eq. (4) and Eq. (5), it is evident that,
when the thermodynamic temperature of ecosys-
tems (7) is zero, the term, AET/T, is meaningless,
and so is OOV. Whenever there exists vegetation,
A and AET must be larger than zero, and thus

OOV > 0. At large scales, different vegetation
types should have their characteristic values of
OOV as the result of plant—environment interac-
tions and thermodynamics constraints. From Eq.
(5), we can make the following inferences:

(1) When the value of OOV in the AET-T
two-dimensional state space is equal to that of the
reference point (OOV,), there does not exist a
gradient of the order of vegetation (i.e. OOV’ =
0). This is a thermodynamic description or quan-
tification of spatial (and temporal) homogeneity
of vegetation, or the stability of vegetation order.
While the order of vegetation is determined pri-
marily by the ratio of AET/T, a relationship of
equivalence exists between AET and 7 a change
of 1 cm in AET is equivalent to a change of b in
T. Thus, the order of vegetation may still be the
same for two ecosystems which have different
AET and T, but the same ratio of AET to T.

(2) If OOV’ <0 ie. i’ (AET/T—b) <0, then
AET/T < b. This indicates a decreasing gradient
of the order of vegetation moving away from the
reference point in the AET-T state space. There
are five possibilities for the formation of this
gradient: (i) AET decreases, T increases, thus
OOV’ <0; (ii) AET decreases, T remains un-
changed, thus OOV’ <0; (iii) AET and T both
decrease, but the former decreases faster than the
latter, again resulting in OOV’ < 0; (iv) AET re-
mains unchanged, 7 increases, thus OOV’ <O0;
and (v) both AET and T increase, but the latter
increases faster than the former, thus leading to
OO0V’ <0.

(3) If OOV’ >0 i.e. i’ (AET/T—b) >0, then
AET/T > b. This indicates an increasing gradient
of the order of vegetation moving away from the
reference point in the AET-T state space. There
are also five possibilities in this case: (i) AET
increases, 7 decreases, thus OOV’ > 0; (ii)) AET
increases, 7' remains unchanged, thus OOV’ > 0;
(iii) AET and T both increase, but the former
increases faster than the latter, thus OOV’ > 0;
(iv) AET remains unchanged, 7 decreases, thus
OOV’ > 0; and (v) both AET and T decrease, but
the latter decreases faster than the former, thus
OO0V’ > 0.

The above inferences provide a thermodynamic
basis for describing large-scale vegetation patterns
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and detecting vegetation gradients in terms of the
OOV. By calculating the surface (or time series) of
OOV, we can analyze the variation of vegetation
in space (or time). In the following section, we
will demonstrate how to use the thermodynamic
models (Eq. (4) and Eq. (5)) and the associated
inferences to deduce the organizational order and
patterns of global vegetation.

4. Global pattern of the organizational order of
vegetation

4.1. Organizational order of global vegetation
types

Taking an inductive and empirical approach,
Whittaker (1975) elegantly depicted the pattern of
22 major world biomes in a two-dimensional co-
ordinate system composed of mean annual precip-
itation and mean annual temperature, and
identified four major ecoclines i.e. gradients of
communities-and-environments or gradients of
ecosystems on a world-wide scale. Undoubtedly,
Whittaker’s seminal work was monumental in
vegetation science, and has had enormous impacts
on generations of ecologists until today. However,
Whittaker’s model is purely empirical. His coordi-
nate system is of the Newtonian space in which
variables are independent, and is only meaningful
for delineating the boundaries between vegetation
classes. As a consequence, vegetation types in this
coordinate system are not directly comparable.
Furthermore, although the four global vegetation
gradients observed by Whittaker are exemplary
and ecologically profound, with such empirically
based, inductive approaches it is difficult, if ever
possible, to answer the question: Are there other
possible ecoclines?

Here, we attempt to address these problems
using the thermodynamic models developed in the
previous sections. First, let’s consider how to ob-
tain the values of AET in the thermodynamic
models at the global scale. From empirical studies
of terrestrial systems, we know that the mean
annual AET of ecosystems is equal to the mean
annual precipitation (PR) minus the sum of the
mean annual surface runoff (SR) and the mean

annual penetration (AP) into soil and ground
water (e.g. Seller, 1965). Because we do not have
data on SR and AP, in the following calculations,
we assume the relationship: AET = PR, where 7
represents the percentage of annual precipitation
converted into AET (here we let # = 1.0, 0.8, and
0.5, respectively). By so doing, we can use the
thermodynamic models to calculate the OOV for
major world biomes and derive their global pat-
tern based on the empirical data provided in
Whittaker (1975). The results are depicted in Figs.
1 and 2 and Fig. 3, and the values of OOV and
OOV’ for the 22 biomes corresponding to the
three # values are listed in Table 1 and Table 2.

Our results show that, at the global scale, the
highest value of the OOV occurs in the tropical
rainforest (Fig. 1 and Table 1). If annual precipi-
tation is all used for evapotranspiration (i.e. 7 =
1.0), the highest value of OOV is 2.7105 x 10°3,
The highest value declines to 2.1684 x 10** when
n =0.8, and to 1.3553 x 10** when # = 0.5. From
empirical studies (e.g. Whittaker, 1975 Barbour
and Billings, 2000), a 100% conversion from pre-
cipitation to transpiration is impossible in the
tropical rainforest, but a 50% or higher conver-
sion rate is possible. Therefore, we infer that the
actual highest value of OOV for global vegetation
lies between 1.3553 x 10** and 2.7105 x 10**. The
lowest value of OOV, on the other hand, occurs in
the deserts. Whittaker (1975) indicated that the
subtropical desert did not have any vegetation
existing when annual precipitation was below 2
cm. We chose a point within the subtropical
desert region that corresponds to the PR of mean
annual precipitation of 2 cm and the mean annual
temperature of 293.15 K. The OOV value is
0.0123 x 10** when #=1.0, and drops to
0.0099 x 103 for # = 0.8 and to 0.0062 x 10* for
n=0.5.

Whittaker (1975) described four major eco-
clines. These ecoclines can be identified and
quantified with OOV values (Fig. 1; when 7 =
0.8): (1) Temperate rainforest — temperate decidu-
ous forest »temperate evergreen forest —
temperate woodland — temperate scrubland —
temperate semidesert —»true desert; its corre-
sponding OOV gradient is: 1.2075 x 10**—
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0.7427 x 10** — 0.7427 x 10** — 0.3806 x 10*
—0.2238 x 10** - 0.1311 x 10* — 0.0648 x 10
This ecocline corresponds to an increasing gradi-
ent in aridity. (2) Tropical rainforest — tropical
seasonal forest — tropical broadleaf woodland —
tropical scrub —warm semidesert —true desert;
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the corresponding OOV gradient is: 1.5914 x 10*
— 09928 x 10** — 0.5415 x 10* — 0.3217
x 10°* - 0.1682 x 10** —0.0648 x 10°*. This eco-
cline also corresponds to an increasing gradient in
aridity. (3) Tropical rainforest —temperate rain-
forest — elfinwood — alpine scrubland — alpine
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Fig. 1. The OOV of the major world biomes as classified by Whittaker (1975): 1—tropical rainforest, 2—tropical seasonal forest,
3—temperate rainforest, 4—temperate deciduous forest, 5—temperate evergreen forest, 6—taiga, 7—elfinwood, 8—tropical
broadleaf woodland, 9—thorn scrub, 10—temperate woodland, 11—temperate shrubland, 12—savanna, 13—grassland, 14—
alpine shrubland, 15—alpine grassland, 16—tundra, 17—warm semidesert, 18—cool semidesert, 19—arctic alpine semidesert,
20—true desert, 21—arctic alpine desert), 22—cool temperate bog. The larger numbers denote different biomes, whereas the
numbers with decimal points are the average values of OOV for the 22 biomes when 5 = 0.8. For those biomes that do not have
closed boundaries, the value of the marked point for each type is reported. The actual OOV values are those in the figure times 1033,
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Fig. 2. The OOV values of the major world biomes arranged in a descending order (7 = 0.8).

grassland; the corresponding OOV gradient is:
1.5914 x 10°* - 1.2075 x 10* - 0.7724 x 10** -
0.4210 x 10°*—0.1177 x 103, This ecocline corre-
sponds to an elevation gradient. (4) Tropical sea-
sonal forest - temperate deciduous forest — temp-
erate evergreen forest — taiga — tundra; the corre-
sponding OOV gradient is: 0.9928 x 10** —0.7427
x 10 — 0.7427 x 10¥ — 04423 x 10*
—0.2354 x 10*3. This ecocline corresponds to a
decreasing temperature gradient. In addition, a
coniferous  forest >warm  desert  ecocline
(0.4654 x 10* —0.0855 x 10**) corresponds to the
vertical vegetation gradient of the Santa Catalina
Mountains of southeastern Arizona, the United
States (Whittaker, 1975).

4.2. Global vegetation gradients derived from the
OO0V model

If we choose a point, O, in Fig. 1 as the

reference point, then we can construct global tran-
sects that describe vegetation changes using the
thermodynamic model derived in this paper. To
follow the way Whittaker (1975) constructed the
figure of world biome distribution, here we choose
the coordinates of point O as T, =297.28 K and
AET,=355.26 cm, and then derive the global
pattern of vegetation distribution in terms of
OOV. The results are shown in Fig. 3 and Table
2.

Based on our calculations, 31 distinctive global
transects, originating from the reference point
(O), can be drawn, which belong to 11 types that
in turn form three groups (Fig. 3 and Table 2).
Group 1 contains only 1 type with 1 transect (L,).
This transect has an OOV’ value of zero, indicat-
ing no change in OOV. Group 2 has 5 types and
25 transects, which depicts the trend of vegetation
changing from higher to lower order of organiza-
tion. Group 3 includes 5 types and 5 transects,
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showing the opposite trend: vegetation changes
from lower to higher order of organization.
Changes in OOV are correlated with changes
within and between vegetation types. In general,
the gradient of OOV is relatively small within
the same biome or between biomes that are simi-
lar in vegetation physiognomy. The maximum
value of the gradient of OOV within tropical
rainforest is 0.4326 x 10°* for 5 =1.0; 0.3461 x

Cold

Temperate
N\

L14

10* for 5 =0.8; and 0.2163 x 10** for 5 =0.5.
However, the magnitude of OOV’ increases be-
tween tropical rainforest and other biomes. For
example, the value of the OOV gradient reaches
its maximum as the vegetation type changes
from tropical rainforest to desert: OOV’ = —
2.1506 x 10** for 5 =1.0; OOV’ = —1.7205 x
10* for # =0.8; and OOV’ = — 1.0753 x 10* for
n=0.5.
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Fig. 3. The gradients of the OOV at the global scale. L,,..., L,, denote 31 transects (or gradients) that cut across different world

biomes.
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The values of the OOV for 22 world biomes ( x 10°3)

Biome type OOV when n=1.0 OOV when =10.8 OOV when n=0.5
Avg Min Max SD Avg Min Max SD Avg Min Max SD

1 1.4571 1.9892 27105 03112 1.5914 1.1657 2.1684 0.2489 0.9946 0.7286 1.3553  0.1556
2 1.1535 0.7806 1.5514 0.2036 0.9928 0.2645 1.2411 0.1628 0.5767 0.3903 0.7757 0.1018
3 1.5094 1.0187 2.0930 0.2231 1.2075 0.8150 1.6744 0.1785 0.7547 0.5093 1.0465 0.1116
4 0.9283  0.3801 1.4311 0.2233 0.7427 0.3041 1.1449 0.1787 0.4642 0.1900 0.7156 0.1117
5 0.9283  0.3801 1.4311 0.2233 0.7427 0.3041 1.1449 0.1787 0.4642 0.1900 0.7156 0.1117
6 0.5529  0.2536 09634 0.1715 0.4423 0.2029 0.7707 0.1372 0.2764 0.1268 0.4817 0.0858
7 0.9655 - - - 0.7724 - - - 0.4828 - - -

8 0.6769 0.5266 0.8168 0.0757 0.5415 0.4213 0.6534 0.0606 0.3384 0.2633 0.4084 0.0378
9 0.4021  0.2354 0.5608 0.0849 0.3217 0.1883 0.4486 0.0679 0.2010 0.1177 0.2804 0.0425
10 0.4758 0.1890 0.7646 0.1448 0.3806 0.1512 0.6117 0.1158 0.2379 0.0945 0.3823 0.0724
11 0.2797 0.1012  0.5097 0.0932  0.2238 0.0810 0.4078 0.0746  0.1399 0.0506 0.2549  0.0466
12 0.5312  0.2354 0.8168 0.1592 0.4249 0.1883 0.6534 0.1273 0.2656 0.1177 0.4084 0.0796
13 0.3744 0.1012 0.7646  0.1556 0.2995 0.0810 0.6117 0.1245 0.1872 0.0506 0.3823  0.0778
14 0.5262 - - - 0.4210 - - 0.2631 - - -

15 0.1471 - - - 0.1177 - - 0.0736 - - -

16 0.2942 - - - 0.2354 - - 0.1471 - - -

17 0.2102 - - - 0.1682 - - 0.1051 - - -

18 0.1639 - - - 0.1311 - - 0.0819 - - -

19 0.0594 - - - 0.0475 - - 0.0297 - - -

20 0.0810 - - - 0.0648 - - 0.0405 - - -

21 0.0452 - - - 0.0362 - - 0.0226 - - -

22 0.7502 - - - 0.6002 - - 0.3751 - - -

The classification of world biomes is based on Whittaker (1975). The names of these biomes are given in Fig. 1. For those biomes
with closed boundaries, the average (Avg), minimum (Min), and maximum (Max) values as well as standard deviation (SD) of OOV
are given; for those without closed boundaries, only the values of OOV at the representative locations in Fig. 1 are given because

the other three values cannot be computed.

What ecological implications do the OOV tran-
sects (or gradients) have? We may compare the
transects with Whittaker (1975) ecoclines de-
scribed earlier. In particular, transect Ly (see Fig.
3 and Table 2) coincides with Whittaker’s ecocline
along an increasing aridity gradient (tropical rain-
forest — tropical seasonal forest — tropical
broadleaf woodland — tropical  scrub — warm
semidesert — true desert), whereas transect L,,
matches Whittaker’s ecocline along an elevation
gradient (tropical rainforest —temperate rain-
forest — elfinwood — alpine scrubland — alpine
grassland). By shifting the reference point (O) in
Fig. 3 accordingly, the other ecoclines identified
by Whittaker (1975) can also be recognized. How-
ever, the statistical thermodynamic model shows
continuous, though nonlinear, vegetation changes
in a unified thermodynamic state space (Figs. 1

and 2), while Whittaker’s model simply places
different biome types, as discrete entities, in a
precipitation—temperature  coordinate  system.
Furthermore, according to our statistical thermo-
dynamic model, there are 31 distinctive vegetation
gradients at the global scale, of which the empiri-
cally derived ecolines by Whittaker are only a
subset.

5. Discussion and conclusions

Traditionally, empirical and inductive ap-
proaches have been dominant in the study of
vegetation pattern at large scales. In this paper,
we take a theoretical and deductive approach to
develop a statistical thermodynamic model for
quantifying the OOV and its large-scale patterns.
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The OOV may be understood as a macroscopic,
thermodynamic representation of the steady state
reached between vegetation and its environment
over large spatial and temporal scales. In different
geographical regions, groups of species form dis-
tinctive ecosystems or biomes as a result of the
interactions between biotic communities and their
physical environment as well as between the bio-
logical components themselves. Thus, world
biomes have their characteristic values of OOV
that can be determined primarily by mean annual
AET and temperature (Eqgs. (4) and (5)). In the
thermodynamic state space, the values of OOV at
all points form a continuous surface from which
both within- and between-biome variations can be

Table 2
Gradients of the OOV at the global scale

examined. The pattern of OOV corresponds to the
pattern of world-biome types in relation to precip-
itation and temperature described by Whittaker
(1975).

Our thermodynamic model of global vegetation
pattern differs from Whittaker (1975) in several
aspects. First of all, our approach is deductive
and theoretical, whereas Whittaker’s approach is
inductive, empirical. In our model, the three-di-
mensional state space composed of 4, AET and T
not only serves as a coordinate system that defines
the boundaries of different vegetation types, but
also unites these variables with the OOV in a
thermodynamic framework. In essence, this is not
a Newtonian space, but a ‘field” whose properties

Transect  Biomes on transect Group Type Properties OOV’ =10 OOV’ =08 OOV’ 5=0.5
L, 1 1 1 AET =bT 0.0000 0.0000 0.0000
L, 1 2 AET?, T1, AET<bT —0.0152 —0.0122 —0.0076
L, 1 3 AET—, T1 —0.0281 —0.0225 —0.014
L, 1 4 AET|, T —0.4058 —0.3246 —0.2029
L, 1,2 —1.0018 —0.8014 —0.5009
Ls 1,2,8 —1.4404 —1.1523 —0.7202
Le 1,2,8,12,9 —1.7246 —1.3797 —0.8623
L, 1,2,8,12,9,17,20 —2.1506 —1.7205 —1.0753
Lg 1,2,8,12,9,17,20 5 AET|, T— —2.1506 —1.7205 —1.0753
L, 1,2,8,12,9,17,20 6 AET|, T|, AET<bT —2.1506 —1.7205 —1.0753
Lo 1,2,8,12,9,18,20 —2.1506 —1.7205 —1.0753
L, 1,2,8,12,11,18,20 —2.1506 —1.7205 —1.0753
L, 1,2,10,13,11,18,20 —2.1506 —1.7205 —1.0753
L5 1,2,4,5,10,13,11,18,20 —2.1506 —1.7205 —1.0753
Ly, 1,4,5,10,13,11,18,20 —2.1506 —1.7205 —1.0753
L;s 1,3,4,5,10,13,11,18,20 —2.1506 —1.7205 —1.0753
L 1,3,4,5,6,10,13,11,18,20 —2.1506 —1.7205 —1.0753
L, 1,3,4,5,6,10,13,11,19 —2.1506 —1.7205 —1.0753
Lig 1,3,4,5,6,10,13,15,19 —2.1506 —1.7205 —1.0753
Ly 1,3,6,16,15,19 —2.1506 —1.7205 —1.0753
L, 1,3,7,22,14,21 —2.1506 —1.7205 —1.0753
L, 1,3,7,22,14 —1.5768 —1.2614 —0.7884
L, 1,3,7,22 —1.353 —1.0824 —0.6765
L, 1,3,7 —1.1881 —0.9505 —0.594
L., 1,3 —0.4732 —0.3786 —0.2366
L,s 1 —0.3413 —0.273 —0.1706
Ly 1 3 7 AET|, T|, AET>bT 0.014 0.0112 0.007
L,, 1 8 AET—, T| 0.0272 0.0218 0.0136
Log 1 9 AETT, T| 0.1612 0.129 0.0806
L,y 1 10 AETT, T— 0.4326 0.3461 0.2163
Ls 1 11 AETT, T1, AET>bT 0.273 0.2184 0.1365

The actual values of OOV’ are those listed in the table times 1033. The names of the world biomes are given in Fig. 1. Thirty-one

vegetation gradients in terms of OOV are derived (also see Fig. 3).
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are influenced by the matter within. In the three-
dimensional thermodynamic state space, each
point corresponds to a particular value of the
OO0V, and within-biome changes can also be de-
tected by the variations of OOV values. Further-
more, because all biomes are now classified
according to their OOV values, they are directly
comparable. Also, because empirically observed
ecoclines can only be a subset of all possible
gradients of ecosystems at a particular scale (e.g.
world-wide biomes), the statistical thermody-
namic model provides a theoretical means to
derive the maximum possible ecoclines. In gen-
eral, as we deal with the complexity, diversity, and
heterogeneity of ecological systems, statistical and
non-equilibrium thermodynamics may serve as
both a theoretical framework and a practical
modeling approach to integrate patterns and pro-
cesses across scales.
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