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a b s t r a c t
Thermodynamics is a powerful tool for the study of system development and has the potential to be
applied to studies of ecological complexity. Here, we develop a set of thermodynamic indicators includ-
ing energy capture and energy dissipation to quantify plant community self-organization. The study
ecosystems included a tropical seasonal rainforest, an artificial tropical rainforest, a rubber plantation,
and two Chromolaena odorata (L.) R.M. King & H. Robinson communities aged 13 years and 1 year. The
communities represent a complexity transect from primary vegetation, to transitional community, eco-
nomic plantation, and fallows and are typical for Xishuangbanna, southwestern China. The indicators

of ecosystem self-organization are sensitive to plant community type and seasonality, and demonstrate
that the tropical seasonal rainforest is highly self-organized and plays an important role in local envi-
ronmental stability via the land surface thermal regulation. The rubber plantation is at a very low level
of self-organization as quantified by the thermodynamic indicators, especially during the dry season.
The expansion of the area of rubber plantation and shrinkage of tropical seasonal rainforest would likely
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initial rehabilitation failure and can be used to monitor
evelopment. However such indicators may be imprac-

system-level comparisons if the study ecosystems exist
itions of differing incident solar radiation loads. Despite
tensive investigations on ecosystem thermodynamics
oretical standpoint (e.g. Schneider and Kay, 1994) there

g-term studies of the thermal characteristics of ecosys-
pment despite heightened recent calls to quantify the
consequences of land cover change on the climate sys-
et al., 2008; Jackson et al., 2008).
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dynamic equilibrium (Schrödinger, 1944; Müller and
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, 1968). Schneider and Kay (1994), as stated, proposed
same environment, when ecosystems bathed by equal
adiation, the more developed or organized ecosystem
capture more solar energy and dissipates this energy

rger energy gradient. Thus more developed ecosystem
the lowest canopy temperature.

tudy, we explore thermodynamic theory to (1) assess
ation of vegetation and (2) to predict possible effects of

ange on local climate. The study ecosystems are located

Fig. 1. A
heat flux
energy fl

2. Stu

2.1. Stu

The
101◦46
averag
itation
May–O
prises
hot dr
acteriz
night t
the aft
below
is later

We
human
organi
a tropi
ber pla
a 1-ye
existed
sonal r
to long
tem Re
and is p
ical sea
types i
low hil
in com
and Ca
40 m i
the low
angbanna on the northern edge of tropical Southeast
area encountering rapid conversion of primary forest
lantations with concomitant invasion of exotic species.

thermodynamic characteristics of this complexity

and herbs
nant specie
Gironniera s

The artifi
inated by ru
e energy balance for forest ecosystem. Rn: net radiation; LE: latent
ensible heat flux; G: soil heat flux; F: plant heat flux; LA: metabolism
e, 2000.).

tes and methods

ites

y sites are located in Menlun, Xishuangbanna (21◦54′N,
80 m asl). Annual mean temperature is 21.8 ◦C and the
nimum annual temperature is 7.5 ◦C. Annual precip-
rages 1557 mm, of which ca. 85% occurs during the
er rainy season. The November–April dry season com-
a cool dry season from November to February and a

son from March to April. The cool dry season is char-
y relatively low temperatures and heavy fog during the
gh morning. The hot dry season is dry and hot during
on and with fog in the morning only. The soil in the area

m elevation, where the study ecosystems are located,
ao et al., 2006).
ted 5 plant communities along a gradient of increasing

turbance to represent a gradient of ecosystem self-
n. From least to most disturbed, this gradient includes
asonal rainforest, an artificial tropical rainforest, a rub-

ion, a 13-year-old Chromolaena odorata community and
d C. odorata community. Tropical seasonal rainforests
all plots before human disturbance. The tropical sea-
rest (21◦57′ N, 101◦12′ E) is a permanent plot dedicated
ecological research and managed by the Forest Ecosys-

ch Station of Xishuangbanan Tropical Botanical Garden
f the ChinaFlux long-term monitoring project. The trop-
l rainforest is one of the most luxuriant primary forest
huangbanna, and is widely distributed in wet valleys,

d plains below 1000 m asl. Canopies are typically diverse
ion and structure, and comprised of three layers (Zhang
95; Cao and Zhang, 1997). The overstory can exceed
ght, the upper-midstory is between 16 and 30 m and
idstory is classified as those plants under 16 m. Shrubs
in the understory make the soil cover closed. Domi-
s are Pometia tomentosa, Barringtonia macrostachya and
ubaequalis (Cao et al., 1996).
cial tropical rainforest plot (21◦55′N, 101◦16′E) is dom-
bber (planted in 1960), Rauvolfia vomitoria (planted in



Table 1
Plot information for the five study communities in Xishuangbanna, southwestern China.
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ass and productivity
ass and productivity of the tropical seasonal rainfor-

tificial tropical rainforest and rubber plantation have
ted by earlier studies (Zheng et al., 1998; Zheng et al.,
006; Tang et al., 2003). In September 1 (rainy season),
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dorata community were harvested and sorted to sepa-
round and belowground components. Harvested plants
dried at 80 ◦C until the weight was constant. Dry biomass
was then calculated. Because most of the aboveground
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duction to biomass.
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ation (Rn) is the net energy that is gained by ecosys-
epresents the balance between upward and downward
and longwave radiation flux of the land surface:

-(ULR-DLR) (1)

downward shortwave radiation (solar radiation), UR is
rtwave radiation (reflected radiation), DLR is downward
diation and ULR is upward longwave radiation. A higher
DR implies higher ecosystem energy capture.
TBC is an integrated indicator of a negative feedback that
f the regulation of incident radiation. Luvall and Holbo
osed the thermal response number (TRN) to quantify
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Rn�t
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Rn�t is the net radiation Rn over the time interval �t;
emperature variation over �t, chosen here to be 1 day.
simply interpreted as the amount of radiation required

ne unit temperature as a logical metric for comparison of
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study rather than surface temperature for a comparative
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ary, self-organization is measured through energy cap-
by Rn/DR and exergy dissipation ability by the TRN

m the definitions above, a more self-organized system
igher values of both Rn/DR and TRN than an ecosystem
ely lower self-organization. All the indicators are ratios
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similar but not identical radiation environments as they

ed within a similar expanse.
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) above-canopy air temperatures are 4 ◦C (1◦ C) higher

ganization of the communities as quantified by both the net to down-
ve radiation ratio (Rn/DR) and the thermal response number (TRN).
eason; Blue: cool dry season; Black: rainy season.



Fig. 7. Daily air temperature range across the three seasons for the study plots.
Abbreviations: follow Fig. 2.

Table 4
The daily canopy temperature range and the annual average variance after TSRF is
transferred to ATRF, RP, Chro. 13, Chro. 1.

Cool dry season Hot dry season Rainy season Annual variance
TSRF ◦C TSRF ◦C TSRF ◦C

TSRF 11.85 14.01 9.12
ATRF 13.91 18.60 8.95 2.16
RP 13.59 21.47 12.09 4.05
Chro.13 16.93 18.90 8.19 3.01
Chro.1 16.

Assuming that
land use chang

(lower) tha
forest durin
to other veg
changed ba
annual cycl
various land
RP > TSRF-C
this study,
may increa
season by 7
forest to C. o
temperatur

4. Discussi

Accordin
ical commu
both gain m
(Schneider
and tend tow
between po
of self-orga
that the trop
ity and sho
season amo
night is und
March whic
perature 18
cool dry to
deciduous s
ber and wit
in terms of

to a very lo
tropical sea
its structur
play an imp
three layers
which max
tion across
by Fig. 6. Th
in March 20
rubber plan
from FERS)
energy degr
organizatio
tion throug
dry season

During
more energ
tion is the
measured m
odorata, 5.8
species in t
for rubber (
the canopy
otranspirat
evaportrans
rapidly at
rate dissipa
exergy), an
under favor

tion m
opy

. The
ant

ally d
o 20
hm−

.17 hm
nship
ng (T
und
re ar
tanc
of

hat t
prin
siolo
re c

ir co
ic un

be
n th
searc
uniti
tem
of t

r ene
nmen

wled

s res
87 19.02 10.08 3.66

DR remains unchanged, while UR/DR, Rn/DR and TRN change with
e. Abbreviations: follow Fig. 2.

n the air temperature above the tropical seasonal rain-
g the hot dry season (Fig. 7). After TSRF is transferred
etation types, the daily canopy temperature range will
sed on the results of this study; averaged across the
e the difference in the daily temperature range from

use conversions would follow the sequence of TSRF-
hro.1 > TSRF-Chro.13 > TSRF-ATRF. Based on results from
a land use conversion from TSRF to rubber plantation
se the daily canopy temperature range in the hot dry
.4 ◦C. A land use conversion from tropical seasonal rain-
dorata will have the largest impaction on daily canopy

e range in cool dry season (Table 4).

on

g to the maximum dissipation theory, if an ecolog-
nity is more developed and self-organized, it would
ore energy and dissipate this energy more efficiently

and Kay, 1994), increasing both in the Rn/DR and TRN
ard the upper-right hand section of Fig. 6. The distance

ints in Fig. 6 can be taken to represent the difference
nization based on this criterion. Observations revealed
ical seasonal rainforest retained the highest heat capac-

wed the strongest self-organization during the hot dry
ng the studied communities. The lowest temperature at
er 15 ◦C during the middle of December to the end of
h cannot meet the requirement of rubber growth tem-
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C (Shen, 1991). Relative humidity decreases from the

the hot dry season, and as a result rubber takes the
trategy in Xishuangbanna. With the defoliation of rub-

her of C. odorata, these communities became very ‘leaky’
their energy capture, and self-organization decreased

of China (3
of the Xish
Studies for
Dr. Sven E. J
acknowledg
w level during the dry season (Fig. 6). However, the
sonal rainforest has a low turn-over rate (Table 3) and
e is complex: the well developed understory plants
ortant role in soil protection and water conservation;
of trees and high biodiversity ensures canopy closure

imizes radiation capture, and optimizes exergy dissipa-
seasons compared to the other ecosystems as evidenced
e leaf area index (LAI) of the tropical seasonal rainforest
08 was 4.75, which was much higher than 1.46 for the
tation and 3 for the artificial tropical rainforest (data
. The tropical seasonal rainforest is a well developed
ader, pumping entropy out of the ecosystem to maintain
n and playing important role in temperature stabiliza-
h this negative feedback function, especially during the
(Table 4, Fig. 7).
the rainy season, leaves flourish, and plants capture
y to photosynthesize and transpire. Evaportranspira-
primary pathway for plants to dissipate exergy. The
aximum transpiration rate is 15 mmol m−2 s−1 for C.

5 mmol m−2 s−1 for Pometia tomentosa (the dominant
he tropical seasonal rainforest), and 2.97 mmol m−2 s−1

FERS, unpublished data). C. odorata can thereby adjust
surface temperature more effectively by adjusting evap-
ion across a wider range. Both leaf development and
piration abet exergy dissipation. C. odorata expands

the onset of the rainy season. Its high transpiration
ted absorbed radiation into latent heat (at low level of
d the strong self-organization of C. odorata community
able conditions as demonstrated by its efficient energy

ay help explain its successful invasion.
temperature has a great influence on micrometeo-
study of climate over the past 40 years showed a

air temperature increase in Menglun, Xishuangbanna,
uring the dry season (Li, 2001). Synchronously, from

03, rubber plantations expanded at an average rate of
2 a−1, and natural forests disappeared at an average rate

−2 a−1 (Liu et al., 2005). Our study corroborates the
between overspreading of rubber plantation and local

able 4, Fig. 7). To mitigate the warming trend, developing
and multi-layer plantation may be a good choice.
e many elements affecting ecosystem self-organization,
e, the ecosystem structure, species composition, the
the canopy, and environmental factors. It is argued
he holistic viewpoint of ecosystems via thermody-

ciples can be an effective way to quantify community
gy via the thermal regulation of plant canopies. Ecosys-

omplex systems that are not completely “reducible”
mponents, and thus the integration rigorous, reduc-
derstanding of the mechanisms of ecosystem behavior
combined with a comprehensive view of ecosystem
rough a holistic viewpoint. The indicators measured in
h reflected the integrated thermal properties of plant
es and their sensitivity to seasonality. The expected
level thermal attributes were revealed by the combi-
heory that would expect a tropical rainforest to have
rgy capture and exergy dissipation characteristics, and
tal measurements that demonstrated that it does.
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