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a b s t r a c t

Taking 29 Chinese lakes and 29 Italian lakes as two separate case studies, the paper presented the
variations of exergies and structural exergies along eutrophication gradients in Chinese and Italian
lakes. The exergies (Ex) and structural exergies (Exst) were calculated based on phytoplankton biomass
(BA) and zooplankton biomass (BZ). A trophic state index (TSI) scaling from 0 to 100 was developed
to classify trophic status for Chinese and Italian lakes based on three indicators, chlorophyll-a con-
centration (Chl-a, in mg/m3), total phosphorus (TP in mg/m3) and transparency in Secchi disk depth
(SD in m). The relationships between TSI and Ex, Exst, total biomass, BZ/BA ratios were analyzed.
The following results were obtained: (1) with the increase of TSI in Chinese and Italian lakes, there
is an increasing trend for Ex, and a decreasing trend for Exst, generally. The obvious negative cor-
relations exist between TSI and Exst, at the significant level of 0.01 for Italian lakes, and 0.05 for
Chinese lakes. The obvious positive correlations exist between TSI and Ex, at the significant level of
0.01 for Chinese lakes, and for Italian lakes in Spring, Autumn and the all-year. (2) The structural
exergy is more dependent on the ratio of phytoplankton biomass to zooplankton biomass (BZ/BA)
than the exergy, and the exergy is more dependent on total biomass than the structural exergy. (3)
The phytoplankton biomass (BA) and zooplankton biomass (BZ) are increased with the increasing

TSI in Chinese and Italian lakes, and phytoplankton biomass (BA) increases more rapidly then zooplank-
ton biomass (BZ) does. This results in the definite decrease of BZ/BA ratio with the increasing trophic
status index. Such changes of BA, BZ and BZ/BA ratio could explain successfully the variations of exer-
gies and structural exergies along eutrophication gradients in Chinese and Italian lakes. From the two
separate case studies of Chinese lakes and Italian lakes, it could be concluded that exergy and structural

ve as
rent l
exergy are feasible to ser
the trophic status of diffe

. Introduction

Since the 1960s, a number of attempts to evaluate quantita-
ively the trophic status of lakes applying single-variable trophic
ndices and multi-parameter approaches have been made (Xu,
008). The relatively simple single-variable trophic state criteria
epresent only subjective judgments, and may be limited spa-
ially (Therriault and Platt, 1978; Reckhow and Chapra, 1983;
owell et al., 1989; Boyle et al., 1990; Danilov and Ekelund, 1999).
omparatively, multi-parameter approaches are more robust

han single-variable trophic indices, because of the multidimen-
ional nature of the eutrophication phenomenon in water bodies
Shannon and Brezonik, 1972; Carlson, 1977; Cruzado, 1987; Xu,
997, 2008). Further, it would be difficult to describe the continu-

∗ Corresponding author. Tel.: +86 10 62751177; fax: +86 10 62751177.
E-mail address: xufl@urban.pku.edu.cn (F.-L. Xu).

304-3800/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ecolmodel.2009.11.021
the system-level ecological indicators to give appropriate information on
akes.

© 2009 Elsevier B.V. All rights reserved.

ous changes of a lake’s trophic state or to study quantitatively the
eutrophication mechanism using such descriptive classifications
for lake trophic states as oligotrophic, mesotrophic and eutrophic
(Shannon and Brezonik, 1972; Carlson, 1977; Yoshimi, 1987; Xu,
1997, 2008). In order to characterize the multidimensional nature
of eutrophication and to eliminate effectively the subjective label-
ing associated with the use of oligotrophic, mesotrophic and
eutrophic states as indicators, the trophic state indexes (TSI),
especially the Carlson-type TSIs, have been proposed by some
researchers (e.g. Carlson, 1977; Walker, 1979; Porcella et al., 1980;
Swanson, 1998; Aizaki et al., 1981; Jin et al., 1990; Xu, 1997, 2008).
These TSIs offer a 0–100 scale providing continuous numerical
classes of lake trophic states and a rigorous foundation for quantita-

tive studies of the mechanisms behind eutrophication. TSI method
has been proved as the most suitable and acceptable method for
trophic classifications of lakes (Xu, 1997, 2008).

Exergy, a thermodynamic concept, was first applied to ecology
in the late 1970s (Jørgensen and Mejer, 1977, 1979). Owing to a

dx.doi.org/10.1016/j.ecolmodel.2009.11.021
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
mailto:xufl@urban.pku.edu.cn
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Fig. 1. Geographic locations of Chinese lakes. MX1: Lake Wulungu-Hu; MX2: Lake
Beshiteng-Hu; MX3: Lake Wuliangshu-Hai; MX4: Lake Huashu-Hai; MX5: Lake Dai-
Hai; MX6: Hulun-Hu; DB1: Lake Wudalianchi; DB2: Lake Jingbe-Hu; DB3: Lake
Xiaoxingkai-Hu; DB4: Lake Daxingkai-Hu; QZ1: Lake Zhaling-Hu; QZ2: Lake Eling-
Hu; QZ3: Lake Qinghai-Hu; YG1: Lake Erhai; YG2: Lake Fuxian-Hu; PY1: Lake

Ex = R × T ×
n∑

i=0

[
Ci × ln

(
Ci

Ceq
i

)
+ (Ci − Ceq

i
)

]
(1)
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ood theoretical basis in thermodynamics, close relation to infor-
ation theory, rather high correlation with other goal functions,

nd relative easiness of computation (Jørgensen, 1994), exergy has
een widely used as a goal function in ecological models to account
or changes in the composition of organisms (e.g. Jørgensen, 1986,
988, 1992a; Jørgensen and de Bernardi, 1997, 1998; Nielsen, 1994,
995; Zhang et al., 2003, 2004; Gurkan et al., 2006), and as a
olistic indicator for assessing the eco-health of lake ecosystems
e.g. Jørgensen, 1995a; Xu, 1996; Xu et al., 1999a,b, 2001a,b) and

arine ecosystems (e.g. Marques et al., 1997; Jørgensen, 2000;
onseca et al., 2002). Moreover, as a system-level indicator, exergy
as been applied to describe quantitatively the ecological condi-
ions (e.g. Jørgensen, 1995b) and the trophic status of lakes (e.g.
u, 1997; Ludovisi and Poletti, 1999, 2003), as well as the influ-
nce of toxic pollutants on lake ecosystems (e.g. Silow, 1999; Xu
t al., 2002). However, the contrary results have been concluded
n some studies on lake eutrophication and exergy changes. Along
ncreasing trophic status, exergies increase in some studies (e.g.
alomonsen, 1992; Jørgensen, 1995b), and decrease in other studies
e.g. Xu, 1997; Ludovisi and Poletti, 1999). It is, therefore, neces-
ary to explore the relationships between trophic status and exergy
hanges using more lake data.

The objectives of present research, taking 29 Chinese lakes and
9 Italian lakes as two separate case studies, are: (1) to develop a TSI
caling from 0 to 100 for describing trophic statues of Chinese and
talian lakes, respectively; (2) to calculate exergies and structural
xergies of Chinese and Italian lakes respectively; (3) to analyze the
ariations of exergies and structural exergies along eutrophication
radients in Chinese and Italian lakes; and (4) to discuss the rela-
ionships between exergies, structural exergies and lake ecological
tructure with changing trophic status of lake ecosystems.

. Methods

.1. Study areas

In order to meet the major purpose to analyze the variations of
xergies and structural exergies along eutrophication gradients in
hinese and Italian lakes, the lakes with different trophic states

rom the oligotrophic to the eutrophic have to be selected for
he study. Also, the lakes should be phytoplankton-responded to
utrophic states expressed by high concentration of total phospho-
us (TP). This means that the lakes are dominated by phytoplankton
n the case of eutrophic states. The macrophyte-responded lakes

ith eutrophic states are not selected for the study, since the
acrophytes domination is quite different in biological structure

o the phytoplankton domination in eutrophic lakes. However,
t should be pointed out that the lakes with oligotrophic states
xpressed by low TP concentration might be often dominated by
acrophytes, especially submerged vegetation. Such lakes with
acrophytes domination in the case of oligotrophic states could

lso be regarded as the phytoplankton-responded lake. In shallow
akes, the macrophytes domination at oligotrophic state and the
hytoplankton domination at eutrophic state are two different sta-
le states that may shift catastrophically following the changes of
utrient loading (Scheffer, 1990; Scheffer et al., 2001).

Study areas include 29 Chinese lakes (Fig. 1) and 29 Italian lakes
Fig. 2, Table 1). It can be seen from Fig. 1 that 29 Chinese lakes dis-
ribute in different regions in China. Their surface areas range from
.7 km2 (Lake Xuanwu-Hu) to 4200 km2 (Lake Qinghai-Hu), with

rophic status varying from oligotrophic (e.g. Lake Qinghai-Hu)
o extremely hypertrophic (e.g. Lake Liuhua-Hu, Lake Dongshan-
u and Lake Dong-Hu) (see Jin et al., 1990 for details). 29 Italian

akes are located in the Sicily Island. About 70% lakes are used
or irrigation; while 30% lakes are used for drinking. Their surface
Nanshi-Hu; PY2: Lake Hongzhe-Hu; PY3: Lake Chao-Hu; PY4: Lake Baoan-Hu; PY5:
Lake Hong-Hu; PY6: Lake Tai-Hu; CS1: Lake Dian-Chi; CS2: Lake Liuhua-Hu; CS3:
Lake Dongshan-Hu; CS4: Lake Lu-Hu; CS3: Lake Dong-Hu; CS6: Lake Xi-Hu; CS7:
Lake Xuanwu-Hu; CS8: Lake Nan-Hu.

area ranges from 1 to 577 km2, with mean depths being between
1.5 and 19 m, and with average volume varying from 0.1 to 154
billion-cubic meters. Measurements were made seasonally during
1987–1988. The measured parameters included various physico-
chemical parameters (e.g. SD, pH, N, P, Si, COD, etc.) and biological
parameters (e.g. chlorophyll-a concentration, biomass concentra-
tion and dry weight of phytoplankton, zooplankton, the number of
cells of phytoplankton, etc.) (see Calvo et al., 1993 for details).

2.2. Calculation of exergy and structural exergy

Jørgensen and Mejer (1979) proposed an expression for approx-
imate calculation of the exergy in an ecosystem:
Fig. 2. Geographic locations of Italian lakes. 1: Ancipa; 2:Arancio; 3:Biviere
di Cesro; 4:Biviere di Gela; 5:Castello; 6:Cimia; 7:Comunelli; 8:Dirillo; 9:Dis-
ueri; 10:Fanaco; 11:Gammauta; 12:Garcia; 13:Gorgo; 14:Guadalani; 15:Nicoletti;
16:Ogliastro; 17:Olivo; 18:Pergusa; 19:Piana degli Albanesi; 20:Piana del Leone;
21:Poma; 22:Pozzillo; 23:Prizzi; 24:Rubino; 25;San Giovanni; 26:Santa Rosalia;
27:Scanzano; 28:Soprano; 29:Trinita; 30:Vasca Ogliastro; 31:Villarsosa.
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Table 1
Basic limnological characteristics for Italian lakes.

Lake name Cond. (mS/cm) TP (�g/l) N-NH4 (�g/l) N-NO3 (�g/l) SiO2 (mg/l)

Ancipa 0.18 30.66 12 77 2.0
Arancio 0.72 166.65 667 676 4.8
Biviere di Cesro 0.08 46.02 31 76 0.6
Biviere di Gela 2.72 45.15 22 78 2.3
Castello 0.96 109.88 775 263 2.9
Cimia 2.15 49.57 199 803 4.0
Dirillo 0.53 60.54 60 514 4.1
Disueri 1.21 1093.43 684 2226 3.6
Fanaco 0.53 54.34 199 1143 3.3
Gammauta 0.49 183.07 154 446 2.7
Garcia 0.77 51.36 22 1165 3.6
Gorgo 4.51 80.87 33 65 6.1
Guadalani 0.42 38.89 111 459 0.3
Nicoletti 1.42 35.18 46 66 1.5
Ogliastro 2.72 40.87 173 1710 2.9
Olivo 0.91 38.00 71 69 1.6
Pergusa 33.65 87.97 788 157 1.6
Piana degli Albanesi 0.37 46.77 349 412 0.4
Piano del Leone 0.41 46.85 160 546 2.4
Poma 0.74 51.11 73 994 1.4
Pozzillo 1.13 49.38 91 355 1.6
Prizzi 0.46 52.99 86 503 2.5
Rubino 1.05 28.94 18 711 1.0
San Giovanni 1.49 80.56 658 283 2.7
Santa Rosalia 0.42 55.81 125 279 3.4
Scanzano 0.50 61.65 300 1283 2.3
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Average number of genes for zooplankton is about 50,000. The
contribution of exergy by zooplankton per liter of water, using g/l

Table 2
The approximate number of information genes and conversion factors for some
organisms.

Organisms Average genes number Weighting factorsa

(W)b (W)c

Bacteria 600 19.9 × 105 2.7
Algae 850 25.2 × 105 3.4
Yeast 2,000 49.3 × 105 5.8
Fungus 3,000 70.3 × 105 9.5
Sponges 9,000 196.1 × 105 26.7
Zooplankton 50,000 1055.8 × 105 144
Worms 100,000 2104.4 × 105 287
Fish 120,000 2523.8 × 105 344
Mammals 140,000 2943.2 × 105 404
Soprano 1.85 2962.96
Trinita 1.86 83.24
Vasca Ogliastro 0.32 106.69
Villarsosa 2.27 64.06

here R is the gas constant, T is the absolute temperature, Ci is the
oncentration in the ecosystem of component i, index 0 indicates
he inorganic components of the considered element and Ceq

i
is

he corresponding concentration of component i at thermodynamic
quilibrium.

The problem by application of Eq. (1) is related to the size of Ceq
i

.
he problem related to the assessment of Ceq

i
has been discussed

nd a possible solution proposed in Jørgensen et al. (1995). Accord-
ng to classical thermodynamics and probability, Jørgensen et al.
1995) deduced step by step the following equation for the exergy
alculation of ecosystem components:

Ex
RT

= |�1 − �eq
1 | ×

N∑
i=1

(
Ci

RT

)
−

N∑
i=2

|Ci × ln |Pi,a|| (2)

here � indicates the chemical potential and index 1 is for dead
rganic matter. The difference �1 − �eq

1 is known for organic mat-
er, e.g. detritus, which is a mixture of carbohydrates, fats and
roteins. Pi,a is the probability for producing the considered com-
onent i at thermodynamic equilibrium, and it can be found from
he number of permutations among which the characteristic amino
cid sequence for the considered organism. Living organisms use 20
ifferent amino acids and each gene determines the sequence of on
verage 700 amino acids. So, Pi,a can be calculated by the following
quation:

i,a = 20−700×g (3)

here g is the number of genes (see Table 2 and Jørgensen et al.,
995 for details).

Eqs (2) and (3) can be applied to calculate exergy for important
cosystem components according to the number of genes stored in

rganisms (see Table 2 and Jørgensen et al., 1995 for details). If we
onsider only detritus, we know that the free energy released per
of organic matter is about 18.5 kJ/g. R is 8.4 J/mol and the average
olecular weight of detritus is assumed to be 100,000 (Jørgensen

t al., 1995). The following contribution of exergy by detritus per
7671 57 12.7
26 417 3.8
28 177 3.4

524 276 1.0

liter of water can be gotten, when the unit g/l for the concentration
is used (Jørgensen et al., 1995):

Exdetritus = 18.5 × Ci kJ/l or
Exdetritus

RT
= 7.34 × 105 × Ci g/l

(4)

A typical algae has about 850 genes. The contribution of exergy
by algae per liter of water, using g/l as concentration unit would
be:

Exalgae

RT
= 7.34 · 105Ci − Ci ln(20−700×850) = 25.2 · 105 × Ci g/l
a Please see text for the meaning and calculation of two weighting factors; based
on number of information genes and the exergy content of the organic matter in the
various organisms, compared with the exergy contained in detritus has about 18 kJ
exergy (see Jørgensen et al. (1995) for details).

b When the unit g/l is used for concentration (see Eqs. (4)–(8)).
c When the unit g detritus/l is used for concentration (see Eq. (9)).
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Table 3
Relations between trophic status index (TSI) and exergy (Ex), structural exergy (Exst) in Chinese and Italian lakes.

Lake Time Relations Person correlation coefficient Significance test (2-tialed) Number of lakes

Chinese lakes Yearly average TSI-Ex 0.681** 0.000 29
TSI-Exst −0.414* 0.026

Italian lakes Spring TSI-Ex 0.664** 0.000 29
TSI-Exst −0.617** 0.000

Summer TSI-Ex 0.304 0.108 29
TSI-Exst −0.473** 0.010

Autumn TSI-Ex 0.559** 0.002 29
TSI-Exst −0.636** 0.000

Winter TSI-Ex 0.288 0.130 29
TSI-Exst −0.602** 0.001

a

b
u

p
c

t
t
g
t
c

c

E

w
e
s
W
T

(

E

w

t
g

factor can be neglected in the calculation of exergy and struc-
tural exergy (Jørgensen, 1995a,b; Xu, 1996, 1997; Marques et al.,
1997; Ludovisi and Poletti, 1999, 2003; Xu et al., 2001a, 2002).
According to data availability for Chinese and Italian lakes, phy-
All-year TSI-Ex 0.360**

TSI-Exst −0.563**

* Correlation is significant at the 0.05 level.
** Correlation is significant at the 0.01 level.

s concentration unit would be:

Exzooplankton

RT
= 7.34 · 105Ci − Ci ln(20−700×50000)

= 1055.8 · 105 × Ci g/l (6)

Average number of genes for fish is about 120,000. The contri-
ution of exergy by fish per liter of water, using g/l as concentration
nit would be:

Exfish

RT
= 7.34 · 105Ci − Ci ln(20−700×120000)

= 2523.8 · 105 × Ci g/l (7)

If a considered ecosystem consists of phytoplankton (P), zoo-
lankton (Z), fish (F) and detritus (D), the exergy for this ecosystem
an be calculated using above related values:

Ex
RT

= P × (25.2 · 105) + Z × (1055.8 · 105) + F × (2523.8 × 105)

+ (D + P + Z + F) × (7.34 · 105)[g/l] (8)

The contributions from phytoplankton, zooplankton and fish to
he exergy of the entire ecosystem are significant and far more
han corresponding to the biomass. Note that the unit of Ex/RT is
/l. Exergy can always be found in Joules per liter, provided that
he right units for R and T are used. Eq. (8) can be rewritten by
onverting g/l to g detritus/l by dividing by (7.34 × 105):

Ex
RT

= P × (3.4) + Z × (144) + F × (344) + (D)[g detritus/l] (9)

Later, Jørgensen (1995a,b) presented a general equation for the
alculation of exergy of an ecosystem:

x = R × T ×
n∑

i=1

|Ci × Wi| (10)

here Ci is the concentration of i-th organic component in the
cosystem using g/l or g detritus/l as unit, Wi is the conver-
ion factor of i-th organic component. For certain organisms,

i can be computed from the information stored in genes (see
able 3).

Structural exergy (Exst) can be calculated by following equation
Jørgensen, 1995a,b):

xst = R × T ×
n∑((

Ci

Ct

)
× Wi

)
(11)
i=1

here Ct is the total biomass concentration (the sum of all the Ci).
As can be seen from the equations, exergy is dominated by

he contributions coming from information, originated from the
enes of the organisms. The total exergy of an ecosystem cannot
0.000 116
0.000

be calculated exactly, as we cannot measure the concentrations
of all the components of an ecosystem, but we can calculate the
contributions from the dominant components (Jørgensen et al.,
1995). Compared with dominant organisms such as phytoplank-
ton, zooplankton and fish, detritus with the lowest weighting
Fig. 3. The variations of exergy and structural exergy along eutrophication gradients
in Chinese lakes.
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oplankton and zooplankton are used to calculate exergy and
tructural exergy.

.3. Calculation of trophic state index

The indicators for calculating TSI are composed of basic and
dditional indicators. Basic indicators have the consanguineous
elationships to lake trophic status; while additional indicators
ave the less important relationships to lake trophic status. A lake
rophic status can be evaluated mainly on the base of basic indi-
ators; while, the classification by additional indicators can be
onsidered as the remedies of results by basic indicators (Xu, 2008).

he concentrations of Chl-a (Chl-a) and phytoplankton biomass
BA) are two of the more obvious symptoms of eutrophication
Rast and Holland, 1988; Ryding and Rast, 1989; Cooke et al.,
993). The higher BA or Chl-a concentration in a lake is, the more
rophic the lake trophic status is. Therefore, BA and Chl-a can

Fig. 4. The variations of exergy along eutro
ling 222 (2011) 337–350 341

service as two basic indicators. According to data availability for
Italian and Chinese lakes, Chl-a (in mg/m3) is selected as a basic
indicator; while total phosphorus (TP in mg/m3), transparency
in Secchi disk depth (SD in m) are applied as additional indica-
tors.

In order to quantitatively assess the trophic status of a lake
ecosystem, a TSI with a scale from 0 to 100 was developed. The
equation for TSI calculation is as follow:

TSI =
n∑

i=1

Wi · TSIi (12)
where TSI is a synthetic trophic index, TSIi is the ith trophic state
index for the ith indicator, and Wi is the weighting factor for the
i-th indicator, n is the total number of assessment indicators. In the
present study, the method of relation-weighting index (Jin et al.,
1990) is used to determine the weighting factors for all indicators,

phication gradients in Italian lakes.
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.e. the relation ratios between the basic indicator and other addi-
ional indicators can be used to calculate the weighting factors for
ll indicators. The equation is as follows:

i = r2
i1∑n

i=1r2
i1

(13)

here Wi is the weighting factor for the i-th indicator; ri1 is the
elation coefficient between the i-th indicator and the basic indica-
or; and n is the total number of assessment indicators. According
o data availability for Chinese lakes (Jin et al., 1990) and Ital-
an lakes (Calvo et al., 1993), the statistic correlative coefficients
f (Chl-a)-(Chl-a), (Chl-a)-TP and (Chl-a)-SD for Italian lakes are
omputed as 1.0, 0.57 and −0.50, while that for Chinese lakes as

.0, 0.84 and −0.83. Based on these statistic correlative coefficients
etween basic indicator (Chl-a) and additional indicators (TP and
D), weighting factors for Chl-a, TP, SD can be calculated by equa-
ion (13) as 0.635, 0.206, 0.159 for Italian lakes, and 0.418, 0.293,
.289 for Chinese lakes, respectively.

Fig. 5. The variations of structural exergy along
ling 222 (2011) 337–350

2.3.1. Calculating sub-TSIs for Italian lakes
There are two main steps to calculate sub-TSIs for all selected

indicators. The first step is to calculate TSI(Chl-a) for the basic
indicator, Chl-a. The second step is to calculate TSI(TP) and
TSI(SD), for the additional indicators, TP and SD, respectively.
After the TSI(Chl-a) for the basic indicator being obtained, the
sub-TSIs including TSI(TP) and TSI(SD) for the additional indi-
cators can be deduced according to the relationships between
the basic indicator (Chl-a) and the additional indicators (TP,
SD).

For TSI(Chl-a) calculation, it is assumed that, TSI(Chl-a) = 0 if Chl-
a is lowest, and that TSI(Chl-a) = 100 if Chl-a is highest. Referring
Carlson’s studies on TSI (Carlson, 1977), the relationship between
trophic status and Chl-a concentrations in a lake ecosystem can be
described as logarithmic normal distribution. So, TSI(Chl-a) can be

calculated by the following equation:

TSI(Chl-a) = 100 × ln Cx − ln Cmin

ln Cmax − ln Cmin
(14)

eutrophication gradients in Italian lakes.
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Table 4
Relations between exergy (Ex), structural exergy (Exst) and total biomass (TB), BZ/BA ratio or Ln(BZ/BA) ratio in Chinese and Italian lakes.

Lake Time Relations Person correlation
coefficient

Significance
test (2-tialed)

Number
of lakes

Chinese lakes Yearly average Ex-TB 0.910** 0.000 29
Ex-BZ/BA −0.017 0.931
Exst-TB −0.158 0.018
TSI-BZ/BA 0.872** 0.000

Italian lakes Spring Ex-TB 0.878** 0.000 29
Ex-Ln (BZ/BA) −0.125 0.517
Exst-TB −0.437* 0.018
Exst-Ln(BZ/BA) 0.989** 0.000

Summer Ex-TB 0.189 0.326 29
Ex-Ln (BZ/BA) 0.211 0.272
Exst-TB −0.517** 0.004
Exst-Ln (BZ/BA) 0.932** 0.000

Autumn Ex-TB 0.703** 0.000 29
Ex-Ln (BZ/BA) −0.127 0.512
Exst-TB -0.503** 0.005
Exst-Ln (BZ/BA) 0.975** 0.000

Winter Ex-TB 0.373* 0.046 29
Ex-Ln (BZ/BA) 0.389* 0.037
Exst-TB −0.466* 0.011
Exst-Ln (BZ/BA) 0.965** 0.000

All-year Ex-TB 0.399** 0.000 116
Ex-Ln (BZ/BA) 0.164 0.079
Exst-TB −0.361** 0.000
Exst-Ln (BZ/BA) 0.956** 0.000

w
s
t

T

w
f⎧⎪⎨
⎪⎩

a
b

F
l

* Correlation is significant at the 0.05 level.
** Correlation is significant at the 0.01 level.

here TSI(Chl-a) is sub-TSI for basic indicator, Chl-a; Cx is the mea-
ured Chl-a value; Cmin is the measured lowest Chl-a value; Cmax is
he measured highest Chl-a value.

Eq. (5) can be predigested as the following format:

SI(Chl-a) = 10(a + b ln Cx) (15)

here: a and b are constants, and they can be computed by the
ollowing equation:

a = −10 × ln Cmin

ln Cmax − ln Cmin

b = 10 × 1
(16)
ln Cmax − ln Cmin

According to the measured data for 29 Italian lakes (Calvo et
l., 1993), Cmin = 0.12 (mg/m3), Cmax = 560 (mg/m3). Then, a = 2.51,
= 1.18. Thus, the expression for calculating TSI(Chl-a) for 29 Italian

ig. 6. Relationships between exergy, structural exergy and total biomass in Chinese
akes.
lakes can be obtained as follows:

TSI(Chl-a) = 10 × (2.51 + 1.18 × Ln(Chl-a)) (17)

It can be seen that the equation for calculating TSI(Chl-a) can be
deduced from the Chl-a measured data by logarithmic expression
for differences between extremum values.

The sub-TSIs for additional indicators, TSI(TP) and TSI(SD), can
be calculated according to the relationships between the basic indi-
cator (Chl-a) and the additional indicators (TP and SD). According
to the measured data (Calvo et al., 1993), their relationships are as
follows:

Ln(Chl-a) = −0.60 + 0.66 × Ln(TP),
(N = 87, R = 0.57, P < 0.0001) (18)

Ln(Chl-a) = 2.16 − 1.14 × Ln(SD),

(N = 87, R = −0.50, P < 0.0001) (19)

Fig. 7. Relationships between exergy, structural exergy and the ratio of zooplankton
to phytoplankton biomass (BZ/BA) in Chinese lakes.
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Thus, the equations for calculating TSI(TP) and TSI(SD) can be
educed from Eqs. (17)–(19):

SI(TP) = 10 × (1.802 + 0.779 × Ln(TP)) (20)

SI(SD) = 10 × (7.219 − 2.485 × Ln(SD)) (21)

.3.2. Calculating sub-TSIs for Chinese lakes
According to the above-mentioned steps, the equations to cal-

ulate TSI(Chl-a), TSI(TP) and TSI(SD) for Chinese lakes are obtained
s follows (Jin et al., 1990):
SI(Chl-a) = 10 × (2.5 + 1.086 × Ln(Chl-a)) (22)

SI(TP) = 10 × (9.436 + 1.624 × Ln(TP)) (23)

SI(SD) = 10 × (5.118 − 2.117 × Ln(SD)) (24)

Fig. 8. Relationships between exergy, structural
ling 222 (2011) 337–350

3. Results and discussions

3.1. The variations of exergies and structural exergies along
eutrophication gradients

Exergy (Ex), structural exergy (Exst), and TSI have been com-
puted by expressions (10), (11) and (12), (17), (20)-(21), (22)-(23),
respectively, using the measured data for Italian and Chinese lakes.
The variations of exergy and structural exergy along eutrophication
gradients in Chinese and Italian lakes are presented in Figs. 3–5,

respectively. The relations between TSI and Ex, Exst in Chinese and
Italian lakes are tabulated in Table 3.

It can be seen from Fig. 3 that, with the increase of TSI in Chinese
lakes, an increasing trend exists for Ex, and a decreasing trend for
Exst, generally. The pearson correlation coefficients of a positive

exergy and total biomass in Italian lakes.
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elation between TSI and Ex, and a negative relation between TSI
nd Exst are 0.681 and −0.414, respectively. The correlations are
ignificant at the 0.01 level between TSI and Ex, and at the 0.05
evel between TSI and Exst (Table 3).

Fig. 4 shows that the Ex in Italian lakes increases in general with
he increase of trophic state index in four seasons and the all-year
round. The obvious positive correlations exist between TSI and Ex
n Spring, Autumn and the all-year; and the correlations are all sig-
ificant at the 0.01 level, with a pearson correlation coefficient of
.664, 0.559 and 0.360 in Spring, Autumn and the all-year, respec-

ively. However, the correlations between TSI and Ex in Summer
nd Winter are not significant (Table 3).

Fig. 5 reveals that the Exst in Italian lakes decreases in general
ith the increase of trophic state index in four seasons and the all-

ear around. The obvious negative correlations exist between TSI

Fig. 9. Relationships between exergy, structural exergy and the ratio o
ling 222 (2011) 337–350 345

and Exst in four seasons and the all-year; and the correlations are all
significant at the 0.01 level, with a pearson correlation coefficient
of −0.617, −0.473, −0.636, −0.602 and −0.563 in Spring, Summer,
Autumn, Winter and the all-year, respectively (Table 3).

It can be seen from above analyses that, in both Chinese lakes
and Italian lakes, there is a significant positive correlation between
TSI and Ex, and a significant negative correlation between TSI
and Exst, i.e. Ex increases and Exst decreases with the increasing
TSI.
3.2. Relations between Ex, Exst and total biomass (TB), BZ/BA
ratio

The relations between Ex, Exst, and total biomass (TB), BZ/BA
ratio in Chinese and Italian lakes are presented in Figs. 5–8, respec-

f zooplankton to phytoplankton biomass (BZ/BA) in Italian lakes.
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(BA) is increased significantly, and zooplankton biomass (BZ) is
increased slightly. This causes the obvious decrease of BZ/BA ratio
with the increasing trophic status index in four seasons and the
all-year around (Fig. 13). Table 5 shows that there are obvious pos-
46 F.-L. Xu et al. / Ecological

ively. Their correlation coefficients and significances are tabulated
n Table 4.

Fig. 6 shows that, in Chinese lakes, with the increase of total
iomass, the exergy increases, and the structural exergy decrease

n general. However, the opposite trends of exergy and structural
xergy exist following the increase of BZ/BA ratios, i.e. the exergy
ecreases generally, and the structural exergy increases obviously
Fig. 7). Table 4 demonstrates that, for Chinese lakes, there are
istinct positive correlations at the significant level of 0.01, with
he pearson correlation coefficient of 0.910 between exergy (Ex)
nd total biomass (TB), and 0.878 between structural exergy (Exst)
nd the ratio of phytoplankton biomass to zooplankton biomass
BZ/BA), respectively.

Fig. 8 illustrates that, in Italian lakes, in general, with the increase
f total biomass, the exergy shows an increase trend, and the struc-
ural exergy shows a decrease trend in four seasons and the all-year
round. The pearson correlation coefficients between exergy and
otal biomass in Spring, Summer, Autumn, Winter and the all-year
re 0.878, 0.189, 0.703, 0.373, and 0.399, respectively. The corre-
ation is significant at the 0.01 level in Spring, Autumn and the
ll-year, and at the 0.05 level in Winter; however, not significant
n Summer (Table 4). The pearson correlation coefficients between
tructural exergy and total biomass in Spring, Summer, Autumn,

inter and the all-year are −0.437, −0.517, −0.503, −0.466, and
0.361, respectively. The correlation is significant at the 0.01 level

n Summer, Autumn and the all-year, and at the 0.05 level in Spring
nd Winter (Table 4).

Fig. 9 manifests that structural exergy in Italian lakes increases
ignificantly with the increase of the ratio of phytoplankton
iomass to zooplankton biomass in four seasons and the all-year
round; however, there is no obvious trend for exergy. The pearson
orrelation coefficients between structural exergy and Ln(BZ/BA) in
pring, Summer, Autumn, Winter and the all-year are 0.989, 0.932,
.975, 0.965, and 0.956, respectively. The correlation is significant
t the 0.01 level in four seasons and the all-year (Table 4). However,
he pearson correlation coefficients between exergy and Ln(BZ/BA)
n Spring, Summer, Autumn, Winter and the all-year are −0.125,
.211, −0.127, 0.389, and 0.164, respectively. The correlation is
ignificant at the 0.05 level in Winter, and not significant in other
easons and the all-year (Table 4).

From above analysis on the change trends of exergy and struc-
ural exergy with the changes of total biomass and the ratio of
hytoplankton biomass to zooplankton biomass, as well as on their
orrelation relationships in Chinese and Italian lakes, it can be
een that the structural exergy is more dependent on the ratio of
hytoplankton biomass to zooplankton biomass (BZ/BA) than the
xergy, and that the exergy is more dependent on total biomass
han the structural exergy. These results are in accordance with
he findings for the similar study on Lake Chaohu, a eutrophic Chi-
ese lake (Xu, 1997), and also with the studies for 41 ecosystem
odels (see Christensen, 1994). Many model studies (Jørgensen,

992b) and ecological studies (Weiderholm, 1980) show clearly
hat decreased trophic state means that there is higher probability
f a better utilization of the available resources. A better utilization
f all ecological niches is accompanied by a higher biodiversity. A
evelopment towards more complex organism (with more genes)
ill also result in a higher structural exergy (Jørgensen, 1995b).

.3. The variations of BA, BZ and BZ/BA ratio along eutrophication
radients
According to the Eqs. (10) and (11), the exergies and structural
xergies in lake ecosystems are depended on biological structure
Jørgensen, 1995b; Xu, 1997). In order to explain the variations of
xergies and structural exergies in Chinese and Italian lakes, it is
ecessary to analyze the changes of BA, BZ and BZ/BA ratio along
Fig. 10. Relationship between trophic status and phytoplankton biomass (BA), zoo-
plankton biomass (BZ) in Chinese lakes.

eutrophication gradients. The relationship between trophic status
and phytoplankton biomass (BA), zooplankton biomass (BZ) and
BZ/BA ratios in Chinese and Italian lakes are presented in Figs. 9–12,
respectively. Their correlation coefficients and significances are
tabulated in Table 5.

Fig. 10 reveals that phytoplankton biomass (BA) and zooplank-
ton biomass (BZ) are increased with the increasing trophic status
index (TSI) in Chinese lakes, and that phytoplankton biomass (BA)
increases more rapidly then zooplankton biomass (BZ) does. This
results in the decrease of BZ/BA ratio with the increasing trophic
status index (Fig. 11). It can be seen from Table 5 that there are
obvious positive correlations between TSI and BA, BZ at the signifi-
cant level of 0.01 with pearson correlation coefficients of 0.852 and
0.669, respectively; while, there is an obvious negative correlation
between TSI and BZ/BA ratio at significant level of the 0.05 with
pearson correlation coefficient of −0.443.

Fig. 12 presents that, with the increasing TSI in Italian lakes
in four seasons and the all-year around, phytoplankton biomass
Fig. 11. Relationships between trophic status and the ratio of zooplankton to phy-
toplankton biomass (BZ/BA) in Chinese lakes.
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Fig. 12. Relationships between trophic status and phytopl

tive correlations between TSI and BA at the significant level of
.01 with pearson correlation coefficients of 0.704, 0.768, 0.783,
.707 and 0.641 in Spring, Summer, Autumn, Winter and the all-

ear, respectively. For the relationships between TSI and BZ, there
re obvious positive correlations at the significant level of 0.01
ith pearson correlation coefficients of 0.651, 0.489 and 0.276

n Spring, Autumn and the all-year, respectively; however, the
orrelation is not significant in Summer and Winter. The evident
n biomass (BA), zooplankton biomass (BZ) in Italian lakes.

negative correlations at the significant level of 0.01 between TSI
and BZ/BA ratio can also be found in Table 5, with pearson corre-
lation coefficients of −0.610, −0.640, −0.643, −0.598 and −0.614

i in Spring, Summer, Autumn, Winter and the all-year, respec-
tively.

Above-mentioned changes of BA, BZ and BZ/BA ratio could
explain the variations of exergies and structural exergies along
eutrophication gradients in Chinese and Italian lakes. From the
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Fig. 13. Relationships between trophic

nformation stored in the non-repetitive genes (see Jørgensen,
995a,b), the number of information genes in zooplankton organ-
sms is much higher than in phytoplankton organisms. Therefore,
ooplankton has larger contributions to exergy than phytoplank-
on. If the biomass concentration of zooplankton changes as
hytoplankton, exergy change caused by zooplankton biomass
hange is 42.35 times that caused by phytoplankton biomass
s and Ln(BZ/BA) ratios in Italian lakes.

change. Large exergy changes indicate thereby changes in ecosys-
tem structure or in species composition. The most serious

eutrophication is often accompanied by too much phytoplankton
biomass (BA) (algal bloom) and less zooplankton biomass (BZ) as
well as lower BZ/BA ratio, which may not cause obvious exergy
changes, however results in definitely the decrease of structural
exergy. This may be the reason why the structural exergy is more
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Table 5
Relations between trophic status index (TSI) and phytoplankton biomass (BA), zooplankton biomass (BZ), as well as BZ/BA ratio or Ln(BZ/BA) ratio in Chinese and Italian
lakes.

Lake Time Relations Person correlation coefficient Significance test (2-tialed) Number of lakes

Chinese lakes Yearly average TSI-BA 0.852** 0.000 29
TSI-BZ 0.669** 0.000
TSI-BZ/BA −0.443* 0.016

Italian lakes Spring TSI-BA 0.704** 0.000 29
TSI-BZ 0.651** 0.000
TSI-Ln(BZ/BA) −0.610** 0.000

Summer TSI-BA 0.768** 0.000 29
TSI-BZ 0.128 0.507
TSI-Ln(BZ/BA) −0.640** 0.000

Autumn TSI-BA 0.783** 0.000 29
TSI-BZ 0.489** 0.007
TSI-Ln(BZ/BA) −0.643** 0.000

Winter TSI-BA 0.707** 0.000 29
TSI-BZ 0.211 0.271
TSI-Ln(BZ/BA) −0.598** 0.001

All-year TSI-BA 0.641** 0.000 116
TSI-BZ 0.276** 0.003

**
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TSI-Ln(BZ/BA) −0.614

* Correlation is significant at the 0.05 level.
** Correlation is significant at the 0.01 level.

ensitive to the trophic state and the changes of phytoplankton and
ooplankton biomass (Xu, 1997).

Lake eutrophication ranks as one of the most pervasive water
uality problems around the world, especially in China. An effi-
acious measure for eutrophication control is the application of
io-manipulation, such as growing macrophytes in eutrophied
aters (Reed et al., 1988; Brix and Schierup, 1989). It was found

y many researchers that macrophytes growing in eutrophic lakes
ould decrease phytoplankton biomass, increase Secchi Disc depth
Van Donk et al., 1989; Scheffer et al., 1994; Li and Yan, 1995)
nd stabilize the ecosystem by taking up nutrients, allelopathy
nd offering a shelter to zooplankton and piscivorous fish (Van
onk et al., 1989; Grimm, 1994; Moss et al., 1996). In our pre-
ious modeling study on the effects of macrophyte restoration
o a typical eutrophied Chinese lake (the Lake Chaohu), two eco-
ogical models were developed (Xu et al., 1999b). The model 1
escribes the nutrient-food web dynamics before the restora-
ion of macrophytes, and the model 2 describes the food web
fter the restoration of macrophytes. Exergy, structural exergy,
atio of zooplankton to phytoplankton biomass and Secchi disc
ransparency are used as ecosystem indicators in the two mod-
ls. The modeling results show that, compared with ecosystems
ithout macrophytes, ecosystems with macrophytes have higher

xergy, higher structural exergy, higher transparency and higher
ooplankton/phytoplankton ratio, and that, an increase of initial
acrophyte biomass from 2 to 5, 10 mg/m3 causes an increase

f exergy, structural exergy, transparency, fish biomass and zoo-
lankton/phytoplankton ratio and a decrease in phytoplankton
iomass. These imply that macrophyte restoration can signifi-
antly improve lake ecosystem health (see Xu et al., 1999b for
etails).

. Conclusions

An analysis of the variations of exergies and structural exergies
long eutrophication gradients in Chinese and Italian lake has been
one. The findings reveal that it is feasible for exergy and structural
xergy to serve as the system-level ecological indicators to give

ppropriate information on the trophic status of different lakes.
he increasing exergy or decreasing structural exergy indicates the
evelopment of the lake ecosystem towards higher trophic status
xpressed by larger TSI, namely the increasing lake eutrophication.
he changes of exergy or structural exergy can express the changes
0.000

of ecosystem structure or ecosystem components, since different
components are with different information genes.
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