ISSN 1068-3739, Russian Meteorology and Hydrology, 2020, Vol. 45, No. 11, pp. 778-782. © Allerton Press, Inc., 2020.
Russian Text © The Author(s), 2020, published in Meteorologiya i Gidrologiya, 2020, No. 11, pp. 46-52.

Entropy Index: New Opportunities in Assessing

the Ecological State of Aquatic Ecosystems

M. M. Trofimchuk”
“Hydrochemical Institute, pr. Stachki 198, Rostov-on-Don, 344090 Russia
e-mail: m.trofimchuk@gidrohim.com

Received February 14, 2020
Revised February 14, 2020
Accepted June 25, 2020

Abstract—The paper proposes a new method for the integrated assessment of aquatic ecosystems
based on dissolved oxygen concentration and water body temperature. The study proves the validity of
assessing the state of aquatic ecosystems in terms of entropy change and the possibility of assessing the
ecological state of water bodies based on the point values of the entropy index. The algorithm for the
calculation of the entropy index based on water temperature and oxygen concentration according to
point measurements is described, and the theoretically reasoned scale for the estimation of the state of
water ecosystems is proposed. Based on long-term data on dissolved oxygen and water temperature ob-
tained at the stations of the state observation network and Roshydromet automatic water quality control
stations, as well as on experimental data, the entropy index is calculated for some water bodies in the
Russian Federation. The advantages and prospects of practical application of the method for the surface
water monitoring are discussed.
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INTRODUCTION

The problem of determination of the quality of water in water bodies based on the set of its physical and
chemical properties, including the concentration of pollutants, is successfully solved in the system for mon-
itoring the state and pollution of natural water implemented by Roshydromet. Hydrochemical observations
at 2485 gaging stations cover 1180 water bodies. The determination of the ecological state based on assess-
ing the state of living components of water bodies formed under given physical and chemical conditions is
carried out at 274 gaging stations on 121 water bodies. Such insignificant level of observations is caused by
the fact that the assessment of the ecological state of aquatic ecosystems is based on traditional
hydrobiological approaches, that require significant labor costs and the availability of specialized and
highly qualified staff. In addition, there is a methodological problem of assessing the ecological state.
Namely, archaic methods based on saprobity, biotic, and other indices are used, not to mention the fact that
the assessment of individual biotic communities is not identical to the assessment of the state of the ecosys-
tem as a whole.

The solution to the problem of integrated ecological assessment of the water body state is, in the au-
thor’s opinion, in the area of thermodynamics, with its macroscopic approaches to the description of com-
plex self-organizing systems.

DATA AND METHODS

Theoretical approaches to the assessment of the state of aquatic ecosystems based on thermodynamic
parameters have been developed and verified in numerous experiments [3—5, 7]. A change in the entropy of
an aquatic ecosystem caused by the photosynthetic production and destruction of organic matter is pro-
posed as a criterion of the generalized ecological state of a water bodys; it is possible to calculate this param-
eter using the concentration of dissolved oxygen and water temperature [6]:
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Fig. 1. The change in (/) entropy AS, and (2) balance ratio R/P (a) in the Zhizdra River and (b) in the model water ecosystem
(mesocosm) under influence of cadmium sulfate.

AS, = Inl2 1)
1

where AS; = S, — S| is the entropy change (the lower index 7 in AS, means that the time ¢ = const, i.e., the
entropy change depending rather on temperature than on time is considered); 7 is water temperature in a
water body; 75 is water temperature corresponding to the 100% saturation with oxygen at the measured
concentration. The entropy change calculated using (1) is a characteristic of production and destruction
processes at a given time point and represents a derivative of entropy with respect to temperature. After
that, similarly to the production-destruction parameters, it is possible to compute the time derivative for the
entropy change in the daylight and in the dark [6]; it is also possible to use the ratio of the obtained values
for assessing the aquatic ecosystem state based on the known criteria of the balance ratio [1].

Unfortunately, the proposed method cannot be widely implemented to the monitoring practice at the
Roshydromet state observing network. The limitations are associated with a need in obtaining data on mini-
mum and maximum daily oxygen concentration and water temperature, i.e., at least twice a day. This can be
implemented only at automatic stations, the number of which at the Roshydromet network is limited.

At the same time, the value of the entropy change at a given time point can be presented as a result of the
previous intra-reservoir processes, and, thus, it is possible to consider the point values of the entropy
change as an adequate resulting estimate of the ecological state of the water body at a given place, that was
formed during the preceding period. This is confirmed by parallel calculations based on data on the daily
dynamics of water temperature and oxygen concentration obtained using the mobile automatic station of
water quality control (ASKV-P, Taifun Research and Production Association) on the Zhizdra River.

Figure 1a presents the entropy change AS, computed from point measurements of oxygen concentration
and water temperature in the morning under the minimum oxygen values, as well as the change in the dy-
namics of the balance ratio R/P (R is the destruction of organic matter in the dark, P is the primary produc-
tion in the daylight) calculated from the daily oxygen concentration variation. It should be stressed that the
entropy change is calculated using minimum daily oxygen values as they most adequately indicate a result
of the interaction of two opposite processes of photosynthetic production and destruction of organic matter
within a diurnal cycle. As clear from the figure, the graphs of R/P and AS, exhibit similar trends, and the en-
tropy change AS, lags behind the change in the balance ratio R/P by 2—-3 days. This corroborates a validity
of the point estimation as a resultant of the preceding period and allows assessing the ecological state of wa-
ter bodies based on the Roshydromet observations of oxygen concentration and water temperature.

The similar results were obtained from the comparison of the dynamics of R/P and AS, in mesocosms, in
the experiments on studying the impact of cadmium on the model water ecosystems (Fig. 1b) [4].

Thus, the traditional hydrochemical parameters gain a deeper thermodynamic sense: they characterize a
deviation of entropy of the aquatic ecosystem from the certain normal, whose degree determines a level of
its wellbeing.

The previously published papers have repeatedly emphasized the value of thermodynamic approach for
assessing the ecological state of water bodies, that allows giving a macroscopic description of their state in
uniform terms and comparable values regardless of regional features and typology [3-5, 7]. For further de-
velopment of this approach using the traditional hydrochemical parameters (dissolved oxygen concentra-
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Table 1. The classification of the ecological state of water bodies

Water quality class Entropy index Ecological state
1 —0.123...0.062 Extremely favorable
2 0.063-0.124 Favorable
3 0.125-0.187 Satisfactory
4 0.188-0.249 Unfavorable
5 0.250-0.312 Extremely unfavorable

tion and water temperature) to calculate the entropy change and for the formalization of the estimates, it is
necessary to form a theoretically reasoned scale of the state assessment.

As follows from formula (1), to calculate the value of AS,, the value of 7, (water temperature
corresponding to the 100% saturation with oxygen at the measured concentration) is determined using the
oxygen solubility table. For example, the oxygen concentration measured in the water body was equal to
8.91 mg/dm3, which corresponds to saturation concentration (equilibrium concentration) at the temperature
0f 21.0°C or 294.15 K. For the sake of brevity, let us call it “equilibrium” temperature. Water temperature
measured in the water body was equal to 15°C or 288.15 K. The entropy change AS, = In(7,/7}) = 0.021.

The limiting values of the entropy change AS, in the water body can be computed proceeding from the
extreme theoretically possible combinations of the values of oxygen concentration and temperature mea-
sured in the water body.

Let us assume that if water temperature in a water body 7, = 273.15 K (0.0°C), the measured oxygen
concentration C = 0.0 mg/dm3. According to the oxygen solubility table, this corresponds to the equilibrium
temperature 7, = 373.15 K (100°C). In this case, the entropy change is maximal:

T
AS, =ln—2=1n@=0312=max. )
T 27315

1

Such deviation of entropy implies almost the complete absence of photosynthesis and the invasion is
completely leveled by the oxygen consumption for the oxidation of organic and inorganic compounds.
With the known assumptions, such state can be interpreted as an ecosystem death and is actually found in
some water bodies subjected to extreme pollution.

If water temperature 7; = 373.15 K (100°C), the measured oxygen concentration C = 14.62 mg/dm?,
which, according to the oxygen solubility table, corresponds to the equilibrium temperature 7, =273.15 K
(0.0°C). In this case, the entropy change takes a theoretically minimal value:

AS, =ln£=1n@=—0312=
T 37315

1

However, the ecosystem life cannot exist at water temperature of 100°C (with an extremely rare excep-
tion of geothermal sources, where individual populations may exist, but there are no ecosystems). The max-
imum water temperature in the World Ocean is about 36°C [2], this value should be taken as an extreme, at
which the ecosystem life is possible. This means that if water temperature 7; = 309.15 K (36°C), the mea-
sured oxygen concentration C = 14.62 mg/dm?3, which, according to the oxygen solubility table, corre-
sponds to the equilibrium temperature 7, =273.15 K (0.0°C). In this case, the entropy change takes a mini-
mal value:

T
AS,=In—2=In 27315 _ —0123 =min. 3)
T 33315

1

The mentioned range from 0.312 to —0.123 is divided into five classes corresponding to one or another
state (see Table 1). The number of classes corresponds to the number of intervals used to classify a degree
of water pollution accepted in Roshydromet. The negative values of AS, correspond to the oversaturated ox-
ygen solution, whose existence is limited in time; it is extremely rarely found in the real water bodies and is
unlikely in the morning, when the oxygen concentration in water is measured according to the method.
Therefore, the negative values of entropy were included to the first class corresponding to the most favor-
able ecosystem state. For the sake of brevity, hereinafter the value of the entropy change AS; is called the
entropy index.
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Fig. 2. The entropy index of water bodies AS, (the robust regression is the curves, the linear trends are the straight dotted lines
of corresponding color) in comparison with the water quality class (WQC) based on the specific combinatory index of water

pollution. (/) The Dachnaya River; (2) the Pel’shma River; (3) the Okhinka River; (4) the Nyuduai River; (5) the Pregolya
River; (6) the Vite River; (7) the Lena River; (§) Lake Baikal.

RESULTS AND DISCUSSION

The estimate of the ecosystem state using the entropy index based on the proposed scale that indicates
the ecosystem wellbeing, cannot always coincide with the pollution level estimate. This is explainable and
does not contradict the meaning of the estimates. The degree of pollution characterizes the environmental
quality, and the deviation of entropy from the normal characterizes the state of the ecosystem that exists in
the given environment, i.e., the result of the pollution impact. The state of the ecosystem, the level of its
wellbeing should not be directly linked to the degree of pollution of a water body for some reasons. One of
the reasons is the possibility of the ecosystem adaptation to negative impacts, and the other is possible
transformations of pollutants in natural water, that lead to changes in their toxic properties. However, it is
obvious that an increase in the concentration of pollutants in water up to the critical level or their long-term
impact can exceed the adaptation potential of ecosystems, which will lead to the change in their state.

The inconsistency of equating the level of pollution and the ecological state of a water body is well re-
vealed during the field experiments with controlled introduction of pollutants. Figure 1b presents the
graphs of variations in R/P and AS, in the mesocosm, where cadmium sulfate was introduced once at the be-
ginning of the experiment, its concentration being 100 times higher than the maximum permissible one. Let
us skip the detailed discussion of the response of the model ecosystem to the toxic impact and note that its
state is within favorable. Similar results were obtained in numerous experiments in mesocosms using dif-
ferent toxicants with different concentration values and impact variants [5, 8].

To illustrate the application of the above classifier (Table 1), the assessment of the ecological state for a
number of water bodies using the entropy index was carried out in comparison with the water quality class
based on the specific combinatory index (Fig. 2). For clarity, knowingly clean water bodies (in particular,
Lake Baikal, that is a priori considered as a reference water body) and objects with an extremely high level
of pollution were selected. Long-term data on the oxygen concentration and water temperature obtained
from the state observing network were used for calculations.

The estimates of the ecological state of the presented water bodies insignificantly differ from the pollu-
tion level estimates but basically correspond to the water quality class. The levels of pollution of the
Dachnaya, Pel’shma, Okhinka, and Nyuduai rivers are estimated by the values of specific combinatory in-
dex within 5.5-8.3, which corresponds to the 4th—5th water quality classes. The graphs of entropy indices
for these rivers characterizing their ecological state as unfavorable and extremely unfavorable are situated
in the same region. The entropy indices of pure water bodies characterize their ecological state as extremely
favorable and favorable. The most favorable state is registered for the Lake Baikal ecosystem. Attention
should be paid to the pattern of the entropy index dynamics for water bodies with different levels of pollu-
tion. Pure, more favorable water bodies are characterized by more stable values of the entropy index. This
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regularity is important for assessing the state of water bodies. It indicates that ecosystems which are not
subject to anthropogenic load and are in their natural state, provide balanced energy consumption in the
stationary mode. It should be stressed that, in this context, the stability does not mean the resistance of eco-
systems to external impacts. These peculiarities can indicate an unnatural state of aquatic ecosystems in
polluted water bodies that regularly respond to negative external impacts.

CONCLUSIONS

The proposed approach based on the entropy index allows using traditional hydrochemical parameters
(data on the concentration of dissolved oxygen and water temperature) to solve the problem of integrated
assessment of the ecological state of water bodies. The advantages of such approach are evident. The base
for the entropy index calculation is regular data obtained at the stations of all categories of the state obser-
vation network. The technique for the determination of oxygen concentration in water is simple and reli-
able, and the possibility of using the instruments (oximeters) significantly simplifies measurements and
does not require highly qualified staff. The implementation of measurements in an automated mode with
the transmission of data via wireless communication channels allows obtaining information about the state
of water bodies in real time and, if needed, making timely management decisions.

The presented method for assessing the ecological state of water bodies can be a base for optimizing the
system for the monitoring of the state and pollution of surface inland water. The assessment of the thermo-
dynamic state of aquatic ecosystems in specific physical and chemical conditions allows evaluating an inte-
grated impact of pollutants. The entropy index can be a final estimate of the ecological state of the water
body classified as favorable; if the water body is classified as unfavorable, the index can be a base for mak-
ing decisions on more detailed investigation. Such differentiated approach to the assessment of the ecologi-
cal state allows reducing the number of pollutant observations in favorable water bodies and providing the
detailed investigation of unfavorable ones.

REFERENCES

1. V. N. Zhukinskii, O. P. Oksiyuk, Ya. Ya. Tseeb, and V. B. Georgievskii, “A Project of the Unified System for the
Description of Continental Water Bodies and Its Application to Water Quality Analysis,” in Scientific Basis of
Surface Water Quality Control Based on Hydrobiological Parameters (Gidrometeoizdat, Leningrad, 1977) [in
Russian].

2. S. 1. Kan, The Ocean and the Atmosphere (Nauka, Moscow, 1982) [in Russian].

3. A. M. Nikanorov and M. M. Trofimchuk, “Peculiarities in Thermodynamics of Intrabasin Processes in Fresh-
water Ecosystems under Anthropogenic Impact,” Dokl. Akad. Nauk, No. 2, 433 (2010) [Dokl. Earth Sci., No. 1,
433 (2010)].

4. A. M. Nikanorov and M. M. Trofimchuk, “Thermodynamics of Within-water Processes in Freshwater Ecosys-
tems under Anthropogenic Impact,” Vodnye Resursy, No. 4, 38 (2011) [Water Resources, No. 4, 38 (2011)].

5. A. M. Nikanorov, M. M. Trofimchuk, and B. L. Sukhorukov, Methods of Experimental Hydroecology (NOK,
Rostov-on-Don, 2012) [in Russian].

6. M. M. Trofimchuk, “On the Possibility to Assess the Ecological State of Aquatic Ecosystems Based on Entropy,”
Meteorol. Gidrol., No. 7 (2018) [Russ. Meteorol. Hydrol., No. 7, 43 (2018)].

7. M. M. Trofimchuk, “Thermodynamic Approach to the Ecosystem State Assessment,” in Proceedings of Scientific
and Practical Conference “Modern Fundamental Problems of Hydrochemistry and Surface Water Quality
Monitoring in Russia,” Azov, June §—10, 2009, Part 2 (Rostov-on-Don, 2009) [in Russian].

8. M. M. Trofimchuk, “Sustainability of Water Ecosystems: From Theory to Practice,” in Sustainability Perspec-
tives: Science, Policy and Practice, Strategies for Sustainability (Springer, Cham, 2019).

RUSSIAN METEOROLOGY AND HYDROLOGY Vol. 45 No. 11 2020



