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SUMMARY

In a thermodynamic view, lagoons can be considered as systems
reproducing, on a reduced scale and within a short time, the disequilibrium
between energy resources and hurnan activity.

A dynamic equilibrium can be reached in these environments if the
energy transfer into biomass is accompanied by an adequate dissipation, able to
ensure a consistent increase in the entropy of the ecosystem when considered
together with the surrounding environment.

External energies, such as wind and hydrodynamics, enable ecosystems
to communicate with the surrounding environment.

Under hypertrophic conditions, external energies are often unable 1o
allow adequate dispersion of the energy surplus; under these circumstances an
anoxic crisis may occur and the environment, after a calastrophic event {death of
acrobic populations), sets out for a lower organization and biomass level.

There is evidence that bacterial sulphate reduction (BSR) activity, which
normally represents a terminal step in the mincralization processes of organic
matter, increases exponentiatly at the increasing temperature and in absence of
water circulation, leads at the very least to the anoxy of the water colummn.

1. INTRODUCTION

In the summer months, and particularly during the early moming, anoxic
crises occur in many Mediterranean lagoons, initially on a local scale and then in
entire lagoons. The most obvious consequence of this phenomenon is the death of
aerobic fauna such as fish. This leads 1o sericus economic damage to the fishing
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industry, and often has negative indirect consequenices on the tourist
industry.  An understanding of this phenomenon is required to enable the
development of monitoring methodology and processes for the recovery of the
ecosystem which should be in accordance with the type of activities and
common practices in the areas involved.

This is the goal of ENEA and the Central Laboratory for Hydrobiology,
which since 1987 have been promoling interdisciplinary research on a number
of lagoons in North-Central lialy {the lagoons of Orbetello, Venice, Valli di
Comacchio, and those of the Pontine area; Fig. 1) showing evidence of this
phenomenon. This repont provides a brief summary of the results achieved with a
proposed general theory of interpretation of the dystrophy and anoxic process
and its dynamic evolution.

ORBETELLO

PONTINE LAGOONS:
FOGLIAND

- MONACH

" CAPROLACE

Fig.1- The lagoons where the experimental studies have been carried
out.
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For a detailed description of the areas studied and the experimental and field
methodologies used, see the ENEA technical reports (1) and Hull and others(2).

The hydrological studies characterised the circulation between the lagoons
and the near seas under various climatic conditions. Basically, water exchange
was efficient only when there was a steady wind or during heavy rainfall, while
flow efficiency due to tidal action only was rare. As a resull, especially in the
summer during locally calm conditions, special situations often arose when the
areas studied were shown to be thermally insulated from both the adjacent sea
water and the atmosphere.

The space and time distribution of the plant biomass highlighted (he fact
that the microalgae component is always considerably smaller in quantity than
the macroalgae component, and that the latter is represented  mainly by
populations which are "nitrophilic and pleustophytes™(3) (i.e.Chactomorpha sp.
andfor Ulva sp.) with density levels of up to and over 10 Kg/m(of fresh weight}.

Geochemical research has confirmed the importance of sediments in
recycling nutrients in order to make them available for plant growth; the
amount of nitrogen and phosphorus released have also been estimated.

Microbiological research focused the role of bacterial anaerobic activity
in sediments, highlighting a significant correlation between sulphate reduction
activity, the temperature and the substrate ( 4.5).

During the experiments, automatic stations equipped  for full-time
moenitoring  of hydrological parameters (femperature, conductivity, dissolved
axygen and pli) and weather parameters (air temperature, solar radiation, . wind
direction and speed and atmospheric pressure) were used.

Mast of the experimental results reported in this paper refer to the Tagoon of

Orbetello, but similar indications have bheen pointed out in all (he investigated
environments.

2. CHARACTERISTICS OF THE ANOXIC PROCESS

The correct interpretation of the anoxic process requires a detailed
analysis of the conditions arising in extreme climatic situations - i.e in summer -
when the abnormal growth of the plant biomass tends to saturate the biological
carrying capacity of the ecosystem, making it extremely unstable.

In the spring and summer period the algae biomass, favoured by the
considerable release of the nutrients from the sediments and by favourable levels
of temperature and light, reaches maximum productivity levels. However, this
process also gives rise to the formation of proportional amounts of organic
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detritus.

The organic detritus is mineralized in the water column and on the
sediment surface either by aerobic microorganisms, when the physical and
photosynthetic re-aeration rates are steady, or by anaerobic microorganisms when
there is a shortage of oxygen.

In shallow acquatic environments the wo processes -aerobic and
anaerobic - coexist as a pooling of bacterial activity, although the percentage
proportion  varies according to the space (vertically) and time (the day/night
cycle). The change in this ratio is regulated by daytime photosynthesis and
hydrodynamic circulation in the water column, in which the amount of dissolved
oxygen is increased because the solubilization process has been made easier.
Furthermore, the velocity of re-aeration of the water is in inverse proportion to the
depile, if the vertical circulation process is inhibited, the percentage ratio of the two
mincralization pattems varies significantly with the depth,

This 1s why the organic matter will undergo anaerobic or zerobic
breakdown according to its position in the water column, as well as being alfected
by the changes in the amount of oxygen available due to the day/night cycle,

If the miatter nndergocs anaerobic breakdown, the result is fennentation
leading sulphate reduction.

Bacterial sulphate reduction in marine environments is a process which has
been the object of considerable research (6,7.8), and is responsible for about 50%
of the mineralization of organic matter. In the context of this research. it is also
vital to consider hat the organic substrate of these bacteria consists of small
melecules (9,10.11) which are produced in syntropism by the fermeniation
bacteria. This process always occurs under microaerophilic conditions due 10 the
actobic microbial population which has the capacity to ferment the arganic
substrate  when the amaunt of dissolved oxygen is insufficient  for complele
mineralization. As soon  as acration conditions in the water column change, the
organic matier may underge two completely different forms  of breakdown,
with differing environmental implications,

It sheuld be stressed that bacterial sulphate reduction (BSR} indirectly
consumes the oxygen available in the water column, since the hydrogen sulfide
produced as a reaction o anaerobic respiration is re-oxidised chemicalty (9)
using a double amount of axygen compared to the requirements of the aerobic
process, thus exacerbating the oxygen shortage.

The maost plausible model (Fig. 2) for the persistence of weather conditions
causing serious stagnation is that the vertical separation of the deepest area, with a
mainly anaerobic metabolism, tends to spread to areas closer to the surface during
the night, with further increases during the daylight hours.
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Fig. 2 - The scheme shows the model of the organic carbon brake-down in
hypertrophic lagoons. The spring and summer microclimate conditions can regulate
the biochemical by-pass from the acrobic to anacrobic catbon Mow. In a windless
condition with high air humidity the fermentative microbial activity produces more
Euitslgle molecules for sulphate-reducers bacteria. DOC= Dissolved Organic

arbon.
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Under these  climntic  conditions,  the  dynamic eopilibrinm between
acrobiosis and anaerobiosis changes over to higher sulphate reducing activity,
which uses up the remaining oxygen still available in the water column.

The most effective way to block this chain reaction is the circulation of the
water column, since this favours re-aeration, thus slowing down the buildup of
substrate for sulphate reducers. This action is brought about either by turbulence
or by simple convection motions caused by active evaporation produced by
surface wind.
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Fig.3 - In (he graph, one curve shows (dots) sulphate-reduction rates
measured in situ  {(twice a month for three years in two station points of the
Orbetetlo Lagoeon). The second curve (triangles) shows the rates measured in a
laboratory experiment stimulating the sediment sample with sodium-lactate added
in exvess The two square dots are the rates that have been marked out during a
localized anoxic crisis. The laboratory experiment suggests that the bacterial
activity, in normal conditions, is carbon limited , but is not during anoxic crisis.

The graph in figure 3 illustrates the activity of sulphate reducing bacteria
as measured over 15-day periods for two years in the Orbetello Lagoon, in
relation to sediment temperature. Although there is a significant exponential
correlation between BSR and temperature, the data also highlights the crucial
role of the supply of the substrate for reaching the anaerobic aclivity rates
leading to total anoxia in a water column (5). Since the supply of the substrate
depends heavily on microclimatic cenditions, it can be supposed that these



363

conditions give rise to the instability leading to caastrophic effects such as
the death of acrobic organisms.

It should therefore be stressed that it is not the sudden death of the plant
biomass that triggers the anoxic phenomenon, but rather local microclimatic
conditions (stagnation for a period of about a week) which accelerate the supply
of the organic substrate to the anaerobic bacterial pool under conditions of poor
aeration; this then favours (he acceleration of the biological production of

hydrogen sulphide.

3. THEORETICAL ENERGETIC MODEL

The biochemical process described above can supply a satisfactory
explanation of the mechanisins leading up ro  a dystrophic and anoxic crisis.

However, in order to grasp the implications for the environment further
clarifications must be made.
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Fig.4 - Energetic model of a lageon.

Figure 4 shows an energetic model based on observations in the
lagoons covered in the studies. The diagram can easily be reduced to the following
literal equation:

Light Energy = Fixed Energy + Dispersed Energy
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where Fixed Energy refers to that part of radiating energy accumulated in the form
of biomass (Chemical Energy - from photosysthesis); Dispersed Energy refers to
forms of energy dispersion given off 1o the surrounding ¢nvironment e.g. low level
heat.

According to an estimate made by Gates (12), the amount of light energy
from the sun reaching the surface of the atmosphere is 2 calfcm2/min, with the net
amount , substracted from reflected, being 1.3. On this basis, the amount reaching
the eartb's surface at our latitudes at noon on a summer day is about 800 Kcal/m2/h,

The experimental measurements made by the automatic weather stations
located at the lagoons are wholly compatible with these estimates, Figure 5
shows the daily average sunshine, wind, humidity and temperature rates for
August and the monthly average rates for June-November 1988 period, as
recorded in the Orbetelio Lagoon.

‘The conversion of the light energy reaching the lagoon into thermal
energy unplies a heat exchange hetween the lagoon water and the surrounding
environment, Le. all the adjoining systems (air, sediment, sea waler etc.) The
surrounding environment transmits heat to the lagoon, where the temperature then
rises; if the water temperature rises, and becomes higher than  the surrounding
environment 's, then the lagoon dissipates the surplus heat back to it, The first
process is characteristic in Spring and Summer, when the lagoon is in a heating
stage, while the second process takes place in the colder season.

A second type of energy conversion is chemical, i.e. through the
chlorophyllian photosynthesis, with the growth of living plants.

Experimental measurements of primary production conducted on the
lagoons at peak production periods showed 1 mg-C/m3/h for phytoplankton, and
100 mgC/gr wet weight/h for macroalgae. In the winter period, estimates of 0.5
Kg/m? (fresh weight) were made for the macroalgae biomass, while in the summer
fresh weight figures of 10 Kg/m2 were often recorded in many areas of most of the
studied lagoons. This means that using Odum conversion factors (13),
calculations in the range of 5 1o 100 Keal/m2/h can be made of the energy
conversion due to the photosynthesis  of non-microscopic algae (energy from
phytoplankton growth is considered to be negligible}.

This means that in the lagoons a maximum variable amount of about
12% of the light energy is converted into organic matter; which is similar to the
level estimated by Odum (13).

‘The amount of light energy reaching the lagoon area but not converted into
the biomass is mainly converted into heat, which is accumulated in the lagoon
waters, thus increasing inlemal entropy. However, in order to  maintain the
entropy of the system at the lowest possible level, the local environment must be

able 1o dissipate the surplus energy and the entropy produced in irreversible
processes to the external environment,
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metereological parameters in the Lagoon of Orbetello in 1988,
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Fig. 6 - Diel variations of evaporation at August 1988 in Orbetello Lagoon.

Thermal dissipation lowards the atmosphere takes place (e.g. by irradiation
with the formation of thermal currents) when the air temperature is lower than the
water temperature (a condition  which generally occurs at night during the
summer}l.  Dissipation may take place towards sediment, when sedimem
temperature is lower, or towards other means of access to the lagoon such as the
sei or canals. '

It should be pointed out that heat dissipation from water towards sediment
involves only a very thin layer of sediment, as shown by the experiments of
Bucci et al. (1} {or Orbetello and Hull et al. (2) for the Pontine Lagoons. Heat
dissipation by conduction is negligible, generally being under 0.5% of the total
thermal energy exchange.

The most important type of energy dispersion during the Summer is
evaporation (Fig. 6), which has been indirectly calculated for the Orbetello
Lagoon on the basis of meteorological data, using an empirical formula (14).

Nevertheless, there are objective barriers to the dissipation of the
entropic surplus to the outside environment in the lagoon systems studied,
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when the meteoroiogical conditions described above  prevent dissipation.
Under these conditions, the lagoon environment has a higher temperature than the
air, and thus gives off heat to the air. Low winds, low hydrodynamics and high
humidity lead to the formation of a sort of "lid" over the lagoon which is thus
insulated from the surrounding environment. The re-aeration process in the
water is therefore slowed down and can no longer support the zerobic process of
mineralization. This triggers fermentation, which leads to the anaerobic pattern of
the sulphur cycle. In other words, the physical conditions causing thermodynamic
instability of the ecosystem coincide with the conditions leading to the terminal
biochemical processes of dystrophy,

4. CONCLUSIONS

The occurrence of anoxic events should be interpreted in the context of the
theories developed by Prigogine (15) and discussed with others (16,17} in the field
of the thermodynamics of irreversible processes in open systems far from
equilibrium.

The hypertrophic lagaon is an open system with specific physiographical
characteristics which , under certain meteorological conditions, is no longer able
to convert encrgy and at the same time properly pump out entropy. If the external
energies of the system such as turbulence and hydrodynamism govemed by stcady
winds are lacking, adequate dissipation of the energy surplus can no longer take
place, and a dystrophic crisis may begin. The accumulation of entropy in the
system is not compalible with the ecological structure, which reacts by undergoing
the extreme condition of dystrophy. leading to anoxic crisis with the death of
aerobic fauna.

The recrganization of the system's ecological structure on  a far less
complex level can be considered as the final autoregalating mechanism. The lower
organizational structure of the new population is compatible with the lower
dissipation capacity and the high inlemal entropy. which was unsupportable for
the previous population.

From a strictly biological point of view, colonizing of the lagoon
enviromnent by anaerobic bacteria is not necessarily negative, but it is in an
evolutionary point of view however, since it involves the temporary reversal of the
evolutionary process: a highly organized community such as aerobic vertebrated is
replaced by sulphur cycle bacteria and also in the ecological as this reversal is the
result of damage to the environment, :

A situation where the deterioration of the aerobic process leads to the
increase of the anaerobic pattern can therefore be interpreted as a population
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structure regulating mechanism, since the physical conditions having a negative
effect on surplus energy dissipation increases the production of hydrogen sulphide,
which has a considerable effect on biotic selection of the ecosystem.
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Fig. 7 - Biological productivity.

The conclusions discussed so far can, in our view, when taken as a general
theory, be applied to any ecosystem. The phenomenon is especially applicable to
shallow acquatic environments. where these conditions most comimonty occur,
hoth due to natural causes and to heavier dependence on man-made flows. The
tendency fo increase biclogical productivity seems to be incompatible with the
evolution of fauna and flora in the environment.

It thus seems useful for practical applications to introduce a concept of a
productivity “threshold”, which in order 1o be defined requires a general
method for assessing the surplus energy status from the point of view of
ecological stability rather than simply biological production. The proposed solution
involves the correlation of the characteristics of light energy to production and
to the dissipation capacity of the ecosystem, which depends on its physical,
maorphological, hydrodynamic, weather and climatic factors. The simplified
graph in figure 7 shows a classical biological carrying capacity curve, ag
showed it Odum(13). We propose to define the maximum and optimum dimension
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levels theoretically introduced by the author as LI and LT. Line LI defines the
level of active light energy falling on the site, and line LT defines the level of
usable energy under stable conditions, calculated on (he basis of the minimum
dissipation capacity of the system (determined by the sum total of extemal
energies involved). An uncontrolled nutrient input leads the vegetal population to
increase unti] all the available light energy is photosynthetically converted into
biomass. The cost of manteinance of this population at low internal entropy is very
high and involve external energies that ensure all detritus produced by respiration
be mineralized. As we discussed before this doesn't happen easily at the same rate
of the production and the anaerobic degradation cause the ecosystem instability and
dystrophy. So it is the minimum (prolonged for an unknown time) amount of the
external energies that determine the dissipation capacity and the productivity
threshold. The ecosystem can be defined with the classical terms of
oligotrophic  and eutrophic. depending on whether the productivity is,
respectively, far from or close to the level of usable energy; the system will be
hypertrophic and dystrophic if population is higher or much higher than this
level. it should also be recalied that in quantitative terms 1.1 and LT are not
constants, but rather variables over time, since it is the sum total of the extemal
forms of energy thai may undergo considerable changes and thus determine the
optimal production level.

The general theory outlined above supplies plausible explanations for
historically documented dystrophy episodes in  the past, and the increasing
frequency of dystrophy at the present time.
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