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Abstract. The dynamics of development of natural phytoplankton and bacterioplankton in the deep water upwelled to the upper sea layer were studied. The water from the lower part of the aerobic zone of the Black Sea was shown to have high bio-productive potential and can be used as an environment for algae and bacteria.
In different countries, including Russia, ideas were repeatedly put forward and attempts were made to increase the productivity of marine basins by upwelling deep waters enriched with nutrients into the photic zone [6. 14, 15, 29]. By analogy with the natural phenomenon, this biotechnological method was called “artificial upwelling.” Evidently, to use it successfully it is necessary to know the productive potential of the deep waters. These studies should not consist only of measurements of nutrient concentrations in the water. The development of phytoplankton depends on a whole complex of factors, hence, the satisfactory estimation of the possibility of using the artificial upwelling should be based on experimental data.
The urgency of this problem results also from the fact that nowadays many kinds of human activities disturb the hydrological structure of marine basins; as a rule, (his results in “unforeseen" artificial upwellings. We need to forecast the ecological results of these events.
The goal of this investigation was the experimental study of general trends of development of natural phytoplankton and bacterioplankton under the conditions of the upwelling of deep waters from the aerobic zone of the Black Sea into the photic zone.
MATERIAL AND METHODS
The studies were carried out on the eastern coast of the Black Sea near Cape Utrish (about 20 km from Anapa) in 1986-1989.
The duration of the experiments varied from 15 to 30 days and they were carried out in mesocosms. The periods of the experiments were planned to study the bio-productive properties of the deep waters in the beginning, the middle, and the end of the period of summer stratification. It is important to note that during every experiment the vertical distribution ol the set ol the main hydrological and hydrochemical parameters was typical of that season.
The development of algae and bacterioplankton was studied in the water upwelled into the photic zone from:
(1) the layer just above the thermoclinc (depth 30 m);
(2) the core of the cold intermediate layer (depth 60 m);
(3) the lower layer of the oxygen zone (depth 120 m).
Water samples were collected using a 30-1 bottle. The mesozooplankton organisms were removed by filtering the water before the beginning of the experiment through sieve no. 38 with a mesh size of 0.18 mm. Then, the water was exposed in 20-1 glass bottles (3 experiments for each layer). About 2/3 of the volume of these mesocosms was filled with water. For control, three bottles were filled with water from the surface layer (from a depth of 0-1 m); this water was also previously filtered. The bottles were exposed in the surface sea layer using a special floating frame. During the exposition, the samples were regularly collected from the mesocosms; the concentrations of nitrates, nitrites, ammonia, and phosphates were measured, as well as those of nitrogen and phosphorus in the suspended matter. Simultaneously, samples of phytoplankton and bacterioplankton were collected. Each sample of phytoplankton was divided into two parts; one of them was preserved for consecutive standard processing [19] while in the other part, the abundance and biomass of small flagellates were measured immediately after sampling using the method of “a living drop [4]. The abundance of bacterioplankton was measured through direct counting at the membrane filters stained with carbolic erythrosin [18]. During the calculations of the wet weight from the cell volume, a correction coefficient of 1.6 was used [17]. The microorganisms at detritus particles were also counted [16].
RESULTS AND DISCUSSION
The results of the experiments illustrated that the water from the lower layers of the aerobic zone (60-120 m) has significant bio-productive potential. In the majority of cases, the biomass of phytoplankton developing in the deep water upwelled to the photic layer exceeded by many times its quantity in the surface layer.
If the concentration of dissolved phosphorus in the medium is less than 0.15-0.55 µg-at I-1, it limits the development of cultures of marine planktonic algae [25, 32]. On the basis of both this concept and the pattern of vertical distribution of phosphorus in the aerobic zone, we can suggest that the development of phytoplankton in the majority of cases is determined by the concentration of this nutrient in the deep water. Thus, the waters of the cold intermediate layer (60 m) and the lower boundary of the aerobic zone (120 m) contain high concentrations of phosphorus, and the biomass of algae there was also high. At the same time, in the mesocosms with the water from the 30-m layer, the phytoplankton biomass significantly increased only in the experiment during the beginning of the summer stratification (June 10-July 10, 1988); during that period, the concentration of total phosphorus in this layer was significantly higher, as compared with the surface one (table).
According to the stoichiometric model of Redfield-Richards, in a medium for phytoplankton development in temperate latitudes, the optimum ratio between the concentrations of nitrogen and phosphorus is 13 : 1 [2]. During the period of the studies at a depth of 30 m, the ratio between the total concentrations N : P varied from 33 : 1 to 153 : 1; at a depth of 60 m it varied from 18 : 1 to 55 : 1. We can suggest that the concentration of nitrogen in these layers is excessive. However, we have to take into account that the rate of phosphorus regeneration is much higher [1].
Relatively high concentrations of nitrates and ammonia observed in the majority of cases at the final stages of the experiments confirm the concept of the limiting influence of phosphorus. At the end of the experiments, the concentrations of phosphorus were, in contrast, near the analytical zero. However, in the lower layers of the aerobic zone (100-120 m), the N : P ratio during some periods was 7 : 1. In these cases, by the end of the experiments the concentrations of nitrates and ammonia were 0.3-1.9 and 0.6-1.2 pg-at l-1, respectively, i.e., they decreased down to the level that limited the future development of phytoplankton [II]. The concentration of phosphorus during this period was significantly higher than the limiting concentration; this is illustrated by the experiment carried out during the period August I5-September 4, 1988 (table).
Thus, the bio-productive potential of the deep waters of the aerobic zone seems to depend on the concentration of both phosphorus and nitrogen and not only on the absolute concentrations, but on their ratio as well.
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As a rule, several stages of development occur during the cultivation of different species of planktonic algae in enriched media [24]:
1) lag-phase – the biomass increases insignificantly;
2) logarithmic phase – the biomass increases according to geometric progression;
3) the phase of decrease in the growth rate;
4) stationary phase – the biomass remains at the same level.
In the experiments with deep water, the dynamics of phytoplankton development to some extent differed from the classical scheme outlined above. During the first day, a certain decrease in phytoplankton abundance and biomass occurred in some mesocosms. Then, over several days, the abundance of algae gradually increased. However, the increase in phytoplankton biomass was much smoother, as compared with the experiments with the cultures of the Black Sea algae and natural phytoplankton community with additions of mineral nutrients [5, 20]. A rather similar type of phytoplankton development was described before in the experiments with the deep water upwelled to the surface in some other marine basins [22, 23, 27, 31]. In some cases, two phases of increase of biomass occurred; during the period between these phases, the abundance of phytoplankton was not increasing. The stationary phase usually began on the 9th – 11th day.
In general, several rather well pronounced phases of development occurred in the experiments with phytoplankton.
(I) The phase of adaptation. During this period, adaptation of the organisms to the sharply changed environment occurs. The death of algae was noted in the mesocosms with the water from depths of 60 and 120 m. This phenomenon seems to occur because some cells located in the lower layers of the oxygen zone are in a bad state due to their long existence in disphotic conditions. This period, to some extent, corresponds to the initial phase of development of planktonic communities in the regions of natural upwellings [7, 21,30]. In spite of low total abundance of phytoplankton in the lower layers of the aerobic zone (60 m and deeper), its composition is rather diverse. Different species of diatoms, pyrophytes, and small flagellates occurred in the samples. Besides, the representatives of chrysophytes and blue-green algae often occurred in the deep layers. However, the abundance of the bulk of the species was low. No pronounced dominants occurred. When looking at samples that were not preserved, it was evident that the activity of many mobile forms was low. In many cases during the initial period, an increase of concentrations of mineral nitrogen and phosphates occurred. Simultaneously, the concentration of these elements in suspension decreased; this seems to result from the intensification of the processes of destruction due to an increase in the water temperature.
(2) During the lag-phase, the abundance of algae increased only slightly. The duration of this phase is not the same in different groups of phytoplankton. In diatoms the lag was 1-2 days, in peridineas it was 3-5 days. The lag-phase of small algae in the mesocosms with the water from depths of 60 and 120 m was from 1 to 2 days; in the mesocosms with the water from a depth of 30 m, the lag-phase was usually absent, and as early as after one day the biomass of this group significantly increased. Hence, this phase is not always pronounced in the dynamics of the changes of the total phytoplankton biomass.
(3) The phase of intensive growth of small flagellates. At this stage of succession, the flagellates sharply dominated in abundance and their percentage in the biomass often exceeded 50%. During this period in some mesocosms other taxonomic groups (blue-green and green algae, silicoflagcllates) significantly developed, while the average cell volume was minimum (200-600 µm3). Starting from this phase, the concentrations of mineral forms of nitrogen and phosphates decreased and the concentrations of these elements in the suspended matter increased. This trend lasted until the beginning of the period of stabilization.
(4) The phase of development of diatoms. It is known that the reaction of this taxonomic group on the increase in nutrient concentration in the medium is more rapid, as compared with other groups [7, 26. 33]. During that period, a logarithmic growth of diatoms of relatively low cell size occurred in the mesocosms. At the end of this phase, the biomass of phytoplankton reached its maximum values. As a rule, the intensive growth of diatoms started as early as during the period of growth of the flagellates. Hence, the total biomass of phytoplankton gradually increased. However, in some cases for some reason the growth of diatoms started as late as during the phase of stabilization and even that of the decrease of the biomass of small flagellates. In these cases, two periods of growth occurred in the dynamics of variations of the total biomass; these two periods of growth resulted from the development of each of these groups. By the end of this phase, the mean cell volume increased up to 1000-2000 µm3.
(5) Stationary phase. At this stage, the biomass of algae in the mesocosms remained close to a constant level. In some cases, the total abundance decreased and a lot of diatoms appeared which belonged to the species with bigger cell size. During this period, the abundance of peridineas reached its maximum, but their contribution to the total amount of phytoplankton never exceeded a few percent. The diatoms of small cell size remained dominant at the final stage of experiment. The average cell size never exceeded 2000-3000 µm3.
At the stationary phase, the composition of the dominating species in all the mesocosms with deep water where the biomass significantly differed from the test one was rather similar: various species of genus Nitzschia and a similar species Tlialassionema nitzscliioides occurred. The bulk of these species belong to the Morosova-Vodyanitskaya [13] “shadow” complex. During the summer stratification, the representatives of this complex are abundant in the layers below the thermocline; in the upper layer, their abundance is either much lower, or they are absent [3, 10]. It is possible that the dominance of these species at a depth during the summer period occurs because their nutrient requirements are higher. This suggestion is confirmed by the fact that after sharp enrichment of the upper layer with nutrients, i.e., after the upwelling of the deep waters due to the offshore winds, these species can produce a short-term bloom (the data of Zernova [9-10]). Similar events occurred several times during our studies. For example, a sharp increase in the diatoms of the “shadow” complex was noted in the samples of phytoplankton collected near Cape Utrish after the disturbance of the vertical stratification due to a strong offshore wind on August 26-27, 1986, and due to a storm on June 16-17, 1988.
Two more or less pronounced maxima of development of bacterioplankton occurred in the mesocosms with deep water. The first one was noted in the beginning of the experiments and seemed to result from intensive destruction of organic matter accumulated in deep water. We should note that similar increases in the abundance repeatedly occurred in the upper layer of the Black Sea during the upwelling of the deep water due to the offshore wind events [8]. The second maximum of abundance and biomass of microorganisms was noted at the end of the experiments and seemed to result from the development of phytoplankton. An outburst of abundance of microorganisms resulting from the algae bloom often occurs both in natural conditions [12] and mesocosms [28]. On the average, at final stage the biomass of bacterioplankton in ihe water from the layers of 60 and 120 m was several times greater than the biomass of microorganisms in the test samples.
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