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Purpose. The work is aimed at simulating production processes in the bottom phytocenosis typical of 
the rocky soils in the Crimean coastal zone. The macroalgae uptake of the main nutrients (phosphates, 
ammonium and nitrates) and release of oxygen and dissolved compounds are planned to be estimated. 
Methods and Results. The study was based on the balance model of the macroalgae growth and 
interaction with the environment. The model empirical parameters were determined from 
the published data of the laboratory experiments. The bottom phytocenosis in the model was 
represented by seven algae species: Cystoseira barbata, Ulva lactuca, Ceramium tenuicorne, 
Cladophora glomerata, Polysiphonia nigrescens, Phyllophora truncata, Enteromorpha prolifera. 
The main simulation results were: annual estimates of the released and absorbed substances, seasonal 
dynamics of the macroalgae biomass and evaluation of the bottom phytocenosis response to 
the changing environmental conditions. The rate of the production processes in the model was 
influenced both by the external (water temperature, insolation and concentration of nutrients in water) 
and internal (intracellular quotas of nitrogen and phosphorus, and species-specific parameters 
determining efficiency of nutrient assimilation by the algae tissues) factors. According to 
the simulation results, the ratio of nitrogen to phosphorus in the algae tissues was significantly higher 
than that in the seawater and varied from 30 to 60 for different species depending on water 
temperature, light exposure and concentration of nutrients. 
Conclusions. During the periods of intensive macroalgae growth (from April to September), the rate 
of nitrogen and phosphorus uptake can increase by a factor of 1.5 in comparison with the winter 
period. Maximum contribution to water purification from the surplus nutrients was made by the green 
algae: Ulva lactuca, Cladophora glomerata and Enteromorpha prolifera. At that Cladophora 
glomerata has shown the best adaptive abilities (minimal decrease in the growth rate) under a sharp 
drop of nutrients concentration in water. 
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Introduction 
Marine macroalgae are of great interest for research for several reasons. In 

the shallow coastal zone, phytobenthos is the main source of oxygen and 
a consumer of nutrients, the main of which are nitrogen and phosphorus. 
Macroalgae thickets partially offset the excess supply of nutrients to coastal waters 
as a result of economic activity. In [1], the role of bottom phytocenoses in the 
processes of self-purification of the Balaklava region coastal zone, polluted by 
domestic sewage and industrial slag waters from a sand pit, is studied. Positive 
macroalgae effect is observed in two directions – providing the aeration of 
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the coastal zone and the reduction of nutrients in water. Of course, when 
cultivating algae in rather large areas, it is possible to achieve deep purification of 
the water area, which will exclude eutrophication of the coastal zone, and 
the aeration accompanying these processes will significantly improve water 
quality. 

In recent years the mariculture activity, associated with the cultivation of 
macroalgae for the biological treatment of water, and as a component of integrated 
multitrophic aquaculture [2–4] has been actively developing. The issues related to 
the organization of mariculture farms for planting macroalgae are becoming 
relevant. For proper planning of a seaweed farm, many factors must be taken into 
account: chemical indicators of the environment, hydrological regime and 
economic characteristics of future production. Simulation of the macroalgae (which 
are planned to be planted) functioning helps to facilitate the selection of 
the optimal species for the region of interest. 

To date, many works containing an analysis of laboratory research data on 
determining certain characteristics of metabolic processes in macroalgae, which are 
necessary for constructing a model, were published. In [5], the phytocenosis of 
Hornsund fiord was studied. The authors modeled the processes of photosynthesis 
and dark respiration. Photosynthesis curves were obtained for the selected algae, 
and environmental characteristics, mainly determining the vital processes of 
macroalgae in this region, were found. However, the kinetics of nutrient uptake and 
the release of organic compounds were not described. The study [6] was devoted to 
the modeling of phytocenosis characteristic of various regions of the World Ocean 
(for example, the North America coast, the Baltic Sea, the New Zealand coast). 
The link between the plant morphology and the processes of nutrient absorption 
were established. The simulation results are quantitative characteristics of 
the kinetics of nitrogen compounds uptake. In [7], the results of a study of 
the nutrient uptake kinetics by some species of macroalgae of the Baltic Sea and 
the Skagerrak Strait are presented. The processes of ammonium, nitrates and 
phosphorus uptake are considered, and the kinetics of algae in the tidal zone is also 
described at a qualitative level. 

In [8], photosynthesis curves were obtained empirically for 27 species of 
macroalgae in the western Baltic Sea. It was shown that the photosynthesis 
intensity is seasonal and annual plants with a large surface area have the highest 
biomass productivity. In the study [9], a functional relationship between 
the specific surface area and the growth rate of micro- and macroalgae are 
revealed. The work is of interest due to the fact that both field data and simulation 
results are considered, however, the temperature effect on the algae growth rate is 
not taken into account. All the results are obtained for 15–20 °С temperature range. 

The work [10] is devoted to the study of the processes of algae growth and 
nutrients uptake under conditions of varying salinity. Despite the fact that only 
three types of brown algae were considered, the authors presented a detailed 
analysis of the most important processes that determine the growth rate of plants. 
The studies have shown that a variation in the growth rate is observed only when 
the salinity is halved compared to the optimal one for this species. It has been 
shown that macroalgae have great plasticity with respect to the changing external 
concentration of nutrients, which is ensured by a wide range of their content in 
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tissues. In [11], the salinity effect on the intensity of metabolic processes for two 
types of macroalgae – Gracilaria and Ulva – was studied. The experiments 
demonstrated that salinity does not significantly affect the growth of plants. 

The objective of [12] was also to study the relationship between the kinetics of 
nitrogen uptake and the specific surface of thalli. The authors give a comparative 
description of nitrogen uptake kinetics by micro- and macroalgae, demonstrating 
the correlation between the specific surface area and the rate of nitrates and 
ammonium removal. The work emphasizes that the larger the surface area of 
the plant, the more intensive the removal of nutrients from the environment. It is 
proposed to combine algae similar in morphology into groups and to determine the 
average surface area of plants within the group, since single definitions of area are 
not reliable enough. This approach was developed in [13], where it was proposed 
to apply the assessment method, based on the power-law dependences of 
physiological process characteristics on the specific surface of the algae, to 
the average groups of algae. 44 species of macroalgae, which are divided into 6 
morpho-functional groups in accordance with the structural features of the thalli, 
are considered. For group averages, power-law dependencies on the specific 
surface were constructed to determine the rate of photosynthesis, respiration costs, 
and nitrogen content in tissues. 

Ecological models often use the Redfield ratio, which reflects a fixed ratio 
between nitrogen, phosphorus and carbon in macroalgae tissues. However, in [14] 
it was revealed that this ratio for macrophytes is substantially violated. The internal 
content of nutrients in tissues is determined by the element concentration in the 
external environment and the needs of the plant during the growth of its tissues and 
can vary significantly over time. 

The listed works contain various aspects of marine phytocenosis modeling, 
however, a more comprehensive approach was considered in [15]. The proposed 
model formalized the processes of photosynthesis, uptake of nitrogen and 
phosphorus from sea water, as well as the release of dissolved organic compounds 
into the environment. The control variables of the model are the concentration of 
nitrogen and phosphorus in water, water temperature and insolation. The salinity is 
not considered in the model since for the area under study its significant 
fluctuations, which could affect the macroalgae physiology, were not observed. 

The purpose of this work is to expand the results obtained in [15] for one 
macroalgae species to a bottom phytocenosis typical for the Crimean coastal zone. 

 
Materials and methods 

In the Black Sea Crimean coastal region, three types of bottom phytocenosis 
can be distinguished: Zostera phytocenosis typical for a sandy bottom, Cystoseira 
phytocenosis – growing on rocky soil and Phyllophora phytocenosis. 
The Cystoseira complex transforms into a Cystoseira – Phyllophora community 
with depth. Earlier, the lower boundary of the Cystoseira thickets was indicated at 
15–20 m depth, now it is usually determined at 10 m depth and already at 6–9 m 
depth in the phytocenosis two species of Cystoseira and Phyllophora prevail [16]. 
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The concomitant algae and epiphytes are a part of Cystoseira phytocenosis; their 
percentage ratio in biomass can vary significantly. According to numerous 
literature data, the accompanying algae species (both macro- and microalgae) are 
the main consumers of nutrients. They are also the main source of oxygen, unlike 
basiphyte, which, as a rule, is the least active participant in these processes. 
However, the biomass of basiphyte prevails over the biomass of related species, 
which allows it to make a significant contribution to the fluxes of oxygen and 
nutrients despite the lower metabolic rate. 

In order to assess the fluxes of consumed and excreted substances, 
a phytocenosis of Cystoseira, typical for the Crimean coastal zone, was chosen. Two 
types of plants are a basiphyte for this complex: Cystoseira crinita and Cystoseira 
barbata – representatives of the brown algae class. Both plants are perennial and are 
characterized by a high content of alginic acid. An adult plant is a massive branched 
bush of 0.5–1 m height attached to a rocky soil. An unattached Cystoseira form is 
also present in the Black Sea but its share is much lower compared to the attached 
form and it does not form a phytocenosis. A tall bush with a well-branched thallus, 
firmly attached to the soil, acts as a good basiphyte: it is convenient for concomitant 
plant species to settle near the Cystoseira thallus, as well as directly on it [17]. 
Macroalgae can grow near the basiphyte, and microalgae can grow directly on its 
thallus. 

For simulatig the dynamics of phytocenosis, we selected 7 macroalgae species 
typical for the Crimean coast: Cystoseira barbata, Ulva lactuca, Ceramium 
tenuicorne, Cladophora glomerata, Polysiphonia nigrescens, Phyllophora 
truncata, Enteromorpha prolifera [16]. Phyllophora is a representative of 
the red algae phyllum, grows mainly on a rocky bottom at 0–60 m depths; the plant 
is a bush up to 50 cm high, the thallus has the appearance of branched ribbons; in 
10–25 m depth range it is often a basiphyte, however, in our case, the model 
phytocenosis was located at 5 m depth, and under these conditions the phyllophore 
does not prevail over the rest of the plants and acts as a concomitant species [18]. 
Ceramium is also a representative of red algae, the thallus is a well-branched bush 
with thin branches, the height of the plant is up to 15 cm; this species is found in 
almost all the seas [19]. Ulva is a representative of green algae, thallus is a thin 
leaf, the height of the plant is within the range from a few centimeters to 1 m. 
The distribution is quite extensive, small-sized plants are often found in the coastal 
waters of the Black Sea [20]. Cladophora also belongs to the group of green algae, 
the plant has the appearance of a well-branched bush, thalli are long strings, 
consisting of one row of consecutive cells; widespread in the coastal waters of 
Crimea [19]. Polysiphonia is red algae, the plant looks like a highly branched bush 
reaching a height of 30 cm, thalli are long thin filaments. The geography of its 
distribution is quite extensive. It also occurs in the Black Sea, the depth of growth 
reaches 20 m [19]. Enteromorpha is a representative of green algae, a family of 
Ulva. The plant bush has a look similar to Ulva, however, Enteromorpha is smaller 
(up to 20 cm in height) and thallus in the form of thin filaments; widespread in 
the Black and Azov Seas [19]. 
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Mathematical model 
The mathematical model of phytocenosis functioning was based on 

the macroalgae growth model described in detail in [15]. For each alga included in 
the phytocenosis, the following equation was solved 
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dB

r −−=                                             (1) 
 

where В (g/m2 or g/m3) is a macroalgae biomass, in units of dry weight; rP  (1/h) is 
a specific growth rate; E (1/h) is a specific rate of release of dissolved organic 
matter (DOM) during the algae life [17]; m (1/h) is a mortality coefficient that 
takes into account the processes of destruction and decay of plant branches, 
biomass loss due to grazing by marine organisms. 

The specific growth rate rP is determined by the rate of photosynthesis, 
depending on the species specific characteristics of the algae and external 
conditions (insolation, water temperature), as well as the reserves of necessary 
nutrients in the plant tissues: 
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where 0I  (µmol photons/m2/s) is a photosynthetically active radiation (PAR) on 
the water surface, I – at h (m) depth; pP  (mg O2/g/h) is a photosynthesis rate; 

maxP  (mg O2/g/h) is a maximum photosynthesis rate; α is the slope of PI-curve for 
small values of the light flux; dR  (mg O2/g/h) is a dark respiration (characterizes 
the amount of oxygen expended in respiration in the dark); PQ and NQ  (μmol/g) is 
the concentration of phosphorus and nitrogen in the algae tissues; 

max
N

min
N

max
P

min
P ,,, QQQQ  (μmol/g) is the minimum and maximum concentrations of 

phosphorus and nitrogen in the algae tissues; T (°С) is the water temperature. 
The photosynthetic parameters (maximum photosynthesis rate, PI-curve slope, 

respiration costs and cE – PAR value at which respiration oxygen costs are 
balanced by photosynthesis) are species-specific and also depend on a number of 
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conditions, the main of which is water temperature. For all 7 macroalgae species 
included in the phytocenosis model, a search for laboratory experiments to 
determine the parameters of the photosynthesis curve (Table 1) was carried out. 
The extreme values of nitrogen and phosphorus content in the tissues were 
assumed to be the same for all algae due to the lack of more detailed information. 
In accordance with the data of [21], where the taxons of green, red and brown algae 
were analyzed, the variability ranges of nitrogen content 850–2571 µmol N/g and 
phosphorus 27.64–80.06 µmol P/g were taken. 

 
T a b l e  1 

 
Photosynthetic parameters of macroalgae in the model phytocenosis 

 

Species maxP  (mg О2/g/h) 
dR  (mg О2/g/h) α (∆P/∆I) cE  (µmol photon/ m2/s) Source 

Cystoseira 
barbata   3.58 0.80 0.12 18 [22] 
Ulva lactuca 28.00 2.97 0.45   7 [23] 
Ceramium 
tenuicorne 12.31 2.88 0.13 22   [7] 
Cladophora 
glomerata 27.50 2.00 0.13 10   [8] 
Polysiphonia 
nigrescens 11.12 2.59 0.11 23   [8] 
Phyllophora 
truncata   2.45 0.74 0.04 21   [7] 
Enteromorpha 
prolifera 41.00 1.80 0.15 17   [8] 

 
The rate of dissolved mineral forms of nitrogen and phosphorus uptake 

depends on their concentration in the sea water and the stored reserves of this 
element in alga tissues. The nitrogen and phosphorus content in the tissues is 
regulated by the balance between the consumption of these elements during 
the alga growth and the supply as a result of uptake from the sea water: 
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the concentrations of inorganic compounds of phosphorus and nitrogen at which 
the removal rates reach half of their maximum value. 

The specific rate of DOM release during the alga life (E value in the equation 
(1)), in turn, depends on the temperature and intensity of PAR flux. In the daytime 
E is directly proportional to the growth rate rP , in the dark – to the rate of dark 
respiration of the algae. In the model, the rate of metabolite excretion was set by 
the formulas for daylight and dark time, respectively: 

 

rPkE 1~ ,                                                    (13) 
 

dRkE 2~ ,                                                         (14) 
 

where 1k  and 2k  are the proportionality factors. 
The mortality coefficient m in (1) takes into account all the processes 

associated with weight loss, which can be caused both by internal processes 
(the natural death of alga tissues during the life cycle) and by external ones: thalli 
grazing by marine organisms, separation of plant branches under mechanical 
action. In each case, the mortality rate for the same species will vary, and taking 
into account the wide variety of factors causing the loss of mass by the plant, this 
value cannot be determined quite accurately. Therefore, in our model the mortality 
rate is the only adjustable parameter. Its value was selected in such a way as to 
limit the range of biomass variability within the observed one for a sufficiently 
long time for a given seasonal dynamics of nutrients concentrations in water. In 
the practical application of the model, this coefficient should be selected in such 
a way as to reconstruct the actual biomass distribution of the phytocenosis various 
components in the computational domain for a given range of the control variables 
variability . Further in the text, the analysis of the results of performed numerical 
experiments concerns only specific growth and metabolism rates, which are 
independent of the absolute biomass values. 

 
T a b l e  2 

 
Kinetic parameters of macroalgae in the model phytocenosis 

 

Species 4NHK  max
NH 4

V  3NOK  max
NO3

V  PK  max
PV  Source 

Cystoseira barbata 16.09   37.15   9.08     8.65 0.29 0.06 
  

[15,26] 

Ulva lactuca 20.00 211.00 34.00 116.00 4.41 9.31 
 

[27] 

Ceramium tenuicorne 16.93 143.43   3.91   18.67 1.00 0.78 
 

[25] 

Cladophora glomerata 32.68 327.83   5.27 115.72 0.33 3.06 
 

[25] 
Polysiphonia 
nigrescens 23.90 138.18 14.01   49.89 4.47 7.39 

 
[15] 

Phyllophora truncata   7.93     9.71   9.21     1.69 0.37 0.12 
 

[24] 

Enteromorpha 
prolifera 13.40 188.00 13.30 169.00 1.51 4.59 

 
 

[25] 
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An important stage in the phytocenosis modeling is to obtain kinetic 
relationships describing the processes of nutrients uptake from the sea water. 
The empirical coefficients in these dependences were obtained from [24–27] 
(Table 2). For two types of phytocenosis algae – Cystoseira (only for nitrogen 
compounds) and Polysiphonia – it was impossible to determine reliably the kinetic 
parameters from the published data. For setting them, the approach proposed in 
[15], which allows one to obtain the assessments of required kinetic parameters as 
functions of the average specific surface of thalli within the morpho-functional 
group, was applied: 
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where SV (1/m) is a specific alga surface, i.e. a ratio of surface area to the thallus 
volume. For Cystoseira we took SV = 32, for Polysiphonia SV = 305 [9]. 

 
Discussion of the results 

For verifying the model, the numerical experiments on simulating the seasonal 
dynamics of processes in the bottom phytocenosis were carried out. The control 
variables of the model are given in Fig. 1. The diurnal variation was included into 
the data on insolation; negative values were replaced by zero. For simulating 
the variable cloud cover, white noise was added to the obtained series. 

 
 

 
   
 
 
 
 
 
 
 
 
F i g.  1. Control variables in the experiment on simulating seasonal dynamics: average 
concentrations of nitrates, ammonium and phosphates in the Yalta port region (2005–2010) [28] (a); 
seasonal variation of water temperature and PAR over the Black Sea [29] (b) 
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F i g.  2. N/P ratio in the macroalgae tissues (a) and specific growth rate (b) 

 
Rather wide range of ratios of biomass of various macroalgae species 

constituting phytocenosis is known from the observations. At the initial moment, 
the following ratio was set in the model: 64 % – Cystoseira, 6 % – for each of 
associated species. The nitrogen and phosphorus content in the algae tissues was 
set to be equal to half of the saturation level. Fig. 2, a illustrates the setting of 
a quasi-stationary N/P ratio in tissues, determined by the nitrogen and phosphorus 
concentration in the environment and the growth rate of algae (Fig. 2, b). 

The quasi-stationary N/P ratios in algae tissues obtained in the model are 
consistent with the experimental data published in [14, 21, 30]. The ratio of 
nitrogen to phosphorus in algae tissues varies within the range of 30–60 for 
different species and depends on water temperature and light. A significant 
increase in the demand for nutrients due to an increase in the growth rate at the 
peak of the vegetation period does not lead to noticeable changes in the ratio of 
nitrogen and phosphorus in the tissues. Apparently, the cause for this is a flexible 
mechanism of algae adaptation to varying conditions, manifested in an increase in 
the uptake rate of necessary elements from the environment when they are 
insufficiently contained in the tissues. This increase can reach 150 % compared to 
the winter level of uptake. The specific growth rates of algae obtained in the model 
do not contradict the assessments known from observational data [13]. In Fig. 3 
the seasonal biomass dynamics of all components of the model phytocenosis and 
its structure is represented. 

 

 
 

F i g.  3. Modeling of seasonal biomass dynamics of the algae constituting bottom phytocenosis 
(a) and the phytocenosis structure (b) 
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During the period from May to November the phytocenosis structure 
significantly changes, the biomass of annual species increases, as a result of which 
the proportion of Cystoseira decreases to 40 %. The rate of metabolic processes in 
annual algae is higher than that of basiphyte (Cystoseira), which is due to a larger 
specific surface area of thalli [8, 12, 13, 31]. Accordingly, the amount of uptaken 
nutrients and oxygen released by these species per kilogram of dry weight is 
higher. According to the simulation results, the volumes of released and uptaken 
substances by the tissues of all macroalgae that make up the phytocenosis were 
evaluated. 

 

 
 

 
 

F i g .   4 .  Annual specific uptake and release of matter by macroalgae: a – uptake of nitrates and 
ammonium (g N/kg/year); b– phosphate uptake (g P/kg/year); c – released oxygen (kg O2/kg/year); d – 
released dissolved organic matter (kg C/kg/year)  

 
The mass of nitrogen and phosphorus uptake calculated by the algae growth 

rate and the content of these elements in the tissues is given in Fig. 4. Total uptake 
can also be calculated from uptake rates pNHNO ,,

43
VVV , however, these assessments 

will be overestimated since algae during life activity release dissolved organic 
matter, which also contains organic compounds of nitrogen and phosphorus in 
addition to carbon. 

 
In the diagrams of Fig. 4 the masses of uptaken and released substances are 

given in grams of the corresponding element per kilogram of dry weight of algae 
tissue. It is also of interest to consider the same distribution in proportions, i.e. 
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the relative contribution of each component of phytocenosis to the overall process 
of uptake of inorganic compounds and the release of organic matter and oxygen 
(here it is assumed that the biomass of all components of phytocenosis per 1 m2 of 
area are equal to each other). The contribution of each component of the bottom 
phytocenosis to metabolic processes in percent is presented in Table. 3. 

 
T a b l e  3 

 
Annual specific uptake and release of matter (%) by macroalgae (provided  

the biomasses of all the components are equal) 
 

Species 
Uptake Release 

nitrogen phosphorus oxygen 
 
organic substance 

Cystoseira barbata   1.9   1.4   2.1   2.4 

Ulva lactuca 28.1 27.5 34.9 20.6 

Ceramium tenuicorne   5.4   4.6   5.3 12.4 

Cladophora glomerata 26.9 29.5 24.0 22.5 

Polysiphonia nigrescens   7.6   8.1   6.3 19.8 

Phyllophora truncata   0.8   0.9   0.9   3.3 

Enteromorpha prolifera 29.1 27.9 26.5 19.0 
 
As we see, the effect of various components on the processes of 

the phytocenosis interaction with the environment is very different. The greatest 
contribution to the water purification from nutrients is made by green algae – Ulva, 
Cladophora and Enteromorpha. The same algae release oxygen most intensively, 
contributing to the bottom layer aeration. . Red algae contribution to the processes 
of nutrients uptake is not so great, while they release DOM more actively than 
green algae (Fig. 4, d). As for the Cystoseira, its contribution (in specific terms) to 
the processes of nutrients uptake and oxygen evolution is small compared to other 
algae. However, taking into account the fact that in the phytocenosis its biomass 
significantly exceeds the one of related species and epiphytes, Cystoseira 
contribution to water purification and aeration is quite significant. The assessments 
of absorbed and released substances per 1 m2 of the bottom phytocenosis area, 
taking into account the ratios of its components in terms of biomass obtained in 
the model during the year, are given in the Table 4. 

Unfortunately, the information for verifying the model from observational data 
in the Crimean Peninsula coastal zone is currently insufficient. The calculated 
volumes of oxygen release, uptake of nitrates and phosphates, which are based on 
rough assessments of the total phytobenthos biomass in semi-enclosed waters, are 
published in literary sources [2, 32]. Information on the intensity of metabolic 
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processes of macrophytes per unit mass is not available. In addition, our simulation 
experiments used long-term average data on the temperature and solar radiation on 
the sea surface, which are the control variables for the model calculations. Thus, 
the obtained model assessments can be compared with field data only in order of 
magnitude. Such a comparison gives a satisfactory result. More accurate studies 
require more research. 

 
T a b l e  4 

 
Annual average biomass and total indicators of intensity of the phytocenosis metabolic  

processes based on the results of the simulation experiments 
 

Macroalgae species 
Average 
biomass 
(g/m2) 

Uptake during a year Release during a year 

nitrogen  
(g N/m2 /year) 

phosphorus  
(g P/m2/year) 

oxygen  
(kg О2/m2/year) 

DOM  
(kg C/m2/year) 

Cystoseira barbata 1119.65   63.22   2.59 1.76 0.60 

Ulva lactuca   232.50 192.46 10.43 6.10 1.10 
Ceramium 
tenuicorne   271.57   41.56   1.95 1.04 0.78 
Cladophora 
glomerata   129.08 104.87   6.43 2.38 0.70 

Polysiphonia 
nigrescens   334.02   71.40   4.22 1.51 1.57 
Phyllophora 
truncata     92.60     2.26 0.13 0.06 0.07 

Enteromorpha 
prolifera   222.69 191.27 10.20 4.44 1.00 

 
Simulation allows one to study the system response to environmental 

variability and to obtain quantitative estimates of possible changes. Several 
experiments were carried out to monitor the model phytocenosis response to 
the changes in the concentrations of nutrients in the sea water. The setting of 
a quasi-stable state of the system after an abrupt change (10-fold) in 
the concentrations of nitrogen and phosphorus in the sea water was simulated. 
Changes in the uptake rates, specific growth rate and nitrogen and phosphorus 
content in tissues were monitored. It was found that the system reaction to 
a decrease in concentrations depends on the molar ratio N/P in the water and their 
initial concentration. So, at an initially high concentration of nutrients in the water 
([NO3] = 23 µM, [NH4] = 5µM), the relative decrease in the specific growth rate is 
significantly less than at low concentrations ([NO3] = 3 µM, [NH4] = 0.1 µM). 
Fig. 5 b – d illustrates the relative changes in the specific growth rate and nutrient 

uptake rates 
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compounds in the water and two ratios of nitrogen to phosphorus: N/P = 10 and 
N/P = 20. In Fig. 5, a the dynamics of setting a new stationary state of the system, 
characterized by a decrease in the relative nitrogen content (formula (4)) in 
the tissues of all algae types, is represented. 

It is obvious that 5 components of the phytocenosis adapt to the changed 
situation quickly enough, while a new quasi-stationary state with lower algae 
growth rates and increased uptake rates is set. Due to the low rates of metabolic 
processes (Tables 1 and 2), Cystoseira and Phyllophora do not have time to reach 
a stationary state during the experiment, while the nitrogen-limiting function (4) 
decreases in them, limiting the growth rate. When the concentration of 
nutrients decreases by a factor of 10, the algae growth rate decreases within 
the range of 20–60% at high initial concentration and 60–80% at a low one. At 
a ratio of N/P = 10, the decrease in specific growth rates of most macroalgae is 
less, and the percentage increase in uptake rates is greater. This phenomenon is 
explained by the fact that phosphorus acts as a limiting element for all algae with 
an increase in N/P ratio. 

 

 
 

 
 

F i g.  5. Relative changes in the system characteristics at the 10-fold drop of the nitrogen and 
phosphorus concentrations in seawater: tissue saturation with nitrogen (at initial concentrations 
[NO3] = 3 µM, [NH4] = 0.1 µM, N/P = 10) (a); specific growth rate (b); nitrogen uptake rate (c); 
phosphorus uptake rate (d): 1 – [NO3] = 3 µM, [NH4] = 0,1 µM, N/P = 10; 2 – [NO3] = 3 µM, 
[NH4] = 0,1 µM, N/P = 20; 3 – [NO3] = 23 µM, [NH4] = 5 µM, N/P = 10; 4 – [NO3] = 23 µM, 
[NH4] = 5 µM, N/P = 20 
 

A minimal decrease in the growth rate is demonstrated by Cladophora, 
the maximum – by Ulva, Ceramium, Polysiphonia and Enteromorpha, especially at 
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low initial concentrations of nitrogen and phosphorus in the tissues. The plants 
increase the nutrient uptake rate to maintain internal reserves in the deficiency 
conditions. The maximum increase in uptake rates can reach 150 % compared with 
the initial rate. Different species react differently to the reduction of nitrogen and 
phosphorus reserves but they all set a new quasi-stationary N/P ratio in tissues, 
adapting to changing living conditions. Such flexibility allows macroalgae to 
increase their biomass even at low concentrations of nutrients in the water. 

 
Conclusion 

The proposed simulation model provides adequate assessments of the volumes 
of the substances absorbed and released by the bottom phytocenosis and can be 
used as a block of the coastal zone ecological model. In addition, the model can be 
used to describe the macroalgae mariculture in a comprehensive environmental 
model that includes mariculture objects. Simulation experiments with the model 
provide material for studying the system response to changes in external effects, 
such as temperature, solar radiation and concentration of nutrients in the sea water. 
This is necessary for a better understanding of the dynamics of metabolic processes 
occurring in the sea coastal zone. However, when performing such experiments, 
a prerequisite is the placement of model algae in the “natural environment”, i.e. 
the creation of a competitive interaction between macroalgae objects in the model. 
This is possible only within the framework of a comprehensive chemical-biological 
model. The dynamics of water masses have an additional effect on 
the phytocenosis functioning; therefore, the inclusion of a hydrodynamic block into 
the ecosystem model is also a prerequisite for obtaining adequate assessments. 
In this vein, this work can be considered as a necessary first step, providing a better 
understanding of the model internal dynamics. 

The limitations of the obtained results and conclusions are primarily associated 
with the estimates of photosynthetic and kinetic parameters of the system. In order 
to make the values of these characteristics more precise further laboratory 
experiments are required. 
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