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SUMMARY. The distribution of lakes according to their trophic state is characterized, 
the organic substance and nutrient ratio in the latitudinal aspect are represented, as a 
result of the large-scale research of the water chemistry in the small lakes in the European 
territory of Russia (ETR) and West Siberia (WS). The distinctive feature of the UTS 
lakes in the tundra, forest-tundra and taiga zones is high nitrate concentration in the 
water and higher trophic level, in comparison with the lakes of the same ETR zones. The 
zonal regularities of the lake trophic limitations for main nutrients are distinguished. It 
is shown that in the lakes of the ETR tundra and taiga zones, the conditions for algae 
development are limited for both phosphorus and nitrogen, although at the critical level, 
they are more limited for nitrogen. In the lakes of the WS tundra and taiga zones, the 
conditions for algae development are not limited at the critical Ievelfor both phosphorus 
and nitrogen. The shortage of mineral phosphorus occurs at the lower trophic levels, 
whereas the shortage of nitrogen occurs at the higher trophic levels.

KEY WORDS. Nutrients, autochthonous and allochthonous organic substance, trophic 
status, limitation, eutrophication.

Under the influence of anthropogenic activity, the natural biogeochemical 
cycles of elements have undergone significant changes. According to [1], since 
1700, the global changes of the C, N, and P amounts included in the turnover, 
have lead to the significant increase in their flow into water bodies, due to the 
land-use changes, fertilizer application, and wastewater inflow. With anthropogenic 
eutrophication and non-toxic water pollution by organic substance, the same 
processes occur as in the evolutionary lake development, due to the internal factors, 
but at higher rates [2].
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Yu. Odum mentions that «the value of concept of the limiting factors which 
are “functionally important" for an organism, is in the fact, that it provides a starting 
point for ecological research. At a steady state, the limiting factor will be that 
vital substance, the available quantity of which is the closest to the necessary 
minimum — “the minimum law” by Liebig» [3].

The purpose of this paper is to characterize the present distribution of small 
lakes according to their trophic status and the contents of nutrients and organic 
substance in the latitudinal aspect, to reveal the regularities of the limitations of 
lake productivity in the latitudinal aspect.

The data and methods of the research. The work is based on the results 
of the original research of the chemical waters composition of about 300 small lakes 
in the European territory of Russia (ETR), along a transect from the North to the 
South. The research was carried out in 1999-2003 [4], and continued in 2008, and 
supplemented by the research of 137 lakes in the territory of West Siberia (WS)1 
carried out in 2011 according to the same methodology. The study included the 
lakes which were not subject to any direct sources of pollution, and having the 
water surface area not more than 20 km2. To minimize the influence of interannual 
and seasonal variations, the samples were taken in a short period of late-autumn 
cooling, when homothermy usually occurs and there is no stratification, when there 
are no significant fluctuations of vegetation processes, but their “smoothed” level 
is represented. This principle of research allows comparing the considered lakes 
located in different natural and climatic zones.

The chemical composition of the waters was determined with the uniform 
technique; the correctness of the results obtained was confirmed during the 
international intercalibration. The analytical work program included determining 
pH, electrical conductivity (χ), the main mineralization ions, colour (Col), 
permanganate Oxidability, nutrients and their forms, and microelements.

Organic nitrogen (Norg) is calculated as the difference of the total N and the 
sum of ammonium and nitrate N. Total organic carbon (TOC) is calculated on 
permanganate Oxidability (PO) [5]: TOC=0.764*PO+1.55  n=178, r=0.79.

Results and discussion. One of the important sources of nutrients is 
precipitation, therefore, even the lakes which do not receive direct runoff, are 
subject to environment changes. The zone feature is the inflow of the elements 
with precipitation which decreases towards the South. The soil is an important 
link on the way of nutrients (N) migration, and its regulatory function depends 
on the intensity of biological processes, the composition and the absorption capacity 
of soil, temperature and moistening conditions of the territory. The zone feature 
(decrease to the South) is reflected in the increase of intensity of the consumption 
and return processes of inorganic compounds to the South, where the natural 
biological cycles of nutrients are changed into agrogeochemical ones. The contents 
of the organic substance (OS) and the nutrients (N) in lakes, as well as the colour 
and electrical conductivity of water in various natural zones are presented in Table 
1. Natural zoning predetermined the increase in the productivity of terrestrial and 
water ecosystems, and in the OS and N contents, which is observed in the lakes 
of ETR: both the total phosphorus and nitrogen, and their mineral forms 
increase.
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However, the distinctive feature of the WS lakes is the high nitrate nitrogen 
content in tundra, forest-tundra, northern and middle taiga, which may be explained 
by the additional nitrogen input in the water producing areas and in lakes (be it 
the nitrogen oxide fallout or other ways, see the papers by T.I. Moiseyenko, 
L.P. Panicheva et al. in this issue), due to the exploration of WS oil and gas resources, 
that makes fundamental changes in the trophy of lakes in this territory. The higher 
phosphate levels in the WS lakes than those in the ETR lakes should also be 
noted.

For analyzing the trophic status of lakes, the natural zones with the lakes under 
investigation were grouped, according to their climatic conditions, into the following 
areas: tundra (tundra and forest-tundra), taiga (northern and middle taiga), forests 
(southern taiga and mixed forests), steppes (forest-steppes and steppes).

The trophic status is evaluated on the total phosphorus (TP) content during 
the autumn period, on the basis of the following classification: TP<10 μg∕l — 
oligotrophic, TP 10-35 μg∕l — mesotrophic, TP 35-100 μg∕l — eutrophic, and 
TP>100 μg∕l — hypertrophic. This classification proposed in [6] conforms with 
the classification in [7], in which to evaluate the trophic status the following factors 
are selected: the total phosphorus and α-chlorophyll contents, and the transparency. 
In addition, Ultraoligotrophic lakes (TP<4 μg∕l) are distinguished. The distribution 
of lakes according to their trophic status is presented in Table 2. In the tundra 
and taiga of ETR, the dominating type of lakes is oligotrophic; in forests, the 
dominating type is mesotrophic; and in steppes, it is eutrophic and hypereutrophic, 
whereas in the tundra, taiga and forests of WS the dominating type of lakes is 
eutrophic, and in the forest-steppes it is mesotrophic. The reduced productivity of 
the lakes in WS forest-steppes can be explained by their salinity, it inhibits the 
algae growth, if we take into account the high values of the electrical conductivity 
of water as a mineralization feature (see Table 1), this growth can be also explained 
by the more sharply continental climate than in ETR.

For example, in the analysis of more than 1,000 lakes of Europe presented in 
[8], it was found out that the values of TP, TN, and α-chlorophyll increase at the 
alkalinity < 1000 μg-eq∕l, whereas at the alkalinity >1000 μg-eq∕l these values, 
on the contrary, decrease.

When the organic carbon / organic nitrogen ratio is equal to 12, the organic 
substance (OS) of the autochthonous origin dominates; if the ratio is equal to 47, 
the OS of the allochthonous origin dominates [9]. In tundra and taiga, the growth 
of colouring in lakes (see Table 1) is caused by removing the OS of the allochthonous 
origin, and the acidic reaction of the high-coloured waters is formed by the inflow 
of marsh waters. In the forests and steppes, the colouring indicates rather the 
strengthening of soil humification, than the bogginess of the water producing area; 
more nutrients comes to lakes, which increases the productivity of water bodies 
and decreases an allochthonous OS component (TOC∕N0rg). As it can be seen in 
Table 2, when the trophic level increases, the TOC∕Norg value decreases; this also 
indicates the increase in the proportion of the autochthonous OS. In this case, we 
can observe the increase of OS enriched not only with nitrogen, but also with 
phosphorus, judging by the TOC∕TP index.

ECOLOGY
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Unfortunately, the phytoplankton demand for various nutrition elements has 
been studied insufficiently. The maximum interest in this problem was demonstrated 
in 1940s-1980s, and the fullest review of these works is presented in [10]. Though 
the demand of different types of algae for certain nutrition elements varies, the 
excess of an element in water can sometimes inhibit their development, and most 
algae are able to store elements in much greater amount than it is needed for their 
normal growth. Yet the limit concentrations of elements in water (as a territorial 
feature) can be a good indicator of water environment conditions for the algae 
development, when a great number of water bodies are compared. Phosphorus, 
inorganic nitrogen, and silicon are considered limiting, when their concentration is 
lower than 10 μg∕l, 300 μg∕l, and 0.5 μg∕l, respectively [11]. These concentrations 
can be considered as the lower limits for the optimal algae development. However, 
the limit, at which their development stops or their amount is reduced to an 
insignificant minimum, is also important. According to U. Muller (cited in [12]), at 
the Si content lower than 0.5 mg∕l, Asterionella formosa became extinct, and if 
it was lower than 0.1 mg∕l, the diatoms did not develop. The issue of P and N limit 
concentrations is more contentious. LA. Kiselev (cited in [10]) came to the conclusion, 
that the limiting phosphorus doses for some diatoms, below which the reproduction 
stops, are equal to 0.05-0.06 mcg / 106 cells. Conventionally the lower limit (the 
minimum concentration) of the termination of algae development will be 1 mcg/1 
for phosphates and 7 μg∕l for nitrates, the latter is set according to the N and P 
ratio in algae cells.

In the ETR tundra, the nutrient concentrations in lakes do not reach the optimum 
conditions for phosphorus and nitrogen, being more limited at the critical level on 
nitrogen, than on phosphorus (Table 3). Almost the same situation remains in taiga, 
but to a less extent — 25% of lakes are limited on P at the critical level. However, 
the lack of productivity limitation for the WS tundra and taiga lakes at the critical 
level, both on nitrogen and on phosphorus, is regionally determined, but about 80% 
of lakes do not reach the optimum concentrations in phosphorus for the algae 
development, and about 40% of lakes do not reach the optimum concentrations in 
nitrogen. In the ETR forests, there are 39% of lakes, where the phytoplankton 
development is limited on nitrogen at the critical level, but there is no limitation 
on phosphorus; however, about 60% of lakes do not reach the optimum level of 
nutrient concentration on nitrogen, and practically all of them do not reach the 
optimum level on phosphorus, whereas all the WS lakes are in the optimum 
conditions. In the ETR and WS steppes, there is no productivity limitation at the 
critical level, and the lakes are in better conditions on nitrogen, than on phosphorus. 
Note that the more is the number of lakes with productivity limited on N and P, 
the lower is their trophic level, that partly explains the oligotrophic nature of the 
lakes. The limitation of the algae development on Si occurs at higher trophic levels, 
that shows its utilizing by the diatoms in the ecosystem with the productivity 
intensification. Moreover, due to the dominance of higher trophic levels in the lake 
distribution in the WS tundra and taiga, the Si exhaustion is the largest, and in 
these conditions (when there is no limitation on phosphorus and nitrogen) it becomes 
a limiting element.

In the biological research practice, the index of the relationship between nitrates 
and phosphates (NO3∕PO43) characterizes the change conditions for dominant 

ECOLOGY
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species and is the basis of the “resource” theory [13]. The experimental study [14] 
shows, that significant changes of growth rates of blue-green algae at different 
values are not observed. They are able to increase the biomass using smaller amounts 
of N per biomass unit, but as for the consumption of nitrates and phosphates and 
the exponential growth speed, they overtake the diatom values. Besides, the 
maximum relative growth for the latter was registered at the optimum NO3∕PO43' 
ratio; although, at low phosphate concentrations in water, they can be competitors 
for it. Thus, by the end of the vegetative period, the P deficiency or exhaustion is 
higher at low trophic levels, and decreases with the trophic status growth, especially 
in steppes as a more productive zone (Table 3), where blue-green algae often 
dominate.

At TN∕TP<10 ratio, the algae development is considered to limit the nitrogen, 
at >17, it is considered to limit phosphorus, the optimal conditions are at 10-17 [15]. 
According to the gradations of this relationship, in the studied lakes of all zones, 
nitrogen limits the productivity (Table 3). The most justified value for the lake 
recovery tasks becomes TN∕TP, when its change is considered in a long-term 
series of observations in comparison with the change of P and N loading levels 
on a water body, that was demonstrated in [16-17]. As we can see from Table 3, 
the higher is the trophic level, the higher is P accumulation in relation to N in 
lake ecosystems. Therefore, the trophic degree (the phosphorus accumulation 
level) characterizes the ratio of organic carbon to the total phosphorus (TOC∕ 
TP) more informatively, than the ratio of the total nitrogen to the total phosphorus 
(TN∕TP). In Ultraoligotrophic lakes TOC∕TP>1,000, in oligotrophic lakes it is 
TOC∕TP >600, in mesotrophic lakes it is 300-600, in eutrophic lakes it is 150- 
300, and in hypertrophic lakes TOC∕TP <150 (Table 2). Besides, the ratio of 
allochthonous and autochthonous OS, characterized by TOC∕Nor (Table 2), can 
strongly influence the TN∕TP value. Though at different trophic levels it can 
vary, but the allochthonous OS dominates in oligotrophic lakes, whereas the 
autochthonous OS, enriched with nitrogen, dominates in eutrophic and hypertrophic 
lakes.

Conclusion. The limit concentrations of elements, as the indicators of the 
hydrobiont development limitation, can be good territorial characteristics, and 
they reflect the zone and regional specific features. It is shown, that in the lakes 
of the ETR tundra and taiga, the conditions for the algae development are 
characterized by the limitation both for phosphorus and for nitrogen, but at the 
critical level it is more for nitrogen, whereas, due to regional specific features, 
in the WS lakes there is no limitation at the critical level both for nitrogen and 
for phosphorus. In the forests and steppes, the productivity limitation occurs at 
the lowest level of optimal conditions for the algae development, and the limitation 
is more for phosphorus, than for nitrogen. At the low trophic levels, the deficiency 
of mineral phosphorus is more apparent, whereas at the high levels, it is more 
apparent for nitrogen. The level of biological activity is characterized mainly by 
the origin parameters of organic substances (TOC∕Norg), and the degree of 
trophic status is characterized rather by the relation of organic carbon to the 
total phosphorus (TOC∕TP), than the ratio of the total nitrogen to the total 
phosphorus (TN∕TP).
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