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  Abstract     We used a Lake Shira numerical model to estimate the response of the ecosystem of a saline 
meromictic lake to variations in weather parameters during the growing season. The sensitivity analysis 
of the model suggests that compared to other external (nutrient infl ows) and internal (spring biomasses of 
food-web components) factors, weather parameters are among the most infl uential for both mixolimnetic 
(phyto- and zooplankton) and monimolimnetic (purple sulfur bacteria, sulfur reducing bacteria and hydrogen 
sulfi de) food-web components. Calculations with diff erent weather scenarios shows how changes in the 
water temperature and mixing depth aff ect mixolimnetic and monimolimnetic food-web components and 
the depth of the oxic-anoxic interface in a meromictic lake. When weather forcing stimulates an increase 
in the biomass of food-web components in the mixolimnion, it produces cascading eff ects that lead to 
three results: 1) a higher content of detritus in the water column; 2) a higher content of hydrogen sulfi de in 
the monimolimnion; 3) raising of the oxic-anoxic interface closer to the water-air surface. This cascading 
eff ect is complicated by the negative correlation between two light dependent primary producers located at 
diff erent depths—phytoplankton in the mixolimnion and purple sulfur bacteria at the oxic-anoxic interface. 
Thus, weather conditions that stimulate higher phytoplankton biomass are associated with a higher detritus 
content and lower biomass of purple sulfur bacteria, a higher content of hydrogen sulfi de and a shallower 
oxic-anoxic interface. The same weather conditions (higher wind, lower cloud cover, and lower air 
temperature) promote a scenario of less stable thermal stratifi cation. Thus, our calculations suggest that 
weather parameters during the summer season strongly control the mixing depth, water temperature and 
the mixolimnetic food web. An eff ect of biogeochemical and physical interactions on the depth of the oxic-
anoxic interface is also detectable. However, intra- and interannual climate and weather eff ects will be more 
important for the control of meromixis stability. 

  Keyword :   meromictic lake; numerical model; weather forcing; sensitivity analysis; stratifi cation; food web 

 1 INTRODUCTION 

 The eff ects of weather and climate on the thermal 
and mixing regimes and biological properties of lake 
ecosystems (e.g. population size, community 
structure, food-web dynamics, etc.) have been 
demonstrated in a number of studies (e.g. Straile, 
2000; Jasser and Arvola, 2003; Arvola et al., 2009; 
Butcher at al., 2015). These eff ects are very often 
dramatic. For example, shifted dates of onset and 
breakdown of stratifi cation (Liu et al., 2014), changes 
in the duration of the ice-free period due to the eff ect 
of elevated temperature (e.g. Weyhenmeyer et al., 
1999) or the enhanced growth of cyanobacteria in 

warm, calm summers (e.g. Jöhnk et al., 2008; Paerl 
and Huisman, 2008) cause water quality problems 
and lead to the loss of aesthetic and recreational value 
of lakes.  

 The list of major weather parameters includes the 
air temperature, wind direction and strength, cloud 
cover, humidity and precipitation, and pressure. 
While diff erent parameters have diff erent eff ects on 
the physical, chemical, and biological properties of 
lakes, the major focus of many studies is on the eff ect 
of the air temperature. However, even for the 
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temperature to forecast the eff ect of climate change 
on ecosystems and interactions among species is not 
an easy task because diff erent species show unique 
responses to changes in environmental temperatures 
(Winder and Schindler, 2004). 

 To understand and predict responses of ecosystems 
to variable weather and climate, numerical lake 
models are often used to simulate the combined eff ect 
of diff erent weather parameters on aquatic ecosystems 
(e.g. Jones et al., 2010). There are numerous examples 
where complex models were used to understand the 
eff ect of weather and climate on lakes. For example, 
for small lakes, it was shown by mathematical 
modelling and then observed in natural ecosystems 
that climate change will increase the probability of a 
shift from a clear to a turbid state with higher summer 
chlorophyll  a  concentration, a stronger dominance of 
cyanobacteria during summer, and reduced 
zooplankton abundance (Mooij et al., 2007). Hadley 
et al. (2014) used a dynamic reservoir simulation 
model to understand the thermal stability of Harp 
Lake (Canada). A one-dimensional dynamic thermal 
simulation model was applied to assess lake response 
to diff erent climate scenarios relevant for the U.S. 
(Butcher et al., 2015). These and other similar studies 
usually focus on freshwater lakes that experience 
stratifi cation during some season (e.g., summer 
thermal stratifi cation). 

 Saline meromictic lakes diff er from seasonally 
stratifi ed lakes both in terms of stability of the water 
column and food web structure. According to a recent 
defi nition, “a meromictic lake is a lake in which a 
chemically diff erent deep water (monimolimnion) 
remains partly or wholly unmixed with the main 
water mass (mixolimnion) at the circulation periods” 
(Zadereev et al., 2017a). Because the monimolimnion 
is excluded from gas exchange for years, it is usually 
anoxic. The change of water properties from oxic to 
anoxic happens within a thin water layer—the oxic-
anoxic interface (Boehrer and Schultze, 2008). For 
many meromictic lakes, seasonal thermal stratifi cation 
of mixolimnion is also typical. Thus, diff erent 
gradients divide the water column in a meromictic 
lake into several spatially separated habitats, which 
aff ect the vertical distribution of diff erent species 
(Degermendzhy et al., 2010). A specifi c feature of 
meromictic lakes is the complex structure of the food 
web with dense layers of bacteria in the oxic-anoxic 
interface and autotrophic and chemotrophic primary 
production at diff erent depths of the water column 
(Zadereev et al., 2017b).  

 Meromictic lakes are sensitive to weather and 
climate changes. Several examples are known where 
the stability of stratifi cation was lost and lake mixing 
occurred due to the eff ect of weather or climate 
(Miller et al., 1993; Rogozin et al., 2017). Neither the 
complex eff ects of climate and weather on the 
stratifi cation of meromictic lakes nor the eff ect of 
meteorological forcing on the complicated food web 
in meromictic lakes were explicitly studied by 
numerical modelling. Previously we developed a 
complex simulation model of the saline meromictic 
Lake Shira and verifi ed it against fi eld data (Prokopkin 
et al., 2010). The model was created taking into 
account the practices in aquatic food web modelling 
worked out by PCLake Model developers (Janse, 
2005). The Lake Shira model was used to describe the 
dynamics of the lake food web under diff erent loads 
of nutrients and to test several hypotheses about the 
eff ects of diff erent factors on the vertical distribution 
of phytoplankton (Prokopkin et al., 2010, 2014). 

 In this research, we used this numerical model to 
estimate the response of a meromictic lake—Lake 
Shira—to variations in weather parameters. The aim 
of this research was to estimate the relative importance 
of weather parameters for the thermal stratifi cation 
and spatial and temporal dynamics of the biomasses 
of the food web components compared to other 
factors; to reveal how diff erent weather parameters 
aff ect stratifi cation and key components of the food 
web in a meromictic lake; and to understand the 
causes of the observed eff ects.  

 2 MATERIAL AND METHOD 

 2.1 Brief description of Lake Shira 

 Lake Shira (54°30′N, 90°12′E) is a large saline 
lake with a surface area of 35.9 km 2  (length: 9.3 km; 
width: 5.3 km) and maximal and average depths of 
24 m and 11.2 m, respectively. The lake was shown to 
be meromictic during regular observations (from 
1999 to 2014) with autumnal overturn restricted to the 
mixolimnion (Zadereev et al., 2014). Lake Shira is 
covered with ice from November to mid-May. In 
summer, the mixolimnion is thermally stratifi ed with 
the thermocline at a variable depth of 4–8 m. Salinity 
in summer is about 14–15 g/L in the epilimnion and 
about 18 g/L in the monimolimnion. During the 
observation period of 1999–2014, the depth of the 
oxic-anoxic interface in Lake Shira varied between 11 
and 16 m depending on weather conditions (Zadereev 
et al., 2014). The oxic-anoxic interface of the lake is 
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inhabited by bacterial community consisting of purple 
sulfur and heterotrophic bacteria (Degermendzhy et 
al., 2010).  

 In summer, the thermally stratifi ed mixolimnion 
creates diff erent habitats for various species. The 
phytoplankton diversity in Lake Shira is relatively 
low. From late June to September a deep-water 
chlorophyll maximum (up to 23 mg/L) is detected at 
the lower part of the thermocline at a depth of 8–12 m. 
This peak mainly consists of vertically segregated 
peaks of the cyanobacteria  Lyngbya   contorta  and 
 Microcystis   pulverea  and the green algae 
 Dictyosphaerium   tetrachotomum  and  Oocystis  
 submarina  var.  schiriensis  (Gaevsky et al., 2002).  

 The zooplankton is dominated by copepods 
( Arctodiaptomus   salinus ); other abundant zooplankton 
species are ciliates  Cyclidium  sp. and  Strombidium  
sp., rotifers  Brachionus   plicatilis  and  Hexarthra  sp., 
and amphipod  Gammarus   lacustris  (Zotina et al., 
1999). The lake is fi shless in the pelagic part. 
Physicochemical and biological properties of the lake 
were described in more detail in several papers 
(Kopylov et al., 2002; Zadereev and Tolomeyev, 
2007; Degermendzhy et al., 2010; Rogozin et al., 
2017).  

 2.2 General information on the Lake Shira model 

 We used a biochemical-hydrophysical model that 
had been previously developed to simulate the 
dynamics of the ecosystem in the pelagic part of Lake 
Shira during the summer season. 

 The hydrophysical part of the model is one-
dimensional and describes the hydrodynamic and 
thermal structure of Lake Shira. The temperature 
regime of the lake is determined by wind-induced 
mixing, solar heating, and heat exchange with the 
atmosphere. The hydrophysical process of turbulent 
mixing of water masses is based on the formula of 
Prandtl-Obuchov and the approximated solution for 
wind-forced flow (Belolipetsky and Genova, 1998). 
The hydrophysical algorithm uses meteorological 
data, including cloud cover, air temperature, vapor 
pressure, and wind speed and direction. To simulate 
the distribution of solar radiation in the water column, 
the model takes into account the attenuation, in 
accordance with the Lambert-Beer law, and light 
absorbing properties of water, detritus, and biological 
components. 

 The hydrophysial part of the model enables 
calculating the vertical profi les of temperature, 
salinity, density of water, and all biochemical 

components during the period of open water. A 
detailed description of the hydrophysical part of the 
model was presented in Belolipetsky et al. (2010). 

 The biochemical part of the model comprises the 
main components of the pelagic part of the 
ecosystem—dominant species of phyto- and 
zooplankton, bacteria, nutrients, oxygen, and 
hydrogen sulfi de. 

 The biomass-dominant green algae and 
cyanobacteria (Zotina et al., 1999) represent 
phytoplankton in the model. The growth of algae and 
cyanobacteria is determined by the multiplicative 
eff ect of light, temperature, and nutrients. Zooplankton 
are represented by the calanoid copepod 
 Arctodiaptomus   salinus , a biomass-dominant species 
of pelagic zooplankton (Zadereev and Tolomeyev, 
2007). The zooplankton in the model is divided into 
two age classes: young (nauplii and juvenile 
copepodites) and old (late copepodites and adult 
animals) zooplankton. Copepods consume 
phytoplankton and detritus (Tolomeyev, 2002). Two 
groups of microorganisms carry out transformation of 
sulfur in the model: light-dependent purple sulfur 
bacteria oxidize hydrogen sulfi de (H 2 S) and sulfate-
reducing bacteria decompose detritus in the water 
column.  

 The following processes are calculated for 
biological components of the model: growth and 
mortality, consumption by other components (if any) 
and, optionally, respiration (excretion). For the 
phytoplankton and purple sulfur bacteria, calculations 
of the sedimentation rate are based on the literature 
data and the authors’ results. 

 The model simulates the material cycling in the 
water column in units of dry weight, phosphorus, and 
nitrogen. Diff usion and transformation of the chemical 
components are also calculated. The calibration and 
validation of the model was performed by using fi eld 
data and described in Prokopkin et al. (2010). The 
model demonstrates good predictions of the main 
thermal and mixing regimes and biomasses of food 
web components during the summer season (Fig.1). 

 The model was developed taking into account 
general principles and approaches that were used in 
developing similar imitation instruments and based 
on extensive model experience (Mooij et al., 2010). 
Several investigations were successfully carried out 
with this model (Degermendzhy et al., 2010; 
Prokopkin et al., 2014). The comparison of this model 
with other lake models was reported by Mooij et al. 
(2010).  
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 2.3 Sensitivity analysis of the Lake Shira model 

 Sensitivity analysis, which is the method to defi ne 
input parameters that have the greatest infl uence on 
the model outputs (Saltelli et al., 2004), was used to 
compare the strength of the eff ect of weather forcing 
on the lake ecosystem with other external and internal 
factors aff ecting the ecosystem. In this study, we used 
the method of Morris (1991), which is the most widely 
used and the simplest technique of sensitivity analysis 
applied to models of large dimensionality. The Morris 
method requires a relatively low computational eff ort, 
and its result is easily interpreted, as it yields 
qualitative rather than exactly quantifying estimations 
of the relationships between inputs and outputs in the 
model. 

 We selected 12 input parameters to perform 
sensitivity analysis. Input parameters were divided 
into three groups: 1) weather, 2) nutrient loading and 
3) the initial “spring” state of the ecosystem, which 
depends on the preceding winter and on the previous 
year.  

 In the biochemical-hydrophysical model that we 
used, the hydrodynamic and thermal structures of the 

lake were calculated using meteorological data 
(Belolipetsky et al., 2010). The meteorological dataset 
for 2002 (hereinafter “standard year”) had been 
previously used for model calibration (Prokopkin et 
al., 2010) and was chosen as the reference dataset for 
subsequent variations of the values of weather input 
time series. Each weather parameter in the dataset 
used for the model calculations was described by the 
daily dataset (from May 15 (beginning of calculation) 
to August 31 (end of calculation)) with several (4-6) 
values at regular time intervals for each 24-hour 
period. We varied the values of the air temperature 
(dTemp), cloud cover (dCloud), and wind speed 
(dWind) during the summer season to simulate 
weather changes.   

 Boundary conditions at the lake surface for 
diff erential equations describing the dynamics of 
mineral phosphorus and ammonia can be used for 
simulation of nutrient loading to the ecosystem. Thus, 
the second group of parameters consists of values of 
phosphorus (fl owP) and nitrogen (fl owN) incoming to 
the lake. The reference values of phosphorus and 
nitrogen fl ows used in the model are based on the 
fi eld data (unpublished). 

 The third group of parameters determines the initial 
state of the ecosystem. There are seven parameters in 
this group describing the biomass (g/m 2 ) of green 
algae (nGren), cyanobacteria (nCyano), old and 
young classes of zooplankton (nZooOld and 
nZooYoung), and detritus (nDet); the amount (g/m 2 ) 
of mineral phosphorus (nP) and nitrogen (nN). The 
reference values for these parameters were determined 
from the fi eld data (Zadereev et al., 2014). 

 The variation range of weather parameters was 
determined as follows. We carried out the analysis of 
weather data series in the vicinity of Lake Shira for 
the period of 2003–2010. The weather data series 
were taken from the state weather monitoring station 
located 5 km south-west of Lake Shira; data are 
available at http://meteo.infospace.ru/. The air 
temperature and wind speed in the weather data series 
were expressed in standard units of °C and m/s, 
respectively, the cloud cover was measured in relative 
units from 0 (clear sky) to 10 (maximal cloud cover). 
The cloud cover denotes daytime cloud cover, which 
infl uences the amount of solar radiation (higher cloud 
cover means less radiation). For each month (May, 
June, July and August) and each year, the average 
monthly values of air temperature, wind speed, and 
cloud cover were calculated. Next, the minimal, 
maximal, and average values of air temperature, wind 
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 Fig.1 The typical seasonal dynamics of the depth of the 
thermocline (white squares) and the oxic-anoxic 
interface (dark squares) (upper panel) and the 
biomasses of seston (white diamonds) (dry weight) 
and  A  .   salinus  (dark diamonds) (wet weight) (lower 
panel) 
 Dots: fi eld data for the parameters denoted at the graph, measured 
during the annual monitoring during 2007–2010. Grey areas: 
intervals of values for the parameters denoted at the graph, 
calculated with diff erent weather sets (2002, 2007–2010) and 
initial conditions (deep and low oxic-anoxic interface; high and low 
seston biomass, high and low zooplankton biomass).  
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speed, and cloud cover were determined for each 
month. After that, we determined the diff erence 
between the average and minimal and the average and 
maximal values for each month. The average value of 
the diff erences obtained was used as the range of 
variation. Thus, the variation ranges of weather 
conditions used in the model corresponded to the 
natural variability of these factors for the period 
between 2003 and 2010.  

 The variation ranges for phosphorus and nitrogen 
concentrations were selected to cover diverse possible 
scenarios of the nutrient load. The variation ranges for 
values of parameters describing the initial state of the 
ecosystem were set within ±50% of the reference 
values. With this approach, values of initial conditions 
did not fall outside the range of values of these 
parameters measured during the long-term 
observations at the lake (Zadereev et al., 2014). The 
reference values and variation ranges for all input 
parameters are presented in Table 1. 

 The following model outputs were chosen for the 
sensitivity analysis: the sum of daily (at 12:00) 
biomasses of cyanobacteria, green algae, two age 
classes of zooplankton, and purple and sulfate-
reducing bacteria (g dry weight/m 2 ) and the sum of 
daily content of detritus (g dry weight/m 2 ) and 
hydrogen sulfi de (g/m 2 ) in the water column over the 
whole period of calculations (from May 15 to August 
31).  

 Sensitivity analysis calculations and processing of 
calculation results were based on a plan worked out in 
SIMLAB v.2.2 software (Simlab, 2011). The software, 
in accordance with the Morris method, generated the 

sensitivity analysis plan, in which every input 
parameter took several diff erent values equally 
divided within its variation range. The combinations 
of these values, worked out by Morris’s algorithm, 
created unique sets of values of all input parameters. 
As a result, the plan of calculations consisted of 104 
unique sets, and each set was used to perform a model 
run. 

 Based on the sensitivity analysis for each model 
output for each input parameter, two sensitivity 
measures were determined—the mean ( μ ) and 
standard deviation ( σ ) of the fi nite distribution of 
elementary eff ects associated with each input 
parameter. A low value of  μ  means that the eff ect of 
the selected input parameter on the selected model 
output is low. A value of  σ  near zero means that the 
eff ect of the input parameter is mainly linear and is 
not considerably aff ected by other inputs. The 
strength of the eff ect of the input parameter on the 
output value, which was used to rank the input 
parameters, was determined by the length of the 
vector on the plane of parameters  μ  and  σ  (Janse, 
2005).  

 2.4 Analysis of the eff ects of weather parameters on 
thermal and mixing regimes of the water column 

 To analyze changes in the thermal and mixing 
regimes of the water column, we compared the output 
of the reference model run with the outputs of model 
runs performed with altered values of weather 
parameters. The reference model run was done using 
the meteorological data set for 2002. In other model 
runs, wind speed, cloud cover or air temperature in 

 Table 1 The ranges of variation of input parameters used in the sensitivity analysis of the Lake Shira Model 

 Group of parameter  Denomination P arameter  Variation range  Reference value 

 Weather 

 dWind  Wind speed  ±0.6 m/s  Year 2002 

 dCloud  Cloud cover  ±1.4 units  Year 2002 

 dTemp  Air temperature  ±2°C  Year 2002 

       Minimal   value  Maximal value   

 Nutrient 
 fl owP  The infl ow of phosphorus (g/(day∙m 2 ))  0.000 015  0.006  0.000 3 

 fl owN  The infl ow of nitrogen (g/(day∙m 2 ))  0.000 045  0.018  0.000 9 

 Initial condition 

 nGren  The biomass of green algae (g dry weight/m 2 )  0.16  0.48  0.32 

 nCyano  The biomass of cyanobacteria (g dry weight/m 2 )  0.16  0.48  0.32 

 nZooOld  The biomass of old zooplankton (g dry weight/m 2 )  0.42  1.26  0.84 

 nZooYoung  The biomass of young zooplankton (g dry weight/m 2 )  0.022  0.066  0.044 

 nDet  The biomass of detritus (g dry weight/m 2 )  22  66  44 

 nP  The amount of mineral phosphorus in the mixolimnion (g/m 2 )  0.04  0.12  0.08 

 nN  The amount of ammonia in the mixolimnion (g/m 2 )  1.6  4.8  3.2 
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the standard year weather data set were decreased or 
increased by the value equal to the range of variation 
of a corresponding parameter (Table 1) and to its 
doubled value.  

 The following outputs were used as the 
characteristics of the thermal and mixing regimes of 
the water column: a) the depth of the thermocline 
calculated as the depth at which the maximal drop of 
temperature per incremental step (0.2 m) was 
observed; b) the temperature of water in the lake 
surface layer (epilimnion), which was determined as 
the average temperature in the layer from the surface 
to the depth of the thermocline; c) the temperature of 
water at a depth of 10 m (hypolimnion); d) the depth 
of the oxic-anoxic interface calculated as the depth at 
which the minimal concentrations of oxygen and 
hydrogen sulfi de were recorded at the same time. To 
analyze changes in thermal and mixing regimes, the 
values of these characteristics were calculated as of 
June 1, June 15, July 1, July 15, August 1, August 15, 
and August 31, and then their average values were 
obtained.  

 2.5 Analysis of the eff ects of weather parameters 
on the seasonal dynamics of the food web 
components and on the integrated characteristics 
of the mixolimnion and monimolimnion 

 To study the eff ects of weather parameters on the 
lake ecosystem, the model was run with diff erent 
weather scenarios. The standard model run was 
performed using the meteorological data set for 2002. 

In other model runs, the values of wind speed, cloud 
cover, and air temperature were modifi ed as described 
in the previous section. 

 To estimate the eff ect of weather changes on the 
integrated characteristics of the mixolimnion and 
monimolimnion and to reveal the correlations 
between diff erent components of the lake ecosystem, 
the following outputs were used: total (the sum of 
daily values from May 15 to August 31) biomass (g 
dry weight/m 2 ) of phytoplankton (the sum of the 
biomass of cyanobacteria and green algae), 
zooplankton (the sum of biomasses of two zooplankton 
age groups), purple sulfur bacteria and detritus in the 
water column; total content of hydrogen sulfi de in the 
monimolimnion. The signifi cance of correlations 
between diff erent ecosystem components was 
estimated using the STATISTICA 7.0 software.  

 3 RESULT 

 3.1 Sensitivity analysis 

 Input parameters were ranked according to the 
degree of their infl uence on the values of model 
outputs—the main food web components of the Lake 
Shira ecosystem (Table 2).  

 At least one of the weather parameters was among 
the most infl uential parameters for all model outputs, 
both mixolimnetic and monimolimnetic ones. At the 
same time, it was diffi  cult to select the weather 
parameter that was the most important for the 
ecosystem development. The strength of the eff ect of 

 Table 2 Ranking of input parameters according to the sensitivity of output food web components 

 Rank 
 Mixolimnion 

 Detritus 
 Monimolimnion 

 Cyano  Green  ZooOld  ZooYoung  PSB  SRB  H 2 S 

 1  nCyano  dTemp  nZooOld  dCloud  nDet  nDet  nDet  nDet 

 2  dCloud  dCloud  dWind  nZooOld  dCloud  dWind  dCloud  dWind 

 3  fl owP  dWind  dTemp  dWind  dWind  dTemp  nGren  nN 

 4  dWind  nDet  nDet  nDet  dTemp  nN  nZooOld  nGren 

 5  nGren  fl owP  dCloud  dTemp  fl owP  nGren  nCyano  dTemp 

 6  nZooOld  fl owN  nN  nN  nN  dCloud  nN  fl owP 

 7  nN  nN  fl owN  fl owP  fl owN  fl owP  dTemp  dCloud 

 8  nDet  nGren  fl owP  fl owN  nGren  nZooOld  fl owP  nZooOld 

 9  dTemp  nCyano  nCyano  nGren  nZooOld  nP  dWind  nP 

 10  fl owN  nZooOld  nGren  nCyano  nP  fl owN  nP  fl owN 

 11  nP  nP  nP  nZoo  Young  nCyano  nCyano  fl owN  nCyano 

 12  nZoo  Young  nZoo  Young  nZoo  Young  nP  nZoo  Young  nZoo  Young  nZoo  Young  nZoo  Young 

 Cyano: cyanobacteria; Green: green algae; ZooOld: late copepodites and adults of  A .  salinus ; ZooYoung: nauplii and juvenile copepodites of  A .  salinus ; PSB: 
purple sulfur bacteria; SRB: sulfur reducing bacteria; bold: weather parameters; underlined: nutrients parameters; the rest: initial conditions. 
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the same parameter on diff erent model outputs was 
variable.  

 The ecosystem of the meromictic lake was also 
relatively sensitive to the initial conditions. 
Cyanobacteria and zooplankton were strongly 
infl uenced by the initial biomass. For all the 
monimolimnetic parameters, the initial biomass of 
detritus was the most infl uential parameter. However, 
monimolimnetic components were also sensitive to 
the variability of weather parameters. Even though 
the monimolimnion components had no direct contact 
with the surface layers and atmosphere, they 
responded to weather forcing.  

 The ecosystem components were not very sensitive 
to the eff ect of nutrients. The infl ow of phosphorus 
was in the top three infl uential parameters only for 
cyanobacteria.  

 As this research is focused on the eff ects of weather 
parameters, the main results of the sensitivity analysis 
are as follows: a) within the natural range of variability 
of various external and internal forcing parameters, 
weather is an important forcing for the entire water 
column of the meromictic lake and b) out of the three 
selected weather parameters, none can be selected as 
the most infl uential one. 

 3.2 The eff ects of weather parameters on the 
thermal and mixing regimes of the water column 

 Changes of weather parameters had a strong eff ect 
on the temperature of the epilimnion but a less 
pronounced eff ect on the hypolimnion (Table 3). An 
increase in wind speed and cloud cover led to a 
pronounced decrease in water temperature in the 
epilimnion. An increase in air temperature led to the 
opposite eff ect - an increase in the temperature of the 
epilimnion. The temperature of the hypolimnion 
slightly increased with an increase in wind speed and 
decreased with an increase in cloud cover. Variations 
in air temperature did not aff ect the temperature in the 
hypolimnion. 

 Changes of weather factors also aff ected the depths 
of the thermocline and oxic-anoxic interface. The 
depth of the thermocline increased and the depth of 
the oxic-anoxic interface decreased with the increase 
in the wind speed. Increasing the air temperature 
decreased the depths of the thermocline but increased 
the depth of the oxic-anoxic interface. Increasing 
cloud cover decreased the depth of the thermocline 
while it had little eff ect on the depth of the oxic-
anoxic interface (Table 3). 

 Table 3 The eff ect of weather parameters on the thermal stratifi cation of Lake Shira 

 Model outputs of thermal stratifi cation 
 Variation of wind speed (m/s)  The change of the output per 1 m/s 

increase in wind speed (±S.D.) 

 -1.2  -0.6  Standard  +0.6  +1.2   

 The depth of the thermocline (m)  3.51  3.74  3.86  4.11  4.20  0.29±0.13 

 Water temperature at the epilimnion ( о С)  21.64  20.25  19.16  18.12  17.39  -1.77±0.45 

 Water temperature at the hypolimnion ( о С)  4.97  5.16  5.50  6.13  6.20  0.51±0.40 

 The depth of the oxic-anoxic interface  (m)  14.78  14.66  14.56  14.47  14.46  -0.14±0.04 

  
 Variation of air temperature (°C)  The change of the output per 1°C 

increase in temperature (±S.D.) 

 -4  -2  Standard  +2  +4   

 The depth of the thermocline (m)  4.66  4.29  3.86  3.54  3.26  -0.18±0.03 

 Water temperature at the epilimnion ( о С)  16.26  17.70  19.16  20.61  22.09  0.73±0.01 

 Water temperature at the hypolimnion ( о С)  5.45  5.48  5.50  5.52  5.53  0.010±0.004 

 The depth of the oxic-anoxic interface  (m)  14.48  14.48  14.56  14.66  14.79  0.04±0.01 

  
 Variation of cloud cover, relative units  The change of the output per one relative 

unit increase in cloud cover (±S.D.) 

 -3  -1.4  Standard  +1.4  +3   

 The depth of the thermocline (m)  4.09  4.03  3.86  3.71  3.63  -0.08±0.04 

 Water temperature at the epilimnion ( о С)  21.64  20.47  19.16  18.01  17.35  -0.73±0.22 

 Water temperature at the hypolimnion ( о С)  6.18  5.86  5.50  5.18  5.01  -0.20±0.07 

 The depth of the oxic-anoxic interface  (m)  14.60  14.56  14.56  14.58  14.59  <0.01 

 The standard scenario is the weather data set for the year 2002. 
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 Finally, based on our calculations, we estimated 
changes in the mixing regime and the temperature in 
the epi- and hypolimnion per 1 m/s, 1 о С, or 1 unit of 
cloud cover increase in wind speed, air temperature, 
or cloud cover, respectively (Table 3).  

 3.3 The eff ect of weather parameters on the 
ecosystem 

 In order to demonstrate the interconnection 
between the mixing regime of the water column and 

food web components, we used several correlation 
graphs. Several correlations linked the stratifi cation 
and food web components in the mixolimnion (Fig.2) 
and monimolimnion (Fig.3). 

 Regardless of the weather parameter aff ecting the 
average depth of the thermocline, a signifi cant 
positive correlation was observed between the depth 
of the thermocline and total seasonal biomass of 
phytoplankton ( R =0.92;  P <0.001) (Fig.2a). 
Correlation between the temperature of the epilimnion 
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and total seasonal biomass of phytoplankton depended 
on the weather factor. When the temperature of the 
epilimnion was increased due to the eff ect of air 
temperature or wind speed, the total seasonal biomass 
of phytoplankton decreased. When the temperature of 
the epilimnion increased due to the eff ect of cloud 
cover, the total seasonal biomass of phytoplankton 
increased (Fig.2b). 

 There also was a signifi cant positive correlation 
between the total seasonal biomasses of phyto- and 
zooplankton ( R =0.94;  P <0.001) (Fig.2c). Signifi cant 
positive correlations were found between the total 
seasonal biomasses of phyto- or zooplankton and the 
total seasonal biomass of detritus ( R =0.99;  P <0.001 
and  R =0.94;  P <0.001, respectively) (Fig.2d). 

 Several correlations also demonstrated how the 
components of the mixolimnion and monimolimnion 
were coupled. The principal link was between the 
groups of light-dependent components of the food 
web: the total biomass of phytoplankton in the 
mixolimnion and the total biomass of purple sulfur 
bacteria in the oxic-anoxic interface (Fig.3a). When 
the air temperature and wind speed were varied, there 

was a signifi cant negative correlation between the 
biomasses of phytoplankton and purple sulfur bacteria 
( R =-0.99;  P <0.001). When the cloud cover was 
varied, there was no correlation between the biomasses 
of phytoplankton and purple sulfur bacteria.  

 The eff ects of mixolimnetic and monimolimnetic 
food web components on the content of hydrogen 
sulfi de in the monimolimnion were expressed by two 
correlations: a) a signifi cant positive correlation 
between the content of detritus in the water column 
and the content of hydrogen sulfi de in the 
monimolimnion ( R =0.74;  P =0.001) (Fig.3b); b) a 
signifi cant negative correlation between the biomass 
of purple sulfur bacteria and the content of hydrogen 
sulfi de in the monimolimnion ( R =-0.99;  P <0.001) 
(Fig.3c). Finally, there was a signifi cant positive 
correlation between the average depth of the oxic-
anoxic interface and the biomass of purple sulfur 
bacteria ( R =0.99;  P <0.001) (Fig.3d). 

 The results can be summarized as the scheme of 
the weather-induced interactions and changes in the 
lake ecosystem of Lake Shira (Fig.4). This scheme 
demonstrates how changes in weather parameters 
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 Fig.4 The eff ect of weather forcing on the stratifi cation of the water column and the food web in Lake Shira 
 “+” denotes the positive correlation between components; “–”: negative correlation; +*: the correlation is positive only for the values calculated with the 
variations in air temperature and wind speed; -*: the correlation is negative only for the values calculated with the variations in air temperature and wind 
speed; +-*: the correlation is positive for the values calculated with the variations in cloud cover and negative for the values calculated with the variations in 
air temperature and wind speed. Signifi cances of correlations between diff erent components are presented in the Results. 



2027No.6 PROKOPKIN and ZADEREEV: Weather forcing of a meromictic Siberian lake

aff ected the mixing regime of the lake and how these 
changes shaped the food web in the mixolimnion and 
monimolimnion. 

 4 DISCUSSION 

 4.1 Sensitivity analysis 

 We started our study by conducting the sensitivity 
analysis, which was done to compare the eff ects of 
external and internal forcing on the food web of a 
meromictic lake. The sensitivity analysis demonstrated 
that weather parameters were among the most 
infl uential ones, both for mixolimnetic phyto- and 
zooplankton and for the components of the 
monimolimnion (bacteria and hydrogen sulfi de). 
Previously, using the fi eld data, we demonstrated the 
eff ect of air temperature on the depth of the oxic-
anoxic interface of Lake Shira, the temperature 
profi les during summer stratifi cation, and the biomass 
of seston (Zadereev et al., 2014). However, it is 
important to note that according to sensitivity analysis, 
the air temperature was not among the most infl uential 
weather parameters. Responses of the components of 
both the mixolimnion and the monimolimnion to 
variations in cloud cover and wind speed were 
comparable in strength to their responses to variations 
in air temperature. Indeed, a recent study (Rogozin et 
al., 2017) showed that the eff ects of wind and 
temperature were responsible for the mixing event in 
Lake Shira in 2015. Many studies addressing climate 
change eff ects on lakes consider air temperature as 
the main external forcing (e.g. Livingstone, 2003). 
However, other climate and weather parameters may 
well compensate for the eff ect of temperature change. 

Thus, climatic scenarios should take into account 
complex interactions of weather parameters.  

 In this study, we simulated the eff ect of the selected 
parameters on food web components only during the 
summer season. For stratifi ed and meromictic lakes, 
long-term and seasonal eff ects of weather and climate 
on the ecosystem are important too (e.g. Ito and 
Momii, 2015). For example, if a lake freezes every 
winter, the climate and weather variations infl uence 
the time of ice clearance and ice formation, which 
may change the time of stratifi cation (spring) and 
destratifi cation (autumn) (Arvola et al., 2009). A 
change in the time of ice clearance is a critical event 
for the development of the spring phytoplankton and 
zooplankton and subsequent timing of the clearwater 
phase (Gerten and Adrian, 2000). To imitate similar 
eff ects, we varied the initial spring biomasses of 
diff erent food web components. Indeed, the initial 
spring biomasses of some of the food web components 
were among the most infl uential parameters. 
Monimolimnetic components were mostly controlled 
by the spring biomass of detritus in the water column. 
Our analysis confi rms the importance of initial spring 
conditions for the development of the lake ecosystem. 
However, initial spring conditions in stratifi ed lakes 
are also controlled by climate (Weyhenmeyer et al., 
1999). Thus, our study is mostly valid for the 
assessment of short-term eff ects of variable weather 
on the ecosystem of a meromictic lake while long-
term multiannual eff ects should have stronger impact 
(Ito and Momii, 2015; Rogozin et al., 2017). 

 Surprisingly, the ecosystem was not very sensitive 
either to the eff ect of spring nutrient concentrations or 
to nutrient infl ows during the season. Usually, lake 
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 Fig.5 Hypothetical scenarios of interactions of weather parameters that can change the stability of the stratifi cation of the 
water column 
 Left panel scenario: higher air temperatures and lower wind speed; right panel scenario: lower air temperature and higher wind speed. 
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models are quite sensitive to the eff ects of nutrients 
(e.g. Arhonditsis and Brett, 2005; Elliott et al., 2006). 
At the same time, internal nutrient loading may be 
more important than external nutrient forcing in the 
case of frequent mixing events (Burger et al., 2008). 
In the meromictic lake, nutrients are eff ectively 
deposited in the monimolimnion (Zadereev et al., 
2014). Thus, neither internal nor external nutrient 
loadings will probably be among the driving forces of 
ecosystem development in a meromictic lake because 
of nutrient deposition into the deep waters.  

 4.2 The eff ects of weather parameters on thermal 
and mixing regimes of the water column of the 
meromictic lake 

 We observed that weather forcing had a strong 
eff ect on the temperature of the epilimnion, while for 
the hypolimnion this eff ect was less pronounced. We 
estimated that water temperature in the epilimnion 
would increase by 0.73°C and in the hypolimnion by 
0.01°C per 1°C increase in air temperature, which is 
in good agreement with similar published estimates 
(e.g. Robertson and Ragotzkie, 1990; Hondzo and 
Stefan, 1993). Our calculations support observations 
demonstrating that an increase in the air temperature 
warms up the epilimnion but does not aff ect the 
hypolimnion (Liu et al., 2014). To increase 
hypolimnetic temperatures in thermally stratifi ed 
lakes, winds should be strong enough to stimulate 
mixing (Arvola et al., 2009).  

 The greatest variations in the depth of the 
thermocline and the oxic-anoxic interface in our 
calculations were caused by variations in the wind 
speed and air temperature. Other models of stratifi ed 
lakes demonstrated similar results for the depth of the 
thermocline. For example, simulating water 
temperatures and stratifi cation of a pre‐alpine lake 
with a hydrodynamic model, Bueche and Vetter 
(2014) demonstrated that the model was most 
sensitive to air temperature and wind speed. Our 
results suggest that these two parameters also aff ect 
the depth of the oxic-anoxic interface. We can predict 
two scenarios in response to opposite variations in the 
values of the wind speed and air temperature. First, 
when the air temperature increases and the wind 
speed decreases, the water temperature in the 
epilimnion and the depth of the thermocline will 
increase while the depth of the oxic-anoxic interface 
will decrease. Second, when the air temperature 
decreases and the wind speed increases, the water 
temperature of the epilimnion and the thermocline 

depth will decrease while the depth of the oxic-anoxic 
interface will increase. It is usually considered that 
the fi rst scenario will promote a higher degree of 
thermal stability of the water column (e.g. Jankowski 
et al., 2006). It is important for a meromictic lake that 
the second scenario predicts less stable stratifi cation 
and higher probability of lake overturn (Fig.5). For 
example, it was demonstrated that in Lake Lugano 
cold and windy weather destabilized the water column 
and led to a mixing event (Holzner et al., 2009). 

 Salinity and water level are two additional 
important parameters that are linked to weather and 
climate variability. Multiannual dynamics of these 
parameters are critical for the stability of stratifi cation 
of a saline meromictic lake (e.g. Rogozin et al., 2017). 
Depending on the direction, changes in the water 
level and related changes in salinity can stimulate a 
lake to switch from meromixis to holomixis or vice 
versa (e.g. Melack et al., 2017). Our model analysis 
was not focused on multiannual dynamics of a 
meromictic lake. The water level and salinity of the 
lake were fi xed. Multiannual and interannual 
(seasonal) weather and climatic eff ects are most likely 
more important for the control of meromixis stability 
through water level and salinity fl uctuations. Still, we 
consider the results of our model analysis as an 
important contribution to the understanding of 
complex eff ects of weather parameters on meromictic 
lake ecosystems.  

 4.3 The eff ects of weather parameters on the 
ecosystem 

 The eff ects of weather parameters on the ecosystem 
are complex. Air temperature and wind speed control 
the water temperature and mixing depth, while cloud 
cover mostly aff ects the amount of light, which is 
important both for the water temperature and for the 
photosynthesizing species.  

 Our calculations demonstrated that any changes in 
weather parameters that increase the mixing depth 
also increase the biomass of phytoplankton. This 
prediction is in close agreement with the previous 
theoretical calculations and fi eld observations that 
demonstrated an increase in the standing stock of 
algal biomass with an increase in mixing depth of 
between 2 and 10 m (Berger et al., 2006).  

 The eff ect of the temperature of the epilimnion on 
the biomass of phytoplankton is more complex. 
Obviously, it also depends on the mixing depth of the 
water column. Under the eff ect of the air temperature 
or the wind speed, the increase in the water temperature 
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in the epilimnion coincides with the decrease in the 
mixing depth. Hence, the biomass of phytoplankton 
decreases with an increase in the water temperature 
when it is stimulated by air temperature or wind 
speed.  

 As to the eff ect of clouds, less cloud cover results 
in more light and deeper and warmer epilimnion. 
Thus, in our calculations the biomass of phytoplankton 
increased with the increase in the water temperature 
in the epilimnion when this increase was induced by 
variations in cloud cover. Rinke et al. (2010) 
previously described complex interactions between 
light extinction, thermal stratifi cation, and 
phytoplankton. Indeed, these factors are closely 
interrelated with light climate, depending on the light 
extinction coeffi  cient, which is aff ected by 
phytoplankton biomass (Rinke et al., 2010). Not only 
phytoplankton biomass but also species composition 
will be aff ected by the complex interactions between 
light, physical stability, and nutrient availability (e.g. 
Madgwick et al., 2006), but this issue is beyond the 
scope of our study.  

 Another positive correlation linked primary 
producers and zooplankton. It was not surprising that 
we observed a positive correlation between the total 
biomasses of phyto- and zooplankton, as the food 
web in our model was truncated, missing fi sh or other 
zooplankton predators. Most probably, this is an 
example of bottom-up control, when the biomass of 
primary producers controls the abundance of higher 
trophic levels (McCauley and Kalff , 1981).  

 There are two major links between mixolimnetic 
and monimolimnetic food-web components that 
depend on weather conditions. One is related to the 
positive correlation between the biomasses of phyto- 
and zooplankton and detritus. The amount of detritus 
is important for the production of hydrogen sulfi de in 
the deep waters of a meromictic lake; detritus is 
involved in the sulfur cycle.  

 When weather forcing stimulated the increase in 
the biomass of food-web components in the 
mixolimnion, it produced a cascading eff ect, resulting 
in the higher content of the detritus in the water 
column and the higher content of hydrogen sulfi de in 
the monimolimnion. This cascading eff ect was 
complicated by the interaction of light-dependent 
photosynthetic species at the diff erent depths: 
phytoplankton in the mixolimnion and purple sulfur 
bacteria at the oxic-anoxic interface. A strong negative 
correlation between these two spatially separated 
light-dependent components was observed when 

changes in the biomass were induced by air 
temperature or wind speed. Most probably, a decrease 
in phytoplankton biomass leads to an increase in 
water transparency, more favorable light conditions, 
and an increase in the biomass of purple sulfur 
bacteria. Previously, Rogozin et al. (2010) showed 
that the concentrations of purple sulfur bacteria in the 
oxic-anoxic interfaces of lakes Shira and Shunet 
depended on weather conditions and on the 
transparency of water in the lake. It was demonstrated 
that the maximal biomass of bacteria was observed 
during those years when water transparency was the 
highest. When an increase in the biomass of 
phytoplankton was stimulated by a decrease in the 
cloud cover, the biomass of purple sulfur bacteria was 
constant. Again, the eff ect of the cloud cover changes 
both the thermal regime and light climate.  

 Purple sulfur bacteria at the oxic-anoxic interface 
oxidize hydrogen sulfi de, which is the main substrate 
for their growth (Rogozin et al., 2012). Consequently, 
the content of hydrogen sulfi de in the monimolimnion 
decreases with an increase in the biomass of PSB. In 
turn, the biomass of PSB positively correlates with 
the depth of the oxic-anoxic interface. We should note 
that these complex interactions between physical, 
chemical, and biological parameters at the depth of 
oxic-anoxic interface are diffi  cult to interpret at this 
simplifi ed level of analysis. For example, purple 
sulfur bacteria are strongly controlled by light. Deeper 
oxic-anoxic interface implies poorer light conditions 
for photosynthetic bacteria. Thus, correlations that we 
discuss are valid only for the specifi c range of depths 
and boundary conditions that we use. 

 5 CONCLUSION 

 We demonstrated how weather-related changes in 
the water temperature and mixing depth aff ected both 
mixolimnetic and monimolimnetic food-web 
components and the depth of the oxic-anoxic interface 
during the growing season. We can summarize that 
weather conditions that stimulate a higher 
phytoplankton biomass will lead to higher detritus 
content and lower biomass of purple sulfur bacteria, a 
higher content of hydrogen sulfi de, and a less deep 
oxic-anoxic interface. The same weather conditions 
(stronger wind, thinner cloud cover, and lower 
temperature) favor less stable thermal stratifi cation. 
Thus, interaction of these abiotic and biotic changes 
will be associated with a higher probability of lake 
overturn.  
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 Variations in the depth of the oxic-anoxic interface 
induced by weather variability during growing season 
should not be overestimated. Our calculations 
demonstrated that under diff erent weather scenarios, 
the variability of the average depth of the oxic-anoxic 
interface was in the range of 14.4–14.8 m (2%–3% 
variability). At the same time, the naturally observed 
variability of the depth of the oxic-anoxic interface in 
Lake Shira for the period between 2007 and 2011 was 
11–17 m (40%–50%) (Zadereev et al., 2014). Thus, 
the control of the depth of oxic-anoxic interface by 
other factors is stronger. For example, we did not use 
the depth of the oxic-anoxic interface in spring as a 
forcing function. However, it was demonstrated 
before that the depth of the oxic-anoxic interface in 
spring was largely determined by the mixing depth of 
the mixolimnion in the autumn of the previous year 
(Zadereev et al., 2014). Thus, multiannual model 
analysis of response of the meromictic lake ecosystem 
to weather and climate forcing is needed.  

 We have already mentioned that water level and 
salinity are important factors that control the stability 
of stratifi cation of a saline meromictic lake. The 
maximal depth of Lake Shira in the last 120 years has 
changed from 16 to 24 m (Rogozin et al., 2010). 
Recent analysis demonstrated that interannual change 
of the water level of Lake Shira is strongly positively 
related to the annual sum of precipitation. The water 
level of Lake Shira also has strong positive long-term 
trend, probably driven by the continual groundwater 
infl ow (Babushkina et al., 2017). Changes in maximal 
depth, salinity, and lake area infl uence the stability of 
the permanent stratifi cation. Several examples are 
known in which the mixing patterns of lakes have 
changed because of the changes in their depth and 
salinity (Miller et al., 1993; Kaden et al., 2010). For 
Lake Shira, the stabilization of the water level 
coincided with consistent multiannual weather 
patterns, which destabilized meromixis in 2015 
(Rogozin et al., 2017). Thus, the response of the 
meromictic lake to external and internal forcing is 
more complex. Most probably, there is a hierarchy of 
seasonal, annual, and interannual eff ects that control 
the ecosystem development and the stability of 
meromixis. Our research was focused on seasonal 
eff ects. More sophisticated modeling software is 
required to analyze the broader context. 

 Despite the limitations mentioned above, we 
consider the obtained results as quite valuable. As 
emphasized by Shimoda et al. (2011), it is essential to 
examine the heterogeneity of in-lake processes that 

are aff ected by climate change in diff erent water 
bodies. Previously, complex eff ects of weather forcing 
on stratifi cation and food-web interactions in 
meromictic lakes were not explicitly studied using 
numerical modelling. For the fi rst time we demonstrate 
that, even in the case of considerable variation in the 
spring biomasses of food web components and 
nutrient fl ows, the ecosystem of a stratifi ed meromictic 
lake is very sensitive to variations in weather 
parameters. Also, the present study characterized a 
detailed network of weather-induced physical and 
biogeochemical interactions between mixolimnetic 
and monimolimnetic food-web components in a 
meromictic lake.  
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