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Abstract. Despite a long history of research, there is almost no information regarding the major biogeochemical fluxes that
could characterize the past and present state of the European Lake Onego ecosystem and be used for reliable prognostic
estimates of its future. To enable such capacity, we adapted and implemented a three-dimensional coupled hydrodynamical
biogeochemical model of the nutrient cycles in Lake Onego. The model was used to reconstruct three decades of Lake Onego
ecosystem dynamics with daily resolution on a 2 x 2 km grid. A comparison of available information from Lake Onego and
other large boreal lakes proves that this hindcast is plausible enough to be used as a form of reanalysis. As new regional
phenological knowledge, the reanalysis quantifies that the spring phytoplankton bloom, previously overlooked, reaches a
maximum of 500 + 128 mg C m? d* in May, contributes to approximately half of the lake’s annual primary production of
17.0-20.6 g C m2 yr, and is triggered by increasing light availability rather than by an insignificant rise in water temperature.
Coherent nutrient budgets provide reliable estimates of phosphorus and nitrogen residence times of 47 and 17 years,
respectively. The shorter nitrogen residence time is explained by sediment denitrification, which in Lake Onego removes over
90% of the bioavailable nitrogen input, but is often ignored in studies of other large lakes. This model can be used for long-
term projections as soon as the corresponding scenarios of climate change and socio-economic development become available
for north-western Russia.

1 Introduction

Being situated within the Baltic Sea drainage basin, boreal Lake Onego is the second-largest lake in Europe. Lake Onego is
strongly phosphorus limited and still largely oligotrophic due to minor anthropogenic influence (Rukhovets and Filatov, 2010;
Filatov and Rukhovets, 2012; Kalinkina et al., 2020). Total phosphorus (TP) inputs to Lake Onego, expressed either as a yield
from the catchment area (15 kg TP km? yr) or per unit of the lake’s water volume (3 mg TP m™ yr), are similar to those in
boreal Lake Ladoga (14 kg TP km? yr; 4 mg TP m yr, respectively), the largest lake in Europe. For comparison, the net
anthropogenic input of phosphorus generated at the Great American Lakes watershed has decreased over time from 21 kg TP
km?2 yrtin 1987 to 10 kg TP km2 yr? in 2012 (Howarth et al., 2021). The future evolution of the Lake Onego ecosystem may
be driven by both the existing registered warming in its catchment area (Kéyhko et al., 2015; Filatov et al., 2018; 2019) and
the projected effects of climate change (Saraiva et al., 2019; Meier et al., 2019), as well as socio-economic development
(Zandersen et al., 2019; Okrepilov et al., 2020; Pihlainen et al., 2020). Current projections indicate that river discharge will
increase in the northern Baltic Sea region, subsequently increasing waterborne nutrient inputs (BACC Il Author Team, 2015)
and mobilizing phosphorus reserves accumulated in the drainage area (McCrackin et al., 2018). The interaction of these
regionally occurring changes with the anticipated augmentation of local industrial, agricultural, mining, and forestry activities
(Bartosova et al., 2019), including aquaculture (Sterligova et al., 2018), could generate synergetic ecosystem effects, such as
those already occurring in the nutrient-rich Lake Winnipeg (Schindler et al., 2012). Hence, we need the capacity and a tool to

reliably describe the current state of Lake Onego and to make prognostic estimates of future scenarios.
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The development of mathematical models of large lake ecosystems and their implementation for producing recommendations
on environmental protection measures has been ongoing for several decades (e.g., DiToro and Connoly, 1982; Strashkraba
and Gnauk, 1985; Mooij et al., 2010; Zhang et al., 2013; Bocaniov et al., 2016; Scavia et al., 2016; Vingon-Leite and Casenave,
2019), including modeling of Ladoga and Onego lakes (Menshutkin and Vorobyeva, 1987; Astrakhantsev et al., 1996;
Menshutkin et al., 1998; Rukhovets et al., 2003; Rukhovets and Filatov, 2010; Filatov, 2020; Isaev and Savchuk, 2020). The
main attention in Lake Ladoga and Onego modeling has been focused on spatial-temporal changes in nutrient concentrations,
while the mechanism of these changes, although reproduced by the models as biogeochemical transports and transformations,
remained largely hidden and unanalyzed. Another important deficiency in prevailing modeling was the neglect of the sediments
with its nutrient dynamics, which serve as a “memory” of the lake ecosystem’s evolution and an important link that closes the
biogeochemical cycles through the remineralization of nutrients. In the present study, we adapted and implemented the St.
Petersburg Model of the Baltic Sea Eutrophication (SPBEM) with a particular focus on the analysis of the biogeochemical
fluxes in Lake Onego, including its bottom sediments. Importantly for the long-term forecasting, SPBEM describes the coupled
cycles of nitrogen, phosphorus, and silica, which enables its use in water bodies with spatially and temporally changing
limitations by any of these nutrients. A good illustration of the SPBEM performance in waters with variable nutrient limitations
is the reliable reproduction of the spatial gradients of limiting nutrients in the Neva River estuary in the easternmost Gulf of
Finland (Isaev et al., 2020).

Despite wide-ranging research on the Lake Onego ecosystem (e.g., Rukhovets and Filatov, 2010; Filatov et al., 2018; 2019;
Kalinkina et al., 2020; Filatov, 2020), the drivers and components of Onego’s biogeochemical cycles are still understudied.
There is neither quantitative knowledge nor field data, especially on major biogeochemical fluxes, that could characterize the
past and present of the Lake Onego ecosystem and could be used for reliable prognostic estimates of its future. Therefore, we
implemented our ecosystem model, validated as extensively as the available data permitted, for the reconstruction of three
decades of Lake Onego ecosystem dynamics with daily resolution. We also verified the model’s consistency by analyzing and
demonstrating how it reproduced the major mechanisms that determine seasonal dynamics. The simulated three-dimensional
fields of both pelagic and sediment variables, as well as the fields of most important biogeochemical fluxes, can be considered
as a form of “biogeochemical reanalysis”, albeit without formal data assimilation. To the best of our knowledge, this is the
first use of a three-dimensional coupled hydrodynamic biogeochemical model to reconstruct past long-term biogeochemical
dynamics in a large boreal lake, which presents new knowledge about the Lake Onego ecosystem. Although our model
reproduces a limited number of components at the lower levels of lake ecosystem, simulated variables and fluxes can be used
with existing knowledge on the relationships between other components, for instance, between the nutrient dynamics in

sediments and benthic communities (e.g., Kalinkina and Belkina, 2018; Ehrnsten et al., 2020).

Reanalysis with data assimilation has recently been implemented for short-term to long-term reconstructions of oceanic and
marine ecosystems, with differing degrees of success (e.g., Ciavatta et al., 2016; Liu et al., 2017; Fennel et al., 2019, Kduts et
al., in press). The most important weakness of the data assimilation algorithm used in biogeochemical models based on mass
balance principles is its inherent non-conservativeness. Consequently, the biogeochemical model, being reasonably calibrated
during hindcast with data assimilation, may display deviant behavior in forecasting when left unsupported by data. The
avoidance of such biases is especially important for our intention of producing prognostic estimates when corresponding

scenarios of climate change and socio-economic development become available for northwest Russia.
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2 Model and data
2.1 Model presentation

SPBEM s a coupled 3D hydrodynamical-biogeochemical model that performed reasonably well in hindcasts and scenarios
of climatic changes and nutrient load reductions for the Baltic Sea (e.g., Ryabchenko et al., 2016; Meier et al., 2018, 2019).
SPBEM consists of biogeochemical and hydrodynamical modules. The former simulates the biogeochemical cycles of
nitrogen, phosphorus, and silicon in the water column and bottom sediments. One of the technical advantages of using this
model for the Lake Onego ecosystem is its capability to process and display not only indicators of trophic state
(concentrations), but also the biogeochemical fluxes that determine the temporal and spatial dynamics of nutrient
concentrations. All equations, parameterizations, coefficients, and constants of the biogeochemical module of SPBEM are
presented in full detail, enabling its independent reproduction and implementation for other water bodies, by Isaev et al. (2020).

To avoid the extensive self-citation, we are not repeating those our formulations in the present paper.

The adaptation of the biogeochemical module of the SPBEM model to Lake Onego conditions consisted of redefining the
autotroph variables and processes introduced in the original model (Savchuk, 2002, Isaev et al., 2020). Assuming the
negligibility of nitrogen fixation in severely phosphorus-limited lake, we excluded both the process and its performers, the
diazotrophic cyanobacteria functional group, from the implemented formulation. Thus, autotrophs were presented by only two
variables, diatoms and non-diatoms, that comprised all the other (summer) phytoplankton species, for example, chlorophytes,
chrysophytes, and cyanobacteria. Besides, we omitted the silicon cycle from the model because, according to the occasional
observations (Sabylina et al., 2010; Efremova et al., 2019; Ryzhakov et al., 2019), silicate concentration during summer and
autumn development of diatoms ranged within 200-400 mg Si m™ even in the deep-water areas, that is never became limiting.

The modified scheme of the biogeochemical interactions is shown in Fig. 1.
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Figure 1: Simplified presentation of the SPBEM model variables and nutrient fluxes.

The hydrodynamical module was built on the University of Massachusetts MITgcm model (Marshall et al., 1997a, 1997b).
The model was configured to Lake Onego’s bathymetry. The TKE turbulent closure scheme (GGL90 package) (Gaspar et al.,
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1990) was used to parameterize the sub-grid vertical mixing processes. The horizontal turbulent diffusion coefficients were
set to be constant. Because Lake Onego is located in the subarctic zone, the Sealce package included in the MITgcm model
complex was used to simulate ice cover. To emulate the conditions of a freshwater lake, the salinity of the ice was set to zero.
The PTtracer package was used to solve the tracer equations of advection—diffusion required for biogeochemical variables.

2.2 Study area

The fully coupled hydrophysical-biogeochemical model was run on a spherical grid with a horizontal step of 1.079’ in latitude
and 2.331’ in longitude, which was approximately 2 x 2 km at the latitude of Lake Onego (Fig. 2). The z-coordinate was used
with a uniform vertical step of 2 m from the surface to the bottom. Figure 2 presents also main limnic regions of the lake

covering open waters and the most significant bays.
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Figure 2: Model bathymetry (meters), major limnic regions, rivers, settlements, industrial areas, and selected monitoring stations
are shown at the computational grid covering Lake Onego with a horizontal resolution of 2 x 2 km.

2.3 Initial and boundary conditions

The initial conditions for the hindcast simulation of the biogeochemical dynamics of Lake Onego between 1985 and 2015
were generated during a 40-year spin-up simulation with the boundary conditions repeated for 1984, until a quasi-steady state

of seasonal dynamics, particularly for the sediment variables, was reached.

Atmospheric forcing was set based on the ERA-Interim reanalysis fields (https://www.ecmwf.int). The model used fields of

pressure, wind speed components, air temperature, humidity, short-wave and long-wave incoming radiation, and precipitation.
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Monthly river runoff was reconstructed from a water budget based on field observations for a period of 60 years (Filatov,
2020). The total water discharge (Fig. 3a) was split among 13 rivers (see Fig. 2), with empirical coefficients of the contribution
of each river. The only river that drains Lake Onego into Lake Ladoga is the Svir River; its discharge was used to balance the

reconstructed total river water input.

In the absence of reliable time-series of nutrient inputs entering Lake Onego from external sources (river runoff, atmospheric
deposition, anthropogenic sources, etc.), reconstruction was carried out from a compilation of available published estimates.
According to such estimates for 1965-2008, the rivers, wastewaters, and atmosphere contributed 66%, 23%, and 11% to total
phosphorus (TP) input, respectively, and 67%, 5%, and 28% to total nitrogen (TN) input, respectively (Sabylina et al., 2010).
Sabylina (2016) compiled available information on the total content and inorganic fractions of nutrients in river waters and,
assuming the similarity of concentrations in rivers that drain catchments with similar landscapes, provided reasoning for the
aggregation of many streams and rivers into larger units flowing into Lake Onego. Correspondingly, we multiplied these
concentrations by the monthly water discharge for the indicated 13 rivers, filling the gaps by linear interpolation between the
available discharge values. Dissolved organic content was further separated into labile and refractory components, assuming
a 30% bioavailability of dissolved organic nitrogen (DON) and 90% bioavailability of dissolved organic phosphorus (DOP)
(Stepanauskas et al., 2002; Isaev et al., 2020).
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Figure 3: Estimated annual river runoff (a) and full external inputs of total nitrogen and phosphorus (b).

The main sources of direct anthropogenic pressure on Lake Onego are the three industrial areas associated with the coastal
towns of Petrozavodsk, Kondopoga, and Medvezhyegorsk. In contrast to the other two, discharging directly into the top of the
bay, the sewage output from Petrozavodsk industrial hub is located on the open coast south of Petrozavodsk Bay (see Fig. 2).
According to estimates from various publications (Sabylina et al., 2010, Lozovik, 2016), the total annual input from these areas
varies from 170 to 250 tons of TP and was approximately 2,650 tons of TN per year. Annual nutrient deposition from the
atmosphere on the lake surface ranges from 65 to 80 tons of TP and was approximately 2,260 tons of TN annually (Sabylina
etal., 2010, Lozovik, 2016). Since the mid-2000s, commercial fish farming has been actively developing in the waters of Lake
Onego, generating annual nutrient loads of approximately 40 tons and 228 tons of TP and TN, respectively (Lozovik, 2016).
These fish farm inputs are comparable to those from the atmosphere and have been accounted for in boundary conditions since

2005.

Despite the almost trendless water discharge (Fig. 3a), the reconstructed external TP input showed an upward tendency, while
the TN input distinctly decreased by approximately one-third (Fig. 3b). As a result, the bioavailable fraction of total nutrient
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inputs, comprising inorganic and labile dissolved organic compounds, reached approximately 8,300 tons N/yr and 800 tons
P/yr in the 2010s, thus, decreasing the bioavailable weight N:P ratio from 13.7 in 1985/89 to 10.4 in 2011/15.

3 Results and Discussion

The field data availability (its coverage, regularity, and frequency) for Lake Onego is not sufficient to allow extensive model-
data comparisons similar to the ones made, for instance, for the Baltic Sea (Savchuk et al., 2012; Gustafsson et al., 2017; Isaev
et al., 2020) or Great American lakes (Scavia et al., 2016 and references therein). Therefore, omitting the formal validation
that usually precedes further modeling analysis, we start below with the results of the simulation, on the way involving in the
analysis as much as possible and whatever data are available for Lake Onego. In addition to this highly insufficient information,
we also involved some relevant material from other boreal and even temperate lakes, situated in the differing
hydrometeorological conditions and impacted by the differing land cover patterns and land use practices at their watersheds.
Because of these wide differences, the order-of-magnitude comparability between modeled values and these arbitrarily

compiled estimates should be considered as an indicator of plausibility of the simulation rather than its strict validation.

3.1 Long-term dynamics
3.1.1 Important hydrophysical characteristics

The implementation of MITgem model for simulation of transport processes in the framework of SPBEM ecosystem model
was justified by its successful application to large lakes such as Ladoga (Isaev and Savchuk, 2020), Michigan (Pilcher et al.,
2015, Gloege et al., 2020), and Superior (Bennington et al., 2010). In this paper, aimed at the long-term and seasonal
biogeochemical dynamics, we omitted analysis of the most hydrophysical characteristics and present model-data comparison
only for the ice coverage and surface water temperature as important integral indicators of the hydro-thermodynamics that

significantly affect the ecosystem dynamics.

The realistic simulation of the ice cover dynamics, especially of its melting phase is a prerequisite for a timely reproduction of
the phytoplankton spring bloom commencement, which in the model is determined by the light availability increasing due to
the ice melt (see Fig. 9 in Sect. 3.2). A comparison of simulated dynamics to estimates obtained within visual-instrumental
approach from satellite data by a semi-supervised algorithm (Filatov et al., 2019) shows that the model captures both the timing
and duration of seasonal ice phases rather accurately (Fig. 4). Most closely coincide the onset of freezing, observed from mid-

December to early January, and the final ice clearing occurring from mid to late May.
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Figure 4: Lake Onego ice coverage (% of the lake’s surface) dynamics simulated (curve) and estimated from satellite data (dots).

In addition to its significance in Lake Onego’s hydrophysics, water temperature is a crucial factor in ecosystem dynamics,
including its effects on the phenology and intensity of biogeochemical fluxes. Available water temperature measurements in

Lake Onego were scarce and irregular. The most frequent observations were made in the summer months and occasionally in
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May and September. For a model-data comparison, all available water temperature observations made at the surface during
calendar summers (June—August) of 1992-2007 (532 measurements) were pooled together regardless of the sampling location.
The model results for the same months and years comprised the daily average water temperatures from all of the computational
grid nodes. Over 70% of all measurements were collected from the coastal areas and bays; thus, the contribution of the
expansive and colder open waters to the observational statistics was lower than their contribution to statistics calculated from
simulation. Taking this expected bias into consideration, the simulated water temperature (11.85 £ 3.92 °C; median 13.15 °C)
matches the observations (13.05 + 4.82 °C, median 14.40 °C) rather well. Model validation for the underrepresented open
areas was made for three stations (cf. Fig. 2), covered with regular observations from 1985 to 1989, while later only episodic
measurements were made. The best model-data comparability was found during the periods of heating and cooling of the lake,
while the larger discrepancies occur during summer maxima (Fig. 5). Apparently, with a grid cell height of 2 m and daily
averaging we cannot expect precise reproduction of the diurnal extremes in the surface temperature measured in the upper 0.5
m water layer. Such causes of the discrepancy could also partly explain the summer bias in the total model-data comparison
above.
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Figure 5: Simulated (curve) and observed (dots) long-term dynamics of the surface water temperature at monitoring stations 36 (a),

4 (b), and 27 (c). Location of stations is shown in Fig. 2. Corresponding model-data linear regressions are shown to the right.

The concept of “biological summer” can be characterized by its duration (BSD) and average water temperature (BST) and is
often used in hydrobiological studies. At Lake Onego, the day of the transition of the surface water layer temperature to over
a threshold of 10 °C was set as the phenological indicator of both the onset and end of “biological summer” (Rukhovets and
Filatov, 2010; Tekanova and Syarki, 2015). In the simulation, a long-term tendency of increasing BST was clearly seen through
significant interannual variations (Fig. 6). This tendency agrees well with both simulations and observations in the European
boreal zone (e.g., Ryabchenko et al., 2016; Kahru et al., 2016; Shiryaeva et al., 2018; Filatov, 2020).



https://doi.org/10.5194/bg-2021-249
Preprint. Discussion started: 18 October 2021
(© Author(s) 2021. CC BY 4.0 License.

300 - - 15.0

i} A P\ £ 14.5

N v g

- -14.0 ¢
5 250 - g
¥ L1358
S ] 9
>, -13.0 5
© [0}
0 200 - <,
F12.5 &

] -12.0

150 +—+—+—+—+—+—r+—r—+rrr+—rr T+ 115

1985 1990 1995 2000 2005 2010 2015

Years

Figure 6: Simulated duration (shaded area delimited by the start and end day of Gregorian Year) of the period of “biological

summer” and its average surface water temperature with estimated trends (lines)

The BSD in Lake Onego calculated from the simulation was 92 + 9 days, within the range of 71-107 days. Based on sparse

205  field data, BSD in the shallow areas (100-110 days) was markedly longer than that in open deep water (85-90 days) (Efremova
et al., 2016). The prolongation of “biological summer” occurred chiefly because of its extension into autumn, from September
27 (mean date for the first 5-year period) to October 5 (mean date for the last 5-year period). A similar asymmetry between
trends of spring warming and autumn cooling has also been found in the Baltic Sea (Kahru et al., 2016) and Karelian lakes
(Efremova et al., 2016).

210 3.1.2 Ecosystem variables

Daily long-term dynamics of phytoplankton primary production and ecosystem variables averaged over the entire Lake Onego
are presented in Fig. 7. Assuming the classical Redfield molar ratio of C:N:P = 106:16:1 being valid for the freshwater
phytoplankton, including boreal oligotrophic lakes (Sterner and Elser, 2002; Reynolds, 2006; Sterner et al., 2008; Sterner,
2011; Bergstrom et al., 2018), the net primary production of diatom and non-diatom phytoplankton simulated in nitrogen

215  weight units were converted into carbon weight units with a factor of 5.7 mg C mg™ N. Presented concentrations of inorganic
and total nutrients were averaged over the whole water body, from the surface to the bottom. Consequently, the dissolved
inorganic phosphorus (DIP), comprising summer phosphorus accumulation in the hypolimnion, was never fully depleted. The
lake-wide averaged winter maximum values (Fig. 7 c, ) multiplied by the Lake Onego model volume (297 km®) could be used
to conveniently estimate total nutrient stocks. Diatom and non-diatom phytoplankton biomass, simulated as nitrogen units,

220  were recalculated into wet weight units assuming a nitrogen content of 0.5% and 1% of the biomass of diatoms and non-
diatoms, respectively (Menden-Deuer and Lessard, 2000; Reynolds, 2006). For zooplankton biomass, a nitrogen content of
1% was assumed (Raymont, 1984).

The simulated long-term dynamics steadily reproduce a distinctive seasonal pattern: the strong phytoplankton spring bloom
transitions into the summer quasi-steady-state phase followed by minor autumn blooming. The short-term interannual
225  variations were more pronounced in recent years in terms of primary production and biotic variables with higher plankton
biomass (Fig. 7 a, b, d). The abiotic variables showed some apparent tendencies rather than distinctive periods (Fig. 7 c, e, f).
The average concentrations of TP (7-13 mg P m) and DIP (27 mg P m™®) classify Lake Onego as bordering the oligotrophic
and mesotrophic states, according to some classifications (Filatov, 2010; Dove and Chapra, 2015). Considerable decreases in
TN and dissolved inorganic nitrogen (DIN) concentrations were mainly related to the reduction of external inputs (Fig. 3 b).
230  Sucharapid response to the changing external inputs can be explained by the short nutrient residence times for the bioavailable



https://doi.org/10.5194/bg-2021-249 . )
Preprint. Discussion started: 18 October 2021 B|OgeOSC|e nces
(© Author(s) 2021. CC BY 4.0 License. Discussions

fractions that can be estimated for the water body from winter maxima and external inputs, approximately 8 and 2 years for
nitrogen and phosphorus, respectively.
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Figure 7: Simulated long-term dynamics of (a) primary production (mg C m d%); (b) phytoplankton biomass (g wet weight m?);

235 (c) phosphorus (mg P m™) components: total phosphorous (TP; thick curve) and dissolved inorganic phosphorous (DIP; thin curve);
(d) zooplankton biomass (g wet weight m™); e) nitrogen (mg N m™%) components: total nitrogen (TN; thick curve) and dissolved
inorganic nitrogen (DIN; thin curve); and (f) benthic nitrogen and phosphorus (g N (P) m).

Annual integrals of the simulated phytoplankton primary production of 17.0-20.6 g C m? yr* were almost invariable and
matched the global mean estimate of 20 g C m yr-* for the large lakes situated to the north of 60° N (Alin and Johnson, 2007)

240 but constituted only one-fifth of 94 g C m yr? that was estimated for Lake Superior (Sterner, 2010). A small rise in plankton
biomass (cf. Fig. 7, b, d) and annual production from the start toward the end of the simulation (from 18.5 to 20.2 g C m? yr’
1) could be explained by the increased spring production, integrated over the time interval from the beginning of the year until
the onset of biological summer, from 10.0 to 12.0 g C m? yr. In turn, this biotic growth occurred because of increased surface
winter DIP accumulation (maximum values increased from 5.9 to 6.5 mg P m®), which was caused by a combination of

245  increased external loads (cf. Fig. 3b) and internal total P recycling. This comprised pelagic regeneration due to zooplankton
excretion and organic phosphorus remineralization, as well as phosphate release from the sediments, from 457 to 492 mg P mr
2 yrt. A 1-week prolongation of the “biological summer” (cf. Fig. 4) insignificantly affected the small summer PP increase
from6.4t0 6.7 g C m2 yrt,

3.1.3 Spatial inhomogeneity

250 In contrast to the nearly invariable average seasonal dynamics in Fig. 7, the spatial distributions of variables and fluxes, which

were largely determined by their proximity to external nutrient sources, were highly inhomogeneous (Fig. 8, note the

9
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logarithmic scale). In the zones of elevated winter DIP concentrations (Fig. 8 b), annual primary production rates exceeding
25 g C m?2 yr? put large areas on the border of the oligotrophic status, while eutrophic areas were observed near the
Petrozavodsk and Kondopoga industrial centers as well as along the coast south of Petrozavodsk Bay, where PP increases up
to 120-150 g C m2 yr (Farley, 2012; Filatov and Rukhovets, 2012; Efremova et al., 2019). The simulated inhomogeneous
distribution matched the estimates obtained from the direct measurements; thus, the measured summer average daily PP
decreased from 413 mg C m day™ at the top of Petrozavodsk Bay to 122 mg C m? day™ in the open areas of the Bay. In the
model, the PP for this entire limnic area was 265 mg C m? day. A similar decrease from 286 to 217 mg C m? day* observed
in Kondopoga Bay matched the simulated PP of 244 mg C m day . The average summer (June-September) daily PP of 111
and 72 mg C m? day?, simulated for the central and southern Onego, respectively, corresponded well to measured levels of
approximately 90 mg C m day™. In general, these offshore values were expectedly lower than the lake-wide mean primary
production rates estimated for more eutrophic lakes Huron, Michigan, and Superior for 2010-2013 (216, 259, and 228 mg C
m2 day™, respectively); although primary production in all depth zones (shallow, mid, and deep) were similar across the lakes
(Fahnenstiel et al., 2016).

63N

62N

T T
35E 36E
63N

62N

e South onego
Central onego

2 Petrozavodsk bay

Kondopoga bay

34E 35E 36E

Figure 8: Simulated long-term (1985-2015) averages of (a) annual primary production (g C m2yr™); April surface concentration of
(b) dissolved inorganic phosphorous (DIP; mg P m®) and (c) dissolved inorganic nitrogen (DIN; mg N m™) (note the logarithmic
scale); average seasonal dynamics of (d) annual primary production (g C m?2 yr*) and (e) phytoplankton biomass (g ww m) in the
different limnic regions of Lake Onego; and averages of (f) benthic phosphorus (BEP; mg P m) and (g) benthic nitrogen (BEN; mg
N m?) with location of sites chosen for comparison with observations.

The general levels and seasonal patterns of PP and phytoplankton biomass in the bays and open waters also differed (Fig. 8 d,
e). A pronounced spring maximum in the oligotrophic central and southern Onego was followed by a weak autumn blooming
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after a long summer minimum. In contrast, there were two equal peaks of primary production in Petrozavodsk Bay at the end
of May and July. Similar seasonal dynamics were simulated in Kondopoga Bay, although both the spring and autumn peaks
were somewhat delayed. Except for the simulated spring initiation of the vegetation season, these spatial and temporal
developments were in good agreement with the phenology of the Lake Onego ecosystem deduced from field observations
(Filatov, 2010; Rukhovets and Filatov, 2010; Tekanova and Syarki 2015; Efremova et al., 2019; Suarez et al., 2019).

The spatial distribution of primary productivity was well reflected in the sediments (Fig. 8 f, g). In the model, the sediment
variables of benthic phosphorus (BEP) and nitrogen (BEN) were described according to a vertically integrated dynamic
approach in areal units of mg P (N) m? for the biogeochemically active surface layer of unspecified thickness (Savchuk and
Waulff, 1996, 2001; Savchuk, 2002; Isaev et al. 2020). In geochemistry, nutrient content is usually calculated as a percentage
ratio of the mass of phosphorus and nitrogen contained in a gram of ash-free dry sediment (Kalinkina and Belkina, 2010;
Rukhovets and Filatov, 2018). For model-data comparison (Table 1), we chose four representative sites (see Fig. 8 g) and
converted available measurements characterizing surface sediment layer of 5 cm thickness (Filatov, 2010; Kalinkina and
Belkina, 2018) into model units, using the bulk density values obtained from similar seascapes (Carman et al. 1996). Taking
into account all the uncertainties of such comparisons, starting with measurements being made over years from the mosaic
distribution of real sediment types, and ending up with simplified and spatially invariable sediment parameterizations

disregarding sediment types, the simulated areal concentrations could be considered plausible.

Table 1. Sediment characteristics and nutrient content measured at the sampling sites (see Fig. 8 g) chosen for comparison
with the simulated benthic phosphorous (BEP) and benthic nitrogen (BEN)

Site N 1 2 3 4

Depth, m 26 48 54 86
Sediment type Muddy sand Aleuritic mud Mud Mud
Bulk density, g cm® 15 1.2 1.1 1.1

P content, % 0.03-0.07* 0.10-0.13* 0.08-0.27 0.10-0.15
P content™, g P m? 2.5-5.0 5.9-7.9 4.4-14.9 5.5-8.3
Model™, g P m? 36%0.1 6.1+0.1 7.3%0.2 9.8+0.2
N content, % 0.05-0.15 0.2-0.3 0.2-0.6 0.3-0.7

N content™, g N m? 3.8-11.3 12.0-18.0 11.0-33.0 16.6-38.6
Model™, g N m? 82x04 13.6£0.7 16.3+0.8 218+11

* — assuming the bioavailable fraction constitutes 66% of the total phosphorus content (Table 1 in Kalinkina and Belkina, 2018)
** _ calculated for a 5 cm-thick sediment layer
*** _mean + s.d. calculated for 1985-2015

According to the simulation, the total stocks of N and P in the surface sediments of Lake Onego, which cover a bottom area
of 9,266 km? and are actively involved in the contemporary biogeochemical cycling of the lake, amount up to 80,000 and
40,000 tons, respectively. The low weight N:P ratio of two can be attributed to the low nitrogen content (ca. 0.45% N of dry
mass) in the contemporary deep-water sediments of oligotrophic lake, which, on the other hand, are highly enriched with
phosphorus (ca. 0.25% P of dry mass) associated with iron-humic complexes (Kalinkina and Belkina, 2018; Kalinkina et al.,
2020). These values are close to those of the contemporary Lake Winnipeg’s sediment nutrient content of 0.4% N (Bunting et
al., 2016) and 0.12%-0.26% P (Nurnberg and LaZerte, 2016). Regarding such integral characteristics and considering

statements of the occurrence of many-fold increases in P sediment content during recent decades (Rukovets and Filatov, 2010),
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one should be concerned as to where such increases occurred and which areas were enveloped. Less than 1,000 tons of annual
TP load (cf. Fig. 3) would not be sufficient for any substantial alteration of the present-day TP integral sediment stocks.

3.2 Seasonal dynamics

Here, we begin with presenting long-term average seasonal dynamics (cf. Fig. 5) before analyzing its mechanisms. As there is
no available data on the phenological phase of the spring phytoplankton bloom in Lake Onego, for the first time, we present
this biogeochemically important phenomenon in more detail (Table 2).

Table 2. Simulated spring maxima of winter nutrient surface accumulation (mg P (N) m'®), phytoplankton primary production
(PP, mg C m? d%), and biomass (Phyto, g wet weight m?) accompanied by the Gregorian day of year of its commencement
(mean + SD) with the range of its occurrence.

DIP TP DIN TN PP Phyto
Maximum 6.0+04 11.4+0.6 230+ 34 710+ 74 500 + 128 1.4+03
Min/max 5.0/6.8 10.2/12.6 164/279 574/808 288/723 0.8/1.9
Day of year 118 £12 124 +£12 116 £11 121+11 149 +£12 139+9
Date range Mar 27-May 15  Apr 2-May 21 Mar 28-May 14  Mar 31-May 19  May 3-Jun 13 May 3-Jun 5

The maximum concentration of inorganic nutrients is reached when the winter accumulation due to pelagic and sediment
remineralization is interrupted because of increasing nutrient uptake by developing phytoplankton. Thus, the time of maximum
inorganic nutrients can be considered the onset of spring blooming, which, in the model, begins at the end of April with half-
month interannual fluctuations (Table 2). Within these fluctuations, there is a tendency for an earlier spring onset, from the
beginning of May to the end of April (cf. Fig. 6). For phytoplankton primary production, dominated in spring by diatoms, it
takes an average of 1 month to reach its maximum, commencing over the years as early as May 3 and as late as June 13 in
some years, without any long-term trend. Contrary to expectations, based mainly on our marine modeling experience, the
maximum phytoplankton biomass averaged over the entire lake was attained statistically earlier (up to a month earlier in some

cases) than that of the PP maximum.

Although a spring bloom phase is typical in boreal and arctic lake phenology (e.g., Vehmaa and Salonen, 2009; Hampton et
al., 2015, 2017; Maier et al., 2019; Yang et al., 2020), there is almost no information on daily spring PP values measured in
limnological conditions, similar to that of the boreal oligotrophic Lake Onego, situated between 61° N and 63° N. In Lake
Baikal, areal primary production was measured as 800 + 310 mg C m? d* under exceptionally transparent ice (Shchur and
Bondarenko, 2012). In Lake Superior, a PP rate of 220 mg C m? d* was measured on April 30, 2008 (Sterner, 2011), while
rates of 150 mg C m?2 d*and 200 mg C m? d* were reported from ice-free April 1999 and partly icy June in 2000 (Urban et
al., 2005). These measurements are extremely similar to the spring maxima simulated with a medium-complexity ecosystem
model for 1997-2001, reaching up to 200 mg C m? d* (Bennington et al., 2012). As can only be expected, Lake Onego’s
spring maximum PP rates are approximately twice of the rates in Lake Superior, where median TP and DIP concentrations
were less than 3 mg P m? and 0.7 mg P m (Urban, 2009), that is, less than a third of Lake Onego’s winter maximum stocks,
providing for a much higher autochthonous production of organic matter (cf. Fig. 7, Table 2). Higher spring PP rates of up to
1200 mg C m?2 d* were measured in 1985-1987 in three small Northern Wisconsin lakes located at 46° N and having
comparable to Lake Onego spring TP concentrations (Adams et al., 1993). Similarly high spring rates of 800-1200 mg C m
d! were measured in the offshore region of southeastern Lake Michigan in the 1980s and the 1990s (Fahnenstiel et al., 2010).
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After the spring bloom, the simulated ecosystem segued into the summer phase (see Fig. 8 d, e and Fig. 9 below), characterized
by progressively decreasing phytoplankton biomass to levels of approximately 0.1 and 0.4 g ww m3 in the open waters and
the major bays, respectively. Phytoplankton PP in these regions remained in a quasi-steady state, at less than 100 and 200-300
mg C m? dtin the open waters and major bays, respectively. During summer, the simulated lake-wide average diatom biomass
of 0.3 g ww mstill dominated the phytoplankton community, similar to biomass values of 0.01-0.7 g ww m reported from
the field observations (Tekanova and Syarki, 2015). The concurrently developing simulated non-diatom complex reached its
maximum biomass of 0.05 g ww m in July—August, which is close to the reported maximum of 0.034 g ww m. Organic
matter produced by phytoplankton accumulated in the water column to levels of up to 5 mg P m (cf. Fig. 7 c). Its particulate
fraction (detritus) exceeded 1-2 mg P m™ in the epilimnion and, together with phytoplankton, was grazed by zooplankton,
whose biomass reached its maximum of 0.1-0.2 g ww m* in July—August. The average value of zooplankton biomass
measured during the vegetation period was 0.1-0.33 g ww m? (Rukhovets and Filatov, 2010). Unconsumed and non-
mineralized detritus sediments on the lake bottom, where it is partly buried and mineralized generating characteristic seasonal
dynamics (cf. Fig. 7 f). With a sediment weight C:N ratio of approximately 10 (Bunting et al., 2016; Kalinkina and Belkina,
2018), the amplitude of seasonal variations of 1 g N m? corresponds to organic carbon seasonal variations of approximately
10 g C m™, Primary production during autumn diatom blooming and phytoplankton biomass was simulated to values of up to
130 mg C m? d* and 0.2 g ww m?, respectively, which constitutes triple that reported as 40 mg C m? d* and quarter that

reported as 0.8 g ww m (Tekanova and Syarki, 2015).

Regarding phenological generalization (Syarki and Tekanova, 2008; Tekanova and Syarki, 2015), it is worth noting that a
neglect of the spring phytoplankton bloom phenomenon as well as the normalization by the maximum value measurements
available only from the post-bloom “summer window”, which is rather typical in lake research (e.g., Hampton et al., 2015),
has resulted in a number of misleading implications. Here, we amend such implications with the following conclusions: a) the
seasonal maximum of daily PP and the greatest contribution to annual PP occurred during spring, not summer; b) the initiation
of the vegetational season was due to increasing light availability, with temperature dynamics playing a later role, due to
thermal convection and augmented nutrient regeneration (see below); and c) the spring bloom was produced by diatoms, which
contributed most also to summer PP in all regions except for the Kondopoga and Zaonegskiy bays, where their contributions
were approximately the same as that of non-diatoms.

The mechanisms of seasonal dynamics in boreal lake ecosystems are well known, although the under-ice and melting-ice
phases have often been overlooked (Hampton et al., 2015). In the model developed in this study, seasonal ecosystem dynamics
were determined by a close interaction between physical phenomena including transports, and biogeochemical processes (Fig.
9). Under the condition of reverse temperature stratification (Fig. 9 a), hampering the downward mixing of phytoplankton
cells, winter accumulation of phosphates in the water column, occurring mostly owing to sediment release of mineralization
products (Fig. 9 b), was interrupted by a mounting phosphate uptake by developing phytoplankton. The increasing
phytoplankton growth rate was determined by the rise in light availability occurring in the model with the ice melt.
Phytoplankton PP and biomass quickly reached their maxima (Fig. 9 c, see also Table 2) and continued to develop with the
support of phosphates brought upwards by total lake turnover when water temperature reached its ubiquitous value of 4 °C.
Later on, when the surface layer was depleted of DIP, the phytoplankton continued autotrophic activity in the deeper water
layer under the thermocline (e.g., Fahnenstiel and Scavia, 1987; Sterner, 2010; Rowe et al. 2015), where light needed for
photosynthesis was still sufficient. DIP also became available due to upward transport from the deeper layers, where DIP had
been accumulating owing to organic matter mineralization in the water body and sediments. Organic matter produced by

autotrophs and distributed through the water column as both live cells and detritus feed zooplankton, allowing them to reach
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their maxima in August (Fig. 9, d). Vertical water convection associated with autumn cooling brought up enough phosphates
to support a minor autumn bloom (Fig. 9, b, c).
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Figure 9: Simulated long-term (1985-2015) basin-wide average seasonal time-depth dynamics of water temperature, °C (a); DIP,
mg P m (b); phytoplankton biomass, g ww m (c); and zooplankton g ww m™ (d). Contour plots are overlaid with isotherms of 4

°C (temperature of maximal water density) and 10 °C (delimiting “biological summer”).

As organic matter oxidized via limnetic and sediment biochemical mineralization as well as zooplankton catabolism consumed
oxygen, the dynamics of its concentration in the hypolimnion (not shown) were reciprocal to the dynamics of phosphate as a
product of oxidation (Fig. 9 b). In deep water layers, the winter maximum oxygen reserve, generated by the turnover of the
water column in December, was being continuously depleted until the May minimum temperature. The oxygen reserve was
then replenished by the late June turnover and reached the second minimum in September; however, the oxygen consumption
was slow; for instance, only 40 and 50 g O, m? yr! was taken up by the water and sediments, respectively, compared with
140-560 g O, m? yr consumed by sediments in western Lake Erie (Boedecker et al., 2020). Seasonal amplitude was small,
and simulated oxygen concentration in the deepest grid’s depth of 90 m in Big Onego (site 4 in Fig. 8 f, g) alternated
interannually between maximums of 11.98 +0.22 g O, m-® and minimums of 7.00 + 1.84 g O, m?. These averages far exceeded
the oxygen deficit values that would trigger and maintain the “vicious circle” of eutrophication, which, in the Baltic Sea, is

driven by the intensification of denitrification under hypoxic conditions and phosphate release from anoxic bottoms, thus,
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lowering the DIN:DIP ratio and leading to the expansion of diazotrophic cyanobacteria blooms (Vahtera et al., 2007; Savchuk,
2018). The “vicious circle” incidence seems unlikely in Lake Onego, because of DIN concentrations being high and deep
layers being ventilated twice a year (cf. Fig. 9 a). For example, explanations for the ongoing eutrophication and emergent
cyanobacteria blooms in large boreal lakes, such as Lake Winnipeg and Lake Superior, are sought in the immediate effects of
changing external inputs and impacts rather than in the evolution of internal biogeochemical cycling (e.g., Schindler et al.,
2012; Zhang and Rao, 2012; Bunting et al., 2016; Sterner et al., 2020; Howarth et al., 2021).

These described general interactions are largely occurring in the vast open deep-water areas. In coastal areas shallower than
30 m, which occupy approximately 53% of Lake Onego’s area, especially in the bays, dynamics differ (cf. Fig. 8 d, €), mainly
because of the continuous support of PP by nutrients regenerated at, and released from, the bottom sediments situated within

the epilimnion. However, such detailed spatial considerations are beyond the scope of this study.

3.3 Biogeochemical fluxes and budgets

There is almost no historical or contemporary information about external and, especially, internal biogeochemical fluxes based
on field measurements, except for instances of compiled nutrient inputs and PP estimates. Instead, we present two subsets of
5-year averages obtained by the annual integration of the simulated three-dimensional fields of concentrations and selected
biogeochemical fluxes over the entire Lake Onego (Table 3, cf. Fig. 1 and 2). We used these subsets, reconstructed by internally
consistent numerical reanalysis, to demonstrate and highlight the most important features of the biogeochemical cycles of Lake

Onego.

First, the comparison of external exchanges with internal cycling clearly showed that nutrient cycles were driven mostly by
internal biogeochemical processes. Annual integrals of both the external inputs of nutrients into Lake Onego and their removal:
a) by a permanent sediment burial, b) with the Svir River outflow, and c) by denitrification, were several times smaller than
the stocks already accumulated and cycling in the water body and in the bottom sediments. Only 17% of P and 25% of N were
provided to autotrophs externally, while the rest was supported by inorganic nutrients regenerated in the water column and
released from the sediments. The prevalence of internal cycling over external impacts is common in neighboring Baltic Sea
ecosystems (e.g., Savchuk, 2002, 2005, 2018) and in the remote Lake Superior (Urban, 2009).

The balance between external exchanges and internal cycling is usually expressed with a nutrient residence time, calculated as
the ratio of integral nutrient stock to the amount causing the annual change of the stock, where total external input traditionally
serves as a denominator. In addition, by estimating nutrient residence times from long-term reanalysis with seasonal and
interannual variations (see Fig. 3 and 7), we could also relate the total stock to a half-sum of sources and sinks. For instance,
limnetic P residence time based on the 1985-2015 averages was calculated as the integral TP amount (2,681 t P) divided by
the half-sum of total P input (834 t P yr), export via the Svir River (131 t P yr), sedimentation out of the water body (3,371
t P yrl), and phosphate release from the sediments back into the water body (2,401 t P yr?).

Limnetic residence times, calculated relative to either only external inputs or accounting for the water-bottom exchange, were
short (Table 3), explaining the fast responsiveness of Lake Onego’s waters to interannual variations of external effects (see
Fig. 3 and 6). The residence time for an external P input of 3.6 years has also been estimated on the basis of field observations
(Lozovik 2016). Although with some controversy generated by the different methods of calculation, similar P residence times,
from a few months to several years, have been estimated for Lake Superior (Urban, 2009). However, N residence time, despite
being reevaluated by Urban (2009) to 55 years from an older estimate of 160 years, is still approximately ten times longer in
Lake Superior than in Lake Onego. Such estimates, which are traditionally made only for water bodies and do neglect nutrient
stocks and processes in the surface biogeochemically active layer of the bottom sediments, can be quite misleading. For the
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entire Lake Onego ecosystem, longer residence times of 47 and 17 years for P and N, respectively, were calculated when
accounting for both the water and sediment stocks. Consequently, in contrast to short-term responses to external inputs, the
long-term reaction of the entire phosphorus-limited Lake Onego ecosystem would be slow, as seen in Fig. 7.

Table 3. Simulated annual biogeochemical fluxes and total amounts of nutrients, integrated over the entire Lake Onego and

averaged for the start and end 5-year time intervals. Nutrient residence times are estimated for the entire 1985-2015 simulated

time interval.

Parameters Phosphorus fluxes, t P yr? Nitrogen fluxes, t N yr?t
1985-1990 2011-2015 1985-1990 2011-2015

External exchange
Total nutrient input 814 862 18,662 13,649
Dissolved inorganic 395 431 5,724 4,950
Labile dissolved organic 356 366 4,573 3,338
Export via Svir River 136 149 9,645 5,605
Permanent burial 870 917 1,942 2,073
Denitrification 7,221 7,638
Internal cycling and bottom-water exchange
Uptake by autotrophs 4,327 4,708 30,289 32,958
Total limnetic recycling 1,586 1,731 13,628 13,189
Sedimentation 3,278 3,542 23,048 24,920
Sediment release 2,334 2,483 13,669 14,897
Total amount”, tonnes
Water column 2,641 2,832 224,711 168,598
Sediments 39,743 41,757 88,798 94,190
System 42,383 44,588 313,509 262,788
Nutrient residence time (1985-2015), years
Limnetic™ 0.8 (3.2) 6.4 (12.4)
Sediments 12.2 3.8
System 46.9 17.4

* - Average calculated on January 1 of every simulated year.
™ - Average total amount divided by the half-sum of sources and sinks (average total amount divided by average external

input)

The lower buffer capacity with respect to nitrogen was explained by denitrification, which is inevitably set at some depth in
the pore waters over the entire sediment area but is sometimes overlooked in studies of large boreal lakes (e.g., Urban, 2009;
Finlay et al., 2007; Scavia et al., 2014; Bunting et al., 2016). Nowadays, denitrification in Lake Onego removes 56% of the
total nitrogen input or over 90% of the bioavailable nitrogen input. The Lake Onego long-term lake-wide mean denitrification
rate of 0.8 g N m2 yr! belongs within the range 0.12-7 g N m? yr'* that was compiled for oligotrophic and oligo-mesotrophic
lakes by Saunders and Kalff (2001). These authors also reported an average rate of 13 g N m? yr when measured at multiple
littoral sites in the oligotrophic Lake Memphremagog (located at approximately 45° N) with water temperatures exceeding 18
°C. Similarly high rates (13 g N m?2 yr?in 2016 and 5 g N m? yr? in 2017) were measured in the eutrophic western basin of
Lake Erie (Boedecker et al., 2020). Measurements at 86 different stations across lakes Superior, Huron, Erie, and Ontario

varied both spatially and temporally from 0.01 to about 400 g N m yr, covering wide ranges within each lake and exhibiting
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significant overlapping; for example, the denitrification rates measured in the Lake Superior bays were closer to the rates in
Lake Erie and Huron than at other deep sites in Lake Superior (Small et al., 2016). Evidently, spatial inhomogeneity and
seasonal variations also exist in Lake Onego (see Figs. 7 f and 8 g). For example, at the deepest site 4 (see Fig. 8 g) the
denitrification rate reached up to 5+ 0.3 g N m? yr (mean + SD) in July-August, i.e. after sedimentation of the freshly

produced detritus.

Together with burial, denitrification removes approximately 40% of organic nitrogen that reaches the bottom surface (cf. Table
3); the rest is returned to the water column at an average rate of 1.5 g N m? yr, which is comparable to 0.9 g N m2 yr?
calculated here as a difference between nitrification and denitrification rates measured in the sediment core incubation at Lake
Superior (Small et al. 2014). In Lake Onego, an almost equal share of inorganic nitrogen was provided by the total recycling

of 1.4 g N m? yr? in the water body.

In Lake Onego, the bottom release of phosphorus (0.26 g P m? yr?), which returns approximately 70% of the annual
sedimentation to the water column, is more important for internal cycling than limnetic phosphorus recycling (0.18 g P m?2 yr-
1). These values are within the same order of magnitude as mineralization rates of organic phosphorus (0.4-1.2 g P m?2 yr) in
the water column of Lake Superior (Urban, 2009) and bottom release rates of 0.6 g P m? yr in western Lake Erie (Boedeker
et al., 2020), or extrapolations of 0.4 g P m? yr* which were estimated over Lake Winnipeg by Niirnberg and LaZerte (2016).
In the neighboring oligotrophic Lake Ladoga, an extensive sediment survey resulted in a range of 0.02-0.24 g P m? d*
(Ignatieva, 1996).

4 Conclusions

1. Despite a long history of extensive research, the drivers and components of Lake Onego’s biogeochemical cycles are still
insufficiently studied. Especially damaging such a deficit of knowledge could be to our capability of forecasting possible
changes in the lake ecosystems in response to natural variations and anthropogenic impacts. To enable a quantitative
description of the past, present, and, eventually, the future state of Lake Onego, we adapted and successfully implemented a

three-dimensional biogeochemical model, considering the obtained results as a form of reanalysis.

2. The model was used to reconstruct three decades of Lake Onego ecosystem dynamics with daily resolution. Although the
paucity of observations did not allow either formal model validation or the statistical demonstration of its skills, the comparison
to all available information from Lake Onego and to a range of published estimates for other large boreal lakes led us to believe

in plausibility of simulation.

3. This reanalysis generated regionally new phenological knowledge that was previously missed due to a lack of regular winter
observations. The analysis of the simulation quantified that the spring phytoplankton bloom, which was previously overlooked,
occurred at the beginning of May and contributed to approximately half of the annual primary production of the lake. This

bloom was triggered by increasing sun radiation rather than an insignificant rise in water temperature.

4. Coherent nutrient budgets built on the simulated stocks and biogeochemical fluxes integrated over the water body and (often
neglected) bottom sediments revealed a high buffer capacity of Lake Onego, which is also reflected in long phosphorus and
nitrogen residence times, 47 and 17 years, respectively. Effective buffering is defined by an internal biogeochemical cycling
of nutrients within and between the pelagic and benthic subsystems, which is much more intensive than external inputs and
exchange.
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5. The shorter nitrogen residence time was explained by sediment denitrification, which is often ignored in studies of other
large lakes, together with insufficient attention to the sediments and their role in biogeochemical cycling.

6. The basin-wide biogeochemical reanalysis also eliminated a historical disparity in attention and, hence, in observations and
knowledge, between bays (especially Petrozavodsk and Kondopoga bays) and vast open-water areas. Bays occupy relatively
small bottom areas and water volumes and, consequently, are responsible for only a small fraction of biogeochemical

phenomena and fluxes.

Author contribution

All authors contributed substantially to the study’s conception, read, and commented the final submitted manuscript. OPS
participated in planning and analysis of simulation, wrote original draft and assimilated suggestions from co-authors. AVI
adapted the model, made computations, processed outputs, and analyzed results. NNF was overall project lead, provided
available observations and analyzed results.

Competing interests
The authors declare that they have no conflict of interest.

Acknowledgments

We are grateful to N. M. Kalinkina and T. F. Tekanova for their helpful discussions on the purpose and results of this study.
We thank A. F. Balaganskyi for the river water discharge data. The author O.S. was supported by the Swedish Agency for
Marine and Water Management through their grant 1:11—Measures for the marine and water environment. The author A.l.
conducted the present study within the framework of state assignment (Theme No. 0128-2021-0014). The author N.F.
conducted the present study within the framework of state assignment (Theme No. 0185-2021-0007).

References
Adams, M. S., Meinke, T. W., and Kratz, T. K.: Primary productivity of three Wisconsin LTER lakes, 1985-1990, SIL
Proceedings, 25, 406410, https://doi.org/10.1080/03680770.1992.11900149, 1993.

Alin, S. R. and Johnson, T. C.: Carbon cycling in large lakes of the world: A synthesis of production, burial, and lake-
atmosphere exchange estimates, Global Biogeochemical Cycles, 21, https://doi.org/10.1029/2006GB002881, 2007.

Astrakhantsev, G. P., Yegorova, N. B., Menshutkin, V. V., Pisulin, 1. V., and Rukhovets, L. A.: Mathematical model for the
ecosystem response of Lake Ladoga to phosphorus loading, in: The First International Lake Ladoga Symposium, Dordrecht,
153-157, https://doi.org/10.1007/978-94-009-1655-5_24, 1996.

BACC Il Author Team [ed]: Second assessment of climate change for the Baltic Sea Basin. Regional Climate Studies. Springer
International Publishing. https://doi.org/10.1007/978-3-319-16006-1, 2015.

Bartosova, A., Capell, R., Olesen, J. E., Jabloun, M., Refsgaard, J. C., Donnelly, C., Hyytidinen, K., Pihlainen, S., Zandersen,
M., and Arheimer, B.: Future socioeconomic conditions may have a larger impact than climate change on nutrient loads to the
Baltic Sea, Ambio, 48, 1325-1336, https://doi.org/10.1007/s13280-019-01243-5, 2019.

Bergstrom, A.-K., Karlsson, J., Karlsson, D., and Vrede, T.: Contrasting plankton stoichiometry and nutrient regeneration in
northern arctic and boreal lakes, Aquat Sci, 80, 24, https://doi.org/10.1007/s00027-018-0575-2, 2018.

18



https://doi.org/10.5194/bg-2021-249
Preprint. Discussion started: 18 October 2021
(© Author(s) 2021. CC BY 4.0 License.

520

525

530

535

540

545

550

Bennington, V., McKinley, G. A., Kimura, N., and Wu, C. H.: General circulation of Lake Superior: Mean, variability, and
trends from 1979 to 2006, Journal of Geophysical Research: Oceans, 115, https://doi.org/10.1029/2010JC006261, 2010.

Bennington, V., McKinley, G. A., Urban, N. R., and McDonald, C. P.: Can spatial heterogeneity explain the perceived
imbalance in Lake Superior’s carbon budget? A model study, Journal of Geophysical Research: Biogeosciences, 117,
https://doi.org/10.1029/2011JG001895, 2012.

Bocaniov, S. A, Leon, L. F., Rao, Y. R, Schwab, D. J., and Scavia, D.: (2016). Simulating the effect of nutrient reduction on
hypoxia in a large lake (Lake Erie, USA-Canada) with a three-dimensional lake model. Journal of Great Lakes Research, 42,
1228-1240, https://doi.org/10.1016/j.jglr.2016.06.001, 2016

Boedecker, A. R., Niewinski, D. N., Newell, S. E., Chaffin, J. D., and McCarthy, M. J.: Evaluating sediments as an ecosystem
service in western Lake Erie via quantification of nutrient cycling pathways and selected gene abundances, Journal of Great
Lakes Research, 46, 920-932, https://doi.org/10.1016/j.jglr.2020.04.010, 2020.

Bunting, L., Leavitt, P. R., Simpson, G. L., Wissel, B., Laird, K. R., Cumming, B. F., Amand, A. S., and Engstrom, D. R.:
Increased variability and sudden ecosystem state change in Lake Winnipeg, Canada, caused by 20th century agriculture,
Limnology and Oceanography, 61, 2090-2107, https://doi.org/10.1002/In0.10355, 2016.

Carman, R., Aigars, J., and Larsen, B.: Carbon and nutrient geochemistry of the surface sediments of the Gulf of Riga, Baltic
Sea, Marine Geology, 134, 5776, https://doi.org/10.1016/0025-3227(96)00033-3, 1996.

Ciavatta, S., Kay, S., Saux-Picart, S., Butenschon, M., and Allen, J. I.: Decadal reanalysis of biogeochemical indicators and
fluxes in the North West European shelf-sea ecosystem, Journal of Geophysical Research: Oceans ,121, 1824-1845,
https://doi.org/10.1002/2015JC011496, 2016.

Di Toro D.M., Connolly J.P., 1982. Mathematical models of water quality in large lakes. Lake Erie Eutrophication of Waters:
Monitoring, Assessment and Control. Paris: OECD. 154 p.

Dove, A. and Chapra, S. C.: Long-term trends of nutrients and trophic response variables for the Great Lakes, Limnology and
Oceanography ,60, 696-721, https://doi.org/10.1002/In0.10055, 2015.

Efremova, T. V., Pal’shin, N. L., and Belashev, B. Z.: Water temperature in different types of lakes in Karelia under changing
climate based on data of instrumental measurements in 1953-2011, Water Resour, Water Resour, 43, 402-411,
https://doi.org/10.1134/S0097807816020020, 2016.

Efremova, T. A., Sabylina, A. V., Lozovik, P. A., Slaveykova, V. I., Zobkova, M. V., and Pasche, N.: Seasonal and spatial
variation in hydrochemical parameters of Lake Onego (Russia): insights from 2016 field monitoring, Inland Waters, 9, 227—
238, https://doi.org/10.1080/20442041.2019.1568097, 2019.

Ehrnsten, E., Sun, X., Humborg, C., Norkko, A., Savchuk, O. P., Slomp, C. P., Timmermann, K., and Gustafsson, B. G.:
Understanding Environmental Changes in Temperate Coastal Seas: Linking Models of Benthic Fauna to Carbon and Nutrient
Fluxes, Front. Mar. Sci., 7, https://doi.org/10.3389/fmars.2020.00450, 2020.

19



https://doi.org/10.5194/bg-2021-249
Preprint. Discussion started: 18 October 2021
(© Author(s) 2021. CC BY 4.0 License.

555

560

565

570

575

580

585

Fahnenstiel, G., Pothoven, S., Vanderploeg, H., Klarer, D., Nalepa, T., and Scavia, D.: Recent changes in primary production
and phytoplankton in the offshore region of southeastern Lake Michigan, Journal of Great Lakes Research, 36, 20-29,
https://doi.org/10.1016/j.jgir.2010.03.009, 2010.

Fahnenstiel, G. L., Sayers, M. J., Shuchman, R. A., Yousef, F., and Pothoven, S. A.: Lake-wide phytoplankton production and
abundance in the Upper Great Lakes: 2010-2013, Journal of Great Lakes Research, 42, 619-629,
https://doi.org/10.1016/j.jgIr.2016.02.004, 2016.

Farley, M.: Eutrophication in Fresh Waters: An International Review, in: Encyclopedia of Lakes and Reservoirs, edited by:
Bengtsson, L., Herschy, R. W., and Fairbridge, R. W., Springer Netherlands, Dordrecht, 258-270, https://doi.org/10.1007/978-
1-4020-4410-6_79, 2012.

Fennel, K., Gehlen, M., Brasseur, P., Brown, C. W., Ciavatta, S., Cossarini, G., Crise, A., Edwards, C. A., Ford, D., Friedrichs,
M. A. M., Gregoire, M., Jones, E., Kim, H.-C., Lamouroux, J., Murtugudde, R., Perruche, C., and Team, the G. O. M. E. A.
and P. T.: Advancing Marine Biogeochemical and Ecosystem Reanalyses and Forecasts as Tools for Monitoring and Managing
Ecosystem Health, Front. Mar. Sci., 6, https://doi.org/10.3389/fmars.2019.00089, 2019.

Filatov, N. N. (editor):. Onego Lake: atlas, Karelian Research Center of the Russian Academy of Sciences. Petrozavodsk,
Russia, ISBN 978-5-9274-0432-2, 2010. [in Russian]

Filatov, N. and Rukhovets, L.: Ladoga Lake and Onego Lake (Lakes Ladozhskoye and Onezhskoye), in: Encyclopedia of
Lakes and Reservoirs, edited by: Bengtsson, L., Herschy, R. W., and Fairbridge, R. W., Springer Netherlands, Dordrecht, 429—
432, https://doi.org/10.1007/978-1-4020-4410-6_197, 2012.

Filatov, N. N., Kalinkina, N. M., and Tekanova, E. V.: Modern changes in the ecosystem of Lake Onego with climate warming,
Limnology and Freshwater Biology, 15-17, https://doi.org/10.31951/2658-3518-2018-A-1-15, 2018.

Filatov, N., Baklagin, V., Efremova, T., Nazarova, L., and Palshin, N.: Climate change impacts on the watersheds of Lakes
Onego and Ladoga from remote sensing and in situ data, Inland Waters, 9, 130-141,
https://doi.org/10.1080/20442041.2018.1533355, 2019.

Filatov N. N. (Editor): Diagnosis and Forecast of Thermohydrodynamics and Ecosystems of the Great Lakes of Russia,
Karelian Research Center of the Russian Academy of Sciences. Petrozavodsk, Russia, ISBN 978-5-9274-0866-5, 2020. [in
Russian]

Finlay, J. C., Sterner, R. W., and Kumar, S.: Isotopic Evidence for in-Lake Production of Accumulating Nitrate in Lake
Superior, Ecological Applications, 17, 2323-2332, https://doi.org/10.1890/07-0245.1, 2007.

Gaspar, P., Grégoris, Y., and Lefevre, J.-M.: A simple eddy kinetic energy model for simulations of the oceanic vertical mixing:
Tests at station Papa and long-term upper ocean study site, J. Geophys. Res., 95 16179,
https://doi.org/10.1029/JC095iC09p16179, 1990.

Gloege, L., McKinley, G. A., Mooney, R. J., Allan, J. D., Diebel, M. W., and MclIntyre, P. B.: Lake hydrodynamics intensify
the potential impact of watershed pollutants on coastal ecosystem services, Environ. Res. Lett., 15, 064028,
https://doi.org/10.1088/1748-9326/ab7{62, 2020.

20



https://doi.org/10.5194/bg-2021-249
Preprint. Discussion started: 18 October 2021
(© Author(s) 2021. CC BY 4.0 License.

590

595

600

605

610

615

620

Gustafsson, E., Savchuk, O. P., Gustafsson, B. G., and Miiller-Karulis, B.: Key processes in the coupled carbon, nitrogen, and
phosphorus cycling of the Baltic Sea, Biogeochemistry, 134, 301-317, https://doi.org/10.1007/s10533-017-0361-6, 2017.

Hampton, S. E., Moore, M. V., Ozersky, T., Stanley, E. H., Polashenski, C. M., and Galloway, A. W. E.: Heating up a cold
subject: prospects for under-ice plankton research in lakes, Journal of Plankton Research, 37, 277-284,
https://doi.org/10.1093/plankt/fbv002, 2015.

Hampton, S. E., Galloway, A. W. E., Powers, S. M., Ozersky, T., Woo, K. H., Batt, R. D., Labou, S. G., O’Reilly, C. M.,
Sharma, S., Lottig, N. R., Stanley, E. H., North, R. L., Stockwell, J. D., Adrian, R., Weyhenmeyer, G. A., Arvola, L., Baulch,
H. M., Bertani, |., Bowman, L. L., Carey, C. C., Catalan, J., Colom-Montero, W., Domine, L. M., Felip, M., Granados, .,
Gries, C., Grossart, H.-P., Haberman, J., Haldna, M., Hayden, B., Higgins, S. N., Jolley, J. C., Kahilainen, K. K., Kaup, E.,
Kehoe, M. J., Maclntyre, S., Mackay, A. W., Mariash, H. L., McKay, R. M., Nixdorf, B., Noges, P., Ndges, T., Palmer, M.,
Pierson, D. C., Post, D. M., Pruett, M. J., Rautio, M., Read, J. S., Roberts, S. L., Rucker, J., Sadro, S., Silow, E. A., Smith, D.
E., Sterner, R. W., Swann, G. E. A, Timofeyev, M. A, Toro, M., Twiss, M. R., Vogt, R. J., Watson, S. B., Whiteford, E. J.,
and Xenopoulos, M. A.: Ecology under lake ice, Ecol Lett, 20, 98-111, https://doi.org/10.1111/ele.12699, 2017.

Howarth, R. W., Chan, F., Swaney, D. P., Marino, R. M., and Hayn, M.: Role of external inputs of nutrients to aquatic
ecosystems in determining prevalence of nitrogen vs. phosphorus limitation of net primary productivity, Biogeochemistry,
https://doi.org/10.1007/s10533-021-00765-z, 2021.

Ignatieva, N. V.: Distribution and release of sedimentary phosphorus in Lake Ladoga, Hydrobiologia, 322, 129-136,
https://doi.org/10.1007/BF00031817, 1996.

Isaev, A. V. and Savchuk O. P.: 2020. Diagnosis of the Lake Ladoga ecosystem and forecast prognosis of its evolution under
possible climate change by the means of mathematical modelling of the biogeochemical fluxes, in: Diagnosis and forecast of
thermohydrodynamics and ecosystems great lakes of Russia, edited by: Filatov N. N., Karelian Research Center of the Russian
Academy of Sciences. Petrozavodsk, Russia, 2020 ISBN 978-5-9274-0866-5 [in Russian]

Isaev, A., Vladimirova, O., Eremina, T., Ryabchenko, V., and Savchuk, O.: Accounting for Dissolved Organic Nutrients in an
SPBEM-2 Model: Validation and Verification, Water, 12, 1307, https://doi.org/10.3390/w12051307, 2020.

Kahru, M., Elmgren, R., and Savchuk, O. P.: Changing seasonality of the Baltic Sea, Biogeosciences,13, 1009-1018,
https://doi.org/10.5194/bg-13-1009-2016, 2016.

Kalinkina N., Belkina N.: Dynamics of benthic communities state and the sediment chemical composition in Lake Onega
under the influence of anthropogenic and natural factors, Principy ékologii, 7. 56-74 (in Russian, English summary). DOI:
10.15393/ j1.art.2018.7643, 2018.

Kalinkina, N., Tekanova, E., Korosov, A., Zobkov, M., and Ryzhakov, A.: What is the extent of water brownification in Lake
Onego, Russia?, Journal of Great Lakes Research, 46, 850-861, https://doi.org/10.1016/j.jglr.2020.02.008, 2020.

Kayhko, J., Apsite, E., Bolek, A., Filatov, N., Kondratyev, S., Korhonen, J., Kriau¢itiniené, J., Lindstrom, G., Nazarova, L.,
Pyrh, A., and Sztobryn, M.: Recent Change—River Run-off and Ice Cover, in: Second Assessment of Climate Change for the
Baltic Sea Basin, edited by: The BACC Il Author Team, Springer International Publishing, Cham, 99-116,
https://doi.org/10.1007/978-3-319-16006-1_5, 2015.

21



https://doi.org/10.5194/bg-2021-249
Preprint. Discussion started: 18 October 2021
(© Author(s) 2021. CC BY 4.0 License.

625

630

635

640

645

650

655

Liu, Y., Meier, H. E. M., and Eilola, K.: Nutrient transports in the Baltic Sea — results from a 30-year physical-biogeochemical
reanalysis, Biogeosciences, 14, 2113-2131, https://doi.org/10.5194/bg-14-2113-2017, 2017.

Lozovik, P.A., Borodulina, G.S., Karpechko, Yu.V., Kondratyev, S. A., Litvinenko, A.V., and Litvinova, |. A.: Nutrient load
on lake Onego according to field data, Proceedings of the Karelian Research Centre of the Russian Academy of Sciences, 5,
35-52, doi: 10.17076/lim303, 2016, [in Russian]

Maier, D. B., Diehl, S., and Bigler, C.: Interannual variation in seasonal diatom sedimentation reveals the importance of late
winter processes and their timing for sediment signal formation, Limnology and Oceanography, 64, 1186-1199,
https://doi.org/10.1002/In0.11106, 2019.

Marshall, J., Adcroft, A., Hill, C., Perelman, L., and Heisey, C.: A finite-volume, incompressible Navier Stokes model for
studies of the ocean on parallel computers, Journal of Geophysical Research: Oceans, 102, 5753-5766,
https://doi.org/10.1029/96JC02775, 1997.

Marshall, J., Hill, C., Perelman, L., and Adcroft, A.: Hydrostatic, quasi-hydrostatic, and nonhydrostatic ocean modeling,
Journal of Geophysical Research: Oceans, 102, 5733-5752, https://doi.org/10.1029/96JC02776, 1997.

McCrackin, M. L., Muller-Karulis, B., Gustafsson, B. G., Howarth, R. W., Humborg, C., Svanbéck, A., and Swaney, D. P.: A
Century of Legacy Phosphorus Dynamics in a Large Drainage Basin, Global Biogeochemical Cycles, 32, 1107-1122,
https://doi.org/10.1029/2018GB005914, 2018.

Meier, H. E. M., Edman, M. K., Eilola, K. J., Placke, M., Neumann, T., Andersson, H. C., Brunnabend, S.-E., Dieterich, C.,
Frauen, C., Friedland, R., Groger, M., Gustafsson, B. G., Gustafsson, E., Isaev, A., Kniebusch, M., Kuznetsov, I., Miiller-
Karulis, B., Omstedt, A., Ryabchenko, V., Saraiva, S., and Savchuk, O. P.: Assessment of Eutrophication Abatement Scenarios
for the Baltic Sea by Multi-Model Ensemble Simulations, Front. Mar. Sci., 5, 440, https://doi.org/10.3389/fmars.2018.00440,
2018.

Meier, H. E. M., Eilola, K., Almroth-Rosell, E., Schimanke, S., Kniebusch, M., Héglund, A., Pemberton, P., Liu, Y., Vli, G.,
and Saraiva, S.: Disentangling the impact of nutrient load and climate changes on Baltic Sea hypoxia and eutrophication since
1850, Clim Dyn, 53, 1145-1166, https://doi.org/10.1007/s00382-018-4296-y, 2019.

Menden-Deuer, S. and Lessard, E. J.: Carbon to volume relationships for dinoflagellates, diatoms, and other protist plankton,
Limnology and Oceanography, 45, 569-579, https://doi.org/10.4319/10.2000.45.3.0569, 2000.

Menshutkin, V. V., Astrakhantsev, G. P., Yegorova, N. B., Rukhovets, L. A., Simo, T. L., and Petrova, N. A.: Mathematical
modeling of the evolution and current conditions of the Ladoga Lake ecosystem, Ecological Modelling, 107, 1-24,
https://doi.org/10.1016/S0304-3800(97)00184-1, 1998.

Mooij, W. M., Trolle, D., Jeppesen, E., Arhonditsis, G., Belolipetsky, P. V., Chitamwebwa, D. B. R., Degermendzhy, A. G.,
DeAngelis, D. L., De Senerpont Domis, L. N., Downing, A. S., Elliott, J. A., Fragoso, C. R., Gaedke, U., Genova, S. N., Gulati,
R. D., Hakanson, L., Hamilton, D. P., Hipsey, M. R., ‘t Hoen, J., Hiilsmann, S., Los, F. H., Makler-Pick, V., Petzoldt, T,
Prokopkin, I. G., Rinke, K., Schep, S. A., Tominaga, K., Van Dam, A. A., Van Nes, E. H., Wells, S. A., and Janse, J. H.:
Challenges and opportunities for integrating lake ecosystem modelling approaches, Aquat Ecol, 44, 633-667,
https://doi.org/10.1007/s10452-010-9339-3, 2010.

22



https://doi.org/10.5194/bg-2021-249
Preprint. Discussion started: 18 October 2021
(© Author(s) 2021. CC BY 4.0 License.

660

665

670

675

680

685

Nirnberg, G. K. and LaZerte, B. D.: More than 20years of estimated internal phosphorus loading in polymictic, eutrophic
Lake Winnipeg, Manitoba, Journal of Great Lakes Research, 42, 18-27, https://doi.org/10.1016/j.jglr.2015.11.003, 2016.

Okerepilov, V. V., Kuznetsov, S. V., and Lachininskii, S. S.: Priorities of Economic Development of the Northwest Regions in
the  Context of Spatial Development of Russia, Stud. Russ. Econ. Dev, 31, 181-187,
https://doi.org/10.1134/S1075700720020069, 2020.

Pihlainen, S., Zandersen, M., Hyytidinen, K., Andersen, H. E., Bartosova, A., Gustafsson, B., Jabloun, M., McCrackin, M.,
Meier, H. E. M., Olesen, J. E., Saraiva, S., Swaney, D., and Thodsen, H.: Impacts of changing society and climate on nutrient
loading to the Baltic Sea, Science of The Total Environment, 731, 138935, https://doi.org/10.1016/j.scitotenv.2020.138935,
2020.

Pilcher, D. J., McKinley, G. A., Bootsma, H. A., and Bennington, V.: Physical and biogeochemical mechanisms of internal
carbon cycling in Lake Michigan, Journal of Geophysical Research: Oceans, 120, 2112-2128,
https://doi.org/10.1002/2014JC010594, 2015.

Raymont, J. E. G.: Plankton and Productivity in the Oceans. Volume 2 — Zooplankton. 2nd edition, viii, 824 pp. Pergamon
Press, 1983.

Reynolds, C. S.. The Ecology of Phytoplankton, Cambridge  University  Press,  Cambridge,
https://doi.org/10.1017/CB09780511542145, 2006.

Rowe, M. D., Anderson, E. J., Wang, J., and Vanderploeg, H. A.: Modeling the effect of invasive quagga mussels on the spring
phytoplankton ~ bloom in  Lake Michigan, Journal of Great Lakes Research, 41, 49-65,
https://doi.org/10.1016/j.jglr.2014.12.018, 2015.

Rukhovets, L. A., Astrakhantsev, G. P., Menshutkin, V. V., Minina, T. R., Petrova, N. A., and Poloskov, V. N.: Development
of Lake Ladoga ecosystem models: modeling of the phytoplankton succession in the eutrophication process. I, Ecological
Modelling, 165, 49-77, https://doi.org/10.1016/S0304-3800(03)00061-9, 2003.

Rukhovets, L. and Filatov, N.: Ladoga and Onego - Great European Lakes: Observations and Modeling, Springer-Verlag,
Berlin Heidelberg, https://doi.org/10.1007/978-3-540-68145-8, 2010.

Ryabchenko, V. A., Karlin, L. N., Isaev, A. V., Vankevich, R. E., Eremina, T. R., Molchanov, M. S., and Savchuk, O. P.:
Model estimates of the eutrophication of the Baltic Sea in the contemporary and future climate, Oceanology, 56, 36-45,
https://doi.org/10.1134/S0001437016010161, 2016.

Ryzhakov, A., Vapirov, V. and Stepanova, |.: Silicon in surface waters of the humid zone (the case of Karelian waterbodies).
Proceedings of the Karelian Research Centre of the Russian Academy of Sciences, 3, 52-60. doi:10.17076/1im942, 2019, [in

Russian]

Sabylina, A. V., Lozovik, P. A., and Zobkov, M. B.: Water chemistry in Onega Lake and its tributaries, Water Resour, 37,
842-853, https://doi.org/10.1134/S0097807810060102, 2010.

23



https://doi.org/10.5194/bg-2021-249
Preprint. Discussion started: 18 October 2021
(© Author(s) 2021. CC BY 4.0 License.

690

695

700

705

710

715

720

Sabylina, A.: Organic carbon, total phosphorus and total nitrogen inflow to lake Onego with stream runoff, and their removal
by Svir river waters in 1965-2008, Proceedings of the Karelian Research Centre of the Russian Academy of Sciences, No 9,
68-77 doi:10.17076/1im307, 2016. [in Russian]

Saraiva, S., Markus Meier, H. E., Andersson, H., Hoglund, A., Dieterich, C., Grdger, M., Hordoir, R., and Eilola, K.: Baltic
Sea ecosystem response to various nutrient load scenarios in present and future climates, Clim Dyn, 52, 3369-3387,
https://doi.org/10.1007/s00382-018-4330-0, 2019.

Savchuk, O. and Wulff, F.: Biogeochemical transformations of nitrogen and phosphorus in the marine environment - coupling

hydrodynamic and biogeochemical processes in models for the Baltic proper, Contrib Systems Ecol Stock Univ 2:79, 1996.

Savchuk, O. and Wulff, F.: A Model of the Biogeochemical Cycles of Nitrogen and Phosphorus in the Baltic, in: A Systems
Analysis of the Baltic Sea, edited by: Wulff, F. V., Rahm, L. A, and Larsson, P., Springer, Berlin, Heidelberg, 373-415,
https://doi.org/10.1007/978-3-662-04453-7_14, 2001.

Savchuk, O. P.: Nutrient biogeochemical cycles in the Gulf of Riga: scaling up field studies with a mathematical model, Journal
of Marine Systems, 32, 253-280, https://doi.org/10.1016/S0924-7963(02)00039-8, 2002.

Savchuk, O. P.: Resolving the Baltic Sea into seven subbasins: N and P budgets for 1991-1999, Journal of Marine Systems,
56, 1-15, https://doi.org/10.1016/j.jmarsys.2004.08.005, 2005.

Savchuk, O.P., Gustafsson, Bo G. and Muller-Karulis, B.: BALTSEM — a marine model for decision support within the Baltic
Sea region, Technical Report 7. ISBN: 978-91-86655-06-8, 2012.

Savchuk, O. P.: Large-Scale Nutrient Dynamics in the Baltic Sea, 1970-2016, Front. Mar. Sci., 5, 95,
https://doi.org/10.3389/fmars.2018.00095, 2018.

Saunders, D. L. and Kalff, J.: Denitrification rates in the sediments of Lake Memphremagog, Canada—USA, Water Research,
35, 1897-1904, https://doi.org/10.1016/S0043-1354(00)00479-6, 2001.

Scavia, D., David Allan, J., Arend, K. K., Bartell, S., Beletsky, D., Bosch, N. S., Brandt, S. B., Briland, R. D., Daloglu, I.,
DePinto, J. V., Dolan, D. M., Evans, M. A., Farmer, T. M., Goto, D., Han, H., Ho6k, T. O., Knight, R., Ludsin, S. A., Mason,
D., Michalak, A. M., Peter Richards, R., Roberts, J. J., Rucinski, D. K., Rutherford, E., Schwab, D. J., Sesterhenn, T. M.,
Zhang, H., and Zhou, Y.: Assessing and addressing the re-eutrophication of Lake Erie: Central basin hypoxia, Journal of Great
Lakes Research, 40, 226246, https://doi.org/10.1016/j.jglr.2014.02.004, 2014.

Scavia, D., DePinto, J. V., and Bertani, I.: A multi-model approach to evaluating target phosphorus loads for Lake Erie, Journal
of Great Lakes Research, 42, 1139-1150, https://doi.org/10.1016/j.jglr.2016.09.007, 2016.

Schindler, D. W., Hecky, R. E., and McCullough, G. K.: The rapid eutrophication of Lake Winnipeg: Greening under global
change, Journal of Great Lakes Research, 38, 6-13, https://doi.org/10.1016/j.jglr.2012.04.003, 2012.

Shchur, L. A. and Bondarenko, N. A.: Comparative Analysis of Phytoplankton of the Baikal and Khanka Lakes, HYD, 48,
https://doi.org/10.1615/HydrobJ.v48.i3.20, 2012.

Shiryaeva, A. V., Shiryaev, M. V., and Semenov, V. A.: Changes in the Duration of Stable Cold and Warm Seasons at the
Beginning of the 21st Century in Russia, Dokl. Earth Sc., 481, 934-938, https://doi.org/10.1134/S1028334X18070188, 2018.

24



https://doi.org/10.5194/bg-2021-249
Preprint. Discussion started: 18 October 2021
(© Author(s) 2021. CC BY 4.0 License.

725

730

735

740

745

750

Small, G. E., Cotner, J. B., Finlay, J. C., Stark, R. A., and Sterner, R. W.: Nitrogen transformations at the sediment—water
interface across redox gradients in the Laurentian Great Lakes, Hydrobiologia, 731, 95-108, https://doi.org/10.1007/s10750-
013-1569-7, 2014.

Small, G. E., Finlay, J. C., McKay, R. M. L., Rozmarynowycz, M. J., Brovold, S., Bullerjahn, G. S., Spokas, K., and Sterner,
R. W.: Large differences in potential denitrification and sediment microbial communities across the Laurentian great lakes,
Biogeochemistry, 128, 353-368, https://doi.org/10.1007/s10533-016-0212-x, 2016.

Stepanauskas, R., J@rgensen, N. O. G., Eigaard, O. R., Zvikas, A., Tranvik, L. J., and Leonardson, L.: Summer Inputs of
Riverine Nutrients to the Baltic Sea: Bioavailability and Eutrophication Relevance, Ecological Monographs, 72, 579-597,
https://doi.org/10.1890/0012-9615(2002)072[0579:SIORNT]2.0.CO;2, 2002.

Sterner, R. W. and Elser, J. J.: Ecological Stoichiometry: The Biology of Elements from Molecules to the Biosphere, Princeton
University Press, 2002.

Sterner, R. W., Andersen, T., Elser, J. J., Hessen, D. O., Hood, J. M., McCauley, E., and Urabe, J.: Scale-dependent
carbon:nitrogen:phosphorus seston stoichiometry in marine and freshwaters, Limnology and Oceanography, 53, 1169-1180,
https://doi.org/10.4319/10.2008.53.3.1169, 2008.

Sterner, R. W.: In situ-measured primary production in Lake Superior, Journal of Great Lakes Research, 36, 139-149,
https://doi.org/10.1016/j.jgIr.2009.12.007, 2010.

Sterner, R.: C:N:P stoichiometry in Lake Superior: freshwater sea as end member, IW, 1, 29-46, https://doi.org/10.5268/IW-
1.1.365, 2011.

Sterner, R. W., Reinl, K. L., Lafrancois, B. M., Brovold, S., and Miller, T. R.: A first assessment of cyanobacterial blooms in
oligotrophic Lake Superior, Journal Limnology and Oceanography,65, 29842998, https://doi.org/10.1002/In0.11569, 2020.

Sterligova, O.P., llmast, N.V., Kuchko, Ya.A. and other: State of freshwater reservoirs in Karelia with commercial cultivation
of rainbow trout in cages, Federal Research Center "Karelian Research Center of the Russian Academy of Sciences", Institute
of Biology, KarRC RAS. - Petrozavodsk: Karelian Scientific Center of the Russian Academy of Sciences, 125, - ISBN 978-5-
9274-0815-3, 2018, [in Russian]

Straskraba M. and Gnauck A.: Freshwater Ecosystems. Modelling and Simulation, Elsevier Science Publishers, Amsterdam
ISBNO0-444-99567-6, 1985.

Suarez, E. L., Tiffay, M.-C., Kalinkina, N., Tchekryzheva, T., Sharov, A., Tekanova, E., Syarki, M., Zdorovennov, R. E.,
Makarova, E., Mantzouki, E., Venail, P., and Ibelings, B. W.: Diurnal variation in the convection-driven vertical distribution

of phytoplankton under ice and after ice-off in large Lake Onego (Russia), Inland Waters, 9:2, 193-204, 2019.

Syarki, M. T. and Tekanova, E. V.: Seasonal primary production cycle in Lake Onega, Biol Bull Russ Acad Sci, 35, 536-540,
https://doi.org/10.1134/S1062359008050166, 2008.

Tekanova, E. V. and Syarki, M. T.: Peculiarities of phenology of the primary production process in the pelagic zone of Lake
Onega, Biol Bull Russ Acad Sci, 42, 556562, https://doi.org/10.1134/S1062359015060114, 2015.

25



https://doi.org/10.5194/bg-2021-249
Preprint. Discussion started: 18 October 2021
(© Author(s) 2021. CC BY 4.0 License.

755

760

765

770

775

Urban, N. R.: Nutrient Cycling in Lake Superior: A Retrospective and Update, in: State of Lake Superior, Michigan State
University Press, 83-116, 2009.

Urban, N. R., Auer, M. T., Green, S. A, Lu, X., Apul, D. S., Powell, K. D., and Bub, L.: Carbon cycling in Lake Superior,
Journal of Geophysical Research: Oceans, 110, https://doi.org/10.1029/2003JC002230, 2005.

Vahtera, E., Conley, D. J., Gustafsson, B. G., Kuosa, H., Pitkdnen, H., Savchuk, O. P., Tamminen, T., Viitasalo, M., VVoss, M.,
Wasmund, N., and Wulff, F.: Internal Ecosystem Feedbacks Enhance Nitrogen-fixing Cyanobacteria Blooms and Complicate
Management in the Baltic Sea, Ambio, 36, 186-194, https://doi.org/10.1579/0044-7447(2007)36[186:IEFENC]2.0.CO;2,
2007.

Vehmaa, A. and Salonen, K.: Development of phytoplankton in Lake P&ajarvi (Finland) during under-ice convective mixing
period, Aquat Ecol, 43, 693705, https://doi.org/10.1007/s10452-009-9273-4, 2009.

Vingon-Leite, B and Casenave, C.: Modelling eutrophication in lake ecosystems: A review, Science of the Total Environment,
651, 2985-3001, https://doi.org/10.1016/j.scitotenv.2018.09.139, 2019.

Yang, B., Wells, M. G, Li, J., and Young, J.: Mixing, stratification, and plankton under lake-ice during winter in a large lake:
Implications  for spring dissolved oxygen levels, Limnology and Oceanography, 65, 2713-2729,
https://doi.org/10.1002/In0.11543, 2020.

Zandersen, M., Hyytidinen, K., Meier, H. E. M., Tomczak, M. T., Bauer, B., Haapasaari, P. E., Olesen, J. E., Gustafsson, B.
G., Refsgaard, J. C., Fridell, E., Pihlainen, S., Le Tissier, M. D. A., Kosenius, A.-K., and Van Vuuren, D. P.: Shared socio-
economic pathways extended for the Baltic Sea: exploring long-term environmental problems, Reg Environ Change, 19, 1073—
1086, https://doi.org/10.1007/s10113-018-1453-0, 2019.

Zhang, W. and Rao, Y. R.: Application of a eutrophication model for assessing water quality in Lake Winnipeg, Journal of
Great Lakes Research, 38, 158-173, https://doi.org/10.1016/j.jglr.2011.01.003, 2012.

Zhang, W., Watson, S. B., Rao, Y. R., and Kling, H. J.: A linked hydrodynamic, water quality and algal biomass model for a
large,  multi-basin  lake: A working  management  tool, Ecological Modelling, 269, 37-50,
https://doi.org/10.1016/j.ecolmodel.2013.08.018, 2013.

26



