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Highlights 1 

 The winter diatom bloom is studied in a temperate shallow lake fed by groundwater 2 

 High frequency data and lake physical and ecological modeling are employed 3 

 Water temperature and light both regulate diatom growth before the bloom 4 

 Indirect effect of temperature on ice thaw and light condition triggers the bloom 5 

 Silicon limitation and sedimentation terminate the bloom before stratification 6 

  7 

                  



2 

Title:  8 

Unravelling winter diatom blooms in temperate lakes using high frequency data 9 

and ecological modeling 10 

 11 

Authors 12 

Xiangzhen Kong
a,b*

, Michael Seewald
a
, Tallent Dadi

a
, Kurt Friese

a
, Chenxi Mi

a
, Bertram 13 

Boehrer
a
, Martin Schultze

a
, Karsten Rinke

a
, Tom Shatwell

a
 14 

 15 

Author affiliations: 16 

a 
UFZ - Helmholtz-Centre for Environmental Research, Department Lake Research, Brückstr. 3a, 17 

39114 Magdeburg, Germany 18 

b 
State Key Laboratory of Lake Science and Environment, Nanjing Institute of Geography & 19 

Limnology, Chinese Academy of Sciences, Nanjing, 210008, China 20 

 21 

*Corresponding author: Xiangzhen Kong, Tel.: +49 3918109449; Fax: +49 3918109150; 22 

Email: xiangzhen.kong@ufz.de  23 

                  



3 

Abstract 24 

In temperate lakes, it is generally assumed that light rather than temperature constrains 25 

phytoplankton growth in winter. Rapid winter warming and increasing observations of winter 26 

blooms warrant more investigation of these controls. We investigated the mechanisms regulating 27 

a massive winter diatom bloom in a temperate lake. High frequency data and process-based lake 28 

modeling demonstrated that phytoplankton growth in winter was dually controlled by light and 29 

temperature, rather than by light alone. Water temperature played a further indirect role in 30 

initiating the bloom through ice-thaw, which increased light exposure. The bloom was ultimately 31 

terminated by silicon limitation and sedimentation. These mechanisms differ from those typically 32 

responsible for spring diatom blooms and contributed to the high peak biomass. Our findings 33 

show that phytoplankton growth in winter is more sensitive to temperature, and consequently to 34 

climate change, than previously assumed. This has implications for nutrient cycling and seasonal 35 

succession of lake phytoplankton communities. The present study exemplifies the strength in 36 

integrating data analysis with different temporal resolutions and lake modeling. The new lake 37 

ecological model serves as an effective tool in analyzing and predicting winter phytoplankton 38 

dynamics for temperate lakes. 39 

Keywords: winter diatom bloom; high frequency monitoring; lake modeling; light limitation; 40 

temperature  41 

                  



4 

1. Introduction 42 

Diatom blooms have been well-documented in freshwater lake ecosystems (Sorvari et al., 43 

2002; Winder et al., 2008). For eutrophic temperate lakes, a typical seasonal pattern of plankton 44 

succession is frequently observed with a spring diatom bloom followed by a summer 45 

cyanobacteria bloom (Shatwell and Köhler, 2019; Townsend et al., 1992). These successional 46 

stages have been conceptualized in the Plankton Ecology Group (PEG) model (Sommer et al., 47 

2012; Sommer et al., 1986). Winter diatom blooms, however, are under-studied because winter is 48 

traditionally considered as an unproductive period. 49 

This concept has recently been challenged, prompting calls to focus more on winter 50 

limnology (Hampton et al., 2017). Here we define winter as January to March when the water 51 

column in northern temperate lakes is predominantly mixed, and spring as April to June when 52 

stratification begins, the same definition as in many other studies (e.g. Shatwell et al., 2019). 53 

Understanding lake ecological processes in winter is particularly important because climate 54 

change forces faster warming in winter than in other seasons in temperate lakes (Shatwell et al., 55 

2019). It is currently not possible to predict how the anticipated future changes of the global 56 

climate during winter will affect seasonal successions. This may constitute a serious source of 57 

uncertainty in projecting climate impacts on lake ecosystems, as increasing evidence has shown 58 

that biological activities in winter are causally linked with those in the following seasons 59 

(Salonen et al., 2009). Potential consequences of shifting winter dynamics include changing 60 

nutrient cycling and phytoplankton succession over the year (Wilhelm et al., 2014), uncoupling 61 

zooplankton-phytoplankton trophic interactions and phenological mismatch (Winder and 62 

Schindler, 2004), or unwanted developments in water quality (Thackeray et al., 2016). To this 63 
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end, further investigation of critical winter limnology phenomena and the underlying 64 

mechanisms, particularly winter diatom blooms, is timely and essential. 65 

Winter diatom blooms could be driven by a different set of mechanisms from those for 66 

spring diatom blooms. Succession of phytoplankton communities are recognized as a 67 

consequence of light, water temperature and nutrient limitation (Ferris and Lehman, 2007; Neale 68 

et al., 1991; Vincent, 1983; Xiao et al., 2019). Massive diatom developments in winter are 69 

reported in many ice-covered lakes with incredible photosynthetic efficiency due to a stable 70 

water column and inverse stratification (D'souza et al., 2013; Reavie et al., 2016; Spaulding and 71 

Baron, 1993). In temperate stratified lakes, light is considered to be the sole limiting factor in 72 

winter and early spring (Sommer et al., 1986). The onset of stratification is considered as a ‘light 73 

switch’ enabling net phytoplankton growth at a time when nutrients are sufficiently high and 74 

grazers are not yet present in significant abundances, and initiating the spring bloom. The 75 

emerging grazers, parasitism and pathogens in late spring are usually considered as the 76 

terminators of spring diatom blooms (Sommer et al., 2012). Regarding winter diatom blooms, 77 

however, the classic ‘light switch’ does not play a role because such blooms usually start before 78 

the onset of stratification. Whereas ice thaw was proposed as the major trigger of such blooms in 79 

shallower lakes (Shatwell et al., 2008), a complex interaction between factors of temperature, 80 

light and nutrients may also contribute to the mass development of diatoms (Nicklisch et al., 81 

2008). Further, little is known about the bloom terminator, which could be sedimentation 82 

resulting from the onset of stratification or nutrient limitation (Goto et al., 2007; Thackeray et al., 83 

2008). Thus, we can hypothesize that the role of stratification onset in driving the diatom growth 84 

depends on the timing of the bloom. Early diatom blooms that occur at the end of winter during 85 

deep recirculation can be terminated by stratification onset due to enhanced water column 86 
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stability and diatom sedimentation. On the other hand, later blooms that occur in spring can be 87 

triggered by stratification onset, which enhances the light conditions for organisms in the 88 

epilimnion. Finally, contrasting evidence prevails regarding the dominant species either as large 89 

(e.g. Aulacoseria granulata) (Yang et al., 2016) or small centric species (e.g. Stephanodiscus 90 

neoastraea) (Kirilova et al., 2008; Shatwell et al., 2008). Taken together, factors determining the 91 

timing, dynamics, and composition of winter diatom blooms remain far from conclusive and 92 

require quantitative investigations. 93 

Several challenges constrain further research. Sampling during winter is often 94 

complicated due to ice cover and thus less frequent. The temporal frequency of regular sampling 95 

(e.g. monthly) is insufficient to capture the dynamics of algal blooms and their driving factors in 96 

detail. In addition, simultaneous monitoring of meteorology, lake physical characteristics and 97 

water quality profiles are generally scarce. Even with sufficient data, reliable predictions of 98 

winter phytoplankton dynamics for a given inland aquatic system remain challenging. Exploiting 99 

a combination of in situ high frequency monitoring techniques and process-based lake modeling 100 

techniques may shed more light on winter limnology as has been successfully demonstrated in 101 

other applications in limnology (Kong et al., 2019). 102 

To address these questions, we investigated a temperate freshwater lake (Lake Barleber) 103 

in central Germany with intermediate depth (mean 6.7 m) and hyper-eutrophic state, which 104 

underwent a massive diatom bloom in winter 2019. Our hypotheses are: 1) rather than a single 105 

trigger of light, both water temperature and light interactively drive the winter diatom bloom; 2) 106 

the bloom is terminated by silicon limitation and sedimentation near the onset of lake 107 

stratification; and 3) the winter diatom bloom is dominated by small centric species rather than 108 

larger pennate or colonial diatoms. We synthesized and analyzed data across one year from 109 

                  



7 

multiple sources, including in situ high frequency monitoring, meteorological databases, and 110 

biweekly sampling of water quality variables. In addition, we developed an ecological model 111 

including competition between three phytoplankton species typically dominating lowland hyper-112 

eutrophic German lakes in spring (one small solitary centric diatom, one pennate diatom, and one 113 

cyanobacterium). Even though the pennate diatom is better adapted to low light, we expect that 114 

the small centric diatom outcompetes the other two species during the simulation because it is 115 

best adapted to low temperature. The comprehensive dataset facilitated modeling lake physical 116 

and ecological dynamics and unraveled mechanisms driving this bloom event, which were found 117 

different from those for spring diatom blooms. 118 

 119 

2. Materials and methods 120 

2.1  Study site 121 

Lake Barleber is located in the city of Magdeburg, Germany (52°13’15’’ N, 11°39’0’’E) 122 

(Fig. 1). The lake was formed by gravel excavations at the beginning of the 1930s, with a surface 123 

area of approximately 1 km², a maximum depth of 11.0 m and an average depth of 6.7 m. The 124 

lake is monomictic as it is stably stratified in summer, while mixed in other seasons (except for 125 

short ice cover periods when the lake is temporarily inversely stratified). There is no surface in- 126 

or outflow: the lake is fed only by groundwater and precipitation. With an annual groundwater 127 

inflow of 640,000 m
3
, water residence time is approximately 10 years  (Hannappel and Strom, 128 

2020). It was initially dominated by macrophytes but became progressively eutrophic and 129 

dominated by phytoplankton due to release of sediment-borne phosphorus (P). In 1986, a lake-130 

wide phosphorus removal with an aluminum addition turned the lake back into the mesotrophic 131 
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state with a diverse macrophyte community (Klapper and Geller, 2001), but since 2016 the lake 132 

again switched into an eutrophic state.  133 

 134 

2.2  Sampling schemes and data preparation 135 

The main sampling site was BA1 (Fig. 1), where water samples were collected at five 136 

depths (0.5, 2.5, 5.0, 7.0 and 9.0 m), and water temperature profiles were measured with manual 137 

probes (Table S1). The sampling frequency varied from weekly during warm seasons (Jun.-Sep. 138 

2018, and Mar.-Jul. 2019; every second day during the cyanobacteria bloom in July 2018) to 139 

biweekly/monthly during cold seasons (Oct. 2018-Feb. 2019). Water chemistry variables (total 140 

nitrogen (TN), nitrate nitrogen (NO3-N), ammonium nitrogen (NH4-N), total phosphorus (TP), 141 

soluble reactive phosphorus (SRP) and silicon (Si) concentrations) were measured in the 142 

laboratory using standard methods (Table S1). Volume-weighted concentrations were calculated 143 

for the whole water column during mixing, and separately for the epilimnion and hypolimnion 144 

during the stratified period. Secchi depth (zsecchi) was measured manually using a Secchi disk. In 145 

addition, the thermistor chain captured water temperatures at 15 depths (Table S1) every 15 146 

minutes. Moreover, we used a multi-parameter probe to manually capture vertical profiles of 147 

temperature, electrical conductivity, salinity, pH, turbidity, oxygen, and chlorophyll-a 148 

fluorescence, and a multi-channel fluorescence probe to determine the phytoplankton 149 

composition in terms of specific chlorophyll-fluorescence from diatoms, green algae, 150 

cryptophytes, and cyanophytes (Beutler et al., 2002). Water chemistry and probe data were all 151 

linearly interpolated from 0.0 m to 9.0 m at 0.5 m intervals and then linearly interpolated to daily 152 

resolution. In addition, we collected phytoplankton samples and fixed them with Lugol’s solution 153 
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during the diatom bloom (Mar. 4
th

, 2019) and observed the samples under an inverted 154 

microscope to identify the dominant phytoplankton group. 155 

In addition to manual sampling and profiles, a high frequency monitoring buoy measured 156 

near-surface water conditions every 10 minutes at the BAM site in the middle of the lake (Fig. 1 157 

and Table S1). A multi-parameter probe and a multi-channel fluorescence probe were both 158 

integrated into the buoy system and permanently suspended at 0.5 m depth for continuous 159 

monitoring of physic-chemical properties (temperature, conductivity, pH, turbidity, oxygen, and 160 

chlorophyll-a concentration) and phytoplankton community dynamics in the surface water. All 161 

high frequency datasets were further aggregated to daily intervals. 162 

We collected meteorological data from the German meteorology service (DWD) via the 163 

R package ‘rdwd’ (Boessenkool, 2019) at the station ‘Magdeburg’ (ca. 15 km south from the 164 

lake), including air temperature (℃), air pressure (hPa), humidity (%), mean wind speed (m·s
-1

) 165 

and precipitation (mm, including snow) at hourly interval, and sum of solar incoming radiation 166 

(J·cm
-2

) for every 10 minutes (Fig. S1). Solar radiation was aggregated to hourly intervals. In 167 

addition, we obtained historical climate data at station ‘Magdeburg’ from 2010 at 10 minutes 168 

resolution. 169 

 170 

2.3 Statistics 171 

During the deep circulation period (October 2018 to March 2019), we tested the 172 

differences of the volume-weighted nutrient concentrations before and after the onset of the 173 

winter diatom bloom. We applied a generalized least squares (GLS) model with a first-order 174 

autoregressive correlation structure (AR(1)) to analyze the nutrient time series data against a 175 

binary variable as the proxy of the winter diatom bloom (0: no bloom; 1: bloom). The GLS 176 
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model was implemented in R (R Core Team, 2018) using the function ‘gls’ in package ‘nlme’ 177 

(Pinheiro et al., 2012). 178 

 179 

2.4  Physical characteristics evaluation 180 

Water surface temperature was estimated as the mean value in the upper 1 m layer (at 0.0 181 

and 1.0 m depth), and bottom temperature as the mean value measured at 6.5 and 7.5 m around 182 

the mean depth (6.7 m). The onset and end of lake stratification was considered as start and end 183 

of the longest period in the year with a temperature difference higher than 1℃ between the 184 

surface and bottom (Shatwell and Köhler, 2019). Thermocline depth during the stratification was 185 

calculated using the function ‘ts.thermo.depth’ in package ‘rLakeAnalyzer’ (Winslow et al., 186 

2019) in R (R Core Team, 2018). The mixed layer depth (h, m) was assumed to be the mean lake 187 

depth when the lake was isothermal, and the thermocline depth when the lake was stratified 188 

(Shatwell and Köhler, 2019). zsecchi was linearly interpolated over time between measurements to 189 

the daily scale, and the light extinction coefficient (ε, m
-1

) was calculated from zsecchi as: ε = 190 

2.05/zsecchi, obtained from similar waterbodies in Germany (Shatwell et al., 2016). The mean 191 

daily underwater light intensity (Im, mol·m
-2

·d
-1

) in the mixed layer (down to depth of h) was 192 

calculated based on the Lambert-Beer law:      (  )
  (      ), where I0 was the 193 

photosynthetically available radiation (PAR) just below the water surface. I0 was estimated from 194 

daily solar radiation, assuming 4.56 μmol photons·J
-1

, PAR proportion within solar radiation of 195 

50%, and 10% reflection and backscattering at the water surface (Shatwell and Köhler, 2019). 196 

During the ice cover period (Jan. 14
th

-Feb. 4
th

 2019), I0 was reduced by 50% as an empirical 197 

estimation (Kirillin et al., 2012). We assumed a value of 1.3 (0.8-2.5) mol·m
-2

·d
-1

 as the critical 198 

light intensity for positive net growth of phytoplankton (Köhler et al., 2018; Siegel et al., 2002; 199 
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Sommer and Lengfellner, 2008). The effective photoperiod was calculated as the length of the 200 

solar day multiplied by the ratio of euphotic to mixed depth (zeu zmix
-1

) when zeu zmix
-1

 < 1, to 201 

account for periods when phytoplankton are in effective darkness below the euphotic layer; zeu 202 

was considered to be the depth of 1% of surface light, given by zeu = -ln(0.01) -1
. 203 

 204 

2.5  Modeling 205 

Two modeling approaches were implemented in this study. The first was estimating the 206 

period of ice cover and thickness from November 2018 to April 2019 using the one-dimensional 207 

bulk hydrodynamic model FLake, a process-based model to simulate lake thermal regimes 208 

(Kirillin et al., 2011; Mironov, 2008). The model consists of two water layers representing the 209 

simplified vertical structure of the water column including the ice cover (Shatwell et al., 2019). 210 

FLake has been widely used especially in numerical weather prediction and climate research, and 211 

is readily applicable for lakes with different conditions (Kirillin et al., 2017; Shatwell et al., 2019; 212 

Thiery et al., 2014). Model inputs included air temperature (℃), vapor pressure (mb), wind 213 

speed (m·s
-1

), cloud cover (-) and solar incoming radiation (W·m
-2

), obtained from the DWD 214 

described above. Vapor pressure was calculated as the product of saturated vapor pressure 215 

(calculated from air temperature, according to Tabata (1973)) and relative humidity. 216 

The second approach aimed at simulating phytoplankton dynamics during the winter 217 

diatom bloom to elucidate the underlying mechanisms. A lake ecological model (Fig. 2) was 218 

developed to simulate phytoplankton growth and the competition between species that typically 219 

dominate lowland hyper-eutrophic German lakes in spring. The model is zero-dimensional and is 220 

valid for a mixed water column or water layer. The state variables in the model include P and Si 221 

both dissolved in water and stored in sediment, biovolume of two diatoms (Stephanodiscus 222 
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minutulus and Nitzschia acicularis) and one cyanobacterium (Limnothrix redekei), as well as the 223 

biovolume quota of P within each species of algae. The model assumed a constant fraction of Si 224 

in the two diatom species as observed in experimental data. S. minutulus is a centric diatom 225 

usually dominating in early spring, which is a strong competitor for Si, a low temperature, short-226 

photoperiod specialist and specially adapted to early spring conditions. N. acicularis is a late 227 

spring pennate diatom, a P-specialist, and grows rapidly under optimal conditions. L. redekei is a 228 

late spring cyanobacterium, which grows much slower than both diatoms, but is a superior 229 

competitor under P-limitation (Nicklisch, 1999) and has no Si requirements. All three species are 230 

well adapted to low light conditions, with a low light compensation point and high light use 231 

efficiency (see Table S2) compared to other common species (Reynolds, 2006). The model 232 

accounted for the species-specific 3-way interactions between temperature, photoperiod and the 233 

respective limiting resources (light, phosphorus and silicon). It could thus determine e.g. the 234 

relative contribution of different factors in constraining growth rates. Model parameters related 235 

to growth kinetics, light absorption, nutrient and chlorophyll content were calculated directly 236 

from culture experimental data at high accuracy (Foy, 1983; Gibson and Foy, 1983; Kohl and 237 

Giersdorf, 1991; Nicklisch, 1992; Nicklisch and Kohl, 1989; Nicklisch et al., 1991; Shatwell et 238 

al., 2013; Shatwell et al., 2014; Shatwell et al., 2012) (Table S2 and S3). Inputs to the model 239 

include mean light availability, water temperature, effective photoperiod and mixed layer depth, 240 

all at daily intervals during the simulation period (Jan. 1
st
 to Mar. 31

st
, 2019). The model is 241 

written in R (R Core Team, 2018) and solved using the package ‘deSolve’ (Soetaert et al., 2010). 242 

Details of the model are explicitly described in the supporting information (SI Text). 243 

 244 

3. Results 245 
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3.1  Occurrence of the winter diatom bloom 246 

We observed a massive algal bloom during Feb. and Mar. 2019, with a maximum 247 

chlorophyll concentration up to 93.4 μg·L
-1

 on Mar. 1
st
 (Fig. 3). While the Chlorophyll-a 248 

fluorescence was unable to distinguish diatoms and dinoflagellates, microscopic inspections 249 

revealed that the massive winter algal bloom consisted of small centric diatoms while 250 

dinoflagellates were not present. On the contrary, dinoflagellates were present at high abundance 251 

and diatoms were almost absent during summer 2018. The winter diatom bloom reached a 252 

concentration that was approximately 1.4 times higher than that in the previous summer when 253 

cyanobacteria and dinoflagellates bloomed together (maximum 68.4 μg·L
-1

 on September 4
th

, 254 

2018). Chlorophyll-a fluorescence data from profiles during regular sampling confirmed the 255 

occurrence of the winter diatom bloom in 2019, and further revealed that the diatoms were 256 

homogeneously distributed in the water column during the bloom (Fig. S2). We considered the 257 

first day of the exponential growth of diatoms as the start of the diatom bloom (Feb. 5
th

) (Fig. 4a), 258 

and the day with the minimum value before the spring algal development as the end (Mar. 20
th

) 259 

(Fig. 3a). There were several short-term diatom developments during Jan. 24
th 

to Feb. 4
th

 2019 260 

before the bloom started (Fig. 4a). 261 

 262 

3.2  Meteorological and lake physical conditions 263 

Lake Barleber was ice covered from Jan. 14
th

 to Feb. 4
th

, 2019 just before the winter 264 

bloom (approximately two thirds of the surface area). Measured data showed that water 265 

temperature started to decline from the start of ice cover throughout the water column, following 266 

the decline in air temperature that fell below zero (Fig. 4b). Water temperatures from the surface 267 

to the bottom were below 4℃ and demonstrated intermittent inverse stratification from Jan. 15
th

 268 
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to Feb. 4
th

 (Fig. 3c). The inverse stratification was transient and restricted to the upper 1 m of the 269 

water column, suggesting incomplete ice cover with changing ice thickness and coverage area 270 

over time. This inference was further supported by predictions of ice thickness from the 1D 271 

hydrodynamic model FLake (Fig. 4c and S3). The model indicated two periods with ice cover on 272 

the lake, one at the end of January and the other at the beginning of February, with an ice 273 

thickness up to 0.7 cm. This is an estimation of the average ice thickness across the lake surface 274 

without considering the spatial heterogeneity. In addition, there was frequent snowfall during the 275 

ice cover period (Fig. 4c) that could have profound effects on light under ice. Taken together, we 276 

concluded that the lake was at least partially covered by ice during Jan. 14
th

 to Feb. 4
th

, 2019, 277 

with relatively low ice thickness. It is thus reasonable to reduce the light below water surface 278 

during ice cover by a factor of 0.5 to calculate the mean water column light intensity (Im) (Fig. 279 

4d). 280 

The diatom bloom started immediately after ice thaw, in parallel with changes in lake 281 

physical conditions including an increase in air and water temperature, light intensity, 282 

termination of inverse stratification and onset of deep recirculation (Fig. 3 and 4). The lake was 283 

well-mixed and isothermal during the diatom bloom except for short-term heating and cooling on 284 

the surface (Fig. 3c) and stratification started soon after the diatom bloom collapsed (Fig. 3b). 285 

Furthermore, light intensity fluctuated around the critical value of 1.3 mol·m
2
·day

-1
 before the 286 

onset of the diatom bloom (Fig. 4d) and stayed mostly above the critical value afterwards.  287 

 288 

3.3  Water quality 289 

The lake was hyper-eutrophic due to high TP concentrations (mean 0.42 mg·L
-1 

with a 290 

range of 0.05-0.71 mg·L
-1

) during the study period (June 2018 to June 2019). The system was P-291 
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limited in winter with dissolved inorganic nitrogen (DIN):total phosphorus (TP) ratios of 2.3 to 292 

3.1 (1.6 as the threshold; Dolman et al., 2016). Except for NO3-N, concentrations of other 293 

nutrients were all significantly lower after the onset of the diatom bloom (p<0.05) (Table 1, Fig. 294 

S4). Data for Si concentrations were not directly available before the onset of the diatom bloom, 295 

but Si concentration in the previous November sampling reached 1.55 mg·L
-1

. After the bloom, 296 

Si decreased to 0.05 mg·L
-1

 close to the detection limit (0.02 mg·L
-1

). The decline was also 297 

pronounced for SRP (from 337 to 242 μg·L
-1

) and ammonium (from 0.76 to 0.17 mg·L
-1

). 298 

Furthermore, we observed changes in multiple water quality variables in parallel with the diatom 299 

bloom (Fig. S5). Oxygen level increased rapidly to a maximum concentration of 23.1 mg·L
-1

 and 300 

saturation of 182.5% in the middle of the bloom. Meanwhile, there was an increase in pH 301 

throughout the water column (8.41-9.13) pointing to high photosynthetic activity. 302 

 303 

3.4  Ecological modeling 304 

Model predictions of nutrients and various water quality proxies fit nicely to the field 305 

observations, with low root mean-square error (RMSE) and high correlation coefficient (r) values 306 

(Fig. 5). The model predicted that rather than large pennate diatoms (N. acicularis) and 307 

cyanobacteria (L. redekei), small centric diatoms, as represented by S. minutulus, would 308 

dominate the phytoplankton community during the bloom (Fig. 6a), which was also consistent 309 

with observations. Dissolved P in the model prediction was consumed rapidly during the bloom 310 

but was not shown in the observations, implying that the model might have underestimated 311 

relevant processes for P cycling, such as sediment mineralization and release. The model clearly 312 

showed that abrupt silicon limitation and subsequent sedimentation losses terminated the bloom. 313 
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The model further indicated that rather than a single trigger of light, an increase of both 314 

water temperature and light intensity interactively initiated the diatom bloom (Fig. 6b). Before 315 

the bloom, constraint mainly by temperature and light together reduced the net growth rate of S. 316 

minutulus from the maximum 1.3 d
-1

 to a level fluctuating around zero. Fluctuations of net 317 

growth rate on certain days were most likely attributed to cloudiness (as shown in Fig. S1c for 318 

global radiation). Then, a period with continuous positive net growth rate initiated the diatom 319 

bloom, implying that constraints from temperature and light intensity were both weakened. 320 

Effective photoperiod showed little effect except for the period with the peak diatom biomass 321 

(beginning of March). After the biomass peak, limitation by Si depletion became dominant and 322 

drove the bloom to the end (inner panel of Fig. 6b). Our model therefore revealed a complex 323 

interplay of factors including temperature, light and nutrients in driving the winter diatom bloom. 324 

 325 

4. Discussion 326 

4.1  Mechanisms of the winter diatom bloom  327 

Both our analyses of field data and modeling outcomes suggest different mechanisms for 328 

driving the diatom blooms in winter than in spring. Winter diatom assemblages under ice-329 

covered lakes are primarily driven by high photosynthetic efficiency and a stable water column 330 

(D'souza et al., 2013; Spaulding and Baron, 1993). Besides, light is particularly emphasized in 331 

the PEG model as the key factor triggering the spring phytoplankton buildup, following the 332 

concept of critical mixing depth (Sverdrup, 1953). The onset of stratification in deeper lakes 333 

(>30m in depth) typically brings an order-of-magnitude increase in light availability, serving as a 334 

‘light switch’ of the diatom bloom (Sommer et al., 2012). In shallower lakes, the spring bloom 335 

can begin before the onset of thermal stratification during the winter circulation period, when 336 
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lakes are typically mixed to the bottom. In addition, the revised version of the PEG model 337 

specifically states that temperature is unimportant for winter phytoplankton dynamics (Sommer 338 

et al., 2012). This is based on the fact that dominant algal species in winter are usually well 339 

adapted to cold conditions. In addition, experimental studies show that water temperature has 340 

little effect on the initial slope of algal growth-light and photosynthesis-light curves under low 341 

light conditions (Davison, 1991; Foy, 1983; Talling, 1957), because photochemical rather than 342 

enzymatic processes are rate limiting. This has led to the view that temperature is unimportant, 343 

but this conclusion neglects the interaction between temperature and light. Low temperatures 344 

decrease the threshold at which light becomes limiting (Nicklisch et al., 2008), so that light may 345 

be close to growth-saturating even at the low intensities that occur in winter in temperate lakes. 346 

The interaction therefore increases the relative importance of temperature. Accordingly, higher 347 

growth rates can only be achieved by simultaneously increasing light and temperature, and thus 348 

both factors must be considered as co-limiting. Here we define ‘limiting’ in terms of growth rates 349 

rather than in terms of biomass, which can only be limited by true resources like light and 350 

nutrients. 351 

Based on the modeling, which disentangled the individual effects of temperature and 352 

light, we found that both factors are important to the diatom bloom and the bloom was most 353 

likely initiated by a complex interaction of them (Fig. 6b). We further supported this finding by 354 

projecting the observed water temperatures and light values during the bloom over the isoclines 355 

of equal specific growth rate (at 0.2 d
-1

 as a typical value during the bloom) estimated by the 356 

model (Fig. 7a). We found that the points showing the water temperature and light intensity in 357 

the water column during Jan. 1
st
 and Mar. 20

th
, 2019 were distributed along both limbs of the 358 

isoclines, suggesting constraints from both factors. The isocline for S. minutulus is closest to the 359 
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origin around the points, showing that this species can achieve the same growth rate as the other 360 

species at lower light and temperature. This reflects its specific adaptation to these conditions 361 

and explains why this species dominates in the model during the cold periods.  362 

In addition, specifically for S. minutulus, we compared the relative strength of the growth 363 

constraint by both light energy and temperature before and during the bloom using the constraint 364 

vector (
  

  
 
  

  
) (Fig. 7b) based on the model estimations (Fig. 7c-e). We found that the arrows 365 

representing the constraint vector demonstrated both vertical and horizontal directions (Fig. 7b), 366 

implying that both factors played a role in driving the diatom bloom. This method further 367 

categorized the light and temperature condition field into either ‘light-constraint’ or 368 

‘temperature-constraint’. Accordingly, light and temperature alternatively acted as the major 369 

constraint on the growth of S. minutulus before the onset of the bloom (Fig. 6b). Then, at the 370 

exponential growth stage of the diatom, temperature constrained the growth on most days, as an 371 

increase in temperature would have brought a greater increase in growth rate of S. minutulus than 372 

an increase in light. This is evident for conditions where the arrows are almost vertical, showing 373 

that light energy plays a minor role. Interestingly, light was strongly constraining only on some 374 

overcast days, as shown by arrows with a large horizontal component. 375 

We further proposed that water temperature contributed to the onset of the winter diatom 376 

bloom both directly and indirectly. The direct effects were physiological and allowed higher 377 

growth rates of diatoms (Fig. 6b). The indirect effects included driving the ice thaw and water 378 

mixing, which were likely more pronounced. The lake became fully mixed after ice thaw, 379 

allowing for rapid increase in both light intensity and water temperature. Growth limitation on 380 

the diatoms was therefore weakened, which initiated exponential growth. Our results therefore 381 

highlight the fundamental role of water temperature in driving winter diatom blooms, which can 382 
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be considered as an auxiliary ‘switch’. Altogether, the physical environment is important for the 383 

onset of winter diatom bloom rather than simply the amount of light. 384 

We found that nutrients were not limiting at the beginning of the bloom, but Si limitation 385 

ultimately terminated the bloom. This was indicated by both nutrient data (Fig. S4) and the 386 

modeling results (Fig. 6b). Though ammonium was also almost depleted at the end the bloom, 387 

diatoms may use nitrate as an alternative nitrogen source for growth, so that the bloom was 388 

unlikely terminated by N limitation. Moreover, SRP concentrations during the bloom were too 389 

high (>200 µg·L
-1

) to indicate P limitation of phytoplankton. Results from an experimental study 390 

(Shatwell et al., 2013) implied that the initial Si concentration of ~1.5 mg·L
-1

 would be far above 391 

the range for Si limited growth of both diatom species before the diatom bloom. The apparent 392 

half-saturation constant in the Monod model of specific growth rates was about 0.025 and 0.046 393 

mg·L
-1

 for S. minutulus and N. acicularis, respectively, across various conditions of temperature 394 

(5-20℃) and photoperiod (6-12 h·d
-1

). The reduction of the Si concentration from ~1.5 to ~0.05 395 

mg·L
-1

 fully complied with the increase of diatom biomass, and also suggested limitation by Si 396 

(Fig. 6b). Mostly, the emergence of grazers (Köhler et al., 2005; Lampert et al., 1986; Sommer et 397 

al., 2012), or parasitism, particularly by chytrids (Frenken et al., 2017; Ibelings et al., 2011) are 398 

responsible for terminating spring diatom blooms. Though we cannot exclude these factors 399 

(because we did neither observe nor model the abundance of grazers or chytrids), we assume that 400 

silicon limitation and sedimentation played the major role. The onset of silicon limitation is 401 

usually abrupt and recycling is slow at low temperature. If there is no external supply of fresh 402 

silicon, the diatom biomass can no longer increase and the bloom is inevitably terminated. The 403 

model suggested that the bloom dynamics could be explained entirely by abiotic factors, and that 404 

diatoms grew exponentially during the bloom as in a batch culture without signals of grazing 405 
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(Fig. 6a). Si limitation was apparently predominating in the end of the bloom (Fig. 6b). In fact, 406 

we think the absence of significant losses due to grazing or parasitism facilitated the high peak 407 

biomass close to the limit set by complete incorporation of available silicon. Previous studies 408 

also demonstrate that grazing pressure decreases and Si limitation increases when diatom blooms 409 

occur earlier, for instance due to climate warming (Shatwell et al., 2008; Thackeray et al., 2008; 410 

Winder and Schindler, 2004). 411 

 412 

4.2  Composition of the diatom bloom 413 

We observed that small centric species similar to Stephanodiscus spp. dominated the 414 

winter diatom bloom in Lake Barleber. Modeling results also suggest that Stephanodiscus spp. 415 

may outcompete other species (e.g. N. acicularis) in winter (Fig. 6a). This finding is against our 416 

expectation that winter diatom blooms are typically dominated by large diatoms such as 417 

Aulacoseria spp., as observed in many other lake systems (Horn et al., 2011; Yang et al., 2016). 418 

These large species display a combination of traits that mediate high competitive abilities, 419 

including low-light and low temperature adaptation, accumulation of nutrient reserves, and 420 

strong benthic-pelagic coupling that allow them to form a considerable winter inoculum in deep 421 

water (Jewson et al., 2010; Lewandowska et al., 2015). Winter inoculum is the key for the 422 

domination of large diatoms because in this way they can establish priority and build up nutrient 423 

reserves to outcompete other species (Gibson, 1981; Padisák et al., 2003). However, in Lake 424 

Barleber, nutrients (particularly P) were abundant and the nutrient storage capabilities of large 425 

rather slow-growing diatom species like Aulacoseira spp. may not provide a significant 426 

advantage. Moreover, small, fast growing species such as Stephanodiscus spp. are probably 427 

stronger competitors under Si limitation (Kilham et al., 1986; Shatwell et al., 2013). In addition, 428 
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a sensitivity analysis of the model to the sinking velocity (assigned to 0.1, 0.3 and 0.5 m·d
-1

) of 429 

the two diatom species (S. minutulus and N. acicularis) demonstrated marginal effects of sinking 430 

velocity on the ecological dynamics during winter 2019 in Lake Barleber (Fig. S6), implying that 431 

the dominance of S. minutulus was attributed more to the other competitive advantages such as 432 

Si uptake and adaptation to low photoperiod. It is noteworthy that diatom blooms dominated by 433 

Stephanodiscus spp. in mild winters were also observed in the polymictic and eutrophic Lake 434 

Müggelsee (Berlin, Germany) with a mean depth of 4.9 m (Shatwell et al., 2008). Taken together, 435 

in hypereutrophic lakes with shallow to intermediate depth such as Lake Barleber, the winter 436 

diatom assemblage is more likely dominated by small, centric species. 437 

 438 

4.3  Merits and limitations of the methodology 439 

We demonstrate high resolution monitoring as an effective tool to refine the recognition 440 

of limnological phenomena and to unravel new mechanisms. The high frequency data on water 441 

temperature profiles, water quality and phytoplankton community provide a unique opportunity 442 

to investigate the comprehensive picture of the short-term winter phytoplankton dynamics and to 443 

evaluate the underlying mechanisms in detail. This would be difficult with the data from regular 444 

sampling at a biweekly resolution or coarser during cold seasons. Furthermore, we showcase the 445 

strength of combining high frequency data with those from regular monitoring, as high frequency 446 

data cover a fine temporal resolution of a small set of target variables, while regular sampling 447 

data include a more comprehensive set of variables but at a relatively low frequency. 448 

Our dataset inevitably contains gaps (e.g. missing ice data and Si concentrations before 449 

the bloom). We performed a dual modeling approach to compensate for such weakness and to 450 

provide more insights on the mechanisms driving the diatom bloom. Agreement between the 451 
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model outputs and the observations were primarily attributable to the following reasons. First, 452 

the model configuration represented the majority of physical and ecological components and 453 

processes in the lake that were critical during the winter diatom bloom. The ecological model 454 

explicitly considered a well-chosen functional diatom group dominating in the field, and the 455 

species-specific interactions between growth factors (light, temperature, photoperiod, and 456 

nutrients). Second, all growth parameters for light-, P-, Si-, temperature-, and photoperiod-457 

constraint growth were directly measured in laboratory experiments for all species (Table S2) 458 

rather than calibrated or estimated, representing a high degree of realism. Third, the models were 459 

driven by high quality external forcing data including in situ measurements of in-lake physical 460 

and chemical conditions. Altogether, the models in the present study were capable of 461 

reproducing the dynamics of key processes in the lake, so that their predictions of those variables 462 

without observations (ice thickness and Si concentrations) could be relied on. We therefore see 463 

the potential to apply these models as ecological forecasting tools, e.g. with respect to the 464 

occurrence of diatom blooms in temperate lakes. Nevertheless, we explicitly focus on winter 465 

ecological dynamics so that some processes in the ecological model (such as nutrient release 466 

from sediment and maximum phosphorus uptake rate) are not temperature dependent for 467 

simplicity. These processes should be coupled to temperature if the model is applied during 468 

periods with larger temperature variation or when Si:P ratios are higher, which would be an 469 

important step forward for the model improvement in the future. 470 

 471 

4.4  Implications and perspectives 472 

Our findings for winter diatom blooms would be relevant to other gravel pit and 473 

groundwater-fed lakes, which are globally widespread due to the high demand of gravel and sand 474 
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(1.7×10
8
 metric tons per year) for construction (Mollema and Antonellini, 2016). In addition, our 475 

results may also apply to temperate, shallow to medium depth lakes and reservoirs in general fed 476 

by surface inflows which supports the phenomenon of diatom growth in winter. We further 477 

applied the developed ecological model to Lake Müggelsee (natural, temperate riverine lake, 478 

mean depth 4.9m, fed by Spree river, retention time 6 weeks), which also supports winter blooms 479 

of small centric diatoms (Shatwell et al., 2008). The good model results (Fig. S7) illustrate the 480 

general applicability of our findings because the principles in the model about the interactive 481 

effects of light and temperature are universal. Further, such winter diatom blooms can occur in 482 

oligo- and mesotrophic lakes (Goto et al., 2007) and drinking water reservoirs (Horn et al., 2011), 483 

provided they are not too deep. However, the species dominating these blooms, and thus their 484 

dynamics, may differ from the more eutrophic species modeled here. Deep drinking water 485 

reservoirs usually experience typical spring diatom blooms (Horn et al., 2015; Wentzky et al., 486 

2019). Altogether, we infer that our results apply in general to temperate, eutrophic, shallow to 487 

moderately deep lakes that can experience mild winters or intermittent ice cover. 488 

Our findings can be valuable for evaluating the impact of climate change on inland 489 

freshwater ecosystems. With increasing air temperature in a future climate, model projections 490 

demonstrate higher surface water temperature, thereby reducing ice cover and extending the 491 

circulation period before stratification for lakes (Shatwell et al., 2019; Woolway and Merchant, 492 

2019). Given the important role of water temperature shown here, we expect more frequent 493 

winter diatom blooms in Lake Barleber and also in similar temperate lakes. In addition, the 494 

intensity of the diatom bloom could be larger because previous studies have shown that the 495 

bloom intensity correlates with the duration of the circulation period (Horn et al., 2011). 496 

Furthermore, earlier ice thaw results in lower temperature for diatom growth, which may shift 497 
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the diatom composition from large pennate to small cold-adapted centric species as we found 498 

here in Lake Barleber. The dominance of highly edible small centric diatoms (rather than their 499 

large, less edible counterparts) was likely to impose knock-on effects on the earlier occurrence of 500 

zooplankton, which possibly altered the seasonal succession of plankton communities. The 501 

consequences of changing patterns of winter diatom blooms on the lake ecosystem structure and 502 

functioning are subject to further investigations. 503 

 504 

5. Conclusions 505 

Ecological dynamics of temperate lakes in winter are poorly understood because winter 506 

was long thought to be dormant, and was consequently ignored in most sampling campaigns. We 507 

examined the occurrence and short-term dynamics of a massive winter bloom of diatoms in a 508 

German lake, which exceeded the annual biomass maximum of the previous year. The results 509 

showed that this bloom was dominated by small centric diatom species rather than their larger 510 

counterparts. We demonstrate that temperature can no longer be ignored in winter dynamics, but 511 

that both temperature and light are decisive. We therefore challenge the current paradigm of sole 512 

control by light availability on lake phytoplankton growth in winter. Our new findings were 513 

attributed to the combination of regular field sampling, in situ high-frequency monitoring, and 514 

modeling of the lake. We provide a novel model of the species-specific interactive effects of 515 

different factors on algal dynamics. The model parameters are based on a large set of 516 

phytoplankton bioassay data and was implemented without calibration, so as to give a high 517 

degree of realism and become applicable to temperate lakes in general. Overall, increasing 518 

frequency of winter biological activities in lakes such as diatom blooms are inevitable in the 519 
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context of climate change, calling for more insights on the lake winter limnology and their 520 

implications on the seasonal succession of biogeochemical and ecological processes. 521 
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Figure and Table captions 733 

Figure 1. Location and bathymetry map of Lake Barleber in central Germany and two sampling 734 

sites (BA1 and BAM). The scale bar refers only to the bathymetry map of the lake (For 735 

interpretation of the references to colour in this figure legend, the reader is referred to the Web 736 

version of this article). 737 

 738 
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Figure 2. Conceptual diagram of the ecological model to simulate lake phytoplankton dynamics 739 

in winter. P and Psed represent the dissolved phosphorus in water and stored in sediment pore 740 

water, respectively, and the same for silicon (Si and Sised) (For interpretation of the references to 741 

colour in this figure legend, the reader is referred to the Web version of this article). 742 

 743 

 744 

Figure 3. (a) Dynamics of the phytoplankton community in surface water of Lake Barleber 745 

measured using a multi-channel fluorescence probe (PhycoProbe; BBE Moldaenke GmbH, 746 

Schwentinetal, Germany). The biomass of the different groups of phytoplankton is given as 747 

chlorophyll-a concentrations aggregated to daily averages. The period of the diatom bloom is 748 

highlighted by orange shading. (b and c) High frequency water temperature profiles from the 749 

chain sensors at 15-min intervals. The periods of stratification, ice cover and recirculation are 750 

labeled by colour bars on the bottom. The period of ice cover is presented with more details (For 751 
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interpretation of the references to colour in this figure legend, the reader is referred to the web 752 

version of this article). 753 

 754 

Figure 4. Diatom dynamics and lake physical conditions during January 15
th

 - February 15
th

, 755 

2019. (a) Chl-a concentration of diatom (mg·L
-1

) aggregated to daily resolution (in logarithmic 756 

scale), where the periods of ice cover and the diatom bloom are highlighted by shading. (b) Air 757 

(from DWD) and water (from thermistor chain) temperature (℃) at various depths at hourly 758 

intervals. (c) The occurrence of snow (from DWD) and the modeled ice thickness (cm) by FLake. 759 

(d) Global radiation (mol·m
-2

·d
-1

, from DWD), calculated mean underwater light intensity in the 760 
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mixed layer (mol·m
-2

·d
-1

) and effective photoperiod (h), based on calculated light attenuation 761 

coefficient from Secchi depth. The dashed blue line represents the correction during ice cover 762 

(50% reduction). The horizontal dashed red lines show the critical light intensity for positive net 763 

growth of phytoplankton (1.3 with a range of 0.8-2.5 mol·m
-2

·d
-1

) (For interpretation of the 764 

references to colour in this figure legend, the reader is referred to the web version of this article). 765 
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 766 

Figure 5. Comparison of modeled (Mod) data from the ecological model and observed (Obs) 767 

data for various water quality variables during January 1
st
 to March 31

st
, 2019. Note that for Chl-768 
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a, the observed data represent the measurement by a BBE probe in surface water, while those for 769 

TP, SRP and Si concentrations are the volume-weighted values of the whole water column. 770 

RMSE: root mean-square error, r: correlation coefficient, and n: sample size. 771 

 772 

Figure 6. Ecological model outputs during January 1
st
 to March 31

st
, 2019. (a) biomass (in 773 

biovolume, mm
3
·m

-3
) variations of three modeled phytoplankton species; (b) modeled net 774 

growth rate (d
-1

) of S. minutulus under additional constraints by temperature (red), temperature + 775 

photoperiod (orange), temperature + photoperiod + mean light intensity (blue), and finally the 776 

cumulative effect of adding nutrients (phosphorus and silicon, black). The net growth rate 777 

represents the ultimate change rate of algal biomass including the processes of growth, 778 

respiration, mortality, and settling. The inner panel shows the limitations of phosphorus and 779 

silicon. The period of the winter diatom bloom is highlighted by an orange shade in both panels. 780 

The constraint index (colour bar at bottom left) shows the major constraint by either light or 781 
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temperature on the growth of S. minutulus before the peak of the bloom (when nutrient limitation 782 

became relevant), which is determined by the algorithm demonstrated in Fig. 7 (For 783 

interpretation of the references to colour in this figure legend, the reader is referred to the web 784 

version of this article). 785 

Figure 7. Model 786 

evaluations on the interactive effects of water temperature and light on diatom growth before and 787 

during the bloom. (a) The isoclines (curved lines) of constant specific growth rate (µ) at 0.2 d
-1

 788 

for the three modeled species, together with daily mean water temperature (T) and light intensity 789 

(I) in the water column during January 1
st
 and March 20

th
, 2019 in Lake Barleber (circles). 790 
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Circles with red border correspond to the period of the diatom bloom (Feb. 5
th

 to Mar. 20
th

), 791 

while circles with blue border represents the period before the bloom. The curved regions of the 792 

isoclines show where light-temperature interactions (co-constraint of growth) are strongest. 793 

Points near the horizontal limbs of the isoclines show conditions where temperature is more 794 

constraining, and points near the vertical limbs show where light is more constraining. (b) 795 

Relative strength of constraint by light and temperature on the growth of S. minutulus. The points 796 

are the same as in panel (a) and the arrows represent the scaled gradient vector (
  

  
 
  

  
), showing 797 

the relative increase in µ in response to an incremental increase in both water temperature and 798 

light. The first term in the vector (horizontal component) is equivalent to the instantaneous light 799 

constraint, and the second (vertical component) to the instantaneous temperature constraint. Note 800 

that both water temperature and light during this period are rescaled to the range of [0, 1]. The 801 

red dashed curve represents the condition where light and temperature pose the same strength of 802 

constraint to the growth. The curve therefore divides the field into two parts demonstrating light-803 

constraint dominant (upper) and temperature-constraint dominant (below). (c-e) Contour plot 804 

subpanels with isoclines show the values under different temperature (T) and light (I) conditions 805 

for S. minutulus, as follows: (c) specific growth rate (µ); (d) partial derivative (
  

  
); and (e) 806 

partial derivative (
  

  
) (For interpretation of the references to colour in this figure legend, the 807 

reader is referred to the web version of this article). 808 
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 809 

Table 1. Mean (±SE) nutrient concentrations (volume-weighted) in Lake Barleber from 810 

October 2018 to March 2019 (circulation period) before and after the onset of the winter diatom 811 

bloom, and statistical analysis for testing the differences using generalized least squares (GLS) 812 

model with first-order autoregressive process (AR(1)) (* p < 0.05, ** p < 0.01, *** p < 0.001). 813 

NO3-N concentrations before January 2019 were not included in the analysis. 814 

Water quality variable before bloom after bloom p-value  t-value 

TP (μg·L
-1

) 366±4.8 311±24.5 0.0093
** 

-3.77 

SRP (μg·L
-1

) 337±7.5 242±2.3 0.0005
***

 -6.91 

TN (mg·L
-1

) 2.44±0.19 1.55±0.14 0.0435
* 

-2.55 

NH4-N (mg·L
-1

) 0.76±0.07 0.17±0.08 0.0048
**

 -4.35 
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NO3-N (mg·L
-1

) 0.45±0.06 0.29±0.03 0.1293 -2.50 

Si (mg·L
-1

) 1.55±0.07 0.05±0.03 0.0028
**

 -18.90 
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