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Abstract 22 

1. Shallow lakes are a key component of the global carbon cycle. It is, therefore, important to know 23 

how shallow lake ecosystems will respond to the current climate change. Global warming affects not 24 

only average temperatures but also the frequency of heat waves. The impact of extreme events on 25 

ecosystems processes, particularly greenhouse gas (GHG) emissions, is uncertain. 26 

2. Using the world’s longest-running shallow lake experiment, we studied the effects of a simulated 27 

summer heat wave on the fluxes of carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O). 28 

The experimental mesocosms had been exposed to different temperature treatments and nutrient 29 

loading for 11 years prior to the artificial heat wave.  30 

3. In general, there was an increase in total GHG emissions during the one-month artificial heat 31 

wave, with a significant increase in CO2, CH4 and N2O being observed in the shallow lake 32 

mesocosms. No significant effect of the heat wave on CO2 emissions could be traced, though, in the 33 

mesocosms with high nutrient levels. Furthermore, the data suggested that in addition to the direct 34 

effect of increased temperature on metabolic processes during the heat wave, biotic interactions 35 

exerted a significant control of GHG emissions. For example, at low nutrient levels, increased CO2 36 

emissions were associated with low macrophyte abundance, whereas at high nutrient levels, 37 

decreased phytoplankton abundance was linked to increased emissions of CO2 and CH4. 38 

4. In contrast to the observable heat wave effect, no clear general effect of the long-term 39 

temperature treatments could be discerned over the summer, likely because the potential effects of 40 

the moderate temperature increase applied as a press disturbance were overridden by biotic 41 

interactions. This study underpins that the role of biotic interactions needs to be considered within 42 

the context of global warming on ecosystems processes. 43 

  44 
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Introduction 45 

Lakes cover about 3.7% of the Earth’s continental land surface (Verpoorter et al., 2014). Despite 46 

their limited spatial extent, they are of great importance in regulating global biogeochemical 47 

processes, in particular the cycling of carbon (Tranvik et al., 2009). Thus, lakes are sites of storage, 48 

transport and transformation of carbon and other nutrients derived from terrestrial ecosystems 49 

(Tranvik et al., 2009). A large part of the dissolved and particulate organic carbon reaching lakes is 50 

mineralised to carbon dioxide (CO2) and methane (CH4) (Molot & Dillon, 1996; Tranvik et al., 2009), 51 

and lakes consequently function as a significant source of greenhouse gas (GHG), although a part of 52 

the CH4 produced in lakes can be oxidised by methanotrophic bacteria (Bastviken et al., 2008; 53 

Bastviken et al., 2011; Matveev et al., 2016). 54 

A temperature increase will likely alter GHG emissions from lakes (Walter et al., 2006; Marotta et al., 55 

2014), but the precise nature of such an alteration remains unclear. Global warming not only 56 

increases average temperatures but also changes the occurrence frequency of extreme events such 57 

as heat waves (Meehl & Tebaldi, 2004; IPCC, 2014; Christidis, Jones & Stott, 2015). For example, 58 

Christidis et al. (2015) found that heat wave events occurring only twice a century in the early 2000s 59 

now take place twice a decade. Therefore, the likelihood of extremely hot summers has increased 60 

over the last decades. Heat waves can severely affect the thermal regime of lakes; by way of 61 

example, the 2003 summer heat wave in Europe resulted in strong oxygen depletion of the 62 

hypolimnion of two deep lakes in Switzerland (Jankowski et al., 2006). In addition, heat waves can 63 

promote blooms of cyanobacteria (Jöhnk et al., 2008). Despite these adverse trends, the effect of 64 

such potentially stressful climatic events on GHG emissions is largely unknown (Bartosiewicz et al., 65 

2016). Shallow lakes may be particularly sensitive to heat waves as their average water temperature 66 

will increase more quickly than in deeper water bodies as a result of their close link to air 67 

temperature (Mooij, De Senerpont Domis & Hülsmann, 2008). It can therefore be presumed that 68 

heat waves have an impact on the GHG emissions from shallow lakes. This is of global importance 69 
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for the carbon cycling as shallow lakes are the most abundant lake type (Downing et al., 2006) and 70 

therefore contribute about 6-16%, a large part, to the total natural CH4 emissions (Bastviken et al., 71 

2004; Bastviken et al., 2011; Holgerson & Raymond, 2016). The emission of GHGs from lakes is likely 72 

to be affected by the heat wave-induced higher water temperatures due to the constraints of 73 

temperature on metabolic processes (Allen, Gillooly & Brown, 2005; Yvon-Durocher et al., 2010). 74 

Laboratory studies have demonstrated a clear increase in CO2 and CH4 production in lake sediments 75 

with enhanced temperatures (Liikanen et al., 2002; Marotta et al., 2014; Gudasz et al., 2015). 76 

Warming can also increase denitrification (Veraart, de Klein & Scheffer, 2011) and therefore 77 

potentially alter the subsequent emission of nitrous oxide (N2O), a strong GHG with a warming 78 

potential 298 times greater than CO2 (IPCC, 2013). 79 

Heat waves are likely to affect primary production. For example, warmer temperatures can 80 

contribute to a decrease in the abundance of submerged macrophytes, a key structuring element in 81 

shallow lakes, because of stronger competition from floating plants or phytoplankton (Moss et al., 82 

2011); such an effect is not always seen, however (Kosten et al., 2011; Cao et al., 2015). Warming 83 

can also favour the establishment of invasive plant species (McKee et al., 2002). Apart from 84 

warming, the abundance of submerged macrophytes is also largely controlled by the nutrient status 85 

of the lake; consequently, nutrient-poor lakes are generally dominated by submerged macrophytes, 86 

whereas nutrient-rich lakes are often dominated by phytoplankton (Moss, 1990; Scheffer et al., 87 

1993). Warmer temperatures may reinforce the detrimental effects of eutrophication such as 88 

deoxygenation of the hypolimnion, disappearance of oxidised microzones in the upper sediment, 89 

dominance of cyanobacteria and reduction of macrophyte cover (Jeppesen et al., 2009; Moss et al., 90 

2011; Kosten et al., 2012). Previous studies have shown that eutrophication might not increase but 91 

perhaps reduce CO2 emissions, augmenting, instead, CH4 and N2O emissions (Huttunen et al., 2003; 92 

Sobek et al., 2009; Davidson et al., 2015). Hence, under natural conditions, the levels of nutrient 93 

enrichment and the intensity of biotic interactions may complicate the seemingly straightforward 94 
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relationships between temperature and GHG emissions from shallow lakes (Davidson et al., 2015; 95 

Attermeyer et al., 2016; Bartosiewicz et al., 2016). 96 

Here, we investigated the effect of a simulated summer heat wave on GHG fluxes from shallow 97 

lakes. We used the longest-running mesocosm experimental facility exploring climate effects on 98 

shallow lakes (Liboriussen et al., 2005) and simulated the effect of a heat wave on the mesocosms 99 

which prior to our experiment have undergone 11 years of acclimation to different temperature and 100 

nutrient treatments. We hypothesised that 1) a heat wave would increase the emission of GHG 101 

because of the differential effect of temperature on the rates of metabolic processes. The emission 102 

may, however, also be influenced by related changes in submerged macrophytes and phytoplankton 103 

biomass that may, also, affect nutrient availability and the subsequent GHG processes; 2) nutrient-104 

rich mesocosms would emit less CO2 but more CH4 and N2O than low-nutrient mesocosms during 105 

the heat wave because of increased CO2 uptake and higher nutrient availability.  106 
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Material and methods 107 

The experiment was conducted in lake mesocosms located in Central Jutland, Denmark (56°2448N, 108 

9°5298E). These mesocosms are part of a lake experiment initiated in August 2003 with the aim to 109 

investigate the effects of climate change (see details in Liboriussen et al. (2005)). Briefly, the 110 

experimental facility includes 24 outdoor and uncovered flow-through mesocosms (diameter 1.9 m, 111 

water depth 1 m, retention time ~ 2.5 months). At the start of the experiment in 2003, a 0.1 m layer 112 

of washed sand was placed at the bottom of each mesocosm with a 0.1 m layer of nutrient-rich 113 

sediment from a nearby freshwater pond on top (Liboriussen et al., 2005). The mesocosms are 114 

exposed to three temperature treatments: unheated (AMB), treatment A2 (A2) according to the 115 

IPCC-predicted temperature increase (Houghton et al., 2001) and treatment A2+50% (A2+). The A2 116 

and A2+ mesocosms are warmed up using heating elements placed about 10 cm above the 117 

sediment. To avoid water stratification, the water column in the mesocosms is automatically fully 118 

mixed by paddles (Liboriussen et al., 2005). The water temperature in the unheated mesocosms 119 

fluctuates with the air temperature, while the water temperature in the two heated treatments is 120 

continuously adjusted to be 2-4°C (A2) and 4-6°C (A2+) warmer than the AMB mesocosms. The 121 

seasonal differences between the temperature treatments are based on future climatic projections 122 

for Denmark downscaled to monthly resolution using 1961-1990 as reference period (Houghton et 123 

al., 2001). The three temperature treatments are crossed with two nutrient treatments (low and 124 

high), yielding six treatments with four replicates. In the low-nutrient treatment, no nutrients are 125 

added, i.e. the level is that of the inflowing water, while in the high-nutrient treatment, nutrients are 126 

added at concentrations of 7 mg P m-2 d-1 and 27.1 mg N m-2 d-1. Consequently, in the low-nutrient 127 

mesocosms nutrient levels are 11±9 µg TP L-1 (mean ± standard deviation) and 0.28±0.29 mg TN L-1 128 

and 40±24 µg TP L-1 and 2.61±1.44 mg TN L-1 in the high-nutrient mesocosms. The purpose of these 129 

two nutrient states is to mimic a clear water shallow lake and a turbid water shallow lake (Scheffer 130 

et al., 1993). Submerged macrophytes generally dominate in the low-nutrient mesocosms, whereas 131 
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the high-nutrient mesocosms are more turbid, often with abundant phytoplankton. Probes in the 132 

mesocosms record water temperature, oxygen and pH every 30 minutes (Liboriussen et al., 2005). 133 

Our measurements took place in summer 2014, i.e. 11 years after the initiation of the mesocosms 134 

experimental setup. During the whole month of July 2014, a heat wave was simulated in treatments 135 

A2 and A2+ by increasing the water temperature by about 5°C, while the AMB mesocosms remained 136 

unheated. Hence, during the heat wave temperatures in the heated mesocosms were about 7-9°C 137 

(A2) and 9-12°C (A2+) warmer than in the ambient treatment. Similar to the long-term temperature 138 

treatments, the water temperature in A2 and A2+ was continuously adjusted during the heat wave 139 

to follow the temperature variation in AMB. The mesocosms were sampled 8 times between 19-06-140 

2014 and 01-09-2014. All samplings were carried out at the same time, between 7 a.m. and 9 a.m. 141 

On every sampling occasion, water samples were collected to determine the aqueous 142 

concentrations of N2O and CH4. Using a syringe, 9 ml water samples were taken 5 cm below the 143 

surface of the water and injected into 12 mL vials containing 6 mL helium and 0.2 mL 50% ZnCl to 144 

prevent bacterial activity. After transportation to the laboratory, the vials were kept at room 145 

temperature in the dark until analysis within one week. Nitrous oxide and CH4 were determined on a 146 

dual-inlet Agilent 7890 GC system interfaced with a CTC CombiPal autosampler (Agilent, Nærum, 147 

Denmark) (Petersen et al., 2012). The aqueous concentrations of N2O and CH4
 were calculated from 148 

the headspace gas concentrations according to Henry’s law and using Henry’s constant corrected for 149 

temperature and salinity (Wiesenburg & Guinasso, 1979; Weiss & Price, 1980). Carbon dioxide 150 

concentrations were calculated from acid neutralizing capacity (ANC) and pH was measured on every 151 

sampling occasion following the approach described in Cole et al. (1994). The estimated CO2 152 

concentrations agreed relatively well with previous direct CO2 measurements (R2=0.88, n=330 in 153 

Cole et al. (1994); R2=0.60, n=452 in Raymond, Caraco and Cole (1997)), although calculated CO2 154 

concentrations may occasionally be overestimated, particularly at low ANC. 155 
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The fluxes of N2O, CH4 and CO2 between the water and the overlying atmosphere were estimated 156 

as:  157 

𝑓𝑓𝑔𝑔 = 𝑘𝑘𝑔𝑔𝛽𝛽𝑔𝑔�𝐶𝐶𝑤𝑤𝑤𝑤𝑤𝑤,𝑔𝑔 − 𝐶𝐶𝑒𝑒𝑒𝑒,𝑔𝑔� 158 

where 𝑓𝑓𝑔𝑔 (g m-2 h-1) is the flux of a specific gas 𝑔𝑔, 𝑘𝑘𝑔𝑔 (m h-1) is the gas transfer velocity, 𝛽𝛽𝑔𝑔 is the 159 

chemical enhancement factor and 𝐶𝐶𝑤𝑤𝑤𝑤𝑤𝑤,𝑔𝑔 − 𝐶𝐶𝑒𝑒𝑒𝑒,𝑔𝑔 (g m-3) is the gradient of concentration between 160 

the concentration of gas dissolved in the water (𝐶𝐶𝑤𝑤𝑤𝑤𝑤𝑤,𝑔𝑔) and the concentration of gas that the water 161 

would have at equilibrium with the atmosphere (𝐶𝐶𝑒𝑒𝑒𝑒,𝑔𝑔), assuming concentrations of 390, 1.8 and 162 

0.325 ppm for CO2, CH4 and N2O, respectively. Gas transfer velocities for the different gases were 163 

calculated based on direct measurements of the gas transfer velocity for O2 in three mesocosms in 164 

December 2009 (Liboriussen et al., 2011) and corrected for the water temperature (Jähne et al., 165 

1987). We found little variation in the 𝑘𝑘𝑂𝑂2 estimates based on the recovery of artificial reduction in 166 

O2 in three of the mesocoms (0.0080, 0.0086 and 0.0100 m h-1 at 20°C) (Liboriussen et al., 2011). 167 

Therefore, the same gas transfer velocity was applied to all mesocosms (𝑘𝑘𝑂𝑂2= 0.0088 m h-1 at 20°C). 168 

Macrophyte abundance may affect water stratification and turbulence at the interface between 169 

water and atmosphere and thus alter the gas transfer velocity. However, because the mesocosms 170 

are all constantly mixed with automatic paddles, we assumed that between-mesocosm differences 171 

in gas transfer velocity were minor. 172 

𝑘𝑘𝑔𝑔 = 𝑘𝑘𝑂𝑂2 �
𝑆𝑆𝑆𝑆𝑔𝑔
𝑆𝑆𝑆𝑆𝑂𝑂2

�
𝑥𝑥

 173 

𝑆𝑆𝑆𝑆𝑔𝑔 is the Schmidt number (Wanninkhof, 1992). We chose 𝑥𝑥 =-2/3 as this factor is used for smooth 174 

liquid surface (Deacon, 1981). Wind speed alters piston velocity; however, at low wind speed (<3 m 175 

s-1) the effect is negligible (Cole & Caraco, 1998), which was the case in our study where the 176 

mesocosms were relatively well sheltered from the wind. At high pH and low wind speeds, the 177 

transfer of CO2 from the atmosphere to the water can be enhanced because of the chemical 178 

reaction between CO2 and OH-. This effect was taken into account and chemical enhancement 𝛽𝛽𝐶𝐶𝑂𝑂2 179 



9 
 

was estimated as a function of pH following the model of Wanninkhof and Knox (1996). For N2O and 180 

CH4, 𝛽𝛽 was set to 1 (i.e. no chemical enhancement). Total greenhouse gas flux was calculated as the 181 

sum of CO2, CH4 and N2O after conversion to CO2 equivalents, assuming a global warming potential 182 

(GWP) of 25 for CH4 and 298 for N2O (IPCC, 2013). 183 

 184 

Gross primary production calculation 185 

Gross primary production was estimated using the 30 min interval records of DO, light intensity and 186 

water temperature according to the methods described in Erlandsen and Thyssen (1983) and Kelly, 187 

Thyssen and Moeslund (1983) (see Jeppesen et al. (2012b) for details): 188 

 189 

�
𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 �

= �𝐾𝐾2 ∙ 1.0241(𝑇𝑇𝑊𝑊−20) ∙ (𝑑𝑑𝑑𝑑𝑠𝑠𝑤𝑤𝑤𝑤 − 𝑑𝑑𝑑𝑑𝑤𝑤)� − �𝜌𝜌20 ∙ 1.07(𝑇𝑇𝑊𝑊−20)�190 

+ �𝜋𝜋20 ∙ 1.035(𝑇𝑇𝑊𝑊−20) ∙
𝐼𝐼𝑤𝑤

𝜂𝜂 + 𝐼𝐼𝑤𝑤
� 191 

�
𝑑𝑑𝑥𝑥𝑂𝑂𝑔𝑔𝑂𝑂𝑂𝑂 
𝑆𝑆ℎ𝑎𝑎𝑂𝑂𝑔𝑔𝑂𝑂 � = �𝐴𝐴𝐴𝐴𝐴𝐴 𝑤𝑤𝑎𝑎𝑑𝑑𝑂𝑂𝐴𝐴 

𝑂𝑂𝑥𝑥𝑆𝑆ℎ𝑎𝑎𝑂𝑂𝑔𝑔𝑂𝑂 � − �
𝑇𝑇𝑂𝑂𝑇𝑇𝑇𝑇𝑂𝑂𝐴𝐴𝑎𝑎𝑑𝑑𝑇𝑇𝐴𝐴𝑂𝑂
𝑑𝑑𝑂𝑂𝑇𝑇𝑂𝑂𝑂𝑂𝑑𝑑𝑂𝑂𝑂𝑂𝑑𝑑
𝐴𝐴𝑂𝑂𝑟𝑟𝑇𝑇𝐴𝐴𝐴𝐴𝑎𝑎𝑑𝑑𝐴𝐴𝑟𝑟𝑂𝑂

�+ �𝐿𝐿𝐴𝐴𝑔𝑔ℎ𝑑𝑑 𝑎𝑎𝑂𝑂𝑑𝑑 𝑑𝑑𝑂𝑂𝑇𝑇𝑇𝑇𝑂𝑂𝐴𝐴𝑎𝑎𝑑𝑑𝑇𝑇𝐴𝐴𝑂𝑂
𝑑𝑑𝑂𝑂𝑇𝑇𝑂𝑂𝑂𝑂𝑑𝑑𝑂𝑂𝑂𝑂𝑑𝑑 𝑇𝑇𝐴𝐴𝑟𝑟𝑑𝑑𝑇𝑇𝑆𝑆𝑑𝑑𝐴𝐴𝑟𝑟𝑂𝑂 � 192 

 193 

where 194 

𝑇𝑇𝑊𝑊: water temperature °C 195 

𝑑𝑑𝑑𝑑𝑠𝑠𝑤𝑤𝑤𝑤: dissolved oxygen saturation concentration mg L-1 196 

𝑑𝑑𝑑𝑑: dissolved oxygen concentration mg L-1 197 

𝐼𝐼𝑤𝑤: light intensity – Photosynthetically Active Radiation (PAR) mol m-2 30 min-1. 198 

𝜌𝜌20, 𝜋𝜋20 and 𝜂𝜂 were estimated using the secant non-linear method, PROC NLIN, in the statistical 199 

software SAS 9.3. DOsat was represented as the dissolved oxygen percentage saturation (DO%), 200 

calculated as a function of TW (Lin, 2001): 201 

𝑑𝑑𝑑𝑑𝑠𝑠𝑤𝑤𝑤𝑤 = 14.652− 0.41022 ∙ 𝑇𝑇𝑊𝑊1 + 0.0079910 ∙ 𝑇𝑇𝑊𝑊2 − 0.000077774 ∙ 𝑇𝑇𝑊𝑊3  202 
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 203 

Macrophyte and phytoplankton abundance estimation 204 

Water samples to be analysed for chlorophyll-a (Chl-a) were collected on every sampling occasion. 205 

To measure Chl-a, 100-1000 mL of water was filtered through GFC filters and the Chl-a 206 

concentration determined on a spectrophotometer after extraction with ethanol (Jespersen & 207 

Christoffersen, 1987). Macrophyte abundance was quantified as per cent volume inhabited (PVI) as 208 

described in Davidson et al. (2015). Only two species of macrophytes were present in the 209 

mesocosms, Elodea canadensis and Potamogeton crispus. 210 

 211 

Statistical methods 212 

The statistical analysis was performed using the R software (version 3.1.1) (R Development Core 213 

Team, 2014) and using the R package “nlme” and the function “lme” (Pinheiro et al., 2012). Linear 214 

mixed effect models were used to explore linkages between gas fluxes and treatments and/or 215 

environmental variables. Linear mixed effect models are particularly suitable to analyse patterns in 216 

time series data sets with crossed treatments (Zuur et al., 2009). 217 

In a first analysis, the whole data set, two nutrient treatments and three temperature treatments (of 218 

which two included a heat wave), each with four replicates and sampled eight times (n=192), was 219 

tested for significant treatment effects (temperature, nutrient, and heat wave treatments (HW)) for 220 

each of the individual gas fluxes (i.e. CO2, CH4 and N2O). Treatment effects were included in the 221 

model as fixed effects and mesocosms as a random effect (Zuur et al., 2009). A variance structure 222 

was added in the CO2 and N2O models (varFixed and varPower, respectively) to deal with the 223 

heterogeneity of the variance (Pinheiro & Bates, 2000). The long-term temperature and nutrient 224 

treatments had been applied to the mesocosms for 11 years prior to our heat wave experiment, 225 

whereas the heat wave was applied only for one month and only in the heated treatments (i.e. A2 226 
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and A2+). The non-heated treatment (AMB) followed ambient temperatures, both during the 11 227 

years prior to the heat wave and during the simulated heat wave. Hence, due to the overlap of the 228 

heat wave with the temperature treatments, we did not have true controls to test the particular 229 

effects of the heat wave. In the models, HW had three levels: HW0, the pre- and post-heat wave 230 

period (i.e. June and August in AMB, A2 and A2+); HW1, the heat wave period (July in A2 and A2+); 231 

HW2, the “ambient summer” period (July in the AMB treatment) (Fig. 1). When HW was found to be 232 

significant in the mixed models, the variations among the different levels of the heat wave 233 

treatments were tested using Tukey’s post-hoc test. 234 

Starting with a full model including treatments and environmental variables, model selection was 235 

made in a backward stepwise fashion using the likelihood ratio involving removal of the term of least 236 

significance until all remaining covariables were significant (Zuur et al., 2009). All mixed models were 237 

checked for normality and homogeneity of variance by visual inspection of plots of residuals against 238 

fitted values. The significance of the models was assessed by comparison with a null-model using 239 

likelihood ratio. The covariables were checked for collinearity using variance inflation factor (VIF) 240 

values (VIF<5). To reduce variance heterogeneity in the data and to meet the assumptions of linear 241 

mixed effect models, the fluxes of CO2, CH4 and N2O were transformed using natural logarithm (+0.4 242 

g C m-2 d-1, +25 µg N m-2 d-1 for CO2 and N2O, respectively) prior to analysis. Thereafter, the data set 243 

was split based on nutrient treatment (low and high) to explore treatment effects potentially 244 

masked by nutrient effects. Hence, in this second step, only temperature and heat wave treatment 245 

effects on individual gas fluxes were tested.  246 

To test for the importance of biotic interactions relative to heat wave effects, a second analysis was 247 

conducted using the high-nutrient and low-nutrient data sets separately and adding the following 248 

environmental variables to the models: primary production (as the mean of the 5 days prior to the 249 

gas sampling), macrophyte abundance (PVI) and phytoplankton biomass (Chl-a), change in 250 

macrophyte abundance (as ΔPVI) and change in phytoplankton biomass (as ΔChl-a). ΔPVI and ΔChl-a 251 
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represented the rate of change in PVI and Chl-a between two consecutive samplings and were 252 

defined as: 253 

ΔPVI𝑤𝑤𝑡𝑡,𝑤𝑤𝑡𝑡+1 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡+1−𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡
𝑤𝑤𝑡𝑡+1−𝑤𝑤𝑡𝑡

, 254 

and ΔChl-𝑎𝑎𝑤𝑤𝑡𝑡,𝑤𝑤𝑡𝑡+1 = Chl-𝑤𝑤𝑡𝑡𝑡𝑡+1−Chl-𝑤𝑤𝑡𝑡𝑡𝑡
𝑤𝑤𝑡𝑡+1−𝑤𝑤𝑡𝑡

 255 

Negative Δ indicates a decrease in the abundance of macrophytes or phytoplankton between two 256 

sampling occasions. 257 

  258 
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Results 259 

During the heat wave, the maximum water temperatures recorded in the heated mesocosms were 260 

30.2 and 31.5°C for the temperature treatments A2 and A2+, respectively, and 22.8°C for the 261 

ambient treatment (Fig. 1a). The lowest water temperatures recorded during the sampling period 262 

(19-06-2014 to 01-09-2014) were measured on 25 August with 14.2, 17.9 and 19.7°C in AMB, A2 and 263 

A2+, respectively. The artificial heat wave coincided with a period of increased air temperature 264 

(mean 19.1°C) compared with the rest of the study period (14.8°C). There was a sudden drop in 265 

water temperature around 13 July as a result of a rainy and cold period in an otherwise sunny and 266 

warm July (Fig. 1b). 267 

Submerged macrophytes were present in the low-nutrient mesocosms in all temperature 268 

treatments, whereas at high nutrient levels only the mesocosms with ambient temperature held 269 

submerged macrophytes; their volume gradually decreasing, though, until complete disappearance 270 

by the end of July (Fig. 2a,b). The abundance of submerged macrophytes generally decreased over 271 

the summer and there was no clear effect of the heat wave on macrophyte abundance. The Chl-a 272 

concentration was 13±27 µg L-1 (mean ± SD) in the low-nutrient mesocosms and much higher 273 

(255±219 µg L-1) in the high-nutrient mesocosms (Fig. 2c,d). However, there were no clear 274 

differences between the temperature treatments. In the high-nutrient treatment, the Chl-a 275 

concentrations peaked a few days after the start of the heat wave (573±280 µg L-1 in A2, 219±166 µg 276 

L-1 in A2+); however, a concomitant increase was observed in the mesocosms with ambient 277 

temperature (474±410 µg L-1). The water pH was 8.1±0.4 in the low-nutrient mesocosms and higher 278 

and more variable (8.7±0.6) in the high-nutrient mesocosms, particularly during the heat wave (Fig. 279 

2e,f). Dissolved oxygen (a mean of the half hourly measurements for the 5 days preceding each gas 280 

sampling) was more variable in the high-nutrient mesocosms (9.4±3.0 mg L-1) than in the low-281 

nutrient mesocosms (8.1±1.6 mg L-1) (Fig. 2g,h), and primary production was higher and more 282 

variable in the high-nutrient mesocosms (0.24±0.06 mg O2 L-1 d-1) than in the low-nutrient 283 
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mesocosms (0.14±0.04 mg O2 L-1 d-1). Dissolved oxygen and primary production were slightly lower 284 

in mid-July, coinciding with a short rainy and cloudy period. 285 

Carbon dioxide fluxes ranged between -0.30 and 2.2 g C m-2 d-1, negative fluxes indicating that the 286 

mesocosms sometimes acted as sinks for CO2 (Fig. 3a,b). The mesocosms were sources of CH4 with 287 

fluxes ranging between 0.10 and 2.81 mg C m-2 d-1 (Fig. 3c,d). In the low-nutrient mesocosms, 288 

emissions of CH4 increased shortly after the start of the heat wave. Nitrous oxide fluxes were 289 

generally close to zero except in a few instances where emission peaks up to 1048 µg N m-2 d-1 were 290 

recorded (Fig. 3e,f). These peaks in N2O emissions generally occurred when dissolved oxygen 291 

dropped below 3 mg L-1. When converting the fluxes into CO2 equivalents, CO2 dominated the 292 

greenhouse gas budget and contributed, on average, 67% of the total fluxes (Table 1). However, 293 

there were large differences across the treatments; for example, at high nutrient levels N2O 294 

emissions (in CO2eq) were greater than CO2 emissions in the AMB mesocosms (Table 1). The mean 295 

daily GHG fluxes in the heated treatment were higher during the heat wave than during the pre/post 296 

heat wave period at both low and high nutrient levels, with an average increase of 0.31 g CO2 eq m-2 297 

d-1. However, while the AMB mesocosms at low-nutrient concentrations had relatively stable fluxes 298 

during the study period (0.14±0.29 vs 0.19±0.28 g CO2 eq m-2 d-1 during and outside the heat wave 299 

period, respectively), the AMB mesocosms at high-nutrient levels were greater during the heat wave 300 

period than in the pre/post heat wave (0.43±1.55 vs -0.14±0.39 g CO2 eq m-2 d-1) (Table 1). 301 

According to the mixed models, the heat wave had a positive effect on the CO2 emission in 302 

comparison with the pre/post heat wave period, but this effect was significant only at low nutrient 303 

levels. CO2 emission was significantly reduced at high nutrient levels compared with low nutrient 304 

levels, but no effect of the long-term temperature treatments could be discerned (Table 2). The CH4 305 

emission was significantly greater during the heat wave but was not affected by the nutrient 306 

treatments or by the long-term temperature treatments. Nevertheless, comparison of the CH4 307 

emission in the heated mesocosms (A2 and A2+) with the ambient temperature mesocosms (AMB) 308 
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during the heat wave period (i.e. July) revealed that CH4 emission only differed significantly at low 309 

nutrient levels. This means that for CH4 at high nutrient levels, the heat wave-induced increase in 310 

the A2 and A2+ mesocosms was not significantly different from the increase observed also in the 311 

AMB mesocosms in July. Specifically, during the heat wave the mean CH4 emission increased by 0.37 312 

mg C m-2 d-1 in the heated treatments for all nutrient treatments. Focusing on the low-nutrient 313 

mesocosms, the mean increase was 0.42 mg C m-2 d-1 (Supplementary table 1). N2O emission did not 314 

seem affected by the nutrient levels or the long-term temperature treatments but increased 315 

significantly (+33 µg N m-2 d-1) during the heat wave. However, the enhanced N2O emission observed 316 

in the A2 and A2+ mesocosms did not differ significantly from the increase in the ambient 317 

temperature mesocosms although the difference was marginally significant at low nutrient levels 318 

(+54 µg N m-2 d-1, p=0.064). 319 

The significant effect of the heat wave could still be traced after including primary production, PVI, 320 

ΔPVI, Chl-a and ΔChl-a in the models. When significant, decreases in primary production, PVI, Chl-a 321 

and ΔChl-a seemed to trigger an increase in GHG emissions. The effect on GHGs differed between 322 

treatments depending on the dominant primary producer; accordingly, at low nutrient levels CO2 323 

emissions increased with decreasing primary production and declining PVI, whereas at high nutrient 324 

levels increasing CO2 emissions were connected with decreasing Chl-a levels (ΔChl-a). Similarly, 325 

decreasing Chl-a levels seemed associated to increased CH4 emissions in the high-nutrient 326 

mesocosms, whereas at low nutrient levels the heat wave was the only significant variable for CH4 327 

emissions. Emissions of N2O seemed affected by primary production at low nutrient concentrations 328 

and by Chl-a at high levels. Primary production was also linked to N2O emissions at low nutrient 329 

levels. Hence, a decrease in primary producers seemed associated with an increase in GHG emissions 330 

(Table 3). 331 

  332 
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Discussion 333 

Our study demonstrated that a simulated one-month summer heat wave coincided with a significant 334 

increase in the emissions of CO2, CH4 and N2O from the experimental shallow lake mesocosms; thus, 335 

the average daily GHG emission increased by 0.31 g CO2 eq m-2 d-1. However, in the case of the CO2 336 

flux, the heat wave effects were overridden by those of eutrophication, the heat wave having no 337 

significant effect on CO2 fluxes in the nutrient-enriched mesocosms. Notwithstanding the impact of 338 

eutrophication on the CO2 flux, the increased probability of climate change-induced heat waves may 339 

result in higher GHG emissions from shallow lakes via increased CH4 and N2O emissions. This effect 340 

is in apparent agreement with the metabolic theory that links higher temperature with an increase 341 

in the rates of processes responsible for the emission of GHG (Allen et al., 2005; Yvon-Durocher et 342 

al., 2010). The relatively clear heat wave effect contrasts sharply with the lack of a detectable effect 343 

of the long-term temperature treatments (AMB, A2, A2+) as previously recorded in the same system 344 

(Davidson et al., 2015). This suggests that a sudden increase in temperature, rather than an increase 345 

in average temperature, may have a strong, albeit perhaps short term, effect on GHG emissions, at 346 

least in summer. The fact that previous studies have shown decreased CO2 emissions as a result of 347 

higher temperatures (Davidson et al., 2015), contrasting with our finding of heat-induced increased 348 

CO2 emissions, indicates unpredictable outcomes of extreme events. Such events can lead to a step 349 

change in ecosystem structure and function – such as loss of submerged plants or a sharp decline in 350 

Chl-a biomass. It also highlights the importance of investigating not only increases in average 351 

temperatures but also the impact of extreme events, such as heat waves. 352 

The apparent contradiction between the notable effect of the heat wave and the lack of significance 353 

of the long-term temperature treatments is intriguing. It might be at least partially explained by the 354 

effect of changes in biotic interactions related to warming overriding the direct metabolism-related 355 

temperature effect on GHGs, at least for a moderate increase in temperature. The prevalent role of 356 

biotic interactions compared with that of temperature has also been observed for C cycling and 357 
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plant production in forest ecosystems (Fernández-Martínez et al., 2014; Michaletz et al., 2014) and 358 

for GHG processes in shallow lakes (Davidson et al., 2015; Bartosiewicz et al., 2016). Indeed, in the 359 

present study, primary production, macrophyte abundance or phytoplankton biomass (Chl-a) were 360 

significant in the models explaining the GHG flux. Submerged macrophytes, in particular, appear to 361 

be an important controller of CO2 and CH4 emissions. Hence, at low nutrient levels lower 362 

macrophyte abundance (PVI) was linked to higher CO2 emissions. Also a previous study found that 363 

macrophyte abundance can be connected with GHG emissions (Davidson et al., 2015). Specifically, 364 

higher macrophyte abundance was related to lower CH4 emissions (Davidson et al., 2015). A possible 365 

explanation may be that macrophytes alter oxygen dynamics and provide habitats to CH4-oxidizing 366 

bacteria, thereby reducing the emissions of CH4 (Yoshida et al., 2014; Davidson et al., 2015). 367 

Furthermore, in our study, decreasing phytoplankton abundance was coupled with increased 368 

emissions of CO2 and CH4 at high nutrient levels. Overall, it appears that the metabolic response of 369 

GHG processes is affected, at least to some extent, by complex biotic interactions. 370 

Nutrient treatment significantly affected the fluxes of CO2 over the summer and affected the 371 

response of the shallow lake mesocosms to the heat wave. At high nutrient levels, the insignificance 372 

of the heat wave on CO2 emissions might be related to the absent effect of the heat wave on 373 

phytoplankton abundance (i.e. Chl-a) which, in turn, may reflect an increase in zooplankton biomass 374 

relative to the ambient treatment during the heat wave (Uğur Işkın, unpublished results). But 375 

contrary to our hypothesis, the nutrient treatments did not affect the emissions of CH4 and N2O. 376 

Overall, the balance over the whole study period showed that, the high-nutrient mesocosms were 377 

lower emitters of CO2 than the low-nutrient mesocosms, consequently confirming that shallow lake 378 

trophic status is strongly linked to CO2 emissions (Provoost et al., 2010; Trolle et al., 2012; Jeppesen 379 

et al., 2016). The decreased CO2 emissions at high nutrient concentrations were not 380 

counterbalanced by increased N2O and CH4 emissions – at any rate not over the duration of our 381 

study. This suggests that GHG emissions decrease with eutrophication, at least the diffusive fluxes in 382 

summer. Our study showed that heat waves have the potential to increase GHG emissions from 383 
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shallow lakes, especially at low nutrient levels where the effect of the heat wave was clearer. The 384 

fluxes of N2O did not differ significantly between the two nutrient levels. This lack of significance is 385 

surprising considering that other studies have found a link between the nitrogen load and N2O 386 

emissions in lakes (Huttunen et al., 2003; Hongjun et al., 2006). The authors of these works 387 

highlighted the importance of lake littoral zones as N2O emission hotspots because they often 388 

receive a higher nitrogen loading. Davidson et al. (2015) recorded CH4 and N2O fluxes in the same 389 

mesocosms used in our study over a year and found a significant effect of N and P enrichment on 390 

CH4 and N2O fluxes. That nutrient treatment had no significance for CH4 and N2O fluxes in our study 391 

is likely due to the large variability in gas fluxes observed during the study period and the fact that 392 

our focus was on summer rather than a full year. Therefore, although diffusive CH4 fluxes do not 393 

appear to increase with eutrophication, care should be taken when drawing conclusions about N2O 394 

fluxes –these are difficult to measure since they often exhibit large spatial and temporal variability 395 

(Groffman et al., 2009). 396 

The heat wave experiment conducted here lacks a true control due to the limited number of 397 

mesocosms. As a consequence, our best test is to compare the heat wave data with the data from 398 

the periods before and after (Table 2). As two treatments were artificially heated (A2 and A2+) and 399 

one was not (AMB), therefore, we compared the gas fluxes in July – when the artificial heat wave 400 

was applied in A2 and A2+ but not in AMB – with those in June and August. As in A2 and A2+, an 401 

increase in GHG emissions occurred also in AMB mesocosms despite that they were not subjected to 402 

a heat wave. Nevertheless, the air temperature was considerably warmer in July than in June and 403 

August (Fig. 1). Interestingly, the increase in GHG emissions in the AMB mesocosms during the heat 404 

wave was also linked to a decline in submerged macrophyte cover, supporting the idea that aquatic 405 

vegetation is a key factor controlling GHG emissions. Our results suggest that low-nutrient, plant-406 

dominated systems are more likely to be affected by heat waves, creating increased emission of CO2 407 

and CH4. In contrast, at high nutrient levels, the effects of eutrophication are already so profound 408 

that the heat wave impact will be negligible, or undetectable. 409 
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As the mesocosm system had already been in operation for 11 years prior to this experiment, we 410 

assume that the different compartments (i.e. sediment, water and biota) had reached an 411 

equilibrium, allowing reliable comparison with natural systems. However, disentanglement of the 412 

effects of the heat wave from those of seasonality is a challenging task. The heat wave was applied 413 

only to mesocosms that were already warmer than ambient temperature, implying that these might 414 

be pre-adapted to warmer temperature and exhibit different responses to a heat wave than those 415 

that have not been subjected to a temperature treatment. There is some evidence that aquatic 416 

species can develop higher tolerance to increased temperatures (Geerts et al., 2015) but are still 417 

affected by heat waves in complex ways (Cao et al., 2015). 418 

A major uncertainty of this study concerns CH4 fluxes. Methane produced in lakes is transferred to 419 

the atmosphere through diffusion, ebullition or plant-mediated fluxes (Bastviken et al., 2004). Only 420 

diffusive fluxes were recorded in our study. However, ebullition might account for as much as 40-421 

60% of the total CH4 emission (Bastviken et al., 2004), which leads to underestimation of CH4 422 

emission. Furthermore, heat waves might alter CH4 emission pathways as was observed in a 423 

Canadian shallow lake where the dominant pathway of CH4 emission shifted from ebullition to 424 

diffusion during a summer heat wave (Bartosiewicz et al., 2016). Plant-mediated fluxes across the 425 

water-air interface did not occur in our study as only submerged plants were present in the 426 

mesocosms. N2O and CH4 fluxes might be affected by diel dynamics in light, pH (related to changes 427 

in primary production) and temperature (Käki, Ojala & Kankaala, 2001). Although diel variation in gas 428 

fluxes is probably of significance, we assumed that this would bear no impact on our conclusions 429 

since we aimed at comparing fluxes across the different treatments and did not have focus on 430 

absolute fluxes. Heat waves can promote water stratification in lakes (Jankowski et al., 2006; 431 

Jeppesen et al., 2012a) and a study of a Canadian shallow lake found that GHGs produced in the 432 

sediment were trapped in the colder water of the hypolimnion (Bartosiewicz et al., 2016). 433 

Consequently, when shallow lakes stratify, GHG might be released only when the water column 434 

becomes fully mixed again (Bartosiewicz et al., 2016). However, this was not the case in our 435 
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experimental setup where the water was continuously mixed. Consequently, our results cannot be 436 

transferred to shallow lakes that become temporarily or permanently stratified in summer as a 437 

consequence of warming. Indeed, it has been suggested that stratification of shallow lakes may 438 

become the norm under warmer temperatures and some studies have shown that reduction in 439 

water transparency, related to eutrophication or brownification, can promote stratification of the 440 

water (Kirillin & Shatwell, 2016). Our results are, however, still of relevance as an analysis of the 441 

thermal structure of 300 lakes worldwide suggested that most lakes with a mean depth <3 m will 442 

remain polymictic during the summer (Kirillin et al., 2016). 443 

In a broader perspective, our results demonstrate that when mimicking the effect of a potentially 444 

stressful event (e.g. global warming), differences may occur between press (e.g. increase in 445 

seasonal/average temperature) and pulse (e.g. heat wave) disturbances. Hence we observed that 446 

temperature had a significant effect on GHG emissions only when considering the heat wave event. 447 

Accordingly, our results illustrate the importance of pulse events in ecosystems, which is a 448 

circumstance that should be considered when attempting to simulate the effect of a disturbance on 449 

an ecosystem. Finally, this study also highlighted the importance of biotic interactions when 450 

assessing the effect of global warming on ecosystems processes. 451 

  452 
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Table 1. Time-interpolated greenhouse gas fluxes in shallow lake mesocosms over the study period 653 

(19-06-2014 to 01-09-2014). All fluxes are expressed as the carbon equivalent, g CO2 eq m-2. Total 654 

fluxes during the heat wave are also shown (01-07-2014 to 31-07-2014). Results are presented as 655 

mean ± standard deviation. 656 

 657 

Nutrient Temperature CH4  N2O CO2 Total flux whole 
period 

Mean daily 
flux, pre/post 

heat wave 
period 

Mean daily 
flux, heat 

wave period 

    –––––––––––––––– g CO2 eq m-2 –––––––––––––––– –––– g CO2 eq m-2 d-1 –––– 

Low AMB 1.5 ±0.3 2.1 ±1.4 9.4 ±20.0 13.0 ±21.2 0.19 ±0.28 0.14 ±0.29 

 
A2 1.9 ±0.6 2.1 ±0.5 9.3 ±25.4 11.9 ±25.1 0.02 ±0.31 0.37 ±0.36 

 
A2+ 2.0 ±0.3 2.2 ±1.0 26.5 ±34.2 30.7 ±35.4 0.26 ±0.42 0.62 ±0.55 

High AMB 1.5 ±0.7 2.5 ±1.5 1.9 ±54.9 6.0 ±55.4 -0.14 ±0.39 0.43 ±1.55 

 
A2 1.4 ±0.4 3.4 ±3.1 -13.1 ±3.5 -8.2 ±4.7 -0.24 ±0.14 0.11 ±0.22 

 
A2+ 2.8 ±0.7 3.3 ±2.4 12.0 ±45.2 18.1 ±46.0 0.17 ±0.57 0.36 ±1.13 

  658 
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Table 2. Results from the linear mixed effect models used to test the effect of nutrient, temperature 659 

and heat wave treatments (HW) on GHG emissions – ns, not significant, **, p<0.01; ***, p<0.001. 660 

Significant HW indicates that the heat wave treatment (HW1, i.e. July in A2 and A2+) differed 661 

significantly from the period outside the heat wave (i.e. HW0: AMB, A2 and A2+ in June and August). 662 

The sign between brackets indicates the effect (positive or negative) of the heat wave treatment on 663 

the gas flux. “1” indicates that the heat wave treatment (HW1) differed significantly from the 664 

treatment without heat wave (HW2, i.e. AMB in July). “0” means that the HW1 treatment did not 665 

differ significantly from the HW2 treatment, i.e. the effect of the heat wave did not differ from the 666 

effect of the ambient summer temperature (see ‘Material and methods’ and Fig. 1). 667 

Data set Treatment  CO2 CH4 N2O 

Full Nutrient **(-) ns ns 
  Temperature ns ns ns 
  HW ***(+)0 ***(+)1 ***(+)1 

Low nutrient Temperature ns ns ns 
  HW ***(+)1 ***(+)1 ***(+)0 

High nutrient Temperature ns ns ns 

  HW ns ***(+)0 ***(+)0 
  668 
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Table 3. Results from the linear mixed models testing the effect of: temperature treatments (A2 and 669 

A2+), heat wave (HW), primary production (PP), PVI, ΔPVI, Chl-a and ΔChl-a on GHG fluxes. HW1: 670 

heat wave period (i.e. July in A2 and A2+; HW2: July in AMB, i.e. no artificial heat wave. The model 671 

tested if these treatment levels results differed significantly from those from the period outside the 672 

heat wave period (i.e. HW0: AMB, A2 and A2+ in June and August) (see ‘Material and methods’ and 673 

Fig. 1). 674 

Data set Gas Variables Slope Standard error Df t-value p-value 

Low-nutrient CO2 (Intercept) -0.438 0.099 80 -4.43 0.000 
   PVI -0.006 0.001 80 -8.25 0.000 
   HW1 0.375 0.034 80 11.15 0.000 
   HW2 0.002 0.046 80 0.03 0.973 
   PP -2.873 0.713 80 -4.03 0.000 
  CH4 (Intercept) -0.664 0.073 75 -9.12 0.000 
  

 
HW1 0.570 0.096 75 5.92 0.000 

    HW2 0.173 0.134 75 1.28 0.203 
  N2O (Intercept) 4.600 0.221 79 20.77 0.000 
  

 
A2 0.229 0.131 9 1.74 0.115 

  
 

A2+ -0.145 0.106 9 -1.36 0.206 
  

 
HW1 0.719 0.110 79 6.56 0.000 

  
 

HW2 0.186 0.150 79 1.24 0.218 
    PP -4.842 1.661 79 -2.91 0.005 

High-nutrient CO2 (Intercept) -1.268 0.070 81 -18.14 0.000 
   ΔChl-a -0.006 0.002 81 -3.26 0.002 
   HW1 0.126 0.111 81 1.14 0.258 
  

 
HW2 0.388 0.156 81 2.49 0.014 

  CH4 (Intercept) -0.791 0.121 79 -6.54 0.000 
   ΔChl-a -0.007 0.003 79 -2.70 0.009 
   HW1 0.541 0.138 79 3.92 0.000 
    HW2 0.348 0.184 79 1.88 0.063 
  N2O (Intercept) 4.184 0.117 79 35.76 0.000 
   Chl-a -0.001 0.000 79 -2.13 0.036 
  

 
HW1 0.565 0.124 79 4.56 0.000 

    HW2 0.431 0.169 79 2.54 0.013 
 675 
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