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 32 

Abstract 33 

Climate warming is expected to have large effects on ecosystems in part due to the temperature 34 

dependence of metabolism. The responses of metabolic rates to climate warming may be greatest 35 

in the tropics and at low-elevations because mean temperatures are warmer there and metabolic 36 

rates respond exponentially to temperature (with exponents > 1). However, if  warming rates are 37 

sufficiently fast in higher latitude/elevation lakes, metabolic rate responses to warming may still 38 

be greater there even though metabolic rates respond exponentially to temperature. Thus, a wide 39 

range of global patterns in the magnitude of metabolic rate responses to warming could emerge 40 

depending on global patterns of temperature and warming rates. Here we use the Boltzmann-41 

Arrhenius equation, published estimates of activation energy, and time series of temperature 42 

from 271 lakes to estimate long-term (1970-2010) changes in 64 metabolic processes in lakes. 43 

The estimated responses of metabolic processes to warming were usually greatest in 44 

tropical/low-elevation lakes even though surface temperatures in higher latitude/elevation lakes 45 

are warming faster. However, when the thermal sensitivity of a metabolic process is especially 46 

weak, higher latitude/elevation lakes had larger responses to warming in parallel with warming 47 

rates. Our results show that the sensitivity of a given response to temperature (as described by its 48 

activation energy) provides a simple heuristic for predicting whether tropical/low-elevation lakes 49 

will have larger or smaller metabolic responses to warming than higher latitude/elevation lakes. 50 

Overall, we conclude that the direct metabolic consequences of lake warming are likely to be felt 51 

most strongly at low latitudes and low-elevations where metabolism-linked ecosystem services 52 

may be most affected. 53 
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Introduction 54 

Metabolic theory provides a basis for using first principles of physics and chemistry to 55 

understand ecosystem responses to climate warming (Brown et al., 2004). Metabolic theory 56 

suggests that warming influences ecosystem dynamics, in part, due to the fundamental 57 

temperature dependence of biochemical reactions underlying all of metabolism. Photosynthesis 58 

(Farquhar et al., 1980), organismal lifespans (Munch & Salinas, 2009), and ecosystem-level 59 

methane emissions (Yvon-Durocher et al., 2014), are all well-studied metabolism-linked 60 

variables that exhibit a fundamental link between temperature and metabolism.  61 

Empirically-derived relationships between temperature and metabolism-linked variables 62 

have been used widely to estimate long-term responses of ecosystems to warming in the absence 63 

of long-term metabolism data (Cheung et al., 2008; Daufresne et al., 2009; Dillon et al., 2010; 64 

Gardner et al., 2011; Marotta et al., 2014; Weber et al., 2015). These estimations suggest that 65 

linear warming will increase metabolic rates exponentially, with consequences for all levels of 66 

biological organization from individuals to ecosystems. However, warming rates and the 67 

sensitivity of metabolism-linked variables to temperature vary substantially across ecosystem 68 

types (Dell et al., 2011; O’Reilly et al., 2015). Thus, estimations of the global responses of 69 

metabolism to climate warming in a specific ecosystem type will depend on how temperature 70 

variation in that ecosystem type intersects with its thermal sensitivity to give rise to metabolic 71 

change. 72 

The relationship between temperature and metabolism-linked variables can be described 73 

by the Boltzmann-Arrhenius equation, 74 � = ���−��/��                                                      (1) 75 

where � is the metabolism-linked variable, bo is a normalization constant, e is Euler’s number 76 

(2.718), Ea is the activation energy (in eV), k is the Boltzmann constant (8.617 x 10-5 eV K-1), 77 

and T is the temperature (in °K). Metabolism-linked variables respond exponentially to 78 

temperature due to increases in the mean and variance of molecular kinetic energy as 79 

temperature increases. Boltzmann-Arrhenius model fitting has shown that Eqn. (1) explains 80 

much of the seasonal and interannual variation in metabolism-linked variables (Dell et al., 2011; 81 

Yvon-Durocher et al., 2012, 2014). The sensitivity of a given metabolism-linked variable to 82 
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temperature is related to its activation energy: higher activation energy connotes greater 83 

sensitivity to warming arising from a steeper exponential response to temperature.  84 

Because metabolism-linked variables respond exponentially to temperature, regions 85 

where temperatures are high can have relatively strong absolute responses to climate warming 86 

(Dillon et al., 2010; Marotta et al., 2014).

Nonetheless, if temperate and arctic sites are warming sufficiently faster than the tropics, 96 

the resulting metabolic responses could still be greater there despite the nonlinearity of metabolic 97 

responses to temperature. Using Eqn. (1) with a moderate activation energy of 0.5eV (common 98 

range: 0.2-1.2 eV ; Dell et al., 2011) for a simple calculation, an arctic/high-elevation site with 99 

an initial temperature of 5 °C would have to warm more than 3.4 times as fast as a tropical/low-100 

elevation site with an initial temperature of 25 °C to have a larger response in metabolism. The 101 

likelihood that temperate/mid-elevation and arctic/high-elevation metabolic responses will 102 

exceed tropical/low-elevation metabolic responses will also depend in part on the sensitivity to 103 

temperature of the metabolism-linked variable. A key feature of Eqn (1) is that as the activation 104 

energy approaches kT, the steepness of the relationship between temperature and the 105 

metabolism-linked variable is dampened (i.e., approaches a fixed linear slope). As a result, when 106 

activation energies are low, higher warming rates in temperate/mid-elevation and arctic/high-107 

elevation ecosystems are more likely to lead to larger metabolic responses there. In contrast to 108 

our earlier example, if the activation energy of a metabolism-linked variable were only 0.25 eV, 109 

the arctic/high-elevation site would have to warm only 1.75 times faster than the tropical/low-110 

elevation site to have a larger metabolic response. Thus, global patterns in metabolic responses to 111 

climate warming in a specific ecosystem type will depend on how warming rate variation across 112 

 In some cases, the responses of metabolism-linked 87 

variables (hereafter, “metabolic responses”) to climate warming are expected to be greatest in the 88 

tropics, even when warming rates are relatively low there (Dillon et al., 2010; Marotta et al., 89 

2014). Thus, the exponential relationship between temperature and metabolism-linked variables 90 

can make metabolic responses to warming incongruent with global patterns in warming rates. 91 

Work on the exponential response of metabolism to warming has added to a growing literature 92 

that suggests climate change may have larger direct effects on tropical ecosystems, which 93 

contain much of the world’s biodiversity (Williams et al., 2007; Deutsch et al., 2008; Tewksbury 94 

et al., 2008; Loarie et al., 2009; Kraemer et al., 2015a; Radeloff et al., 2015). 95 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



 

 

This article is protected by copyright. All rights reserved 

sites in that ecosystem type intersects with the thermal sensitivity of its metabolism-linked 113 

variables. Understanding how changes to environmental temperature intersect with the 114 

temperature sensitivity of key ecosystem processes could guide heuristics for predicting global 115 

ecosystem responses to warming. 116 

Here we use long-term lake temperature data and published relationships between 117 

temperature and metabolism-linked variables in lake ecosystems to explore the magnitude and 118 

global geography of metabolic responses to climate warming. Lakes are ideal ecosystems for 119 

quantifying the effects of warming because their global geographic distribution and insularity 120 

make them sensitive sentinels of climate change (Adrian et al., 2009; Schindler, 2009). 121 

Moreover, changes in metabolism-linked variables are likely to translate into shifts in global 122 

carbon cycling (Tranvik et al., 2009), key ecosystem services (Wilson & Carpenter, 1999; 123 

Bennett et al., 2009; Allan et al., 2015), and freshwater biodiversity (Vadeboncoeur et al., 2011). 124 

Lakes exhibit a wide range of baseline temperatures and warming rates (O’Reilly et al., 2015), 125 

and the activation energies of key metabolism-linked variables within a lake also differ strongly 126 

(Dell et al., 2011). Thus, combining temperature data from lakes worldwide with activation 127 

energy estimates from a diverse metabolic processes should enable a powerful test of how 128 

metabolic responses to lake warming vary across latitude for lakes. Indeed, the 271 lakes 129 

included in this analysis contain the majority of the liquid surface freshwater on the planet and 130 

thousands of animal species that are found nowhere else on earth (Vadeboncoeur et al., 2011). 131 

Materials and Methods 132 

We estimated metabolic responses to climate warming in lakes by inserting long-term lake 133 

temperature time series into empirically-derived Boltzmann-Arrhenius equations relating 134 

temperature to freshwater metabolism-linked variables. Our analyses made use of two large 135 

temperature datasets that each detail changes in environmental temperature of lakes over time. 136 

Together, these two data sources offer rich coverage of temperature measurements across lake 137 

depth and across the globe. The first dataset includes vertical profiles of water temperature 138 

measurements from 26 lakes that were monitored for 30 years on average (range: 6-41 years) 139 

spanning the time period from 1970-2010 (data from (Kraemer et al., 2015a), Text S1). Some 140 

lakes with non-seasonal temperature variability had only one profile per year, while others had 141 

daily profiles from high-resolution data loggers. Several lakes had data gaps of more than 1 year. 142 
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The longest mean data gaps (average time between temperature profile measurements) were for 143 

Tanganyika (2 yr), Kivu (3 yr), Victoria (3 yr), Nkugute (7 yr), and Atitlan (8 yr). To ascertain 144 

how metabolic rates in lakes are expected to respond to warming, we substituted time series of 145 

temperature measurements from the surface and near the bottom of the deepest point of each lake 146 

for T in the Boltzmann-Arrhenius equations (Eqn. 1). Prior to the estimation of metabolic 147 

responses through time, temperature data were linearly interpolated to a daily time step (Text 148 

S2). The lake monitoring sites had a global distribution, and represent a wide range of 149 

morphometric and geographic characteristics (surface area 0.02 to 68800 km2; depth 2.3 to 1642 150 

m; and elevation -212 to 1987 m above sea level). The second lake temperature dataset comes 151 

from a published repository which includes mean summer surface temperature from 271 lakes 152 

with broad geographic representation (Table S3) but with less temperature data per lake (annual 153 

summer surface mean temperature) (Sharma et al., 2015). These temperature data are available 154 

for the period 1985-2009 and include both remote sensing and in situ measurements. The remote 155 

sensing data were validated using data from the Laurentian Great Lakes and were found to have 156 

a root mean squared error (RMSE) of 0.025 °C compared to in situ temperature measurements 157 

(Schneider & Hook, 2010). Mean summer surface temperature data during the summer (July 1 - 158 

September 30 for lakes in northern hemisphere and January 1 - March 29 for lakes in the 159 

southern hemisphere) are available for at least 13 years of the study period. Some large, multi-160 

basin lakes had up to 3 monitoring sites within them to account for the substantial variation in 161 

warming rates that are observed within some lakes (Kraemer et al., 2015b; Mason et al., 2016). 162 

19 lakes were represented in both summer mean and annual datasets. All lakes were functionally 163 

defined as high-latitude/elevation, mid-latitude/elevation, and low-latitude/elevation based on 164 

their mean lake temperatures. Mean temperatures for arctic/high-elevation lakes (1st quartile, 165 

n=65) were less than 17 °C. Mean temperatures for temperate/mid-elevation lakes (2nd and 3rd 166 

quartiles, n=135) were between 17 °C and 22 °C. Mean temperatures for tropical/low-elevation 167 

lakes (4th

To estimate metabolism through time as a function of lake temperature, temperature data 169 

from each lake were substituted for the T variable from Eqn. (1) with E

 quartile, n=66) were greater than 22 °C. 168 

a values from 64 different 170 

metabolism-linked variables spanning biological scales from individuals to populations to 171 

ecosystems. The output, υ, from these calculations can be interpreted as an estimation of 172 

metabolic variables at specific lake temperatures through time. We caution that metabolic 173 
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responses to temperature based on summer mean temperature do not represent an estimate of the 174 

summer mean metabolic rate or annual mean metabolic rate (see the fallacy of the average; 175 

(Savage, 2004)). Our interpretation of these results focuses on spatial and temporal patterns 176 

across lakes arising from differences in mean lake temperature, warming rates, and thermal 177 

sensitivity of freshwater metabolism-linked variables.  178 

Activation energies for the metabolism-linked variables that we used in our analysis were 179 

derived empirically from published field and laboratory data. Data were obtained from published 180 

databases (Dell et al., 2013) and extracted from peer-reviewed publications (Gillooly et al., 181 

2001, 2002; Savage, 2004; Munch & Salinas, 2009; Hein & Keirsted, 2012; Rall et al., 2012; 182 

Yvon-Durocher et al., 2012, 2014). Prior to Boltzmann-Arrhenius model fitting, we took the 183 

inverse of all responses to temperature where the unit in the response was time (e.g. gut 184 

clearance time). We fit the Boltzmann-Arrhenius model (Eqn. 1) to data for each metabolism-185 

linked variable. We only included measurements of metabolism at temperatures below the 186 

temperature of maximum performance that was observed, thereby avoiding complications from 187 

metabolic falls (Dell et al., 2011). When more than one species or ecosystem type was 188 

represented for a given metabolic variable (Table S4), the median activation energy for that 189 

metabolic variable was used. The metabolic responses analyzed here included many important 190 

biogeochemical fluxes that differ strongly in their activation energies, such as methane emissions 191 

(0.96 eV) (Yvon-Durocher et al., 2014), invertebrate metabolism (0.74 eV) (Gillooly et al., 192 

2001), pelagic ecosystem respiration (0.63 eV) (Yvon-Durocher et al., 2012), and planktonic 193 

gross primary production (0.41 eV) (Yvon-Durocher et al., 2010) (Fig. 1). 59 out of 64 activation 194 

energies analyzed here represent processes that occur year-round in both surface and bottom 195 

waters of lakes (Table S4).  196 

Measurements of metabolism-linked variables in lakes are rarely made over time periods 197 

sufficiently long to allow comparison to our results. However, long-term gross primary 198 

production data sets are available for lakes through the North Temperate Lakes Long-Term 199 

Ecological Research Site in Wisconsin, USA. We used data from two lakes with minimal 200 

changes in their watershed land cover (Sparkling Lake and Trout Lake) to estimate whether long-201 

term trends (1987-2007) in gross primary production could be explained by observed warming 202 

trends (Fig. S5 and S6).  203 
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 We analyzed long-term trends in lake temperatures and in metabolic responses to 204 

warming using Theil-Sen nonparametric regressions (Theil, 1950) fit to annual averages using 205 

the “mblm” package in R (Komsta, 2013). We tested for the significance of warming trends in 206 

each lake without correcting for multiple comparisons (α = 0.1). We didn’t correct for multiple 207 

comparisons because we only report the percentage of lakes with significant warming trends as 208 

an overall metric of lake temperature change and the significance of warming trends in specific 209 

lakes was not a concern. The slope of the Theil-Sen regression for each lake-variable 210 

combination was used to represent the magnitude and direction of its metabolic response. To 211 

enable comparison across metabolic responses of different activation energies with different 212 

units, we express the long-term change in υ (Theil-Sen slope) for each metabolism-linked 213 

variable as a proportion of the estimated value for that metabolism-linked variable at 15ºC 214 

(υ15°C

Results  217 

). All statistics were run using the R statistical computing environment (R Core Team, 215 

2014).  216 

Geography of baseline lake temperatures and warming rates 218 

 Mean lake temperatures varied predictably across the globe, with arctic/high-elevation 219 

lakes generally being colder than tropical/low-elevation lakes. Elevation and latitude together 220 

explained 65% of the variability in mean lake temperature. Earth’s two subtropical high-pressure 221 

zones coincided with lower mean lake temperatures than would be expected at these latitudes 222 

due to the dominance of high-elevation lakes there. Lake depth and season affected the range of 223 

mean lake temperatures observed in our data. Summer surface temperatures had a wider range 224 

(3.81 - 31.49°C) and higher median (20.23°C) than annual surface (range: 1.14 - 26.35 °C, 225 

median: 11.40 °C) and bottom temperatures (range: 1.76 – 25.01 °C, median: 5.17 °C; Fig. 2b 226 

and Fig. 2d).   227 

Mean summer surface temperatures increased by an average of 0.36 °C decade-1 from 228 

1985 to 2009 based on data from all 271 lakes, with 233 (85%) of these lakes showing warming 229 

over the 24-year period of observation (positive Theil-Sen slopes) (Fig. 2 and 3). The warming 230 

trend was significant in 53% of the 233 lakes with positive warming trends (Mann-Kendall, p < 231 

0.1). Of the 38 lakes with cooling trends (negative Theil-Sen slopes), only 2 trends were 232 
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significant (Mann-Kendall, p < 0.1). Summer lake warming rates were negatively correlated with 233 

mean summer lake temperature across lakes (r = -0.21, p < 0.001) which was consistent across 234 

the northern and southern hemispheres (Fig. 2). Annual mean surface temperature has increased 235 

by 0.29 °C decade-1 over the period from 1970-2010 for the 26 lake monitoring sites with annual 236 

profile data (Fig. 2). Of these sites, all 26 were warming (positive Theil-Sen slopes), and 20 of 237 

those showed significant warming trends (Mann-Kendall, p < 0.1). Average annual bottom 238 

temperature data have increased by only 0.04 °C decade-1

Metabolic responses to warming 246 

 over the period from 1970-2010 on 239 

average. 18 of 26 lake monitoring sites with temperature profiles had increasing bottom 240 

temperatures (positive Thiel-Sen slopes) but the increase was significant in only 10 of these lakes 241 

(Mann-Kendall, p < 0.1). Eight lakes had cooling bottom temperature trends, two of which were 242 

significant (Mann-Kendall, p < 0.1). Mean annual surface warming and mean annual bottom 243 

warming were only weakly correlated with mean lake temperatures (surface r = -0.01 and p = 244 

0.96, bottom r = -0.19 and p = 0.35) (Fig. 2).  245 

 All  activation energies for metabolic processes in lake ecosystems fell between 0.019 eV 247 

and 1.55 eV (Fig. 1). The first, second, and third quartiles of the distribution of activation 248 

energies fell at 0.41 eV (mass-scaled fish respiration), 0.54 eV (invertebrate growth rate), and 249 

0.80 eV (mass-scaled arthropod embryonic development time) (Fig. 1). We use the first, second 250 

and third quartiles of the activation energy distribution as important benchmarks in Fig. 1, and 251 

Fig. 4. The mean activation energy (0.63 eV) was slightly higher than the median, indicating 252 

slight right skewness in agreement with previous work (Dell et al., 2011). There was no evidence 253 

suggesting that activation energies for any particular metabolism-linked variable used in our 254 

study varied systematically with latitude (Fig. S7). 255 

There was wide variation in the estimated direct effects of temperature on metabolism 256 

across metabolism-linked variables with different activation energies. Using the median 257 

activation energy and annual surface temperature variation to calculate metabolic responses to 258 

warming, we estimate that lake surface metabolism has increased by 0.015*υ15°C decade-1, where 259 

υ15°C is the estimated metabolism-linked variable at 15°C (Fig. 2). The metabolic response to 260 

warming for the metabolism-linked variable with an activation energy at the first quartile (mass-261 

scaled fish respiration, 0.41 eV) averaged 0.009*υ15°C decade-1 across lakes based on mean 262 
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annual lake surface temperature. However, the metabolic response to warming for the 263 

metabolism-linked variable with an activation energy at the third quartile (mass-scaled arthropod 264 

embryonic development time, 0.80 eV) was 0.027*υ15°C decade-1

There was also wide variation in the metabolic response to warming across depth and 268 

season. Using the median activation energy, metabolic responses at the bottom of lakes were 269 

estimated to have changed more slowly (0.004*υ

 on average when based on 265 

mean annual surface warming. This represents a 3-fold difference in the magnitude of metabolic 266 

responses to warming in lakes over the middle half of activation energies reported here. 267 

15°C decade-1) than at lake surfaces due to the 270 

slower warming rates at the bottom of lakes on average (Fig. 2b). The metabolic response of the 271 

metabolism-linked variable with the median activation energy increased to a rate of 0.044*υ15°C 272 

decade-1

For the bulk of activation energies analyzed here, metabolic responses to warming were 274 

greatest for tropical/low-elevation lakes in stark contrast to global patterns in warming rates (Fig. 275 

4). For instance, Lake Superior is one of the top five fastest warming lakes in our analysis, but its 276 

median metabolic response is only in the 63rd percentile due to its low mean temperature. 277 

Metabolic responses in tropical/low-elevation lakes were larger than in temperate/mid-elevation 278 

and arctic/high-elevation lakes for metabolic responses with moderate to high activation energies 279 

(Fig. 4). However, at the lowest activation energies (e.g. less than 0.3 eV), metabolic responses 280 

were greater in temperate/mid-elevation lakes or arctic/high-elevation lakes (Fig. 4) because they 281 

tended to be warming faster (Fig. 2 and 3) based on summer surface temperatures. 282 

 (Fig. 2d) when based on summer surface temperature.  273 

Discussion  283 

Our calculations suggest that climate warming accelerated metabolism in the world’s 284 

lakes since 1970. The acceleration of metabolism in lakes has likely changed the functioning of 285 

lake ecosystems by altering food web dynamics (e.g. consumption rates), animal behavior (e.g. 286 

predatory attack distances), life histories (embryonic development times), species interactions 287 

(e.g. prey escape velocities), and ecosystem carbon cycling (e.g. primary production; Table S4). 288 

These changes are known to have consequences for human populations through their effects on 289 

water quality, fisheries productivity, and greenhouse gas emissions. For instance, based on its 290 

high thermal sensitivity alone, we estimate that ecosystem-level methane emissions (Ea = 0.96) 291 
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will increase by 4% per decade on average, representing a substantial increase in aquatic 292 

emissions of a potent greenhouse gas.  293 

Metabolic response heterogeneity 294 

Variation across metabolism-linked variables in their thermal sensitivity may give rise to 295 

asymmetrical metabolic responses to warming (Dell et al., 2014). For instance, metabolism-296 

linked variables related to ecosystem primary production (Ea range: 0.30-0.45; Table S4) were 297 

consistently less sensitive to temperature than for ecosystem respiration (Ea

Activation energies also provide a simple heuristic for predicting the geography of 306 

metabolic responses to warming. Our findings show that global patterns in the response of lake 307 

ecosystems to climate warming varied widely among metabolism-linked variables, using 308 

empirically-derived estimates of their thermal sensitivity. The bulk of metabolic responses to 309 

warming showed larger absolute changes in tropical/low-elevation lakes even when such lakes 310 

were warming more slowly than arctic/high-elevation and temperate/mid-elevation lakes. Our 311 

analyses corroborate other work that showed that metabolic impacts of warming on terrestrial 312 

ectotherms may be greatest in the tropics despite lower air temperature warming rates there 313 

(Dillon et al., 2010). However, we caution against generalizations about nonlinear responses to 314 

temperature always leading to disproportionately strong responses to warming at low latitudes 315 

and elevations; variation in activation energy among metabolic processes precludes such a 316 

sweeping conclusion. For instance, metabolic responses with low thermal sensitivity (e.g. 317 

photosynthesis, 0.30 eV; and ectotherm consumption rate, 0.20 eV) were greatest in temperate 318 

lakes because they have sufficiently high mean temperatures and warming rates to counteract the 319 

nonlinear temperature dependence of metabolism. Thus, for processes with low activation 320 

energies, lakes with low mean temperatures are warming sufficiently fast in the summer to 321 

 range: 0.55-0.63 298 

eV), suggesting asymmetrical responses to warming across trophic levels (Dell et al., 2014). The 299 

asymmetry between the temperature sensitivity of primary production and ecosystem respiration 300 

could have implications for greenhouse gas emissions (Yvon-Durocher et al., 2010) and 301 

dissolved oxygen dynamics (Staehr et al., 2012). Furthermore, the activation energy for benthic 302 

ecosystem respiration (0.55 eV) was lower than that for pelagic ecosystem respiration (0.63 eV). 303 

Thus, pelagic respiration may comprise a relatively larger proportion of total lake respiration as 304 

temperatures rise. 305 
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maintain larger metabolic responses than warmer lakes despite nonlinear responses. This finding 322 

contrasts with similar analyses of terrestrial ectotherm respiration rate change through time 323 

showing consistently larger effects on the respiration rates of tropical terrestrial ectotherms 324 

across activation energies (Dillon et al., 2010). This difference is attributable to the inclusion of a 325 

broader range of metabolic responses in our study (0.019-1.55 eV among our 64 metabolism-326 

linked variables compared to 0.46-0.74 eV for terrestrial ectotherm  respiration rates (Dillon et 327 

al., 2010)) including those with low activation energies. Therefore, we emphasize the importance 328 

of considering the full range activation energies observed in nature in studies of the global 329 

geography of metabolic responses to climate warming.  330 

Due to reduced warming rates at the bottom of lakes relative to the surface (Winslow et al 331 

2014, Kraemer et al 2015), absolute metabolic responses to temperature depend heavily on the 332 

depth at which each process occurs. Lake surface temperatures are determined predominantly by 333 

direct heat exchange across the air-water interface, hence they are correlated with air temperature 334 

on many timescales (Livingstone & Lotter, 1998; Livingstone, 2003). In contrast, the 335 

temperature of deep water is determined primarily by lake mixing behaviour (Ambrosetti & 336 

Barbanti, 1999). Of the 64 metabolism-linked variables that we analysed, 59 represent traits that 337 

are likely present at all locations within a particular lake, while the remaining five are likely 338 

concentrated at particular depths. For instance, methanogenesis primarily occurs in the anoxic 339 

benthos of lakes, while primary production primarily occurs at lake surfaces where light is most 340 

available. Given the strong difference between metabolic responses estimated here for lake 341 

surfaces and lake bottoms (Fig. 2), surface temperature change alone may be a poor indicator of 342 

lake-wide metabolic responses for the metabolism-linked variables that occur across all lake 343 

depths. Thus, predictions of lake-wide metabolic responses to warming based on metabolic 344 

theory will require in situ temperature profiles that cannot be derived from satellite imagery. 345 

Such monitoring data are scarce, especially in the tropics.  346 

Direct versus indirect drivers of metabolism 347 

We have focused on estimating the direct effect of temperature rise on metabolism-linked 348 

variables. However, the actual change in metabolism through time as a result of climate change 349 

will depend on the sum of direct and indirect effects of temperature on metabolism. Comparing 350 

our estimates based on warming alone to long-term primary production measurements in two 351 
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Wisconsin lakes suggests no statistical evidence for major indirect effects (Figs. S5 and S6). 352 

However, the direct effect of warming on metabolism-linked variables may be outweighed in 353 

other lakes with large changes in nutrient loads, species invasions, or other factors. Warming-354 

driven shifts in lake mixing (O’Reilly et al., 2003; Ndebele-Murisa et al., 2014; Brighenti et al., 355 

2015) and oxygenation (Cheung et al., 2012; Deutsch et al., 2015) may also affect long-term 356 

trends in lake metabolism, and such changes have not been accounted for in our analysis. 357 

Whether indirect effects swamp the direct temperature-dependence of metabolism in most lakes 358 

remains a stimulating research topic.  359 

Incorporating all direct and indirect effects of climate change into models of lake 360 

metabolic processes will be required to generate accurate modelled estimates of changes in 361 

metabolism through time for specific lakes. This is especially the case for metabolic responses 362 

that have large standard deviations in site-specific activation energies (e.g. 0.59 eV standard 363 

deviation for methane emissions across sites; Yvon-Durocher et al., 2014). There is a strong 364 

need to evaluate whether variability in site specific activation energies can be explained by site 365 

traits (Irlich et al., 2009; Dillon et al., 2010). In some cases, ecological differences between sites 366 

(e.g. geomorphology, organic carbon recalcitrance, nutrient stoichiometry, community structure, 367 

local adaptation) may constrain or amplify the apparent sensitivity of metabolic responses to 368 

temperature change (Jankowski et al., 2014; Yvon-Durocher et al., 2014). Thus, site-specific 369 

conditions could dampen or amplify the underlying temperature dependence of a specific 370 

metabolic response (Jankowski et al., 2014). At present, there is no evidence that site-specific 371 

activation energies in lakes vary systematically across the globe (Perkins et al., 2012; Yvon-372 

Durocher et al., 2012, 2014), but some evidence for such a pattern has been found in terrestrial 373 

ectotherms (Irlich et al., 2009). In our compilation of freshwater activation energies, we found no 374 

significant relationship between activation energy and the average temperature, or environmental 375 

context (lab vs. field) for metabolic data used to calculate activation energies (Dell et al., 2011). 376 

Similarly, estimated activation energies were not correlated with the latitude at which metabolic 377 

data were collected (Fig. S7), though tropical ecosystems are clearly underrepresented, 378 

underscoring an acute need for further assessment of activation energies in tropical lakes. A 379 

better understanding of drivers of site-specific activation energies would enable more accurate 380 

estimates of the direct effect of climate change on metabolism in lakes at the global scale.   381 
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Increases in metabolic demands of organisms estimated here also assume that they will 382 

acclimate to their new thermal environment. If behavioral and physiological acclimation are not 383 

possible, or if organisms are already above their thermal optima or critical thermal maxima, the 384 

impacts of warming on organisms could be magnified. Maintenance of metabolic stasis through 385 

relocation to deeper, colder water has been invoked as an adaptation strategy for aquatic 386 

ectotherms in the face of environmental temperature change (Cheung et al., 2012; Burrows et al., 387 

2014); however, such forced shifts may raise a host of new problems by separating aquatic fauna 388 

from habitats whose depth distribution is constrained by light and nutrient gradients (Cheung et 389 

al., 2012). 390 

Understanding the consequences of metabolic acceleration for lake ecosystems is critical 391 

for predicting shifts in the benefits that lakes provide to society. The lakes included in this 392 

analysis are globally significant repositories of freshwater biodiversity and ecosystem services. 393 

In aggregate, they contain the vast majority of liquid surface freshwater on the planet. The large 394 

ancient lakes in our analysis (Tanganyika, Hovsgol, Baikal, Biwa, Kinneret, Van, Valencia, 395 

Titicaca, etc.) hold thousands of animal species found nowhere else on Earth (Martens, 1997). 396 

The African rift lakes support highly productive fisheries that are vital to local food security. 397 

Lakes Tahoe, Atitlan, and Zurich are deeply integrated into regional economies through 398 

recreation and tourism. The consequences of metabolic acceleration for biodiversity and 399 

ecosystem services in lakes will also depend on shifts in lake physics (Kraemer et al., 2015a), the 400 

global distribution of lake area (Downing et al., 2006), and complex ecological interactions that 401 

are beyond the scope of this study. However, our work suggests that substantial metabolic 402 

acceleration has already occurred since 1970, and is most pronounced in the tropics where 403 

metabolism-linked ecosystem services (e.g. water clarity, fishery productivity, and greenhouse 404 

gas sequestration) may be most affected. 405 

Joint consideration of metabolic thermal sensitivity and global patterns of warming rates 406 

indicates that warming has had greater direct effects on tropical lake ecosystems than temperate 407 

and arctic lake ecosystems for most, but not all metabolism-linked variables. Like analyses of 408 

climate velocity (Loarie et al., 2009; Burrows et al., 2014), climate novelty (Williams et al., 409 

2007; Radeloff et al., 2015), and the thermal tolerances of organisms (Ghalambor et al., 2006; 410 

Deutsch et al., 2008; Tewksbury et al., 2008; Huey & Kingsolver, 2011), our findings 411 
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demonstrate that global patterns in warming rates alone can be misleading as predictors of 412 

ecosystem responses to climate change (Fig. 4). For the critical biological processes analyzed 413 

herein, metabolism provides a powerful foundation for understanding such decoupling and the 414 

resulting patterns of metabolic responses to climate warming. 415 
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Figure S7: Relationship between activation energy and latitude for the 9 metabolism-linked 573 

variables in our study fit to data which span the widest range in latitude. 574 

Figure Captions: 575 

Figure 1: Exponential temperature-dependence curves for 64 metabolism-linked variables based 576 

on Eqn (1). Metabolism-linked variables are expressed as, υT (value of each metabolism-linked 577 

variable, υ, estimated at temperature, T) divided by υ15°C (the value of υ estimated at T = 15o

Figure 2: Trends in lake temperature (a and b) and metabolism-linked variables

 C). 578 

The full density distribution of activation energies represented in this study is shown in figure 1b. 579 

The solid black line represents the median activation energy (0.54 eV) and the dashed lines 580 

represent the first and third quartiles (0.41 eV and 0.80 eV, respectively). 581 

 (c and d), as they 582 

relate to mean lake temperature. Lakes are represented as individual dots. Lines and their 583 

associated ribbons represent the non-parametric, locally weighted regression lines (loess) and 584 

their 95% confidence intervals. Trends in metabolism are represented by the change (Thiel-Sen’s 585 

slope) in � * �R15°C
-1 (decade-1

Figure 3: Global changes in temperature (b) and metabolism (c) across 271 lakes (a) since 1985. 591 

Points are changes in mean temperature (annual mean across lakes) for arctic/high-elevation 592 

lakes (n=65, mean temperature < 17 °C), temperate/mid-elevation lakes (n=135, 17 °C < mean 593 

temperature < 22 °C), tropical/low-elevation lakes (n=66, mean temperature > 22 °C) (a). 594 

Change in temperature and metabolism are expressed as a difference from the average value for 595 

each geographical lake category from 1985-1987. Lines are locally weighted regression lines and 596 

shaded ribbons around each line represent 95% confidence intervals. The median activation 597 

energy (0.54 eV) was used to calculate metabolic change through time. 598 

), where � is the metabolism-linked variable with the median 586 

activation energy from Fig. 1 (0.54 eV), and �R15°C is the estimated value for that metabolism-587 

linked variable at 15 °C. The left panels (a and c) represent summer temperature and metabolism 588 

trends in 271 of the world’s lakes from 1985-2009. The right panels (b and d) represent full 589 

annual temperature and metabolism trends in 26 of the world’s lakes from 1970-2012.  590 

Figure 4: Responses of metabolism-linked variables to climate warming in relation to activation 599 

energy and geographical lake category (Tropical/low-elevation, temperate/mid-elevation, and 600 

arctic/high-elevation). Colored lines represent the loess regression of metabolic change against 601 
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activation energy for each geographical lake category. Shaded ribbons surrounding each line 602 

represent ± 95% confidence intervals. Estimated change in each metabolism-linked variable is 603 

divided by the estimated value at 15oC for that variable to facilitate comparison across 604 

metabolism-linked variables with different units and different normalization constants (bo). The 605 

response of metabolism-linked variables are split into separate panels according to whether 606 

summer surface temperatures (years 1985-2009, a), annual surface temperatures (years 1970-607 

2010, b), or annual lake bottom temperatures (years 1970-2010, c) were used. The vertical solid 608 

reference lines indicate the median activation energy (0.54 eV) across 64 metabolic responses 609 

considered in this study. Dashed lines represents the first (0.41 eV) and third (0.80 eV) quartiles 610 

of the distribution of activation energies. 611 
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