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Abstract

Climate warming is expected have large #ects onecosystems in padue to the temperature
dependence of metabolisithe responses of metabolic rateslimate warmingnaybe greatest

in the tropicsand at lowelevations because mewmperatures are warmer there ametabolic
ratesrespand exponentially to temperature (with exponents > 1). Howkwarming rates are
sufficiently fastin higher latitude/elevatiotakes metaboliaateresponses to warming mayilst

be greatethereeven though metabolic rates respond exponentially to temperature. Thus, a wide
range of glebal-patterns in the magnitude of metalatie response® warming could emerge
depending on global patternstefperature and warming ratékere we use the Boltzmann
Arrhenius'equationpublished estimates of activation energy, and time series of temperature
from 271 lakes to estimate logrm (190-2010) changes in 64atabolic processan lakes.
Theestimatedesponses ahetabolic processde warmingwere usuallygreatest in
tropical/lowelevationlakeseven thouglsurface temperatures lmgher latitude/elevatiotakes
arewarming-fasterHowever, when the theal sensitivity of anetabolic processs especially

weak higher latitude/elevatiolakeshadlarger responses to warming in parallel with warming
rates.Our results showhatthe sensitivity of a given response to temperature (as described by its
activatign energ) providesa simple heuristic for predictinghethertropicallow-elevationlakes

will have larger‘or smatr metabolicresponses to warming thaigher latitude/elevatiolakes
Overall, we conclude thahbédirect metabolic consequences of lake warming are likely felbe
most stronghat low latitudesandlow-elevatiors where metabolisAinked ecosystem services

may bemost affected.
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I ntroduction

Metabolic theoryprovides @asisfor using first principle®f physics ang¢hemistry to
understanecosystem responstsclimate warmingBrown et al, 2004).Metabolic theory
suggestsithatarming influencegcosystem dynamicé part, due to the fundamental
temperature dependence of biochemical reactiodgrlyingall of metabolism. Photosynthesis
(Farquhaeet al, 1980) organismal lifespan@viunch & Salinas, 2009and ecosystesievel
methaneemissions (Yvon-Durochest al, 2014) areall well-studiedmetabolismlinked

variables thaexhibit a fundamental link between temperature and metabolism

Emepirieally-derived relationshipbetween temperature antetabolismlinked variables
havebeen useavidely to estimate longerm responses of ecosystemsvarmingin the absence
of longterm metabolism dat@heunget al, 2008; Daufresnet al, 2009; Dillonet al, 2010;
Gardneret al, 2011; Marottaet al, 2014; Webeet al, 2015) These ednations suggeghat
linearwarming will increase metabolic rategponentiallywith consequences for all levels of
biological @rganization from individuals erosystemdHowever, varming rates and the
sensitivity ‘of metabolisalinked variables to temperature vary substantially across ecosystem
types(Dellet al, 2011; O'Reillyet al, 2015). Thus, estimations of the global respon$es
metabolispto climate warmingn a specific ecosystem typeéll depend orhow temperature
variation in that ecosystem type intersects with its thermal sensitivity to give rssdbolic

change.

The relaibnship betweetemperature anohetabolismlinked variable can be described

by the Boltzmann-Arrhenius equation,
v = bye Easkr (1)

wherevis the metabolisatinked variablep, is a normalization constargjs Euler's number
(2.718),E, is the activation energy (in e s the Boltzmann constant (8.617 XK/ K™),
andT isithe temperature (in °KMetabolismlinked variables respond exponentially to
temperature due to increases in the mean and vawaneelecular kinetic energy as
temperature increasd3oltzmann-Arrhenius model fitting has shown that HGhexplains
much of the seasonal and interannugiationin metabolisrdinked variablegDell et al, 2011;

Yvon-Durocheret al, 2012, 2014). The sensitivity of a given metabolism-linked variable to
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temperature iselated tats activation energy: higher activation energy connotes greater

sensitivity to warming arising from a steeper exponential response to temgeratur

Because metabolistinked variables respond exponentially to temperatiggions
wheretemperatures are high can hagkatively strongabsoluteesponses tolimate warming
(Dillon et al, 2010; Marottaet al, 2014) In some cases, the responses of metabdirgtad
variables (hereafter, “metabolic responses”) to climate warming are expected to be greatest in the
tropics,evenwhen warming rates are relatively low thédallon et al, 2010; Marottaet al,
2014). Thus, the exponential relationship between temperature and metdiniesinsariables
can make metabolic responses to warming incongruent with global patterns in waatesng r
Work on the/exponential response of metabolism to warming has added to a growing literature
that suggests.climate change nhayelarger direct effects on tropical ecosystembkich
contain mueh.ef the world’s biodiversi{Williams et al, 2007; Deutsclet al, 2008; Tewksbury
et al, 2008; Loarieet al, 2009; Kraemeet al, 2015a; Radelofét al, 2015).

Nonetheless, if temperate and arctic sites are warming sufficienty fhah the tropics,
the resulting metabolic responsmrild still be greatetheredespite the nonlinearity of metabolic
responses.to temperatutésing Eqn(1) with a moderatactivation energy of 0.5eV (common
range: 0.22°eV ; Dellet al, 2011)for a simple calculatioran arcti¢high-elevationsite with
an initial temperature of 5 °C would have to warm more thatirBek as fast asteopicallow-
elevation site with an initial temperature of 25 °C to havkrgeresponsén metabolismThe
likelihood thattemperatémid-elevation and arctithigh-elevationmetabolic responses will
exceedropical/low-elevationmetabolic responses will also depend in part on the sensttvity
temperature of the metabolidinked variable A key feature oEqn(1) is that as thactivation
energy approachdd, thesteepnessf the relationship between temperature and the
metabolismlinked variable is dampened (i.e., approaches a fixed linear shgpa)resultwhen
activation energies are lgwigherwarming ratesn temperatémid-elevationand arcti¢high-
elevationecesystemare more likely tdead to larger metabolic responses thereontrast to
our earlier'example, if the activation energy of a metabolism-linked variabéeomty 0.25 eV,
the arcti¢high-elevationsite would have to warm only. 75 times faster than the tropitaiv-
elevationsite to have a larger metabolic respoigaus, global patterns in metabolic responses to

climate warming in a specific ecosystem typ# depend on how warming rate variation across
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113  sites in that ecosyam type intersects witthethermal sensitivityof its metabolisiinked
114  variablesUnderstanding how changes to environmental temperature intersect with the
115  temperature sensitivity of key ecosystem processes could guide heuristics for prgthbi@hg

116  ecosystem responses to warming.

117 Here we use lonterm lake temperature data gnablishedrelationships between

118  temperature anthetabolsmlinked variablesn lake ecosystems to explore the magnitude and
119  global geagraphy of metabolic responses to climate warrhalgs are ideal ecosystems for
120 quantifyingstheseffects of warming because their global geographic distnbarid insularity

121 make themrsensitive sentinels of climate chaAgkian et al, 2009; Schindler, 2009).

122 Moreover, changes in metabolism-linked variables are likely to translatéhifitis global

123 carbon cyegling(Tranvilet al, 2009) key ecosystem servic@#/ilson & Carpenter, 1999;

124  Bennettet,d«:2009; Allanet al, 2015) and freshwater biodiversifadeboncoeuet al, 2011).
125 Lakes exhibit a wide range of baseline temperaturesvantiing rates (O’Reillyet al, 2015),

126  and the activation energies of key metabollsrked variables within a lake also differ strongly
127  (Dell et al; 2011) Thus, combining temperature data from lakes worldwide with activation
128  energy estimates from a diverse metabolic procedsrdd enable a powerful testraiw

129  metabolicresponses to lake warming vary across latitude for lakes. Indeed, the 271 lakes
130 includedintthistanalysis contain the majority of the liquid surface freshwatine planet and

131  thousands of animal species that are found nowhere else on earth (Vadebenahe2(11).
132  Materials and"M ethods

133  Weestimated metabolic responses to climate warming in lakessertinglong-term lake

134  temperature time series into empiricadlgrived BoltzmansArrhenius equations relating

135  temperaturestéreshwatemetabolisrdlinked variables. Our analyses made usevoflarge

136  temperature datasdtsat each detail changes in environmental temperafuaiesover time

137  Together, these two data sources offer rich coverage of temperature measurements across lake
138  depth and across the glof#e firstdatasetncludesvertical profiles of water temperature

139 measurements fro26 lakes that were monitoréar 30 years on average (rangedbyears)

140  spanning the time period from 1970-2Q#ata from(Kraemeret al, 2015a) Text S). Some

141  lakes with non-seasonal temperature variability had only one profile pemyekr others had

142  daily profiles from higkresolution data loggers. Several lakes had data gaps of more than 1 year.
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143  Thelongestmean data gaps (average time between temperature profile measuremerfts) were
144  Tanganyika (2 yr), Kivu (3 yr)Victoria (3 yr), Nkugute (7 yr), and Atitlan (8 yrJ.o ascertain

145  how metabolic rates in lakes are expected to respond to warming, we substituted tinoé series
146  temperature measurements from the surface and near the bottom of the deepest point of each lake
147  for T in the BeltzmanrArrhenius equationéEqgn. 1). Prior to the estimation of metabolic

148  responsesithrough timemperature data welieearly interpolated to a daily time stepext

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

150  morphometfiGand geographicharacteristicgsurface area 0.02 to 68800 %rdepth 2.3 to 1642
151 m; and elevation -212 to 1987 m above segal)eThe secondake temperature datasmimes

152 from a published repository which includegansummer surface temperature fr@ml lakes

153  with broad'geographic representatidalfle S3 but with less temperature data per |ékenual

154  summer surface mean temperaty&harmeet al, 2015).These temperature data are available
155  for the period 1985-2009 and include both remote sensing and in situ measuréhengsote
156  sensing dataverevalidated using data from the Laurentiare@Lakes andvere found to have

157  aroot meamsquared error (RMSE) of 0.025 °C compared to in situ tempenaagerements

158  (Schneider&Hook, 2010). dansummersurface temperature data during the sumihdy 1 -

159  September.30 for lakes in northern hemisphere and January 1 - March 29 for lakes in the
160  southern.hemisphereje availabldor at leastl3 years of the study period. Some large, multi-
161  basin lakes had up to 3 monitoring sites within them to acdouttie substantial variation in

162  warming rateshat are observed withsome lakes (Kraemet al, 2015b; Masort al, 2016).

163 19 lakes werewrepresented in both summer rmedrannual datasell lakes werefunctionally

164 defined as‘higltatitude/elevation, midatitude/elevation, and lovatitude/elevation based on

165 theirmean lake temperatures. Mean temperatures for higtieélevationlakes (* quartile,

166  n=65) were less than 17 °@lean temperatures for temperat@-elevationlakes " and &

167  quartiles)n=135,were betweed7 °Cand 22 °C. Mean temperaturfes tropicallow-elevation

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

169 To estimate metabolisthrough time as a function of lake temperattemperature data
170  from each lakevere substituted faheT variable from Eqn(1) with E, values from 64lifferent
171  metabolismlinked variables spanning biological scales from individuals to populations to
172  ecosystemsThe outputp, from these calculatiorsan be interpreted as an estimation of

173  metabolic variableat specific lake temperatusghrough timeWe caution that metabolic
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responses to temperature based on summer teegerature do not represent an estimate of the
summer meametabolic rater annual mean metabolic rdtee the fallacy of the average;
(Savage, 2004)Pur interpretation of these results focuses on spatial and temporal patterns
across lakes arising from differencesrieanlake temperature, warming rates, amermal

sensitivityof.freshwater metabolisiinked variables.

Activation energies for theetabolisrlinked variables thawve used in ouanalsiswere
derived empirically fronpublished field and laboratory dataata were obtained from published
databasefellret al, 2013)and extracted from peeeviewed publicationgGillooly et al,

2001, 2002yxSavage, 2004; Munch & Salinas, 2009; Hein & Keirsted, 2012tR4|12012;
Yvon-Durocheret al, 2012, 2014)Prior to BoltzmanrArrhenius model fitting, we took the
inverse of.all.respnses to temperature where the unit in the response was time (e.g. gut
clearance.time)Ve fit theBoltzmannArrhenius mode(Egn. 1) to data for each metalsoh
linked variable We only includedneasurements of metabolightemperatures below the
temperaure ofmaximumperformancehatwas observed, thereby avoiding complications from
metabolic fallg{Dell et al, 2011) When more than one species or ecosystem type was
representedoir.a givenrmetabolic variabléTable S4), the median activation energy for that
metabolic variablevas used. Theetabolic responsemalyzed here included many important
biogeochemical fluxes that differ strongly in thaativation energiesuch as methane emissions
(0.96 eV) (Yvon-Durocheet al, 2014), invertebrate metabolism (0.74 €@)llooly et al,

2001), pelagic ecosystem respiration (0.63 eV) (Yvon-Duroehak, 2012), and planktonic
gross primary production (0.4) (Yvon-Durocheret al, 2010) (Fig. 1). 59 out of4activation
energiesanalyzdhere represent processes that occur-g@and in both surface and bottom
waters dlakes(TableS4).

Measurements of metabolisimked variables in lakes ararely made over time periods
sufficiently long to allow comparison to our results. However, l@rg: gross primary
production.data sets are available for lakes through the North Temperate Lagéebmon
Ecological'Research Site in Wisconsin, USA. We used data from two lakes with minimal
changes in their watershed land cover (Sparkling Lake and Trout tca&sfimate whether long
term trend€1987-2007) in gross primary production could be expthimeobserved warming
trends (Fig. S5 and S6).
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204 We analyzed longerm trends in lake temperatures and in metabolic resptmses
205  warming using TheiBen nonparametric regressidigeil, 1950)fit to annual averages using
206 the “mblm” package in RKomsta, 2013)We tested for the significance of warming trenus i
207  each lake without correcting for multiple comparisans 0.1) We didn’t correct for multiple
208 comparisons.because we only report the percentage of lakes with significant warming trends as
209 an overall'metric of lake temperature changethrdignificance of warming trendsspecific
210 lakes was'nota concerfhe slope of the Thelben regression for each lakariable

211  combination'was used to represent the magnitude and direction of its matagdicseTo

212  enable comparison acrasetabolic responsed different activation energies with different
213 units, we express thimng-term change in (Theil-Sen slopefor each metabolissinked

214  variableas'a proportion of the estimatealue for that metabolisttinked variable at 15°C

215  (v1sec). All statistics wee run usinghe Rstatstical computing environmefR Core Team,
216  2014).

217 Reaults
218  Geography:ofibaselinake temperature and warming rates

219 Mean lake temperatures varied predictadatyoss the globevith arctichigh-elevation

220 lakesgenerally=being colder thdropical/low-elevation lakesElevation and latitude together
221  explained 65% of the variability imeanlake temperaturdzarth’s two subtropicahigh-pressure
222 zones coincided ith lower meanlake temperaturethan would be expected at these latitudes
223  due to the dominance of highevation lakeshere Lake depth and season affectbd tange of
224  meanlake temperaturesbserved in our dat&unmer surface temperatures had a wider range
225  (3.81 - 31.49°C) and higher median (20.23°C) than annual surface (range: 1.14 - 26.35 °C,
226  median:®11:40-°C) and bottom temperatures (range: 1.76 — 25.01 °C, median:; 3:ij7 26

227 and Fig. 2d)

228 Meanstimmersurface terperaturesncreased bwn average .36 °C decadéfrom

229 1985 to 2009 based on ddtam all 271 lakes, with 23386%) of these lakeshowng warming
230 over the 24-year period of observation (posiiveil-Sen slopes(Fig. 2 and 3)The warming
231  trend was significant in 53% of the 2B&keswith positive warming trenddviann-Kendall, p <

232 0.1). Of the 38 lakes with cooling trends (negative TBeih slopes), onlg trendswere
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significant (MannAKendall, p < 0.1)Summer &ke warming rateserenegatively correlatedith
meansummer lake temperature across lakes-0.21, p < 0.001yvhich was consistent across

the northern and southern hemispheres (Fig. 2). Armeaahsurface temperatutesincreased

by 0.29°C decadé over the period from 1970-2010 for the 26 lake monitoring sites with annual
profile data(kig. 2) Of these sitesll 26 were warming (positive Thelben slopes), and 20 of
those showedignificantwarming trendgMann-Kendall, p < 0.1). Average annual bottom
temperaturedata have increased by orly 6C decad@ over the period from 1970-2010 on
averagel180f26 lake monitoring sites with temperature profiles had increasing bottom
temperatures (positive Thi€len slopes) but the increase was significaonly 10 of these lakes
(Mann-Kendallp < 0.1). Eight lakes had cooling bottom temperature trends, two of which were
significant (ManrKendall,p < 0.1).Mean annuasurfacewarmingand mean annual bottom
warmingwereonly weaklycorrelatedvith meanlake temperatures(rfacer =-0.01 andp =

0.96, bottonr = -0.19 ang = 0.35)(Fig. 2).

Metabolicresponses to warming

All ‘activation energies for metabolic processes in lake ecosystems fell béndédeV
and 1.5%V.(Fig. 1). The first, second, and third quartiles of the distribution of activation
energies. fell'at @1 eV (massscaled fish respiration0.54eV (invertebrate growth rateand
0.80eV (massscaled arthropod embryonic development time) (Fig\WB .use the first, second
and third quartiles of the activation energy distribution as important benchmaiiks 1n and
Fig. 4. Thesmean activation ener@63 eV) wasslightly higherthan the medianndicating
slight right'skewness agreement withngvious work(Dell et al, 2011).There was no evidence
suggesting that activation energies for any particular metabolism-linkethleanged in our

study varied systematicallyith latitude (Fig. S7).

There wawide variation in the estimated direct effects of temperature on metabolism
acrosanetabolisrinked variableswith different activation energies. Using the median
activatign energynd annual surface temperature variateoalculate metabolic responses to
warming we estimate that lake surface metabolismihasasd by 0.015%;5c decad&, where
v1sec IS the estimatedhetabolsmlinked variable at 15°QFig. 2). The metabolic response to
warming for themetabolisrdinked variable with an activation energy at the first quantilags

scaled fish respiratioi 41 eV) averaged.009% ¢ decadé across lakes based on mean
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annual lake surface temperature. However, the metabolic response to warrtineg
metabolismlinked variable with amctivation energy at the third quartilagssscaled arthropod
embryonic development time, 0.8%) was 0.@7*v;5c decad& on average when based on
mean annual surface warming. This represeftéodd difference in the magnitude of metabolic

responses to.warming in lakeger the middle half of activation energies reported here.

There was alswide variation in the metabolic response to warmaegossdepthand
seasonUsingthe median activation engy, metabolic responsedthe bottom of lakewere
estimated tdave changethore slowly(0.004%:sc decad@) than at lake surfacehie to the
slower warming rateat the bottom of lakes on average (Fig. dihe metabolic responsé the
metabolismlinked variable with the median activation energy incredasadrate 0f0.044% 15:c

decad@ (Rig.2d)whenbased on summer surface temperature

For the bulk of activation energies analyzed here, metabolic responses togvaemé
greatest fotropical/low-elevationlakesin stark contrast to global patterns in warming réfes.
4). For instaned, ake Superior i®ne of the top five fastest warming lakes in our analpsisits
median metabolic responsonly in the63rdpercentile du¢o its lowmeantemperature
Metaboliesresponses tropical/low-elevatioriakes were largethan intemperatémid-elevation
and arcti¢high-elevationlakesfor metabolic responsegith moderate to high activation energies
(Fig. 4). However, athelowestactivation energieg.g. less than 0.3 eMnetabolic responses
were greater in temperated-elevationlakesor arctidhigh-elevationlakes(Fig. 4)because they

tended to be'warming fast@fig. 2 and 3pased on summer surface temperatures
Discussion

Our calculations sugest thatlimate warmingaccelerated metabolism in the world’s
lakes since 1970'he accelerationf metabolism in lakes hdikely changedhe functioning of
lake ecosystemsy alteringfood web dynamics (e.g. consumption rates), animal behavior (e.g.
predatory attack distancesje histories(embryonic development timespecies interactions
(e.g. prey escape velocitiegahd ecosystem carbon cyclifgg. primary productiorifable S4)
These changeme known to have conseaques forhuman populations through their effects on
waterquality, fisheriesproductivity, and greenhouse gasissionsFor instance, &ised on its

high thermal sensitivity alone, we estimate that ecosyttgal methane emissiong{ = 0.96)
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292  will increase by 4% per decade on average, representing a substantial increase in aquatic
293  emissions of a potent greenhouse gas.

294  Metabolic response heterogeneity

295 Variationacross metabolistiinked variablesn their thermal sensitivitynay giverise to

296 asymmetricametabolicresponses to warmir(@ell et al, 2014). For instancepetabolism

297 linked variables'related tcosystenprimary productionk, range: 0.30-0.45; Table S4) were

298  consistenthless'sensitive to temperature tHanecosystem respiratidit, range: 0.55-0.63

299  eV), suggestinggisymmetrical responses to warming across trophic |ébelset al, 2014).The

300 asymmetry;between the temperature sensitivity of primary production and ecosystem respiration
301 could havesimplications for greenhouse gas emissions (Yvon-Durechkr2010) and

302 dissolved oxygen dynami¢Staehret al, 2012). Furthermore, the activation energy for benthic

303 ecosystemmespiration(0.55 eV)was lower than that for pelagic ecosystenpirasion (0.63 eV).

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

305 temperaturesrise.

306 Activation energies alsprovide a simple heuristic for predicting the geography of

307 metabolic respenses to warmir@ur findings Bow thatglobal patterns in the response of lake
308 ecosystemsttorclimatearmingvaied widely among metabamlinked variablesusing

309 empiricallyderived estimatesf thar thermal sensitivity The bulk of metabolic responses to

310 warming showd larger absolute changestropicallow-elevationlakes everwhensuchlakes

311  werewarming more slowly thaarctichigh-elevationand temperateaiid-elevationlakes.Our

312 analyses corroborate other work that showed that metabolic impacts of warmangestrial

313 ectotherms,may be greatest in the tropics despite lower air temperature warming rates there
314 (Dillon et-aly»2010). However, we caution against generalizations about nonlinear responses to
315 temperature always leading to disproportionately strong responses to warioiwdaditudes

316 and elevations; variation in activation energy among metabolic processes precludes such a
317 sweeping conclusion. For instanoggtabolic responses with low thernsainsitivity (e.g.

318 photosynthesis, 0.38V; andectotherm consumption rat@20 eV) weregreatest in temperate

319 lakesbecause they have sufficiently higleantemperatures and warming rates to countethasct
320 nonlinear temperature dependence of metabolism. Tdrugtocesses with low activation

321 energieslakes with lonmeantemperatures are warming sufficiently fast in the summer to

This article is protected by copyright. All rights reserved



322
323
324
325
326
327
328
329
330

331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346

347

348
349
350
351

maintain larger metabolic responses than watales despite nonlinear responskss finding
contrasts with similar analysef terrestrial ectotherm respiration rate change through time
showingconsistent} larger effects on the respiration rates of tropical terrestrial ectotherms
across activation energiéBillon et al, 2010) This differencas attributable to the inclusion of a
broader range.of metabolic responsesur study (0.019-1.58V among our 64 metabolism-

linked variables compared to 0.4628.eV for terrestrial ectotherm respiration rg2sdlon et

al., 2010)‘includng those with low activation energies. Therefore, we emphasize the importance
of consideringthe full range activation energies observed in nature in studies lobtile g

geography of metabolic responses to climate warming.

Due to reduced warming ratestla¢ bottom of lake relative to the surfag®Vinslow et al
2014, Kraemer.et al 2015), absolute metabolic responses to temperature depend hdwavily on t
depthat whicheach process occurs. Lake surface temperatures are determined predominantly by
direct heat exchange across theveater interfacehence thewre correlated with air temperature
on many timescalgg.ivingstone & Lotter, 198; Livingstone, 2003)In contrast, the
temperature of deep water is determipadiarily by lake mixing behavioufAmbrosetti &
Barbanti;1999)Of the 64 metabolisrdinked variableshatwe analyse@d59 represent traits that
are likely present at all locatiemithin a particular lake, while the remainifige are likely
concentrated-at particular deptRk®r instancemethanogenesgimarily occursin the anoxic
benthos of lakesyhile primary production primarily occuet lake surfaces where light is most
available Given'the strong difference between metabolic responses estimated here for lake
surfaces and lake bottontsiq. 2), surface temperature change alone may be a poor indicator of
lakewide metabolic responsésr the metabolisntinked variables that occur across all lake
depths. Thus, predictions of lakede metabolic responses warmingbased on metabolic
theorywill require in situ temperature profigethat cannot be derived from satellite imagery.

Suchmonitoringdata are scarcespecially in the tropics
Direct versusrindirect drivers of metabolism

We have focused on estimating the direct effect of temperature rise on metdindesm
variables However, thectualchange in metabolism through time as a result of clicizege
will depend on the sum of direct and indirect effects of temperatumneetabolism. Comparing

our estimates based on warming alone to long-term primary production measuiarheats
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Wisconsin lakes suggests no statistical evidence for major indirect effects (Figs. S5 and S6).
However, the direct effect of warming on metabolism-linked variables may Wweighed in

other lakes with large changes in nutrileratds, speciemvasions, or other factors. akming

driven shifts in lake mixingO’Reilly et al, 2003; Ndebel®Aurisaet al, 2014; Brighentet al,
2015) and oxygenation (Cheuagal, 2012; Deutsclet al, 2015)may also affeclong-term

trends inlake metabolismand such changes have not been accounted for in our analysis.
Whether indirect effects swamp the direct temperademendence of metabolism in most lakes

remains astimulating researzcpic.

Incorporating all direct and indirect effects of climate changemodels of lake
metabolicprocessewill be required to generate accuratedelledestimates of chages in
metabolism.through timir specific lakesThis is especially the case for metabolic responses
that have large'standard deviationsiie-specificactivation energieg.g. 0.59 eV standard
deviationfor methane emissioracross sitesyvon-Durocheret al, 2014).Thereis a strong
need to evaluate whethegiriability in site specificactivation energies can be explainedskig
traits(Irlich et al, 2009; Dillonet al, 2010).In some cases, ecological differences between sites
(e.g. geomorphologyrganic carbon recalcitrance, nutrient stoichiometry, community structure
local adaptatiopmay constrain or amplify the apparent sensitivity of metalbetiponseto
temperaturecchangdankowskiet al, 2014; Yvon-Durocheet al, 2014). Thussite-specific
conditions could dampen or amplify the underlying temperature dependemspexdific
metabolic'response (Jankowskial, 2014). At present, there is no evidence sitatspecific
activation/energiem lakesvary systematically across the glgierkinset al, 2012; Yvon-
Durocheret.al,.2012, 2014), but some evidence for such a pattern has been found in terrestrial
ectothermgltlich et al, 2009) In our compilation of freshwater activation energies, we found no
significant relationship between activation energy and the average temperature, or environmental
context (lab vs.field) for metabolic data used to calculate activation ené@dgiést al, 2011).
Similarly, estimated activation energies were not correlated with the latitude at which metabolic
data were collected (Fig. S7), though tropical ecosystems are clearly pnelserded,
underscoring an acute need for furthesessment aictivation energies in tropical lakes.
better understanding of drivers of s#ecific activation energies would enable more accurate

estimates of the direct effect of climate change on metabolism in lakes at the global scale.
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Increases in metabolic demandodanismsestimated here also assume thaty will
acclimate to thie new thermal environment. If behavioral and physiological acclimation are not
possible or if organisms aralready above their thermal optima or critical thermal maxtirea
impacts of warming on organisms could be magnifiédintenance of metabolic stasis through
relocation to.deeper, colder water has been invoked as an adaptation strategyifor aquat
ectotherms.in the face of environmental temperature cH&@tgunget al, 2012; Burrowset al,
2014); however, such forced shifts may raise a host of new problems by separating aquatic fa
from habitats'whose depth distribution is constrained by light and nutriehégts(Cheunget
al., 2012).

Understanding the consequences of metabolic accelefatitake ecosystems is critical
for predicting.shifts irthe benefitsthat lakes provide to societyhe lakes included in this
analysis are.globally significant repositories of freshwater biodiversity and ecosystem services.
In aggregate, they contain the vast majority of liquid surface freshwater on tbe preniarge
ancient lakes in our analyqifanganyika, Hovsgol, Baikal, Biwa, Kinneret, Van, Valencia,
Titicaca etc.)hold thousands of animal species found nowhere else on Earth (Martens, 1997).
The African.fift.lakes support highly productive fisheries that are vitiidal food security.
Lakes TahogAtitlan, and Zurich are deeply integrated into regional economies through
recreation-and-tourism. The consequenceseaifibolic acceleratiofor biodiversity and
ecosystem servicas lakeswill alsodepend on shifts in lake physi@éraemeret al, 2015a), the
global distribution of lake area (Downimg al, 2006), andcomplex ecological interactions that
are beyond the scope of this study. However, our work suggests that subsiaitatiedlic
acceleration.has already occurred since 1970, and ispnawgiunced in the tropics where
metabolismlinked ecosystem services.g. water clarity, fishery productivity, and greenhouse
gas sequestratipmay be most affected.

Joint consideration ahetabolic thermal sensitivity arglobal patterns of warming rates
indicates that'warming has had grealieect effectontropicallake ecosystems than temperate
andarcticlake,ecosystem®r most but not allmetabolisrlinked variables. Like analyses of
climate velocity(Loarieet al, 2009; Burrowset al, 2014), climate noveltfWilliams et al,

2007; Radelofet al, 2015), and the thermal tolerances of organi€aialamboret al, 2006;
Deutschet al, 2008; Tewksburet al, 2008; Huey & Kingsolver, 2011), our findings
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demonstrate thajlobalpatterns in warming rates alone can be misleading as predictors of
ecosystem responstsclimate changéFig. 4). For the critical biological processes analyzed
herein,metabolismprovides a powerful foundation for understanding such decoupling and the

resulting patterns ahetabolicresponses tolimate warming
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Supporting I'nformation Captions:

Text S1:Temperaturerofile data surces.
Text S2 Temperature profile data interpolation procedure.
Table S31iake characteristickor all 271 lakes used in our analysis.

TableS4 Activation energies and data sources@éfreshwater activation energies used in our

study.

FigureS5r7Long-term trends irgross primary production and temperature in Sparkladge and
Trout Lake, WIRUSA.

FigureS6: The interannual temperature dependence of gross primary production in Sparkling
Lake and Trout LakewI, USA.
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Figure S7: Relationship between activation energy and latitude for the 9 metaliutisd
variables in our studit to data which span the widest range in latitude

Figure Captions:

Figure 1: Exponential temperatulependence curvésr 64 metabolismlinked variabledased
on Egn (1), Metabolisninked variables are expressed@as(value ofeach metabolisAinked
variablejp festimatecht temperaturel) divided byvs.c (the valueof v estimated atf = 15 C).
The full densitydistribution of activation energies represented in this study is shdgure b.
The solid blackline represents the median activation energy (0.54 eV) and theloheshed
represent thedirst and third quartiles (0.41 eV and 0.80expectively).

Figure 2: Trends in lake temperature (a and b) and metablatiked variablegc and d), as they
relate tomeanlake temperature. Lakes are represented as individual dots. Lines and their
associated ribbons represent the parametric, locally weighted regressiares (loess) and

their 95% ‘confidencitervals. Trends in metabolism are represented by the cli@higéSen’s

slope) inv/* usse¢* (decadd), wherev is themetabolisrdinked variable with the median
activation.energy from Fig. 1 (0.54 eV), and.c is the estimated value for that metabolism

linked variablerat 15 °CThe left panels (a and c) represent summer temperature and metabolism
trends in271 ofthe world’s lakes from 1985-2009. The right panels (b angpd@sent full

annual temperature and metabolism trend6inf the world’s lakes from 1970-2012.

Figure 3: Global changes in temperature (b) and metabolism (c) across 27a)akese 1985.

Points are ehanges in mean temperature (annual aceass lakes) for arctlugh-elevation

lakes (=65, meantemperature < 17 °C), temperatéd-elevationlakes (=135, 17 °C <mean
temperature < 22 °C), tropickliv-elevationlakes (=66, meantemperature > 22 °C) (a).

Change ingmperature and metabolism are expressed as a difference from the average value for
each geographical lake category from 1985-1987. Lireetoaally weighted regression lines and
shaded ribbens around each line represent 95% confidence intervals. The medisioracti

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

Figure 4: Responses of metabolism-linked variablesroaté warming in relation to activation
energy and geographical lake category (Tropicalétewation, temperateid-elevation and

arctichigh-elevatior). Colored lines represent the loess regression of metabolic change against
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activation energy for each geographical lake category. Shaded ribbons surroundingeeach li
represent + 95% confidence intervals. Estimated change in each metdbiessinvariable is

divided by the estimated value af’Cor that variable to facilitate comparison across
metabolismlinked variables with different uniand different normalization constanig) The
response of.metabolistimked variables are split into separate paaelsording tovhether

summer surface temperatsr@gears 1985-2009, a), annual surface temperatures (years 1970-
2010, bY, erannual lake bottom temperatures (years 1970-204@reused. The vertical solid
reference'lines‘indicate the median activation energy (0.54 eV) across 64 metabolic responses
considered in this study. Dashed lines represents the first (0.41 eV) and third (OR@eNgs

of the distribution of activation energies.
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