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Abstract. Accelerated release of carbon from soils is onel Introduction

of the most important feedbacks related to anthropogenically

induced climate change. Studies addressing the mechanisn§dne of the most important feedbacks of terrestrial ecosys-
for soil carbon release through organic matter decompositioriems to climate change is the potential release of soil carbon
have focused on the effect of changes in the average tenrRS temperature increases, especially at high latituiiesd(
perature, with little attention to changes in temperature vari-€t al, 2007. The amount of carbon stored in soils worldwide
ability. Anthropogenic activities are likely to modify both €xceeds the amount of carbon in the atmosphere by a factor
the average state and the variability of the climatic systemf two to three Houghton 2007), and there is concern that
therefore, the effects of future warming on decompositiona large portion of this carbon will be released to the atmo-
should not only focus on trends in the average temperaturesphere as the global average temperature incre&séngel

but also variability expressed as a change of the probabilityet al, 1994 Kirschbaum 1995 Trumbore 1997 Davidson
distribution of temperature. Using analytical and numericaland Jansseng006). Predictions of this positive feedback
analyses we tested common relationships between temperfave focused on the effects of increasing average temper-
ture and respiration and found that the variability of temper-atures with little attention to possible effects of changes in
ature plays an important role determining respiration rategemperature variability. There is already evidence of impor-
of soil organic matter. Changes in temperature variability,tant changes in temperature variability at the regional scale
without changes in the average temperature, can affect thand climate models predict even larger changes for the next
amount of carbon released through respiration over the longdecades Raisanen 2002 Bronnimann et aJ.2007 IPCC,
term. Furthermore, simultaneous changes in the average ardP07 Schar et al.2004 Meehl et al, 2009; hence, the ef-
variance of temperature can either amplify or dampen the refects of future warming on decomposition should not only
lease of carbon through soil respiration as climate regimedocus on trends in the average, but more broadly on changes
change. These effects depend on the degree of convexity df the probability distribution of temperature. The frequency
the relationship between temperature and respiration and thef hot or cold days and extreme events over long periods of
magnitude of the change in temperature variance. A potentime can potentially determine the frequency of large respi-
tial consequence of this effect of variability would be higher ration pulses and subsequently the total amount of C stored
respiration in regions where both the mean and variance ofn an ecosystem.

temperature are expected to increase, such as in some low Historically, the theory behind the temperature depen-
latitude regions; and lower amounts of respiration where thedency of organic matter decomposition has been supported

average temperature is expected to increase and the varianb¥ the equations that relate chemical reaction rates with tem-
to decrease, such as in northern high latitudes. perature. The van't Hoff and Arrhenius equations have been

widely used to predict changes in decomposition rates and
respiration rates with changes in temperature. An increase
in the respiration rates as temperature increases is expected

Correspondence taC. A. Sierra under this theory, and it can be shown that these functions
BY (csierra@bgc-jena.mpg.de) are convex within the interval of temperatures where most
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Table 1. Empirical equations commonly used to describe the relationship between temp@&tratndesoil respiratiorR, with their sec-
ond derivatives and range of convexity, b, andc represent empirical coefficients. Equations extracted froim and Zhou(2006 and
Del Grosso et al(2005.

Equation Second derivative Range of convexityfon =~ Comments
R=ae?T ab?ebT —0co<T <o0,ifa>0and Van't Hoff's exponential functiona andb are
b#0 empiricial coefficients.
-1 P =
R=R00Q;7° RO( "1%10) 044° —00 < T < o0, if Rg>0 Modified van't Hoff. Rq: respiration rate at
andQ10#0 temperaturely. Q10: relative increase by a
10°C change in temperature.
2
R = qe(—Ea/%T) ae(—Ea/RT) I:(*)\FFZ> _ ‘)2%’;3] 0<T < Ea/(2R), if Ea>  Arrhenius equationE5: activation energyji:
' ' RT universal gas constari. in Kelvin.
. . 2
R— Rloe(—zgé‘fﬂ)(l——”?w) Rloe(—zgg‘fa“)(l— 28315) |:(“ETE‘2> - (ﬁfg} 0<T < Ea/(2W), if Rig> Modified Arrhenius or Lloyd and Tay-
' ' 0 lor (1994) equation. Rig: respiration at
10°C.
R = qebT+cT? ae?T+eT?[2¢ 4 (b+2¢T)2] —o00<T <oo,ifa>0,c> Second order exponential function.
0
R=a(T +10) a(b?—b)(T +10)P—2 —co<T <oo,ifa>0and Powerfunction of Kucera and Kirkham (1971).
b#1
R = barctaner(1-157) (Iz;;i’(f;fl;?;)))z —00<T <157. T=157 DAYCENT and CENTURY approach assum-
) is an inflection point. For ing constant soil water contenDel Grosso
T > 157, R is concave. et al.(2009.
biological processes take place (Tal)e Convexity is also Previous work on this subject has been focused on produc-

a property of other empirical equations used to represent theng unbiased estimates of annual or large-scale respiration
relationship between respiration and temperature, such as thesing temperature data that omits diurnal or seasonal fluctu-
modified van't Hoff equation and the equation developed byations Agren and Axelsson98Q Kicklighter et al, 1994.
Lloyd and Taylor(1994. In the context of global climate change a different question
If the relationship between temperature and respiration isemerges. Would soils currently experiencing a given degree
convex for a given ecological or biological system, we canof temperature variability increase their respiration rates un-
expect the predictions of Jensen’s inequalitgr(sen1906 der a new climatic regime with different temperature vari-
to apply. According to Jensen’s inequality, if temperatureance? This question goes beyond of what can be predicted
T is a random variable, andl(T) a convex function on an by Jensen’s inequality alone because it implies changes in
interval, then temperature variance that are originally not included in the

inequality.
ELF (D= f(EITD. 1) The effect of variability on respiration may depend on the

whereE is the expected value operator. Evaluating the func-magnitude and direction of the change in variance as well as
tion with the mean of the random variable will produce a the change in the average climate. Changes in temperature
lower amount than taking the mean of the function’s evalua-variability are associated with either an increase or decrease
tions at each value of the random variable. in the frequency of temperature extremes. Intuitively, we ex-
The implications of this inequality for temperature- P€ct that this change in temperature variance would result in
respiration studies are: (1) estimates of respiration from temdifferent rates of carbon release over the long-term depend-
perature data gathered at large spatial and temporal scales iK19 on the convexity of the relationship between temperature
clude bias or aggregation errdRdstetter et al1992 Kick- and respiration. Furthermore, we expect that simultaneous
lighter et al, 1994). (2) Modeling studies using average tem- changes in the mean and variance of temperature can poten-
perature as a driving variable will obtain lower values of res-tially amplify or dampen the effect of changes in mean tem-
piration than if they were using temperature from weatherPerature alone. However, we lack a clear analytical frame-
records; (e.g.Notarg 2008 Sierra et al. 2009 Medvigy work to test these ideas qnd apply them_m thg context of
et al, 2010. (3) Long-term incubation experiments at con- global climate change and its effects on soil respiration.
stant temperatures will result in lower respiration rates than In this study, we explored the effects of changes in tem-

experiments in which temperature is allowed to vary butPerature regimes, i.e., simultaneous changes in the mean
without changing the average value. and variance of temperature, on the potential amount of car-
bon release from ecosystems through soil respiration. This
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was accomplished by performing a mathematical analysisability. In particular, if T; represents the daily temperature

of the functions commonly used to predict soil respiration observations, then

from temperature data. Since the consequences of changes 4

in temperature variance are not easy to derive from Jensen’.;:t _ } Z T, @)

inequality alone, we first conducted an analytical analysis 9].=74 »

to find an explicit mathematical expression that summarizes

these consequences. This was achieved by first exploring/here 7, is a low-pass filter that captures the seasonal

Changes in temperature ranges ina geometrica| context ant(ﬂend. An estimate of the short-term Varlablllty is then given

subsequently more explicitly as changes in the variance of &Y the residuals; = 7; — 7, with E(¢;) ~ 0 and variance

random variable in a probabilistic context. To test these ideagé > 0. The average annual trend can then be defined as

with a broader scope, numerical simulations were performedd = % Z,I,V:lrd,n, whered =t —365n —1) is the Julian day,

with two different respiration functions with stochastic rep- n is a year counter, ani¥ the total number of years in the

resentations of realistic temperature time-series. In the lattefime series.

analysis, three contrasting ecosystems were used for com- We usedi; ands? to simulate a reference climatic regime

parison purposes, an arctic tussock tundra, a temperate rafiar the three sites, as well as departures to new climatic

forest, and a tropical rain forest. regimes. These changes in climatic regimes were performed
within the framework provided by Mean versus Standard de-
viation Change (MSC) diagramS#&rdeshmukh et ak00Q
Scherrer et al2007). Within this framework it is possible to

2 Methods represent independent and simultaneous changes in the mean

and variance of temperature time series (E)gFor the pur-

pose of this analysis we defined time series of reference cli-

2.1 Sites and datasets ) .
matic regimes as

For the numerical analysis we used soil temperature datd; = 7+« 3)

from three contrasting ecosystems, an arctic tussock tundra,h F i imulated ti ies lenathened to a decad
a temperate rain forest, and a tropical rain forest. wherel,; 1S a simulated time series lengthened to a decade,

) _i.e.,r=1{1,...,3650. The terme, is a series of simulated
Soil temperature data at 20cm depth from the Toolik G, ssian white noise, obtainedes- iidN(0,02). Notice
lake Long-Term Ecological Research (LTER) site in Alaska 4t the values of; are recycled 10 times until the end of the
(68°38 N, 14943 W, elevation 760 ma.s.l.) were obtained g, 1ation.

from the site’s webpage. The dataset contains daily tem_per- New climatic regimes were simulated as a change in the
ature records from 1 June 1998 to 31 December 2006, With &,65 and variance of the reference climatic regime by mod-

grand mean o-2.5°C. ifying the ¢, term in Eq. B). A combination of values of
From the H. J. Andrews LTER site in Oregon we used meanm and standard deviationwere used to simulate time

soil temperature data measured at the PRIMET meteorologiseries withe; ~ iid N (m,s2), wherem = {0.1,0.2, ...,2} and

cal station (4312 N, 12215 W, elevation 430ma.s.l.). The §=1{0.1,0.2,...,3}. These values of were chosen arbitrar-

record contains daily soil temperature values measured aty, with the only requirement that the variangg in the three

10cm depth, starting on 26 December 1994 until 24 Jandatasets were inside the range of the valuag.iThe values

uary 2007. The average temperature for this period wasf m ands were chosen such that their combination can fill

11.8°C. Detailed information about the soil temperature a wide domain of possibilities in the MSC plots. In other

record can be found at the H. J. Andrews’ website. words, these combinations produce 600 different climatic
We collected high-frequency soil temperatures from Laregimes that are possible as the regional climate changes at

Selva Biological station in Costa Rica (B N, 83°59 W) each site. Notice that values af only reproduce warming

to use in this analysis. Three platinum resistance thermomefrom the starting conditions of the reference regime.

ters were used to collect information at 5cm depth with 2s o

execution. Data were averaged to obtain 30 min time serie€-3 Respiration models

that were further aggregated to obtain daily averages. Ther

record extends from 1 January 1998 to 31 December 2000 he S'm“!a?‘ed temperature regimes were used to run com-
mon empirical functions that relate temperature and respira-
and a global average of 23.C.

tion in terrestrial ecosystems. The modified van't Hoff model
(Tablel) was used for the three ecosystems with an arbitrary

2.2 Data processing and modeling experiments value of the reference respiratidty = 1 at7p = 10, that is
. . . ) . . 7;-10
The time series from the three sites were filtered with a nine-R, = Qlo10 . (4)

day moving average to obtain an estimate of short-term vari-
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Fig. 1. Graphical representation of changes in the mean and standard deviation on a Gaussian climate distribution A Withanean
standard deviatios0 resulting in distribution B with meafi and standard deviatiof. (a) Probability density functions (pdfs) where the
mean from distribution A (continuous) changes to distribution B (dasi{bydistributions A and B fron{a) in a standardized MSC plot
showing standardized changes in the me&s¥'0)/S0 against standardized standard deviatié$0, (c) pdfs where the standard deviation
from distribution A changes to distribution Bd) standardized MSC plot dE), (e) pdfs where both the mean and the standard deviation
from A change to B(f) standardized MSC plot ¢&).

Since we are only interested in observing emergent patSince we are only interested in exploring the effects of tem-
terns after using different climatic regimes we did not useperature variability, a constant water content of RWC =50%
site specific parameters in this function. The usefulness ofvas assumed, sB(RWC)=2.62 in all simulations.
this function is that it allows us to test for different levels  The benefit of using Eq6] is that it has an inflection point
of convexity with different values 001g; i.e., asQio gets  atT =157, which means the relationship between respira-
higher so does the second derivative of the funcién We tion and temperature changes from convex to concave at this
ran the model foQ10=2, 3, and 4. value. The implication for the three ecosystems being mod-

We also simulated respiration using the empirical func-eled is that the range of temperatures for the arctic tundra is
tions implemented in the DAYCENT and CENTURY models below this inflection value whereas the range for the tropical

(Del Grosso et al., 2005), given by forest is above. For the temperate forest site, this inflection
point lies in the middle of its temperature range.
R; = F (Tsoit) F(RWO), ®) Equations 4) and 6) were used to calculate total cumu-

lative respiration for the whole simulation period (10yr) and
compare differences between the reference (A) and the new
(B) climatic regime with the index
3650 ,B8 3650 4
_ Zt:l Rl _Zt=l Rt
- 3650
Zt:l Rﬁ

where respiratiorR; is represented as the combined effect
of soil relative water content (RWC) and temperatufg().
These individual effects are represented as

F(Tsoi)) = 0.56+ (1.46 arctan(r0.0309 Tsoi — 15.7))) /7, (6) SR @)
F(RWC) = 5(0.287+ (arctan(r 0.00(RWC— 17.47))) /7). (7)
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Results from all 600 simulations comparing the reference 7
regime and a new climatic regime from all possible combi-
nations ofin ands are presented in a single MSC plot.

3 Results

3.1 Analytical analysis

fix)

3.1.1 Geometric argument W) + (1)

A real-valued functionf (x) is said to be convex on an inter-
val I if

fOx+ A=)y <Af ) +A-1)f(), 9

for all x,y € I, and A in the open interval (0, 1). Con- [ ‘ ‘

sider now the closed intervit, b] which is contained in the c a %
interval [c,d] € I; both intervals with an average value .
c=a—h,d=b+h,and

x=ia+A-M)b=ic+(1-21)d. (10) Fig. 2. Graphical representation of the inequalities in Bd) (% is

. . . the center point of both intervals, 4] and[c,d].
Using the definition of convexity in Eq9) we can show that pol intervals. b] Le.d]

F@ =Af(@+A=0f®) =Af(O)+A-1fd). (11)

1 0 —z3

This inequality can be confirmed graphically (F&.and +Efmf(alzl)exp<7>dz,
analytically (Appendix). Geometrically, this inequality im- ~ 2
plies that the end points of two intervals with the same mean_ 1 / [ f(o121) + f(—o121)]€XP ST D
produce different means after convex transformation. V2r | Jo 2

A change in variability of a random variable such as tem- .
perature implies a change in the interval of possible val- Similarly,
ues that this variable can take. Equatidd)(suggests that 1 ~ .2
changes in variance alone, without changes in the average[f(ozz2)l=—— [/ [f(02z2)+f(0222)]exp(Z)dz:|. (13)
value of a random variable, produce different values of the Ve [Jo 2
average of all the function evaluations. Although this geo- According to the properties of convexity it can be shown
metric argument is informative, the implications can be bet'thatf(alzl) 1 f(=0121) > f(0222) + f(—02z2) (equation

ter studied in a probabilistic setting. 11); therefore
3.1.2 Probabilistic argument E[f(TV]> E[f(T2)]. (14)
Assume that respiration is a function of temperatire- Notice that the magnitude of the differenffef (o1z1) +

f(T), which is a strictly convex function on the interval f(—o1z1)]—[f(0222) + f(—0222)]| depends on the degree
I = (—00,400), s0 by definitionf”(T) > 0,VT € I. Let's  of convexity of /(T).

now assume two random variabl&s and 7» that are nor- Alternatively, we can calculate the difference
mally distributed with equal mean but with different vari-
ance, sol1 ~ N(u,02) and T> ~ N(u,0%). Lets also as- A=E[f(T)]—E[f(T2)] (15)

sume thab? > 02. For simplicity, 7, and 7> can be trans-

1 o0
formed tozy = (T1 — ) /o1 and zo = (T> — p) /o2, respec- - E/O {lf(nto12) = f(n+020)]

tively. The expected value df[ f(T1)] = E[ f (o1z1)], and 2
E[f(T2)] = E[ f(02z2)] can be calculated as +[f(w—012) — f (1 —ozz)]}exp(—%> dz,
E[f(o1z1)]= /_oof(alZl)\/T—neXp<T>dZ7 (12) = E/(; (o1—02)z[ /' (b(2))

1 (> —z2 y 22
:E./o f(O'J_Zl)EXp<T)dZ —f (a(z))]exp<—5> dz,

www.biogeosciences.net/8/951/2011/ Biogeosciences, 898312011



956 C. A. Sierra et al.: Temperature variability and respiration

where f'(b(z)) and f'(a(z)) are derivatives of some points
a(z) andb(z) for eachz > 0, such that

f(n+o12) — f(u+o022)

= F(b@) (16)
(01—02)z

fn—012) = fn—022) _ (=D f'(a(2)).
(01—02)z

This is a consequence of the mean value theorem, so,
w—01z <a(z) < pu—ooz and u+ o2z < b(z) < u+ o012.

It is important to note the-1 in front of the derivative
at a(z). Note also that sincei(z) < b(z), by the as-
sumption of strict convexityf’(b(z)) > f’'(a(z)), or equiv-
alently f/(b(z)) — f/(a(z)) > 0; which in Eq. (5) results in
E[f(T)]—-E[f(T2)]>0.

This analysis, summarized by Ed.4j, confirms the hy- |
pothesis initially posed: changes in temperature variance ; ; : ; ; ; .
alone can produce differences in respiration depending on the 0.0 05 10 15 20 25 3.0
degree of convexity between temperature and respiration.

The magnitude and functional relation of the effect of dif-
ferent variances can be evaluated by calculating the differrig. 3. Relationship between (proportional change in temperature
enceA = E[f(T1)] — E[f(T2)] for a particular respiration  variance) anch (difference in average respiration) for an exponen-
function. For simplicity, we will calculateé\ for the specific tial function R = exp(T).
case of the exponential functigh=exp(AT), whereA rep-
resents the degree of convexity of the function. Assum%g
is n timeso2 (02 =02 /1)

3.2 Numerical analysis

Simulations were performed using two different respiration

A = E[f(A _Elf(A 17 models. We used the modified van't Hoff model, which is a
[/ (Ao1z0)] [/ (Ao222)], ) A7) convex function for all the temperature values where biologi-
_ 1 /"0 F(Ao121)€XD -1 dz cal processes take place (TabjeWe also used the empirical
V21 J—xo 2 model implemented in the CENTURY and DAYCENT mod-

o 2 els Del Grosso et al.2009, which is a s-shaped relation-
_i/ f(Aoozo)exp %2 dz. ship between temperature and soil respiration with a change
V2 J-— 2 in convexity at a value of 15°C. The data for the arctic tun-
1 dra lies in the convex range of the DAYCENT/CENTURY
= E [V 2 exp(—Aoy) — v 2 eXp(_AUZ)]’ model, while the data for the temperate forest lies in the mid-

dle of the range where the change in convexity occurs, and
=exXp(—Aoy) —exp(—A . . N ’
P(—Ao) P(=Ao/m) the data for the tropical forests lies in the concave part of the

Equation (7) summarizes the effects of a change in the fange.
variance ofl’ over R. It shows that both the degree of con-  The results obtained using the modified van’'t Hoff model
vexity (A) and the magnitude of the change in variange ( were similar for the three ecosystems modeled, so we will
affect the magnitude of the difference in expected values ofocus on the results for the temperate forest only. The differ-
respiration. As the degree of convexity increases, i.ed as €nces in cumulative respiration between a reference climate
gets bigger, the differences in respiration)(are larger. In  and the set of new climatic regime$R) confirm our initial
addition, an increase in varianog<£ 1) produces an increase expectation. First, the results from the simulations show that
in the average respiratiom\(> 0), and a decrease\(< 0) changes in the variance of temperature alone can increase the
when variance diminisheg & 1) (Fig. 3). amount of carbon respired. This can be observed in #ig.
Notice that the analysis above only holds for functions thatby changes obR as the standard deviation of temperature
are convex (or concave) ih When the convexity of the func-  changes relative to the reference regirfiesQ, vertical axis).
tion changes in the interval, different results can be obtainedFor example, an increase of about 6% of carbon respired over
The numerical example below helps to illustrate the effect of10yr can be achieved by a 2.5 times increase in the stan-
changes in convexity withia. dard deviation. Second, our simulations show that respira-
tion is more sensitive to proportional changes in the aver-
age temperature T¢70)/S0, vertical axis) than to changes
in variance. The same 6% increase in respiration obtained

Biogeosciences, 8, 95961, 2011 www.biogeosciences.net/8/951/2011/
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H. J. Andrews using the modified van’t Hoff equation withg=4
showing standardized changes in the m&&aTQ)/S0 against stan-  Fig. 5. MSC plots for H. J. Andrews using the modified van't Hoff
dardized standard deviatidf1S0. Colors represent values 8R, equation and21g9=4, 3,2, for panelga), (b), and(c), respectively.
i.e., the proportional increase in respiration over 10 yr from one cli- Contours represent values &R, i.e., the proportional increase in
matic regime over the other. The dashed horizontal line representeespiration over 10 yr from one climatic regime over the other.
simulations in which variance remained constant relative to the ref-
erence climatic regime.S/S0> 1 represents increase in variance . N
and (I'-T0)/S0 > 0 represents increase in average temperature. ©
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with a 2.5 times increase in standard deviation could have < -
been achieved by increasing the average temperature by g '
factor of 0.5. Third, simultaneous changes of the average and”
the variance of temperature show that increases in variance
amplify the effects of increases in the average. In contrast,
decreases in variance dampen the effects of the increase in °
the average temperature. This can be observed indHig.
changes ir§ R along the vertical direction at any fixed point

in the horizontal axis.

The degree to whicliR responds to changes in variance
was highly dependent o@19 (Fig. 5). As the value 0fQ19
decreases the convexity of the function decreases (value of;
the second derivative gets smaller) and the effect of variabil- ~
ity on respiration becomes less important. This behavior was
consistent for the three ecosystems studied.

The approach used in the DAYCENT and CENTURY
models produced different results for the three ecosystems
analyzed. For the arctic tundra site the pattern observed was
similar to the overall patterns observed with the van't Hoff
equation (Fig6a). For the temperate forest though, the DAY- Fig. 6. MSC plots for Toolik lake(a), H. J. Andrewgb), and La
CENT approach shows no sensitivity of respiration to tem-Selva(c) using the DAYCENT and CENTURY approach. Contours
perature variance (Figb). For the tropical forest the results represent values @fR, i.e., the proportional increase in respiration
are the opposite, showing a dampening effect with increasegver 10yr from one climatic regime over the other.
in the average temperature and amplification with decreases
in the average (Figsc).
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4 Discussion tratropical Northern Hemispherdrdisanen 2002. Con-
versely, the AOGCMs show that temperature variability is

The results from this analysis confirmed our initial expecta-&XPected to increase during the summer in low latitudes
tions about possible effects of changes in temperature vari@nd northern midlatitudes. A more recent analysis using

ance on respiration. First, we found that changes in the®n updated version of one climate model confirms these re-
variance of temperature alone can either decrease or irsults, which also suggest decreases in temperature variabil-

crease the amount of soil respiration in terrestrial ecosysity for fall, spring and winter in the Northern Hemisphere
tems. The magnitude of this effect depends on both the de(Stouffer and Wetheral@007).

gree of convexity or concavity between temperature and res- These expected changes in temperature variability most
piration (value of the second derivative of the relationship) likely will have consequences on the total amount of carbon
and the magnitude of the change in variance. This was conémitted to the atmosphere from terrestrial ecosystems. Our
firmed by both the analytical and numerical analyses. Secresults showed that changes in variance produce a variety of
ond, changes in temperature variance can either amplify ogeffects on respiration in addition to the predicted effects of
dampen the effects of changes in the average temperature éilanges in average temperatures alone. At a global scale,
soil respiration, again depending on the degree of convexitydifferences in temperature sensitivities of respiration and in

of the function and the magnitude of the change in variance.the magnitude of change in temperature variance for different
regions will produce a variety of responses. For example, at

high latitudes in the Northern Hemisphere, where the mean
temperature is expected to increase and the variance is ex-
pected to decrease, respiration would probably be lower than
Changes in climate variability and its effects on ecosystemshe predicted by changes in mean temperature alone. These
have been studied less intensively than changes in the meaggions are expected to contribute the most to the positive
climate. The ongoing modification of the climatic system feedback between temperature and respiration, but this ef-
by changes in albedo, aerosols and prominently greenhousgct may be overestimated in previously published analyses.
gases, affects not only the mean state of the climate systemt |ower latitudes, where both the mean and variance of tem-
but also its variability Raisanen 2002 Bronnimann et al.  perature are expected to increase, the amount of respiration
2007, IPCC, 2007). Changes in temperature variability may \would be higher than the predicted by changes in mean tem-
result in changes in the frequency of events apart from theyerature alone. These predictions obviously depend on the

mean state such as unusual warm or cold events. Significarfssumption of a convex relationship between respiration and
attention has been given to extreme climatic events such agmperature.

heat waves or floods for their dramatic effects on populations.

However, less extreme but still unusual events can have im- ) o i
portant implications for the functioning of ecosystems over4-2 Convexity of respiration functions
the long-term Jentsch et al2007).

Important changes have been observed in temperaturghe relationship between temperature and respiration histor-
variability for different regions in the recent past. In Eu- ically has been described using empirical convex functions
rope, where climate records are longer than in other conti{Table 1). Although there have been important criticisms
nents, important changes in the variance of temperature hav® simple empirical models and more mechanistic represen-
been describedDella-Marta and Benisto(2007 report an  tations are currently being discussed (elguip and Zhou
increase in the variance of summer maximum temperature 02006 Davidson et al.2008), it is clear from the many mod-
6°C for the period 1880-2005 in Western Europe. This in-eling approaches that these two variables have a convex re-
crease in variance accounts for at least 40% of the increaskationship, independent of the type of model employed. In
in the frequency of hot days after accounting for the increasesome cases, however, this relationship shows a change to
in the average temperature. In Central Europe there is eveoncavity at higher values of temperature, which could be
idence of current changes in temperature varial®ehdr  explained by the interacting effects of soil water content
et al, 2004, and most climate models predict increases inand substrate availabilitydel Grosso et al.2005 Davidson
summer temperature variability for the 21st centu8gl{er- et al, 2009, among other factors.

4.1 Climate variability and change

rer et al, 2007). Increasing trends in temperature variabil-  Independent of the type of model being used, the num-
ity are also emerging in temperature time-series from Northber of pools represented, or the main drivers included in the
America Meehl et al, 2009. model, the results obtained in this study will apply to all pre-

Changes in climate variability are not expected to bedictions of future respiration if its relationship with tempera-
homogenous globally. A comparison of 19 atmosphere-ture is other than a simple straight line. They also apply to all
ocean general circulation models (AOGCMs) showed thattemperature ranges where most biological process take place,
as a consequence of doubling &Qemperature variabil- except where the respiration function changes from convex to
ity is expected to decrease during the winter of the ex-concave. As the simulations in the temperate forest showed,
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a change in convexity can cause the effects of concavity ato be subject to the effects of changes in variance presented
one part of the temperature range to compensate the effectsere.
of convexity in the other part of the range. In terms of whole ecosystem carbon balance, changes in

In general, simulation models use one single equation tcclimatic regimes can also affect the rates of carbon uptake.
described the relationship between temperature and respird-he effect of changes in the variance of different climatic
tion, with the modified van't Hoff model being the most com- Variables on photosynthesis can offset the changes produced
mon. Although there is important work trying to predi@i, ~ On respiration Kedvigy et al, 2010. For analyses at the
values for different ecosystem types (e.Ghen and Tian  ecosystem level, the analytical framework provided here can
2005 Fierer et al. 2006, this modeling approach only con- Serve as a basis to identify the functions that would present a
siders one single functional relationship between temperalarger response to the variance of climatic variables by study-
ture and respiration. For some systems it is possible that thi§1g the degree of convexity of these functions and the ex-
relationship may be either other than convex or change tdected changes in variance of those variables.
concavity at some point in the temperature range; therefore, For better predictions of future soil respiration based on
more effort should be directed to understand how local scalé0ssible changes in temperature variance it is recommended
relationships can be incorporated in models and whethethat models are run with high-frequency data, which does
these relationships are generalizable within and across manot require modifications in model structure, but instead in
jor biomes. the type of data used in the simulations. High-frequency data

with explicit changes in variance can be obtained in differ-

ent ways: (1) for predictions of past respiration fluxes at a

o site, data from meteorological stations, eddy-flux towers, or

5 Implications automated systems for soil monitoring can be used to predict

high-frequency respiration fluxes. The temperature data can
Although ecologists are well aware of the importance of cli- pe plotted in a MSC diagram, as in our study, to explore pos-
mate variability (e.gRastetter et al1992 Kicklighteretal,  sible changes in temperature variance. (2) For predictions
1994 Ruel and Ayres1999 Pasztor et a].200Q Knapp  of past respiration fluxes at larger scales, re-analysis high-
et al, 2002 Jentsch et al2007), studies looking at the ef-  frequency data can be used. These data can be obtained in 6-
fects of climate change on ecosystem function have givemourly format from the National Center for Atmospheric Re-
perhaps too much attention to changes in the average climatgearch's website or from the European Centre for Medium-
but not to the full probability distribution of the climate Sys- Range Weather Forecasts. Again, the MSC p|ots can be used
tem. The findings of this study can greatly modify past pre-ith these data to explore past changes in temperature vari-
dictions about the effects of future average temperatures o@nce. (3) A random weather generator can be used for ex-
ecosystem respiration, especially for large temporal and spap|oring future changes in the variance of temperature. The
tial scales. However, soil respiration not only depends onprocedure is basically the same as the used in the numerical
temperature but also on moisture and substrate avai|abi|itysimu|ati0ns in our ana]ysis_ It consists of Samp"ng random
New climatic regimes will be associated with different soil numbers from a probabmty distribution with known mean
moisture regimes and different plant phenologies that contropnd variance. The values of variance can be changed over

substrate supply. There has been a considerable amount @fe to simulate plausible changes in the climatic regime.
work showing the effects of variable soil moisture on respira-

tion through drying/wetting cycles (s@&drken and Matzner

2009for a review). If combined with the results from this 6 Conclusions

study, changes in both temperature and precipitation variance

would likely produce complex behaviors not incorporated in I this study we found simple and general mathematical ex-

current model predictions. In coupled atmosphere-biospher@ressions to predict the effects of changes in temperature

models though, the implications may be less drastic since th¥ariance on the amount of carbon respired from soils.

time-steps in these models are generally short enough to ac- ASsume two temperature regimé@s and 72, both with

count for climatic variability and consequently reduce bias. the same mean value, but with different variances, so
The effects of new climatic regimes with different vari- Yar(/1) <Var(Z2). A general statement about average res-

ances would not only affect the mineralization of C measureop'ra?tIon rates, \.Nh'Ch IS _an_extensmn of Jensen's inequality

as soil respiration, but also the production of dissolved or—der“’ed from this analysis, is that

ganic and inorganic forms of C as well as other elements SUC'E(f(Tl)) < E(f(T2). (18)

as N. Autotrophic respiration is also likely to be affected by

changes in the variance of temperature since they usually cor- This inequality implies that increases in temperature vari-

relate well with a modified van’t Hoff modeRyan 1991). ance without changes in the average temperature result in
In general, any ecosystem process that is related with a clian increase of the average respiration, provided that the re-
matic variable through a convex or concave function is likely lationship between temperature and respiration is a convex
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function. For concave functions the sign of the inequality is We can now express the right-hand side of E&L)(in
reversed, which results in a decrease in average respiratioterms ofc andd as
with increases in temperature variance.

Another generalization, which can be deduced from the/ (@€ + 1=a)d)+(1=2) f((1=p)c+pd) (A6)
numerical analysis, is that changes in temperature variance <taf(c)+A(l—a)f(d)
amplify or dampen the effects of changes in average temper- +A-MA-B)fle)+A-1Bf ),
ature. If the average temperature increase in proportion to a < fOa+1—1)1—B)]
quantityn > 1, then DD A—a) + A= 0)B].
nE(f(Tv) < E(f(nT) < E(f(nT2)). (19) <Af()+ A=A fd).

The left hand side inequality is a special case of the non-Therefore,
homogeneity property of nonlinear systems. In the context
of this study, it implies that the average respiration caused b)f@) M (@+A=0fB)<rf()+A=1)fd). (A7)
a proportional increase in t.he average temperature is highe/&cknowledgements}.:inancial support was provided by the Ed-
that the same proportional increase of respiration under avelyardo Ruiz Landa Fellowship and the Kay and Ward Richardson
age temperature conditions. The right-hand side of E9). (  endowment. Data used in this research was also supported by
implies that the average respiration is higher if the variancefunding from the NSF Long-term Ecological Research (LTER)
of temperature increases. The sign of the inequality is reProgram to the H. J. Andrews and Toolik Lake LTER sites. We
versed if the system is concave or the varianc&as lower would like to thank Claire Phillips and Michael Unsworth for
than the variance df>. important comments on previous versions of this manuscript.
From this set of inequalities it is possible to predict under
what circumstances changes in temperature variance caudde service charges for this open access publication
amplification or dampening of average respiration rates. ~ have been covered by the Max Planck Society.
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