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ABSTRACT

The projected rise in temperature in the 21st century will alter forest ecosystem functioning and carbon
dynamics. To date, the acclimation of plant photosynthesis to rising temperature has not been adequately
considered in earth system models. Here we present a study on regional ecosystem carbon dynamics under
future climate scenarios incorporating temperature acclimation effects into a large-scale ecosystem model, the
terrestrial ecosystem model (TEM). We first incorporate a general formulation of the temperature acclimation
of plant photosynthesis into TEM, and then apply the revised model to the forest ecosystems of the
conterminous United States for the 21st century under the future Intergovernmental Panel on Climate Change
(IPCC) Special Report on Emissions Scenarios (SRES) climate scenarios AIFI, A2, Bl and B2. We find that
there are significant differences between the estimates of carbon dynamics from the previous and the revised
models. The largest differences occur under the A1FI scenario, in which the model that considers acclimation
effects predicts that the region will act as a carbon sink, and that cumulative carbon in the 21st century will be
35 Pg C higher than the estimates from the model that does not consider acclimation effects. Our results further
indicate that in the region there are spatially different responses to temperature acclimation effects. This study
suggests that terrestrial ecosystem models should take temperature acclimation effects into account so as to
more accurately quantify ecosystem carbon dynamics at regional scales.
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1. Introduction exceed the global mean in most areas, and average annual

) ) temperatures are likely to rise by 2 to 3°C along the western,
Recent studies of global climate change suggest that there

will be more intense, more frequent and longer lasting heat
in future climate. For example, coupled models of climate
and terrestrial biosphere functions predict a continuous
increase in average global temperatures of between 1.5 and

southern and eastern continental edges and up to more than
5°C in the northern region. Overall warming in the
United States is projected to exceed 2°C (Christensen
et al., 2007).

These projected increasing temperature feed back to the

4° ith ati isi ¢ . .
C with CO, concentrations rising to between 800 and terrestrial ecosystem and influences the CO, exchanges

1000 ppm (Friedlingstein et al., 2006; Gunderson et al.,

. . . between the land and atmosphere significantly. It is known
2010). In the period 2090-2099, increases in mean surface . .

. . . . that plant photosynthesis, which removes CO, from the
air temperature and the uncertainty associated with these o .
. . . . atmosphere, normally steadily rises to an optimum rate
increases, relative to the period 1980-1999, are estimated L . . .
o . . with increasing temperature, followed by a relatively rapid
to be between 1.8 and 4°C in various emission scena-

rios using multiple climate models (Meehl et al., 2007).
In North America, the annual mean temperature is likely to

decline; additionally, ecosystem respiration, the production
portion of the CO, flux in the terrestrial ecosystem,
potentially increases exponentially with rising temperature.
These instantaneous temperature effects on ecosystem
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carbon dynamics have been modelled (Van’t Hoff, 1884;
Arrhenius, 1889; Johnson et al., 1942; Farquhar et al.,
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1980; Raich et al., 1991) and adopted in many large-scale
ecosystem models (Raich et al., 1991; Melillo et al., 1993;
Running and Hunt, 1993; Bonan, 1995; Chen et al., 1999).
However, these models as important components of earth
system models have not fully considered the temperature
acclimation effects, although some recent analyses with
fully-coupled climate-carbon models suggest the potential
temperature acclimation of plant photosynthesis is the
most important uncertainty in future global carbon cycle
estimation (Arneth et al, 2012; Booth et al., 2012).
Temperature acclimation is defined as the reversible change
that enables optimum functioning under changing environ-
mental conditions (Saxe et al., 2001).

There is growing evidence showing that the response of
carbon dynamics in terrestrial ecosystems to temperature is
acclimating. For example, Mooney et al. (1978) showed
that plants grown at different temperatures exhibit similar
rates of net photosynthesis when measured at their growth
temperatures. Slatyer (1977) found a linear relationship
between optimal and growth temperature with a slope of
0.34°C °C ' in Eucalyptus paucifiora. Similar slopes were
observed or reported in Oxyria digyna (Billings et al.,
1971), in Ledum groenlandicum (Smith and Hadley, 1974),
in Eucalyptus globulus and E. nitens (Battaglia et al., 1996).
Berry and Bjérkman summarised that plants exhibit
considerable differences in their photosynthetic response
to temperature and reflect an adaptation to the tempera-
ture regimes of their native environments (Berry and
Bjorkman, 1980). More recently, Gunderson et al. (2000)
conducted laboratory and field studies to examine the
impacts of temperature acclimation and suggested that
there is potential physiological acclimation of photosynth-
esis and respiration to temperature in sugar maple. Con-
sequently, Medlyn et al. (2002a, b) recommended that the
modelling of forest responses to increasing temperatures
should take potential acclimation of the photosynthetic
temperature response into account in photosynthesis mod-
els (Farquhar et al., 1980). Kattge and Knorr (2007) further
derived a general formulation for quantifying the tempera-
ture acclimation effect in the parameters established by
Farquhar photosynthesis models.

Apart from photosynthesis, studies on the response of
plant respiration to temperature have shown that increas-
ing temperature may cause a decline of the Q10, the rate of
change in respiration due to a 10°C increase in tempera-
ture, leading to lower plant respirations (Wager, 1941;
Atkin et al., 2000a; Atkin et al., 2000b; Tjoelker et al., 2001;
Covey-Crump et al., 2002; Loveys et al., 2003). This refers
to Type I acclimation as proposed by Atkin and Tjoelker
(2003) and Atkin et al. (2005). Another form of plant
respiration acclimation, Type II acclimation, indicates that
there are changes in the overall capacity of plants to
perform respiration, resulting in a decrease in the elevation

of the temperature response curve with warming. These
studies therefore highlighted the need for a better process-
based understanding of respiration temperature accli-
mation and emphasised the importance of considering
acclimating plant respiration in large-scale ecosystem
models for more successful predictions of the effects of
climate change. Several plant respiration acclimation
algorithms have been developed, which empirically model
plant respiration as an updated function of temperature
(Tjoelker et al., 2001; Wythers et al., 2005; King et al.,
2006). Based on the existing knowledge, Ziehn et al. (2011)
incorporated acclimation mechanisms of plant photosynth-
esis and respiration into the Biosphere Energy Transfer
Hydrology (BETHY) scheme and used plant trait data and
a Bayesian approach to quantify the uncertainty of the key
parameters in BETHY (Ziehn et al., 2011).

However, there are few studies focusing on incorpo-
rating the above knowledge of temperature acclimation
into large-scale ecosystem models and examining the
differences between estimations of CO, exchange between
land and atmosphere with and without the coupling of
temperature acclimation effects (Smith and Dukes,
2012). Here we build upon existing modelling algorithms
and the best available knowledge to study temperature
acclimation effects with a large-scale biogeochemical
model, the terrestrial ecosystem model (TEM; Zhuang
et al., 2003). The revised model is applied to examine the
responses of forest ecosystem carbon dynamics to future
climate change for the conterminous United States during
the 21st century.

2. Materials and methods

2.1. The terrestrial ecosystem model

The TEM is a well-documented, process-based ecosystem
model that describes the carbon and nitrogen dynamics
of plants and soils for terrestrial ecosystems (Raich et al.,
1991; McGuire et al., 1992; Melillo et al., 1993; Zhuang
et al., 2003; Zhuang et al., 2010). The TEM uses spatially
referenced information on climate, elevation, soils, vegeta-
tion and water availability as well as soil- and vegetation-
specific parameters to make monthly estimates of important
carbon and nitrogen fluxes and pool sizes of terrestrial
ecosystems. In TEM, carbon fluxes between the biosphere
and the atmosphere are modelled as gross primary produc-
tion (GPP), which represents CO, uptake from the atmo-
sphere, and autotrophic respiration (R) and heterotrophic
respiration (Ry), both of which represent CO, emissions
from the biosphere (Fig. 1).

GPP (photosynthesis) is modelled as a function of the
irradiance of photosynthetically active radiation (PAR),
atmospheric CO, concentrations, moisture availability,
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Fig. 1. Schematic diagram of the terrestrial ecosystem model

(TEM). Boxes show state variables: vegetation carbon (Cy);
vegetation nitrogen (Ny); soil organic carbon (Cs); soil organic
nitrogen (Ng); and available soil inorganic nitrogen (Nay). Arrows
show carbon and nitrogen fluxes: gross primary production (GPP);
autotrophic respiration (Ry); litterfall carbon (L¢); litterfall
nitrogen (Ly); nitrogen uptake by vegetation (Nyprakg); net
nitrogen mineralization of soil organic nitrogen (NETNMIN);
outside nitrogen inputs (NINPUT) and nitrogen loss from the
ecosystem (NLOST) (More details, see Raich et al., 1991, McGuire
et al., 1992).

mean air temperature, the relative photosynthetic capac-
ity of the vegetation, and nitrogen availability. The freez-
ing and thawing dynamics have also been considered
(Zhuang et al., 2003). The formula for calculating monthly
GPP is:

GPP = C,,.f(PAR)f(P)f (FOLIAGE)f(T)

x f(C4,G,)f(NA)f(FT) O]

where Cp.x is the maximum rate of C assimilation by the
entire plant canopy under optimal environmental condi-
tions, and f{PAR), f(P), AFOLIAGE), fiNA) and f(FT)
represent the limits of the photosynthetically active radia-
tion (PAR), the leaf phenology, the influence of relative
canopy leaf biomass relative to maximum leaf biomass
(Zhuang et al., 2002), the limiting effects of plant nitrogen
availability and the effects of freeze-thaw dynamics on GPP
(Zhuang et al., 2003), respectively. The term C, represents
the influence of increasing atmospheric CO, concentration
on GPP, which is modelled by following Michaelis—Menten
kinetics (Raich et al., 1991); G, accounts for changes in
leaf conductivity to CO, resulting from moisture avail-
ability, which is based on the estimates of evapotranspira-
tion (ET). Specifically, A(T) is the temperature scalar with
reference to the derivation of optimal temperatures for

plant production and 7 is monthly air temperature, f(T) is
modelled as:

(Ti Tmax)(Ti Tmin) . (2)
(T = T (T = Tip) = (T = T,,)

max opt

S(T) =

where Tiax, Tmin, and Top are parameters representing
maximum, minimum and optimum air temperature for
canopy photosynthesis, respectively. Values of f(T) esti-
mated by eq. (2) are limited to a minimum of zero (Raich
et al., 1991). Specially, T, varies yearly instead of being
set as a constant value such as Tx, OF Tinin. Top 1S set to
be the average air temperature of the month in which the

f(P) reached its maximum during the previous year, but

is limited by two parameters, Topi max aNd Topi_min, Which
provide the upper and lower limits of T, respectively.

R is modelled as the sum of maintenance respiration
(Ry,) and growth respiration (Ry):

Ry,=R,+R, )

R, 1s modelled as a function of vegetation carbon
(VEGC) and a scalar indicating the temperature (7)
influence:

Rl

m

= K, (VEGC)e)7T )

where K, is a parameter representing the respiration rate of
the vegetation per unit of biomass carbon at 0°C in grams
per gram per month (Raich et al., 1991), which is a function
of VEGC. K, is a parameter calibrated to fit K, with
VEGC:

K = o~ 0-0000806VEGC+K,, (5)

and rr is the instantaneous rate of change in respiration:
rr = In(Q10)/19 (6)

Instead of using a constant value, Q10, the rate of change
in respiration due to a 10°C increase in temperature, has
been modelled as a third-order polynomial function to
depend on temperature variations:

010 = 2.35665 — 0.053087 + 0.00238 72 — 0.000047° (7)

The coefficients are determined by fitting the above
polynomial to a dataset in which the value of Q10 is about
2 at moderate temperatures between 5 and 20°C, smoothly
decreases to 1.5 at high temperatures between 20 and 40°C
and increases to 2.5 at low temperatures between 0 and 5°C
(McGuire et al., 1992).

R, is estimated to be 20% of the difference between GPP
and R,,. Ry is modelled as a function of soil organic carbon
(SOCQ), soil temperature (T), the influence of soil moisture



4 M. CHEN AND Q. ZHUANG

on decomposition (MOIST), and the gram-specific decom-
position constant Ky:

Ry; = K4(SOC)" " MOIST ®)

Net Primary Production (NPP) and Net Ecosystem
Production (NEP) in TEM are then defined as:

NPP = GPP — R, )
NEP = NPP — R, (10)

The version we used in this study is TEM 5.0 (Zhuang
et al., 2003), which has coupled a Soil Thermal Model
(STM) and a Water Balance Model (WBM), which provide
the estimations of thermal and hydrological dynamics to the
calculation of carbon cycling processes, but are calculated
externally without feedbacks from the carbon cycle.

2.2. Modelling temperature acclimation of
photosynthesis

In Farquhar’s C3 photosynthesis model (Farquhar et al.,
1980), the photosynthesis rate is limited either by RuBP
carboxylation or by RuBP regeneration. Two key para-
meters, Vemax and Jipax, are used as the maximal velocity
of RuBP carboxylation and the maximum rate of RuBP
regeneration, expressed as the rate of electron transport,
which represents plant photosynthetic capacities. An
Arrhenius function (Arrhenius, 1889) is normally used to
describe the temperature dependence of Vi y.x and Jyax.
Kattge and Knorr (2007) conducted an analysis of data
from 36 species to quantify the acclimation to temperature
dependence of plant photosynthetic capacities with plant
growth temperature, fgowmn, Which was defined as the
average ambient temperature over the canopy during the
preceding month. A modified Arrhenius function (Johnson
et al., 1942; Medlyn et al., 2002a; Medlyn et al., 2002b) was
used to fit observed datasets of Vemax, Jmax and fgrowin, and
to derive a set of linear relationships between fgowim, key
parameters in the modified Arrhenius function (e.g. k55, the
base rate of Vipax and Jy.x at the reference temperature of
25°C; H,, the activation energy, and 45, the entropy term
in the function), ry v (the ratio of the base rates of Jy,ax and
chax)a and Topt( chax) and Topt(Jlnax) (the Optimum
temperatures for Vepnax and Joay, respectively):

x[ = ai + bi X tgrowlh (1 1)

where Xx; represents key parameters in the modified
Arrhenius function and Top(Vemax) and Topi(Jmax), @; and
b; are acclimation parameters for each x;. The intercept
term «; indicates the base value of x,, and the slope b;
represents the temperature acclimation rate. Kattge and
Knorr (2007) propose to include the result of regressed
temperature acclimation 4S5 and r;yv in eq. (11) to model

temperature acclimation effects. Since TEM uses a simpler
multiplier [eq. (2)] rather than the Arrhenius function to
quantify the temperature dependence of photosynthesis
capacity, and the only connection between eq. (11) and
TEM’s temperature-dependence term is the optimum
temperature, we only use the relationships between fyowin
and the optimum temperatures when we apply the results
provided in eq. (11) to TEM (Table 1).

Although the value of T, in TEM is updated yearly as
indicated above, it is limited by Top max and Topi min
(Table 2), which are estimated based on a compiled dataset
(Larcher, 1980; Raich et al., 1991) of current climate (i.e.
climate at the end of the 20th century); however, these
estimations may not be suitable for the predicted warmer
environment in the future. We therefore model the
temperature acclimation effect by updating T max and
Topt_min- In addition, current values of T},,x may also need
to be updated with increasing temperature (Kattge and
Knorr, 2007). We use the acclimation parameters in eq.
(11) for both Top (Vemax) and Tope (Jmax) from Kattge and
Knorr (2007) to calculate the temperature-related para-
meters at each time step in TEM since both of the variables
could represent the possible photosynthesis capacity in the
model. Therefore, two different sets of parameterisation for
acclimation in TEM are conducted based on the rate of
acclimation of Vipn.x and Jga.c. Given that the current
temperature-related parameters in TEM are T,, and
current growth temperature is fgrowih,0!

Tpl)(i) = ai + bi X tgrowth‘() (12)

where the subscript p indicates the temperature-related
parameters in TEM including Top¢ maxs Topt_min and Tpax.
Tin 1s assumed to be constant. Also 7 represents Vepax O
Jmax-

At a time step ¢ in the future with growth tempera-
ture ferowin, We have the acclimated temperature-related
parameters:

Tp.t(i) =4a; + bf X tgrowlh,l (13)

Hence the T, (i) is calculated:

Tpx(i) = Tp,()(i) + bi X (tgrowth,t - tgrowlh‘O) (14)

Table 1. Linear relationship between growth temperature and
optimum temperatures [referring to (Kattge and Knorr, 2007)
Table 3, used in eq. (12) in this paper]

Parameter a SE b SE ”
Topt(Vemax) 24.92 1.60 0.44 0.084 0.433
Topt(Jmax) 26.21 1.17 0.33 0.089 0.385

Topt(Vemax) and Top(Jmax) are the optimum temperature for plant
photosynthesis for Vegnax and Ji. in Farquhar et al. model.
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Table 2. Base temperature-related parameters in TEM for
various vegetation types in this study

Vegetation type Tmax Tomeax Toptimin Tin
Boreal forest 29.0 224 14.2 —8.0
Temperate deciduous forest — 34.0 30.9 17.0 0.0
Temperate coniferous forest  34.0 30.0 17.0 —1.0

Units are °C.

Here we set fyowin as the annual average temperature
for a given year, which is consistent with the yearly updated
Topi, although the preceding monthly temperature was used
for t4rowin,c in Kattge and Knorr (2007). Errors induced by
this change are evaluated in our study. To examine
temperature acclimation effects in the 21st century, we set
the base temperature, fyowino as the annual average
temperature of the year 2000, the beginning of the 21st
century. The parameters in the current version of TEM are
used as the base parameters. The modelled effects of air
temperature on GPP when f#y.owm, increases at different
levels, shown in Fig. 2a, demonstrate that the temperature
effects on the rates of photosynthesis are low at extreme
low and high temperatures and optimum at moderate
temperatures, as well as show the shifts of the response
relationship under different warming or cooling levels.
These effects align with similar trends and patterns as
illustrated in Fig. S in Kattge and Knorr (2007).

To include the uncertainty of using the linear relation-
ships from the study of Kattge and Knorr (2007), standard
errors (SE) of the parameter b; in eq. (14) are considered in
our analysis. Specifically we used b;+SE; to estimate
T, (i+SE;) in TEM. Therefore six sets of parameters for
the acclimation effects are derived including T}, (Vemax),
Tp,t( chax + SEchax)’ Tp,t( chax - SEchax)’ Tp,t(-]max)a
Tp,t(‘]l’nélx—"_SEJmaX)s and Tp,t(Jmax _SEJmax)~

2.3. Temperature acclimation of plant respiration

In TEM, Q10 for plant respiration has been modelled as
dynamically dependent on temperature (McGuire et al.,
1992) based on a third-order polynomial regression [eq. (7)]
which generally follows the Type I acclimation from Atkin
and Tjoelker (2003) and Atkin et al. (2005). In this study,
we keep the forms of dynamic estimation for Q10 and for
the calculations of plant respiration in both the revised and
original versions of TEM. Fig. 2b and 2c¢ show the response
of R, and Ry to temperature with respect to carbon
storage with fixed and variable Q10 in our revised TEM.

2.4. Regional simulations

To quantify the effects of temperature acclimation on
regional carbon dynamics, we apply the six versions of the
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Fig. 2. Effects of monthly mean temperatures on GPP, R, and
Ry. (a) relative response of GPP to air temperature at different
acclimation stages. Base thermal condition: Zgowm =21.8°C,

Tmax =34°C, Top =30°C, Tpip =0°C; warmest condition:

torowth = 34.1°C, Tinax =38.7°C, Top =34.7°C and Tpip =0°C;
coolest condition: Zgowin =20.2°C, Tinax =33.4°C, Top =29.4°C
and Tp,;, =0°C. b that used for calculating shifts of these
parameters is set to be 0.385 as the average of b for Top(Vemax) and
Topt(Jmax)- Base growth temperatures are extracted as the annual
mean air temperature of the grid cell in our regional dataset in
2000; warmest and coolest grow temperatures are determined by
the maximum and minimum annual mean air temperature for the
same grid. (b) Response of plant maintenance respiration (R,) to
air temperature with fixed Q10 =2.0 and variable Q10 that used in
TEM with different vegetation carbon pool sizes. Parameter Ky, is
set to be a typical value as —5.28. (c) Response of heterotrophic
respiration (Ry) to soil temperature at different soil organic
carbon pool sizes.
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revised TEM, as indicated above, to the forest ecosystems
of the conterminous United States at a 0.5°x (0.5° spatial
resolution for the period 1948-2100 with a total of 1370
grid cells (Fig. 3). In order to examine the spatial pattern
of the acclimation effect in our study area, we divide the
study area into three sub-regions (Southern, Northern
and Western) following the Koppen-Geiger -climate
classification updated map (Kottek et al., 2006). The
Southern region represents warm and humid climate, the
Northern region represents cold and humid climate, and
the Western region represent warm steppe climate. The
spatially-explicit soil texture, elevation data and vegetation
types are from our previous studies (Melillo et al., 1993;
Zhuang et al., 2003). For comparison, the previous version
of TEM is also applied for the same region. The climate
data from 1948 to 2000 are extracted from NCEP global
datasets (Kistler et al., 2001). To examine the carbon
response to the most extreme and modest climate scenarios
during the 21st century, we use the A1FI, A2, Bl and B2
scenarios from the IPCC SRES (IPCC, 2001). We extract
the data from HadCM3 simulated global climate with at a
0.5° x0.5° spatial resolution (Mitchell et al., 2004). The
annual atmospheric CO, concentration data from 1948 to
2000 are based on data from our previous studies (Melillo
et al., 1993). For the period 2001-2100, we retrieve the
annual CO, concentration data from each of the IPCC
SRES scenarios (IPCC, 2001). Temporal variations of
annual mean temperatures are shown in Fig. 4. Figure 5
shows the annual maximum temperature in the year 2000,
the most extreme scenario A1FI and the modest scenario
Bl. The temperature generally increases from north to

-130° -120° -110° -100° -90° -80° -70°

40°
40°

30°
30°

0 250 500 1,000 Km

-110° -100° -90° -80°
== Boreal Forest == Deciduous Forest 7 Southern <« Western
== Coniferous Forest == Mixed Forest --- Northern

Fig. 3. Potential vegetation coverage of forest region and
climatic zones in the conterminous United States at a resolution of
0.5 x 0.5° (longitudes x latitudes). The mixed forest is defined in
TEM as the combination of 50% deciduous forest and 50%
coniferous forest.

south, and the highest temperature occurs in eastern Texas.
In 2000, the highest annual maximum temperature is about
32°C, which rapidly increases to more than 35°C in the
2050s and more than 40°C in the 2090s under the A1FI
scenario and increases at a lower rate under the Bl
scenario.

For all the simulations, we assume that there is no
temperature acclimation before the 21st century. We first
run the model to equilibrium and then spin-up the model for
200 yr to account for the influence of climate inter-annual
variability on the initial conditions of the ecosystems.
During this step, all the simulations are not incorporated
with photosynthesis acclimation mechanisms. After that, a
group of simulations with and without consideration of
acclimation effects are conducted, driven with data of
transient climate and annual atmospheric CO, concentra-
tions from 1948 to 2100. The results for the whole region
and each sub-region from 1990 to 2100 are extracted for
further analysis. The emphasis is on examining how
acclimation affects the regional estimates of the carbon
dynamics of GPP, NPP, NEP, R, and Ry, as well as
vegetation carbon (VEGC) and Soil Organic Carbon (SOC)
during the 21st century.

The Euclidean Distance (ED) is used to measure the
differences between the simulated time series of carbon
dynamics of two models:

(15)

The subscript j indicates the estimated variable (e.g.
GPP); VV and V” are the annual values estimated by the
previous and revised TEM, respectively. N is 100.

3. Results

3.1. Simulated carbon dynamics with original version
of TEM

Both the original and revised TEM estimates for regional
forest ecosystems indicated a carbon sink of 0.07 +0.1 Pg C
yr ! in the 1990s over the total vegetated area of 3.26
million km?. GPP and NPP in the 1990s were 4.7 +0.17 and
2.5+0.13 Pg C yr ', respectively. R, was estimated to be
22+0.06 Pg C yr~' and Ry was 2.43+0.06 Pg C yr .
During this period, there was a significant inter-annual
variability in carbon fluxes (Figs. 6 and 7).

The response of the C dynamics to climate change varied
with each of the future climate scenarios (Figs. 6, 7 and 8).
Under the future climate scenario A1FI, the simulated GPP
and NPP increased until the early 2050s but decreased in
the remaining years of the 21st century (Fig. 6a,e). Similar
trends occurred under the A2 scenario, except that the
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Fig. 4. Variations of air temperature in the 1990s and the 21st century under the IPCC SRES climate scenarios. ‘max T’, ‘mean T’, ‘min

T’ represent the annual maximum, mean and minimum air temperatures, respectively.

inflection point occurs 10 yr later (Fig. 6b,f). Instead of
inflection, GPP and NPP under the Bl and B2 scenarios
show increasing trends (Fig. 6¢,d,g,h). NEP had a similar
trend (Fig. 6i,j,k,1); however, it slightly decreases after the
mid-21st century due to steady increasing Ry under the Bl
and B2 scenarios. The respiration trends (R and Ry) are
highly correlated to the increasing air temperature until the
mid-21st century (Fig. 7). Overall, the previous version of
TEM estimates higher GPP, NPP and NEP, and Ry, and
lower Rp under Bl and B2 than the estimates under the
A1FI and A2 scenarios. Variations in carbon pool sizes
also occur under the various climate scenarios (Fig. 8).
VEGC increases steadily under the B1 and B2 scenarios,
but trends decrease after the mid-21st century under the
A1FI and A2 scenarios. Conversely, SOC continuously
decreasing under the A1FI and A2 scenarios but begins to
increase beginning around 2040 under the Bl and B2
scenarios.

3.2. Simulated carbon dynamics with the revised TEM

The revised TEM simulations are different from the
previous version of TEM for the 21st century (Figs. 6, 7
and 8). The simulated carbon fluxes continuously increased
in the 100-yr period. NEP increases slowly at first but
slightly decreases after the mid-21st century. VEGC con-
tinues to increase during the study period under all the four
climate scenarios. SOC, however, decreases under the A1FI
and A2 scenarios, but begins to increase around the mid-
21st century under the B1 and B2 scenarios.

The magnitudes of the estimated carbon fluxes and pool
sizes are different from the previous results (Table S1). For
example, on the annual-average basis, the revised TEM
estimates for GPP, NPP and NEP are 0.53, 0.64 and 0.35
Pg C yr~! higher than those estimated by the previous
version under the A1FI scenario, respectively. The revised
TEM estimates that R, is 0.1 Pg C yr—' lower than

the previous results, but that Ry is 0.29 Pg C yr ' higher.
The vegetation carbon and soil organic carbon pool sizes
are 7.25 and 0.31 Pg C higher than previous results for the
100-yr period, respectively. Under the A2 scenarios, the
differences are similar to A1FI, but the magnitudes are
relatively lower. In contrast, the revised and previous
versions of TEM estimate similar carbon dynamics under
the B1 and B2 scenarios. The revised TEM estimates a little
higher GPP, NPP, NEP and Ry but lower R, than the
previous results under these two scenarios; the estimated
carbon pool sizes are slightly higher than the previous
results.

Over the 100-yr period, the revised TEM predicts that
the conterminous United States forest ecosystems act as a
carbon sink under all four climate scenarios; however,
the previous results indicate that the region is a carbon
source under the A1FI scenario. The cumulative difference
between the 100-yr NEP estimated by the two versions of
TEM under the A1FI scenario is as high as 35 Pg C.

4. Discussion

4.1. Temperature effects on carbon fluxes

Extreme temperatures affect carbon dynamics by influen-
cing the biochemical processes of ecosystems. However,
plants can offset the negative effects of extreme tempera-
tures through acclimation. For example, a plant acclimated
to cold climates can compensate for the low photosyn-
thesis at low temperature conditions by producing leaves
with high concentrations of leaf nitrogen and photosyn-
thetic enzymes (Berry and Bjorkman, 1980). Here, the
EDs of the two versions indicate there are significant dif-
ferences in regional carbon dynamics of the conterminous
United States forest ecosystems (Table S2).

Air temperature increases rapidly under the AI1FI
scenario, following with the A2, B2 and Bl scenarios
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dataset of the most extreme and modest climate scenarios (A1FI
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Annual maximum air temperature from the monthly

(Fig. 4). The estimation differences between the two
versions of the model are on the same order from high to
low. As indicated in eq. (2), the rapid increasing air
temperature may exceed the optimum and even the

maximum temperature for plant photosynthesis at a
transition time point and lead to decreasing carbon
fixation. The rapidly increasing temperature enhances
ecosystem respiration and therefore the net ecosystem
production is likely to decrease after the transition time
point. The abnormal carbon fluxes lead to the abnormal
change in carbon pool sizes (e.g. the temporal trends of the
vegetation carbon pool size, VEGC, are positively corre-
lated to NPP, which is the net carbon gain of vegetation).
In contrast, with the effect of temperature acclimation,
ecosystem carbon fluxes can maintain their trends without
a transition time point, and therefore these trends con-
tribute to the significant difference in the results in
comparison with the previous version of the model that is
not coupled with temperature acclimation effects.

The temperature acclimation effects on carbon fluxes
show strong seasonal variations (Fig. 9). Under all climate
scenarios, the estimation of GPP and NEP considering the
temperature acclimation effect is higher than those esti-
mates obtained without considering the effect during the
summer months, but lower during the other months. The
annual maximum monthly air temperatures are most likely
to occur during the summer months. The largest differences
in GPP and NEP estimated by the two versions of the
model occur during the summer months, while the differ-
ences during the other months are smaller. This suggests
that the differences in the estimated annual carbon fluxes
mainly occur in summer months and are determined by the
maximum air temperature. There are explicit inflections in
the trends of GPP, NPP and NEP simulated with the
previous TEM under the A1FI and A2 scenarios (Fig. 6).
The inflection points are around 2050 and 2060 under the
ATFI and A2 scenarios, respectively. For our study region,
the maximum monthly air temperature under the A1FI
scenario is 29.5°C in 2050, and 29.4°C in 2060 under the A2
scenario. This suggests that, for the forest ecosystems of the
conterminous United States, 29.5°C may be the transition
point of plant carbon assimilation from an ascending to a
descending trend with increasing air temperature.

Apart from the temperature acclimation of photosynth-
esis, possible acclimation effects on plant respiration (Atkin
et al., 2005) also have to be taken into account. Since both
the revised and original TEM simulations account for the
Type I acclimation of plant respiration [eq. (11)], the
significantly lower estimates of R by the revised versions
of TEM are most likely caused by the indirect impacts of
incorporating the temperature acclimation of photosynth-
esis. This might help to partly explain the Type II acclima-
tion of plant respiration proposed in Atkin and Tjoelker
(2003) and Atkin et al. (2005). As shown in Figs. 6 and 8, the
revised versions of TEM estimate higher GPP and NPP,
especially under the AIFI and A2 scenarios, resulting
in more carbon accumulation in VEGC. Referring to
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eq. (3, 4 and 5), both the parameters K; and VEGC provide
the base rate of the maintenance respiration; however, K, is
inversely correlated to VEGC. Figure 2b shows how VEGC
can influence the maintenance respiration in TEM; these
relationships are similar to the Fig. 4c in Smith and Dukes
(2012). The mechanism of Type II acclimation of plant
respiration is not fully understood to date, although
many studies have presented evidence, such as changes in
capacity per mitochondrion (Klikoff, 1966), differences in
the number of mitochondria per unit area (Miroslavov
and Kravkina, 1991), or changes in plant nitrogen and
carbohydrate concentrations (Stockfors and Linder, 1998;
Gunderson et al., 2000). These studies suggest that Type 11
acclimation is largely associated with temperature-mediated
changes in respiratory capacity (Atkin and Tjoelker, 2003).
Considering these new findings, the parameter K. might
have been too simply modelled in our study, which may lead
to the large differences in R, estimates.

Although the short-term temperature dependences of
photosynthesis and plant respiration are different (i.e.
respiration is assumed to be more sensitive to temperature
than photosynthesis), many lines of evidence suggest that
temperature acclimation may be able to create a balance
between plant photosynthesis and respiration, leading to
an insensitive ratio of plant respiration and photosyn-
thesis (R/P) to temperature (Gifford, 1994; Gifford, 1995;
Gifford, 2003). Dewar et al. (1999) suggested that accli-
mated R/P may depend mainly on the internal allocation of
carbohydrates to protein synthesis. Atkin et al. (2005)
further indicated that the maintenance R/P probably
reflects the fact that photosynthesis and plant respiration
are interdependent. As shown in our study, the original

TEM, without incorporating photosynthesis acclimation,
predicts an increasing R/P in the 21st century, while the
revised versions estimate a steadier R/P, suggesting that the
revised TEM might have estimated more reasonable
regional carbon dynamics (Fig. 10).

Acclimation of soil respirations has also been found
(Oechel et al., 2000; Luo et al., 2001; Melillo et al., 2002;
Curiel Yuste et al., 2010). Luo et al. (2001) indicated the
temperature sensitivity of soil respiration (Q10) decreases
under warming, and increases at low temperatures through
acclimation. Janssens and Pilegaard (2003) presented similar
conclusions, finding large seasonal changes in the Q10 of
soil respiration in a beech forest. Giardina and Ryan (2000)
provided evidence showing that the decomposition rates of
organic carbon in mineral soil do not vary with tempera-
ture. However, a number of studies have attributed this
apparent acclimation to other factors. For example, Allison
et al. (2010) suggested that declines in microbial biomass
and degradative enzymes can explain the observed attenua-
tion of soil respiration under warming. Sampson et al.
(2007) suggested that variation in photosynthetic signatures
induces different seasonal changes in the base rate of soil
respiration via differences in the belowground supply of
labile carbon. Since the mechanisms of soil respiration
acclimation are still not fully elucidated, temperature
acclimation of Ry has not been explicitly considered in
this study (i.e. dynamic QI10); however, temperature
acclimation of Ry has been implicitly accounted for as a
result of the interactions among ecosystem processes in
TEM. For instance, with the revised version of TEM, while
more carbon is fixed by plants, more litterfall carbon is
produced, resulting in higher SOC (Figs. 6, 7 and 8).
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Higher SOC results in higher Ry, although this may be
partly regulated by the stress of soil moisture availability
(Fig. 2c¢).

4.2. Spatial patterns of carbon dynamics

The conterminous United States spans various climate
zones (Peel et al., 2007). The forest ecosystem response to
increasing temperature and the temperature acclimation
effect may vary spatially in the region. We examine the
contributions of the three sub-regions to the temporal
variations of the carbon fluxes and pool sizes and
temperature acclimation effect (i.e. the differences between
model estimations with and without acclimation) over our
study region. As shown in Figs. 6, 7, 8, 10 and 12, the
Southern region contributes the most to temporal carbon
and water dynamics and explains most of the acclimation

effect. In contrast, the contribution of the Northern region
mostly happens in the late 21st century under the A1FI and
A2 scenarios, but the contribution becomes little under the
Bl and B2 scenarios. The Western region seems to
contribute the least. These spatial patterns are mostly due
to the differences in area and climatic environment between
these regions.

We examined the spatial pattern of the different
responses under the most extreme climate change scenario,
A1FI. We find the differences between GPP and NEP
estimated by the previous and revised TEM in the 2090s are
large in most of the Southern region but low in most of the
Northern and Western regions (Fig. 11). The Northern and
Western regions are cooler than the tropical and subtropi-
cal area in the South, with the annual maximum monthly
temperature averaging less than 25°C in 2000 (Fig. Sa).
During the 21st century, rising temperatures may lead to
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increases in Topi maxs Tmax and Tope in the revised model.
For the Northern and Western regions in the first half
of the 2lst century, the acclimated 7, may still be in
the range of the upper and lower limitations in both the
previous and the revised versions of TEM; therefore, the

acclimation of T, may not cause the differences between
the estimates of the two versions of the model. However,
since T,y 1s also acclimated in the revised model, accord-
ing to eq. (2), the revised model may estimate a lower GPP,
leading to a lower NEP in the Northern region for that

-200 0 200

400 600 800

NEP difference (g C m? yr'1]

Fig. 11.  Spatial distribution of the differences between GPP and NEP estimated by the two versions of TEM under the A1FI climate
scenario. The differences are calculated by the revised TEM GPP and NEP minus the results estimated by the previous version of TEM.
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period (Fig. 11). In contrast, the annual maximum monthly
temperatures in the Southern region are already close to the
initial Tope max in the year 2000; therefore, the increasing
Tope Will have a positive effect on the carbon assimilation in
the Southern regions, resulting in a higher GPP and NEP
with the revised TEM (Fig. 11). In conclusion, the base
growth temperature can be important in determining the
direction of the temperature acclimation effect, resulting in
a spatial heterogeneity of carbon simulation differences
between two versions of the model.

Regions with higher GPP and NEP estimated by the
revised TEM seem to be spreading with the rising air
temperature. As shown in Fig. 11, during the 2050s,
negative GPP and NEP differences occur only in the low-
latitude area of the Southern region. However, during the
2090s, only cold regions in the northeast with high latitudes,
the Rocky Mountain area and the Pacific Northwest area
exhibit negative differences in GPP and NEP. The largest
positive differences occur in forest ecosystems in the middle-
latitudes, because the annual maximum monthly tempera-
ture in that region may be the closest to the acclimated T
while the temperatures in the south may have exceeded the
optimum value.

4.3. Limitations and uncertainties

Plant acclimation occurs through a series of biochemical
and physiological processes. Plants make physiological
adaptations by keeping a physiological process closer to a
homeostatic rate than would be expected based on short-
term responses. This adjustment may be due to a variety of
environmental factors or limitations other than tempera-

ture. For example, short-term elevated levels of atmo-
spheric CO, often accelerate photosynthesis (Norby et al.,
2005), yet plants may down-regulate photosynthetic activ-
ity over longer timeframes through physiological and
biochemical adjustments (Ainsworth and Long, 2008; Lee
et al., 2011). The Michaelis—Menten kinetics incorporated
in TEM only account for the fertilisation effect of rising
atmospheric CO, concentrations, but no acclimation
mechanisms are considered. Additionally, more frequent
drought may happen, accompanied by global warming in
the future (Dai, 2011). While water stress can result in a
reduction in plant photosynthesis and respiration rates by
reducing leaf stomata openness in the short term, the plants
may be able to survive through acclimation (Shinozaki
and Yamaguchi-Shinozaki, 2007; Fulda et al., 2011).
We calculate the evapotranspiration (ET) and Water Use
Efficiency (WUE), which is defined as GPP/ET, to
investigate the effects of water stress on photosynthesis.
We find that ET is positively correlated to temperature
increases under all climate scenarios and WUE is steadier
than values from the original TEM estimates (Fig. 12). The
more adequate analysis on how water stress affects
acclimation shall be conducted with more recent versions
of TEM that incorporate the effects of changing plant
canopy due to carbon dynamics on hydrological cycling
(Felzer et al., 2009). In addition, acclimation of photo-
synthesis and respirations to other factors such as nutrient
availability and irradiance and their interactive effects
should also be considered in future analysis (Maxwell
et al., 1994; Valladares and Pearcy, 1997; Atkin et al.,
2005).
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Four major uncertainty sources should be discussed.
First, we adopt a general linear relationship from (Kattge
and Knorr, 2007) to estimate the acclimated temperature-
related parameters in TEM using a 1-yr time-scale. In
contrast, the time-scale was one month in (Kattge and
Knorr, 2007). To test the uncertainty of the choice of time-
scale for temperature acclimation, we run the model using
I-month and 10-yr time-scales under the A1FI climate
scenario. The comparison shows that the differences
between these scales are much smaller than the differences
due to incorporating the temperature acclimation effect
(Table 3). Although the differences are not significant in our
study, more attention is necessary for global studies, since
more dramatic seasonal and inter-annual temperature
variations may occur relative to our regional study. Since
the linear relationship is produced based on the Farquhar’s
photosynthesis model with the reanalysed data of 36
species, the limited data points and the uncertainty of the
relationship could bias the temperature-related parameters,
and consequently the carbon dynamics. For example, Lin
et al. (2012) showed that factors such as photosynthetic
biochemistry, respiration and vapour pressure deficit also
affect the temperature response of plant photosynthesis.
Thus future development of acclimation algorithms should
also take these factors into account. In addition, since TEM
and Farquhar’s approaches are different in modelling the
temperature effects on photosynthesis, the choice of Ty
for Vemax and Jpna in TEM may also contribute to the
uncertainty. To test these hypotheses, we conduct a set of
ensemble simulations using the temperature parameters
calculated for V. and Jy.x with the coefficient 5 plus-
or-minus its standard error (SE). The standard deviation
(std) of the ensemble simulations is used to account for
this uncertainty (Figs. 6, 7, 8, 10 and 12). Generally the
uncertainty of the carbon fluxes or pool sizes is higher under
the climate scenarios in which air temperature increases
more rapidly (e.g. A1FI and A2), and is larger when
temperature increases.

Second, the indirect acclimation of plant respiration and
soil respiration was modelled through changing carbon
pools affected by photosynthesis acclimation, although the
function of direct temperature acclimation has been
proposed in (Atkin et al., 2008). However, the acclimation

of respirations is still not fully understood and more
quantitative evidence is needed before being incorporated
into ecosystem models (Atkin et al., 2005).

Third, there is a spatial and inter-species heterogeneity in
the temperature acclimation. In our study we incorporate a
general linear relationship for temperature acclimation for
all the forest types across the conterminous United States.
However, many studies have shown that the degree of the
acclimation is highly diverse in different species and in
different regions (Mooney et al., 1978; Huner et al., 1993;
Dewar et al., 1999; Bunce, 2000; Gunderson et al., 2000;
Gunderson et al., 2010). Thus, future study should consider
the spatial and inter-species heterogeneity of acclimation in
response to temperature variations when more data are
available. Finally, the acclimation effects on the dynamics
of vegetation succession and competition that are impor-
tant for estimating carbon exchange between the terrestrial
biosphere and the atmosphere are not yet in our model
(Foley et al., 1996; Sitch et al., 2003). These acclimation
effects in dynamic global vegetation models should help
quantify carbon dynamics that are regulated by both
ecosystem structure and functioning (Bachelet et al.,
2001; Lenihan et al., 2003).

5. Summary and conclusions

This study explores the effects of temperature acclimation
on the carbon dynamics of forest ecosystems over the
conterminous United States during the 21st century. We
find that the significance of the temperature acclimation
effect on carbon dynamics varies under different climate
scenarios. The largest differences occur under the A1FI
scenario, with a cumulative carbon sink of 35 Pg C higher
than the previous estimates with an earlier version of TEM.
The differences are relatively small under the A2, B1 and B2
scenarios because of their lower air temperature increases.
In addition, there is a large spatial heterogeneity of carbon
assimilations in response to the temperature acclimation
effect. This is primarily due to the asynchronous increasing
of the optimum temperature for photosynthesis and the air
temperature in the region. Our study suggests that quantify-
ing the future net carbon exchange should consider the
temperature acclimation effects on both photosynthesis and

Table 3. Differences of the estimated carbon dynamics in the 21st century between using l-yr time-scale of temperature acclimation,

I-month, and 10-yr time-scales

Time-scale GPP NPP NEP RA RH VEGC SOC
1-month —0.0094 —0.0106 —0.0071 0.0012 —0.0035 —0.1019 —0.0080
10-yr 0.0270 0.0314 0.0184 —0.0044 0.0130 0.3590 0.0423

The numbers are calculated by using 1-yr time-scale results minus the results with other time-scales. Units are Pg C yr— .

1
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plant and soil respiration. Developing more observational
data on temperature acclimation for various ecosystem
types should be a research priority.
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