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Abstract Earth System Models typically use static responses to temperature to calculate photosynthesis
and respiration, but experimental evidence suggests that many plants acclimate to prevailing temperatures.
We incorporated representations of photosynthetic and leaf respiratory temperature acclimation into the
Community Land Model, the terrestrial component of the Community Earth System Model. These processes
increased terrestrial carbon pools by 20 Pg C (22%) at the end of the 21st century under a business-as-usual
(Representative Concentration Pathway 8.5) climate scenario. Including the less certain estimates of stem and
root respiration acclimation increased terrestrial carbon pools by an additional 17 Pg C (~40% overall increase).
High latitudes gained the most carbon with acclimation, and tropical carbon pools increased least. However,
results from both of these regions remain uncertain; few relevant data exist for tropical and boreal plants or for
extreme temperatures. Constraining these uncertainties will produce more realistic estimates of land carbon
feedbacks throughout the 21st century.

1. Introduction

The world’s vegetation regulates climate in part by controlling carbon fluxes between the biosphere and the
atmosphere [Bonan, 2008]. Photosynthesis and ecosystem respiration are the largest terrestrial carbon fluxes,
and the net balance of these processes determines carbon-based ecosystem services like food and timber
production [Beer et al., 2010] and can buffer Earth’s climate from anthropogenic CO, emissions. To under-
stand how these ecosystem services will change in the future, the current generation of Earth System
Models (ESMs) incorporates terrestrial responses to increasing CO, concentrations and climate change,
though different ESMs represent these processes in diverse ways, resulting in considerable variability in
carbon storage estimates among models. Many ESMs project that terrestrial carbon pools (combined plant
and soil carbon pools) will increase by the end of the 21st century under a business-as-usual forcing scenario
(Representative Concentration Pathway, RCP8.5) while a few project a loss (model range = —150 to 750 Pg C)
[Friedlingstein et al., 2014]. The magnitude of the net carbon gain or loss is dependent on the balance of a
climate-driven decrease and a CO,-driven increase in terrestrial carbon accumulation. Under a scenario
where CO, increases by 1% per year, the climate-driven decrease ranged across models from —50 to
—500Pg C, while the CO,-driven increase ranged from +300 to +1200 Pg C [Arora et al., 2013].

The simulated climate-carbon feedbacks in ESMs assume an invariant, instantaneous response of plant
physiological processes to changes in temperature. However, empirical evidence suggests that these instan-
taneous responses often vary with prevailing temperature, implying that plants “acclimate” to changes in
recently experienced temperature [Atkin et al., 2005, Atkin and Tjoelker, 2003, Berry and Bjérkman, 1980;
Sage and Kubien, 2007; Smith and Dukes, 2013; Way and Yamori, 2014; Yamori et al., 2014]. As such, represent-
ing physiological acclimation to prevailing temperatures could meaningfully influence simulations of carbon
cycling in ESMs [Ziehn et al., 2011; Booth et al., 2012; King et al., 2006; Friend, 2010; Galbraith et al., 2010] and is
thought to be a primary uncertainty in carbon cycle simulations [Bernacchi et al., 2009; Arneth et al., 2012;
Booth et al., 2012; Ziehn et al., 2011].

Projections of combined plant and soil carbon pools over the 21st century are uncertain [Friedlingstein et al.,
2014], in part due to the simulated magnitude of response to CO, [Arora et al., 2013], as well as to the
unforced model variability (i.e., without the influence of climate or CO, forcing) [Lombardozzi et al., 2014]
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and inaccurate representation of processes such as land use and land cover change, nitrogen availability, and
soil carbon turnover, which regulate rates of ecosystem carbon gain and loss. Though ESMs estimate that CO,
fertilization is a stronger driver of terrestrial carbon gain than climate change [Arora et al., 2013; Friedlingstein
et al., 2006], modifications to the climate response, such as the inclusion of temperature acclimation, will
affect the magnitude of the carbon cycle response to future climate forcings.

Model parameterizations to account for the acclimation of C3 photosynthesis and leaf respiration were
proposed by Kattge and Knorr [2007] and Atkin et al. [2008], respectively [also see June et al., 2004; King
et al., 2006; Wythers et al., 2013, 2005; Ziehn et al., 2011]. In this study, we tested the sensitivity of terrestrial
carbon pools to parameterization of Cz photosynthetic and plant respiratory temperature acclimation using
the Community Land Model, version 4.5, with active carbon and nitrogen biogeochemical cycling CLM4.5
(BGC) in simulations from 1850 to 2100 using a business-as-usual future climate forcing scenario (RCP8.5)
from 2005 to 2100. Note that we focus on plant temperature acclimation and do not include representations
of heterotrophic respiration acclimation, despite its importance in soil carbon pools [Frey et al., 2013].
We tested four versions of the model to determine the importance of plant temperature acclimation to
terrestrial carbon storage: (1) without acclimation, (2) including photosynthetic acclimation (Cz plants only),
(3) including photosynthetic and leaf respiratory acclimation, and (4) including photosynthetic and whole
plant respiratory (leaf, stem, and root) acclimation. We expected that including temperature acclimation
would increase terrestrial carbon pools throughout the 21st century, particularly in tropical and arctic
latitudes where high and low temperatures likely limit the physiological processes governing terrestrial
carbon gain. The impacts of changes in individual processes (i.e., photosynthetic or respiratory acclimation)
on simulated land carbon uptake have been investigated in some global models [Arneth et al, 2012;
King et al., 2006; Atkin et al., 2008], though this is the first time that the combined impacts of photosynthetic
and respiratory temperature acclimation have been evaluated.

2. Methods

The CLM4.5(BGC) [Oleson et al., 2013] is an updated version of CLM4 [Lawrence et al., 2011]. Key model
improvements pertinent to the carbon cycle are revisions to the leaf photosynthesis and canopy integration
[Bonan et al., 2011, 2012], vertically resolved soil carbon and nitrogen biogeochemistry [Koven et al., 2013],
and permafrost hydrology [Swenson et al., 2012]. Whereas the CLM4 carbon-nitrogen biogeochemical para-
meterization—CLM4(CN)—loses carbon over the twentieth century, CLM4.5(BGC) gains carbon and is in bet-
ter agreement with observations [Koven et al., 2013].

The revised C3 photosynthesis parameterization uses the temperature kinetics of Rubisco derived from
experimental studies [Bernacchi et al., 2001, 2003], modified to include high-temperature stress [Leuning,
2002], as described by Bonan et al. [2011, 2012]. In this formulation, the temperature response of
the parameters V may (Maximum rate of carboxylation), J,ax (maximum potential rate of electron transport),
R4 (dark respiration), T'x (CO, compensation point), and K. and K, (Michaelis-Menten constants) vary with leaf
temperature using the Arrhenius function:

AH, 298.15
fTv) = exp {298.159{ (1 T, )} M

where T, is leaf temperature (K), R is the gas constant (8.314JK~" mol™"), and AH, is the activation energy
(Jmol™"). Thermal breakdown of metabolic processes is included by further multiplying Vemax, Jmax @and Rg by
a high-temperature stress function [Leuning, 2002]:

14+ ex 298.15AS*\AH¢
fH(TV) — p( 298.15R ) (2)

1+ exp (—Asf);;f”d)

where AHy s the deactivation energy (J mol™") and AS is entropy (J K~ mol™"). Equations (1) and (2) together
form the peaked Arrhenius function, with a maximum rate at a specified temperature [Johnson et al., 1942].
Three parameters (AH,, AH4, and AS) determine the shape of the temperature response and the temperature
optimum (Table 1). Values of AH,, are from Bernacchi et al. [2001], with the AH,, value for J,,,,, from Bernacchi
et al. [2003]. Leuning [2002] gives AHy; and AS for V max and Jnax. The AS value for Ry is taken here as the
average of those for Vinax and Jynax In the implementation without temperature acclimation, these
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Table 1. Temperature Dependence Parameters for C3 Pho'cosynthesisa

Parameter AHz Umol ™) AHgz(Umol ™) AS Umol =Tk
Vernax 65,330 149,250 485

Jrmax 43,540 152,040 495

Ry 46,390 150,650 490

Iy 37,830 = =

K, 79,430 - -

Ko, 36,380 - -

#The parameters in this table do not allow for temperature acclimation of photosynthesis; acclimation is implemented
using equations (3) and (4).

parameters are constant and are the same for all plant functional types. The resulting temperature optimum
is 33.3°C for V max and 29.4°C for Jy,ax. The relationship of Jyax 10 Vimax at 25°C is Jmaxas = 1.97Vemaxos-

We implemented the representation of photosynthetic temperature acclimation that was proposed by Kattge
and Knorr [2007] for C3 plants, which was previously implemented in the JULES model [Arneth et al., 2012],
and allows the form of the peaked Arrhenius functions to shift with growth temperature. Specifically, the
photosynthetic acclimation to growth temperature is achieved by allowing AS to vary with growth tempera-
ture (defined as the running 10 day mean temperature, Ty in K, calculated within the model based on air
temperature from the forcing data) using an empirical relationship fitted to the temperature responses of
36 species grown at different temperatures, as

AS = 668.39 — 1.07(T10 — Tf) for Vemax

(3)
AS = 659.70 — 0.75(T1o — T) for Jmax

where Tis the freezing point of water. The temperature dependence of AS causes the temperature optimum
of Vemax @and Jmay to vary with growth temperature and increase with warmer temperature. The acclimation
parameterization used new values from Kattge and Knorr [20071, where AH4=200,000, AH, =72,000 for Vcmax
and AH,=50,000 for Jmayx, With the same values used for all C3 plant functional types. Additionally, the ratio
Jmax25/Vemaxas Varies with growth temperature, also from Kattge and Knorr [20071:

JmaXZS/chaXZS =259 — 0.035(T1o - Tf) (4)

The growth temperatures considered by Kattge and Knorr [2007] range from 11 to 35°C. Outside of this range,
we do not allow further acclimation to very high or low temperatures. This likely limits the effect of acclima-
tion in arctic and tropical latitudes and during the spring and fall. In our simulations, the 10 day running mean
temperature, calculated based on the historical and future (RCP8.5) forcing scenarios, was used to represent
the growth temperature in the acclimation terms. This is the same as the 10 day running mean used by Atkin
et al. [2008] for respiratory acclimation but different from the 30 day mean temperature used by Kattge and
Knorr [2007] for photosynthetic acclimation. We choose to use a 10 day running mean for long-term photo-
synthetic and respiratory acclimation to be consistent between the photosynthetic and respiratory acclima-
tion terms. Dietze [2014] found that the timescale of acclimation is likely inconsequential over a time span of
3-45 days, so we assume that the sensitivity to a 10 day versus 30 day running mean is negligible.

To test the effects of plant temperature acclimation, we ran four CLM4.5(BGC) simulations. Each simulation
ran from 1850 to 2100 with land use change using atmospheric forcing data archived from previous
Community Earth System Model simulations using historical forcings through 2005 and the Representative
Concentration Pathway 8.5 forcing (RCP8.5) [Meehl et al., 2012] through 2100. Each simulation was spun up
using 1850 forcings until carbon pools stabilized. A 100 year time series of the spun-up 1850 control simula-
tion provided estimates of internal model variability (i.e., the unforced variability without the influence of
climate or CO, forcing).

We compared two simulations to assess the importance of photosynthetic acclimation. The first simulation,
termed “no photosynthetic acclimation,” did not use the Kattge and Knorr [2007] parameterization, meaning
that AS and the ratio Jyaxos5/Vemaxas Were held constant (values in Table 1; equations (3) and (4) not used)
rather than varying with growth temperature. The second simulation included photosynthetic temperature
acclimation for C3 plants as described above and was termed “photosynthetic acclimation.”

LOMBARDOZZI ET AL.

PHYSIOLOGICAL TEMPERATURE ACCLIMATION 3



@AG U Geophysical Research Letters 10.1002/2015GL065934

150 _____lNo‘ph;‘os;n‘hle‘.c‘Aw‘ﬁm‘ﬁonl We used two additional simulations, both of
] Photosynthatic Accimation which featured the photosynthetic tem-
= o /"I perature acclimation described above, to
v assess the effects of respiratory acclimation.
The first of these, termed “photosynthetic
and leaf respiratory acclimation,” further
;‘”,,f“»f o I included a representation of leaf respiration
/’J?":.,.r‘ | temperature acclimation. The parameteri-
zation was derived using experimental data
from 19 species grown at four different

~  growth temperatures [Campbell et al., 2007]
and adjusts the basal rate of leaf respiration,
rather than the temperature response
[Atkin et al., 2008]. The acclimated simulated
: - leaf basal respiration rate, Ra, is modified
77— 7T 1 based on the 10 day running mean tempera-
1880 1920 1960 2000 2040 2080 ture, T;q, relative to a reference temperature,

Year Tref (298.15 K in the model). The temperature

deviation is multiplied by a correction
factor, C (—0.00794 K™ "), fitted to the empiri-

-

N

(=}
|

L

i ™
.

m—

©
o
L1
,
,\:h_
e
.
,

A Ecosystem Carbon (Pg C)
3
I

Figure 1. The change in global values of total ecosystem carbon pools
relative to 1850 in Community Land Model (CLM) simulations that alter

temperature acclimation (photosynthesis and respiration). Shading cal data of Campbell et al. [2007] by Atkin
represents +1 standard deviation of internal model variability. et al. [2008]:
Ra = Ry x 10%(T1o~Teer) )

The nonacclimated leaf respiration rate, Ry, is calculated using the peaked Arrhenius function with parameter
values in Table 1. The last simulation, termed “photosynthetic and plant respiratory acclimation,” extended
the respiration acclimation function above to additionally encompass both stem and root respiratory accli-
mation, similar to previous testing in the MOSES-TRIFFID model framework by Atkin et al. [2008]. The root
and stem parameter estimates were based on data collected for leaf respiration acclimation, however, so
there was large uncertainty associated with this simulation, and it was not a key focus of this analysis. In con-
trast with photosynthetic acclimation, which was only applied to C; plants, respiration acclimation was used
for all plant functional types.

3. Results and Discussion

Including photosynthetic and leaf respiratory temperature acclimation amplified the gain in the global
terrestrial carbon pools by up to 22% (40% if including stem and root respiration acclimation), relative
to a simulation without temperature acclimation, by the end of the 21st century (Figure 1). Relative to
1850, photosynthetic acclimation increased total global carbon gained in the terrestrial carbon pool by
10.7 £ 1.1Pg C at 2100 (the £ terms here and below are standard deviations of internal model variability)
compared to the simulation with no temperature acclimation (Figure 1). Including leaf respiration
acclimation and photosynthetic acclimation increased the global terrestrial carbon pool by a total of
20.3+1.6PgC at 2100, and including plant respiration (leaf, stem, and root) and photosynthetic accli-
mation increased the global terrestrial carbon pool by a total of 37.4+1.6PgC at 2100 compared to
the simulation with no acclimation (Figure 1).

Models used in the Coupled Model Intercomparison Project Phase 5 (CMIP5) simulations lose carbon as
planetary temperature increases [Friedlingstein et al., 2006; Arora et al., 2013; Ciais et al., 2013]. Our results
suggest that the net global carbon loss with warming is reduced when photosynthesis and respiration
acclimation is considered (Figure S1 in the supporting information), with analogous trends anticipated in
other land surface models. For example, photosynthetic acclimation increased global gross primary produc-
tivity in JULES by 25% at 2100 compared to not including photosynthetic acclimation [Arneth et al., 2012], and
including respiration acclimation increased global plant and soil carbon pools in 2100 by approximately
75Pg C in GTEC 2.0 [King et al., 2006] and increased net primary productivity by 9% at 2100 in temperate
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Figure 2. The spatial distribution of changes in ecosystem carbon pools relative to 1850 (AC = 2100-1850) in simulations that (a) include photosynthetic temperature
acclimation, (b) do not include temperature acclimation, and (c) include photosynthetic and leaf respiratory temperature acclimation. Stippling indicates a significant
change relative to 1850, defined as larger than +2 standard deviations (calculated from internal variability).

boreal sites using PnET-CN [Wythers et al., 2013]. In our simulations, the CLM4.5(BGC) without temperature
acclimation gained ~93PgC at 2100 (Figure 1) due to the forcing scenario, placing the global terrestrial
carbon gain on the low end of the range simulated by the other models that gain carbon (total range:
—150 to 750 Pg Q) [Friedlingstein et al., 2014]. The additional ~10-20 Pg C caused by including temperature
acclimation, or more (37 Pg C) if stem and root respiration acclimate in the same manner as leaf respiration,
is large relative to CLM4.5(BGC) carbon gain (93 PgC without acclimation), likely due to the low CO,
fertilization response caused by the representation of nitrogen limitation in the model’s carbon-nitrogen
biogeochemistry, which is not included in most other land surface models [Bonan and Levis, 2010; Arora
et al.,, 2013; Ciais et al., 2013; Smith and Dukes, 2013]. However, this carbon gain is small relative to the range
of carbon gain across CMIP5 models.

Spatial patterns of terrestrial carbon illustrate that in most locations, carbon pools were substantially larger
in 2100 compared to 1850 in simulations with and without temperature acclimation (Figure 2), likely due
to CO, fertilization [Arora et al., 2013; Williams et al., 2014]. The largest carbon increases were in tropical
regions, with more than 6000 g Cm 2 gained in the Amazon and Congo regions (Figure 2). We compared
the carbon changes in the temperature acclimation simulations over the period 1850 to 2100 relative to
the changes in the simulation without temperature acclimation to gain a clearer depiction of the differ-
ences between simulations (Figure 3). Compared to the simulation without temperature acclimation,
including temperature acclimation resulted in greater carbon gains in the Arctic, primarily due to photo-
synthetic temperature acclimation (Figures 3 and S2b). There was a large net carbon gain (>6000gCm™?)
in the tropics by the end of the 21st century in all simulations (Figure 2); however, the net carbon gain
in the tropics was smaller in simulations that included temperature acclimation (Figure 3). Including
respiratory acclimation allowed for somewhat larger increases in tropical carbon pools than including
photosynthetic acclimation alone (Figure 2), though the increase was still less than the simulation without
temperature acclimation (Figure 3). Atkin et al. [2008] similarly found that including plant respiratory
acclimation reduced respiration rates in tropical regions by up to 20% (i.e., causing carbon gain). Since
the parameter estimates for stem and root respiratory acclimation are based on leaf respiratory acclimation
measurements and therefore highly uncertain, we focus analysis on simulations including leaf, not plant
(as in Atkin et al. [2008]), respiratory acclimation.

Temperature acclimation led to a smaller net carbon gain by 2100 in the tropics, in part because simula-
tions including temperature acclimation had more carbon in the tropics in 1850 than simulations without
acclimation (Figure S3). Exploring this for the Amazon Basin (northwest bound: 0°N, 70°W; southeast
bound: 10°S, 50°W), the absolute magnitude of ecosystem carbon was highest at all times in the simulation
that included photosynthetic temperature acclimation, though the total carbon increase from 1850 to 2100
was less than the carbon increase over the same time period without temperature acclimation (Figure S2a). In
the acclimation simulations, the Amazonian carbon gain plateaued at 2.80 PgCyr~' by the end of the 21st
century, suggesting a possible limitation by another ecosystem driver. Other studies have shown that nutri-
ents [Cleveland et al., 2011; Norby et al., 2010] and drought [Zhao and Running, 2010] limit tropical net primary
productivity (NPP). However, soil wetness was similar for all simulations throughout the 21st century, and leaf
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In addition to allowing plants to adjust to
b ', changes in temperature, incorporating

; 25 ; temperature acclimation allows for geo-
graphic variability in plant responses to
temperature [Leuning, 2002], as noted
in the changes in 1850 ecosystem
carbon pools in simulations including
acclimation (Figure S3). While tropical
carbon pools increased in 1850 in
response to temperature acclimation,

T T P EEEEEEEEN | carbon pools were smaller in many other

-800 -600 -400 -200 0 200 400 600 800 locations, with large decreases in high

AA Ecosystem Carbon (g C m2) latitudes when leaf respiration acclima-
tion was included, akin to the high-
Figure 3. Difference in the change in ecosystem carbon over the simulation  latitude respiratory increases (i.e., carbon
(AC, Figure 2) relative to the simulation without temperature acclimation loss) in response to leaf respiration
for simulations that include (a) photosynthetic temperature acclimation acclimation found by Atkin et al. [2008].
(difference between Figures 2a and 2b) and (b) photosynthetic and leaf .
L A . ) This pattern emerges from the formula-
respiration temperature acclimation (difference between Figures 2c and 2b). . . . . .
“AA" denotes the temporal change from 1850 and the departure between tion of leaf respiratory acclimation, which
two experiments. Stippling indicates a significant change, defined as larger ~ allows respiration to acclimate to cooler
than +2 standard deviations (calculated from internal variability). temperatures as well as warmer tem-
peratures, increasing respiratory carbon
losses in cooler regions and decreasing respiration in warmer regions. Unlike the changes in geographic varia-
bility, including temperature acclimation did not alter the seasonal variability of gross primary product
(Figure S5), which resembled the seasonal variability seen in FLUXNET-MTE data [Bonan et al., 2011].

Though the functions used to simulate temperature acclimation are among the best approximations cur-
rently available for large-scale modeling (but see Atkin et al. [2015]), there remain large uncertainties asso-
ciated with the parameterizations. For example, acclimation can change the basal rates and temperature
responses of photosynthesis and respiration and might also differentially affect the photosynthetic processes
of electron transport and carboxylation. Additionally, whether or not the J;ax25/Vemaxes ratio (equation (4))
acclimates to temperature changes is uncertain. However, it is still unclear from available data whether
acclimation of one or all of these processes should be incorporated into models. Also noteworthy is the fact
that the acclimation functions were developed based on data from primarily temperate plants (photosynth-
esis) [Kattge and Knorr, 2007] and subtropical plants (respiration) [Atkin et al., 2008], though other plant func-
tional types might respond differently [Atkin et al., 2005, 2015; Smith and Dukes, 2013; Slot and Kitajima, 2015].
In fact, recent evidence highlights that tropical trees may not acclimate to changes in future temperatures
[Varhammar et al., 2015] (but see Slot et al. [2015]). This is particularly important since our results show that
acclimation impacts tropical and arctic latitudes most strongly, and data for these plant types had little influ-
ence on the development of the acclimation formulations we used. Also, the temperature range over which
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acclimation is restricted (11-35°C, as in Kattge and Knorr [2007]) will largely impact these same regions, as well
as spring and fall times of the growing season.

Additionally, the photosynthetic acclimation functions were primarily developed from a variety of different
plants that were grown under different temperature regimes. Fewer than half of the species were grown
under multiple temperatures. Therefore, the acclimation functions contained an implicit assumption of high
plasticity in temperature response, in contrast to the default model, which assumed no acclimation or
plasticity at all. It is not clear whether this parameterization represents acclimation to changing temperature
over time or simply differences in instantaneous responses of species over space. In reality, some intermedi-
ate case is likely to be realized, but our parameterization assumes that temperature changes through time,
representing acclimation. Analysis of respiration acclimation shows that temporal acclimation can also
improve estimates of leaf respiration across space [Vanderwel et al., 2015]. There is additional uncertainty
associated with choosing a 10 day acclimation temperature, though Dietze [2014] and Atkin et al. [2008] find
the uncertainty associated with length of acclimation time period to be small. Last, the parameterizations do
not account for interactions with other environmental factors, such as drought and nutrient availability,
which might alter the acclimation response. These uncertainties require further investigation.

4. Conclusion

Processes like temperature acclimation can contribute to the land carbon sink but are currently overlooked in
future ESM projections, despite the increase in terrestrial carbon gain that results from including temperature
acclimation in models. We focus our analysis on one model to isolate the impact of changing a single
parameterization on future terrestrial carbon projections, which serves to highlight the range of parameter-
ization uncertainty. We expect that including temperature acclimation in other models will cause an increase
in the multimodel mean carbon uptake (e.g., photosynthetic acclimation also increases carbon in JULES)
[Arneth et al., 2012]. However, we acknowledge that intermodel differences, as well as uncertainty in natural
variability, are important for determining changes in carbon cycle projections. In addition to understanding
the model response uncertainty, future research should prioritize understanding the biochemical mechan-
isms controlling acclimation to improve model parameterizations. Indeed, determining whether field obser-
vations truly capture acclimation is essential to future modeling efforts. It is also necessary to understand how
photosynthetic and respiration acclimation behave in concert and whether representing acclimation of each
process independently, as we have done here, is representative of observed behaviors. Addressing these and
associated uncertainties will improve the representation of photosynthesis and respiration in ESMs and
change projections of terrestrial carbon pools.
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