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Abstract High-latitude vegetation experience different temperatures than the ambient air temperature.
While lacking a regional plant temperature product, we drove the dynamic ecosystem model, LPJ-GUESS, with
widely used ERAS5-land surface temperature (T, at radiative equilibrium) and air temperature to understand
ecosystem process responses to these two temperatures. We show that tundra plants' growth is stimulated by
warmer Ty, in the summer, but in the boreal forests, colder T, in the non-summer months constrains leaf
development and enzyme activity the following growing season. T, drives higher productivity of tundra plant
individuals but leads to less productive individuals in the boreal forest, although with compensatory changes
(almost 68%) in vegetation structure. We demonstrate the importance of forcing temperature in simulating high-
latitude ecosystem processes and call for a community effort to measure plant temperatures across canopy
heights and seasons to reduce uncertainties in estimating high-latitude plant responses and feedback to climate.

Plain Language Summary The temperature experienced by plants often differs from the
surrounding air temperature. This plant temperature plays a large role in how plants grow and function. By using
two common observation-based temperature data sets (air and surface temperatures) to drive an ecosystem
model, we found that warmer summer surface temperatures stimulate tundra plant growth, but colder
temperatures in other seasons than summer can limit growth in the boreal forest. We highlight how important it
is to use actual temperatures plants in high-latitude ecosystems experience to improve our understanding of how
these plants interact with their environment under the changing climate.

1. Introduction

Air temperature (T,;,), routinely measured at the height of a few meters above canopies (usually at 2 m) at
meteorological stations or simulated by climate models, describes macroclimate conditions for an ecosystem
(Aalto et al., 2022; Korner & Hiltbrunner, 2018). T,;, has been widely used in models (Huang et al., 2019; Smith
et al., 2014) to drive ecosystem functions, vegetation biogeography, plant physiology, and disturbances like
wildfire. However, T, is usually not the temperature experienced by organisms, such as plants, and we should be

aware of bias resulting from using T,;, to drive some of the ecosystem processes (Jones, 1985; Korner & Hilt-

air
brunner, 2018). The bias magnitude in interpreting thermal responses using T,;, is strongly linked to process
response time; such bias could be larger for thermal responses to heatwaves than for vegetation biogeography

distribution (Piao et al., 2019).

The magnitude and temporal variations of T,;, are clearly distinct from surface temperature (T,). T, is defined
as the temperature of the solid surface of a landscape and is strongly influenced by surface properties and
microclimatic conditions (such as light and moisture levels). Land surface temperature (LST) instantaneously
detected by remote sensors is commonly used by the remote sensing community due to its wide coverage (E. J.
Good et al., 2017), and the term T, used here is derived from solving surface energy balance and simulating
plant and physical processes (Mufioz-Sabater et al., 2021). T+ can represent the plant-experienced temperature
(Tp1ant, can also be called as skin temperature) at the canopy surface for vegetated areas in snow-free months. For
non-vegetated areas, Ty, describes the temperature at soil/snow surfaces. The differences between these daily
maximums of T+ and T,;, can exceed 20°C (E. J. Good, 2016).
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In temperature-limited regions (e.g., tundra, boreal and Alpine ecosystems), it is paramount to apply the correct
temperature to understand plant processes and their responses and feedbacks under a fast-changing climate
(Korner & Hiltbrunner, 2018; Rinnan et al., 2020; Simin et al., 2021). In-situ field observations from the Arctic
and Alpine ecosystems have identified that T, can be more than 10°C higher than T
(Korner, 2007), and the temperature difference is smaller on cloudy days than on sunny days (Scherrer &

plan .ir measured at 2 m height
Koerner, 2010; Simin et al., 2021). The observed differences between these two temperatures can be larger than
the projected changes in T;, for these cold ecosystems by the end of this century (Still et al., 2019). This greatly
challenges the current estimations of the greenhouse gas fluxes and vegetation responses to climate change in the
cold regions. The dynamics of T

. are influenced by ambient T,;. but they are closely interlinked with leaf

plant air
physiological and morphological properties, canopy structure, radiation intensity, and near-surface aerodynamics
(Scherrer & Koerner, 2010). Currently, there are no observation-based regional/global data sets which describe
the dynamics and magnitudes of T ,,,, which hinders a direct evaluation of Ty, simulated by land modeling

communities.

Gap-free global reanalysis data, which integrate observations from the past and numerical weather forecasting
models based on data assimilation, provide a complete and accurate estimation of many global variables about the
earth system. The fifth generation European Center for Medium-Range Weather Forecasts Reanalysis (ERAS)
generates global 2 m T,;, and T+ at 0.25° and at hourly scales (Muifioz Sabater, 2019). The 2 m T,;, describes the
near-surface air temperature, while T, is the temperature of the Earth's surface necessary to achieve radiative
equilibrium derived from the surface energy balance (ECMWF, 2016). These two temperatures are widely used to
monitor climate change, understand Earth's surface conditions and calibrate/evaluate model outputs and satellite
products (La Sorte et al., 2021; Muifioz-Sabater et al., 2021). T,;, quantifies macroclimate conditions and is
primarily influenced by atmospheric processes such as solar radiation, movements of air masses, cloud cover, and
atmospheric pressure. Ty, is influenced by solar radiation absorption, surface properties and heat dissipation. For
vegetated areas, Ty, is also influenced by leaf traits, such as color, hairiness and transpiration rate, canopy
structure and boundary layer aerodynamics (ECMWF, 2016). Notably, none of these two temperatures can fully
represent the average Tp,,, of the whole canopy. Still, we argue that Ty, considering energy exchanges at the
canopy level and vertical temperature gradients of air, should be closely linked to plant processes in ecosystems
with low-statured vegetation, especially in snow-free seasons. The decoupling of T,;. and T, for arctic tundra
vegetation is expected due to the low air mixing close to the canopy and/or cold climate-adapted plant traits
(Korner, 2021; Scherrer & Koerner, 2010). Capturing this decoupling is essential to understanding the growth
conditions of these plants facing rapid climate change (Still et al., 2019).

Here, we aim to quantitatively assess how two widely used temperature products (i.e., ERAS T,;, and Ty, in-
fluence ecosystem processes at high latitudes by thoroughly examining LPJ-GUESS simulated changes in
vegetation production, carbon and water cycling, and vegetation composition. The quantified results are bene-
ficial for raising awareness of model uncertainties related to temperature inputs and contribute to narrowing down
model uncertainties in estimating land-atmosphere carbon and water exchanges.

2. Materials and Methods
2.1. LPJ-GUESS Model

LPJ-GUESS is a process-based dynamic global vegetation model (DGVM) that can simulate the carbon, water,
and mass cycles and responses to climate and environmental changes (Sitch et al., 2003; Smith et al., 2014). LPJ-
GUESS simulates vegetation dynamics based on plant individuals' establishment, mortality, competition, and
disturbances at the community level (Hickler et al., 2004; Pugh et al., 2019). The model simulates plant physi-
ological and biogeochemical processes at a daily time step and describes the growth, mortality, disturbances and
allometry at an annual time step.

The model simulates at gridcell level, and within each gridcell, different stands are used to represent different
landcover types, such as crops, wetlands, pasture, managed forest, and natural vegetation. This study includes
natural and wetland landcover classes. Within each stand, the model simulates a number of independent patches
(50 in this study), representing different disturbance and succession histories. Within each patch, different in-
dividuals compete for the available resources, including light, water and nutrients. The model enables the explicit
representation of the canopy vertical structure, mixed plant composition and competition. The simulations over
tundra and boreal regions in this study included 23 plant functional types (PFTs, a set of species with similar
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responses to the environment and with similar effects on ecosystem functioning): five grass, three bryophytes,
eight shrub and seven tree PFTs, see detailed description in Tang et al. (2023) and Rinnan et al. (2020).

In this study, LPJ-GUESS was separately driven by ERAS5-land air and surface temperatures (Details in Sup-
porting Information S1 Text S1-S3). As this model version (without surface energy balance) only needs forcing
temperature as input, we disentangled the impacts from two ERAS5-land temperatures on different processes. The
study area, Arctic and boreal regions, mainly consist of boreal needle-leaved evergreen and deciduous trees,
upland shrubs, wetland grass and moss. In southern boreal regions, there are also some broad-leaved deciduous
trees (see the dominant PFTs in Figure S2 of Supporting Information S1).

2.2. Untangling Contributions From Individual-Level Changes and Community Structural Changes

LPJ-GUESS normally outputs the averaged fluxes or state variables at the gridcell level. In response to different
temperatures (i.e., surface and air temperature), the gridcell-outputs, for instance, carbon and water fluxes, could
include temperature responses not only from individuals, but also changes in the vegetation community. This
could for example, be changes in the numbers of PFT individuals, age and canopy structures. It is thus important
to isolate the effects of these two parts to separate the response magnitudes of averaged plant individuals and the
changes in vegetation community.

In LPJ-GUESS, individual-level simulations are first carried out to estimate fluxes (e.g., GPP) and update state
variables (e.g., leaf area index, LAI), and these fluxes and state variables are then summed or averaged within
each patch, considering PFT individual density and canopy structure. To separate these two parts, we assume that
the changes in variable values (“X” in the following equation) can be split into the averaged changes at the in-
dividual level and the vegetation community structural changes in PFTs within the patch:

indiv=n x,PFT
PFT _ Zindiv:l Xindiv (1)

indiv n

PFT

PFT __ “*patch
KS - XPFT (2)

indiv

where the X% represents the X value (such as GPP) of a given PFT averaged across different individuals in a

patch, that is, the averaged state of individual plants, and  is the number of individuals within that patch. K57 is
PFT
Xpatch

all individuals, which is the overall state of all individuals of the given PFT in that patch.

the composition coefficient of a given PFT, representing the patch-level X of a given PFT summed across

XPF T

parcn 18 the community

scale state under the joint action of individual's state and the vegetation community structure.

We then calculated the relative percentage changes of each selected variable (Equations 3 and 4) at the individual

and structural levels from these simulations driven by T,;. and T,

"PIT _ xPET
AXPFT (%) — indiv indiv % 100% (3)
X

indiv PFT
indiv

ARETT(R) = [(KET - KEFT)/REET| x 100% “

where AX%(%) and AKLFT(%) represent the percent changes of individual level GPP and structural compo-

sition coefficient for each PFT through comparing simulations driven by T, and T,;,. Primed and unprimed

air*

quantities refer to the outputs driven by T, and T,;,, respectively.

Since the proportion of different PFTs in a gridcell is different, it is necessary to weight the changes of individual
level change in X and composition coefficient according to the foliar projection cover (FPC) at the gridcell level:

AXEL (%) =3 AXPIT (%) x FPC, 5)
i=1

indiv indiv,i
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Figure 1. The spatial distribution of the differences between surface and air temperatures for the non-summer season (a, period of the year except June, July and August)
and summer season (b, June, July and August) between 1979 and 2015. The monthly means of surface and air temperature (c) and the monthly differences between
surface and air temperatures in three regions (d). The boxplots with whiskers show the fifth, 25th, 50th, 75th, and 95th percentiles of the differences between these two
temperatures. Tundra & Boreal: including both tundra and boreal biomes. Dots represent the region with significant differences.

AKE™ (%) =) AKEET (%) x FPC, (6)
i=1

Where AXii:Ziv(%) and AK Sg'id(%) are the gridcell-level percentage changes of individuals' X and structural

composition coefficient when comparing two simulations, i represents the ith PFT, and FPC; represents the FPC
of the ith PFT.

3. Results and Discussions
3.1. Differences in Surface and Air Temperatures

For 72% of the study region, ERAS Ty, is higher than T ;. in the summer season (i.e., June, July and August) but
lower in the non-summer season (Figures 1a and 1b). The temperature differences (AT) of these two periods are
much larger in the tundra region compared to the boreal region, likely due to the high albedo of snow-covered
tundra in winter and low canopy height and dark surface in summer. This substantial seasonal variability of
near-surface temperature in the tundra region is also found in in-situ temperature measurements across 446 study
sites in northern Europe (Aalto et al., 2022). Averaging the whole tundra region (based on the tundra extent from
Ecoregions 2017 © R*°"®) between 1979 and 2015, the monthly T, is up to 1°C warmer for the summer season
but down to —3°C colder than the T;, for the non-summer season (Figure 1c). There are larger spatial variations in
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monthly temperature differences over tundra than in boreal regions (Figure 1d). In the Canadian Arctic Archi-
pelago and northern Russia, the summer season average T, can be over 3°C higher than the reference Tj;,.

3.2. Impacts on Plant Carbon and Phenology

Between 1979 and 2015, simulated values for gross primary productivity (GPP) over the study region were higher
by 0.031 PgCl/yr (+0.29%) for summer season (i.e., June—August) but lower by 0.13 PgC/yr (—18%) for non-
summer season (i.e., the rest of months than June—August), respectively, when driven by T, instead of T,
(see the monthly differences of GPP in Figure S1 of Supporting Information S1 and the dominant PFTs for each
gridcell in Figure S2 of Supporting Information S1). The regional GPP increases are primarily contributed by
changes from three deciduous plant functional types (PFTs GRT: Tundra Graminoid and Forb, LSS: Low shrub
summergreen, and BNS: Boreal needle-leaved summergreen, Figures 2a and 2b). The increases of GPP from
GRT and LSS are mainly distributed in the Arctic region, where higher T, over the summer season (Figure 1b)
predominantly stimulates the growth of these PFTs. The increases in GPP from BNS are mainly centered in the
northern part of Siberia's larch forest (Figure 2b). In contrast, T, leads to a clear decrease of GPP for evergreen
PFTs over the boreal region (Figure 2¢) compared to T,;, (reduced by —2.44% and —1.92% for boreal needle-
leaved evergreen, BNE and boreal shade-intolerant needle-leaved evergreen BINE, respectively). This
to-T,
relatively small for summer season months in this region (Figures 1a and 1d). At the seasonal scale, the reduced
GPP for evergreen PFTs driven by a colder T, outside the main summer season carries over to the summer
season (Figure 2a). These carry-over impacts seem to be associated with the colder T, in spring and winter
months, bringing the inhibition effects from the low temperature on C3 photosynthesis and also causing lower

decrease is likely linked to the colder T, in non-summer season months, as the T i differences are

annual leaf area index in general, which influences the summertime GPP (Figure S3 in Supporting Information S1
showing the averaged differences of temperature response in photosynthesis and LAI for one gridcell dominated
by PFT BNE). The deciduous broad-leaved tree, IBS, also shows a widespread decrease over the southern part of
the boreal region.

The choice of driving temperature also causes large differences in the modeled start and end of the growing
season, that is, SOS and EOS (Supporting Information S1 Text S2), for many summergreen PFTs (Figures 2d and
2e showing PFTs with dominance for each gridcell and Figures S4 and S5 in Supporting Information S1 show
mapped differences in SOS and EOS for all PFTs). T+ drives both earlier and later SOS (smaller and larger SOS
in values, respectively) depending on the PFT compared with T,;,. For example, IBS and TeBS-dominated
gridcell in the boreal region show the largest delays (1.1 and 2.0 days, averaged over the study region) at the
start of the growing season, while HSS, GRT and SPDS (summergreen prostrate deciduous shrubs)-dominated
gridcell in the Arctic region, show an earlier SOS (2.3, 1.7 and 2.1 days, averaged over the study region) when
driven by T, For EOS, the delays (i.e., later leaf senescence) occur mainly for GRT and SPDS-dominated
grideell, and the opposite (i.e., an earlier EOS) is seen for boreal summergreen PFTs from the T, simulation.

Overall, we found a longer growing season (period between SOS and EOS, which were determined by Unified
model (Sykes et al., 1996) and leaf longevity threshold, respectively) in the Arctic region if T was used as the
input, while the phenological development of boreal deciduous PFTs seems to be constrained by the relatively
colder Ty, over the spring and winter months (Figure 1d), causing lower GPP values for PFT IBS (Figure 2e). In
spring, snow melting can alter plant-experienced temperature, available water, and canopy vegetation compo-
sition D E Winkler et al., 2018). During this temperature-sensitive period, it is essential to account for snow-plant

interactions in determining T, and associated linkages to spring budburst (Vitasse et al., 2021). In autumn,

plant
multiple cues, including growth development in growing seasons, autumn radiation and soil moisture conditions,
could impact the leaf senescence (Zohner et al., 2023), which LPJ-GUESS does not yet account for (Seyed-
nasrollah et al., 2020). We further argue that the dependence of leaf senescence on spring and growing-season

conditions should be further examined by accounting for differences in air and plant temperatures.

3.3. Impacts on Plant Individuals and Canopy Structure

We further attribute the GPP differences at the gridcell level (Figure 3a) to the temperature-induced changes in
GPP values averaged across all individuals within each gridcell (hereafter called individual GPP changes) and
changes in the total coverages and number of PFT individuals (hereafter called PFT composition or PFT
structural changes, see Methods).
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Figure 2. Modeled differences in monthly gross primary production (GPP) and phenology between T, and T ~driven simulations for different plant functional types
(PFTs). (a) Averaged differences in monthly GPP for each PFT or biome (left y-axis) and the areal total GPP over the tundra and boreal areas (right y-axis). The positive
values (in red colors) mean higher areas of total GPP values driven by T, compared to T,;. and vice versa (more in blue colors). The green and light brown
backgrounds represent the summer and non-summer season periods, respectively. The spatial distribution of the PFTs that dominate the simulated difference of GPP
shown in (a): PFTs' responses for GPP increase (b, +) and decrease (¢, —). (d) The simulated start of the growing season (SOS) and (e) end of the growing season (EOS)
for deciduous PFTs (only included the gridcells with one of the listed PFTs as the dominant). The asterisk (*) represents significant differences (based on r-test) between
the two simulations, and green and brown asterisks indicate earlier and later T, ~driven SOS or EOS simulations than that of T, -driven simulations, respectively.
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In the Arctic, individuals become more productive (up to 30% increase) when driven by Ty, instead of T,
(Figure 3b). However, in the boreal region, the model generally predicts lower values of individual GPP,
especially over certain areas, for example, Scandinavian mountains and southern Russia, which are largely

contributed by the lower GPP of boreal needle-leaved evergreen in these regions (Figure 2e).

PFT structural changes positively or negatively contribute to the GPP changes. The negative contributions of PFT
composition changes (reduced number of individuals and/or foliar cover fraction, Figure 3c) to GPP increases
occur in the western and middle parts of Russia and parts of Canada. However, the Canadian Arctic Archipelago

TANG ET AL. 6of 11

85U8017 SUOWIWOD BATe81D 3|qeo[dde 8y} Aq pausenob ae sl VO ‘85N JO S9N 10} Akeiq18UIIUO AB|1M UO (SUONIPUOD-PUR-SWBI/LID A8 | 1M ARe.d 18U Uo//Sty) SUORIPUOD puUe WIS | 81 88S *[G5202/E0/y2] Uo Areiqiauliuo A8|IM ‘21Bojouyos | ind InHsu| Jeynsie A ZG90TT 19%202/620T 0T/I0p/wiod A8 |mAriq puljuosqndnbe//sdny wouy pspeojumoqd ‘6T ‘%202 ‘L008r76T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL110652

< 2
o
= [ol)
A o
2 =
2 S
2y =
< o
< k=
<
s0f -
5 i 0.05
4 o &4 L I0‘04
3 S 4 £ 0.03
g & i =
2 3 5 H 002 “g
12 E 001
o g g0 0o ¥
R= 3 o,
1EF o S T e ) 0oL ]
2 g < - EmmE  mm [ -0.02 <
g -10 i .
38 H 0.03
4 < -20 B L I-o.o4
L] =
z » . R?=0.27 P

8 6 4 2 0 2 4 6 8
A Composition changes (%)

Figure 3. Gross primary productivity (GPP) changes are attributed to individual-level GPP changes and composition changes. (a) The modeled differences in the annual
GPP in 1979-2015 at the gridcell level; (b) The averaged changes of GPP at the individual levels; (c) the changes in composition; positive/negative values represent
increased or reduced numbers of individuals and/or foliar cover fraction (d) The synergistic impacts of individual GPP changes and composition changes on annual GPP
changes, each data point represents the mean value of Aagpp over gridcell within certain interval variation of individual changes of agpp and composition changes. Dots
represent the region with significant differences.

experiences a clear positive contribution from PFT composition changes to the GPP increase (Figure 3c). Overall,
the contributions from PFT composition changes (Figure 3b) are more patchy than individual GPP changes
(Figure 3a).

Over the whole study region, there are clear T, induced trade-off impacts on the gridcell-level GPP from in-
dividual GPP changes and PFT composition changes. The solid line in Figure 3d shows where the GPP changes
induced by the T to-Ty;,
from individual GPP and the PFT composition tend to cancel out each other. Overall, relatively larger areas (more
green dots in Figure 3d) have increased GPP when T, drives the model compared to T,;,, and the increase is
mainly linked to more productive individuals with lower structural density (green dots on the upper-left quadrant)
for the study period 1979-2015. In a longer period, temperature difference-induced vegetation composition
changes might increasingly influence ecosystem-level productivity as shifts in vegetation species and densifying

differences are zero, and the negative slope (almost 68%) indicates that the changes

canopy take time.

For most of the study region, the simulated changes in actual evapotranspiration (AAET) positively correlate to
the changes in temperatures (AT) for both summer and non-summer seasons (Figures 4a and 4b). Throughout the
year, we see apparent increases in monthly AET in the Arctic in summer, in contrast to the spring (April-May)
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Figure 4. Correlation between changes in actual evapotranspiration (AAET) and differences of two temperatures (AT) for non-summer (a) and summer seasons
(b) between 1979 and 2015. Dots on the map represent regions with significant correlation. (c) Scatter plot of the annual changes in gridcell AAET (individual plots
based on the dominated PFTs) and AT during the summer season.

decreases in monthly AET in boreal region when driven by T, not T,
mation S1). There are different sensitivities in PFTs (slopes in Figure 4c) regarding the AAET responses to AT.

(see Figure S6 in Supporting Infor-

The two temperature-induced changes in vegetation composition at each gridcell can contribute to influence the
response sensitivities. Generally, the slopes are steeper for evergreen-dominated and grassland areas, indicating
stronger AT impacts on AET. The strong responses in grassland areas are powered by the large increase in PFT
coverage when driven by T,,; (Figure S7b in Supporting Information S1).

In LPJ-GUESS, ERAS5 T,;, and T
coverage, and the modeled foliar projective cover (FPC) shows higher vegetation coverage in tundra regions with

<t Tesulted in differences in both modeled individual plant status and canopy
Ty than Ty, inputs (Figure S2 and S7 in Supporting Information S1). The increased FPC is mainly a result of an
increased coverage of the grass (PFT GRT). FPC mainly decreases in the boreal region, contributed by reduced
temperate grass (PFT C3G) and needleleaf trees (PFTs BNE and BNS).

We further analyzed the long-term trends of simulated annual GPP and AET forced by T,;, and Ty, as well as the
trends for simulated differences in GPP and AET between these two runs (Figure S8 in Supporting Informa-
tion S1). During 1979-2015, both GPP and AET experienced significant increases in large areas of the study

domain, and the areas with significant increases are similar between the two runs driven by T,;. and T, For the

air surf>
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trends in simulated GPP differences, 44% of study areas showed significant trends, and among them, the majority
(80.5%) showed positive values, meaning increased differences among the two runs. For the trends in simulated
AET difference, 31% of study areas showed significant trends, and among them, 72.5% of areas showed enlarged
differences among the two runs.

3.4. General Discussions

In thermal-limited tundra and boreal ecosystems, temperature is essential for many plant processes, thermal
habitat diversity and ecosystem functions (Scherrer & Koerner, 2010). The often-observed strong decoupling
at, for instance, 2 m height (Aalto et al., 2022; Scherrer & Koerner, 2010; Simin
etal., 2021) greatly challenges the understanding of plant responses and feedback traditionally estimated based on

between T, and reference T,;,
T,ir- The ignorance of accounting for the plant and air temperature differences is, however, ubiquitous, urging for
correct usage of temperature to drive plant ecological processes (Korner & Hiltbrunner, 2018). Currently, no
regional products exclusively describe plant temperature at different canopy heights or throughout the season.

Studies using Ty, inevitably carry the mixed impacts of soil and snow and are restricted to only describing the

sur’
canopy surface temperature for the large grids. Using a widely used ecosystem model, LPJ-GUESS, as an
example, our study comprehensively assessed how using the two widely used and observation-constrained
temperature products (Mufioz-Sabater et al., 2021) could lead to different estimations of water and carbon
fluxes, phenological development and vegetation composition, highlighting unaccounted interactions and feed-

backs from the high-latitude ecosystems when using T,;, for all processes but also urging for community effort to

air
put more focus on measuring plant temperature extensively and gradually developing regional products

describing plant-experienced temperature.

As T, is derived from solving surface energy balance, it describes the temperature at the Earth's surface, like
snow, soil or plant canopies. It also varies based on the landcover type and season. The energy balance-derived
T
conditions and the physical environment are considered. In snow-free periods over vegetated areas, T, is close

surt 18 close to the satellite-based land surface temperature, but it differs in that the impacts from boundary
to the T, for low-statured tundra plants, but in forests with multiple canopy layers, Ty, only describes the
uppermost layer, that is, the top canopy of the tallest trees. In the snow-covered months, neither Ty, nor T,
represents the Ty, during their dormancy. Under the snow cover, T, also depends on plant's stature, snow
depth and topography (Korner & Hiltbrunner, 2018; von Oppen et al., 2022). Understanding the variations of
Tpiane in Winter is as important as in the growing season since temperature strongly influences bud dormancy and
vernalization (Larran et al., 2023).

In our analysis, the cold-biased T, in winter months mainly delayed the start of the growing season for boreal
deciduous PFTs, but not for arctic PFTs with shorter growing season. To capture the dynamics of plant tem-
perature in winter months, models need to simulate snow dynamics (Pongracz et al., 2021), leaf-level energy
balance with and without snow, and thermal dynamics throughout the air-snow-plant-soil column (Martin Belda
et al., 2022). Furthermore, empirical relationships and parameters calibrated based on T,;, (such as the phenology
or photosynthesis equations in LPJ-GUESS) will require further adjustments/calibration after accounting for
plant temperature dynamics. LPJ-GUESS with leaf-level energy balance (Martin Belda et al., 2022) has not yet
been rigorously tested for high latitudes where snow and frozen soils are present. Therefore, future investigations
of the impacts of Tp,, On ecosystem structure and carbon and water cycles are needed by integrating plant
regulations and properties.

Our analysis suggests that models could underestimate high-latitude plant carbon uptake if they cannot represent
the true higher-than-air plant temperatures, especially on sunny days during the active growing season. High-
latitude vegetation frequently operates below its photosynthetic optimum temperatures and could greatly
benefit from canopies efficiently absorbing heat to elevate its temperature, greatly promoting growth, develop-
ment, and reproduction (Korner & Keorner, 1999). Furthermore, the T +based GPP values for boreal needle-
leave PFTs could be higher than what is estimated now by LPJ-GUESS due to the annual carbon allocation
scheme, in which the model cannot capture the new growth of needles during the growing season, but instead
largely influenced by lower annual LAI (see Figure S3 and S4 in Supporting Information S1).

Based on the analysis of the latest CMIP6 models, high latitudes will likely experience increased temperature and
precipitation, with annual shortwave radiation showing both increases and decreases (Tang et al., 2023). Under
future conditions, plant traits (such as height, leaf arrangement, and canopy structural form), vegetation
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composition, and canopy density will likely change, which, together with changing climate, will interactively
influence the plant-to-air temperature differences. Understanding how plant temperature evolves with changing
climate is a puzzle to unraveling high-latitude vegetation carbon and nutrient dynamics, and ignoring plant-to-air
temperature differences might be one of the contributors to the underestimated photosynthetic carbon fixation in
earth system models based on satellite data analysis (A J Winkler et al., 2019).

4. Conclusions

Our study illustrates that running ecosystem models using air or surface temperature leads to contrasting esti-
mations of terrestrial water and carbon fluxes, phenological development and vegetation composition. Overall,
surface temperature drives higher ecosystem productivity than air temperature in the Arctic tundra, mainly
because of the longer growing season, higher individual productivity, and higher foliar coverage. The lower
surface than the air temperature in non-summer months due to reflectivity restricts summer-season plant pro-
ductivity in boreal forest regions due to lower foliar coverage and enzyme activity. This study also illustrates the
contrasting impacts of temperature-induced changes in the tundra and boreal ecosystems through altering
vegetation composition and individual productivity. Although surface temperature is not always a valid repre-
sentation of plant temperature because canopy depth and land surface properties, such as soil and snow coverage,
strongly influence it, this paper emphasizes the importance of selecting as accurate temperature data as possible to
assess high-latitude ecosystem processes under the changing climate.
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