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Abstract The Arctic and Tibetan Plateau (TP) have experienced pronounced warming and shifts in
precipitation patterns, yet vegetation responses to climate change remain insufficiently understood. Here, we
analyze the temperature and precipitation thresholds of limiting gross primary productivity (GPP) of tundra
ecosystems in the Arctic and TP from 1982 to 2100, using a combination of observational data sets and
simulations. We found that the temperature thresholds limiting GPP increase in both regions have steadily
increased since 1982 and are projected to continue rising. In contrast, precipitation thresholds show significant
upward trends in the Arctic but considerable temporal variability in the TP. By 2100, precipitation limitation of
GPP is projected to exert a stronger influence in browning zones than in greening zones, whereas temperature
limitation is more pronounced in greening zones. Our results reveal the diverse vegetation responses to
temperature and precipitation in the Arctic and TP tundra.

Plain Language Summary Plants absorb carbon dioxide (CO2) from the atmosphere through
photosynthesis, and this capacity is constrained by temperature and precipitation. In recent decades, the Arctic
and the Tibetan Plateau have experienced rapid warming and substantial shifts in precipitation patterns. This
study investigates how tundra in these regions is affected by temperature and precipitation from 1982 to 2100,
using both long‐term observations and future climate projections. We found that the temperature level above
which photosynthesis is no longer limited by cold has been rising for decades and is expected to keep increasing.
However, it will remain higher than the average temperature during the growing season, indicating that
temperature will continue to limit plant photosynthesis. For precipitation, tundra in the Arctic will need more
precipitation to avoid water stress, while the Tibetan Plateau shows great variability in this precipitation
threshold. By the end of the century, water limitation is projected to be more severe in browning areas, while
temperature limitation will be more pronounced in greening areas. These findings highlight different climate
constraints on Arctic and Tibetan Plateau tundra, with important implications for predicting carbon–climate
interactions.

1. Introduction
Over recent decades, both the Arctic and the Tibetan Plateau (TP) have undergone pronounced warming, at rates
approximately 2–4 times the global average (Blunden & Arndt, 2020; Rantanen et al., 2022; You et al., 2021).
Rising temperatures typically enhance vegetation photosynthetic capacity by accelerating photosynthetic rates
and extending the growing season (Goetz et al., 2005; Piao et al., 2020) before reaching a temperature threshold,
beyond which vegetation ceases to be temperature‐limited and becomes controlled by non‐temperature factors
(Donohue et al., 2013). Currently, both satellite‐based vegetation dynamics monitoring and field surveys indicate
increasing photosynthetic productivity in the Arctic and TP (Berner et al., 2020; Epstein et al., 2012; Keenan &
Riley, 2018; Zhu et al., 2016). However, it remains unclear how the vegetation temperature thresholds in these
regions have evolved over recent decades and how they may respond to future climate change. Understanding
these dynamics is critical for improving projections of carbon–climate feedbacks.
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In addition to temperature changes, the Arctic and TP have also experienced an overall increase in precipitation in
recent decades (Bintanja & Selten, 2014; Wang et al., 2018). Projections indicate that Arctic precipitation may
rise by as much as 50% by the end of this century (Kattsov et al., 2007). Across the TP, precipitation trends are
spatially heterogeneous, with increases observed across most of the region, particularly in the eastern and central
parts (Xu et al., 2008). Increased precipitation generally alleviates vegetation water stress and thereby enhances
photosynthetic capacity (Maricle & Adler, 2011); however, this effect may saturate or decline beyond a certain
threshold (Huxman et al., 2004; Z. Liu et al., 2018). For example, primary productivity in the United States
increases with mean annual precipitation but plateaus at approximately 1,000 mm (Maurer et al., 2020).
Nevertheless, precipitation thresholds for vegetation productivity in the Arctic and TP, and their temporal dy-
namics, remain unclear (Zhong et al., 2010).

Tundra ecosystems, which dominate both the Arctic and TP, experience minimal direct human disturbance and
thus serve as sensitive indicators of climate change. The Arctic and TP exhibit distinct local climates shaped by
factors including latitude, topography, and regional atmospheric circulation patterns (Margesin, 2008; You
et al., 2021). In this context, although tundra ecosystems have shown widespread greening over the past decades,
browning has also been evident and displays contrasting characteristics across these two regions (Berner
et al., 2020; Li et al., 2020). Given that tundra ecosystems are expected to exert a substantial influence on both the
magnitude and rate of global warming (Loranty & Goetz, 2012), it is therefore essential to investigate the
photosynthetic responses and projected trajectories of tundra vegetation under climate change, particularly
through separate analyses of greening and browning regions.

Here, we integrated observational records and Coupled Model Intercomparison Project Phase 6 (CMIP6) Earth
SystemModel (ESM) simulations of gross primary productivity (GPP), temperature, and precipitation to identify
greening and browning zones across the Arctic and TP, and to examine the vegetation temperature and precip-
itation thresholds limiting tundra GPP from 1982 to 2100. The objectives of this study are to: (a) quantify his-
torical trends (1982–2014) in the GPP‐limiting temperature and precipitation thresholds in the Arctic and TP
tundra ecosystems; (b) project how these thresholds will change under different Shared Socioeconomic Pathways
(SSPs) from 2015 to 2100; and (c) distinguish temperature and precipitation constraints between greening and
browning zones in the Arctic and TP.

2. Materials and Methods
2.1. Data

This study focuses on tundra ecosystems in the Eurasian Arctic (EA) and North American Arctic (NA) north of
60°N, and on the Tibetan Plateau (TP) in China (Figure 1a). Tundra was defined as grassland and shrubland
within permafrost regions using the 2018 Moderate Resolution Imaging Spectroradiometer (MODIS) land‐cover
product based on the International Geosphere–Biosphere Program (IGBP) classification scheme (Epstein
et al., 2012; Xu et al., 2013). The 2018 land‐cover data set was selected because it provides a recent observational
snapshot close to the end of the NIRv‐GPP record, and a fixed tundra mask was used to define a consistent spatial
analysis domain. The MODIS land‐cover data were derived from the MOD12Q1 Land Cover Science Data
Product at a spatial resolution of 500 m (Friedl et al., 2010). This tundra distribution was used as a spatial mask to
extract GPP, temperature, and precipitation data.

Monthly precipitation and 2‐m air temperature data from 1982 to 2014 were sourced from the fifth generation
European Center for Medium‐Range Weather Forecasts climate reanalysis (ERA5) data set at 0.25° × 0.25°
resolution (Hersbach et al., 2023). Monthly gross primary productivity (GPP) data set was derived from satellite
near‐infrared reflectance of vegetation (NIRv) from 1982 to 2014 with a spatial resolution of 0.05° × 0.05°. In
addition, two GPP products, FLUXCOM‐X GPP (Nelson et al., 2024) and Light Response Function (LRF)‐based
GPP (Tagesson et al., 2021), were used for robustness analyses; details are provided in Text S1 of Supporting
Information S1.

We re‐gridded temperature, precipitation, and GPP data to a common 0.5° × 0.5° grid and calculated growing‐
season means for each grid cell and year, with the growing season defined as months with monthly mean air
temperature above 0°C (Karlsen et al., 2006; Liu et al., 2006). TheMann‐Kendall test was then utilized to identify
the greening and browning zones (see Section 2.3, Temporal trends analysis). Given that browning zones in the
TP area could not be identified using the 0.5° × 0.5° resolution NIRv‐GPP data, the original spatial resolution of
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the NIRv‐GPP data set was retained to differentiate between browning and greening zones when analyzing the
historical period's threshold changes.

2.2. Coupled Model Intercomparison Project Phase 6 (CMIP6)

We used monthly outputs from 14 CMIP6 ESMs (Table S1 in Supporting Information S1). Monthly GPP was
obtained directly from the CMIP6 output variable gpp, and near‐surface air temperature (tas) and precipitation
(pr) were taken from the same model, experiment, and realization. The gpp variable represents time‐varying GPP
simulated within each ESM. Because not all CMIP6 ESMs provide monthly gpp for both historical and SSP
scenario simulations, we selected models with available monthly gpp, tas, and pr required for the threshold
analysis. CMIP6 simulations include historical simulations (typically 1850–2014) and Shared Socioeconomic
Pathway (SSP) scenario simulations (typically 2015–2100). We focused on SSP1–2.6, SSP2–4.5, and SSP5–8.5,
which represent low‐, intermediate‐, and high‐emission pathways. To maintain consistency across models, we

Figure 1. Relationships between temperature, precipitation, and NIRv‐GPP for tundra in the Eurasian Arctic (EA), North
American Arctic (NA), and the Tibetan Plateau (TP). (a) Spatial distribution of tundra grids with browning and greening
trends between 1982 and 2014 in EA, NA, and the TP. (b) Proportions of grids showing significant browning and greening
trends in the three regions. (c–e) Relationship between temperature and GPP in EA (c), NA (d), and the TP (e). (f–h)
Relationship between precipitation and GPP in EA (f), NA (g), and the TP (h). GPP95 denotes the 95th percentile of GPP in
each temperature or precipitation bin. Bold dashed lines indicate breakpoint regressions, and hollow circles denote estimated
thresholds. Shading represents different GPP percentiles. Colored vertical dashed lines indicate the location of the thresholds
derived fromNIRV‐GPP. Gray vertical dashed lines denote the mean thresholds derived from 14 ESMs, and the left and right
borders of the gray vertical rectangles represent the mean of the 14 ESMs minus/plus one ensemble standard deviation. XT
and XP for each model during 1982–2014 are provided in Figures S8–S13 in Supporting Information S1.
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used the first realization from each model, denoted as r1i1p1f1, following previous studies (Anav et al., 2013;
Park & Jeong, 2021). Detailed information regarding the CMIP6 framework can be found in Eyring et al. (2016).

2.3. Temporal Trends Analysis

The Mann–Kendall test was employed to identify greening and browning zones, as well as trends in temperature
and precipitation thresholds (Kendall, 1975; Mann, 1945). Considering the temporal coverage of the NIRv‐GPP
product and the CMIP6 historical/SSP framework, we analyzed historical trends for 1982–2014 and SSP scenario
trends for 2015–2100. Specifically, grid cells with significant (p < 0.05) increasing NIRv‐GPP trends during
1982–2014 were classified as greening zones, whereas those with significant decreasing trends were classified as
browning zones. Linear regression was used to quantify the slopes of greening/browning trends and temperature/
precipitation threshold changes.

2.4. Breakpoint Regression

GPP values were grouped into temperature or precipitation bins for each region and period. For each bin, we
calculated the 95th percentile of GPP, denoted as GPP95, to represent the high‐productivity response under a
given temperature or precipitation condition while reducing the influence of other environmental constraints such
as cloudiness and drought. Breakpoint regression was then applied to GPP95 following previous studies (Donohue
et al., 2013; Keenan & Riley, 2018; Ukkola et al., 2016). The breakpoint, where the GPP–temperature or
GPP–precipitation relationship plateaus or shifts direction, was identified as the temperature or precipitation
threshold beyond which GPP was no longer dominantly limited by that factor. Because breakpoint regression was
applied to pooled regional samples, these thresholds characterize regional climate–GPP relationships rather than
how a given ecosystem responds through time to climate change. Threshold uncertainty was estimated using 100
bootstrap resamples. The mean of the 100 fitted breakpoints was taken as the final threshold estimate, and the
standard deviation across the 100 breakpoints was used to quantify its uncertainty (Keenan & Riley, 2018).
Detailed information on the breakpoint regression implementation and uncertainty assessment is provided in
Texts S3 and S4 of Supporting Information S1.

2.5. Proportion of Climate‐Limited Range

To compare temperature and precipitation limitations between browning and greening zones, we calculated the
fraction of each climate range over which GPP remained constrained. This fraction was defined as the difference
between the threshold and the corresponding minimum growing‐season value, divided by the full growing‐season
range of temperature or precipitation. Values close to 1 indicate limitation across most of the range, whereas
values close to 0 indicate limitation over only a narrow range.

3. Results
3.1. Historical Trends in Temperature and Precipitation Thresholds

We used breakpoint regression to identify temperature thresholds (XT) and precipitation thresholds (XP) that limit
GPP in tundra ecosystems in the Arctic and TP during 1982–2014, applied to both GPP derived from NIRv
observations and CMIP6 ESM‐simulated GPP. In tundra ecosystems of EA, NA and the TP, the XT values derived
from the NIRv‐GPP data set were 11.13 ± 0.07°C, 9.95 ± 0.01°C, and 6.27 ± 0.12°C, respectively, while the XP
values were 96.51 ± 0.48 mmmonth− 1 97.42 ± 0.38 mmmonth− 1, and 155.71 ± 0.94 mmmonth− 1, respectively
(Figure 1). The differences between the XT derived from the NIRv‐GPP data and the ensemble mean XT derived
from simulated GPP were marginal, ranging from 0.24°C to 0.48°C, while the differences in XP ranged from
1.80 mm month− 1 to 15.93 mm month− 1. Notably, these ESMs exhibit substantial differences in their repre-
sentation of temperature acclimation, nitrogen cycle, and dynamic vegetation processes (Table S1 in Supporting
Information S1). Accordingly, the temperature and precipitation thresholds derived from GPP simulations across
different ESMs (Figure 1 and Figures S8–S13 in Supporting Information S1) also show pronounced
variations—particularly for XP over the TP. Compared with the TP, our results show that the Arctic tundra had
higher XT during 1982–2014, whereas the TP tundra exhibited higher XP. This regional contrast was also
reproduced by FLUXCOM‐X GPP and LRF‐based GPP (Text S3 and Figures S3, S4 in Supporting Informa-
tion S1). These differences align with observed regional climate characteristics, with the Arctic showing warmer
but drier growing seasons than the TP (Figure S15 in Supporting Information S1.
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During 1982–2014, significant greening was more extensive than browning across EA, NA, and the TP, ac-
counting for 25.1%–28.6% and 11.0%–12.5% of tundra grid cells, respectively (Figures 1a and 1b). Historical
threshold trends in greening and browning zones are shown in Figure S14 of Supporting Information S1; overall,
XT increased in both zone types, whereas XP generally decreased, except in TP greening zones.

3.2. Projected Trends in Temperature and Precipitation Thresholds

Based on projections from 14 CMIP6 ESMs for 2015–2100, we extracted and analyzed trends in mean growing‐
season temperature and precipitation (Figure S16 in Supporting Information S1), as well as the corresponding XT
and XP for tundra ecosystems in the Arctic and TP (Figure 2). The multi‐model ensemble mean indicates an
increasing trend in XT for both the Arctic and TP from 2015 to 2100 (Figure S17 in Supporting Information S1),
although 2 out of 14 models projected a slight decline in XT (lower than 0.01°C yr− 1) under the SSP1–2.6
scenario. Under SSP2–4.5 and SSP5–8.5, all models projected increasing trends in XT , with larger increases under
higher‐emission pathways. Across all SSP scenarios, EA exhibited the largest increase in XT , followed closely by
NA, with rates approximately 1.5–2 times higher than those in the TP.

Compared to XT , projected XP trends exhibit larger variability across SSP scenarios and ESMs (Figure 2 and
Figure S17 in Supporting Information S1). For both EA and NA, the multi‐model ensemble mean indicates an
overall increasing trend in XP, with larger increases under higher‐emission pathways. For NA, the projected rates
across the three scenarios range from 0.97 to 1.39 mm month− 1 decade− 1, slightly higher than those for EA
(0.50–1.33 mm month− 1 decade− 1). Specifically, XP in NA increases steadily across all three scenarios, whereas
in EA, XP rises sharply around 2080–2085 under SSP 5‐8.5, resulting in a marked divergence from the other
scenarios thereafter. By contrast, the TP shows a less consistent trajectory across SSP scenarios and ESMs, which

Figure 2. Projected trends of temperature thresholds and precipitation thresholds. (a, c, e) Projected trends of temperature
thresholds (XT ) for EA, NA and the TP from 2015 to 2100. (b, d, f) Projected trends of precipitation thresholds (XP) for EA,
NA, and the TP. Thresholds were estimated independently for each ESM and each SSP scenario using 20‐year running
windows; the x‐axis represents the rounded midpoint year of each window, for example, 2025 corresponds to 2015–2034.
Colored lines represent the multi‐model ensemble means for each SSP scenario, and shaded areas represent ±1 inter‐model
standard deviation across the 14 ESMs.
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may reflect its smaller spatial extent, strong surface heterogeneity, and the larger inter‐model spread in projected
growing‐season precipitation (Figure S16 in Supporting Information S1).

3.3. Projected Temperature and Precipitation Thresholds in Browning and Greening Zones

Building on the temporal trends of climate thresholds shown in Figure 2, we further analyzed projected XT and XP
in the browning and greening zones across EA, NA, and the TP for the mid‐21st‐century (2041–2060) and late‐
21st‐century (2081–2100) periods under different SSP scenarios. Due to the relatively coarse spatial resolution of
CMIP6 ESM outputs, the number of identified greening and browning area pixels in the TP is limited, especially
for browning areas. XT and XP in the TP are therefore detected by only a few ESMs (Figure 3). In the Arctic, the
multi‐model ensemble consistently projects increase in XT for both browning and greening zones, with larger
increases under higher‐emission pathways. XT in greening zones generally exceeds that in browning zones, except
in 2081–2100 under SSP1–2.6. In the TP, higher XT also tends to occur under high‐emission scenarios and in

Figure 3. Temperature and precipitation thresholds for the browning and greening zones across two projected periods (2041–2060 and 2081–2100) under three SSP
scenarios. (a, c, e) Temperature thresholds (XT ) for the browning and greening zones in EA, NA and the TP during 2041–2060 and 2081–2100 under SSP1–2.6,
SSP2–4.5 and SSP5–8.5. (b, d, f) Similarly, precipitation thresholds (XP) for the browning zones and greening zones in EA (b), NA (d) and the TP (f). Black hollow points
indicate individual ESMs. Crosses and horizontal lines denote means and medians, respectively; boxes show the interquartile range (IQR), whiskers extend to 1.5 × IQR,
and outliers are shown as points.

Geophysical Research Letters 10.1029/2026GL124727

ZHU ET AL. 6 of 11

 19448007, 2026, 16, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2026G

L
124727 by C

halm
ers U

niversity O
f T

echnology, W
iley O

nline L
ibrary on [24/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



greening zones. In contrast, projected XP shows substantial overlap in its distributions across SSP scenarios, with
no clear separation between browning and greening zones in EA, NA, and the TP.

The proportion of climate‐limited ranges for browning and greening zones in EA and NA is shown in Figure S18
of Supporting Information S1. Most models project a larger precipitation‐constrained fraction in browning zones
than in greening zones, including 8 of 11 models in EA and nine of 12 in NA. Conversely, 8 of 13 models in EA
and eight of 12 in NA project a larger temperature‐constrained fraction in greening zones than in browning zones.
These results suggest that by the end of this century, the GPP of Arctic tundra ecosystems in greening zones will
be more strongly limited by temperature, whereas GPP in browning zones will be more strongly limited by
precipitation.

4. Discussion
The temperature threshold for photosynthesis is a crucial parameter for understanding the relationship between
climate and carbon exchange by terrestrial ecosystems. However, directly observed relationships between climate
and tundra ecosystem CO2 exchange are lacking. Our NIRv‐GPP‐derived XT values in EA, NA, and the TP tundra
were 11.13 ± 0.07°C, 9.95 ± 0.01°C, and 6.27 ± 0.12°C, respectively. These values are comparable to, but lower
than previous findings (Yi et al., 2010), which reported that the sensitivity of net ecosystem exchange to mean
annual temperature breaks down at approximately 16°C, beyond which no further increase in CO2 uptake with
temperature was observed. It should be noted that their findings were derived from a wide range of ecosystems (Yi
et al., 2010), while the temperature sensitivity of vegetation productivity varies substantially across biomes.
Ecosystem productivity generally exhibits lower optimal temperatures (Topt), especially in TP grasslands (Huang
et al., 2019), and a recent TP‐focused study reported a regional mean Topt of 9.32± 3.15°C for TP grasslands (Yin
et al., 2026). Moreover, previous studies have shown that optimal temperatures are positively correlated with
local mean annual temperatures (Chen et al., 2021; Niu et al., 2012). This pattern is consistent with our results of
XT across EA, NA, and the TP, implying a long‐term adaptation of vegetation to climatic conditions (Kumar-
athunge et al., 2019).

Plants can adjust their physiological responses to temporal changes in ambient temperature, a response commonly
known as thermal acclimation (Way & Yamori, 2014). In this study, we found increasing trends in XT across EA,
NA, and the TP during 1982–2014, with rates of 0.019, 0.013, and 0.009°C yr− 1, respectively. These trends are
consistent with photosynthetic thermal acclimation. Here, XT represents an apparent breakpoint in regional
climate–GPP relationships, rather than a physiological optimum temperature. They are also broadly consistent
with reported NIRv‐derived global increases in Topt over the past four decades (Fang et al., 2024; Wang
et al., 2024), estimated as 0.017°C yr− 1 and 0.03°C yr− 1, respectively. The most pronounced increase in XT was
observed in the Arctic, likely reflecting pronounced regional warming (Rantanen et al., 2022) and strong thermal
acclimation capacity (Wang et al., 2024). Under SSP2–4.5, the multi‐model ensemble projects the largest XT
increase during 2015–2100 in EA (0.029°C yr− 1), followed by NA (0.028°C yr− 1) and the TP (0.017°C yr− 1).
These projected rates are also comparable to the estimated global increase rate in Topt (0.027°C yr− 1) under the
same scenario (Fang et al., 2024). Although XT is projected to increase continuously, growing‐season mean
temperatures in these regions are expected to remain below XT by 2100 (Figure S19 in Supporting Informa-
tion S1), suggesting that GPP in these regions will continue to be limited by temperature during the growing
season. However, maximum monthly growing‐season temperatures have already exceeded XT in the Arctic, and
are projected to exceed XT in the TP by the mid‐21st century (Figure S19 in Supporting Information S1). These
findings indicate a gradually weakening temperature limitation on GPP in both the Arctic and TP tundra
ecosystems.

Across EA, NA, and the TP, regions with higher precipitation (e.g., the TP) also exhibit higher XP, paralleling the
temperature pattern and indicating a dependency of tundra vegetation photosynthesis on local precipitation
conditions. This finding is consistent with previous studies (Ma et al., 2024; Zhang et al., 2021), highlighting the
strong influence of water availability on photosynthesis in Arctic and TP vegetation, despite temperature often
being considered the dominant factor. Under the SSP scenarios (SSP1–2.6, SSP2–4.5, and SSP5–8.5), multi‐
model ensemble projections show that XP follows an overall increasing trend with fluctuations in both the
Arctic and TP, and remains above the corresponding mean growing‐season precipitation, indicating continued
precipitation limitation on tundra photosynthesis. Although elevated CO2 can enhance plant water‐use efficiency,
warming‐ and greening‐enhanced evapotranspiration may offset this benefit and sustain future water limitation
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where precipitation is insufficient (Piao et al., 2020; Yang et al., 2023). Projected changes in XP over the TP
should be interpreted in terms of effective water availability rather than precipitation amount alone. TP vegetation
dynamics are strongly linked to precipitation and monsoon variability (Li et al., 2020), while soil water content
regulates GPP responses to environmental drivers, especially VPD, across TP alpine ecosystems (Zhang
et al., 2024). Monsoon‐driven precipitation variability, complex topography, soil water storage, and warming‐
enhanced evaporative demand therefore jointly regulate plant‐available water, so increasing precipitation does
not necessarily translate into uniform relief of water limitation. The differences between greening and browning
zones further suggest contrasting dominant constraints: greening zones are projected to be more temperature‐
limited, whereas browning zones are more vulnerable to water limitation under compound soil and atmo-
spheric dryness, consistent with recent evidence linking permafrost‐region browning to concurrent soil moisture
decline and rising VPD (Wu et al., 2026).

Based on the understanding of photosynthetic responses to rising temperatures, a representation scheme for
photosynthetic temperature acclimation has been proposed (Kattge & Knorr, 2007) and implemented in many
ESMs, including those used in this study (CMCC‐CM2‐SR5, CMCC‐ESM2, NorESM2‐MM, and IPSL‐CM6A‐
LR, see Table S1 in Supporting Information S1). This scheme allows the peaked Arrhenius function to shift with
growth temperature, leading to a higher temperature optimum under warmer conditions (Lombardozzi
et al., 2015). This is consistent with our finding that the GPP temperature threshold of tundra ecosystems in the
Arctic and TP increases with regional warming. Notably, these ESMs incorporating temperature acclimation
generally project greater increases in temperature thresholds compared to those without such representation
(Figure S17 in Supporting Information S1). Nevertheless, increasing XT in models without explicit thermal
acclimation is also plausible because XT is inferred from regional climate–GPP relationships. Projected increases
in precipitation over the Arctic and TP (Figure S16 in Supporting Information S1) may alleviate water limitation,
allowing GPP to increase across a broader temperature range and thereby shifting apparent XT upward. Recent
studies have also revealed vegetation acclimation to soil moisture (Peng et al., 2024) and vapor pressure deficit
(Abadie et al., 2025; Grossiord et al., 2017). However, the ESMs used in this study do not yet account for such
water‐related acclimation mechanisms, which may influence the robustness of our model‐based projections,
particularly for XP. In addition, these models differ substantially in their representations of processes such as
nitrogen and phosphorus cycling and dynamic vegetation, which are highly influential on terrestrial biogeo-
chemistry and biophysics (Spafford & MacDougall, 2021).

Tundra ecosystems in both the TP and Arctic develop under harsh environmental conditions characterized by low
mean annual temperature, limited precipitation, shallow and nutrient‐poor soils, and a short growing season
(S. Liu et al., 2018; Walker et al., 2005). These extreme conditions and unique ecosystem characteristics make
field measurements and accurate ESM representation challenging (Henry et al., 2022). Constrained by limited
availability of reliable observations and model simulations, meteorological data sets such as ERA5 are likely to
carry considerable uncertainties in these regions (Jiao et al., 2021; Pernov et al., 2024). Similarly, sparse vege-
tation cover, together with the prevalence of seasonal snow and surface water may weaken the linkage between
NIRv and GPP, rendering NIRv‐based GPP estimates subject to substantial uncertainties (Nelson et al., 2022;
Zeng et al., 2021). Considering the vulnerability of TP and Arctic tundra ecosystems to rapid climate change
(Kuang & Jiao, 2016; Moon et al., 2024), it is essential to strengthen systematic observations and improve the
representation of key variables such as climate drivers and vegetation physiological processes. This will advance
our understanding of tundra ecosystem responses and feedbacks to ongoing climate change.

5. Conclusions
In summary, we examined how GPP‐limiting temperature and precipitation thresholds in Arctic and TP tundra
ecosystems have changed and are projected to change from 1982 to 2100, using observational data and CMIP6
simulations from 14 ESMs. We found that temperature thresholds are higher in the Arctic than in the TP, whereas
precipitation thresholds are lower, reflecting adaptation of tundra vegetation to local climatic conditions. Over
recent decades, temperature thresholds in both regions have increased and are projected to continue rising by
2100, while remaining above the mean growing‐season temperature. This pattern is consistent with thermal
acclimation of photosynthesis and suggests that temperature will continue to limit GPP in Arctic and TP tundra. In
contrast, precipitation thresholds in the Arctic show significant upward trends, whereas those in the TP exhibit
substantial temporal variability, likely reflecting the TP's complex precipitation regimes. By 2100, precipitation
limitation is projected to exert a stronger influence in browning zones, whereas temperature limitation is expected
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to be more pronounced in greening zones. These findings provide insight into divergent climatic constraints on
tundra ecosystems and can help improve predictions of carbon–climate feedbacks in the Arctic and TP.
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