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Abstract
Terrestrial ecosystems absorb about one-third of anthropogenic CO₂ emissions, largely sustained by the
CO₂ fertilization effect (CFE). Yet the global CFE is declining, and it remains untested whether this
decline is driven primarily by water stress or by intensifying phosphorus limitation. Here we integrate
multiple remote-sensing gross primary production (GPP) products, CABLE land-surface simulations with
coupled carbon–nitrogen–phosphorus cycling, and structural equation modelling (SEM) to quantify
these links. We find that regions of intensifying phosphorus limitation experienced the fastest CFE
decline during 1982–2015 (β: −2.28% per 100 ppm yr⁻¹, versus − 2.24% globally), alongside faster
reductions in interannual GPP increments—despite milder, not harsher, hydroclimatic stress. This
climate–response mismatch indicates that climatic deterioration alone cannot explain the regional
decline. Instead, SEM showed the leaf N:P–GPP relationship shifted from insignificant globally to
significantly negative in these regions, where its contribution to GPP variance (10.6%) approached that of
vapour pressure deficit (11.2%). Rising carbon-to-phosphorus ratios across plant, litter, and soil pools
further indicate intensifying stoichiometric imbalance. These results demonstrate that phosphorus
limitation rivals climate in driving CFE decline, and that neglecting dynamic phosphorus cycling likely
causes Earth system models to overestimate future carbon sink potential.

Introduction
Terrestrial ecosystems absorb about one-third of anthropogenic CO₂ emissions and therefore play a
central role in moderating climate change[1]. A substantial part of this land carbon uptake is associated
with the CO₂ fertilization effect (CFE), whereby rising atmospheric CO₂ enhances plant photosynthesis
and terrestrial carbon assimilation[2]. Elevated CO₂ can increase photosynthetic carbon uptake by
stimulating carboxylation [3], improve water-use efficiency through reduced transpiration [4,5], and
amplify canopy-scale responses through increases in leaf area index (LAI). Accordingly, CFE has been
widely recognized as an important driver of global greening and land carbon sink growth [6,7].
Understanding how CFE varies across space and time is therefore critical for projecting the persistence
of the terrestrial carbon sink and its capacity to buffer future climate change.

Although CFE has long been considered a major contributor to land carbon sink enhancement, evidence
from remote sensing and eddy-covariance observations suggests that the global CFE has declined since
the 1980s. This weakening implies that the terrestrial carbon sink may be approaching saturation [8],
with potential consequences for faster atmospheric CO₂ accumulation and stronger climate warming [9].
Importantly, the decline is spatially heterogeneous: stronger reductions have been reported in northern
high latitudes, parts of Africa, South America, and Europe, whereas other regions show weaker changes
or relative stability [3]. These spatial variations imply that global trends can conceal critical regional
dynamics.

Water stress has been widely invoked as one of the main mechanisms reducing CFE. Increases in vapor
pressure deficit (VPD) can partially offset the fertilization effect by constraining stomatal conductance
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[10,11], and the water-saving benefits of elevated CO₂ have already shown saturation or weakening in
some regions [12]. A recent study further showed that, since 2001, photosynthesis in drylands has been
increasingly dominated by water stress, with strong suppression of CFE, whereas humid regions show
little comparable offset [13]. These findings indicate that water limitation explains part of the observed
CFE decline. However, the continued decline of CFE in relatively wet regions suggests that additional
mechanisms remain insufficiently accounted for.

In fact, CFE emerges from the joint regulation of water supply and nutrient availability [14–17]. Both
nitrogen (N) and phosphorus (P) limitations are known to weaken vegetation responses to elevated
CO₂[18,19]. Recent evidence suggests that phosphorus limitation may now impose stronger constraints
on global photosynthesis than nitrogen limitation, especially in tropical and some high-latitude
ecosystems [20]. While the global land area under phosphorus limitation is expanding at a remarkable
rate of approximately 7.4 × 10⁵ km² yr⁻¹ [21], it remains untested whether this intensification
systematically corresponds to a faster decline in CFE. Quantitative attribution is still lacking to determine
whether CFE decline in these regions is primarily driven by water stress or intensifying phosphorus
constraints. Ultimately, global-scale conclusions may mask dominant mechanistic differences within key
regions, thereby complicating projections of future terrestrial carbon sink sustainability.

Here we test the hypothesis that intensifying phosphorus limitation accelerates CFE decline and
contributes to its spatial heterogeneity at the global scale. If this mechanism is important, then regions
of intensifying phosphorus limitation should exhibit a faster CFE decline than the global average and
than other regions, together with stronger stoichiometric constraints on productivity, even in the absence
of harsher climatic stress. To test this, we combined long-term remote-sensing observations,
simulations from the CABLE land surface model with coupled carbon–nitrogen–phosphorus (C–N–P)
cycling, and structural equation modelling. Specifically, we: (1) quantified the spatiotemporal dynamics
of CFE using NIRvGPP over 1982–2015; (2) identified regions of intensifying phosphorus limitation from
CABLE simulations and examined their spatial correspondence with, and climatic background of, CFE
decline; and (3) compared the regulatory pathways of GPP between the globe and these regions to
evaluate whether nutrient stoichiometric constraints strengthen under intensifying phosphorus
limitation.

Results

2.1. Faster β decline in regions of intensifying phosphorus
limitation
To quantify vegetation productivity responses to rising CO₂, we estimated β at the pixel level from
NIRvGPP after excluding grid cells with substantial land-cover change. The CO₂ fertilization response
weakened significantly across the globe, and this decline was fastest in regions of intensifying
phosphorus limitation. During 1982–2015, β declined at − 2.28 ± [0.35] % per 100 ppm yr⁻¹ in regions of
intensifying phosphorus limitation, faster than the global rate of − 2.24 ± [0.38] % per 100 ppm yr⁻¹ and
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than the rate in other regions (− 2.22 ± [0.39] % per 100 ppm yr⁻¹; all p < 0.01; Fig. 1c). This three-tiered
gradient (− 2.28 > − 2.24 > − 2.22) indicates that intensifying phosphorus limitation was associated with
the most rapid weakening of the CO₂ fertilization effect.

The sub-period comparison confirmed this ordering. The median β in regions of intensifying phosphorus
limitation dropped from 28.89% per 100 ppm during 1982–1996 to 10.97% per 100 ppm during 2001–
2015, alongside the global decline from 28.57% to 11.53% and that in other regions from 28.37% to
11.79% (Fig. 1d).

Spatially, the decline was widespread and geographically coherent. Within regions of intensifying
phosphorus limitation, 76.03% of grid cells exhibited declining β and 50.78% showed statistically
significant declines (Table S1). The strongest declines were concentrated in the tropical low latitudes
and northern high latitudes, with only isolated grid cells showing local increases (Fig. 1a); zonal averages
revealed a broadly coherent latitudinal pattern, interrupted only by a localized recovery near 30°N
(Fig. 1b).

This pattern was robust across three independent GPP products. Based on rEC-LUEGPP, β declined at − 
1.20 ± [0.34] globally versus − 1.30 ± [0.29] in regions of intensifying phosphorus limitation (both p < 
0.01; Fig. S3c); based on VODCA2GPP, the corresponding rates were − 2.12 ± [0.24] versus − 2.23 ± [0.25]
% per 100 ppm yr⁻¹ (both p < 0.01; Fig. S4c). All products located the strongest declines in the tropical
low latitudes and northern high latitudes (Figs. S3a, S4a).

Critically, the faster β decline in regions of intensifying phosphorus limitation did not coincide with
harsher climatic stress. These regions did not experience more severe hydroclimatic conditions than the
global mean: baseline VPD was lower than the global average, and although VPD increased significantly
(0.04 hPa decade⁻¹; p < 0.05; Fig. S7c), this was only about one-third of the global mean; baseline SM
was higher than the global average, and its decline (0.003 m³ m⁻³ decade⁻¹; p < 0.05; Fig. S7f) was
comparable to the global trend. Warming and precipitation trends were both smaller than the global
average (TMP: 0.15°C decade⁻¹; PRE: 0.47 mm decade⁻¹; Figs. S7a, b), and incoming shortwave radiation
even increased faster than globally (Fig. S7e). Because these regions declined fastest despite milder, not
harsher, climatic stress, the faster β decline cannot be attributed to climatic deterioration, implying that
an intensifying nutrient — specifically phosphorus — constraint is the more parsimonious driver.

2.2. Vegetation-type-specific differences in β decline
The weakening of the CFE was widespread but markedly heterogeneous across vegetation functional
types. β declined in all nine classes, yet its magnitude differed substantially. In four of the nine
classes(ENF�MF� OS and WET),β declined faster within regions of intensifying phosphorus limitation
than in their global averages, revealing strong functional-type heterogeneity. Mixed forest (MF) exhibited
the largest decline: β decreased at − 4.64% per 100 ppm yr⁻¹ globally and at − 4.92% per 100 ppm yr⁻¹ in
regions of intensifying phosphorus limitation — the steepest of any vegetation type (Fig. 2d). By contrast,
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evergreen broadleaf forest (EBF) declined by only − 0.46% per 100 ppm yr⁻¹ in both domains (Fig. 2b).
This nearly tenfold difference underscores a pronounced functional-type divergence.

Two converging lines of evidence — relative sensitivity (β) and absolute productivity gain — identify MF
as the most vulnerable type and EBF as the most resilient. In regions of intensifying phosphorus
limitation, the absolute GPP response (change in GPP per 100-ppm increase; g C m⁻² yr⁻¹ per 100 ppm)
of MF fell steeply from 486 to 99, whereas that of EBF declined more modestly, from 457 to 278 (Fig.
S5). EBF retained a high baseline absolute response, which buffers its relative sensitivity and explains
why its β remained nearly unchanged; MF, in contrast, lost the bulk of its productivity gain.

The disproportionate influence of MF is further amplified by its relative enrichment within regions of
intensifying phosphorus limitation. MF occupies 6.35% of the total area of these regions (Tp/Ap),
compared with 3.92% of global land area (Tg/Ag); the MF area situated within these regions accounts for
2.16% of global land area (Tp/Ag; Fig. 2d). MF therefore combines one of the strongest β declines with
relative enrichment in phosphorus-limited regions.

Consistent with the whole-domain analysis, the faster β decline in MF cannot be explained by stronger
water stress. VPD in MF increased at 0.06 hPa decade⁻¹ (p < 0.05; Fig. S8c), slightly below the global
average of 0.07, while SM declined at 0.003 m³ m⁻³ decade⁻¹ (p < 0.05; Fig. S8e), smaller than the global
mean of 0.004. Thus, MF in these regions did not experience stronger water stress, reinforcing an
intensifying phosphorus constraint as the explanation.

2.3. Faster decline in interannual GPP increments in
regions of intensifying phosphorus limitation
To test whether CFE decline had propagated into productivity dynamics, we examined ΔGPP. Globally,
ΔGPP declined during 1982–2015, and this decline was faster in regions of intensifying phosphorus
limitation. Based on NIRvGPP, the global ΔGPP trend was − 0.53 g C m⁻² yr⁻², versus − 0.61 in regions of
intensifying phosphorus limitation (Fig. 3b).

Other products supported this. Based on rEC-LUEGPP, ΔGPP declined at − 0.31 (global) versus − 0.37 g C
m⁻² yr⁻² (regions of intensifying phosphorus limitation; both p < 0.05; Fig. 3b). Based on VODCA2GPP, the
global trend was negative but not significant, whereas ΔGPP declined significantly in regions of
intensifying phosphorus limitation (− 0.32 g C m⁻² yr⁻²; p < 0.05; Fig. 3b).

Spatially, declining ΔGPP was widespread across regions of intensifying phosphorus limitation (Fig. 3a):
the northern high latitudes and much of Africa were dominated by negative trends, with localized
increases in central South America and parts of southern China. This distribution broadly matched the β
decline pattern (Fig. 1a), indicating that weakening CO₂ sensitivity was accompanied by a synchronous
slowdown in realized productivity growth.

Globally, all vegetation types except EBF showed significant ΔGPP declines (p < 0.05; Fig. 3c); within
regions of intensifying phosphorus limitation, every type declined, with MF the steepest (− 1.50 versus − 
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1.35 g C m⁻² yr⁻² globally). MF thus emerges as the most vulnerable type in both the sensitivity (β) and
realized-increment (ΔGPP) dimensions. Overall, regions of intensifying phosphorus limitation
experienced both a faster β decline and a faster reduction in interannual GPP increments, indicating that
weakening CFE has propagated into slower productivity growth, most acutely in MF.

2.4. Stronger stoichiometric constraints on GPP in regions
of intensifying phosphorus limitation
To resolve the mechanisms underlying CFE decline, we constructed SEMs integrating climatic drivers,
nutrient status, and vegetation traits globally and within regions of intensifying phosphorus limitation
(Fig. 4). CO₂ remained the primary driver of GPP in both domains, and its direct effect was marginally
stronger where phosphorus limitation intensified: the standardized CO₂→GPP path was 0.27 (95% CI:
0.19–0.33; p < 0.05; contribution 42.4%) globally and 0.33 (95% CI: 0.21–0.43; p < 0.05; 42.6%) in regions
of intensifying phosphorus limitation (Fig. S6). Thus, the CFE decline did not arise from a loss of the
direct CO₂–GPP coupling, but from countervailing constraints acting alongside it.

The decisive difference lay in the stoichiometric constraint on GPP, which shifted from negligible to
significant. At the global scale, the leaf N:P–GPP relationship was indistinguishable from zero (β = −0.01;
95% CI: −0.10 to 0.06; p > 0.05), whereas in regions of intensifying phosphorus limitation it became
significantly negative (β = −0.11; 95% CI: −0.24 to − 0.06; p < 0.05). This qualitative transition raised the
relative contribution of leaf N:P to GPP to 10.6%, approaching that of VPD (11.2%; Fig. S6). Consistently,
elevated CO₂ was associated with rising leaf N:P (path coefficients 0.12 globally, 95% CI: 0.05–0.20; and
0.17 in regions of intensifying phosphorus limitation, 95% CI: 0.11–0.27; both p < 0.05), while phosphorus
deposition retained a weak negative effect on leaf N:P in both domains and the positive effect of
nitrogen deposition became non-significant under intensifying phosphorus limitation.

Independent evidence from carbon–nutrient stoichiometry corroborated an intensifying phosphorus
constraint (Fig. 5). Across soil, plant, and litter pools, C:P ratios increased more steeply in regions of
intensifying phosphorus limitation than globally during 1982–2015, most pronounced in the woody
(WOD) and root (ROT) plant pools, the slow soil pool (SLW), and the structural and coarse/woody litter
pools (STR, COA; Fig. 5d–f). C:N ratios also rose, but the contrast was systematically sharper for C:P
than for C:N (Fig. 5a–c versus 5d–f), indicating that carbon accumulation increasingly outpaced
phosphorus relative to nitrogen.

In parallel, the relative importance of water stress receded as that of stoichiometry rose. VPD remained
the strongest negative driver of GPP globally (direct effect − 0.18; 95% CI: −0.23 to − 0.12; p < 0.05;
contribution 19.2%), but its direct effect weakened to − 0.12 (95% CI: −0.22 to − 0.03; p < 0.05) and its
contribution fell to 11.2% in regions of intensifying phosphorus limitation, converging with that of leaf
N:P. The positive residual covariance between LAI and WUE was also stronger in these regions (r = 0.25;
95% CI: 0.15–0.36) than globally (r = 0.14; 95% CI: 0.09–0.20; both p < 0.05). Overall, although the direct
CO₂–GPP coupling persisted, the emergence of a significant leaf N:P–GPP constraint — corroborated by
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steepening C:P trajectories — imposed a distinct stoichiometric brake on the productivity gains from
rising CO₂, offering a nutrient-based mechanism for the faster CFE decline in these regions.

Discussion
Our combined satellite- and model-based analyses show that terrestrial CFE declined globally during
1982–2015 and that this decline was faster in regions of intensifying phosphorus limitation than globally
or in other regions (Fig. 1c). Because CFE is a key mechanism sustaining land carbon uptake, future
terrestrial carbon sink capacity may be overestimated where phosphorus constraints are increasing.
Previous global studies emphasized increasing VPD as a major constraint on photosynthesis and CFE
[22]. Our results extend this framework by showing that the CFE decline cannot be interpreted solely
through water stress, but also requires consideration of regionally intensifying phosphorus limitation and
the associated strengthening of nutrient stoichiometric imbalance. In regions of intensifying phosphorus
limitation, the suppressive effect of leaf N:P imbalance on GPP became much stronger, likely reflecting
increasing relative phosphorus deficiency. This is consistent with regional observations of increasing
N:P under phosphorus stress [23] and with FACE experiments and meta-analyses showing reduced CO₂
responses under phosphorus limitation [24,25].

Regions of intensifying phosphorus limitation concentrated mainly in tropical low latitudes and northern
high latitudes, although the mechanisms likely differ. In tropical low latitudes, phosphorus is commonly
the dominant limiting nutrient [26]: long-term bedrock weathering depletes phosphorus while high rainfall
promotes leaching [27,28], so long-term responses to elevated CO₂ are more likely constrained by
phosphorus supply. Northern high-latitude ecosystems have traditionally been considered nitrogen
limited, but our results, consistent with prior work, suggest relative phosphorus constraints may be
increasing [29], possibly associated with rising nitrogen deposition and warming that raise phosphorus
demand [30]; because phosphorus inputs depend largely on weathering, supply may not match rising
demand [31]. Thus, intensifying phosphorus limitation can emerge through different mechanisms across
climate zones while ultimately weakening sustained productivity responses to elevated CO₂ [32].

Response magnitude varied among vegetation types. MF showed the strongest β decline, likely related
to its concentration in northern high latitudes where intensifying phosphorus limitation is widespread;
MF is therefore more frequently exposed to increasing relative phosphorus deficiency. Because high-
latitude forest productivity is sensitive to both canopy structure and leaf-level physiology, stronger
phosphorus limitation may simultaneously constrain structural expansion and photosynthetic capacity,
amplifying the β decline. EBF showed the weakest decline [33], possibly because tropical canopies and
LAI are already high, and because species in chronically phosphorus-poor environments may possess
stronger adaptive strategies — enhanced phosphorus acquisition and recycling, efficient internal
allocation, and higher photosynthetic phosphorus-use efficiency [34,35]. Exogenous phosphorus from
fire-derived deposition in parts of the Amazon may also locally alleviate limitation [36]. Declines in β
were generally stronger at high than low latitudes, consistent with the MF–EBF contrast and prior work

Page 7/22



[3]. This is particularly important in boreal and northern forests, critical for carbon sink growth [37],
because strong MF declines imply greater uncertainty in future carbon sink stability.

At a mechanistic level, water stress alone is insufficient to explain the faster CFE decline in regions of
intensifying phosphorus limitation, which occurred despite these regions not showing stronger water
stress than the global mean (Fig. S7). Under global change, elevated CO₂ can still promote carbon uptake
through enhanced photosynthesis, improved water-use efficiency, and reduced photorespiration [38], but
this is increasingly offset by multiple constraints [39]. While rising VPD is widely regarded as weakening
CFE by inducing stomatal closure [40], in regions of intensifying phosphorus limitation stoichiometric
imbalance imposed a much stronger constraint on GPP, with an effect size approaching that of VPD.
Because these regions declined fastest without stronger water stress, stoichiometric imbalance is likely
a major regional constraint. Understanding CFE decline therefore requires a transition from a water-
centric to a coupled water–nutrient framework [41].

The stoichiometric imbalance was characterized primarily by increasing relative phosphorus deficiency
(Fig. 5). During 1982–2015, C:N changes were relatively small whereas C:P increased much more
strongly, driving a persistent rise in N:P — consistent with faster declines in phosphorus than nitrogen
concentrations [21]. Relative phosphorus deficiency is expected to constrain carbon assimilation first at
the photosynthetic level, because phosphorus is required for ATP production, electron transport, and
RuBP regeneration [42,43]. The strongest C:P increase occurred in woody organs (WOD), with smaller
changes in leaves (LEF), suggesting plants prioritize leaf phosphorus homeostasis by diluting
phosphorus in nonphotosynthetic tissues [21]. Elevated tissue C:P is transferred to soils via litter;
structural litter (STR) showed a pronounced C:P increase, implying increasingly phosphorus-poor returns
that may slow microbial decomposition and nutrient turnover [44,45]. Rising soil C:P suggests carbon
accumulation increasingly outpaced phosphorus replenishment. Together, rising plant phosphorus
demand, phosphorus-poor litter, and reduced soil phosphorus resupply may form a reinforcing feedback
that strengthens ecosystem-scale N:P imbalance and further weakens productivity responses to
elevated CO₂.

Several uncertainties should be acknowledged. First, the identification of regions of intensifying
phosphorus limitation relies primarily on CABLE. Although CABLE is one of the few models explicitly
representing coupled C–N–P cycling [46,47], its representation of long-term plant and microbial
adaptation under low phosphorus remains limited [48], which may affect the spatial identification. Multi-
model comparisons, nutrient-addition experiments, and long-term observations would help test these
patterns. Second, β estimates may be influenced by disturbances not explicitly included, such as fire
[49]; combining disturbance data with causal-inference approaches could improve attribution. Third, SEM
results are sensitive to variable selection and path specification and should be interpreted as
mechanistic evidence rather than proof of causality. Overall, the evidence supports a robust association
between intensifying phosphorus limitation and faster CFE decline, but exact mechanisms require
further testing.
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Overall, our study suggests that intensifying phosphorus limitation may fundamentally weaken the
capacity of terrestrial ecosystems to respond to rising CO₂ by inducing nutrient stoichiometric
imbalances. Explaining and predicting CFE decline requires going beyond a water-stress-only framework
to explicitly incorporate dynamic phosphorus limitation and its stoichiometric consequences. As climate
change and nitrogen deposition intensify relative phosphorus scarcity, the extent of regions experiencing
intensifying phosphorus limitation may expand [50,51], offsetting a larger fraction of CFE-related carbon
sink gains [52–56]. If Earth system models do not adequately represent dynamic phosphorus cycling
and its coupling with carbon and nitrogen, they may systematically overestimate future terrestrial carbon
sink potential [58,59].

Conclusions
Using long-term remote sensing, CABLE simulations with coupled C–N–P cycling, and structural
equation modelling, we assessed how intensifying phosphorus limitation affects the terrestrial CO₂
fertilization effect (CFE). We show that terrestrial CFE declined globally during 1982–2015, and that this
decline was fastest in regions of intensifying phosphorus limitation (− 2.28% per 100 ppm yr⁻¹),
exceeding the global average (− 2.24% per 100 ppm yr⁻¹) and other regions (− 2.22% per 100 ppm yr⁻¹;
Fig. 1c). These regions also showed a faster reduction in interannual GPP increments, indicating a
concurrent slowdown in productivity gains. This faster decline occurred despite these regions not
experiencing harsher climatic stress, and thus cannot be explained by climatic deterioration alone.
Instead, the negative relationship between leaf N:P and GPP strengthened markedly — shifting from non-
significant globally to significant in regions of intensifying phosphorus limitation — with an explanatory
contribution approaching that of VPD. This indicates that increasing relative phosphorus deficiency and
the resulting stoichiometric imbalance are likely key constraints on sustained ecosystem responses to
elevated CO₂. Concurrent increases in C:P and N:P across plants, litter, and soils suggest these
constraints may be reinforced through ecosystem feedbacks.

Overall, explaining and predicting CFE decline requires moving beyond a water-stress-only framework to
explicitly incorporate dynamic phosphorus limitation and its stoichiometric consequences. If this
process is not adequately represented in Earth system models, future terrestrial carbon sink capacity
may be systematically overestimated. Explicit representation of phosphorus cycling and its coupling with
carbon and nitrogen cycles will therefore be essential for improving projections of the global carbon
cycle.

Methods

5.1. GPP data sets used to estimate the vegetation CO₂
sensitivity coefficient
To quantify vegetation productivity responses to rising atmospheric CO₂, we used three long-term gross
primary production (GPP) data sets: NIRvGPP, rEC-LUEGPP, and VODCA2GPP. NIRvGPP was the primary
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data set; rEC-LUEGPP and VODCA2GPP were used to test robustness.

NIRvGPP is derived from an empirical relationship between GPP and the near-infrared reflectance of
vegetation (NIRv), which combines total near-infrared reflectance and the normalized difference
vegetation index (NDVI) and has been widely used to characterize vegetation photosynthetic activity [60].
It is based on long-term AVHRR satellite observations and does not require auxiliary environmental
drivers [25]; it has monthly resolution, an original spatial resolution of 0.5° × 0.5°, and covers 1982–2018.

rEC-LUEGPP is generated with a revised light-use efficiency (LUE) model that incorporates CFE through a
scaling factor representing the direct effect of CO₂ on LUE [60]; 8-day resolution, 0.05° × 0.05°, 1982–
2017.

VODCA2GPP is constructed from the vegetation optical depth (VOD) climate archive and explicitly
incorporates CFE [61]; being mainly microwave-based, it is less affected by cloud contamination;
monthly resolution, 0.25° × 0.25°, 1988–2020.

All data sets were harmonized to 1° × 1° and analyses restricted to 1982–2015. Unless otherwise noted,
analyses used the growing season only, defined per grid cell as months with mean air temperature above
0°C; where temperature remained above 0°C year-round, all months were included.

5.2. Climate and environmental drivers
Monthly air temperature (TMP), precipitation (PRE), and VPD were obtained from CRU TS v4.08 (0.5° ×
0.5°); VPD was calculated from monthly 2-m air temperature and dew point temperature. Surface solar
shortwave radiation (SSRD), soil moisture (SM; surface-layer soil water, SWVL1), and LAI were obtained
from ERA5. Atmospheric CO₂ was the monthly Mauna Loa record. Nitrogen and phosphorus deposition
data (1980–2013) were obtained from the global gridded atmospheric deposition products of Wang et
al. (2017), available at Figshare (https://figshare.com/s/898e5d6c4f0982674ae3). Stoichiometric ratios
for soils, vegetation, and litter were obtained from CABLE model outputs. All variables were restricted to
1982–2015 and resampled to 1° × 1°.

5.3. Identification of land-use change and classification of
vegetation types
To reduce the influence of land-use change and management, we used LUH2 v2h to exclude grid cells
that (1) experienced a shift in dominant vegetation functional type during the study period, or (2) where
the fractional coverage of the dominant land-use type changed by more than 20%. Cropland cells were
also excluded because irrigation, fertilization, and cultivation obscure natural-ecosystem responses to
elevated CO₂. Vegetation functional types were classified using MODIS MCD12C1 (Collection 6.1; 0.05° ×
0.05°), aggregated to 1° × 1° by the dominant-area method.

5.4. Identification of regions of intensifying phosphorus
limitation
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We conducted paired simulations under identical climate forcing using the carbon–nitrogen–
phosphorus (CNP) and carbon–nitrogen (CN) configurations of CABLE, and defined a phosphorus
limitation intensity index (PLI):

PLI=NPPCN−NPPCNP (1)

Here, NPP_CN is net primary productivity (NPP) simulated without explicit phosphorus limitation and
NPP_CNP is NPP simulated with explicit phosphorus limitation. Because the CNP configuration imposes
phosphorus constraints that CN does not, NPP_CNP ≤ NPP_CN, so PLI ≥ 0 and represents the NPP
suppressed by phosphorus limitation under identical climate forcing [18]. Larger PLI values indicate
stronger phosphorus limitation. Conceptually, this is analogous to the net productivity response derived
from phosphorus-addition experiments [53], and provides a feasible means of quantifying phosphorus
limitation continuously at the global scale [47].

We analyzed the temporal trend in PLI for each grid cell over 1982–2015 (linear-regression slope;
significance by the Mann–Kendall test). A significantly positive PLI trend indicates intensifying
phosphorus limitation. We defined regions of intensifying phosphorus limitation as grid cells with
positive IPL trends whose slopes fell within the upper 80% of the slope distribution and were significant
at p < 0.01. Regions not included are not necessarily free of phosphorus limitation; they may have
experienced weaker intensification or no significant increase. Under this threshold, such regions
concentrate in the temperate mid- to high-latitudes of the Northern Hemisphere and in tropical savanna
zones, including parts of central North America, Europe and northern Eurasia, the Sahel, tropical South
American grassland regions, and northeastern Australia.

Sensitivity tests using the 40th and 60th percentiles as alternative thresholds confirmed that the main
conclusions were robust (Figs. S9, S10). As IPL is derived from a single land-surface model (CABLE), the
spatial delineation of intensifying-limitation regions is model-dependent; however, all productivity
diagnostics within these regions rely on independent satellite and reanalysis data (Sections 2.1–2.2),
mitigating circularity.

5.5. Estimation of the vegetation CO₂ sensitivity coefficient
We estimated the vegetation CO₂ sensitivity coefficient using a multivariate linear regression with
environmental covariates and interaction terms:

2

Here, y is the growing-season GPP time series; CO₂, VPD, and T are atmospheric CO₂, vapor pressure
deficit, and air temperature; β is the regression coefficient on the CO₂ term (i.e., the vegetation CO₂
sensitivity coefficient); C₁–C₄ are the coefficients of the covariates and their interactions with CO₂; C₅ is
the intercept; and ε is the residual term. All variables were expressed as anomalies (annual value minus

y = β ⋅ CO2 + C1 ⋅ VPD + C2 ⋅ T + C3 ⋅ (CO2 ⋅ VPD) + C4 ⋅ (CO2 ⋅ T) + C5 + ϵ
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the mean within the corresponding 15-year moving window). β was estimated per grid cell by ordinary
least squares within a 15-year moving window over 1982–2015, and standardized as the percentage
change in GPP per 100-ppm increase in atmospheric CO₂ (% per 100 ppm) [3].

Note that VPD and temperature enter Eq. (2) as covariates to isolate the CO₂-driven component of GPP
from concurrent hydrothermal variability; this differs from their role in the structural equation model
(Section 2.7), where they are treated as independent drivers. β therefore quantifies CO₂ sensitivity after
accounting for VPD and temperature and is not confounded by them.

5.6. Interannual GPP increments and trend analysis
We calculated the interannual increment in GPP (ΔGPP), defined as the change between consecutive
years:

ΔGPP(t) = GPP(t) − GPP(t − 1) (3)

A long-term decline in ΔGPP indicates a slowdown in the rate of productivity gain. For β, ΔGPP, LAI, and
hydroclimatic variables (TMP, SM, VPD), temporal changes were characterized by trend slopes and
significance assessed with the Mann–Kendall test [62]. Unless otherwise stated, p ≤ 0.05 was
considered significant.

5.7. Covariance-based structural equation modeling
We used covariance-based SEM (CB-SEM) to compare driver effects on GPP globally and within regions
of intensifying phosphorus limitation [63]. Variables were CO₂, VPD, TMP, PRE, LAI, leaf N:P, and GPP;
nitrogen and phosphorus deposition were additionally included to assess their influence on leaf N:P.
Separate models were fitted for the global domain and for regions of intensifying phosphorus limitation.
All variables were standardized; parameters were estimated with 1,000 bootstrap resamples. Model
performance was evaluated with CFI, TLI, and RMSEA.
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Figures

Figure 1

Accelerated decline of β in regions experiencing intensifying phosphorus limitation, 1982–2015. (a)
Spatial pattern of β trends across intensifying phosphorus‑limitation (IPL) regions. (b) Latitudinal profiles
of β trends for the globe, IPL regions, and regions without intensifying phosphorus limitation (other
regions); shaded bands denote the 95% confidence intervals. (c) Temporal time‑series of β for the globe,
IPL regions, and other regions. (d) Box‑plot comparisons of β between two sub‑periods across the globe
and IPL regions. Boxes show the interquartile range (IQR), solid horizontal lines mark median values, and
median β values for each period are annotated above each box.
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Figure 2

Declining trends of β and land area proportions across different vegetation types at both global and IPL
regions. Area proportions include: Tp/Ap (proportion of the specific vegetation type relative to the total
area of IPL regions), Tg/Ag (proportion relative to the total global land area), and Tp/Ag (proportion of
the specific vegetation type within IPL regions relative to the total global land area).
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Figure 3

Accelerated decline in the interannual increment of GPP (∆GPP) in IPL regions. (a) Spatial distribution of
∆GPP trends within IPL regions. (b) Comparison of ∆GPP trends between global and IPL regions derived
from multiple GPP datasets. (c) Comparison of ∆GPP trends across different vegetation types at both
global and IPL regions.
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Figure 4

Comparison of Structural Equation Models (SEM) for GPP and climatic factors between global and IPL
regions. (a) Global-scale SEM. (b) SEM for IPL regions. Solid lines represent significant effects (p<0.05).
Model variables include vapor pressure deficit (VPD), temperature (TMP), precipitation (PRE), leaf area
index (LAI), leaf N:P ratio (NP), nitrogen deposition (Ndep), phosphorus deposition (Pdep), and
atmospheric CO₂ (CO2).
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Figure 5

Temporal trends in carbon-to-nitrogen (C:N) and carbon-to-phosphorus (C:P) ratios across soil, plant, and
litter pools during 1982–2015. The trends are compared between the globe and IPL regions. The soil
pool is categorized into active (ACT), slow (SLW), and passive (PAS) pools; the litter pool is classified by
decomposition rate into metabolic (MRT), structural (STR), and coarse/woody (COA) pools; and the plant
pool is divided by organ type into leaves (LEF), wood (WOD), and roots (ROT).
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