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% Check for updates Rising atmospheric CO, and warming spring temperatures increase vegetation

growth and the terrestrial carbon sink. However, drought, heat stress, phe-
nology, and resource limitations may stabilize or limit theses projected
increases. We investigate the balance between these amplifying and stabilizing
ecological factors by asking whether enhanced early-season growth leads to
continued late-season growth. Using the Moderate Resolution Imaging Spec-
troradiometer (MODIS) leaf area index (LAI) dataset, we identify three seasonal
growth patterns based on early- and peak-season positive LAl anomalies: (1)
amplification, where late-season LAl anomalies exceed earlier ones; (2) weak
stabilization, where late-season anomalies remain similar or slightly lower; and
(3) strong stabilization, where late-season anomalies become negative. Weak
and strong stabilization events dominate across 67% and 26% of Northern
Hemisphere ecosystems above 30°N, respectively. The absence of any trend in
amplifying or stabilizing events suggests stabilizing factors seasonally offset
CO: and temperature-induced spring greening. Terrestrial biosphere models
underestimate strong stabilization and overestimate amplification events. This
inconsistency arises from the models’ underestimation late-season LAI sensi-
tivity to precipitation in water-limited regions; overlook negative legacy
effects of early enhanced LAI on late-season soil moisture via evapo-
transpiration losses in energy-limited regions. Our findings suggest water/heat
stress and resource limitations limit greening and the land carbon sink.

0

The seasonality of vegetation activities in the Northern Hemisphere ecosystems’'’, and enhanced greening at global scales is often

(NH) is critical to the global carbon cycle'’. As temperature rises,
advances in the timing of spring green-up have been documented
globally across hundreds of plant species®®. High atmospheric CO,
concentrations stimulate plant growth across a wide range of

attributed to rising CO,"™”. Early and peak season greening can
increase the land carbon sink™ unless it is offset by reductions in
carbon uptake later in the growing season™%, Evaluating the connec-
tion from early and peak-season to late-season growth—specifically,
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the persistence of early growth enhancement into the late season—
offers a valuable opportunity to determine whether growth-amplifying
factors are strengthened or stabilized by growth-limiting factors.

Enhanced early and peak-season growth may enable more
growth later in the season (amplification), or late-season growth may
be limited by lack of resources or life history limitations (stabiliza-
tion), and there is prior evidence for both amplification and stabi-
lization effects. For grasses, shrubs, and some trees, amplification
may occur by a ‘carry over effect’, where more leaf area early in the
season leads to higher light absorption which in turn enhances late
season greenness and vegetation productivity'** (Fig. 1). Anomalies
of early season LAl may also be maintained in the late season
through simple persistence or delayed senescence of LAI*?. In con-
trast, early growth may increase water and nutrient resource
demand which limits late season vegetation growth'”* >, For
example, greater transpiration can lead to soil moisture depletion
and thus limit late season plant growth. Late season biophysical
stressors such as drought and heatwave events may also limit late
season vegetation growth®*”. Thus, comparing observations of
early- and peak-season LAl anomalies to late- season LAl anomalies is
a measure of the balance of factors that amplify growth and factors
that stabilize growth. This allows us to evaluate whether models can
capture this balance correctly.

Long-term, sub-seasonal observations of LAI provide an oppor-
tunity to investigate these complex seasonal trajectories and their
temporal evolution over the past twenty years. Previously, research
has relied on joining partially overlapping remote sensing estimates of
leaf area index (LAI) from a variety of sensors®*. However, these data-
sets have some limitations, including issues with sensor calibration,
satellite drift, atmospheric correction, and data fusion resulting in
inconclusive findings**?’. These issues can be avoided by analyzing LAI
estimates from the twin Moderate Resolution Imaging Spectro-
radiometer (MODIS) sensors. The MODIS LAI observations provide
meticulously validated and collaboratively developed datasets,
ensuring consistent sensor performance and careful consideration of
uncertainties related to atmospheric correction and sensor
degradation®**, The MODIS sensor record now spans more than
twenty years, providing an opportunity for reliable and comprehensive
assessments of seasonal greenness trajectories and model evaluations
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without the risk of bias introduced by fusion of multiple sensor
records®®.

In this study, we use the latest Collection 6 MODIS LAI/FPAR
product (MCD15A2H v006***) to compare the strength and direction
of early- and peak-, and late-season LAl anomalies. In addition, we also
use the AVHRR LAI3g product®® and global eddy covariance (EC) GPP
estimates®™. To test whether growth amplifying factors outweigh
growth stabilizing factors, we focus our analysis on all occurrences of
positive LAl anomalies in the early- and peak- growing season (see
“Methods”) and compare them to the magnitude of late-season LAI
anomalies. We next quantify the spatial distribution and temporal
frequency of three types of scenarios: 1) amplification, where positive
late-season LAl anomalies exceed early- and peak-season LAl anoma-
lies; 2) weak stabilization, with late-season LAl anomalies equal to or
less than those of earlier seasons; and 3) strong stabilization, where
negative late-season LAl anomalies follow positive early- and peak-
season anomalies (see “Methods”). We identify key drivers of these
scenarios using high resolution climate data, including precipitation
and temperature estimates from the Climatic Research Unit (CRU*)
and soil moisture estimates from the Global Land Evaporation
Amsterdam Model (GLEAM v3a¥). To evaluate whether widely
used terrestrial biosphere models (TBMs) faithfully represent
enhanced seasonal growth extending from early and peak seasons to
late season, we compare our MODIS and AVHRR LAI3g anomaly esti-
mates to LAl simulations from TBMs that participate in the TRENDY
Version 11 (TRENDYv11*®) intercomparison project (Supplementary
Table 1). Our main objectives are to: 1) examine the spatial variation
and temporal changes of seasonal LAI trajectory scenarios; 2) explore
the mechanisms controlling the balance of amplifying and stabilizing
effects in different ecosystems; and 3) quantify TBM skill in reprodu-
cing observed seasonal LAl trajectories, their sensitivity to climate, and
legacy effects from vegetation-soil feedbacks.

Results and discussion

Stabilization has been dominant in the past two decades
Enhancement of early- and peak- season LAI did not lead to wide-
spread enhancement of late season LAI. Across the 19-year MODIS
record, the percentage of occurrence of each scenario across all
events was strongly biased toward stabilizing scenarios (Fig. 2a).

Late-season

Stabilizing
/strong

Accumulated soil water deficit

Fig. 1| Schematic representation of the seasonal greenness trajectory scenarios
that capture the strength and directions from enhanced early- and peak-
season greenness to late-season greenness. Warming and CO, stimulate
enhanced vegetation greenness during the early- and peak- growing season, which
can persist into the late growing season through amplifying effects (green line).
Alternatively, the increased greenness observed in the early and peak seasons could
be inhibited or even reversed in the late season (weak/strong stabilization sce-
narios, indicated by the orange line). This may result from intrinsic phenological

and life history limitations, seasonal climate anomalies, or accumulated soil
moisture deficits caused by the intensified greenness in the early-and peak-seasons,
which could deplete soil moisture due to enhanced evapotranspiration (ET). The
symbols — and + in each bracket represent either a negative or positive effect,
respectively, on terrestrial vegetation greenness. Trees icons were designed by and
sourced from Vecteezy.com under a Free License: https://www.vecteezy.com/
vector-art/8334831-isolated-trees-and-nature-objects-set zheli.
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Fig. 2 | Observed dominance of stabilization events in the Northern Hemi-
sphere is largely underestimated by models. The probability of dominant event
(strong stabilization: pink, weak stabilization: blue, and amplification: green) for
MODIS (a) and TRENDY ensemble (b), respectively. Each pixel is a composite of
these three scenarios, with the colors representing the probability for each scenario
within that pixel. The colors are calculated by assigning a magenta-blue-green value
to each grid depending on the percentage of occurrence of each scenario across all
analyzed events. The matrix presents the differences between TRENDY and MODIS.
We show the difference in the percentage of occurrences for strong stabilization
(where late-season LAI z-score <0), weak stabilization (where late-season LAI
z-score > 0 but lower than early- and peak-season LAl), and amplification (where
late-season LAl z-score exceeds early- and peak-season LAI) for water-limited (c)
and energy-limited regions (d), (see Methods). The stairstep line in the matrix
represents a 1:1 reference line, indicating points where late-season LAl anomalies
are equal to early- and peak-season LAl anomalies. Data points on this line implies

that the late-season growth matches the early- and peak-season growth. The right
side of the stairstep line shows conditions where late-season LAl is greater than
early- and peak-season LAl, indicating amplification. Conversely, the left side of the
stairstep line represents cases where late-season LAl is smaller than early- and peak-
season LAl indicating stabilization. The color intensity represents the magnitude of
the difference in occurrence probability between TRENDY and MODIS. Greyish
hues indicate that TRENDY ensemble overestimates the probability relative to
MODIS, while reddish hues indicate underestimation. Only scenarios with a positive
z-score for early- and peak-season LAl are considered. Areas that were cultivated,
managed, or non-vegetated are excluded from the analysis and represented in grey.
All maps use the linear convolution interpolation method. Supplementary Fig. 5
shows the same map without interpolation. Map of panel a and b generated with
python 3-mpltoolkits.basemap(version 1.4.1, https://matplotlib.org/basemap/
stable/).

Weak and strong stabilization dominant events were more prevalent
(occurring in more than 51% of years) than amplification dominant
events over 93% of the Northern Hemisphere. Strong stabilization
dominant events alone were prevalent across 26% of locations stu-
died. Widespread stabilization dominant events could be explained
by internal or external limits to plant growth or feedbacks caused by
the increased demand for resources required by greater early- and
peak- season leaf area. In contrast, amplification dominant events
were prevalent across only 7% of the Northern Hemisphere. Our
findings suggest that benefits into the late season are modest,
despite previous report showing positive correlations between
early-, peak- and late-season vegetation productivity?®. These pat-
terns were similar in other datasets, with seasonal stabilization also

dominant in AVHRR LAI3g observations (Supplementary Fig. 1). We
found stabilization effects were broadly consistent across all plant
functional types whether they exhibited evergreen or deciduous
growth habits (Supplementary Fig. 2). Grassland contributed an
increasing percentage of high probability under weak stabilization
and a decreasing percentage under strong stabilization. While the
resolution of the datasets we use may blend signals from the
understory and herbaceous in evergreen systems®, optical remote
sensing has proven to be highly effective in detecting physical and
biological changes in evergreen vegetation activity and
photosynthesis*®. Considering the significant role that deciduous
forests play in the NH carbon sink**, especially given the recent
shifts where deciduous forests are increasingly replacing evergreen
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forests due to disturbances such as fire*’, further investigation using
higher-resolution datasets is needed.

When analyzed identically, models within the TRENDY ensemble
consistently underestimated the LAI stabilization dominant events
compared to observation-based estimates. In the Northern Hemi-
sphere, the TRENDY ensemble depicted strong and weak stabilization
dominant events in total across 81% of regions (Fig. 2b). The dom-
inance of strong stabilization was especially underestimated, com-
prising only 5% of Northern Hemisphere land area (compared to
MODIS observations of 26%). Significant underestimation of strong
stabilization effects was observed across large regions, covering 75% of
the study area, with underestimations reaching up to 80%. This con-
tributed to the model’s inability to accurately capture strong dominant
events (Supplementary Fig. 3). Conversely, the TRENDY ensemble
tended to significantly overestimate amplification dominant events
compared to MODIS observations. Specifically, more than 19% of areas
exhibited amplification dominance in the TRENDY ensemble (com-
pared to MODIS observations of 7%). Across individual model, ampli-
fication dominant events were overestimated in 5 out of the 9 TRENDY
models, while only 2 demonstrated widespread stabilization (Supple-
mentary Fig. 4).

Model significantly underestimated strong stabilization events
across all cases

We further explored how varying levels of late-season greenness cor-
respond to different magnitudes of positive early- and peak- season
LAI anomalies (see Supplementary Fig. 6). Widespread strong stabili-
zation was found across all early- and peak-season LAl positive
anomaly events, with consistent patterns observed in MODIS, AVHRR
LAI3g (Supplementary Fig. 7), and GPP observations (Supplementary
Fig. 8). Across the 27 available flux tower sites, seasonal stabilization of
GPP was more common than seasonal amplification, occurring at 69%
of the sites. The differences between TRENDY and MODIS metrics
showed that TRENDY tended to underestimate the occurrence of
strong stabilization effects in nearly all cases during early- and peak-
season LAl increase events (where early- and peak-season LAI z-scores
> 0). This underestimation was present in both water-limited and
energy-limited regions (Fig. 2¢, d). In weak stabilization events, the
models exhibited biases based on the strength of the late-season
response. Specifically, the models underestimated stronger weakening
effects (e.g., where the late-season z-score ranges from 0.5 to 1). In
contrast, the models overestimated weaker weakening effects (e.g.,
where the late-season z-score was greater than 1). The models tended
to overestimate amplification events when its magnitude was low,
while underestimating in the rare cases when amplification was high.

Climatic drivers and vegetation-soil moisture feedbacks influ-
ence seasonal LAI trajectory in different ecosystems

Our findings suggest that water availability controls whether early LAI
enhancement persists into the late season and that this is controlled by
water input in water limited systems and water consumption in energy
limited systems. Structural equation modeling (SEM; see methods)
indicated that early- and peak-season LAI responses to water and
temperature were consistent with expected ecological sensitivity to
limiting factors across the Northern Hemisphere: early- and peak-
season LAl were mostly influenced by precipitation in water-limited
systems but temperature in energy-limited systems. Peak season pre-
cipitation appeared to influence LAI in the late season indirectly
through an apparent effect on late season soil moisture (SM) every-
where (Fig. 3a, d), but the positive effect of precipitation on SM was 5
times greater in water-limited systems than energy-limited systems
(slope 4.062 vs 0.738, Fig. 3a, d). Early- and peak-season LAl anomalies
in water limited systems did not lead to enhanced late season LAl when
early gains were not accompanied by sufficient precipitation (i.e.
negative peak-season precipitation anomalies; Fig. 3b). These patterns

are supported by observations from site level, remote sensing and
experiments in dryland where late season plant phenology and
greenness is strongly dependent on precipitation inputs*~*%,

In contrast, in energy limited systems we saw little evidence that
water inputs vary between amplification and stabilization (Fig. 3e, f).
Instead, positive early- and peak- season LAl anomalies combined with
nearly simultaneous positive temperature anomalies likely caused
greater SM to dry down in the late season. Positive early- and peak-
season LAl anomalies tended to decrease the amount of SM available in
the late season in both water-limited and energy-limited regions, but
this negative effect was larger in energy limited systems (—0.718 vs
-0.458; Fig. 3a, d), most likely because energy limited systems main-
tain higher LAI, are more productive, and use more water in absolute
terms. This suggested feedback is supported by previous findings that
enhanced early- and peak-season LAl increases evapotranspiration
(ET), leading to excessive soil moisture depletion and subsequently
limiting vegetation growth in the late season'**. We did observe an
‘enhanced peak season ET” under strong stabilization scenarios in both
water-limited and energy-limited regions(Supplementary Fig. 9a, c).
Positive LAl anomalies during the early- and peak- seasons significantly
increased ET in both regions, with a greater effect observed in water-
limited areas compared to energy-limited regions (0.504 vs. 0.349;
Supplementary Fig. 9b, d). This increase in ET further depleted late-
season soil moisture, with a particularly pronounced impact in energy-
limited systems than water-limited regions (-0.435 vs. -0.004). Grass-
lands are highly responsive to both seasonal climatic variability and
resource limitations such as water and nutrients availability*’ and so
may respond to short term resource availability’°>%. Experimental
warming-induced depletion of soil moisture may lead to reductions in
late-season LAI or accelerated autumn leaf senescence in temperate
grassland® and arctic plants®™, but temperate forest species show little
experimental response®. On a larger scale, an analysis of tree diameter
growth across 108 forests in Eastern North America found that earlier
onset of spring growth caused by natural variation in temperature, did
not translate into enhanced annual growth because of summer or late
season growth limitations™. These phenomena may be because earlier
spring phenology in temperate regions may result in earlier leaf
senescence, limiting increases in late-season LAP®~ %, Warm spring
temperatures can lead to early snow melt, enhanced carbon uptake
during spring and summer and late season water deficits”*° which
could explain enhanced spring growth and late season water limitation
in evergreen forests dependent on snow. Water stress and high tem-
peratures can significantly limit nutrient mineralization as during
periods of drought or elevated temperatures, microbial activity
declines more sharply due to reduced soil moisture and heat stress on
microbial communities, resulting in a marked reduction in nutrient
availability®>°'.

Terrestrial biosphere models failed to capture impacts of cli-
mate factors and complex vegetation-soil moisture feedback on
late season LAI

Terrestrial Biosphere Models (TBMs) failed to describe how water
availability controls persistence of early LAl enhancement into the
late season, resulting in underestimates of stabilization effects
throughout the northern hemisphere. In water limited regions, the
controls of precipitation input on late season LAI were accurately
modeled (b path 8), but models varied widely in their estimate of the
effect of peak season precipitation input on late season SM. In
energy limited regions, seven of nine of the models did not accu-
rately replicate the effect of water consumption use on late season
SM, instead showing a less negative or sometimes positive effect of
early- and peak-season LAI on late season SM (Fig. 4c, path 3). The
observations suggested that high temperatures in the late season
dry out late season SM, but the models significantly underestimated
the negative relationships between late-season temperatures and
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Fig. 3 | Factors controlling seasonal LAI trajectories from early- and peak-
season LAI to late season LAI. Causality networks illustrating the factors influ-
encing seasonal LAl dynamics among environmental factors and vegetation-soil
feedback as deduced from structural equation models (SEMs) for water-limited (a)
and energy-limited regions (d). Red lines indicate negative effects and blue lines
indicate positive effects, while line thickness is proportional to the strength of the
relationship and to the standard path coefficients adjacent to each line. The
goodness-of-fit index (GFI), adjusted goodness-of-fit index (AGFI), and root mean
square error of approximation (RMSEA) are labeled alongside each response vari-
able in the model. The mean seasonal LAl and hydroclimatic variables, aggregated

across both time and space, are shown separately for water-limited (b) and energy-
limited (e) regions under strong stabilization, as well as for water-limited (c) and
energy-limited (f) regions under amplification scenarios, respectively. The hydro-
climatic variables depicted include soil moisture (SM), temperature (Temp), and
precipitation (Precip), all displayed as monthly z-scores relative to the study period
mean (2003-2021). Sample size are 34198 in water-limited region and 113202 in
energy-limited region. The shaded areas represent +0.5 standard deviations. A two-
sided ¢ test was used to assess the significance of the path coefficients of SEM
analysis. Multiple comparisons are not applicable.
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LAI to late-season LAI. The comparison of path coefficient of SEM (a) between
MODIS and individual TRENDY models for (b) water-limited regions and (c) energy-
limited regions. Precipitation and temperature data were obtained from CRU
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records, the same forcing data used for TRENDYV11, while soil moisture was derived
from the respective outputs of individual models. Boxplots from left to right
represent minimum, first quartile, median, third quartile and maximum values, with
sample size of 10.

late-season soil moisture (Fig. 4a, c, path 5, Supplementary Fig. 10).
The combined errors in vegetation-SM feedbacks (path 3) and lower
temperature-driven evapotranspiration (path 5) would overestimate
SM in the late season and may explain why TBMs fail to show sta-
bilization of early- and peak-season LAl anomalies into the late
season. These mechanisms may explain some of the modelled

overestimation of the land carbon sink®**. This explanation is
supported by previous analyses that these TBMs failed to accurately
estimate vegetation-soil feedbacks, misrepresented leaf senescence,
and had unrealistic climate sensitivities®®,

Failure to correctly represent factors that stabilize positive early-
and peak- season LAl anomalies can increase errors in model estimates
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Fig. 5| Observed versus modeled trends in strong stabilization events and late-
season LA The relationship between trends in the frequency of strong stabiliza-
tion events and in late-season LAl among MODIS observation and individual models
from 2003 to 2021 for both water-limited (a) and energy-limited (b) regions. Time
series of the averaged late-season LAl for the water-limited (c) and energy-limited
(d) regions among MODIS (green color) and TRENDY ensemble (black color) and all

individual model (grey color). The p values (p) in (a) and (b) for the trends in late-
season LAl are presented above, while those for the strong stabilizing feedbacks are
provided below. Sample size is 34198 in water-limited region and 113202 in energy-
limited region. The significance level was evaluated using a two-sided ¢ test on the
basis of ordinary least squares regression model.

of vegetation growth through time. Vegetation growth is controlled by
many factors, and some would be expected to influence the observed
patterns of amplification or stabilization that we have described in
terms of temperature and moisture controls only. CO2 fertilization
tends to increase both LAl and water-use efficiency®®**®¢, and late
season LAl could be enhanced through delayed leaf senescence
mediated by warm temperatures'®’. Given the apparent sensitivity of
late season LAI to water availability, we would expect rising tempera-
ture and CO, to manifest in our analysis as fewer instances of strong
stabilization of late-season LAI through time. Despite the well docu-
mented increase in mean global temperature and drought
occurrence®®*’, we were unable to detect a change in the frequency of
stabilization or amplification events over two decades. Observations
showed no evidence of any trend in late-season LAl stabilization
(Fig. 5a, b, P=0.97 for water-limited region and P=0.78 for energy-
limited regions). However, a recent analysis of SIF and NDVI spanning
nearly four decades documented a shift from less stabilization of early
season productivity enhancements into summer productivity to more
stabilization with the increased frequency of adverse summer moist-
ure conditions'. Trends in late-season LAI stabilization differ among
TRENDY models, though many individual models show disagreement
with observations. Notably, 6 out of 9 models predicted widespread
greening, leading to an overestimation of late-season greening trends
compared to actual observations. Some individual models, such as
CABLE-POP and VISIT, exaggerated these trends even further, sig-
nificantly overestimating late-season LAl increases (Supplementary

Fig. 11). Both IBIS and VISIT showed declines in strong stabilization
events in water- and energy-limited systems (Fig. 5a, b). While LPX-Bern
showed significantly more stabilization events than other models
(Supplementary Fig. 4h), there was a detectable decrease in the fre-
quency of these events through time in both water-limited (Fig. 5a,
P=0.02) and energy-limited regions (Fig. 5b, P=0.00). Strong stabi-
lization events increased in CLM simulations, which could result from
inaccuracies in leaf phenology sensitivity to environmental change’®.
JSBACH agreed with the observed patterns in the frequency of stabi-
lization events and accurately captured the direction and magnitude of
LAI responses to precipitation and temperature as well as vegetation-
soil moisture feedback throughout the entire season (Supplementary
Fig. 4g, Supplementary Fig. 10). The process errors that lead to less
stabilization of early season enahncements (Fig. 5a, b) would tend to
overestimate LAI and could explain part of the consistent LAI bias in
TBMs”"? and Earth System models”>’*. The patterns observed in the
ensemble mute the biases in many of the models. The balance of these
model responses led the TRENDY ensemble to predict a similar,
though slightly greater overall increase in late-season LAl compared to
observations in energy-limited region (Fig. 5c, d, Supplementary
Fig. 12b, d).

Across the northern hemisphere and throughout the last two
decades, the magnitude of late-season LAl enhancement was less than
that of early- and peak-season LAI (Supplementary Fig. 12a-d). Models
overestimate the positive influence of factors that should result in
enhanced late season LAl and underestimate factors that constrain
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late-season LAIL Our analysis suggests that some models could be
improved by more appropriately characterizing constraints and feed-
backs mediated by water input and water consumption. However,
trends in late-season LAl could also be influenced by changes in
vegetation structure and composition”, nutrient constraints’®”’, sink
limitations®”®, and climatic patterns®® that cannot be fully disen-
tangled in our analysis.

We found that early enhancements in LAl observed in the last two
decades frequently do not persist to the late growing season across the
northern hemisphere. The greater the enhancement in early- and peak-
season LAl was, the less likely it was to carry over into the late season,
which implicates resource use limitation. Our findings suggest that
widespread stabilization is mediated by the lack of water input in
water-limited systems and excessive water consumption in energy-
limited systems. Accurately representing the balance of amplifying and
stabilizing factors in models is important to predicting the future
carbon sink strength of the Northern Hemisphere. However, we found
that the most recent collection of TRENDY models (v11) often under-
estimated the occurrence of stabilization events compared to satellite
observations. If, as suggested by our analysis, moisture controls are
responsible for the widespread stabilization of early season LAl
enhancement, we expect these stabilization factors to become more
important in future. Considering the projected increase in the fre-
quency and severity of future heat/drought events in some regions of
the Northern Hemisphere in the 21st century®®®', our analysis suggests
further divergence between satellite and model LAl estimates and
potential negative consequences for the projected global land car-
bon sink.

Methods

Satellite-based LAI products. We used the 8-day, 500-meter resolution
Moderate Resolution Imaging Spectroradiometer (MODIS) Collection
6 (C6) LAI products(MCD15A2H), including both the Terra and Aqua
MODIS LAI products (MOD15A2H and MYD15A2H), covering the per-
iod 2003-2021. The 8-day LAl were aggregated to monthly scale using
the Maximum Value Composite method®’. For comparison, we also
used an updated version of Advanced Very High-Resolution Radio-
meter (AVHRR) LAI3g product covering the period 1982-2018%. This
AVHRR LAI3g dataset is available at 8-km spatial resolution and
biweekly temporal resolution®. To create the AVHRR LAI3g dataset, an
artificial neural network algorithm was used to train the overlapping
data (2000-2016) from the Global Inventory Modeling and Mapping
Studies (GIMMS) NDVI3gV1** and C6 Terra MODIS LAI datasets. Simi-
larly, the biweekly AVHRR LAI3g were aggregated to monthly scale.
The high-resolution satellite data was then aggregated to a 0.5° spatial
grid by averaging all cells that fall within 0.5° cell to match the reso-
lution of the temperature and precipitation data.

Eddy covariance (EC) measurements

To independently verify the remote sensing analyses, we conducted
additional analyses using daily Gross Primary Production (GPP) esti-
mates from FLUXNET2015”. The FLUXNET2015 database includes
177 sites in the northern hemisphere representing 13 major vegetation
types based on the classification system of the International Geo-
sphere Biosphere Programme (IGBP®). For our analysis, we selected
sites that had a minimum of 5 years of records after 2003 and excluded
agricultural sites, leaving a total of 27 northern sites (>30°N; Sup-
plementary Table 2). We excluded early- to peak-season negative GPP
z-scores (see Methods Early-to peak- season and late season
extraction).

TRENDYvV11 models

We used monthly LAI simulation outputs for 2003-2021 from 9
process-based terrestrial biosphere models participating in the
TRENDY (trends in net land-atmosphere carbon exchange) vé6

project®: CABLE-POP, CLASSIC, CLMS, IBIS, ISAM, ISBA-CTRIP,
JSBACH, LPX-Bern and VISIT (details in Supplementary Table 1). All
models performed the same set of factorial simulations following a
standard experimental protocol®. Here, we used TRENDY simulation
S2 that was forced by varying both atmospheric CO2 and climate. The
LAI simulations from TRENDYv11, ranging in spatial resolution from
0.5° to 2° (Supplementary Table 1), were resampled to a common 0.5°
grid using the nearest neighbor method to ensure the model outputs
were comparable with the satellite data. In addition to the LAI simu-
lations, we also used monthly soil moisture outputs from the same 9
process-based terrestrial biosphere models in the TRENDY v6 project,
which provided consistent soil moisture data over the period
2003-2021. The soil moisture outputs were extracted from the
TRENDY S2 simulation, which, like the LAI data, was driven by both
varying atmospheric CO, and climate conditions. To ensure compar-
ability with observational datasets, the SM outputs were also resam-
pled to a common 0.5° grid using the nearest neighbor method. These
SM outputs were then incorporated into our analysis to investigate the
relationships between early- and peak-season LAl anomalies and their
effects on late-season soil moisture dynamics.

Climatic and soil moisture

We used gridded (0.5° resolution) monthly time series of temperature
and precipitation from the Climatic Research Unit (CRU) v4.0.1
dataset’, the same forcing data used for TRENDYv11. The Global Land
Evaporation Amsterdam Model (GLEAM) v3.2a* of root soil moisture
with a spatial resolution of 0.25° over the period of 2003-2021 was
used to represent soil moisture (SM). Subsequently, we transformed
the SM from a 0.25° resolution to 0.5° by averaging the values of the
four 0.25-degree cells within each 0.5-degree cell. This adjustment was
made to ensure alignment with the resolution of the temperature and
precipitation data.

MCD120Q1 land cover data

We obtained annual land cover from the MODIS 500-m land cover
product (MCD12Q1 v006), spanning from 2003 to 2021, using the 17-
class International Geosphere-Biosphere Program (IGBP) classification
scheme®*”. To eliminate the impact of land cover changes, we exclu-
ded pixels that underwent substantial land cover change during the
study period. Specifically, we calculated the proportion of each vege-
tation type from all 500-meter pixels falling within each 0.5° grid cell
and computed the trends of each vegetation type based on the full
2003-2020 time series. The net change was calculated by multiplying
the trends by the length of the years. If the net change for any vege-
tation type exceeded 10% within a given 0.5° pixel, we considered that
pixel to have experienced significant land cover change and removed it
from the analysis. We also excluded any 0.5° pixels over 60% of areas
dominated by cultivated, managed, or non-vegetated land.

Early-, peak-, and late-season definition

To estimate seasonal trajectories between early- and peak- season LAI
and late-season LAI, we divided the mean seasonal cycle of LAI (based
on the 19-year study period) into early-, peak-, and late-season periods
for each grid cell. We first smoothed the LAI curves of the three LAI
products (MODIS, AVHRR LAI3g, and TRENDY v11) for each year using
the Harmonic Analysis of NDVI Time Series (HANTS) algorithm®$°,
This algorithm uses a Fourier transform to remove pronounced out-
liers in a time series and reconstruct a smooth curve®’. We then used
threshold-based method to retrieve the start and end of the growing
season (SOS and EOS, respectively). SOS and EOS were defined as
follows: SOS occurs when the LAI for a given pixel first exceeds 20%
above the annual minimum LAl for that pixel. EOS occurs when the LAI
declines to 20% above the annual minimum value. The early growing
season was further defined as the period from SOS to the date when
LAI reaches 50% of its annual maximum. The late growing season was
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defined as the period from the date LAl reaches 50% of its maximum to
the EOS. The peak growing season was defined as the period between
the early and late growing seasons (Supplementary Fig. 13). We then
combined the early and peak seasons, referring to them collectively as
the early- and peak-season. We used the same approach to define early-
, peak-, and late-season GPP at the EC sites. We excluded grid cells that
had their maximum LAI before April or after October and pixels with
multiple LAI peaks within a year. Since we focus on interseasonal mean
vegetation growth states (LAI) instead of the shift of phenological
events, we used the multiyear-averaged smoothed LAI to determine
the early, peak, and late seasons.

We detrend the vegetation data (LAl and GPP) for each month
before analyzing the seasonal dynamics. This approach allowed us to
focus specifically on the seasonal component, ensuring that any long-
term trends did not obscure the seasonal patterns of interest. By
detrending each month, we were able to isolate intra-annual variability,
which was crucial for understanding the seasonal relationships in the
LAI data. For consistency, we applied the same detrending method to
the environmental drivers as well. This ensured that both vegetation
indices and environmental variables were analyzed on an equivalent
basis, thereby reducing the risk of overstating the sensitivity estimates
due to remaining long-term trends in the environmental data.

Water- and energy-limited regions

We classified regions as either water or energy limited (Supplementary
Fig. 14) using the aridity index, calculated as the ratio of annual pre-
cipitation (P) to annual potential evapotranspiration (PET). A region is
considered water-limited if its aridity index is below 0.65, indicating
that annual PET substantially exceeds the annual precipitation”. Con-
versely, an energy-limited region is defined as an aridity index
above 0.65.

Definition of seasonal amplifying and stabilizing LAI trajectories
Amplifying seasonal LAI scenarios were defined as instances were the
late-season detrended LAI z-score had a greater positive magnitude
than that of the early- and peak-season. Weak stabilization scenarios
occurred when both early- and peak-season LAI and late-season LAI
had positive detrended z-scores, but the magnitude of the late-season
LAI z-score was smaller than that of the early- and peak-season LAI
z-score. Strong stabilization scenarios occurred when there was a
positive detrended z-score for early- and peak-season LAI but a nega-
tive late-season LAI detrended z-score. We performed this same ana-
lysis with GPP estimates from 27 flux tower sites and with LAl data from
the terrestrial biosphere models in the TRENDY ensemble (multi-
model mean).

Statistical analysis
We categorized observed early- and peak-season and late-season LAI
detrended zscore into 6 x 12 bins and calculated the mean probability
of each bin occurrence across all grid cells. For early- and peak-season
LAI, we grouped LAl zscore into bins: [0, 0.5), [0.5,1), [1, 1.5), [1.5, 2), [2,
2.5), [2.5, 3], excluding negative LAl zscore during the early-and peak-
season. Late-season LAI was divided into twelve zscore bins: [-3, -2.5),
[-2.5,-2),[-2,-1.5),[-1.5,-]), [1,-0.5),[-0.5, 0), [0, 0.5),[0.5,1),[1, 1.5), [L.5,
2), [2, 2.5), [2.5, 3]. Square brackets [] indicate that the value on that
side isincluded in the bin. For example, [0, 0.5) includes O but excludes
0.5. Parentheses () indicate that the value on that side is excluded from
the bin. For instance, [0.5, 1) includes 0.5 but excludes 1. This notation
ensures clear distinctions between the bins, preventing any overlap
between the intervals. We then classified early- and peak-season
greenness scenarios as amplifying, weak stabilization, or strong sta-
bilization based on the probability of occurrence in each bin.

We used SEMs to assess how climatic factors and early- and peak -
season vegetation LAl legacies (through vegetation-soil feedbacks)
influenced late-season LAI for both water-limited regions and energy-

limited regions. SEM is a multivariate statistical approach that synthe-
sizes path, factor, and maximum-likelihood analyses, and provides
strong pointers to underlying deterministic processes. Compared with
traditional multivariate analyses, SEM allows partitioning the direct and
indirect effects that one variable may have on another and is thus useful
for exploring complex influence networks in ecosystems. We used the
root mean square error of approximation (RMSEA) and a goodness-of-
fit index (GFI) and Adjusted Goodness-of-Fit Index (AGFI) to evaluate
the fit of the SEM models. The GFI evaluates the proportion of variance
in the observed data that is explained by the proposed model. The AGFI
is calculated by dividing the GFI by a correction factor based on the
number of estimated parameters and the degrees of freedom. Both GFI
and AGFI range from O to 1, with a value closer to 1 indicating a better fit.
The SEM analysis was implemented using the AMOS (version 21.0)
software (Amos Development Corporation, Chicago, USA).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data used in this study are stored in a publicly available Zenodo
repository (https://doi.org/10.5281/zen0od0.14889969°%). All data
supporting the results are available as follows: the MCD15A2H v006
LAl  dataset, https://Ipdaac.usgs.gov/products/mod13c1v006/;
The AVHRR LAI3g dataset, https://drive.google.com/drive/folders/
OBwL88nwumpqYaFJmR2poS0d1ZDQ?resourcekey=0-9IRE9s-
O0tFGfwB5qTpLjZw&usp=sharing; The FLUXNET2015 dataset, http://
fluxnet.fluxdata.org/data/fluxnet2015-dataset/; The TRENDY v11 LAI
and soil moisture outputs can be accessed from https://mdosullivan.
github.io/GCB/; The MCD12Cl1 version 6 vegetation type dataset,
https://Ipdaac.usgs.gov/products/mcd12clv006/; The CRU TS ver-
sion 4.05 dataset, https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_4.
05; The root-zone soil moisture from the GLEAM v3.2a data are
available at https://www.gleam.eu/.

Code availability

All data analyses and modeling were performed using Python 3.10. All
code is uploaded github: https://github.com/zw15772/Seasonal-
stabilization-slowed-down-greening?>.
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