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Although it is generally accepted today that climate and other environmental factors

affected past human societies at different spatiotemporal scales, direct linkages are dif-
ficult to determine, and correlation should not be confused with causation. Here, we
use a tree-ring width network of multimillennial chronologies from inner Eurasia to
reconstruct annual changes in Net Primary Productivity (NPP) back to 200 BCE. Our
findings reveal that episodes of reduced NPP around the 70s-100s, 360s—380s, and
470s—560s CE likely contributed to the westward and southward migration of nomadic
people from their homelands in northwestern China and Mongolia. Although prolonged
multidecadal periods of climate-induced low NPP served as tipping points for agricul-
tural and pastoral subsistence systems, the inherent mobility of nomadic communities
not only enabled them to adapt to adverse environmental conditions but also facilitated
a widespread dispersal of ethnic groups.

tree rings | biomass production | nomadic migration | climatic change

‘The Eurasian steppes have since ancient times been the homeland of nomadic peoples and
the birthplace of numerous civilizations (1-6). The rise and fall of steppe empires were partly
influenced by climate-driven ecological changes affecting forage productivity (6), water
supply (7), plague outbreaks (8) and indirectly, armed conflicts (9). While evidence suggests
that climate variability contributed to past societal crises (6-9), high-resolution paleoclimate
data prior to medieval times are relatively scarce for the Eurasian steppes. Research focused
on the Tiirk and Mongol empires of the second half of the Common Era (6-9), but large-scale
movements of Xiongnu nomadic pastoralists received less attention. The tribal confederation,
however, likely triggered a series of societal and cultural chain reactions during the first
millennium CE across Asia and Europe (10-12). Although the relevant documentary records
are fragmentary, archaeological and genetic evidence suggests that some of the “barbarian”
tribes who invaded the Roman Empire during the 4th and 5th centuries CE originated from
the inner Eurasian steppes (13—15). Nevertheless, the underlying causes of these large-scale
westward and southward movements of nomads (e.g., the “Uprising of the Five Barbarians,”
Chinese: A #AELR, Wu Hu Luan Hua, c. 304 to 439 CE) (11, 16-18) from the Inner
Eurasian steppe during the Migration Period remain unclear.

Over the past two decades, tree-ring-based climate reconstructions have revealed the impor-
tance of climate for the functioning and productivity of inner Eurasian steppe ecosystems,
including a range of cascading effects on the well-being of steppe civilizations (6, 7, 9, 11).

Significance

This study reconstructs annual
Net Primary Productivity (NPP) in
the Eurasian steppe from 200
BCE using tree-ring chronologies,
revealing significant declines
during the 70s-100s CE,
360s-380s CE, and 470s-560s CE.
These periods of reduced
vegetation productivity coincided
with major westward and
southward migrations of
nomadic groups, including the
Xiongnu and Xianbei, driven by
climate-induced resource
scarcity. The findings highlight
how prolonged low NPP episodes
acted as tipping points,
disrupting pastoral systems and
triggering large-scale human
displacements. While climate was
a key factor, nomadic mobility
enabled adaptation and cultural
diffusion. The research
underscores the complex
interplay between environmental
changes and historical societal
transformations in Inner Eurasia.

Despite their eminent role as a climate proxy (5, 9), annually resolved and absolutely dated
tree-ring chronologies have never hitherto been utilized to reconstruct changes in biomass
productivity of the inner Eurasian steppes where net primary productivity of grasslands was
vital to agricultural and pastoral societies. However, changes in vegetation have been identified
as a key driver of societal transformation (6, 19-23) (Fig. 1).
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reconstruct interannual to multicentennial changes in the annual Net Primary Productivity
(NPP) (24-26). We evaluate the potential impact of NPP fluctuations on the migration
of steppe nomadic societies and discuss the uncertainties of such linkages.
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Tree-Ring-Reconstructed NPP. The Altay-Sayan Mountains, Mongolian Plateau, and
Qilian Mountains—Qaidam Basin exhibit distinct climatic regimes, yet all three regions
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Fig. 1. Spatiotemporal NPP patterns. (A) scPDSI anomaly composites representing average conditions from 70s-100s, 360s-380s, and 470s-560s relative to
the 30 preceding years, respectively. The colored lines represent the main migration events and routes in the Mongolian steppe over the last 2,000 y. The green
lines represent the westward migration routes of Yuezhi (E1, 170s BCE). The yellow lines represent the primary routes of the Han Dynasty's military campaigns
against the Xiongnu and occupied the Hexi Corridor (E2, 120s BCE). The purple line represents the westward migration route of the Northern Xiongnu (E3,
70s-100s CE). The blue lines represent the southward migration routes of the Xiongnu to Han Empire’s territories (E4, 180s-210s CE). The black lines represent
the routes of invasions of the Five Barbarians (E5, 313, 368-388 CE). The red lines represent the routes of nomadic peoples continue to migrate to northern
China and Europe (E6, 403-516 CE). The orange lines indicate Avars reach Black Sea after the replacement of the Rouran Khaganate by the Turkic Khaganate
(E7, 512-561 CE). Division of the Turkic Empire into the Western and the Eastern Empires (E8, 570-602 CE). The fall of the Eastern Turkic and Xueyantuo
Khanates (E9, 626-647 CE). The grey lines represent the westward migration routes of the Uyghurs after fall of the Uighur Khanate (E10, 787-834 CE). The
brown lines represent the attack routes against the Jin Dynasty and the Western Xia after Genghis Khan unified Mongolia (E11, 1103-1211 CE). All migration
routes were mapped based on relevant historical records and secondary literature. (B) Spatial correlation between modeled and gridded NPP observations for
each month since 1982 (P < 0.05, two-tailed test). (C-E) annual NPP reconstructions at an annual resolution and 15-y low-pass filtered. Striped heat maps at the
panel bottoms emphasize extreme deviations. The red triangles and blue stripes represent the 3 y with the lowest NPP values on the Mongolian Plateau and
their corresponding drought periods. (Fand G) Comparisons with important historical events related to the migration of nomadic peoples in Inner Eurasia and
consecutive 2+ years below a SD. Historical events E1-E11 respond to the illustration in Fig. 1A.

support long-lived tree species, including Siberian larch (Larix
sibirica), Siberian pine (Pinus sibirica), and Qilian juniper
(Juniperus przewalskii), from which several climate-sensitive
multimillennia-long tree-ring chronologies have been developed
(6, 19-23) (Fig. 1). For this study, we compiled tree-ring width
(TRW) data from eight Siberian larch sites in the Altay-Sayan
Mountains, two Siberian pine sites on the Mongolian Plateau, and
nine Qilian juniper sites in the Qilian Mountains—Qaidam Basin.
After assessing the covariance of the tree-ring series, the data were
merged to develop composite chronologies of Siberian larch (ALT),
Siberian pine (MG), and Qilian juniper (QQ) for subsequent
analysis (S Appendix, Fig. S1 and Table S1). The composite
TRW chronologies used in the subsequent correlation analysis
were screened using the mean monthly NPP data (25, 26) from
previous-year October to current-year September (S/ Appendix,
Fig. S2). Although larch is weighted toward temperature (6, 23)
and juniper and pine toward hydroclimatic variability (19-21), all
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composite records were well calibrated against annual and June—
August NPP over the modern satellite observation period 1982
to 2018 (ending in 2018 due to limitations in the availability
of recent NPP and tree-ring data). Consequently, we employed
annually resolved chronologies of all the three tree species, each
spanning the past ~2,000 y, to develop a regional annual NPP
reconstructions using linear regression models (Methods). The
reconstructions account for ~42.9 to 62.5% of the instrumental
NPP variance during the calibration periods (S Appendix, Fig. S3
and Table S2) and provide skillful estimates of past changes in the
vegetation productivity across the Inner Eurasian steppe (Fig. 1).

A decrease in vegetation productivity with an estimated return
time >100 y [the low period 190 to 170 BCE (-12.2%) along with
the extreme event 182 to 179 BCE (-23.1 to -35.9%)] on the
Mongolian Plateau coincided with the expansion of the Xiongnu
Empire toward the Qilian Mountains—Qaidam Basin (182 to 165
BCE: +11.7%). This expansion of the Xiongnu Empire contributed

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2513573123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2513573123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2513573123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2513573123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2513573123#supplementary-materials

Downloaded from https://www.pnas.org by Feng Chen on February 9, 2026 from IP address 171.107.237.137.

to the Yuezhi people being displaced and migrating westward,
triggering the first recorded westward exodus of the nomads originat-
ing from the Inner Eurasian steppe (27, 28) (Fig. 2 and ST Appendix,
Table S3). A period of lower NPP occurred from 134 to 123 BCE
(-7.4%) in the Qilian Mountains—Qaidam Basin, and extremely low
NPP (-25.8 to -29.4%) occurred from 120 to 119 BCE on the
Mongolian Plateau, which coincided in time with the conquest of
the Qilian Mountains by the Western Han Dynasty and the subse-
quent establishment of four commanderies (Wuwei, Zhangye,
Jiuquan, and Dunhuang) in the Hexi Corridor (28-30).

From 73 to 91 CE, the armies of the Eastern Han Dynasty
engaged in multiple wars with the Northern Xiongnu. At this
time, the widespread cold and dry climate resulted in a significant
decline in vegetation productivity across the Mongolian Plateau
[the low period of 69 to 101 CE (-9.8%) that included the
extreme event 86 to 88 CE (-31.6 to -54.8%) and 91 to 92 CE
(-20.6 to -35.1%)], Altay-Sayan Mountains (82 to 101 CE =
-15.0%), and the Qilian Mountains—Qaidam Basin (58 to 92
CE = -9.8%). The estimated return times of these events are
>100 y. War failure led to the northern Xiongnu to abandon their
territory on the Mongolian Plateau and leave the Altay-Sayan
Mountains to migrate westward (29, 31). Vegetation productivity

-170s+10yr 70-100+10yr

313+10yr

of the Mongolian Plateau was particularly low from 105 to 125,
129 to 142, 154 to 171, 180 to 211 CE, and the extreme event
185 to 187 CE (-28.3% to -48.7%), with estimated return times
ranging from 50 to 100 y. NPP in the Altay-Sayan Mountains
was low from 166 to 185 CE and did not recover until the late
Eastern Han Dynasty (184 to 220 CE).

Numerous nomadic tribes migrated to the northern border of
the Eastern Han Dynasty during the high NPP period (+15.7%)
occurring 173 to 218 CE in the Qilian Mountains—Qaidam Basin.
However, these groups were soon confronted by low vegetation
productivity, as recorded in the Qilian Mountains 256 to 312 CE
(-8.5%), 331 to 379 CE (-17.2%) along with the extreme events
of 366 to 367 CE (-45.2 to -55.7%) and 372 to 376 CE (-33.4
to —62.8%) at estimated return times ranging from 250 to 1,000 y.
These intervals of low NPP coincided with major crises in China
that were marked by national divisions (=[El, San Guo), political
turmoil (/\IZ‘E‘L Ba Wang Zhi Luan), and nomadic invasion
(A EAELSE, Wu Hu Luan Hua) (31-34). Two periods stand out on
the Mongollan Plateau: 368 to 388 CE with the estimated return
time of 50 to 100 y; and 470 to 516 CE with an estimated return
time of ~500 y (Fig. 3 and S7 Appendix, Table S3). The two periods

coincided with some of the most severe political, social, and
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Fig. 2. Reconstructed NPP extreme events since 200 BCE. The slit heatmaps illustrate the variation in NPP reconstructions from the Altay-Sayan Mountains, the
Mongolian Plateau, and the Qilian Mountains-Qaidam Basin (15-y low-pass filtered). The box plots show the +10 y and current year changes before and after
the historical events indicated by the dashed lines in the NPP reconstruction from the Mongolian Plateau, respectively. A magnified version of the heatmap of
the NPP reconstruction of the Mongolian Plateau is presented on the left side of the boxplot, with yearly changes indicated on the upper side of the boxplot.
The dashed line in the heat map indicates the time scale of the historical event. All reconstructed NPP series were standardized. The boxplots denoted historical
event years of 170s BCE, 120s BCE, 70 to 100 CE, 180 to 210 CE, 313 CE, 368 to 388 CE, 470 to 516 CE, 531 to 561 CE, 632 to 643 CE and 787 to 834 CE.
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Fig. 3. Return periods of low vegetation productivity in Inner Eurasia over the past two millennia. A-C shows the run theory results and return periods of low
NPP intervals reconstructed from tree-ring data from the Altay-Sayan Mountains, Mongolian Plateau, and Qilian Mountains-Qaidam Basin. The mean severity
and duration of sparse vegetation intervals (red circles) are based on continuous runs below the mean value after 15-y low-pass filtering (LOWESS) of the
reconstructed results. Contour lines (black) represent the joint probability of mean severity and duration for sparse periods, calculated using a copula function.
The conversion process of the original measurement values is illustrated in the Upper Left corner of the subplots. (D) Frequency of extreme sparse vegetation

productivity events over the past two millennia.

economic disruptions in Eurasian history during the entire
Migration Period. Several different nomadic peoples left their pas-
turelands and homes, and various tribes emigrated from the Inner
Eurasian grasslands, such as the southward migration of the Xianbei
Empire, which had attained dominance after the Xiongnu Empire
(33-38) (Fig. 4).

The rapid decline in vegetation productivity coincided with
long-term warfare and division in China, including the invasion
of the Pontic steppe by the Huns from the 360s to the 380s CE
(11, 16, 31). During the 5th century CE, even lower vegetation
productivity occurred in the Inner Eurasian grasslands, with the
Mongolian Plateau experiencing an over 100-y minimum reach-
ing its climax 403 CE to 516 CE. This period was characterized
by continuous invasions of the “barbarian” tribes from the Inner
Eurasia. The division between the Northern and Southern
Dynasties of China continued, but in ~402 CE, the Rouran
Khanate was established and the vegetation productivity of the
Mongolian grasslands briefly recovered (31, 34, 35, 38). By the
6th century CE, vegetation productivity in the Inner Eurasian
steppe had still not fully recovered. Intervals of low vegetation
productivity occurred during 531 to 561 CE (-27.0%), with an
estimated return time of ~2,000 y in the Altay-Sayan Mountains,
512 to 553 CE (-8.7%) in the Qilian Mountains—Qaidam Basin,
and 548 to 559 CE on the Mongolian Plateau [-11.1%, and the
extreme event 551 to 553 CE (-27.5 to -43.8%) and 555 to 556
CE (-24.5 to -32.7%)]. During this period the Rouran Khanate
was destroyed by the newly emerged Turks in 552-555 CE, after
which the Avars established on the Eurasian border, and the
Northern Wei Dynasty experienced divisions (6, 31, 34, 35, 38).

During the early 7th century CE, the vegetation productivity
in the Inner Eurasian steppe recovered. At this time, the Turkic

https://doi.org/10.1073/pnas.2513573123

Empire commenced its strongest period of development, with
frequent clashes with the newly established Tang Dynasty (618
to 907 CE) of China. However, the vegetation productivity of
the steppe decreased again at ~630 CE (632 to 643 CE: -13.1%)
and (626 to 647 CE: -9.6%), with an estimated return time of
>50 y. However, the military power and prosperity of the Tang
Dynasty increased steadily, which coincided with higher NPP
values in the Qilian Mountains—Qaidam Basin (554 to 661 CE:
+12.7%). Notably there is a concurrent high correlation (r =
0.76, P < 0.001) between the NPP reconstruction of the Qilian
Mountains—Qaidam Basin and the Yellow River streamflow
reconstruction (39). The Eastern Turkic Khanate and the
Xueyantuo Khanate were successively conquered at this time
(9, 40).

In the mid-8th century CE, the rapidly recovering vegetation
productivity on the Mongolian Plateau occurred concurrently
with the consolidation of the Uyghur Khaganate that developed
in the former Second Turkic Khaganate, which continued until
the early 9th century when vegetation productivity decreased sub-
stantially, with an estimated return time of >500 y [the low period
787 to 834 CE (-14.1%) along with the extreme event 799 to
800 CE (-24.5 to -26.4%) and 807 to 810 CE (-32.6 to
-38.4%)]. During this period, Uyghur Khaganate formed the
alliance with the Tang Dynasty and obtained a large amount of
wealth through military assistance, trade, and exchange marriage,
and in 812 CE, the Uyghur Khaganate emerged victorious in its
war against the Tibetans, successfully occupying a vast area in
Central Asia, thereby gaining control of the Silk Road.
Subsequently, the Uyghur Khaganate continued to be weakened
and eventually fell in 840 CE, and Uyghurs resettled from
Mongolia to the Tarim Basin and northwestern China (41), after
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Fig. 4. Impacts of climate change on nomadic migration across the Eurasian steppe. (A) Composite maps of temperature anomaly (shading, °C), representing
average conditions from 70s-100s, 360s-380s, and 470s-560s, were generated using the Paleo Hydrodynamics Data Assimilation (PHYDA) product, compared to
the previous 30y of the three periods. (B) Total water vapor transport anomalies (vectors, where uq and vq are multiplied by 1,000, kg:-m™"s™") and precipitation
anomalies (shading, mm-day*) at La Nifia versus El Nifio years in the Community Earth System Model-Last Millennium Ensemble (CESM-LME) simulations. (C)
Conceptual models of the Inner Asian grassland system, including mountains, rivers, lakes, grassland, and forests, and dominating weather patterns during
periods of high (Left) and low NPP (Right). Especially in wet and warm years, the increased precipitation caused by strong monsoon and westerlies enriched
the water resources and made the grasslands green, which led to the expansion of the empire and the increase of the army. In the drought and cold years,
the weakened monsoon and westerlies contributed positively to the decrease in precipitation, which further led to the depletion of water resources and the
deterioration of the grasslands, and frequent droughts resulted in outbreaks of plague and locusts, which forced the grassland steppe population to migrate.

which the Liao, Jin, and other regimes gained control of the Inner Discussion
Eurasian grasslands, although wars among various cultural groups
continued. Especially during the childhood of Genghis Khan
(1162 to 1227 CE), the Mongolian Plateau experienced a period
1158 to 1210 CE of low NPP values (-11.5%), characterized by
fierce conflicts and the remaking of the political order between
various ethnic groups along with the extreme event 1180 to 1186
CE (-27.4 to -45.8%) and 1189 to 1190 CE (-26.9 to -27.5%),
such as battle of Dalan Baljut in 1190, and the battle of Kéyiten

The absence of a complete chain of evidence often complicates
efforts to verify the potential impacts from climate change on
complex social, economic, and political systems, and many
attempts to link environmental (climatic) changes to major turn-
ing points in human history are overly deterministic (42, 43).
Climate change and variability is, admittedly, only one of the
many factors influencing human living conditions, and human
societies have developed adaptation strategies (e.g., the drought-

in 1202, battle of Khalakhaljid Sands in 1203, and continuous and cold-resistant crops, water conservation measures, infrastruc-
attacks on the Jin and the Western Xia. The subsequent rise of the ture construction) and social strategies (trade, famine relief, and
Mongol Empire during the wet period 1211 to 1228 CE (+16.7%)  migration) to improve their resilience (35, 44-48). Notably, the
under the leadership of Genghis Khan led to the political reuni- resilience of many Inner Eurasian countries to extreme climate
fication of the Inner Eurasian grasslands (5, 7). events has historically been low until recent times (49, 50).
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However, assessing the climate resilience of ancient Eurasian
steppe communities remains challenging due to their low popu-
lation density, loose social organization, and scarcity of documen-
tary records. Therefore, to study the impact of climate change and
variability on steppe nomadic societies it is necessary to study
climate proxy records. Most of the fuel (cow dung) and food (milk,
butter, meat) consumed by prehistoric nomads in the region was
derived entirely from the forage yield of the Inner Eurasian
steppes, which are subject to wide interannual variability. Unlike
settled agricultural civilizations, nomadic tribes faced existential
threats when basic forage needs went unmet, forcing them to
migrate and adopt survival strategies such as warfare, raiding,
trade, and intermarriage—actions that significantly facilitated
human interaction across Eurasia.

Previous studies have explored the effects of steppe grassland
vegetation productivity (5, 7), but direct reconstructions of vege-
tation productivity over the past two millennia have not hitherto
been produced. The herbivores that provide food and fuel for
nomadic peoples were closely related to the climate-driven grass-
land vegetation productivity. This productivity is not only related
to drought (5, 19), but also to temperature changes of high-altitude
summer pastures (6, 23). These relationships are corroborated by
strong correlations between our composite tree-ring chronologies
and observed regional NPP values. Warm and humid conditions
corresponded to higher NPP, boosting livestock productivity, while
cold and dry periods led to lower NPP.

Inner Eurasian nomadic empires recurrently confronted threats
from drought and cold. Historical military and political records
chronicle nomadic tribes’ efforts to reorganize and integrate, with
increased warfare during droughts reflecting struggles to secure
resources elsewhere (33, 51-54). Even well-organized regimes
faced severe challenges in mitigating food shortages triggered by
harsh climatic conditions (53-56). Although low vegetation pro-
ductivity was a frequently occurring natural phenomenon in
ancient Inner Eurasian, a severe food shortage—reaching wide-
spread famine level—caused by extremely harsh climate condi-
tions was much rarer, apparently occurring only 2 to 3 times or
at most four times per century (Fig. 1). In this context, our
tree-ring evidence indicates that a significant decrease in vegeta-
tion productivity during the 70s—-100s CE, 360s-380s CE, and
470s—560s CE may have been an important contributing factor
of the continuous migration of steppe peoples during these his-
torically significant periods. These declines likely pushed the
adaprability of pastoralist societies to their limits, particularly
when both high-altitude summer and low-altitude winter pastures
were affected by cold temperatures and droughts, respectively.

Given the agricultural cultivation techniques practiced in Inner
Eurasian during this period, and the road conditions and export
bans of the Chinese Dynasties, it was logistically impractical for
the steppe cultures to rely on irrigated agriculture or, let alone,
long-distance food transport (52). Extended periods of low NPP
effectively isolated the Inner Eurasian heartland, forcing depend-
ence on scarce local resources. Furthermore, historical accounts
suggest neighboring states, such as war-torn and divided China,
exacerbated the crisis by closing borders, halting trade, and
restricting refugee movement (9, 34, 51, 57). The great Eurasian
migration pulses, and its accompanying armed conflicts, were
likely triggered by the struggle for critical subsistence resources
during these periods, and such circumstances may have rendered
the original political, economic, and social systems of the grass-
lands ineffective. Therefore, we propose that the three intervals
of extremely low vegetation productivity, triggered by a cold and
dry climate conditions (58, 59)-namely, the 70s-100s CE,
360s—380s CE, and 470s-560s CE (Fig. 3)—were important
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factors in the combination of circumstances that caused the great
migration pulses out of the steppes in Eurasia (6, 35, 38, 60).
Severe food shortage triggered by intervals of decreased vegetation
productivity can be expected to have contributed to an exodus
of nomadic peoples from the Inner Eurasian steppes to regions
in western and southern Eurasia. Whereas our research provides
the background of vegetation productivity rather than the impact
of a single climate factor, our chain of evidence is admittedly
incomplete. The physical mechanisms and importance of rare but
disastrous climatic events merit further examination in the multi-
disciplinary comprehensive analyses involving historians, archae-
ologists, and others.

The great migrations of steppe nomads were part of a wider set
of changes occurring in the eastern and western parts of Eurasia
from the Ist century CE to the sixth century CE. The reduced
vegetation productivity may well have been the starting point for
these changes, but the full range of factors affecting migration
routes deserves further study. Considering the spatial representa-
tiveness of our NPP reconstruction, we found that a severely cold
and dry climate tended to affect the vegetation productivity in
most of the high-altitude regions of Eurasia, despite variations in
its severity across arid regions. In addition, it is evident in these
cases that the surrounding areas (the European and Asian mon-
soon regions closer to the ocean) of Inner Eurasia likely also expe-
rienced different and possibly more favorable climatic conditions.
Such strong spatial differentiation, with significant adversity
impacting the adjacent regions, may have contributed to the envi-
ronmental milieu associated with the movement of nomadic peo-
ples. The resulting integration of diverse cultures, the opening of
new trade routes, and the reorganization of political power (35,
46, 61) may also have contributed to the development of a new
Eurasian political and economic order, as well as ethnic redistri-
bution, which can help explain the westward and southward
migration of nomadic peoples.

Changing climatic conditions in Inner Asia, such as the recent
warming and humidification of Central Asia and the Tibetan
Plateau and the 21st-century Mongolian drought, have had
far-reaching environmental and societal consequences (Fig. 1) (5,
19, 62, 63). Temperatures in Inner Eurasia are projected to
increase substantially above the global mean in the future period
2050 to 2100 (64, 65). If these anthropogenically forced changes
continue at an accelerated pace (64, 66), substantial changes in
regional ecological productivity and associated economic systems
in Inner Eurasia will likely be needed.

Methods

Tree-Ring data. We selected a network of climate-sensitive tree-ring-width
chronologies to reconstruct the NPP based on three different criteria: a) Location
inthe three regions [Altay-Sayan Mountains (6, 23, 67), Mongolian Plateau (19),
Qilian Mountains-Qaidam Basin (20, 68)], Inner Eurasia (Fig. 1); b) only one tree
species selected per area; and c) statistically significant correlation with NPP over
the period of overlap. Of the 36 tree-ring width chronologies that fitted these
criteria: 30 were derived from the International Tree-Ring Data Bank (ITRDB;
http://www.ncdc.noaa.gov/data-access/paleoclimatology-data/datasets/tree-
ring), and 6 additional tree-ring width chronologies were contributed by the
authors (S/ Appendix, Table S1).

The tree-ring sites are clustered in the Altay-Sayan Mountains, Mongolian
Plateau, and Qilian Mountains-Qaidam Basin (hereafter ALT, MG, QQ) in Inner
Eurasia. Nonclimatic trends were removed from the raw individual tree-ring
series using the negative exponential or linear regression curve. To improve
sample size further back in time and to emphasize the common signals within
an area, we combined the individual detrended series into the composite chro-
nologies of Siberian larch (ALT), Siberian pine (MG), and Qilian juniper (QQ)
foreach area using a biweighted robust mean. The variance of each composite
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chronology was stabilized to avoid biases due to changing sample depth over
time. The composite chronologies used in the NPP reconstructions below are
therefore truncated prior to 220 BCE (QQ), 209 BCE (MG), and 82 CE (ALT),
based on the threshold of the expressed population signal (EPS > 0.85) (69)
(SI Appendix, Fig. S1).

NPP Data and NPP Reconstruction. Remote sensing is utilized to distinguish
leaf phenology from cambium growth periods, as multiple tree-ring parameters
are profoundly both of these and triggered by climate change (70-73). Although
there remains some uncertainty regarding the relationship between tree rings
and remotely sensed data, such as NPP and normalized difference vegetation
index (NDVI), many studies have demonstrated that multiple tree-ring parame-
ters effectively indicate changes in vegetation indices (73-76). Recent research
has pointed out that severe drought has a decisive impact on grassland vegetation
productivity (77). The synchronous influence of climate change on grassland vege-
tation and tree growth profoundly linked these sources of information (5, 74-76).
After nearly 40 y of development, the spatiotemporal resolution of vegetation
index datasets has been significantly improved, leading to a large number of stud-
ies on the reconstruction of NDVI and NPP from tree rings, including substantial
work on grassland vegetation reconstructions based on tree rings (78-83). Net pri-
mary production (NPP) is the amount of biomass or carbon produced by primary
producers per unitarea and time, obtained by subtracting plant respiratory costs
(Rp)from gross primary productivity (GPP) or total photosynthesis (26, 84). Annual
NPP data (0.5° x 0.5°)and monthly NPP data (0.05° x 0.05°) from 1982 t0 2018
were obtained from the Global land surface satellite (GLASS) products download
and service (https://www.glass.hku.hk/download.html) (25, 26). The NPP data
that are sensitively responsive within the sampling area were selected. We eval-
uated the responses of the composite chronologies to the NPP using Pearson
correlation analyses at the P < 0.05 level of significance for the target months of
the NPP reconstruction over the period 1982 to 2015 CE (S Appendix, Fig. S3).
For the Altay-Sayan Mountains (averaged over 48 to 52°N, 86 to 90°E, 1982 to
2018 CE), the variance explained by the reconstruction model for June-August
was 43.7%, and 42.9% for the annual scale. The Mongolian Plateau (averaged
over 47 to 49°N, 99 to 103.5°E, 1982 to 2013 CE) had a variance explained of
58.2% for June-August and 61.5% for the annual scale. The Qilian Mountains-
Qaidam Basin (averaged over 36 to 39°N, 97 to 101°E, 1982 to 2013 CE) showed
avariance explained of 62.5% for June-August and 46.0% for the annual scale.
Monthly NDVI grid point data (GIMMS NDVI3g, 0.5° x 0.5°) (24), from 1982 to
2015 CE was also obtained from the KNMI Climate Explorer (Royal Netherlands
Meteorological Institute; http://climexp.knmi.nl) for the Altay-Sayan Mountains,
Mongolian Plateau, and the Qilian Mountains-Qaidam Basin.

Since some chronologies fail to cover the entire observed period, we can only
put all the tree-ring sequences together again to make a regional chronology,
so that we can also have a large sample size in the early stage (S/ Appendix,
Table S1).The three composite chronologies were included in the stepwise mul-
tiple linear regression models that were calibrated against the instrumental NPP
of the three areas over 1982 to 2018 CE. Because the NPP record is relatively short
and cannot meaningfully be divided into calibration and verification sections,
skill was assessed using the "leave-one-out” method to estimate the goodness-
of-fit considering the Reduction of Error (RE) and Coefficient of Efficiency (CE)
statistics to validate the regression model (S/ Appendix, Table S2) (85, 86). Given
that reconstruction often overestimates or underestimates extreme values, the
quantile mapping (QM) method is employed for bias correction (87-89). Here, we
implemented it using the bicus toolkitin Python (90) (https://ibicus.readthedocs.
io/en/latest/getting_started/overview.html).The QM method enables that, with-
out altering the original characteristics, the reconstructions exhibit distributions
that better align with the observed data and present more concentrated pat-
terns with increased SD (from 12.873/30.462/16.264 t0 20.055/41.071/21.436)
(51 Appendix, Fig. S4).

Analytical Methods. To examine the joint probability of event duration and
severity, we employed run theory methods to calculate the duration and mean
severity of the NPP, using the threshold condition of NPP being below or above
the mean after applying a 15-y low-pass filter (LOWESS). Run theory results for
values above or below a constant threshold can characterize the duration and
severity of reconstructed extreme events relative to the entire reconstruction
record. We estimated the joint probability of duration and severity for both
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periods of sparse vegetation in the reconstructed NPP to derive estimates of
return periods. Since duration and severity have distinct distributions and
are often correlated, a joint probability approach is required. Here, we used
a bivariate copula function to model the dependency between duration and
severity. A copula function is a multivariate distribution that connects two or
more univariate marginal distributions. Using a copula function to model
related phenomena, such as the duration and severity of sparse vegetation
periods, allows for a precise specification of each random variable's marginal
distribution without the need for a more complex joint distribution. The esti-
mation of copula parameters was performed using the "copula” package
in the R programming language (R Core Team, https://www.R-project.org/,
2022), and due to the low unit values of the NPP measurements, all the
reconstructed results for joint probability analysis are numerically amplified.
We fitted multiple copula models and selected the one that maximized the
log-likelihood.

One challenge in determining the marginal distributions was the occurrence
of many extreme low values in the data. To address this, we explored several
candidates for the marginal distributions and found that the exponential distribu-
tion and the gamma distribution best fitted the model for duration and severity,
respectively. Due to the reduction in the SD of the reconstruction caused by the
linear regression method, we chose to use the NPP reconstruction results after
applying a 15-y low-pass filter to better match the larger-scale, more consistent
cyclical fluctuations and variance changes. The threshold for extreme events is
defined as the mean minus one SD, with a 15-y statistical cycle used to accumulate
events, recorded in sequences using the middle year. B-spline smoothing and
bottom-fill are used to illustrate the final fluctuation results.

We also use Paleo Hydrodynamics Data Assimilation (PHYDA) (91) prod-
uct to track the hydroclimatic context during key periods. PHYDA employs a
method of paleoclimate data assimilation (fusion of paleorecords and cli-
mate model dynamics constraints) to reconstruct the simultaneous hydro-
climatic states and corresponding atmospheric-oceanic conditions. PHYDA
combines 2,978 annual paleorecords and Community Earth System Model
(CESM) (92) for assimilated development, covering the last two millennia.
Here, self-calibrated Palmer Drought Severity Index (scPDSI) and temperature
anomaly composites represent average conditions from 70s-100s, 360s-380s,
and 470s-560s relative to the 30 preceding years, respectively, using the
PHYDA. Furthermore, some ancient proxy records are used for cross-validating
(S1Appendix, Fig. S5). The precipitation reconstruction of the Qilian Mountains
based on tree-ring oxygen isotopes shows a close correlation with QQ NPP
reconstruction (93) (r= 0.429,n = 2,231, P < 0.001). The other two proxies
in lake sediments-PC1 from different chironomid taxa and reconstructed tem-
perature-both located along the ancient Silk Road, are associated with tem-
perature fluctuations but exhibit relatively coarse temporal resolution (94).
These proxies mostly showed low values or declining trends during the three
major westward migration periods (70s-100s, 360s-380s, and 470s-560s),
consistent with our NPP reconstruction. Therefore, NPP and related climatic/
ecological factors are likely key components of nomadic migration.

Data, Materials, and Software Availability. The NPP reconstructions can be
downloaded from Mendeley Data Repository Center (https://data.mendeley.
com/datasets/2fy2skdb2m/2) (95). Tree-ring data can be downloaded from the
International Tree-Ring Data Bank (ITRDB; http://www.ncdc.noaa.gov/data-ac-
cess/paleoclimatology-data/datasets/tree-ring) (6, 19, 20, 23, 67, 68). Annual
NPP data (0.5° x 0.5°) and monthly NPP data (0.05° x 0.05°) were obtained
from the Global land surface satellite (GLASS) products download and service
(https:/lwww.glass.hku.hk/download.html) (25, 26).
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