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Human disturbances dominated the unprecedentedly
high frequency of Yellow River flood over the last
millennium
Shi-Yong Yu1*, Wen-Jia Li2,3, Liang Zhou1, Xuefeng Yu4, Qiang Zhang5,6, Zhixiong Shen7

Awarming climate may increase flood hazard through boosting the global hydrological cycle. However, human
impact throughmodifications to the river and its catchment is not well quantified. Here, we show a 12,000-year-
long record of Yellow River flood events by synthesizing sedimentary and documentary data of levee overtops
and breaches. Our result reveals that flood events in the Yellow River basin became almost an order of magni-
tude more frequent during the last millennium than the middle Holocene and 81 ± 6% of the increased flood
frequency can be ascribed to anthropogenic disturbances. Our findings not only shed light on the long-term
dynamics of flood hazards in this world’s most sediment-laden river but also inform policy of sustainable man-
agement of large rivers under anthropogenic stress elsewhere.
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INTRODUCTION
River floods represent a transient response of the fluvial system to
excessive discharge, which is of great societal relevance, particularly
to riparian communities. A deep understanding of the long-term
dynamics of river floods is of overwhelming importance not only
for developing strategies and measures for preparedness, adapta-
tion, and disaster management but also for improving the predic-
tion of future changes in flood frequency. It has been shown that
intensifying hydrological cycle attributed to a warming climate
may push up flood hazards in most rivers of the world (1, 2).
However, the impact of human disturbances to river systems on
flood hazards remains obscure (3). Given that the proportion of
the global population exposed to floods is increasing (4), it is
urgent to bridge this knowledge gap to improve flood risk
prediction.

In addition to the socioeconomic impacts, river floods also rep-
resent an active morphodynamical agent, playing an important role
in shaping the hydromorphic landscape of Earth. Large rivers and
their floodplains are also birthlands of human civilizations. In the
absence of remarkable human interferences, continental-scale
fluvial systems have been regulated by the combined internal pro-
cesses and external climate changes and tectonics during geological
episodes. However, from the last century onward, most of the
world’s major rivers and their basins began to be modified by an-
thropogenic disturbances such as deforestation, channelization,
embankment, and dam construction in an unprecedented pace to
meet the increasing needs for flood control, power generation, ag-
ricultural irrigation, and commercial navigation (5), gradually

evolving into a coupled human-natural system. Despite the societal
benefits, existing evidence from the Rhine and Mississippi rivers
suggests that river embankment may raise the base flow, thereby
amplifying the climate-mediated flood magnitude (6–8). Yet, this
paradox of flood enhancement through flood control was not well
evidenced in other large rivers at a longer time scale.

The Yellow River basin (Fig. 1) is a cultural landscape with an
indelible imprint of human interventions during the CE (9). Up-
stream erosion and downstream embankment continuously raised
the riverbed, eventually giving rise to an 800-km-long confined and
superelevated channel belt perching around 10 m above the sur-
rounding ground in the lower reaches of the river (10). Such a
perched river system was highly unstable, marked by frequent
levee breaches and channel avulsions (11). Documentary records
show that the lower Yellow River changed its course on 26 occasions
from 602 BCE to 1949 CE (12, 13), of which six are most prominent
(Fig. 1). Therefore, the Yellow River presents an exceptional oppor-
tunity to disentangle impacts of human disturbances and climate
changes on flood hazards for a continental-scale river system.
Here, we seek to understand the long-term dynamics of Yellow
River flood events and place them within a context of human-envi-
ronment interactions. We found that flood events in the Yellow
River basin became much more frequent during the last millennium
than the middle Holocene mostly due to the enhanced human dis-
turbances on the river and its basin. Meanwhile, our modeling
results indicated that proactive soil and water conservation on the
Loess Plateau was critical for flood mitigation downstream.

RESULTS
We reconstruct the frequency of Yellow River flood events associat-
ed with levee overtops and breaches during the last 12,000 years
through a rigorous synthesis and analysis of multisource data (Sup-
plementary Text). Historical and modern flood events during the
last 3000 years are based on levee breaches and overtops described
meticulously in various official documents (tables S1 to S6). We
compile these events according to several criteria, and the timeline
of these events is presented in Fig. 2A. Usually occurring in the
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aftermath of excessive rainfall in the summer, levee breaches and
overtops exhibit remarkable spatial variability on the lower Yellow
River and its floodways (fig. S1). Paleo-flood events are based on 137
slack water deposits preserved in the context of loess-paleosol se-
quences and/or archaeological cultural strata (tables S7 and S8),
among which 112 were dated directly using optically stimulated lu-
minescence (OSL) and 25 were dated using radiocarbon (14C) (fig.
S2). Unlike those buried underneath the floodplain, elevated slack
water deposits in the middle Yellow River basin provide a conserva-
tive estimate of paleo-flood peak stage and discharge of the main
stream (14).

The sedimentary data have built-in error arising from dating un-
certainty, which may have more or less impact on the calculation of
flood frequency. To deal with temporal uncertainties in the sedi-
mentary data, a hierarchical Bayesian model was developed to
infer the true ages of paleo-flood events (Materials and Methods).
A total of 1000 uncorrelated timelines of paleo-flood events were
obtained using the Markov chain Monte Carlo (MCMC) method
(Fig. 2B). To evaluate the performance of our age model, we calcu-
late the posterior mean and 95% confidence interval of the modeled
ages and plot them against the laboratory ages for comparison (fig.
S3). The data points fall well on the 1:1 line, indicating that the
modeled and laboratory ages are nearly equal to one another.
Note that dated slack water deposits are scarce after ca. 1000 BCE.
A comparison with historical leave failures suggests that such a scar-
city of sedimentary data is actually a reflection of research bias
against younger flood events.

To accommodate the propagation of dating error in the sedi-
mentary record when calculating flood frequency, we bootstrap
the less error-prone documentary records for 1000 times as well
through random sampling with replacement. The bootstrapped
mean ages of historical and modern flood events also well correlate
to their calendar ages (fig. S4), indicating the robustness of our ap-
proach to tackling temporal uncertainties in the data. Note that un-
certainties in the bootstrapped ages are generally small (2 to 10
years), while large errors may occur particularly in the periods
that data are relatively scarce (e.g., before 500 CE). These

uncertainties will be transferred to the equivalent uncertainty in
the calculated flood frequency. We merge the modeled paleo-
flood events to the bootstrapped historical and modern flood
events, forming a suite of long flood timelines, each of which was
then used to calculate flood frequency in terms of occurrence rate
using a Gaussian kernel (Materials and Methods).

Our flood record, particularly the sedimentary paleo-flood
record, may have been subject to more or less taphonomic bias
(fig. S5). Using an empirical model derived from a large dataset
of global volcanic deposits (15), we correct our flood record for
taphonomic bias (Materials and Methods). Clearly, taphonomic
bias has a remarkable impact on the calculated flood frequency, par-
ticularly for the early time period (fig. S6). The taphonomically cor-
rected record of flood frequency exhibits considerable variations
superimposed on a significantly (Cox-Stuart test, P < 0.0001) in-
creasing trend (Fig. 2C). Mean flood occurrence rate was as low
as ca. 0.04 year−1 during 10,000 to 5000 BCE, indicating a flood-
poor period. After a period of progressive decrease to almost 0.02
year−1, flood frequency increased by an order of magnitude from
3500 to 1000 BCE. Subsequently, mean flood frequency fluctuated
below 0.1 year−1 and then turned to increase monotonically from
500 CE. Mean flood occurrence rate reached ca. 0.4 year−1 by
1000 CE, marking the onset of an unprecedently flood-rich period.

DISCUSSION
We ascribe the long-term increase of Yellow River flood frequency
over the last 12,000 years to the progressively enhanced human-en-
vironment interactions, particularly on the Loess Plateau, the
world’s largest landmass of aeolian sediments characterized today
by fragmented topography and enlarged altitudinal gradients.
Given that the Loess Plateau is both the major water and sediment
sources of the lower Yellow River (16), scrutinizing human-envi-
ronment interactions on this fragile landscape is essential for iden-
tifying the driving forces of long-term variability of Yellow River
flood frequency. We compile and analyze a variety of geological
and archaeological records, which were generally classified as

Fig. 1. Map showing the topographical feature of the Yellow River watershed. Filled dots and squares denote the location of optically stimulated luminescence
(OSL)– and radiocarbon (14C)–dated paleo-flood slack water deposits, respectively. Stars aligned from west to east indicate the Shanxian, Xiaolangdi, Huayuankou, and
Sunkou gauging stations, respectively. Major river stages are as follows: I, 602 BCE to 11 CE; II, 11 to 1048 CE; III, 1048 to 1128 CE; IV, 1128 to 1368 CE; V, 1368 to 1855 CE;
and VI, 1855 CE to present.
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natural drivers [e.g., relative sea-level changes in the Bohai Bay (17),
annual precipitation (18), vegetation cover of gully areas (19), and
soil development (20)], anthropogenic drivers [e.g., expansion of
millet-based agriculture and Neolithic settlement (21), introduction
of domesticates characterizing the steppe culture (22), and techno-
logical innovations such as water well construction (23), coal
mining (24), copper smelting (25), cast iron technology (26), and
embankment (27)], and responses of the fluvial system [flood fre-
quency, sediment yield (28), and channel aggradation rate (29)].
The longue durée of human-environmental interactions under
the evolving climate and geomorphic boundary conditions during
the Holocene can be roughly divided into four phases (fig. S7).

The first phase (10,000 to 5000 BCE) represents the climate-
dominated condition with negligible human impacts. The low sea
level preconditioned the lower Yellow River a downcutting valley
characterized by extremely low sediment yields. Under the
optimal climate condition for vegetation and soil development
(fig. S7A), fluvial flood events were rare. The second phase (5000
to 2500 BCE) marks the transition from a climate-dominated to a
human-dominated system (30, 31). Local sea level approached the
present-day position, marking the onset of an aggrading channel
(fig. S7B). Millet-based agriculture began to expand onto the
Loess Plateau, but it had only localized impact on the landscape.
The third phase (2500 to 500 BCE) is characterized by rapidly en-
hancing human disturbances. Millet-based agriculture was well es-
tablished, and steppe cultural elements such as bread wheat, sheep/
goat, and cattle were introduced to this area (fig. S7C). Human dis-
turbances such as coal mining and copper smelting began to exert

impacts on the system (24, 25), resulting in two episodes of relatively
high flood frequency. Fluvial floods clustering around 2000 BCE
may have resulted from the 4.2-ka (thousand year) cold event (32,
33), while those around 1100 BCE might be a key factor of frequent
capital relocations in China’s Central Plain during the Shang
Dynasty (34). The fourth phase (500 BCE to 2000 CE) represents
a dominance of anthropogenic influences over climate on the
system. Artificial levees began to be constructed from the Western
Han Dynasty (202 BCE to 9 CE) to prevent occasional flooding,
gradually transforming the lower Yellow River from a freely mean-
dering channel to a confined channel. Note that flood frequency was
relatively low and the river maintained its course for hundreds of
years during the first millennium CE largely due to the increased
vegetation cover, while the Loess Plateau was occupied by the
nomadic people (9). Climate continued to shift toward accelerated
aridity during the last millennium, coupled with enhancing agricul-
tural practices in wheat farming and expanding technological inno-
vations notably in cast iron production, thereby leading to the
emergence of the gully landscape (30). Driven by the increasing
population pressure and expanding use of coal and iron tools in
the Northern Song Dynasty (960 to 1121 CE) (35), the farming-pas-
toral ecotone has greatly shifted northward (36). Forests were
cleared to put more lands under cultivation (37), leading to a
surge of soil erosion (38). A total of four major avulsions occurred
during this period (Fig. 1).

Our above analyses demonstrate that the natural and anthropo-
genic factors have combined to create some environmental effects,
which gradually pushed the fluvial system into a state characterized
by more frequent flood hazards and channel avulsions during the
last millennium than ever. To quantify the natural and anthropo-
genic effects on the substantially increased flood frequency during
the last millennium, we conduct an attribution analysis using mul-
tiple linear regression (Materials and Methods). To deal with the
collinearity of the explanatory variables, principal components
analysis (PCA) was performed (fig. S8). The time period of 5000
to 2500 BCE was chosen as the baseline, because the geomorphic
boundary condition (sea level) was similar to that of today and
human impacts were minimal. Data covering the baseline period
were used to train and validate the regression model (fig. S9).
Once optimal model parameters were obtained (table S9), we
predict the changes in flood frequency under natural conditions
only since 5000 BCE (Fig. 3A). Compared with the baseline condi-
tion (0.04 ± 0.01 year−1), flood frequency during the last millenni-
um increased by 0.32 ± 0.07 year−1 (Fig. 3B). The predicted increase
caused by natural factors is only 0.06 ± 0.02 year−1, accounting for
ca. 19 ± 6% of the overall increases in the flood frequency. Subtract-
ing the predicted value from the observed values yields a contribu-
tion of 0.26 ± 0.06 year−1 from the anthropogenic factors, implying
that ca. 81 ± 6% of the increased flood frequency is caused by
human modifications to the river and its basin. This value is very
close to the proportion of human-induced soil erosion over the
Loess Plateau (28) but slightly higher than that caused by river em-
bankment in the lower Mississippi River (8).

Scrutinizing the interactions and feedback pathways of the
natural and anthropogenic factors in the fluvial system may
deepen our understanding about the dynamics of flood hazards
(fig. S10). Land exposure and soil erosion are two physical processes
in the socioecological system of the Loess Plateau (39), which are
causally interrelated and reinforced one another through a positive

Fig. 2. Reconstruction of Yellow River flood frequency during the last 12,000
years. (A) Documentary record of levee beaches and overtops. (B) Modeled calen-
dar ages of paleo-flood slack water deposits. (C) Gaussian kernel density estimation
of flood occurrence rate.
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feedback loop (9). As erosion increases, vegetation becomes more
difficult to recover, and more bare areas are created, which, in
turn, further exacerbates erosion. The environmental effect of
erosion is then propagated and amplified iteratively in the lower
Yellow River by a sequence of positive feedback loops. Embankment
plays a pivotal role in these reinforcing processes. As channel aggra-
dation proceeds, if artificial levees were constructed for flood
control, the base flow of the river and the superelevation between
the riverbed and the surrounding flood basin would be increased
accordingly (40), thereby resulting in a situation where massive
floods with an increasing magnitude and frequency occur inevitably
(8). As large floods become frequent, more embankments are
needed, which, in turn, cause more silt to accumulate within the
channel. Therefore, humans’ propensity of flood control through
embankment always instigates a paradox (41). Note that the link
from soil erosion to channel aggradation is positive, while the link
from channel aggradation to soil erosion is negative, forming a bal-
ancing (negative feedback) loop. However, this process is too weak
to maintain the equilibrium of the fluvial system under increasing
anthropogenic stress (42), eventually pushing it to evolve into a
perched channel belt with frequent flood hazards and channel
avulsions.

On the basis of the above analyses, we model flood frequency
changes during the CE using a minimalistic differential equation
consisting of intrinsic growth and external harvesting (Materials
and Methods), which were parameterized with the time-varying
sediment yield (Fig. 4A) and embankment frequency (Fig. 4B), re-
spectively. The good agreement of the modeled and observed flood
frequency suggests that this model can capture the fundamental dy-
namics of flood hazard of the fluvial system (Fig. 4C). Using the
optimal estimation of model parameters, a bifurcation analysis
was performed to study the steady-state behavior of the fluvial
system in response to external perturbations (Materials and
Methods). For example, in the absence of embankment, the
system has three unstable equilibria at 0, 2.0, and 3.0 Gt/year, re-
spectively (Fig. 4D). It could still remain in a stable state with low

flood frequencies as sediment yield increases but remains less than
3.0 Gt/year (e.g., the first millennium CE). However, once sediment
yield crosses this tipping point, the system would suddenly jump to
another stable state characterized by high flood frequencies through
a fold bifurcation. Conversely, in the case of frequent embankment
(e.g., once a year), the two nontrivial fixed points annihilate each
other, and the system has only one unstable equilibrium at 0 Gt/
year (Fig. 4D), where a transcritical bifurcation occurs. In this
case, the system is extremely sensitive to the changes in sediment
yield—a slight increase in sediment yield could result in a much
large increase in flood frequency (e.g., the last millennium CE).
The amplification of flood frequency by embankment can also be
illustrated by examining the steady-state nonlinear response of the
system under different scenarios of sediment yield (fig. S11).

The lower Yellow River has been subject to intensive regulations
during the era of imperial China. Many strategies have been pro-
posed and practiced to tame the river, which can be summarized
into two contrasting categories (43): “widening the channel to
entrap sediments” versus “narrowing the channel by embankment
to scour sediments.” Our analyses suggest that embankment repre-
sents the least expedient strategy for flood control, which unfortu-
nately has been practiced extensively in history. This “bottom-up”
approach has only short-term effects on flood mitigation. Through-
out the last millennium, imperial China witnessed a repetitive
pattern of growth and collapse (35). At the beginning of each
cycle, increased expenditure on levee networks under favorable po-
litical conditions provided the riparian communities with enough
protection from flooding, thereby giving rise to a thriving agricul-
tural economy. However, in the wake of each cycle, the levee net-
works struggled to withstand the increased financial pressure,
which eventually transformed minor floods into devastating inun-
dations and wrought chaos upon human societies. If the levee was
not fixed timely after a breach, the flow would either excavate a new
channel along a more favorable topographic gradient or capture a
preexisting channel in a process known as avulsion. As sediment
supply originating in the Loess Plateau continued to increase,

Fig. 3. Attribution of the increased flood frequency during the last millennium. (A) Changes in the observed flood frequency compared with that predicted from a
regression model using only natural factors. (B) Comparison of the observed flood frequency during the baseline period (green boxplot) with that predicted from a
regression model using only natural factors (blue boxplot) and observed (red boxplot) during the last millennium. Anthropogenic contribution (orange boxplot) was
inferred by subtracting the predicted from the observed values.
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siltation started over in the new channel and embankment followed,
thereby beginning the avulsion cycle anew.

On the basis of the analysis of operation of the fluvial system (fig.
S10), we propose that proactive catchment management (e.g., soil
and water conservation) represents a “top-down” approach to
flood control. Comprehensive management of the Loess Plateau
began in the 1950s, and currently, two soil and water conservation
policies are in force (44). To assess the effect of positive human in-
tervention in the river system on flood mitigation, we model flood
frequency changes since 1950 CE driven by instrumental sediment
load at the Tongguan station (representative of erosion over the
Loess Plateau) and a persistent low embankment frequency (0.05
year−1). Our result—as corroborated by observational data—indi-
cates that flood frequency decreased progressively and flood hazard
nearly vanished following the implementation of the “Grain for
Green” program and the construction of the Xiaolangdi
Dam (Fig. 4E).

Our main finding that flood frequency in the Yellow River basin
has increased to an unprecedentedly high level over the last millen-
nium, together with the results from the lower Mississippi River and
elsewhere (6–8), suggests that enhanced human modifications to the
river system have played a dominant role in elevating flood hazards
in the backdrop of climate changes and thus urging the need to in-
corporate extensive catchment changes and widespread embank-
ment into the prediction of flood hazards in major rivers of the
world (45). Predictions ignoring future land-use changes may un-
derestimate flood hazards, especially in densely populated regions
where increasing demand for food supply and economic develop-
ment could deteriorate their already highly erosive land use (46).

Meanwhile, we show that embankment, despite its short-term ben-
efits, may boost long-term flood hazard through a suite of positive
feedback loops. Therefore, structural flood control should be used
together with other risk-mitigation strategies for long-term benefits
(47–49). We also found that enforcing soil and water conservation
policies is overwhelmingly important for flood hazard reduction.
Nevertheless, attention still needs to be paid to extreme precipita-
tion events in a warming climate, providing that atmospheric
water-holding capacity is expected to increase exponentially with
temperature and that heavy precipitation is positively correlated
to atmospheric warming (50). Our results provide a knowledge
base not only for the planning and design application of river engi-
neering but also for developing deliverable adaptive strategies and
preventive measures that may be readily transferable to other
human-dominated rivers.

MATERIALS AND METHODS
Bayesian age modeling of paleo-flood events
The hierarchical framework provides a flexible approach through
which our initial knowledge about the true ages of paleo-flood
events and model parameters can be translated into prior informa-
tion and integrated with the laboratory (observational) ages to yield
a posterior estimate of the true flood event timeline with less uncer-
tainty. The model was described as follows:

Let X = {xi ± ϵi∣i = 1,2, ⋯, M} be a list ofM laboratory ages of the
paleo-flood events, each of which has a 1σ error, and T = {ti∣i = 1,2,
⋯, M} be a list of M true ages of the paleo-flood events. Because of
lack of knowledge, a weakly informative prior for the true ages is

Fig. 4. Dynamics of Yellow River flood hazard in response to the enhancing human impacts on the river and its basin during the last two millennia. (A) Re-
constructed annual sediment yield (28). (B) Embankment frequency in a 31-year overlappingmoving window (12, 13). Major river stages are as follows: I, 602 BCE to 11 CE;
II, 11 to 1048 CE; III, 1048 to 1128 CE; IV, 1128 to 1368 CE; V, 1368 to 1855 CE; and VI, 1855 CE to present. (C) Comparison of the observed withmodeled flood frequency in a
31-year overlapping moving window. (D) Bifurcation diagrams showing the critical transition of flood frequency triggered by catchment erosion under three contrasting
scenarios of embankment frequency. (E) Modeled flood frequency. Major river engineering and soil and water conservation projects: 1, completion of the Sanmenxia
Dam; 2, commencement of the Grain for Green program; 3, completion of the Xiaolangdi Dam; and 4, initiation of the “Gully Land Consolidation” Project.
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used. Therefore, for the M laboratory ages, the corresponding true
ages, say T, are assumed to follow the uniform distribution support-
ed on the interval of [A, B] with a prior probability density function
expressed as

f ðTjA;BÞ ¼
1

ðjA � B jÞM
IðTjA;BÞ ð1Þ

where A and B are two hyperparameters defining the early and late
boundaries of the study period, respectively, and I(T ∣A, B) is an in-
dicator function defined as

IðTjA;BÞ ¼ 1 T # ½A;B�
0 T . ½A;B�

�

ð2Þ

Given the multisource nature, X can be split into two subsets: Xr
= {xrj ± ϵrj ∣ j = 1,2, ⋯, Mr} and Xo = {xoj ± ϵoj ∣ j = 1,2, ⋯, Mo}, de-
notingMr laboratory radiocarbon ages andMo laboratory OSL ages,
respectively. Accordingly, we split T into two subsets: Tr = {trj ∣ j =
1,2, ⋯, Mr} and To = {toj ∣ j = 1,2, ⋯, Mo}, corresponding to Mr true
radiocarbon ages and Mo true OSL ages, respectively. For radiocar-
bon ages, a special treatment is required. Let μ ± θ denote the mean
and the associated one-sigma error of a laboratory radiocarbon age
in the calibration curve, which is a function of the true radiocarbon
age. Therefore, given a true radiocarbon age, say trj, where j = 1,2, ⋯,
Mr, the corresponding laboratory radiocarbon age, say xrj, is
assumed to follow the normal distribution with a mean laboratory
radiocarbon age in the calibration curve and an additive variance of
the laboratory radiocarbon age and that in the calibration curve
multiplied by a positive number (51). Hence, the likelihood func-
tion can be expressed as

LðXrjTrÞ ¼
YMr

j¼1

1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πδ½ε2

rj þ θ2ðtrjÞ�
q exp �

½xrj � μðtrjÞ�2

2δ½ε2
rj þ θ2ðtrjÞ�

( )

ð3Þ

where δ ∈ (0, + ∞) is a positive scale parameter. This property sug-
gests that the Jeffreys prior can be used as the prior distribution of
this parameter, leading to an improper probability density function
expressed as

f ðδÞ ¼
1
δ

ð4Þ

Integrating out this parameter yields an integrated likelihood
function for the radiocarbon ages (51, 52), which can be expressed
as

LðXrjTrÞ ¼ Γ
Mr

2

� �
XMr

j¼1

½xrj � μðtrjÞ�2

2½ε2
rj þ θ2ðtrjÞ�

( )� Mr
2

ð5Þ

where Γ(⋅) denotes the gamma function. For OSL ages, given the
true age, say toj, where j = 1,2, ⋯, Mo, the corresponding laboratory
age, say xoj, is assumed to follow the normal distribution, leading to
the likelihood function expressed as

LðXojToÞ ¼
YMo

j¼1

1
ffiffiffiffiffi
2π
p

εoj
exp �

ðxoj � tojÞ2

2ε2
oj

" #

ð6Þ

Making use of Bayes’ theorem, the posterior probability density
function of true ages, T, can be readily expressed as

pðTjXÞ/ LðXrjTrÞ � LðXojToÞ � f ðTjA;BÞ ð7Þ

This model framework was implemented using the MCMC
method. We update the current state of T using a random walk
process on the interval [A, B] such that

T�jA;B ¼ Tþ ρ� u ð8Þ

where u denotes a vector of M random numbers drawn from the
uniform distribution supported on [−1, 1] and ρ is the step size
of the random walk. The acceptance/rejection of the proposed
move of the chain was determined according to the Metropolis-
Hastings algorithm (53). Note that the MCMC method is simula-
tion-based, and several diagnostic analyses and treatments in terms
of convergence, burn-in period, and thinning of the chain should be
conducted. After a burn-in period of 2000 iterations, the chains
were updated iteratively for 20,000 times and thinned out by
keeping every 20th sample to remove the potential autocorrelation.
The convergence of the chains was monitored using the method
proposed by Gelman (54). Specifically, we run three chains paral-
lelly with different initial values. The ratio of the between-sequence
to within-sequence variance in terms of the potential scale reduc-
tion factor, R̂, was calculated. Upon convergence, we mix the three
parallel chains with equal proportions, yielding 1000 uncorrelated
timelines of paleo-flood events.

Kernel density estimation of flood occurrence rate
On the basis of Bayesian age modeling, we infer the true ages of
paleo-flood events from the sedimentary records. A total of 1000
uncorrelated timelines of paleo-flood events were obtained using
the MCMC method. The less error-prone historical and modern
flood events were assumed to be independent and identically dis-
tributed observations instead of coming from a nonstationary
Poisson point process (55). Therefore, we bootstrap these flood
events through random permutation with replacement for 1000
times as well to accommodate the propagation of error from the
sedimentary record. These two sets of flood events were then com-
bined by taking the union operation and removing duplicate ages,
forming a suite of long time series of distinct flood events covering
the Holocene.

Let xt ¼
XN

i¼1
δðt � tiÞ denote a binary time series with N

flood events occurring instantly at time ti, where i = 1,2, ⋯, N,
t ∈ [−10,000, 2000] is time in year BCE/CE, and δ (⋅) denotes the
Dirac delta function defined as

δðt � tiÞ ¼
1; t ¼ ti
0; otherwise

�

ð9Þ

The flood occurrence rate, λ(t), can be estimated by convoluting
the binary event time series, xt, with a Gaussian kernel

λ̂ðtÞ ¼
1
N

ð1

� 1

xt� τ
1
ffiffiffiffiffi
2π
p

ht
exp �

τ2

2h2
t

 !

dτ ð10Þ

where ht is the time-varying bandwidth. We estimate the locally
adapted bandwidth by iteratively computing optimal fixed-size
bandwidths within local intervals (56). The fast Fourier
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transformation method was used to speed up the computation. The
mean, 70%, and 95% confidence intervals are calculated, thereby
transferring the temporal uncertainty in the data into the equivalent
error in the calculated flood frequency.

Correction for taphonomic bias
It has long been observed in palaeosciences—archaeology, paleon-
tology, and geology—that the longer something is in existence, the
more chances it has to be removed from the record by erosion,
weathering, and/or bioturbation in a process collectively known
as taphonomic loss, thereby causing overrepresentation of recent
events relative to older ones (57). Such a taphonomic bias is gener-
ally referred to as the Sadler effect (58). Paleo-flood slack water de-
posits, upon accumulation, are subaerially exposed. With a loose
structure, they are prone to erosion. Every successive flood with a
peak stage capable of inundating previously accumulated slack
water deposits may remove the sediments, causing a sedimentary
hiatus. In addition, the thickness of slack water deposits and flood
magnitude appear to be closely related (14). Thick slack water de-
posits are derived from large floods, and thus they are less erodible.
Therefore, the sedimentary record of flood events is potentially in-
complete, representing only large and/or extreme floods. The
monotonically increasing pattern in the sedimentary record, if
any, may be an artifact of taphonomic bias through time rather
than a true representation of past events.

To test whether our sedimentary record is subject to the time-
dependent taphonomic loss, we examine the frequency distribution
of OSL and calibrated radiocarbon ages of paleo-flood slack water
deposits following the approach proposed by Surovell and Branting-
ham (57). Specifically, we build up the empirical frequency distribu-
tion of paleo-flood events by counting the number of events in each
500-year interval between 10,000 BCE and 1950 CE. Our result
shows that (i) there is a long-term general trend of decreasing
flood frequency from 1300 BCE to 10,000 BCE, which may reflect
taphonomic bias through time; (ii) there is a drop-off in flood fre-
quency during the most recent time period from 1300 BCE onward,
probably associated with research bias against recent paleo-flood
slack water deposits; and (iii) there are short-term fluctuations in
the flood frequency due likely to a product of both changes in
flood activity and chance in sampling. These features are similar
to those shown by the frequency distribution of radiocarbon ages
of volcanic deposits (59), which have been proposed as a proxy
for the temporal frequency distribution of terrestrial sediments
globally.

Furthermore, we compare the frequency of ages of paleo-flood
slack water deposits with that of volcanic deposits for the time
period between 10,000 BCE and 1950 CE (59). A close correlation
(r = 0.82 and P < 0.001) suggests that the empirical volcanic model
of taphonomic bias can be applied on our sedimentary paleo-flood
record (15). This model is based on a dataset of 2021 calibrated ra-
diocarbon ages of global volcanic deposits (59), from which we
derive a calibration curve for sedimentary records subject to taph-
onomic loss. The curve shows that the survival rate decreases expo-
nentially as time elapses—half of paleo-flood slack water deposits
will lose in about 1500 years, and only approximately 10% will
remain in about 12,000 years.

Note that levee breaches and/or overtops, if occurred in less pop-
ulated areas, may have not been observed and reported to the local
and central governments. This is true particularly for early historical

time. Similar to the sedimentary record, the earlier the levee breach-
es or overtops are in existence, the higher the likelihood that they
have missed out on the chance to be documented in historical
text. Therefore, the documentary record of historical flood events
may be incomplete, which was also considered “taphonomic bias.”

We correct our flood record for taphonomic bias by dividing the
calculated flood occurrence rate by the survival rate for the time
period between 10,000 BCE and 1950 CE. Both the taphonomically
uncorrected and corrected records exhibit considerable variations
superimposed on a monotonically increasing trend. Clearly, tapho-
nomic loss has a remarkable impact on the result. For example, after
taphonomic correction, flood occurrence rate was increased by an
order of magnitude before 3000 BCE, while flood occurrence rate
was only doubled from 3000 BCE to 500 CE. To evaluate the poten-
tial influence of taphonomic bias on the trend in our flood frequen-
cy record, we conduct Cox-Stuart test (60). Our results provide
strong evidence (P < 0.0001) against the null hypothesis of trend
absence in both the taphonomically uncorrected and corrected
records at the 0.05 significance level.

Attribution analysis
To untangle the effects of human disturbances and natural factors,
attribution of the observed increase in flood frequency during the
last millennium was conducted using multiple linear regression
analyses. We collect proxy records of climatic and environmental
changes in the middle and lower Yellow River area during the last
12,000 years from the published literature. These records are con-
sidered natural drivers of the long-term variability in flood frequen-
cy, which include the following: (i) pollen-based quantitative
reconstruction of annual precipitation from Lake Gonghai (18), a
hydrologically closed alpine lake situated on the northeastern
margin of the Chinese Loess Plateau. With limited human
impacts, this lake is well suited for documenting natural climatic
variability. Spatial correlation analyses of the instrumental data in-
dicate that precipitation at this site represents much of North China,
exhibiting a clear seasonality modulated by the East Asian summer
monsoon. The fossil pollen data were transferred quantitatively to
annual precipitation based on the modern pollen-climate relation-
ship defined by a dataset consisting of 509 surface pollen samples
along a large precipitation gradient and a small mean annual tem-
perature gradient. The statistical model was well validated against
instrumental data for the most recent period (1962 to 2008 CE).
A close correlation suggests that the reconstruction is robust; (ii)
relative abundance of coniferous tree pollen from the Sujiawan
section on the western Chinese Loess Plateau (19). The landform
of the Chinese Loess Plateau consists of three major types such as
loess platforms, ridges, and hills essentially formed by erosion.
These areas are usually colonized by grasses characterizing the
arid/semi-arid zonal vegetation. Gullies represent areas subject to
severe soil erosion and land degradation, which contribute 60 to
90% of the total sediment yield. If gully erosion ceases, coniferous
trees would grow locally. Therefore, we interpret the coniferous tree
pollen record from this site as an indicator of landscape stability in
gully areas and (iii) frequency of soil development over the Loess
Plateau (20). Paleosol development in the Chinese Loess Plateau
has long been used as a direct and reliable proxy of the East Asian
summer monsoon. Colloquially referred to as S0, the black loam is a
paleosol layer that commonly occurs close to the top of Holocene
loess-paleosol sequences. This record is based on 229 radiocarbon
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ages of black loam layers in 77 profiles across the Loess Plateau,
which was interpreted as a proxy of the variations of the East
Asian summer monsoon in this area.

While these records exhibit more or less coherent variations,
PCA was conducted to extract common features from this dataset.
PCA axis 1 explained 91% of the variance in the entire dataset. It is
positively loaded by all factors, but mostly annual precipitation and
vegetation cover. PCA axis 2 explained almost all of the remaining
variance in the dataset. It is highly positively loaded by vegetation
cover and soil development but negatively related to annual precip-
itation. In contrast, PCA axis 3 only explained a trivial amount (1%)
of the variance, which is not worth interpreting. Therefore, the first
two leading PCs, denoted as x1 and x2, were used to construct the
regression model

λ ¼ β0 þ β1x1 þ β2x2 þ ɛ ð11Þ

where β0, β1, and β2 are parameters to be estimated using data of the
baseline period and ε is error.

We define the baseline condition as a physical setting, with
respect to which the natural variations of flood frequency in subse-
quent time periods are predicted and anthropogenic contributions
are derived accordingly. The time period of 5000 to 2500 BCE was
chosen as the baseline, because (i) the geomorphic boundary con-
dition was similar to that of subsequent time periods. High-resolu-
tion sea-level record from the Bohai Bay shows that local sea level
continued to rise from 10,000 BCE and reached the present-day po-
sition by about 5000 BCE (17), thereby turning the river channel
from an incising to an aggrading system; and (ii) human impacts
were minimal. This time period corresponds to the middle Neolith-
ic, before the full establishment of millet-based agriculture and the
widespread introduction of domesticates such as sheep/goat, cattle,
and bread wheat characterizing the steppe cultural elements as well
as technological innovations such as metallurgy and coal mining
(21). In addition, archaeological data show that centralized, hierar-
chical settlement systems were not well developed in this area until
2500 BCE. Since then, the number of fortifications and site cluster-
ing began to increase, and early states were formed (21), pointing to
the enhancement of human impacts from the late Neolithic onward.

We use data covering the baseline period (i.e., 5000 to 2500 BCE)
to train the regression model. Once optimal model parameters were
obtained, the model was used to generate predictions of natural var-
iations in flood frequency for the last millennium. Last, the total and
natural changes in flood frequency with respect to the baseline were
calculated, respectively, and anthropogenic contributions are
defined as the difference between the changes in total (observed)
and predicted flood frequency. Our regression model was validated
according to the coefficient of determination and the root mean
square error, which were calculated to be 0.68 and 0.0077, respec-
tively. The close similarity of the predicted to the observed flood
frequency for the baseline period (5000 to 2500 BCE) further dem-
onstrates the robustness of our regression model.

Modeling and bifurcation analysis of flood frequency
We calculate flood frequency during the CE using a sliding boxcar
window with a bandwidth of 31 years and model the dynamics of
flood hazard in a levee-lined channel system using a minimalistic

one-dimensional ordinary differential equation

dF
dt
¼ rFð1 � FÞ �

bF2

a2 þ F2 ð12Þ

where F is flood frequency varying between 0 and 1 year−1, t is time
in calendar years CE, r is the net rate of growth of the flood frequen-
cy, a is harvesting efficiency, and b is maximum harvesting rate. Two
processes governing the change in the flood frequency were consid-
ered: One is intrinsic growth driven by channel aggradation, and the
other is harvesting caused by river management. The former is
modeled using a logistic function, while the latter is modeled
using Holling’s type III functional response.

Major human modifications to the fluvial system are twofold:
One is soil erosion over the Loess Plateau, and the other is embank-
ment on the lower Yellow River. We consider catchment erosion a
slowly varying process that governs the intrinsic growth of flood fre-
quency through channel aggradation. Therefore, r can be parame-
terized as r = k1S(t), where S(t) is the time-varying sediment yield
consisting of the natural and anthropogenic components. Accord-
ing to Shi et al. (28), the anthropogenic components, Sa(t), can be
modeled using a power function

SaðtÞ ¼ 0:65
t þ 500
2450

� �4:4

ð13Þ

while the natural component, Sn(t), can be modeled using a qua-
dratic function

SnðtÞ ¼ 0:41½0:00561
1950 � t

1000

� �2

� 0:123
1950 � t

1000

� �

þ 2:29� ð14Þ

We consider embankment a fast process that can readily acceler-
ate flood frequency through raising the base flow in a confined
channel. Therefore, a can be parameterized as a = k2 + k3E(t),
where E(t) is the time-varying embankment frequency calculated
using the same method as for the flood frequency.

We optimize model parameters by minimizing the sum of
squared difference between the modeled and observed flood fre-
quencies. Once the optimal model parameters were obtained, we
conduct bifurcation analysis to understand the regime shift of
flood frequency by visualizing the system’s equilibria and how
their relationships change as a model parameter is varied. The bi-
furcation diagram and nonzero equilibria can be obtained by setting
dF/dt = 0 in Eq. 12. Either S or E can be solved from
rFð1 � FÞ � bF2

a2þF2 by keeping the other fixed.
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