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Aerosol-weakened summer monsoons decrease
lake fertilization on the Chinese Loess Plateau
Jianbao Liu1,2, Kathleen M. Rühland3, Jianhui Chen1, Yangyang Xu4, Shengqian Chen1, Qiaomei Chen1,
Wei Huang1, Qinghai Xu5, Fahu Chen1,2* and John P. Smol3*
Anthropogenic aerosol increases over the past few decades
have weakened the Asian summer monsoon1–3 with potentially
far-reaching socio-economic and ecological repercussions.
However, it is unknown how these changes will a�ect fresh-
water ecosystems that are important to densely populated
regions of Asia. High-resolution diatom records and other
proxy data archived in lake sediment cores from the Chinese
Loess Plateau allow the comparison of summer monsoon
intensity, lake trophic status and aquatic ecosystem responses
during warming periods over the past two millennia. Here
we show that an abrupt shift towards eutrophic limnological
conditions coincided with historical warming episodes4,5,
marked by increased wind intensity and summer monsoon
rainfall leading to phosphorus-laden soil erosion and natural
lake fertilization. In contrast, aerosol-a�ected Anthropocene
warming catalysed a marked weakening in summer monsoon
intensity leading to decreases in soil erosion and lake mixing.
The recent warm period triggered a strikingly di�erent
aquatic ecosystem response with a limnological regime shift
marked by turnover in diatom species composition now
dominated by oligotrophic taxa, consistent with reductions
in nutrient fertilization, reduced ice cover and increased
thermal stratification6. Anthropogenic aerosols have altered
climate–monsoon dynamics that are unparalleled in the past
∼2000years, ushering in a new ecological state.

The Chinese Loess Plateau (CLP) is the cradle of Chinese
civilization, and environmental changes in this region have
influenced the historical trajectory of ancient China7. The CLP is
the largest loess region in the world in terms of extent, thickness and
depositional sequence, and covers a total area of 640,000 km2 (ref. 8).
The more than 100 million people living on the CLP are faced with
the world’s most serious erosion issues, particularly large losses in
soil nutrients7,8.

The climate of the CLP is largely influenced by the Asian
monsoon circulation (Fig. 1a), and its location at the monsoon
boundary zone makes the CLP particularly sensitive to global
climate change9. More than 70% of the annual precipitation in
the CLP falls in intense storms during the summer monsoons
between June and September, and can cause extreme soil erosion8,10

(Fig. 1b). This eroded surface soil delivers a massive amount of
soil phosphorus (P) (40 million tons/year) into lakes, reservoirs and
river systems such as the Yellow River (Fig. 1b), and ultimately
into the marine ecosystem (Supplementary Fig. 1), resulting in
severe eutrophication problems11. Importantly, the middle and

lower reaches of the YellowRiver aremajor sources of freshwater for
about 107 million people, and often referred to as ‘the Mother River
of China’. The pollution and eutrophication of the Yellow River,
whose sediment discharge from erosion exceeds the combined
discharges of the Nile and Amazon rivers12, directly influences the
livelihood of this large population11.

Recent studies have convincingly argued that increases in
anthropogenic aerosols play an important role in affecting Asian
summer monsoon intensity1,3,13–16 that will have significant
implications for more than a third of the world’s population.
Changes to the monsoon system have tremendous impacts on
agriculture, health, water resources, economies, and ecosystems
throughout Asia, as monsoon rains provide up to 80% of the
region’s annual mean precipitation. However, it is unknown how
reductions in monsoon intensity can affect freshwater ecosystems
that are important to a large portion of the Asian population. Here,
we use well-dated, high-resolution palaeolimnological records from
a remote alpine lake (Lake Gonghai) on the CLP to compare lake
responses to major periods of past and present climate warming
over the past two millennia. This approach offers an excellent ‘time
window’ for making comparisons between the complexities of
recent anthropogenic climate change with well-documented past
warm periods in this region17, both in terms of forcing mechanisms
and the response of aquatic ecosystems.

Unlike major warming periods in the past, recent anthropogenic
climate change is further complicated by interactions with
multiple anthropogenic forcings, including greenhouse gases,
anthropogenic aerosols, and land-use changes. Rapid economic
growth, industrialization and urbanization in developing Asian
countries has led to severe air pollution over the past few decades,
resulting in Asia becoming a major source of aerosol emissions
and an important contributor to global climate change18. This
rapid and pronounced increase in anthropogenic aerosols has been
linked to the widespread decrease in summer monsoon rainfall and
wind intensity over Asia1,3,13,14. Specifically, changes in incoming
solar radiation forced by anthropogenic aerosols have reduced the
thermal contrast between the Asian continent and the Indian and
Pacific oceans, and thus the monsoonal circulation15,16.

Lake Gonghai (38◦ 54′ N, 112◦ 14′ E; 1,840m above mean sea
level) is a freshwater alpine lake located on the CLP (Supplementary
Fig. 1a). This remote, high-elevation lake was strategically chosen to
be representative of the region as it is a hydrologically closed, simple
basin with a small, undisturbed catchment, and therefore an excel-
lent passivemonitor of environmental and climatic change. The lake
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Supplementary Figures 16 

 17 

Figure S1 | Location and settings. (a) Location of Lake Gonghai (blue circle) in the Chinese 18 

Loess Plateau. The Yellow River (blue line) and the dominant circulation system (arrows) of the 19 

Asia summer monsoon are also shown. (b) Bathymetry of Lake Gonghai. The red dots indicate 20 

the location of the Lake Gonghai sediment cores. (c) Photograph of Lake Gonghai and its 21 

catchment. 22 

 23 
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 24 
Figure S2 | Age-depth model for the Lake Gonghai sediment core (GH09B) over the past 25 

2000 years. Upper panels depict the Markov Chain Monte Carlo (MCMC) iterations (left; good 26 

runs show a stationary distribution with little structure among neighbouring iterations), the prior 27 

(green curves) and posterior (grey histograms) distributions for the accumulation rate (middle 28 

panel) and memory (right panel). The bottom panel shows the calibrated 14C dates (transparent 29 

light blue) and the age-depth model (darker greys indicate most probable calendar ages; grey 30 

stippled lines represent 95% confidence intervals; red curve shows single 'best' model based on 31 

the weighted mean age for each depth interval). 32 
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 33 

 34 

Figure S3 | Age-depth model for the Lake Gonghai surface sediment core (GH13F) over the 35 

past ~150 years. Radiometric dating analysis using gamma spectroscopy showing (a) 210Pb, 36 

214Pb, and 137Cs activities in becquerels per kilogram (Bq/kg) dried sediment plotted against core 37 

depth, and (b) estimated age (A.D.) plotted against core depth and associated errors based on the 38 

constant rate of supply (CRS) model. The dashed vertical line in (a) is the mean of all sample-39 

specific 214Pb activities counted in the core and is a proxy for supported 210Pb. The CRS date of 40 

1962 ± 0.9 associated with the interval of highest 137Cs activity depicted in (a) is an excellent 41 

match with the height of nuclear fallout resulting from the 1963 global moratorium on weapons 42 

testing, further confirming the veracity of the 210Pb dating chronology. 43 
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 45 

Figure S4 | Stratigraphic profile showing the relative abundances of the most common 46 

diatom taxa from Lake Gonghai (core GH09B), as well as the PCA axis 1 sample scores of 47 

the diatom assemblages. Some diatom taxa have been grouped for clarity and the number of 48 

taxa in each group is indicated in parentheses. The dominant oligotrophic Lindavia taxa (L.49 

praetermissa and L. bodanica) and eutrophic Stephanodiscus hantzschii are presented in blue 50 

and green, respectively. The shaded areas represent the Sui-Tang Warm Period (STWP), the 51 

Medieval Warm Period (MWP), and the Current Warm Period (CWP). Cluster analysis using 52 

constrained incremental sum of squares (CONISS) with Euclidean squared distances as the 53 

measure of dissimilarity generated in TGView v. 1.7.161 determined that stratigraphic zones 54 

(dendrogram not shown) matched the timing of high magnitude diatom responses to the three 55 

warm periods. λ represents the associated eigenvalue for the PCA axis 1 sample scores. 56 
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 57 
Figure S5 | Stratigraphic profile showing the percent relative abundances of the most 58 

common diatom taxa (occurring at 5% in at least 4 intervals) from the Lake Gonghai short 59 

core (GH13F). Certain genera were grouped for clarity and the number of taxa in each group are 60 

indicated in parentheses (e.g. Amphora and Cymbella). The shaded area represents a pronounced 61 

increase in regional and global mean air temperature during the Current Warm Period (CWP). 62 

Cluster analysis using constrained incremental sum of squares (CONISS) with Euclidean squared 63 

distances as the measure of dissimilarity generated in TGView v. 1.7.161 determined that the 64 

main stratigraphic zones (dendrogram not shown) matched the timing of high magnitude diatom 65 

responses during the CWP. 66 
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 67 
Supplementary Table 68 

 69 

Table S1 Radiocarbon dates of terrestrial plant-macrofossil samples used to construct the 70 

chronology for core GH09B from Lake Gonghai. 71 

 72 

Lab ID Sample No. Depth (cm) Material δ13C ‰ Conventional 
Age (1σ, BP yr)

Calibrated Age(1σ, 
Cal yr BP)

Beta306751 GHB1-35 46 Stem -25.9 150±30 0-282 
XA4667 GHB1-48 63 Leaf -24.9 368±23 332-498 
XA5587 GHB1-82 107 Leaf -15.7 570±25 540-628 
XA4669 GHB1-89 116 Stem -30.7 665±34 565-668 
XA4670 GHB1-153 199 Stem -30.9 1005±40 804-963 
XA4668 GHB1-191 249 Stem -30.4 1102±30 968-1053 
XA4671 GHB2-76 363 Stem -25.4 1329±25 1194-1294 

  73 
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