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Human activity over natural inputs determines the bacterial
community in an ice core from the Muztag ata glacier
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Abstract Ice core provides a valuable vertical timeline of past climates and anthropogenic activities. Environmental proxies
have been widely used in these studies, but there are few biological indicators available. To address this gap, we investigated the
bacterial community from a 74 m ice core of Muztag ata glacier on the Tibetan Plateau to link biological indicators with past
climate and anthropogenic activities. By analyzing the portion of the ice core with environmental proxies available (corre-
sponding to 1907 to 1991), we observed an increase in bacterial richness throughout the ice core, which was associated with
higher NH 4

+, an indicator of agricultural development. The bacterial community was jointly determined by human activity,
natural input, and air temperature, with a strong human influence after the 1950s. Furthermore, the relative abundance of animal
gut-associated bacteria, including Aerococcaceae, Nocardiaceae, Muribaculaceae, and Lachnospiraceae, was associated with
livestock number changes in the Central Asian region. Together with other bacterial lineages, they jointly explained 59.8% of the
livestock number changes. This study provides quantitative evidence of the associations between bacterial indicators and past
climate and human activities, highlighting the potential of using bacterial proxies for ice core studies.

Keywords Ice core of Muztag ata glacier, Climate change and anthropogenic activity, Biological indicator, Gut-associated
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1. Introduction

Ice cores offer a vertical timeline of past climates and an-
thropogenic activities. The utilization of environmental
proxies in ice core studies is widely recognized, such as Ca2+

as a proxy for soil dust (Legrand and Mayewski, 1997), δ18O
of water as a proxy for air temperature and precipitation (Yao
et al., 2017), while black carbon as a proxy for fossil fuel
combustion (McConnell et al., 2007). The application of

these proxies in ice core studies has greatly improved our
understanding of past climate changes. In addition to en-
vironmental proxies, microorganisms as biological proxies
are also incorporated into ice core studies (Price and Bay,
2012; Zhang et al., 2017). Ice core microorganisms are
mainly bacteria, which were deposited on glacier surface via
wet and dry depositions (Qi et al., 2022). Then, they were
frozen in ice following post-depositional selection, including
in situ cell growth and environmental filtering (such as UV
radiation and low temperature) (Anesio et al., 2017). The ice
core bacterial community has been used to indicate tem-

© Science China Press 2024 earth.scichina.com link.springer.com

SCIENCE CHINA
Earth Sciences

* Corresponding author (email: yqliu@itpcas.ac.cn)

https://doi.org/10.1007/s11430-022-1282-x
https://doi.org/10.1007/s11430-022-1282-x
http://earth.scichina.com
http://springerlink.bibliotecabuap.elogim.com
http://crossmark.crossref.org/dialog/?doi=10.1007/s11430-022-1282-x&amp;domain=pdf&amp;date_stamp=2024-03-14


perature changes and dust events, which provides important
supplementary information for interpreting past climates and
anthropogenic changes (Yao et al., 2008).
Several studies successfully linked features of the bacterial

community in ice cores to past climates, such as dust, tem-
perature, and nutrient availability (Yao et al., 2006; Miteva et
al., 2009; Santibáñez et al., 2018). For instance, the differ-
ences in bacterial community structure across the depths of
the ice core were explained by the climate conditions when
bacteria were deposited (Zhang et al., 2008); dust is widely
accepted as the principal source of bacteria in ice cores, with
a positive correlation between Ca2+ and bacterial abundance
and diversity being frequently reported (Zhang et al., 2017).
In addition to natural input, anthropogenic activity, such as
industrialization, can homogenize bacterial communities in
geographically separated ice cores (Liu et al., 2016).
Nevertheless, previous studies have mostly adopted a
quantitative approach, with only the diversity and overall
community structure metrics being used. Bacterial taxonomy
composition is a crucial attribute of the community, which is
distinct among bacterial communities from different habitats
(such as deserts, grassland, cities, and marine sources), and is
sensitive to ecosystem changes (da C Jesus et al., 2009). As
glacier bacteria are transported from distant and regional
sources, the ecosystem changes of the source region should
also affect the taxonomic composition of the bacteria trans-
ported and deposited on the glacier surface. Therefore, we
suggest that bacterial lineages could indicate past climate
changes and human activities, providing additional insights
into the ecosystem changes that typical chemical proxies are
unable to offer.
The Tibetan Plateau (TP) has the third-largest number of

glaciers after the Antarctic and Greenland. Several ice cores
have been drilled from the Tibetan Plateau, providing evi-
dence of historical changes in air temperatures, precipitation
(Tian et al., 2006), and anthropogenic activities (Zhao et al.,
2011, Wang et al., 2015). The ice core from the Muztag ata
glacier, which locates in the west-northern of the Tibetan
Plateau, has been intensively studied. Environmental proxies
including soluble ions, δ18O (Zhao et al., 2011), black car-
bon, and levoglucosan (Wang et al., 2015) have been quan-
tified. However, biological indicators have been poorly
investigated. Investigating bacterial diversity, taxonomic
composition, and community structure in the ice core pro-
vides an opportunity to link biological indicators with past
climate, ecosystems, and human activities. This could further
enhance our understanding of biological proxies in the ice
core. Additionally, the extremely low air temperature (below
0°C) at over 6000 m above sea level (a.s.l.) (Li et al., 2004)
inhibits the growth of deposited microorganisms, thereby
reducing bacterial community variations due to post-de-
positional growth. As the bacteria in the ice core are sourced
from both distant and local ecosystems, and are impacted by

global climate change and anthropogenic activities, this will
affect the bacteria deposited on the glacial surface and those
frozen in the ice core. Thus, we hypothesize that bacterial
community changes across the ice core are consistent with
past climate change, and bacterial proxies may indicate
features of past climate change that classical geochemical
proxies could not.

2. Materials and methods

2.1 Studied area and ice core drilling

Mt. Muztagh ata is located on the eastern Pamir Plateau,
Central Asia (38°17’N, 75°06’E, 7546 m), with its pre-
cipitation being influenced by the year-round westerly cir-
culation (Wang et al., 2015). In the summer of 2002, a 74 m
ice core (9.5 cm in diameter) was drilled using an electro-
mechanical drill without drilling fluid at the elevation of
6300 m from the accumulation zone of Muztagh ata glacier
(Figure 1). The ice core was transported frozen (−20°C) to
the State Key Laboratory of Cryospheric Science in Lanzhou
and processed in a clean −20°C cold room. The ice core was
split lengthwise into halves. Half of the ice core was cut into
10–15 cm long sections with approximately 1 cm of the
outer annulus removed using a sterilized fine-tooth knife to
avoid any possible contamination.

2.2 Environmental proxy measurements and ice core
dating

The ice core in the present study has been dated based on the
seasonal variations in δ18O in Wang et al. (2015). Briefly, the
dating of ice was based on the seasonal variations in δ18O as
the precipitation δ18O on the northern Tibetan Plateau ex-
hibits a seasonal cycle with high values in the summer and
low values in the winter (Yao et al., 2013). The most recent
layer in the Muztag ata ice core was dated to AD 2000, then
the rest ice core was dated accordingly (Appendix Figure S1,
https://link.springer.com). Dissolved organic carbon (DOC)
and Total nitrogen (TN) concentrations were determined
using an automated total organic carbon analyzer (TOC-
Vcph, Shimadzu, Japan) following the standard methods.
The quantification of stable isotopic ratios (δ18O), refractory
black carbon (rBC), levoglucosan, as well as soluble ions
including SO4

2 , NH 4
+, NO3, Na

+, K+, Mg2+, Ca2+, Cl− have
been reported previously (Zhao et al., 2011; Wang et al.,
2015). Mean annual precipitation (MAP) was downloaded
from the Climatic Research Unit (CRU.TS4.04 https://cru-
data.uea.ac.uk/cru/data/hrg/cru_ts_4.04/cruts.2004151855.
v4.04/) covering the period 1901–2000. In addition, data on
cattle and sheep numbers in the Central Asian regions were
downloaded from the Russian Agricultural Statistics at
https://www.ier.hit-u.ac.jp/rrc/English/pdf/RRC_WP_No67.
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pdf. As a complete set of environmental proxies was avail-
able for the period between 1907 and 1991, only the DNA in
the ice core corresponding to this period was extracted for
molecular analysis.

2.3 Bacterial molecular analysis

Approximately 300 mL of ice core was melted in the dark at
a temperature of 4°C. Meltwater was filtered through 0.1 μm
pore-size polycarbonate membrane filters (25 mm diameter;
Millipore). The membrane filters were stored at −80°C in the
laboratory until DNA extraction. Community DNA was ex-
tracted for samples with available environmental proxies (i.
e., from 1907 to 1991) using the FastDNA®Spin kit (MP
Biomedicals, Santa Ana, CA) according to the manu-
facturer’s instructions. The extracted DNA was dissolved in
100 μL TE buffer and quantified by using a NanoDrop 1000
Spectrophotometer (Thermo-Scientific). The extracted DNA
was stored in a −80°C refrigerator until use.
The universal primer pair 515F (5′-GTG YCA GCM GCC

GCG GTA-3′) and 806R (5′-GGA CTA CHV GGG TWT
CTA AT-3′) was used to amplify the V4 region of the bac-
terial 16S rRNA gene (Caporaso et al., 2012). The PCR
products were sequenced on the MiSeq platform (Illumina
Inc., San Diego, CA, USA) with paired-end strategy (2×
250 bp). The raw sequence data were processed using the
USEARCH v11(Edgar, 2010) pipeline, with phylotypes
clustered at 97% identity. The sequences were classified
using the Bayesian classifier against the Silva database (re-
lease 128), and non-bacterial sequences were removed. After
phylotype tables were constructed, samples were randomly
sub-sampled without replacement to an equal depth of
12,519 to ensure that alpha diversity indices were calculated

on the same sequencing depth. The raw sequencing reads
generated have been deposited in the NCBI Sequence Read
Archive under project ID PRJNA884890.

2.4 Multivariant and statistical analyses

The association among the environmental proxies was in-
vestigated using the Empirical Orthogonal Function (EOF)
analyses performed on the scaled raw data with the wql
package in R (Jassby and Cloern, 2017). The Shannon di-
versity, richness (number of phylotypes), and evenness in-
dices were calculated from the rarefied phylotype table using
Primer-E V6 (Clarke and Warwick, 2006). Regression ana-
lyses were performed to estimate the relationships of the
bacterial diversity indices (both richness and evenness) with
environmental proxies (MAP, levoglucosan, DOC, rBC,
SO4

2 , NH 4
+, NO3, Na

+, K+, Mg2+, Ca2+, Cl−, and δ18O) using
sigmaplot v12.5 (Systat Software, San Jose, CA) and vi-
sualized in Origin (Origin, Version 2018, OriginLab Cor-
poration, Northampton, MA, USA). Both the linear and
quadratic relationships were tested between the diversity
indices and environmental proxies.
The contributions of the EOFs to the bacterial richness and

evenness were explored using the Structural Equation
modelling (SEM) with the Partial Least Squares Path Mod-
eling method. The SEM analysis was performed using the
plspm package in R (Sanchez et al., 2013). All environ-
mental proxies and bacterial diversity indices were log-
transformed, the associations between EOFs with bacterial
indices were treated as the inner model, while the associa-
tions between environmental proxies and EOFs were treated
as the outer model. The quality of the model was assessed
based on the goodness-of-fit index and the P-values of the

Figure 1 The location of Muztag ata glacier and the ice core sampling strategy. The location of Muztag ata glacier on the Tibetan Plateau and the influence
of Westerly jet and Indian monsoon are shown in panel a. The ice core sampling strategy is illustrated in panel (b). Briefly, the 74 m ice core was cut into 10 to
15 cm sections and dated, then sections with environmental proxies available are used for DNA extraction and bacterial 16S rRNA gene amplicon
sequencing.
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structural regression results.
The trend for richness and evenness was estimated using a

quasi-poisson generalized additive model (GAMs). The
GAM equation can be expressed as follows:

g µ f x f x f x ( ) = + ( ) + ( ) + + ( ), (1)n n1 1 2 2

where g is a link function, μ is a response variable, θ is a
constant, fi, i=1, 2, …, n, is the smoothing functions of
predictor variables, with a specified parametric or nonpara-
metric form, xi are the predictor variables.
The thin plate spline shrinkage function was chosen as the

smoothing function of variables. The shrinkage methods
allow unimportant effects to have their edf go to 0, simpli-
fying predictor variables in the estimation process. The im-
pact of the increased complexity was magnified (using
“gamma=1.2”) to provide slightly smoother results (Wood,
2017). The optimal smoothing parameters were selected
based on the deviance explained (Yang et al., 2020). A p-
value was calculated from an approximate F-test to assess the
statistical significance of the effect given the other effects in
the model. All GAM analyses used the “mgcv” package in R
(Wood, 2017).
The bacterial community abundance matrix was ag-

gregated to the family-level, and Hellinger transformed. A
Bray-Curtis similarity matrix was then generated and hier-
archical clustering was performed using complete linkage to
identify the clustering pattern of samples across the ice core.
Principle Coordination Analysis was also performed to vi-
sualize the community structure differences and the asso-
ciation of bacterial families (indicative bacterial families)
with the sample variations. The relationship of livestock
numbers with the relative abundance of indicative bacterial
families was established using a multiple linear regression
model in R (R Core Team, 2018). The best model was se-
lected using a forward selection method based on the Akaike
Information Criterion.
The dominant phylotypes (account for at least 10% of

the family by relative abundance) of the indicative bac-
terial family were further annotated at a lower taxonomic
level using EzBioCloud (Yoon et al., 2017). The propor-
tion of bacterial community structure variation across the
ice core was explained by the measured environmental
proxies using distance-based linear modelling (DistLM)
with the forward selection method (Legendre and Ander-
son, 1999) using PRIMER-E v6 (Clarke and Warwick,
2006). The significance of the fit was tested using per-
mutations (n=999) allowing significance to a level of
P=0.001. Distance-based redundancy analysis (dbRDA)
ordination plots were used to visualize the associations
between bacterial communities and the measured en-
vironmental proxies (Legendre and Anderson, 1999).
Then, Variation partitioning analysis (VPA) based on
DistLM analysis was used to partition the relative con-

tributions of individual environmental proxy (Legendre
and Anderson, 1999).

3. Results

3.1 Patterns of the measured environmental and hu-
man activities proxies in the ice core

The ice core was analyzed for environmental proxies and
climate factors (including levoglucosan, DOC, rBC, SO4

2 ,
NH 4

+, NO3, Na
+, K+, Mg2+, Ca2+, Cl−, δ18O, and MAP).

Among these proxies, rBC, NH 4
+, MAP, and levoglucosan

generally increased with the year of deposition, and con-
versely, K+, Mg2+, Ca2+, and Cl− decreased (Figure S1 and
S2). Furthermore, rBC, Na+, Mg2+, Ca2+, Cl−, SO4

2 , and NO3

were better fitted with parabolic relationships with the R2

values at least doubled (Appendix Table S1, https://link.
springer.com). The turning points for these proxies were
generally in the 1950s.
Empirical Orthogonal Function (EOF) analysis revealed

the potential associations among environmental proxies,
clustering them into categories. The first five EOFs ex-
plained 84% of the total variations, with EOF1 accounting
for 42.1%, and being predominately loaded with soluble ions
including Na+, K+, Mg2+, Ca2+, Cl−, SO4

2 , and NO3 (Table
S2). EOF2 explained an additional 20.2% of the total var-
iations, and was loaded with levoglucosan, rBC, and NH 4

+.
Subsequently, EOF3, EOF4, and EOF5 explained 7.9%,
7.2%, and 6.8% of the variations, and were loaded with δ18O,
MAP, and DOC, respectively.

3.2 Bacterial diversity patterns

Bacterial richness significantly increased with the year of
deposition, exhibiting a positive correlation with NH 4

+, but a
negative correlation with K+ (Figure 2a and 2c). Meanwhile,
the evenness showed no significant correlation with the year
of deposition, though it demonstrated negative correlations
with DOC and MAP, and positive correlation with δ18O, Na+,
K+, Mg2+, Ca2+, Cl−, SO4

2+, and NO3 (Figure 2b and 2c).
Structural Equation Modelling (SEM) was conducted to re-
veal the contributions of environmental proxies (Figure 3) to
bacterial proxies (i.e., bacterial richness and evenness). The
results indicated that only 9.3% and 20.5% of the variations
in bacterial richness and evenness were explained, respec-
tively. For the richness, its variation was significantly ex-
plained by EOF2 with a path coefficient of 0.25. The
bacterial evenness was significantly explained by EOF1
only, with a path coefficient of 0.27. We then mathematically
quantified the richness and evenness trends using the gen-
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Figure 2 Patterns of bacterial richness and evenness across the ice core. The linear regression between bacterial richness (a) and evenness (b) with the dated
ice core age is shown. (c) shows the correlation between bacterial richness and evenness with the measured environmental proxies. Significant correlations (at
P<0.05) are marked with asterisks. rBC, refractory black carbon; MAP, mean annual precipitation; DOC, dissolved organic carbon.

Figure 3 Structural equation modelling of bacterial richness (a) and evenness (b) in the Muztag ata glacier ice core. The path coefficients for the bacterial
richness and evenness are shown in (c) and (d), respectively.
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eralized additive models as equations 1 and 2 with adjusted
R2 values of 0.139 and 0.285, respectively (both P<0.001).

Equation 1 : Richness = e ,s s6.31855 0.0688×EOF9+ (EOF2) + (EOF4)1.609 2.522

(2)

Equation 2 : Evenness = e . (3)s0.40327 0.01348×EOF1+ (EOF5)7.078

3.3 Bacterial composition patterns

Cluster analysis of the bacterial community at the family

level revealed three distinct clusters (Figure 4a). Cluster A
was situated at the basal position, while Clusters B and C
split at approximately 75% dissimilarity threshold. Cluster A
consisted of 29 samples ranging in age from 1953 to 1991,
and was further divided into two subclusters at a 65% dis-
similarity threshold, with no discernible pattern based on ice
core age. Cluster B comprised 11 samples from 1933 to
1951, while Cluster C comprised 37 samples from a wide
range of chronological periods, the majority of which were

Figure 4 Community structure of bacterial community in the Muztag ata glacier. The community structure variations are visualized based on the Bray-
Curtis dissimilarity of bacterial community at the family-level, following Hellinger transformation. Panel (a) shows the hierarchical clustering using complete
linkage approach, panel (b) shows the principal component ordination plot with the quadrants labelled, panel (c) shows the distance-based linear modelling
results and the axes are labelled based on human influence (inferred from NH4

+ and rBC patterns) and temperature (inferred from δ18O pattern).
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from 1907 to 1930.
Principal component analysis revealed that Cluster A

samples predominantly located in quadrants I and IV, Cluster
B samples in quadrant III, and Cluster C samples in quadrant
II (Figure 4b). Statistical testing indicated that samples in
Quadrant I were enriched with Nocardiaceae, Mur-
ibaculaceae, and Lachnospiraceae; Quadrant II samples
with Burkholderiaceae, Geodermatophilaceae, Chroococci-
diopsaceae, and Chitinophagaceae; Quadrant III samples
with Rhodocyclaceae; and quadrant IV samples with Pseu-
domonadaceae and Aerococcaceae. Dominant bacterial
phylotypes (defined as having a relative abundance ≥ 10%
within the family) were further annotated for pathogenicity
(Table S3). Phylotypes of the genera Ralstonia (Bur-
kholderiaceae), Rhodococcus (Nocardiaceae), Aerococcus
(Aerococcaceae), and Pseudomonas (Pseudomonadaceae)
were identified as potential pathogens.
The total relative abundances of Aerococcaceae, No-

cardiaceae, Muribaculaceae, and Lachnospiraceae were
used to reflect livestock (cattle and sheep) number changes.
A dramatic increase was observed for both the relative
abundance of these indicative species and the total livestock
number after the 1950s (Figure 5a), with the average values
increased by 1.12- and 9.17-fold, respectively. Additionally,
we observed 34 consistent changes (increase or decrease)
among consecutive years (61% of all instances), with a
significant linear correlation being obtained between the
relative abundance of these indicative species with livestock
numbers (R2=0.446, P<0.001, Figure 5b). We then used
multiple linear regression to establish the relationship be-
tween the relative abundance of the enriched bacterial fa-
milies (Figure 4b and Table S4) with livestock numbers. The
livestock number can be expressed by the relative abun-
dances of Aerococcaceae, Nocardiaceae, Chitinophagaceae,
Geodermatophilaceae, and Rhodocyclaceae (Equation 3),
with an adjusted R2 of 0.558 (F(5,51)=15.16, P<0.001).

Equation 3 :  Log =
0.095 × log
 0.0637 × log

+ 0.0796 × log
+ 0.0849 × log
–0.977 × log + 2.0193, (4)

(Livestock number)

(1+Chitinophagaceae%)

(1+Geodermatophilaceae%)

(1+Nocardiaceae%)

(1+Aerococcaceae%)

(1+ Rhodocyclaceae%)

db-RDA analysis was used to explain the community com-
position variations attributable to environmental proxies
across the ice core (Figure 4c). The measured environmental
proxies accounted for 25.6% of total bacterial community
variations (Table S5), with NH 4

+, DOC, and δ18O exhibiting
the greatest explaining power, accounting for 16.7% of the
total bacterial community variations. Of the three clusters,
Cluster A samples (spanning from 1953 to 1991) exhibited

the highest rBC and NH 4
+, but the lowest K+ (Figures S3 and

S4); Cluster B samples (1933 to 1951) appeared to be in a
transitional state between Clusters A and C, displaying en-
vironmental proxy similarities to both. For instance, rBC and
NH 4

+ were similar for samples in Clusters B and C, which
were both significantly lower than Cluster A samples.
Cluster B samples also had similar DOC and levoglucosan as
Cluster A samples, which were both higher than Cluster C
samples. Lastly, Cluster C samples (1907 to 1930) had the
lowest DOC and levoglucosan.

4. Discussion

4.1 Patterns of bacterial diversity, and community
structure in the Muztag ata ice core

Bacterial richness was significantly higher in the more re-
cently formed ice (Figure 2a) with a positive correlation with
NH 4

+ (Figure 2c), which serves as a proxy for agricultural
activity (Schwikowski et al., 1999). This suggests that en-
hanced agricultural activity in Central Asia could be re-
sponsible for increased bacterial richness in the Muztag ata
glacier. Agricultural activities such as tillage application can
facilitate soil bacterial aerosolization, while the application
of fertilizer, particularly manure fertilizer, can further en-
hance aerosolized soil bacteria (Thiel et al., 2020).
The proportion of richness and evenness explained by

environmental proxies was relatively low (9.35% and 20.5%,
respectively), suggesting that the measured environmental
proxies were insufficient to explain the bacterial community
variations in the ice core. Bacterial aerosol transportation
(Fernandez et al., 2019) and post-depositional selection
(Xiang et al., 2009) may alter the bacterial community before
they are frozen in the ice core. As none of these processes can
be quantified accurately, this hinders the use of bacterial
proxies to reflect the past climate and human activities. In
contrast to chemical proxies (such as the rBC) that rarely
change after being deposited on the glacier surface, several
studies have reported bacterial activity on the glacier surface
(Hell et al., 2013; Chen et al., 2022). This further weakens
the association between bacterial proxies and environmental
proxies. Nevertheless, significant correlations between bac-
terial diversity and environmental proxies have been re-
ported in the present and previous studies (Miteva et al.,
2009; Zhang et al., 2017). This suggests that additional
studies on the dispersal and post-depositional selection
processes are needed to fully utilize microbial proxies for
past climate reconstruction.
Ice core samples are segregated into three distinct clusters

according to their bacterial community similarity (Figure
4a), samples from the same cluster are likely to be originated
from similar ecosystems with comparable climate and hu-

1495Liu Y, et al. Sci China Earth Sci May (2024) Vol.67 No.5



man activity strength (Romdhane et al., 2022). The greatest
changes in bacterial community structure occurred after the
1950s. db-RDA plot revealed that post-1950s samples
(Cluster A) were associated with increased concentrations of
both NH 4

+ and rBC (Figure 4c and S4). NH 4
+ is a proxy for

agricultural activity (Schwikowski et al., 1999), while rBC
has been suggested to originate from open fires, energy re-
lated combustion of biomass, and fossil fuel combustion
(Wang et al., 2015). An early study on the ice core from the
same glacier found that the increased rBC after the 1950s
was due to the increased agriculture burning during cropland
expansion, which was followed by the anthropogenic black

carbon emission beginning in the 1960s (Wang et al., 2015).
Both these activities are considered anthropogenic, thus the
substantial changes in bacterial community structure post-
1950s may have been driven by human-related activities.
Furthermore, the higher explanatory power of NH 4

+ com-
pared to rBC implies that agricultural activities likely played
a greater role than industrial activities.
The values of K+, rBC, and NH 4

+ in Cluster B samples were
comparable to those in Cluster C samples, while DOC and
levoglucosan were similar to Cluster A samples (Figure S4).
This suggests that Cluster B samples may be in a transition
state, which is consistent with the chronologically order of

Figure 5 The associations of gut-associated microorganisms and the livestock numbers. Panel (a) shows the annual changes in the relative abundance of
animal husbandry indicative lineages (Aerococcaceae, Nocardiaceae, Muribaculaceae, and Lachnospiraceae) and animal stock numbers (cattle and sheep)
across the ice core. Panel (b) shows the Pearson correlation between the relative abundance of indicative lineages and animal stock numbers. For panel (a),
grey areas represent the consistent year-to-year changing patterns (increase or decrease). The average value before and after 1950 was labelled with dashed
lines. Animal stock numbers were obtained from the Russian Agricultural Statistics at https://www.ier.hit-u.ac.jp/rrc/English/pdf/RRC_WP_No67.pdf.
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Cluster A, B, and C samples. Additionally, samples in
Cluster C were characterized by lower levoglucosan and
DOC, which are proxies for wildfire (Wang et al., 2015) and
nutrient input (Yao et al., 2017), respectively. This may in-
dicate that the samples in cluster C samples (before 1930)
were associated with a period of decreased frequency of
wildfire, possibly prior to the SecondWorldWar (1939–1945
AD) (Wang et al., 2015). Thus, the bacterial community in
ice core may be classified based on the influence of natural
conditions and human activities (Figure 4c), and can be used
to reflect past environmental and human activity changes.

4.2 Natural and human-activity indicative bacterial
lineages in the ice core

The present study reveals bacterial lineages that are poten-
tially indicative to human activities. These insights cannot be
obtained by other environmental proxies. Specifically, within
Cluster A, quadrant I samples exhibited a higher prevalence
of Nocardiaceae, Muribaculaceae, and Lachnospiraceae
(Figure 4b). These lineages encompass a broad range of
bacteria, mostly notably from the gut microbiome of rumi-
nants, such as Nocardiaceae that is abundant in the small
intestine of cattle (Wang et al., 2022), Muribaculaceae that
accounted for over 10% of the gut microbiome in the duo-
denum of Tibetan yaks (Ma et al., 2020), and Lachnospir-
aceae that was the second most abundant bacterial group in
Mongolian cattle (Aricha et al., 2021).
Cluster A quadrant IV samples were enriched with Aero-

coccaceae and Pseudomonadaceae. Of the Aerococcaceae
phylotypes, the majority were affiliated with the genus
Aerococcus (Table S3). Aerococcus has been proposed to
originate from livestock farms (Chen et al., 2020), and is
recognized as emerging human pathogens (Rasmussen,
2016). Pseudomonadaceae encompasses a wide range of
environmental and host-associated bacteria (Peix et al.,
2018). Most of the dominant Pseudomonadaceae phylotypes
were non-pathogenic, but of soil origin (Peix et al., 2018).
Thus, this suggests that the association between Pseudomo-
nadaceae and human activity might be due to land use
changes, leading to increased aerosolization of soil bacteria.
Cluster B was enriched with Rhodocyclaceae, whose re-

lative abundance increased by 32- and 56-fold compared to
that in Clusters A and C, respectively. The relative abun-
dance of this heat-tolerant lineage was found to increase by
more than 3-fold to nearly 30% after a heating event in urban
regions (Fang et al., 2018). Cluster B samples (1933 to 1951)
corresponded to the period during the SecondWorld War, but
the underlying mechanism of the associations between
Rhodocyclaceae and the war requires further investigations.
Cluster C samples were characterized by low human ac-

tivity but strong natural inputs (Figure 4c), which enriched
Burkholderiaceae, Geodermatophilaceae, Chroococci-

diopsaceae, and Chitinophagaceae. These lineages are as-
sociated with dust or aerosols. For example,
Chitinophagaceae dominated aerosol in the Mongolian
Plateau, which is also influenced by the westerly as the
Muztag ata glacier (Qi et al., 2022); Burkholderiaceae was
the main component of the Kuwait dust (Al Salameen et al.,
2020); Geodermatophilaceae was found to dominate Medi-
terranean dust, which originated from Africa (Iakovides et
al., 2022); and Chroococcidiopsaceae was associated with
rainfall events and can act as nuclei for the condensation and
freezing of water (Morris et al., 2011), accounting for 75% of
the microbiome in rainfall in French (Dillon et al., 2020).
Consequently, the relative abundance of these lineages may
be used as biological proxies for environmental changes,
such as enhanced dust and precipitation events.
The identified indicative bacterial families provide useful

markers for reconstructing the past environmental and an-
thropogenic activities at the source regions. For example, the
relative abundance of gut-associated microorganisms (in-
cluding Nocardiaceae, Muribaculaceae, Lachnospiraceae,
and Aerococcaceae) exhibited similar changing patterns to
the livestock number in the Central Asian region (Figure 5).
The changing pattern (increase or decrease) of the relative
abundance of these indicative species was similar to that of
the livestock number in the Central Asia region, particularly
before the 1950s. However, a drawback of using the relative
abundance as a proxy was the large annual variation, which
is much greater than that observed in livestock numbers. This
could be due to the changes in microorganisms from other
sources, such as soil, adding “extra” variations in the relative
abundance of gut-associated bacteria. However, this could be
mathematically corrected by adding soil bacteria into the
regression between gut-associated bacteria and livestock
numbers. This was evidenced by the improved R2 from 0.45
to 0.56 by including Chitinophagaceae, Geodermatophila-
ceae, and Rhodocyclaceae, which are representative bacteria
of other sources. Therefore, we propose that the relative
abundance of bacterial lineages may be used as biological
proxies for animal husbandry development, an important
piece of information that currently can’t be provided by
chemical proxies.

5. Conclusion

We present here a comprehensive analysis of the temporal
dynamics of bacterial communities over the course of the
twentieth century in an ice core from the Muztag ata glacier.
Land-use changes due to agricultural activities, such as an-
imal husbandry, increased bacterial richness, and the relative
abundance of potential emerging pathogenic bacteria de-
posited on the glacier surface. As such, bacterial lineages
associated with the animal gut microbiome can act as in-
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dicators of regional agricultural development, further ad-
vancing our understanding of regional climate and anthro-
pogenic activities.
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