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Abstract  Glacial meltwater runoff is a dynamic ecosystem. On the one hand, nutrient concentration changes as it flows from 

upstream to downstream, and on the other hand, bacterial community structure changes due to its contact with nearby soil during 

the flow process. We studied meltwater and soil in the Midre Lovénbreen glacier region, to explore changes in bacterial diversity 

as meltwater flows, and the relationship between meltwater and soil bacterial diversity. As glacial meltwater flows from 

upstream to downstream, the relative abundance of dominant bacterial groups changes. In addition, we found that during the 

flowing process, nutrient exchange and bacterial contact had occurred between the meltwater runoff and the soil. As a result, the 

distribution patterns of some bacteria in the meltwater are very similar to those in the soil. Finally, we combined distance-based 

redundancy analysis and weighted correlation network analysis to show that NO3
−-N and NO2

−-N are the most two significant 

factors affecting glacial meltwater and soil, respectively. Our results suggest that in such a close-knit ecosystem, the interaction 

of glacial meltwater with soil, as well as environmental factors, together determine bacterial community composition. 
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1  Introduction 

Svalbard’s glaciers and ice sheets account for about 6% of the 
world’s glaciers outside the Greenland and Antarctic ice sheets 
(Farinotti et al., 2019). The Arctic has warmed twice as much 
as the global average over the past 20 years due to global 
warming, and the Svalbard glacier is on the edge of retreating 
Arctic sea ice, making it one of the fastest-warming regions on 
Earth (Noël et al., 2020). In the last few decades, researchers 
have come up with the concept of glacial ecology (Hodson et 
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al., 2008). Bacteria were the dominant microorganisms in the 
glacial niche, followed by fungi and algae (Anesio et al., 2017). 
Glaciers at different geographical locations show significant 
differences in microbial community structure (Liu et al., 2009; 
Zhang et al., 2009), controlled by several environmental and 
climatic drivers (Takeuchi and Kohshima, 2004; Bhatia et al., 
2006). Therefore, it can be said that microorganisms are 
sensitive indicators of climate change and a component of 
biogeochemistry (Wang et al., 2015; Guo et al., 2018). In 
addition, subglacial microorganisms play an essential role in 
driving biogeochemical cycles of carbon, nitrogen and 
phosphorus in the High Arctic (Wang et al., 2016). 
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Glacial meltwater, as a unique environment for 
prokaryotes and eukaryotes, is regarded as a true microbial 
community (Anesio and Laybourn-Parry, 2012). Microbes 
in these ecosystems can survive and reproduce at low 
temperatures, which means they have overcome a key 
hurdle inherent in a prolonged cold environment. The 
glacial meltwater was found to be the home of a number of 
bacteria that play an important role in global microbial 
activity and nutrient cycling (Anesio et al., 2017). And this 
kind of water may be a valuable source of the glacial 
microbiome released from englacial and subglacial 
environment (Sułowicz et al., 2020). Kohler et al. (2020) 
found that Proteobacteria, Bacteroidetes and Actinobacteria 
were all the bacteria with high abundance in the outlet 
bacterial communities of glacial melt water in the Arctic 
region. The research of Fodelianakis et al. (2022) showed 
that glacier-fed streams, as an extreme and rapidly 
disappearing ecosystem, had diverse microbial communities. 
Sułowicz et al. (2020) assessed the microbial community 
structure of a subglacial drainage system in Svalbard and 
showed that the nature of water at different locations 
determines bacterial diversity. However, we don’t know 
enough about how bacterial communities change with the 
dynamics of glacial melt water. In glacial habitats, when 
temperatures are high, upstream glacial runoff firstly 
interacts with glacial soils and then flows into lakes or 
streams (Yang et al., 2016). The soil is connected to lakes 
and streams, and is an essential microbial niche in glacial 
ecosystems, regulating biogeochemical cycles. As glacier 
retreat continues, glacial runoff flows downstream into 
estuaries, thereby diverting nutrients and microbial 
communities from glacial meltwater into the ocean (Sajjad 
et al., 2020). In this process, we believe that it is essential to 
fully understand the bacterial distribution in soil and 
meltwater runoff ecosystems under accelerated glacier 
retreat. 

Glacial meltwater connects discrete cryosphere 
habitats to downstream marine ecosystems (Milner et al.,  

2017). In addition to exporting fresh water, glaciers subsidize 
microbial productivity by transporting dissolved matter and 
nutrients through meltwater runoff (Kohler et al., 2017; 
Hatton et al., 2019). Meltwater runoff also exchanges 
nutrients with the surrounding glacial soil. But Sajjad et al. 
(2021) believed that the bacterial diversity of soil samples in 
glacial areas was significantly affected by ecological 
parameters more than that of meltwater runoff. We wanted to 
explore changes in bacterial diversity as glacial meltwater 
flows and the interaction between meltwater and soil. 
Therefore, we used high-throughput sequencing to evaluate 
the glacial runoff and adjacent soils of the Midre Lovénbreen 
glacier in Svalbard, as well as the seawater at the downstream 
estuary. This study mainly solves the following problems: 
(1) What are the differences in bacterial community 
composition between the upper and lower reaches of 
meltwater Midre Lovénbreen glacier? (2) What are the 
differences in bacterial community composition between 
meltwater of Midre Lovénbreen glacier and nearby soil? 
(3) What are the key geochemical factors that determine the 
composition of the bacterial community in the the Midre 
Lovénbreen glacier runoff and soil? 

2  Materials and methods 

2.1  Study sites and sample collection 

Midre Lovénbreen glacier is located in the Konsfjord region 
of Svalbard (78°53′N, 12°02′E), in the Arctic. The glacier is 
about 6 km long, covers an area of about 5.5 km2 and has a 
maximum thickness of about 180 m (Björnsson et al., 1996). 
The altitude of the glacier at the snout is about 50 m and 
increases to about 600 m above sea level at the head wall 
(Reddy et al., 2009). The distance from the mouth of the 
glacier to the point where meltwater flows into the ocean is 
about 2–3 km. 

Sampling sites are shown in Figure 1, we set up     
11 sampling sites along the glacier runoff from upstream to  

 
Figure 1  Location (red square; a) and image (b) of the sampling sites from Midre Lovénbreen glacier area in the present study. 
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downstream. Among them, eight sampling points collected 
water samples from glacial runoff (SR01-SR08), 
SR01-SR03 is the upstream of glacial meltwater, and 
SR04-SR08 is the downstream of glacial meltwater, and soil 
near glacial meltwater was collected at three sampling sites 
(M2-M4), M2 is the subglacial soil, M3 is subglacial lake 
soil, M4 is soil beside glacial runoff. Water samples were 
directly collected into TWIRL’EM sterile sampling bags 
(Labplas Inc., Canada). The microbial samples were then 
collected by filtering 1000 mL of the water samples. The 
microbial biomass was successively trapped onto 
47-mm-diameter, 0.2-μmpore-size membrane filters (Pall 
Corporation, USA). Membrane filters were placed in 
centrifuge tubes at −20°C in the Yellow River Station 
(China’s Arctic Yellow River Station is in Ny-Ålesund, 
Svalbard) and taken to the laboratory by plane. Filters were 
then frozen at −80°C until nucleic acid extraction. Surface 
soils sample (0–5 cm) were collected in triplicate 
(approximately 1 m from each other) and placed into 
TWIRL’EM sterile sampling bags (Labplas, Sainte-Julie, 
QC, Canada). Samples were stored at –80°C at China’s 
Arctic Yellow River Station before being transported on ice 
by air to the home laboratory, at which they were stored at 
–80°C until DNA extraction. 

2.2  Geochemical properties of the sample 

A total of eight soil properties were measured, including 
MC (Moisture Content), pH, organic C, organic N, NH4

+-N, 
SiO4

2−-Si, NO2
−-N and NO3

−-N. Samples were dried in an 
oven at 105°C to constant mass to measure MC, which was 
determined as proportion of water loss from the wet soil wet. 
Soil pH was measured by adding 10 mL of distilled water to 
4 g of soil and recording pH using a pH electrode (PHS-3C, 
Shanghai REX Instrument Factory, Shanghai, China). 
Analysis of organic C and organic N was performed using 
an Elemental Analyzer (EA3000, Euro Vector SpA, Milan, 
Italy). The other five properties were analyzed using a High 
Performance Microflow Analyzer (QuAAtro, SEAL 
Analytical GmbH, Norderstedt, Germany). The water 
chemistry of five water samples were determined, including 
NH4

+-N, SiO4
2−-Si, NO2

−-N, PO4
3−-P and NO3

−-N. 

2.3  DNA extraction and PCR amplification 

Genomic DNA was extracted from the membrane filters of 
eight water samples (1000 mL) and using a PowerWater 
DNA Isolation Kit (MO BIO Laboratories, Inc., USA) 
according to the manufacturer’s instructions. For soil 
samples, genomic DNA was extracted from 0.25 g of wet 
soil per sample (three replicates per sample) using a 
PowerSoil DNA Isolation Kit (MO BIO Laboratories, San 
Diego, CA, USA). The v3-v4 region of 16S rRNA gene was 
amplified using primers 338F 5’-barcode-ACTCCTACGG 
GAGGCAGCA-3’ and 806R 5’-barcode-GGACTACHVG 
GGTWTCTAAT-3’. All PCR reactions were carried out in 
30 µL reactions with 15 µL of Phusion HighFidelity PCR 

Master Mix (New England Biolabs); 0.2 µM of forward and 
reverse primers, and about 10 ng template DNA. The PCR 
amplification cycle was: initial denaturation at 98  for℃  
1 min, followed by 30 cycles of denaturation at 98  for℃  
10 s, annealing at 50  for 30 s, and elongation at 72  for ℃ ℃
30 s, with a final extension of 72  for 5 min. PCR products ℃
were mixed with equal volume of 1× loading buffer 
(containing SYB green) and loaded onto 2% agarose gel for 
detection. Samples with a bright main strip between 400 
and 450 bp were chosen for purification with Gene JET Gel 
Extraction Kit (Thermo Scientific, Waltham, MA, United 
States). 

2.4  Sequencing and data analysis 

16S rRNA gene amplicons were sequenced on an Illumina 
MiSeq platform in the Novogene Corporation (Beijing), and 
300-bp paired-end reads were generated. The raw reads 
were deposited into the NCBI sequence read archive (SRA) 
database (Accession Number: SRP115724). Clean data are 
obtained by trimming end bases and filtering low quality 
bases. QIIME (version 1.7.0) (Caporaso et al., 2010) was 
used for quality control and the chimeras were detected by 
the Gold database and UCHIME Algorithm (Edgar et al., 
2011), and the chimeras sequences were removed to obtain 
effective data. Uparse software (Version 7.0.1001) (Edgar, 
2013) was used to cluster effective data into 97% identical 
operational taxonomic units (OTUs). The SSU rRNA 
database (Quast et al., 2012) of SILVA (Wang et al., 2007) 
and QIIME was used to species annotate and analyze the 
representative sequences of OTU. Finally, all samples were 
normalized at the same sequence depth, for the subsequent 
alpha and beta diversity analysis. 

Statistical analyses of the alpha-diversity of each 
sample via Chao1, Good’s coverage estimator, and 
Shannon’s index (H’) were performed. The 
abundance-based Bray-Curtis similarity coefficient was 
used to examine the dissimilarity of different samples. The 
relationships among the bacterial communities in the     
17 samples were analyzed by hierarchical clustering 
analysis using the R v.3.1.1 statistical software. An analysis 
of similarities (ANOSIM) was performed using QIIME 
1.8.0 software (Caporaso et al., 2010) to determine whether 
different sampling sites had significantly different bacterial 
communities. A linear discriminant analysis effect size 
(LEfSe) method (Segata et al., 2011) was used to identify 
the significantly different bacterial groups in different 
sampling types (i.e., upstream water, downstream water, 
upstream soil, downstream soil). The relevance of 
environmental factors in explaining the distribution patterns 
of bacterial communities in different water samples or soil 
samples was analyzed by Bray-Curtis distance-based 
redundancy analysis (db-RDA) using the R v.3.1.1 
statistical software. To determine the relationship between 
geochemical parameters and the microbiome, network 
analysis is used to detect modules (OTU subnetworks) 



170 Lin L D, et al. Adv Polar Sci June (2022) Vol. 33 No. 2 

associated with geochemical factors. As described by 
Guidi et al. (2016), the correlations of OTUs with 
geochemical parameters were assessed using the sparse 
partial least square (sPLS) (Shen and Huang, 2008) as 
implemented in the R package mixOmics (Rohart et al., 
2017).  A global network of OTUs based on relative 
abundance from all samples was constructed and modules 
were identified based on relationship (i.e., the correlation 
of a gene to a module eigengene, which is a 1-dimensional 
vector that summarizes or is representative of the relative 
abundance of the nodes in a module) the degree and their 
correlation with geochemical factors was assessed using 
the R package weighted correlation network analysis 
(WGCNA) (Ghazalpour et al., 2006). Modules were then 
exported, analyzed, and visualized in Cytoscape 3.6 
(Shannon et al., 2003).  

3  Results 

3.1  Physical and chemical properties of samples 

As shown in the table, in the water sample (Table 1, 
Additional file 2), the maximum values of NO2

–-N and 
PO4

3–-P were detected in soil water under glaciers (SR02), 
while the maximum values of SiO4

2–-Si and NO3
–-N were 

detected at lake water under the glacier (SR03) and the  

maximum value of NH4
+-N was detected at the glacier 

water (SR04). In addition, the minimum value of PO4
3–-P 

can be seen at the glacial runoff water (SR04), while the 
minimum values of the other four nutritive salts were seen 
at glacier water (SR01). In the soil samples (Table 2), the 
maximum values of organic N and NO3

–-N were seen at soil 
beside glacial runoff (M4), while the maximum values of 
organic carbon, NH4

+-N, SiO4
2–-Si and NO2

–-N were seen at 
subglacial soil (M2). 

3.2  Bacterial community structure at sampling 
sites 

A total of 273071 bacterial sequences and 1293 OTUs (at 
the 3% evolutionary distance) were identified in the present 
study. The sequence number of each sample was 16063, 
from which 188 to 535 OTUs were recognized. The Good’s 
coverage estimator of the OTUs in the samples ranged from 
98.99% to 99.71% (Table 3), indicating that the sequences 
sufficiently covered the diversity of bacterial populations in 
all the samples. According to Shannon’s index analysis, the 
bacterial diversity of soil samples (3.84-4.57) was higher 
than that of water samples (3.07–4.23). The OTU 
rarefaction curve (Additional file 1) with all seventeen 
samples, indicating the species diversity of the study sites 
should be well represented by these samples

Table 1  Geochemical properties of eight water samples from glacial runoff 

Sample NH4
+-N/(μg·g−1) SiO4

2–- Si/(μg·g−1) NO2
–-N/(μg·g−1) NO3

–-N/(μg·g−1) PO4
3–-P/(μg·g−1) Temperature/°C 

SR01 0.1043 0.0087 0.0029 0.0757 0.0364 0.5 

SR02 0.3814 2.2778 0.0164 0.3308 0.0456 1.0 

SR03 0.1773 3.2547 0.0064 0.3507 0.0230 3.5 

SR04 2.2715 1.0324 0.0071 0.1239 0.0190 5.0 

SR05 1.1802 1.4056 0.0055 0.1330 0.0272 6.0 

SR06 1.0742 1.0268 0.0048 0.0987 0.0223 6.5 

SR07 1.1783 0.7661 0.0035 0.0833 0.0263 7.5 

SR08 1.0335 0.6314 0.0036 0.0760 0.0233 7.5 

 

Table 2  Geochemical properties of three soil samples from glacial runoff 

Sample MC/% pH Organic N/% Organic C/% NH4
+-N/(μg·g−1) SiO4

2–-Si/(μg·g−1) NO2
–-N/(μg·g−1) NO3

–-N/(μg·g−1)

M2 15.3±0.75a 8.55±0.01a 0.214±0.027a 0.160±0.012a 1.778±0.203a 10.49±0.13a 0.331±0.006a 0.310±0.002b 

M3 17.21±1.44a 8.63±0.11a 0.198±0.016a 0.138±0.035a 1.659±0.546a 9.50±1.63a 0.186±0.018b 0.235±0.020b 

M4 17.02±0.89a 8.50±0.13a 0.234±0.14a 0.146±0.013a 1.531±0.248a 7.64±1.76a 0.162±0.021b 0.724±0.076a 

Notes: Statistical significance was assessed by one-way analysis of variance (ANOVA) followed by Tukey’s HSD test, and significant differences were accepted when 

p < 0.05 between the two groups. The letters a, b and c were used to show statistically significant differences. 

 
Proteobacteria, Bacteroidetes and Actinobacteria are 

common in water and soil samples of all sampling points 
(Figure 2). It is worth noting that the abundance of soil 
bacterial communities such as Actinobacteria and 
Acidobacteria is significantly different from that of 
meltwater (one-way ANOVA, P < 0.05; Additional file 3).  

In addition, the composition of the bacterial community 
upstream of glacial runoff was somewhat different from that 
of downstream. The abundance of Actinobacteria and 
Firmicutes in the upstream sampling points (SR01, SR02, 
SR03) of glacial runoff was higher than that in the 
downstream sampling points (SR04, SR05, SR06, SR07,  
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Table 3  Summary data for Miseq sequencing data from the samples in the present study 

Sample code Number of sequence Number of OTUs Chao 1 Good’s coverage estimator/% Shannon’s Index 

SR01 16063 263 393 99.42 3.08 

SR02 16063 301 437 99.27 3.07 

SR03 16063 285 394 99.34 3.14 

SR04 16063 225 375 99.44 3.22 

SR05 16063 488 682 98.99 4.23 

SR06 16063 353 530 99.22 3.87 

SR07 16063 259 370 99.49 3.49 

SR08 16063 188 237 99.71 3.33 

M2 16063 407 525 99.29 3.84 

M3 16063 493 618 99.19 4.16 

M4 16063 509 603 99.33 4.57 

 

 
Figure 2  Bar charts of the top 21 phyla from 17 samples and cluster analysis of bacterial communities based on OTU abundance. 

SR08) (one-way ANOVA; Additional file 4). However, the 
abundance of Cyanobacteria was higher in the downstream 
(one-way ANOVA, P < 0.05; Additional file 5). At the level 
of classes classification, Proteobacteria in the most 
abundant sequence belongs to the Gammaproteobacteria, 
Betaproteobacteria and Alphaproteobacteria. The abundance 
of Betaproteobacteria (19.01%–44.31%) and 
Gammaproteobacteria (29.63%–63.32%) was higher in the 
upstream of glacial meltwater, while the abundance of 
Alphaproteobacteria (32.97%–38.37%) and Flavobacteriia 
(14.32%–21.80%) was higher in the downstream. 

3.3  Bacterial differences in different sampling 
environments 

Non-metric Multidimensional Scaling (NMDS) was used to 
check for differences between samples. As expected, the soil 
samples were separated from the water samples, and the 
upstream samples from the glacier runoff were isolated from 
the downstream samples (Figure 3). We divided the samples 
into four groups according to the difference, namely GroupA 

(SR01, SR02 and SR03), GroupB (SR04, SR05, SR06, SR07 
and SR08), GroupC (M4_1, M4_2 and M4_3) and GroupD 
(M2_1, M2_2, M2_3, M3_1, M3_2 and M3_3). A Venn 
diagram demonstrated that OTUs differed among the four 
groups (Figure 4). The number of site-specific OTUs ranged 
from 20 (GroupA) to 307 (GroupD). Only 116 in 1293 OTUs 
were shared by all four groups. 

To compare the differences in bacterial composition 
and structure under different environmental types, LEfSe 
(LDA Effect Size) analysis was conducted on four groups of 
sampling sites. Based on the LEfSe results, the LDA score 
(Linear Discriminant Analysis) of 63 taxa showed greater 
than 4 (the cutoff for significance test) in the 17 samples 
(Figure 5). GroupD has the largest number of taxa, 22 out 
of 63 (35%), among these groups. Enriched taxa typical in 
GroupD mainly includes the Bacteroidetes, Flavobacteriia, 
Flavobacteriaceae and Flavobacteriales. Things are different 
in the other groups, just like Betaproteobacteria, 
Burkholderiales and Comamonadaceae are enriched in 
GroupC and Alphaproteobacteria, Rhodobacteraceae and 
Rhodobacterales are in GroupB. 
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Figure 3  Non-metric Multidimensional Scaling analysis of the 
samples. 

 
Figure 4  A Venn diagram displaying the degree of overlap of 
bacterial OTUs (at the 3% evolutionary distance) among the four 
groups. 

3.4  Correlation between geochemical properties 
and bacterial community structure 

The db-RDA and Monte Carlo permutation tests were 
performed to examine the relationship between the 
geochemical properties and bacterial community 
composition. In the RDA analysis of soil samples (RDA1 
35.57%; RDA2 11.93%), the M2 samples are positively 
correlated with all environmental factors except pH. M3 is 
positively correlated with pH, SiO4

2–-Si and NH4
+-N. M4 is 

positively correlated with organic N (Figure 6a). Among all 
the geochemical properties, NO2

–-N (r2 = 0.9329, P < 0.05) 
is one of the most critical factors affecting the composition 
of soil bacterial community (Figure 6a and Table 4). In the 
RDA analysis of water sample (RDA1 75.63%; RDA2 
6.59%), SR01 is positively correlated with PO4

3–-P, SR02, 
SR03, SR05 and SR06 are positively correlated with 

NO3
–-N, NO2

–-N and SiO4
2–-Si, SR04, SR07 and SR08 are 

positively associated with NH4
+-N (Figure 6b). Among all 

the geochemical properties, NO3
–-N (r2 = 0.8196, P < 0.05) 

is one of the most important factors affecting the bacterial 
community composition of water samples (Figure 6b and 
Table 5). 

3.5  Weighted correlation network analysis of core 
bacteria 

Weighted correlation network analysis was carried out on 
the OTUs with the top 300 weight values, and the 
expression relationship between OTUs could be shown. If 
the abundance of some OTUs varies in the same trend, we 
consider these to be in a network, thus identifying the core 
OTUs by its connection with others. As can be seen from 
the figure (Figure 7), the core OTUs of soil samples are 
different from those of water samples. The core OTUs of 
water samples are OTU983 (Sporichthyaceae), OTU599 
(Cyanobacteria), OTU94 (Oceanospirillales), OTU150 
(SAR11 clade, Alphaproteobacteria), OTU101 
(Beutenbergia) and OTU1195 (Nitrospiraceae). while those 
of soil samples are OTU49 (Flavobacteriaceae), OTU53 
(Gillisia), OTU82 (Paraglaciecola), OTU4 (Perlucidibaca), 
OTU27 (Nocardioides) and OTU42 (Maribacter). 

To further discuss the relationship between the core 
bacteria and geochemical factors and determine their 
correlation, we performed Pearson correlation analysis on 
the core OTUs obtained from network analysis and 
geochemical factors (Table 6 and Table 7). In water samples, 
OTU101 (Beutenbergia), OTU150 (SAR11 clade, 
Alphaproteobacteria) and OTU1195 (Nitrospiraceae) were 
extremely significantly correlated with NO3

–-N. In soil 
samples, OTU4 (Perlucidibaca), OTU27 (Nocardioides), 
OTU42 (Maribacter), OTU49 (Flavobacteriaceae), OTU53 
(Gillisia) and OTU82 (Paraglaciecola) are extremely 
significantly correlated with NO2

–-N. 

4  Discussion 

Glacier habitats are recognized as great repositories of 
microbial ecology. But most of the major taxa in glacial 
habitats are unculturable. In addition, the changes of 
bacterial community composition in the upstream and 
downstream of glacial runoff and the relationship between 
glacial runoff and soil are not fully understood. In this study, 
the bacterial diversity and its geochemical drivers in the 
runoff area of Midre Lovénbreen glacier in Svalbard were 
comprehensively evaluated using high-throughput 
sequencing technology. Arctic microorganisms are 
susceptible to the environmental changes of the Arctic 
ecosystem, and the glacial ecosystem is good sentinels of 
climate change in the Arctic. So understanding the Arctic 
microbial community is of great significance for predicting 
Arctic warming (Blaud et al., 2015). 
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Figure 5  The LDA score distribution histogram is to search for Biomarker (Segata et al., 2011), which has a statistically significant 
difference between group and group, at all classification levels, and used the LDA score distribution histogram to show the species with 
LDA score larger than 4 in the present study. 
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Figure 6  Distance-based redundancy analysis revealed the 
correlation between bacterial community and geochemical 
properties of soil samples (a) and water samples (b). 

In the present study, the high level of Shannon 
diversity indices (H’=3.07–4.68) and the identification of  

188–535 OTUs suggest high richness and diversity of 
bacterial communities in the soils samples and water 
samples from glacial runoff areas (Table 3). The bacterial 
richness observed in this study was somewhat similar to 
that observed in meltwater from the Southern Patagonian 
ice sheet (Gutiérrez et al., 2015), which the number of 
bacterial OTUs ranged from 47 to 589. The overall trend of 
OTUs increases from upstream to downstream, similar to 
the trend of bacterial diversity in glacial meltwater observed 
in Baishui Glacier (Sajjad et al., 2021). The glacier melt 
water systems accumulate more and more nutrients from 
surrounding soils, which in turn leads to the changes in 
microbial communities. It is of great significance to study 
the changes of Arctic stream biodiversity under climate 
warming. 

Glacial meltwater flows from upstream to downstream, 
on the one hand, it exchanges nutrients with the nearby soil, 
and on the other hand, some terrestrial microorganisms 
enter the meltwater runoff (Hauptmann et al., 2016). These 
two factors result in the changes of the relative abundance 
of some bacterial groups upstream and downstream. 
Actinobacteria are common in the High Arctic, but they 
tend to thrive in cold, dry environments such as glacial soil 
compared to coastal areas downstream of glacial runoff. 
This phenomenon can be explained by their spore formation 
ability, tolerance to ultraviolet radiation, and other 
environmental adaptations that ensure their survival in 
harsh conditions (Katz and Baltz, 2016; Undabarrena et al., 
2016). Some genera of Actinobacteria also produce some 
essential bioactive compounds, including anti-fungal 
compounds and anti-parasitic compounds (Bérdy, 2005). 
The upstream of glacial runoff is closer to the glacial soil, 
so the abundance of Actinobacteria may be increased 
through the flow of soil into the glacial runoff. Some 
studies have shown that Firmicutes are typical Arctic tundra 
aerobic bacteria. For example, many studies have isolated 
Firmicutes from the Arctic tundra of Siberia, Svalbard and 
the Canadian Arctic highlands by culturable methods 
(Vishnivetskaya et al., 2006; Hansen et al., 2007; Steven et 
al., 2007). This suggests that Firmicutes are relatively 
common in the glacial foreland, and our results are 
consistent with previous ones. Several taxa in Firmicutes 
are endospore-forming and can cope with potentially harsh 

Table 4  A Monte Carlo permutation test for environmental factors and bacterial community composition of soil samples 

 RDA1 RDA2 r2 P value 

Organic C −0.26842 0.96330 0.6091 0.086 

Organic N 0.72509 0.68866 0.5482 0.084 

pH −0.78321 −0.62176 0.3064 0.336 

NH4
−-N −0.78229 0.62292 0.1536 0.608 

SiO4
2−-Si −0.92943 0.36900 0.5406 0.044* 

NO2
−-N −0.69063 0.72321 0.9329 0.020* 

Notes: *Correlation is significant at the 0.05 level; P values based on 999 permutations. 
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Table 5  A Monte Carlo permutation test for environmental factors and bacterial community composition of water samples 

 RDA1 RDA2 r2 P value 

NH4
+-N 0.999644 0.026664 0.6072 0.096 

SiO4
2−-Si −0.605191 −0.796081 0.7781 0.024* 

NO3
−-N −0.806937 −0.590638 0.8196 0.006** 

NO2
−-N −0.758175 −0.652051 0.4220 0.172 

PO4
3−-P −0.999038 0.0438842 0.4300 0.216 

Temperature 0.994383 −0.105840 0.4973 0.187 

Notes: *Correlation is significant at the 0.05 level; **Correlation is significant at the 0.01 level; P values based on 999 permutations. 

 

 
Figure 7  Weighted correlation network analysis of core bacteria in water and soil samples (The darker the color, the larger the size, and 
the stronger the correlation of OTU). 

conditions (Filippidou et al., 2015). We consider 
Actinobacteria and Firmicutes to be typical terrigenous 
bacteria that enter the water through contact with glacial 
soil. In addition, we think Betaproteobacteria and 

Gammaproteobacteria are better suited to living in 
nutrient-rich environments (Aislabie et al., 2009). At the 
same time, our data show that the concentration of most 
nutrients is higher in upstream of glacial runoff than that in 
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the downstream (Table 1). We analyzed that the possible 
reason is that the nutrient enrichment in the upstream passes 

through the downstream, and after reaching the estuary, the 
nutrient concentration decreases due to dilution. 

Table 6  Correlation between core OTU and geochemical factors in water samples 

OTU number  NH4
+-N SiO4

2−-Si NO2
−-N NO3

−-N PO4
3−-P Temperature/℃ 

OTU94 r 0.340 –0.241 –0.468 –0.369 –0.318 0.703 

(Oceanospirillales) P 0.410 0.565 0.242 0.369 0.443 0.052 

OTU101 r –0.310 0.386 0.608 0.941** 0.812* –0.539 

(Beutenbergia) P 0.454 0.345 0.110 0.003 0.014 0.168 

OTU150 r 0.305 –0.164 –0.377 –0.796** –0.251 0.585 

(SAR11 clade, Alphaproteobacteria) P 0.462 0.698 0.357 0.006 0.548 0.128 

OTU599 r 0.093 –0.113 –0.223 –0.188 –0.002 0.137 

(Cyanobacteria) P 0.827 0.789 0.596 0.656 0.996 0.746 

OTU983 r –0.010 –0.127 –0.189 –0.175 0.098 –0.012 

(Sporichthyaceae) P 0.980 0.764 0.654 0.678 0.818 0.977 

OTU1195 r –0.357 0.467 0.682 0.951** 0.797* –0.562 

(Nitrospiraceae) P 0.386 0.243 0.063 0.005 0.018 0.147 

Notes: *Correlation is significant at the 0.05 level; **Correlation is significant at the 0.01 level. 

Table 7  Correlation between core OTU and geochemical factors in soil samples 

OTU number  MC pH TON TOC NH4
+-N SiO4

2−-Si NO3
−-N NO2

−-N 

OTU4 r 0.099 –0.569 0.484 –0.192 –0.377 -0.489 –0.549 0.940** 

(Perlucidibaca) P 0.801 0.110 0.186 0.621 0.318 0.181 0.126 0.006 

OTU27 r 0.276 –0.288 0.670* 0.062 –0.326 –0.520 –0.585 0.909** 

(Nocardioides) P 0.473 0.453 0.048 0.874 0.392 0.152 0.098 0.001 

OTU42 r 0.279 –0.359 0.640 –0.018 –0.330 –0.574 –0.616 0.946** 

(Maribacter) P 0.468 0.343 0.063 0.964 0.386 0.106 0.077 0.004 

OTU49 r 0.239 –0.421 0.614 –0.063 –0.348 –0.566 –0.613 0.965** 

(Flavobacteriaceae) P 0.536 0.259 0.079 0.872 0.358 0.112 0.079 0.002 

OTU53 r 0.238 –0.429 0.611 –0.069 –0.346 –0.572 –0.612 0.968** 

(Gillisia) P 0.537 0.249 0.080 0.860 0.361 0.108 0.080 0.003 

OTU82 r 0.221 –0.432 0.605 –0.072 –0.360 –0.547 –0.609 0.964** 

(Paraglaciecola) P 0.568 0.245 0.085 0.855 0.341 0.128 0.082 0.006 

Notes: *Correlation is significant at the 0.05 level; **Correlation is significant at the 0.01 level. 

 
With climate change, sources, as well as nutritional 

quality, of organic matter sinking downward are expected to 
change in the next few decades (Wassmann and Reigstad, 
2011). The intensification of glacial meltwater leads to an 
increase in the mass of terrestrial microbes transported into 
the marine environment (Lefauconnier and Hagen, 1991). 
This will lead to the change of microbial community 
structure in the downstream of meltwater runoff. Of course, 
the participation of some dominant microbial groups in 
chemical cycle as primary productivity will also change the 
nutrient composition of the ecosystem. Cyanobacteria, as 
the dominant microbial group downstream of glacial 
meltwater, can be involved in nitrogen fixation and 

conversion to ammonia, thus participating in the nitrogen 
cycle of marine ecosystems (Strauss et al., 2012). We 
believe that the higher NH4

+-N in the downstream of 
meltwater is related to the nitrogen cycling of 
Cyanobacteria. In addition, the higher temperature 
downstream of meltwater may be responsible for the higher 
Cyanobacteria abundance. 

Due to the ongoing interaction of meltwater runoff 
with adjacent soils, glacier boundaries provide an 
interesting ecosystem for exploring bacterial diversity. As 
expected, the soil samples contained high levels of NH4

+-N, 
due to the presence of flora that enhances the soil’s nitrogen 
fixation. The NH4

+-N content in water may be due to the 
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periodic interaction between meltwater runoff and soil. The 
nutrients stored in the soil can be released toward the active 
layer with glacier melting (Zou et al., 2006). Beyond that, 
high concentrations of organic C in soil may be attributed to 
long-term active metabolic activities and microbial ecology. 
All these geochemical parameters play a crucial role in the 
shaping of microbial diversity in the glacial ecosystem (Yin 
et al., 2015). 

It can be seen from the data that the OTU number and 
Shannon index of the soil are higher than those of the water 
samples (Table 3), indicating that the bacterial diversity of 
the glacial soil is higher than that of the glacial runoff. This 
could be due to several reasons, such as the fact that the soil 
provides a nutrient-rich solid surface for bacteria to survive 
while the interaction with surrounding rocks and soil 
increases the concentration of heavy metals in glacial runoff 
and reduces bacterial diversity (Sajjad et al., 2021). 
Moreover, higher bacterial diversity can consume soil 
nutrients, drive biogeochemical cycling and launch a 
constant ecosystem in the local niche. There is a specific 
relationship between the bacterial community composition 
of glacial soil and that of glacial runoff. For example, the 
abundance of Actinobacteria in glacial soils is somewhat 
similar to that of bacterial communities upstream from 
glacial runoff (Figure 2), and this may be due to the 
continuous interaction between water and soil and selective 
migration of bacteria to water (Sajjad et al., 2021). We think 
this is evidence of bacterial contact between glacial 
meltwater and soil. In addition, meltwater and soil both 
have their own dominant bacteria. LDA score analysis 
showed that members belonging to Flavobacterium and 
Sphingobacterium are more prominent in the soil (Figure 5). 
which are widely distributed in soils and have been isolated 
from polar and rhizosphere soils (Du et al., 2015; 
Chaudhary et al., 2019; Zhang et al., 2019). 

Although the study area is closely related to the glacier 
edge, the spatial gradient of environmental factors are the 
main drivers of bacterial diversity and community 
composition. The local ecological factors act as a driving 
factor for the species sorting process which defines the 
diversity and community structure of bacteriomes (Sajjad et 
al., 2018). In this study, NO2

–-N (p<0.05) is the best 
predictor of soil bacterial community composition. 
Furthermore, organic C (p < 0.05) shows a significant 
correlation with the bacterial community composition 
(Figure 6a and Table 4). In the previous studies, soil pH was 
found to be the most influential soil properties to determine 
the bacterial community structure in subarctic tundra soil 
(Kim et al., 2014; Shi et al., 2015), whereas Ganzert et al. 
(2011) reported that the soil bacterial community 
composition was most affected by total carbon and total 
nitrogen contents and soil physical factors such as moisture, 
but not pH. Interestingly, in present study, NO3

–-N is the 
best predictor of bacterial community composition in the 
water samples (Figure 6b and Table 5). We combined 
WGCNA analysis to show that most of the core dominant 

bacteria in glacial meltwater belong to the Nitrospirae, 
whose members are ubiquitous nitrite oxidizers. And it have 
recently been reported that this kind of species is able to 
perform complete ammonium oxidation in a high-altitudinal 
and cold-water river (Liu et al., 2020). In addition, high 
gene abundances of nirS (nitrite reductase) and narG 
(nitrate reductase) have been observed in glacial foreland 
(Kandeler et al., 2006); on the other hand, peak nitrate 
reductase activity was detected in the Central Alpine glacial 
foreland (Deiglmayr et al., 2006).  

5  Conclusion 

As a dynamic ecosystem, the Midre Lovénbreen glacier 
meltwater has different bacterial community structures 
between the upstream and downstream. In addition, there are 
also nutrient exchange and bacterial taxa transport between 
the soil and the meltwater near the glacier. Our study shows 
that NO3

–-N and NO2
–-N are the most two significant 

geochemical factors affecting bacterial community structure 
in glacial meltwater and adjacent soil, respectively. 
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