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secreted by competing microbes in anticipation of maxi-
mising their nutrient acquisition from the environment, 
and thereby pre-date anthropogenic antibiotic use [4, 5]. 
However, the use of antimicrobial agents among humans 
for treating diseases and in livestock production systems 
has exacerbated natural antimicrobial resistance (AMR) 
and triggered its subsequent spread across all terres-
trial ecosystems [1]. We are beginning to understand 
the molecular and genetic basis of AMR, as well as the 
spatial boundaries of AMR - with positive detection in 
remote areas, including in Arctic soils and sediments 
[2–4, 6–9]. We are also beginning to understand the 
evolution of AMR and its effect on environmental and 
human health. However, the processes shaping the tem-
poral and spatial dynamics of AMR dissemination in soil 
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Soil represents a natural reservoir for antibiotic resistance 
genes (ARGs) that are either intrinsically evolved in bac-
teria or acquired under selection pressure through muta-
tion, and recombination and/or through horizontal gene 
transfer (HGT) [1–3]. ARGs within bacteria primarily act 
as a defence to the antimicrobial products (antibiotics) 
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Abstract
Antimicrobial resistance (AMR) in soil is an ancient phenomenon with widespread spatial presence in terrestrial 
ecosystems. However, the natural processes shaping the temporal dissemination of AMR in soils are not well 
understood. We aimed to determine whether, how, and why AMR varies with soil age in recently deglaciated 
pioneer and developing Arctic soils using a space-for-time approach. Specifically, we assess how the magnitude 
and spread of AMR changes with soil development stages, including antibiotic resistance genes (ARGs), mobile 
genetic elements (MGEs), and antibiotic-resistant bacteria (ARB). We showed that ARGs, MGEs, and ARB are 
present, and exhibit a non-uniform distribution in the developing soils. Their abundance generally increases with 
soil age but at different rates overall and across different glacier forefields. Our analyses suggest a strong positive 
relationship between soil age and ARGs and ARB, which we attribute to increased competition between microbes 
in older soils. We also observed a strong negative relationship between soil age and ARG diversity mediated 
by soil organic matter – suggesting facilitation due to the alleviation of nutrient limitation. These contrasting 
results suggest that both competition and facilitation can regulate AMR spread through time in the Arctic, but 
competition might be the stronger determinant of AMR spread.
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are not well known. In particular, the understanding of 
whether, how, and why AMR varies during soil develop-
ment (pedogenesis) remains unclear, particularly in natu-
ral environments with minimal anthropogenic influence 
[10]. Addressing this knowledge gap will improve our 
understanding of bacterial competition, adaptation, and 
evolution in response to antibiotic pressure, and enable 
effective management of the current and projected AMR 
spread through antimicrobial stewardship.

Temporal changes in AMR during pedogenesis can be 
studied through direct approaches that involve the obser-
vation of AMR over time, as well as through indirect 
approaches that include the use of a space-for-time sub-
stitution. Soil formation, for instance, occurs over times-
cales ranging from decades to millennia. These timescales 
are often beyond the reach of conventional experiments 
and direct observation (e.g. via repeated measurements). 
However, they may be well-suited to observation by 
indirect means, including a chronosequence approach 
[11–13]. The chronosequence approach enables temporal 
dynamics to be inferred by comparing multiple sites that 
were formed from the same parent material or substrate 
and share similar environmental conditions but differ in 
the time since their formation or at various stages in the 
soil formation process [13]. In glacier forefields, soils that 
are closer to the snout of a retreating glacier are younger, 
meaning they are at an earlier stage in the soil develop-
ment process, compared to soils that are distant from the 
glacier snout and have been exposed for a longer period. 
A space-for-time substitution utilises this spatial vari-
ability in soil ages between different sites as a model for 
soil development – and can therefore be employed in 
the forefields of retreating glaciers to study pedogenesis, 
including the succession of microorganisms and vegeta-
tion [14], and other temporally varying factors such as 
AMR spread [10].

Glacier forefields in the Arctic are one of the last 
remaining frontiers of minimal human activity and influ-
ence. However, the Arctic is currently undergoing rapid 
climate warming, and glaciers are retreating, subse-
quently exposing pioneer soils [15, 16] and opening new 
niches for microbes to proliferate – with potential conse-
quences for AMR [8, 17]. In Arctic soils, sources of AMR 
can originate from natural competition among resident 
microbes, as well as arising through dispersion (for exam-
ple, by birds, livestock, and humans [8]). In this context, 
ARGs, mobile genetic elements (MGEs), and antibiotic-
resistant microbes play a role in facilitating the spread of 
AMR [18, 19]. However, there is a possibility that current 
and future industrial expansion, as well as an increase in 
the Arctic population, could also lead to significant quan-
tities of undegraded antibiotics and ARGs entering the 
natural environment [20]. Therefore, it is pertinent and 

timely to investigate whether and how AMR spreads as 
pioneer soils develop in the Arctic.

In this study, we investigated AMR spread in recently 
deglaciated Arctic soils. As recently exposed pioneer 
soils develop, microbes in early-stage (i.e. younger) soils 
may be taxonomically less diverse and functionally con-
strained compared to developed (i.e. older) soils [17, 21], 
as well as subjected to environmental filtering through 
factors such as nutrient availability (which is generally 
lower in pioneer soils than in older soils) [14, 17, 22]. 
The direction and magnitude of inter- and intra-species 
microbial interactions that regulate nutrient use and the 
succession of multi-species microbial assemblages, such 
as competition, facilitation, and complementation, also 
varies throughout different stages of soil development 
[23]. These microbial processes can lead to two contrast-
ing effects (Fig. 1). Firstly, in younger soils, limited nutri-
ent availability can increase competition for nutrients 
among microbes, which in turn can enhance the preva-
lence of ARGs and ARB [24–26]. In contrast, in older 
soils, the alleviation of nutrient limitation brings com-
plementarity in nutrient use and facilitates interactions 
between microbes. This, in turn, eases the competition 
for nutrients, and reduces the abundance of ARGs and 
ARB. Secondly, in younger soils, environmental filtering 
of microbes, coupled with limited nutrient accessibility, 
leads to a lower probability of nutrient use overlap among 
them. This subsequently reduces competition, resulting 
in a decrease in the abundance of ARGs and ARB. Con-
versely, in older soils, taxonomically and functionally 
rich microbial communities, along with higher nutrient 
accessibility, exhibit greater nutrient use overlap. This, in 
turn, leads to narrower realised niches and a decrease in 
nutrient complementation. It also increases competition 
through antagonistic interactions among microbes, ulti-
mately resulting in an increase in the abundance of ARGs 
and ARB (Fig. 1) [24, 26]. These conflicting phenomena 
led us to two opposing expectations where the preva-
lence of ARGs and ARB can either increase or decrease 
with soil age.

Specifically, we tested our competing expectations via 
three inter-related research questions. First, we assessed 
whether the forefield of retreating glaciers in the Arctic 
(Fig.  2) harbours ARGs and ARB, and if so, we investi-
gated their abundance and distribution. Second, we 
investigated whether the abundance and distribution 
of ARGs and ARB vary with stages of soil development. 
Finally, we explored the factors that best explain the dis-
tribution of ARGs and ARB in proglacial Arctic soils.

Materials and methods
Study area and sampling
We sampled soils in the forefields of four glaciers in Sval-
bard, in the high-Arctic (Fig.  2): Austre Brøggerbreen, 
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Midtre Lovénbreen, Baronbreen, and Foxfonna. In two 
of the glacier forefields, soils were sampled from three 
locations at different distances from the glacier snout: 
Austre Brøggerbreen (sampled in June 2022: MHG1, 2 
and 3, with soil ages of 4, 20 and 30 years respectively), 
and Midtre Lovénbreen (sampled in July 2021: MHG4, 5 
and 6, with soil ages of 5, 19 and 67 years respectively). In 
Baronbreen (sampled in July 2021: MHG7, 83 years) and 
Foxfonna forefields (sampled in August 2021: MHG8, 15 
years), soils were sampled from one location each. Soil 
was also sampled (July 2021) from a location represent-
ing late-stage developed soils (MHG9, 2,000 years). Sam-
ples were stored frozen at -20°C. Soil age (i.e. time since 
deglaciation) was approximated using aerial photography 
and satellite imagery available from TopoSvalbard (NPI/
USGS Landsat) and Sentinel Hub  (   h t t p s : / / w w w . s e n t i n e l - 
h u b . c o m     , Sinergise Ltd), as well as data from Bourriquen 
et al.. (2018) [27].

Edaphic factors
Soil organic matter (SOM), pH, water holding capac-
ity, and bulk density were measured following standard 
procedures [28] (Table S1). Briefly, soil organic matter 
(SOM) was determined by measuring the weight loss on 
ignition of 4 g of dry soil heated to 450  °C for 4 h. The 
SOM content was calculated as the difference between 
the initial and final weights. Soil pH was measured from 
1:2.5 (w/v) soil in water suspension using a table-top 
pH meter. Bulk density was determined by measuring 
the volume occupied by 4 g soil. Water holding capacity 
was assessed gravimetrically using a 1:5 (w/v) soil-water 
suspension.

Antibiotic resistant bacteria (ARB)
The enumeration of culturable ARB in soil samples was 
performed using the spread plate method. Briefly, soil 
samples were thawed at 4  °C for 5  h, and suspended in 
sterile water at 1:2 (w/v) ratio to prepare slurry that acted 
as an inoculum. 0.1  ml of the soil slurry was spread in 
triplicates onto tryptone soy agar plates supplemented 

Fig. 1 Conceptual illustration of soil development processes following glacier retreat. The triangles indicate the magnitude of variables indicated in 
the accompanying text, with widening indicating increasing magnitude and thinning indicating decreasing magnitude. The diagram indicates various 
expectations that, with increasing distance from the glacier snout: age of soil increases, microbial abundance and diversity increases, nutrient availability 
increases, competition for nutrients decreases, and antagonistic interactions increases. The complex interplay of processes lead to alternate expectations 
with regard to the prevalence of ARGs and ARB in different stages of soil development
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with cycloheximide (60  µg ml− 1) alone as a control, or 
cycloheximide (60  µg ml− 1) plus one of the following 
antibiotics: tetracycline (16  µg ml− 1; tetracycline anti-
biotic class), ampicillin (32  µg ml− 1; β-lactam class), 
meropenem (4  µg ml− 1; β-lactam class), gentamicin 
(16  µg ml− 1; aminoglycoside class), and ciprofloxacin 
(1 µg ml− 1; quinolone class). These antibiotics encompass 
different antibiotic classes (Table S2) and are frequently 
used in human and veterinary medicine against a range 
of pathogens as different lines of defence. The concentra-
tion of each antibiotic was selected in accordance with 
the Clinical & Laboratory Standards Institute (CLSI) and 
the European Committee on Antimicrobial Susceptibil-
ity Testing (EUCAST) guidelines that recommend the 
antibiotic concentration in which different pathogens 
become resistant. The plates were then incubated for 10 
days at 4  °C. Cycloheximide was added to all the plates 
to prevent fungal growth. After incubation, the number 
of culturable ARB was calculated as colony-forming units 

(CFU) for both control and antibiotic-supplemented 
plates and represented as CFU g− 1 soil.

Soil DNA extraction
DNA was extracted from soil following a protocol that 
includes the CTAB method followed by a cleaning 
step using Qiagen DNeasy PowerSoil Pro Kit [29]. The 
extracted DNA was stored at -20 °C for further molecu-
lar analyses. These included: (1) qPCR to determine the 
abundance of selected ARGs and MGEs, (2) 16S rRNA 
gene sequencing for community composition, and (3) 
metagenomic sequencing to characterise the antibiotic 
resistome of soil samples along the chronosequence (see 
additional methods in the SI for more details).

qPCR of 16S rRNA gene, ARGs, and MGE
The abundance of the 16S rRNA gene, 13 different ARGs 
(Table S2, S3) and two MGE genes were quantified by 
real-time qPCR using a StepOne Plus real-time PCR 
instrument (Applied Biosystems). The ARGs represented 

Fig. 2 Map of the sampling locations across in Svalbard, and photographs of sampling sites. The white/clear whirlpak bags and field notebooks pictured 
are approximately 15 cm in length
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resistance to tetracycline (tetA,tetX), ampicillin (ampC), 
beta-lactams (blaCTX−M, blaIMP, blaNDM−1, blaOXA, bla-
TEM), vancomycin (vanA, vanB), quinolone (oaxA), pyra-
zinamide (pncA), and aminoglycoside (aacC2). The two 
MGEs were integron (intI1) and transposase (tnpA), 
which are major determinants of HGT in Arctic soils [8]. 
The ARGs and their primers were chosen based on a-pri-
ori information from studies on AMR from glacier sys-
tems, Antarctica, and other parts of Artic [8, 30–32]. The 
qPCR assay was performed in triplicate for each target 
gene, along with a control (no DNA). For quality control 
measures, a sample is positive for ARG and MGE if the 
threshold cycle (Ct) is < 29, and the Ct value was < 29 for 
at least two of the three replicates. Quantification of 16S 
rRNA gene abundance was done by generating a stan-
dard curve through serial dilutions (10− 1 to 10− 5) of the 
genomic DNA of Variovorax sp. WS11 [33]. 16S rRNA 
gene abundance was calculated against their respec-
tive standard curve and expressed as copies per gram of 
soil. ARG and MGE abundance were quantified by cal-
culating relative gene copy numbers using the following 
equation: Gene copy number = 10(29−Ct)/(10/3), where 
Ct is the threshold cycle for each PCR reaction and 29 
is the limit of the threshold cycle for a positive reaction 
[34]. We selected a Ct limit of 29, as our no-DNA con-
trol showed positive amplification at Ct = 29 for the 16S 
rRNA gene. The abundance values were then normalised 
to the mass of soil such that the unit of ARG and MGE is 
in copy number g−1 soil. We did not normalize the gene 
abundance against bacterial 16S rRNA gene copy number 
because the critical assumption when one normalises the 
absolute abundance of ARG, MGE, and ARB with bacte-
rial abundance is that (a) every bacterium has the pro-
pensity to harbour ARG and become antibiotic-resistant, 
and (b) there is a positive correlation (r∼1) between 16S 
rRNA gene copy number and ARG copy number. This is 
seldom the case because not all bacteria harbour ARGs. 
Furthermore, the range in the number of ARG copies 
per cell is not known, whereas the range of 16S rRNA 
gene copy numbers for bacterial species is better quan-
tified. This gap in knowledge of ARG copy number per 
cell arises partly because of the uncertainty of whether 
the ARG is located in the chromosome, in the plasmid, or 
in part of the bacteriophage DNA. If the ARGs are part 
of plasmid or bacteriophage DNA, then two cells of the 
same bacterial species can have different plasmid or bac-
teriophage DNA abundance, resulting in different ARG 
abundance. This plasticity of ARG abundance per cell 
therefore constrains the normalisation with 16S rRNA 
gene copy number. Moreover, ARG is an acquired trait of 
the bacteria rather than an intrinsic trait due to horizon-
tal gene transfer (HGT) (see additional methods in the SI 
for more details).

Community profile
The sequence of the V3-V4 region of the 16S rRNA gene 
was obtained through amplification and high-throughput 
sequencing. Subsequently, these sequences were ana-
lyzed using Qiime, from which Operational Taxonomic 
Units (OTUs) were derived and used to estimate the 
community structure. Microbial diversity was expressed 
as OTU richness and Shannon diversity using the ‘vegan’ 
package in R 4.1.1 [35] (see additional methods in the SI 
for more details).

Metagenomics
ARGs were also identified from the metagenome of 
individual soil samples. Briefly, the extracted DNA 
was sequenced on an Illumina NovaSeq 6000 using a 
paired-end dual-indexed run. The reads from metage-
nome sequencing were assembled into longer contigu-
ous sequences (scaffolds). The assembled scaffolds were 
then screened for ARGs against the comprehensive anti-
biotic resistance database (CARD) using the resistance 
gene identifier (RGI) software version 6.0 that performs 
a read-based annotation of the ARG [36]. Annotation 
based on scaffolds rather than individual reads is a con-
servative approach since annotation based on shorted 
reads can result in many false positives that can further 
lead to incorrect conclusions. RGI performs predictions 
of complete open reading frames (ORFs) using Prodi-
gal 2.6.3 [37], followed by alignment of these ORFs with 
CARD reference proteins using DIAMOND 0.8.36 [38]. 
The assembly mapping rate for the metagenome of all the 
samples ranged from 14 to 81% (Table S4). The mapping 
rate was calculated as described in Benjamin et al. [39], 
defined as the number of assembled reads divided by the 
total number of reads (see additional methods in the SI 
for more details).

Data analyses
To analyse the temporal variation in ARGs and ARBs, 
linear mixed-effect statistical modelling was performed. 
Soil age (i.e. time since deglaciation, years; continuous 
variable) was used as an explanatory variable (i.e., fixed-
effect). The identity of each ARG and antibiotic (for ARB) 
was modelled as the random-effect. This was done sepa-
rately for samples from Austre Brøggerbreen (MIG1, 
MHG2, MHG3), Midtre Lovénbreen (MHG4, MHG5, 
MHG6), and for all samples together (overall). Subse-
quently, the temporal variation in individual ARGs, ARB 
for each antibiotic, MGE, and diversity parameters were 
analysed using linear models with soil age or time since 
deglaciation (in years; continuous variable) as the pre-
dictor variable. A key assumption of linear mixed-effect 
models is that the residuals are normally distributed. This 
assumption was verified using observed and theoretical 
quantiles of residuals for all variables (qq-plot). Data on 
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ARGs, ARB, MGEs, and soil age required a log10-trans-
formation to meet this assumption. The analyses were 
performed in R 4.1.1 [35] using nlme library [40].

The inter-relationships between different microbial 
variables along the chronosequence were assessed with 
partial least squares path modelling (PLS-PM). PLS-PM 
helps evaluate paths with complex multivariate relation-
ships among observed and latent variables [41]. PLS-PM 
is advantageous for our study because it does not require 
any normality assumptions for the data, which is a pre-
requisite for variance-covariance based structural equa-
tion model (SEM). Furthermore, PLS-PM performs well 
in the analyses of complex models using smaller samples. 
Additionally, PLS-PM is an exploratory approach that 
helps generate new hypotheses on the processes involved 
as opposed to the SEM, which tests the validity of the 
a-priori hypothesised pathways. The analyses were done 
in R 4.1.1 [35] with plspm library [42] (see additional 
methods in the SI for more details).

Results
Abundance of antibiotic resistance genes (ARGs) and 
mobile genetic elements (MGEs)
The qPCR of ARGs belonging to different antibiotic 
classes showed that not all the ARGs we screened were 
detected in all soil samples from the glacier forefields. 
Eight ARGs (tetA, tetX, ampC, blaCTX−M, blaNDM−1, 
pncA, oqxA, and vanB) were present in more than one 
sample (Fig.  3A). No ARGs were detected in pioneer 
soil (4 years since exposure from glacier retreat) from 
the forefield of Austre Brøggerbreen (MHG1). All eight 
ARGs were found in late-stage developed soil approxi-
mately 2,000 years old (MHG9). tetX, pncA, oqxA, and 
vanB were present in all remaining eight samples. tetA 
and blaCTX−M were absent in MHG1 and soils from the 
Foxfonna forefield (15 years, MHG8), whereas ampC was 
absent in MHG1, MHG8, and in developed soils from the 
Baronbreen forefield (83 yrs, MHG7). Lastly, blaNDM−1 
was absent in MHG1, MHG2 (20 years, Austre Brøgger-
breen), MHG4 (5 years, Midtre Lovénbreen), MHG8 and 

Fig. 3 Antimicrobial resistance in deglaciated Arctic soils. (A) Abundance of 16S rRNA gene, antibiotic resistance genes (ARGs), and mobile genetic ele-
ments (MGEs) in soils sampled from different glacier forefields and stages of development. (B) Relationship of ARGs with soil age (time since deglaciation). 
(C) Abundance of antibiotic resistant cultivable heterotrophic bacteria (ARB) in soils sampled from different glacier forefields and stages of development. 
(D) Relationship of ARB with soil age (time since deglaciation). Forefield 1 (blue line) corresponds to Austre Brøggerbreen (MHG1, MHG2, MHG3); Forefield 
2 (green line) corresponds to Midtre Lovénbreen (MHG4, MHG5, MHG6); Overall (red line) corresponds to all samples evaluated together. The numbers in 
each cell denote the absolute abundance of different ARGs (log10 copies g− 1 soil) and ARBs (CFU g− 1 soil). Grey cells in (A) indicate that ARGs and MGEs 
were not detected. The points in (B) and (D) represent qPCR replicates for each sample
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MHG7. blaIMP, blaOXA, blaTEM, aacC2, and vanA were 
not present in any soil. The most dominant ARG was 
pncA (3.17–5.40 log10 copies g− 1 soil). This was followed 
by vanB (1.81–4.26 log10 copies g− 1 soil) and tetX (2.07–
4.14 log10 copies g− 1 soil). The least abundant ARG was 
blaNDM−1 (1.74–2.76 log10 copies g− 1 soil). We found that 
the relative abundance of the eight ARGs increased with 
soil age (p < 0.05; Fig. 3A-B, S1; Table S5). The oldest soil 
(2,000 years, MHG9) showed the highest relative abun-
dance for all ARGs. However, the rate of increase in ARG 
abundance with soil age differed among different glacier 
forefields and overall, across all samples (Fig.  3A-B, S1; 
Table S5).

We also measured the abundance of two MGEs (tnpA 
and intI1) using qPCR. tnpA was not detected in any 
sample (Fig.  3). intI1 was detected in all soils, includ-
ing the pioneer soils from the forefield of Austre Brøg-
gerbreen (4 years since exposure, MHG1) in which no 
ARG was detected. The relative abundance of intI1 var-
ied between samples and ranged from a minimum of 
1.94 log10 copies g− 1 soil in pioneer soil MHG1 (5 yrs), 
to a maximum of 4.81 log10 copies g− 1 soil in the most 
developed soil MHG9 (2,000 yrs). Similar to ARG, the 
relative abundance of intI1 showed a positive relation-
ship with soil age, indicating that an increase in soil age 
corresponds to an increase in intI1 abundance (r = 0.74, 
P = 0.001; Fig. 3, S2). The slope of this relationship varied 
among different glacier forefields and across all samples 
(Fig. S2).

Antibiotic resistant bacteria (ARB)
The abundance of ARB varied for different antibiotics 
and different soil ages. Overall, ARB abundance was low 
(in pioneer soils from Austre Brøggerbreen (0–7 CFU g− 1 
soil; 4 years since exposure, MHG1) and Foxfonna (0–6 
CFU g− 1 soil, 15 years since exposure, MHG8) across all 
cultures (and across all of the various different antibiotics 
that were tested as part of this study) (Fig. 3C). The high-
est abundance was observed in late-stage developed soils 
(> 20,000 CFU g− 1 soil; 2,000 yrs, MHG9) for all cultures 
(and across all of the various different antibiotics that 
were tested as part of this study). The abundance of ARB 
for all five antibiotics varied with soil age, such that an 
increase in soil age corresponded to an increase in ARB 
abundance (p < 0.05; Fig. 3C-D, S3; Table S6). Similar to 
ARGs and MGE, the slope of the positive relationship 
between ARB abundance and soil age varied among dif-
ferent glacier forefields and across all samples (Fig. 3C-D, 
S3; Table S6).

Overall, bacteria were most resistant to gentamicin (at 
a concentration of 16  µg ml− 1 nutrient medium) in all 
samples, where the abundance varied from 6 CFU g− 1 
soil in Foxfonna soils (15 yrs, MHG8) to > 2,000 CFU 
g− 1 soil in six samples (MHG3, MHG4, MHG5, MHG6, 

MHG7, and MHG9). Soils treated with tetracycline (con-
centration of 16  µg ml− 1) resulted in no ARB colonies 
forming in five samples, to > 100 CFU g− 1 soil in three 
samples (MHG3, MHG6, and MHG9). For ampicillin 
(concentration of 32  µg ml− 1), colony abundance varied 
from no ARB colonies in two samples, to > 2,000 CFU 
g− 1 soil in four samples (MHG2, MHG3, MHG6, and 
MHG9). Similarly, for meropenem (concentration of 4 µg 
ml− 1), the abundance of colonies varied from < 10 CFU 
g− 1 soil ARB colonies in two samples to > 100 CFU g− 1 
soil in five samples (MHG2, MHG3, MHG5, MHG6, and 
MHG9). Finally, for ciprofloxacin (concentration of 1 µg 
ml− 1), the abundance of colonies varied from no ARB 
colonies in MHG8 to < 100 CFU g− 1 soil in MHG1 to 
> 1,000 CFU g− 1 soil in seven samples (MHG2, MHG3, 
MHG4, MHG5, MHG6, MHG7, and MHG9). Notably, in 
our no-antibiotic control, the abundance of colonies var-
ied from < 100 CFU g− 1 soil in MHG1 to > 1,000 CFU g− 1 
soil in all other samples.

Microbial diversity
OTU richness ranged between a minimum of 1,152 in 
pioneer soil from Austre Brøggerbreen (4 yrs, MHG1) 
to a maximum of 2,930 in developed soils (2,000 yrs, 
MHG9). Shannon diversity ranged between 4.23 in pio-
neer soil from Midtre Lovénbreen (5 yrs, MHG4) and 
6.14 in developed soil from Baronbreen (83 yrs, MHG7). 
OTU richness showed a positive relation with soil age 
(P = 0.022; Fig.  4A, S4), but Shannon diversity did not 
show any relationship with soil age (P = 0.107; Fig.  4B, 
S4). The relative abundance of the bacterial phyla varied 
between samples along the chronosequence with Pseu-
domonadota being the most dominant phyla across all 
samples, followed by Actinomycetota and Bacteroidota 
(Fig.  4C). Among Pseudomonadota, Sphingomonas was 
the most identified genus (Fig. 4D).

Inter-relationship between different variables
Partial least squares-path modelling was used to assess 
the inter-relationship between soil age, edaphic factors, 
and microbial variables in Arctic soils (Fig. S5, S6; Table 
S7, S8). The goodness of Fit for the model was 0.692 
(Fig.  5), and the model explained 99% of the variation 
in ARG abundance. Overall, soil age led to an increase 
in ARG abundance, after accounting for both direct and 
indirect paths (direct effect (soil age → ARG) was posi-
tive with a path coefficient of 0.475 (P < 0.001)). There 
were two main indirect paths: one meditated via diver-
sity and MGE (soil age → bacterial diversity → MGE → 
ARG) with a net positive effect, and another mediated via 
edaphic factors (soil age → soil organic matter → ARG 
and soil age → bulk density → ARG) with a net negative 
effect. Collectively, the net indirect effect of soil age on 
ARG was also positive (effect = 0.184; Fig. 5). ARG had a 
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positive effect on the abundance of antibiotic-resistant 
bacterial colonies (ARG → antibiotic-resistant bacterial 
colonies; path coefficient = 0.381, P < 0.05; Fig.  5). Bac-
terial diversity also had a positive effect on the abun-
dance of antibiotic-resistant colonies (bacterial diversity 
→ antibiotic-resistant bacterial colonies; path coeffi-
cient = 0.321, P < 0.05; Fig.  5). In this way, soil age had a 
net positive indirect effect on the abundance of antibi-
otic-resistant colonies mediated through bacterial diver-
sity and ARG (effect = 0.520; Fig. 5).

Antibiotic resistome
Comprehensive antibiotic resistant database (CARD) was 
used to identify and classify putative ARGs or resistome 
present in the soil metagenomes that were not quantified 

by qPCR. Overall, the number of ARGs identified varied 
between samples, with the highest of 225 ARGs in devel-
oping soil from Austre Brøggerbreen (30 yrs, MHG3) and 
the lowest of 97 in late-stage developed soils (2,000 yrs, 
MHG9) (Fig. 6A). All the Strict Hits of ARGs were found 
in six samples (MHG3-4, MHG5-8, Fig. S7). There was 
only one Perfect hit each in pioneer and developing soil 
samples from Austre Broggerbreen (MHG1 and MHG2), 
and developing soils from Midtre Lovénbreen (MHG5) 
that belonged to the TEM beta-lactamase gene fam-
ily (Fig. S7). The ARGs identified varied among samples 
when classified into different categories for the mecha-
nism of resistance (Fig. 6C), drug class (Fig. 6D), and gene 
family (Fig.  6E). Specifically, the dominant mechanism 
of resistance across all samples was “antibiotic target 

Fig. 4 Microbial diversity in Arctic soils from different glacier forefields and stages of development. Microbial diversity is evaluated as (A) OTU richness, (B) 
Shannon diversity, and the relative abundance of dominant (C) microbial phyla and (D) Pseudomonadota. Numbers in each cell of A and B denote OTU 
richness and Shannon diversity, respectively, for each site
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alteration” with > 80% of the ARGs identified. Similarly, 
the dominant ARGs detected across all samples were 
vanW and vanY, which provide resistance to the glyco-
peptide drug class. 19 gene families were identified across 
all soil resistomes. We found a strong negative effect 
(F1,7=9.80, P = 0.017) of soil age on the number of ARGs 
identified using metagenomics (Fig. 6B).

Discussion
The processes shaping the temporal and spatial dynam-
ics of AMR dissemination in soils are not understood. 
Here, our aim was to investigate how and why AMR var-
ies in pioneer and developing Arctic soils with minimal 
anthropogenic influence, using a space-for-time substitu-
tion approach. We assessed the prevalence of ARGs and 
ARB at different stages of soil development in glacier 
forefields. We found that forefields of retreating glaciers 
in the Arctic harbour ARGs and ARB, which is consis-
tent with other studies in the Arctic and Antarctic gla-
ciers (Fig.  3) [8, 30, 31]. However, only eight out of the 
13 ARGs assessed were present across samples in the 

chronosequence, and they, along with ARB, exhibited a 
non-uniform distribution (Fig. 3). The abundance of the 
remaining five ARGs could be below the detection limit 
of our protocol or absent from the soils analysed. Fur-
thermore, their abundance increased with soil develop-
ment stages, from newly deglaciated pioneer soils to 
more developed soils (Fig. 3, S1; Table S5). Our PLS-PM 
analyses showed that soil age had both direct and indi-
rect effects on the ARGs (Fig. 5). Finally, we also found a 
positive relationship between intI1 abundance, a mobile 
genetic element that facilitates the propagation of ARG 
through HGT [18, 19, 43], and all eight of these ARGs 
(Fig. 5, S5; Table S7). HGT is known to be a major driver 
of AMR spread among diverse microbial species in the 
community [1, 3]. These findings may have implications 
for how we manage future medical and environmental 
impacts of AMR spread through time [44]. Our results 
highlight the importance of edaphic factors, especially 
organic matter and microbial diversity, for AMR and, 
thus, may be a priority for any intervention to control 
AMR spread in natural environments.

Fig. 5 Path analysis using partial least squares path model (PLS-PM) to evaluate inter-relationships among bacterial diversity, mobile genetic element, 
antibiotic resistance genes, antibiotic-resistant bacterial abundance, and soil edaphic factors in developing Arctic soils from deglaciated forefields. The 
numbers next to the arrows indicate the path coefficients representing the relationships. Path coefficients were calculated after 1,000 bootstraps. The 
values in the box next to each indicator in the latent variable represent the loadings of the measured variable or indicator. To reduce clutter, only signifi-
cant paths (α = 0.05) are plotted (for the full model, see companion in Fig. S6 and Table S8). The model is assessed using the Goodness of Fit (GoF) statistic, 
which is 0.692. SOM: soil organic matter; WHC: water holding capacity; BD: bulk density. Blue arrows represent significant positive relationships, while 
the red arrows represent significant negative relationships. Black arrows represent the relationship of the latent variable with its block of the indicator. 
R2 values indicate the variance explained by the model for each variable. Asterisks next to each path coefficient represent statistical significance (***P ≤ 
0.001, **P ≤ 0.01 and *P ≤ 0.05)
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Fig. 6 Antibiotic resistome following metagenomics from developing Arctic soils from deglaciated forefields. (A) The number of antibiotic resistance 
genes (ARGs) detected and (B) their relationship with soil age (time since deglaciation). (C) ARGs identified across categories based on different mecha-
nisms of resistance, (D) different drug classes, and (E) gene families. The number in each cell denotes the number of ARGs for each soil across different 
categories. Grey cells indicate the absence of detected ARGs. The points in (B) represent individual samples. rbp: RNA-polymerase binding proteins, RND: 
Resistance-nodulation-cell division, SMR: Small multidrug resistance, RPP: Ribosomal protection proteins, DHFR: Di-hydro folate reductase
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The results from this study strongly support the expec-
tation that as soil age increases, antagonistic interac-
tions among microbes competing for the same resource 
leads to an increased prevalence of ARGs and ARB 
(Figs. 3 and 5, S1, S3; Table S5, S6). We propose that as 
soils undergo pedogenesis, there are corresponding 
increases in microbial OTU richness, nutrient use over-
lap, and competition between microbes to acquire nutri-
ents from their environment (Fig.  1). The antagonistic 
competitive interaction between soil microbes gives rise 
to the production of chemically diverse antimicrobial 
products in the soil environment, further propelling the 
evolution and spread of genetic countermeasures in the 
form of ARGs and MGE that provide protection to the 
microbes against these antimicrobial products. There-
fore, as soils develop, the abundance of ARGs and ARB 
increases. Our alternative expectation was that ARG and 
ARB abundance would decrease with soil age, due to 
the alleviation of both nutrient limitation and competi-
tion to acquire nutrients between microbes during pedo-
genesis. Alleviation of nutrient limitation can increase 
complementarity for nutrient use and reduce nutrient 
use overlap, which leads to facilitation rather than com-
petition among microbes. Consequently, the necessity 
for antimicrobial products and corresponding ARGs to 
provide protection is reduced in mature soils compared 
to younger soils. Interestingly, our results also support 
this alternate expectation (Fig. 5), since we found that soil 
age can negatively affect ARGs and ARB via soil organic 
matter (see Fig.  5). Although this result contradicts the 
dominant positive relationship observed between ARGs 
and ARB with soil age, our finding is consistent with a 
global meta-analyses of soil chronosequences across dif-
ferent ecosystems and environments which found that 
soil age can have both negative and positive effects on 
ARG abundance [10]. This apparent contradiction has 
been attributed to the relative strength of competition 
and facilitation between microbes during soil develop-
ment. Therefore, we speculate that over the course of 
pedogenesis in Arctic soils, even though competition and 
facilitation among microbes in natural communities are 
working in tandem, showing both positive and negative 
effects of soil age on ARGs and ARB, the effect of compe-
tition is dominant.

Microbial interactions (competition and facilitation) 
are important factors in shaping the temporal variation of 
ARGs and ARB [1, 26]. The proximate determinants for 
the development of antibiotic resistance and its subse-
quent spread are horizontal gene transfer and mutation, 
as well as diverse microbial assemblages that can harbour 
ARGs [3, 5]. In fact, we showed there is variation in ARGs 
and ARB with soil age in the Arctic glacier forefields, and 
this variation can be meditated through microbial diver-
sity and HGT (Fig.  5, S5; Table S7). Furthermore, we 

showed that these proximate determinants are not mutu-
ally exclusive (Fig. 5), since diverse microbial assemblages 
can support a higher MGE abundance and, accord-
ingly, greater rates of HGT. These results provide strong 
empirical support to the processes that were previously 
hypothesised for temporal AMR dissemination in soil [1, 
5, 26].

Our results also highlight that the patterns of AMR 
spread in the Arctic are spatially heterogeneous. Differ-
ences in the abundance of ARGs and ARB with soil age 
between the two glacier forefields with similar soil age 
profiles (Fig. 3, S1–S4; Table S5–S6) may arise from vary-
ing initial levels of AMR (including ARG abundance and 
microbial diversity) as well as inherent variability in soil 
characteristics between different glacier forefields [17, 
45, 46]. It has been hypothesised that the initial micro-
bial diversity in recently deglaciated soils results from 
spatial variation in the paleoenvironment before and dur-
ing glacier formation [47]. We found clear differences in 
pioneer soils between Midtre Lovénbreen – harboring 
seven out of the 13 examined ARGs and higher richness 
(1974 OTUs), and Austre Brøggerbreen - which does 
not harbour any of the examined ARG and had a lower 
richness (1152 OTUs). It is also well-established that soil 
edaphic variables can determine the relative importance 
of competition and facilitation in microbial assemblages, 
thereby affecting AMR. Edaphic variables varied between 
the different glaciers as well as between the stages of soil 
development – which directly and indirectly influenced 
the abundance of ARGs and ARB (Fig. 5, Table S8). These 
soil edaphic variables can influence both the proximate 
and ultimate determinants of AMR through habitat fil-
tering [3, 10, 48].

Our metagenomic analyses of developing Arctic soils 
revealed a prevalence of vanW and vanY gene families, 
genes that are attributed to antimicrobial resistance by 
altering the target of glycopeptide drug class antibiotic 
Vancomycin (Fig.  6). Along with the positive identifica-
tion of vanB, the prevalence of vanW and vanY in pioneer 
Arctic soils that are largely devoid from human influence 
suggests that vancomycin resistance in the soil might be 
ancient and predate clinical antibiotic usage. This inter-
pretation is consistent with a study that discovered the 
presence of functional vancomycin-resistant genes in the 
ancient DNA extracted from 30,000-year-old Beringian 
permafrost sediments [4].

We found a strong negative effect of soil age on the 
number of ARGs (Fig.  6), which we suspect may result 
from a combination of two factors. First, over the course 
of soil development, the diversity of ARGs may decrease 
due to environmental filtering and reduced competition 
among microbes for resources, with only selected ARGs 
remaining prevalent in older soils. Secondly, the apparent 
negative effect of soil age on the number of ARGs may 
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be an artefact of methodological limitations: as microbial 
diversity increases, there is a reduction in read coverage 
and sometimes an increase in non-uniform read coverage 
in metagenomic data [49]. The highly diverse and large 
metagenomes of developed soils (compared to pioneer 
soils) may introduce noise from viral DNA and eukary-
otic DNA, which can dilute the reads from bacteria and 
lead to an uneven representation or reduced prevalence 
of certain reads or contigs during the bioinformatic 
analyses.

Our analyses and interpretations are constrained by 
several methodological and practical limitations. Nota-
bly, our conclusions are drawn on data from a limited 
number of samples and replicates, which does not allow 
us to account for possible natural variability that was 
not captured by our sampling approach. Additionally, 
the potential contribution of mutations developed dur-
ing pedogenesis that impart AMR to the microbes and 
alter the abundance and diversity of ARGs were not con-
sidered in this study. Moreover, we did not account for 
the quality and bioavailability of soil nutrients, which we 
suspect may influence AMR spread through changes in 
microbial interactions and diversity [50], nor other soil 
properties, such as redox status and soil moisture. Addi-
tionally, the outcomes of the path model do not imply 
causation; instead, they point toward testable hypotheses 
and raise new questions to identify the determinants of 
AMR and its spread along the chronosequence. Knowl-
edge gaps that remain open and which future investiga-
tions may focus on addressing include identifying ARB 
and their abundance and ecological roles at different 
stages of soil development, the thresholds of susceptibil-
ity for these ARB, the ARGs that elicit resistance to anti-
biotics, and the antibiotic-producing genes that enable 
microbial competition. Moreover, the identification of 
active microorganisms that are susceptible but not yet 
resistant to antibiotics, for example, by stable isotope 
probing [46], will help improve predictive capabilities 
and potentially the management of AMR spread.

The interplay between competition and facilitation 
among microbes will determine the rate and direction of 
AMR spread in the Arctic. However, it is likely that con-
tinued environmental changes, including increases in 
temperature, the retreat of glaciers, and increasing pres-
sure from anthropogenic activities, will further alter eco-
logical interactions and ecosystem dynamics. It has been 
seen in other ecosystems that external pressures such as 
temperature rise and intensified anthropogenic activi-
ties have increased the rate and extent of AMR spread 
[3, 51]. The long-term effects of these changes in the 
Arctic remain to be seen. We suggest that future policies 
and actions in the Arctic should consider AMR spread 
and its consequences, in order to minimise the fallout 

of potential alteration to ecosystems and the effects on 
human and environmental health.

Conclusion
In summary, we elucidated the temporal patterns of AMR 
spread in newly developing Arctic soils. We revealed that 
ARGs, MGE, and ARB are abundant, have a non-uni-
form distribution, and generally increase with soil age in 
Arctic glacier forefields. This temporal pattern of AMR 
could be a consequence of the intricate and dynamic 
balance between microbial competition and facilitation. 
Retreating Arctic glaciers are exposing pioneer soils that 
undergo pedogenesis and are also subject to the effects 
of climate change and human activity. The fundamen-
tal microbial processes that regulate the spread of AMR 
may be further susceptible to the effects of future climate 
change and human activities in the Arctic.
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