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ARTICLE INFO ABSTRACT

Keywords: Metal contamination in agricultural soils threatens prokaryote dynamics essential for soil health and crop pro-

Microorganisms ductivity. Yet, whether fertilization in the long-run affects their resilience to metals remains unclear. This study

r&crOb‘f’me examined the biogeochemical impacts of realistically low-dose applications of cadmium, zinc, and lead in soils
aptatlon

subjected to 119 years of non-fertilization, mineral-fertilization (NPK), organic-fertilization (manure), or com-
bined mineral-organic fertilization. Amended metals remained in the mobile fraction with the order: mineral <
unfertilized < mineral + organic < organic, mirroring the effects on soil prokaryotes. In both unfertilized and
mineral-fertilized soils, 16S rRNA gene copy numbers declined by 30 % upon metal addition, but recovery timing
differed: in unfertilized soil, recovery began after three days, whereas in mineral-fertilized soil, numbers declined
until day seven before recovering. This coincided with an increase in metal-resistant taxa, particularly in mineral-
fertilized soil, with 10 significantly affected OTUs, and to a lesser extent in unfertilized soil, with 5 affected
OTUs. Carbon-, nitrogen-, and phosphorus-mining enzyme activities increased 50-100 % in mineral-fertilized
soils, suggesting enhanced nutrient acquisition to mitigate metal toxicity. In contrast, organic-fertilized soil
hosted stable enzymatic activities and microbial copy numbers with minimal community shifts (1 affected OTU),
indicating greater resistance to metal amendment. Combined mineral-organic fertilization stabilized copy
numbers and enzymatic activity upon metal amendment, but 8 OTUs were affected, including specialized
nutrient cyclers, suggesting increased availability of previously adsorbed NPK cations. Our findings indicate that
organic fertilization shields prokaryotes from metal stress, while mineral fertilization exacerbates it, highlighting
the benefits of organic practices for maintaining soil health and productivity.

Long-term experiment
Hydrolytic enzymes

1. Introduction ecologically relevant insights into soils that have biogeochemically

adapted to different treatments (Rasmussen et al., 1998). The Static

Fertilizers are applied to meet food demands, but at the same time
they drastically manipulate ecosystems (Erisman et al., 2013; Stoate
et al., 2009). Fertilizers are divided into mineral-based (inorganic salts)
and carbon-based organic types. Many studies, including “Long-Term
Experiments” (LTE) have examined their impacts on crop production,
nutrient cycling, biota, and overall environment (Berti et al., 2016).
Large-scale LTE field experiments lasting over 20 years, provide

* This paper has been recommended for acceptance by Hefa Cheng.

Fertilization Experiment in Bad Lauchstadt (SFE), founded in 1902, is
among the oldest LTEs investigating fertilizer impacts.

SFE and other LTEs demonstrate that organic-fertilized soils have
higher soil pH, organic carbon (OC) content, nitrogen content, and
biodiversity than mineral-fertilized soils (Diacono and Montemurro,
2011; Francioli et al., 2016; Luo et al., 2018). While chemical soil health
indicators have long been established, biological indicators like
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prokaryotes are increasingly recognized as drivers of agroecosystem
processes, including nutrient cycling, decomposing soil organic matter
(SOM), defining soil structure and moisture, inhibiting plant diseases,
and promoting plant productivity (Lehmann et al., 2020). These func-
tions can be impaired when the stability of the soil prokaryotic com-
munity is disrupted, which can be assessed through prokaryotic
resistance and resilience - resistance being the ability to withstand
disturbance, and resilience the recovery rate (Shade et al., 2012).

One notable disturbance in agricultural soils is metals’ omnipresence
and fresh input (FAO & UNEP, 2021). Metals like cadmium (Cd), lead
(Pb), and zinc (Zn) are found in mineral and organic fertilizers (Lopes
etal., 2011; Nziguheba and Smolders, 2008), leading to consistent metal
inputs into agricultural soils (Rodriguez-Eugenio et al., 2018). Cadmium
and Pb have no established biological functions and cause toxicity even
at environmental relevant concentrations (Tchounwou et al., 2012),
disrupting the prokaryotic functioning of nucleic acids, pro-
teins/enzymes, and cell membranes (Igiri et al., 2018). Although Zn is an
essential micronutrient for prokaryotes, excess levels cause toxicity by
preventing the uptake of other micronutrients, which ultimately inhibits
prokaryotic growth (McDevitt et al., 2011).

Once in soil, metals interact with soil components through adsorp-
tion, precipitation, and complexation, reducing their mobility (Caporale
and Violante, 2016; Park et al., 2011). As a result, only a fraction of total
soil metals—those dissolved or loosely adsorbed—remain mobile and
capable of interacting with soil biota (Kim et al., 2015). When exposed
to toxic metals, prokaryotes employ defense mechanisms such as metal
detoxification, efflux, and cellular repair to withstand metal toxicity
(Lemire et al., 2013). These processes demand additional energy and
nutrients, which can disrupt other physiological processes, such as
cellular nutrient acquisition, respiration or reproduction, ultimately
affecting soil health (Azarbad et al., 2016). Substantial metal stress can
affect community composition, as less-adapted prokaryotes are replaced
by more tolerant groups, changing the entire prokaryotic community (Li
et al., 2017).

Despite studies on fertilization effects on prokaryotic communities
and metal mobility, prokaryotic resistance and resilience to metals
under different fertilization regimes remain underexplored. Here, we
evaluated (i) changes in metal mobility and (ii) prokaryotic resistance
and resilience upon metal amendment in differently fertilized soils. For
that, we sampled soils from the SFE, in which the prokaryotic commu-
nity and geochemistry have adapted over 119 years to different fertil-
ization practices. Fertilization included mineral fertilization
(application of NPK salts), organic fertilization (farmyard manure), a no-
fertilization treatment, and a combination of both mineral and organic
fertilization (Table S1). The study is conducted on agricultural cher-
nozem soil, one of the most fertile and suitable soils for farming
(Altermann et al., 2005), with toxic metal contents at the lower end of
European soils (Table S2; European Environment Agency, 2022). These
differently fertilized soils were amended with low amounts of Cd, Zn,
and Pb, concentrations mimicking realistic scenarios for low-dose
contamination events such as fertilizer application (Atafar et al., 2010;
Latare et al., 2014; Wang et al., 2008). We hypothesized that long-term
organic fertilization promotes greater prokaryotic resilience and resis-
tance to metal inputs than mineral fertilization. We assume this is
attributed to an increased metal-immobilization via higher pH, SOM
complexation, and richer prokaryotic life in organic-fertilized soils. Our
results identify which fertilization practices best stabilize prokaryotic
communities against low-dose metal disturbances.

2. Material and methods
2.1. Study site and soil collection strategy
To investigate the impact of fertilization practices on the resilience of

the soil prokaryotes to Cd, Zn, and Pb inputs, a soil that has undergone
119 years of various long-term fertilization treatments was used. This
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long period of consistent fertilization practices allowed the prokaryotes
to adapt to the respective types of fertilization. The Haplic Chernozem
(described in detail by Altermann et al. (2005)) was obtained from the
SFE, located in Bad Lauchstadt, central Germany (11°53'E, 51°24'N),
and has been running since 1902. According to the USDA, the soil is
classified as silt loam. This long-term experiment investigates the effects
of various organic and mineral fertilization methods on crop yield and
quality and their impact on soil properties that determine fertility (a
detailed description is provided by Blair et al. (2006)). The total
experimental area of 4 ha was divided into eight stripes, of which the
management on stripes 2, 3, 6, 7 have remained almost unchanged since
1902 (Merbach and Schulz, 2013). Each stripe was separated into 18
plots, each with a different fertilization treatment (Fig. S1A), thus,
lacking randomization and being devoid of real biological replicates like
many long-term experiments (Grosse et al., 2020). Crops were simul-
taneously cultivated in the four strips, following a yearly rotational
sequence that comprises winter barley (Hordeum vulgaris), silage maize
(Zea mays), and winter wheat (Triticum aestivum).

For this study, soils of four fertilization treatments were chosen:
unfertilized, organic (farmyard manure), mineral (NPK), and organic +
mineral (farmyard manure + NPK) (Table S1). The fertilizers and their
respective application rates were provided in Table S1. Due to varying
fertilizer application rates, total nutrient input differed by treatment.
Therefore, mobile nutrient levels were additionally measured
throughout the experiment. Stripe 2 was not sampled and included in
our study due to a higher pH than the other three stripes. Considering
that metal mobility highly depends on soil pH (Alloway, 2013), we
assumed that this pH among replicates would lead to artifacts. Conse-
quently, soils collected from stripes 3, 6, and 7 served as this study’s
replicates. Fresh soil samples were taken from the SFE in October 2021
before fertilizer application and seeding. Although there are no signs of
soil carryover between the plots in the experiment, as a precaution only
the central area of each selected plot was chosen to minimize the im-
pacts of neighboring plots. This was achieved by taking three soil sam-
ples at 6.5 m intervals along a horizontal transect in the central area of
each plot (Fig. S1B). The top 20 cm of soil was excavated with a hand
shovel at each point, pooled by volume into one composite sample in a
sterile container, air-dried, and sieved to 2 mm. Between samplings of
different plots, equipment was cleaned in water and wiped with 80 %
ethanol. Soil was stored in the dark at room temperature until the soil
incubation proceeded.

2.2. Experimental setup

Adaptive biogeochemical processes in the soils were investigated at
native and elevated concentrations of Cd, Zn, and Pb (Table S2). To
implement the elevated Cd, Zn, Pb regime, half the soil of each fertil-
ization treatment was amended with 0.2 ppm,, Cd, 33.3 ppm,, Zn and
4.8 ppmy, Pb. Notably, while referred to as “elevated”, the concentra-
tions of Cd, Zn, and Pb applied in this study are commonly found in
European soils and lie within the lower range of European soils
(European Environment Agency, 2022). We used these low amounts to
study the prokaryotes’ realistic response to contamination, avoiding
extreme scenarios. Cd, Zn, and Pb were added in the form of
analytical-grade chlorides into the soil (CdCl,e2.5H,0 (Alfa Aeser,
Germany); ZnCly (Thermo Fisher Scientific, Germany); PbCl, (Alfa
Aeser, Germany)). For the native metal regime, CaCl, (CaClye2H,0
(Merck KGaA, Germany)) was added to balance ionic strength between
the two metal regimes and account for adverse chlorine impacts on biota
(Sahab et al., 2021). Amendments for both the native (CaCly) and
elevated (Cd, Zn, Pb chlorides) metal regimes were prepared using tap
water. The pH was adjusted to 6.1-6.2 using HCI followed by auto-
claving of both amendments.

To perform the soil incubations, we modified the MicroResp™ sys-
tem (The James Hutton Institute, 2024). Using a filling device (Micro-
Resp™, Scotland), autoclaved 96-deep-well plates (Thermo Fisher
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Scientific, Germany) were filled with soil (600 pL = 0.85 g of soil in each
well) following a block design scheme depicted in Fig. S2. Afterward, tap
water containing the above-described amendments with CaCl, (native
metal regime) or Cd, Zn, PbCl; (elevated metal regime) was irrigated to
soils to obtain a 20 % gravimetric water content. The 20 % gravimetric
water content was determined by weighing the empty plate, then the
plate with dry soil. The amount of water needed to achieve 20 %
gravimetric water content by weight was calculated based on the weight
of dry soil. To reduce water loss and minimize water content fluctua-
tions, plates were sealed with Breath-Easy seals (Sigma-Aldrich, Ger-
many). Plates were kept in the dark at 28 °C for 24 days and rotated daily
in the incubator to minimize incubator position biases in temperature
and air draft. Plates were weight-checked daily to replenish evaporated
water with autoclaved tap water, which was collected on a single day,
autoclaved, and used for irrigation throughout the experiment. Three
soil replicates were sampled on days 3, 7, and 24 of incubation by
extracting all soil from the desired wells of the 96-deep-well plates using
a sterile spatula and aliquoted for respective biogeochemical analyses
described below. If an analysis required more than the amount from a
single well, additional wells were sampled and thoroughly mixed before
analysis. Additionally, on day O of the experiment, initial samples were
prepared. For each treatment, 8 g of dry soil was mixed with 1.6 mL (20
% gravimetric water content) of above described amendments and ali-
quoted for respective biogeochemical analyses. The soil samples were
flash-frozen in dry ice and stored at —20 °C for analyzing CaCls-ex-
tractable metals, organic carbon (OC) and total nitrogen (TN). For soil
prokaryotes analysis soil samples were stored at —80 °C. For enzymatic
activity assays, samples were stored at 4 °C for 24 h before processing.
Electrical conductivity and pH were determined immediately after
collection of the soil samples.

2.3. Soil geochemical analyses

Electrical conductivity and soil pH were measured in triplicate in a
mixture of 1 g fresh soil and 5 mL ultra-pure water. Electrical conduc-
tivity was determined after 5 min in the settling solution at room tem-
perature, and soil pH was determined after 24 h (SD335 Multi-
Parameter Meter, Lovibond, Germany). Total soil metal contents were
quantified in triplicates with aquaregia by extracting 0.5 g of 105°C-
dried soil with 1.2 mL of 65 % nitric acid (HNOs, analytical grade) and
3.7 mL of 37 % HCI (analytical grade) in a microwave digester (Mars6,
CEM, USA) with a 15-min ramp phase to 15 min at 180 °C, followed by a
30 min cool-down phase (Melaku et al., 2005). Blanks and a reference
soil standard (RTC SQC-001, Sigma Aldrich, Germany) were run
simultaneously for quality checks on extraction effectiveness. Extracts
were filtered through a paper filter (Whatman qualitative filter paper,
Grade 1) and diluted in ultra-pure water for elemental contents quan-
tification with inductively coupled plasma mass spectrometry (ICP-MS,
Agilent 7900, USA), using the He mode. Each sample was run with an
ICP-MS internal standard mix (part number: 5188-6525, Agilent, USA)
to trace internal drifts. Mobile (dissolved and loosely adsorbed) ele-
ments were approximated from 1.5 g of wet soil by a 15-min extraction
with 10 mL of 0.01 M CaCl, at room temperature (Fang et al., 2021;
Houba et al., 2000). Extracts were filtered through 0.22 pm filters
(Minisart® high flow, Sartorius, Germany), which were pre-washed with
ultra-pure water (to remove filter-associated carbon). Mobile metal and
nutrient fractions were quantified by ICP-MS as described above.
Moreover, CaCly-extractable OC and TN were quantified with a TOC
analyzer (High TOC II, Elementar, Elementar Analysensysteme GmbH,
Germany). Inorganic carbon was removed by acidifying the samples
with 2 M HCI prior to analysis. Data is obtained from biological tripli-
cates and normalized to the dry weight of the soil (105°C-dried soil).

2.4. Soil enzyme assays

The bulk activities of six hydrolytic soil enzymes were determined

Environmental Pollution 382 (2025) 126747

using a fluorometric assay based on the hydrolysis of 4-methylumbelli-
ferone (4-MUB)-coupled substrates (German et al., 2011).
4-MUB-B-D-cellobioside, 4-MUB-B-D-glucoside, 4-MUB-sulfate,
4-MUB-N-acetyl-B-D-glucosaminide, 4-MUB-phosphate (Sigma Aldrich,
Germany) and 4-MUB-B-D-xyloside (Merck KGaA, Germany) at satura-
tion concentrations were used for analyzing activities of enzymes
involved in the carbon (B-glucosidase, cellobiohydrolase, xylosidase),
nitrogen (N-acetylglucosaminidase), sulfur (sulfatase), and phosphorus
(phosphatase) cycles, respectively.

Substrates were combined with soil suspension (0.3 g of soil stored at
4 °C for 24 h mixed with 50 mL of 50 mM Tris buffer of pH = 5, followed
by sonication for 5 min) in 96-well-microplates for fluorescence-based
assays (Thermo Fisher Scientific, Germany) and incubated for 1 h at
28 °C. Each plate also included blanks for Tris buffer, soil suspension,
and substrates, along with a calibration curve in the presence of buffer
and a second calibration curve in the presence of soil suspension
(referred to as the quenched standard curve). After the incubation, the
enzyme reaction was terminated by adding 30 pL of 1 M NaOH per well.
After 5 min, fluorescence was determined at extinction of 360 nm and
emission of 465 nm (TECAN GENios Plus, TECAN Group AG, Germany).
The bulk enzymatic activities were calculated according to German et al.
(2011) and normalized to cellular enzymatic activities by dividing them
by the 16S rRNA gene copy number, approximated for cell numbers,
measured in the same sample (measured as described below).

2.5. Prokaryotic respiration

Prokaryotic respiration was measured on days 1, 2, 4, 8, 11, 17, 21,
and 23 using the MicroResp™ assay. CO, emissions per g of dry soil were
summed to calculate cumulative CO5 over the incubation period. Details
were presented in Supplementary Methods 1.

2.6. DNA extraction, quantitative PCR and 16S rRNA metagenome
sequencing

To analyze bacterial and archaeal quantity and taxonomic diversity,
DNA was extracted following Lueders et al. (2004), using 0.6 g of wet
soil. Details of DNA quality control and quantification and follow-up
microbiome analysis are presented in Supplementary Methods 2. Pro-
karyotic 16S rRNA gene copy numbers were quantified by qPCR and
normalized to dry soil weight. Metagenome libraries were sequenced to
reconstruct the 16S rRNA gene using the Mapping-Assisted Targete-
d-Assembly for Metagenomics pipeline. Due to low archaeal OTU
counts, the analysis focused primarily on bacteria.

2.7. Data analyses, statistical evaluation and data visualization

We performed statistical analysis and plotting using R (R Core Team,
2021) and RStudio (RStudio Team, 2022). Two-way ANOVAs were
conducted for each metal to assess the effects of fertilization and metal
regime on CaCly-extractable metal concentrations averaged over incu-
bation time. Log, transformations of metal concentrations were applied
to address non-normal distributions and meet ANOVA assumptions.
Post-hoc pairwise comparisons were performed using estimated mar-
ginal means (EMMs) from the emmeans package (Russell, 2021) with
Tukey’s adjustment for multiple comparisons. Compact letter displays
were generated using package multcomp (Hothorn et al., 2008). Linear
mixed-effects models using Ime4 package (Bates et al., 2014) were used
to account for repeated measures over time, treating replicate as a
random effect. Additionally, to compare the immobilization capacity of
amendment metals across soils with different fertilization practices, the
contribution of CaCly-extractable metals from amendments was calcu-
lated as shown in Eq. (1). First, extractable metal concentrations from
amendments were obtained by subtracting native soil metal concen-
trations from those in elevated samples. Second, the percentage of
extractable metals from amendments was determined by normalizing to
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the added metal concentrations and multiplying by 100 %:

-1 -1
Celevated soil (ng 8ary soil) — Cnative soil (ng 8dry soil)
-100%

Mobile fraction (%) =
Camendment (ng 8Er1y soil

Eq.1

Prokaryotic community composition was conducted separately.
Linear models were fitted for each operational taxonomic unit (OTU) to
assess differences based on metal regime at specific time points (Liu
et al., 2022). Least-squares means were calculated, and p-values were
adjusted using the false discovery rate (FDR). OTUs with p-values <0.1
were retained, allowing less stringent thresholds given the study’s low
metal concentrations.

A principal components analysis was performed to illustrate the re-
lationships between soil prokaryotic and geochemical variables using a
95 % confidence interval for ellipses around treatment centroids. Pa-
rameters included prokaryotic number, cellular enzymatic activity,
Shannon diversity, mobile metals, mobile organic carbon, and mobile
nitrogen with averaged across timepoints during incubation, pH and
electrical conductivity from the end of incubation, and cumulative
respiration.

Data visualizations were created using the tidyverse (Wickham et al.,
2019), ComplexHeatmap (Gu et al., 2016) and factoextra (Kassambara
and Mundt, 2020) R packages.

3. Results
3.1. Changes in soil metal dynamics

The initial total Cd concentration in native soils ranged between 0.2
and 0.3 ppm,, across differently fertilized soils (Table S2), which
increased due to Cd amendment by an average of 0.2 ppm,. In unfer-
tilized soils, the CaCly-extractable Cd was 1.7 + 0.4 ng Cd-g&rly soil ON
average across incubation time, which increased 2.7-fold to 4.7 + 0.8 ng
Cdoggrly soil upon Cd amendment (Fig. 1A, time-resolved data in Fig. S3).
For mineral-fertilized soils, CaCly-extractable Cd increased 4.9 times
from 2.9 + 0.4 to 14.3 + 3.7 ng Cdoggrly soil- Organic-fertilized soils had
less extractable Cd with 0.8 & 0.0 ng Cdogarly soil, but this increased 3.4
times to 2.8 + 0.1 ng Cdoggrly soil under Cd amendment. For combined
mineral and organic-fertilized soils CaCly-extractable Cd increased 3.0-
fold from 1.0 + 0.1 to 3.1 + 0.5 ng Cdoggrly soil upon Cd amendment.

The initial total Zn concentration in native soils ranged from 40.9 to
66.1 ppm,, (Table S2). The amendment of Zn increased this by an average
of 33.3 ppmy,. In unfertilized soils, CaCly-extractable Zn was 96.5 + 35.7
ng Znogarly soil, increasing 4.0-fold to 383.1 + 111.4 ng Znog&rly soil under
amended Zn (Fig. 1B, time-resolved data in Fig. S3). Mineral-fertilized
soils saw a 26.3-fold increase from 59.6 + 4.3 to 1564.7 + 501.1 ng
Znog&rly soil under Zn amendment, while organic-fertilized soils experi-
enced a 2.1-fold increase from 95.1 + 20.6 to 202.6 + 7.3 ng Znoggrly soil
in CaCly-extractable Zn following Zn amendment. Combined mineral and
organic fertilization soils had a 4.3-fold increase from 48.6 4+ 1.3 to 210.3
+ 52.1 ng Znoggl%, soil under Zn amendment.

The initial total Pb concentration in native soils ranged from 21.6 to
29.9 ppmy, with Pb amendment increasing this by an average of 4.8
ppm,, (Table S2). However, no significant differences in CaCly-extract-
able Pb were observed across fertilization regimes, with CaCly-extract-
able Pb remaining around 10 ng-garly soil for all treatments (Fig. 1C, time-
resolved data in Fig. S3).

Soil pH and electrical conductivity differences were primarily
attributed to fertilization practices rather than metal amendments
(Table S3). Initial pH in the native metal regime followed this order:
mineral-fertilized, unfertilized, combined mineral, and organic-
fertilized, with the highest in organic-fertilized soils. By the experi-
ment’s end, pH decreased by approximately 0.1 units across all soils,
with metals having no impact. Initial electrical conductivity increased in
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Fig. 1. Mobile metal fraction in soils with different historical fertilization
practices under two metal regimes. Averaged 0.01 M CaCl,-extractable Cd
(top), Zn (middle), and Pb (bottom) were quantified across incubation 4
timepoints (days 0, 3, 7, to 24) in agricultural soils fertilized for 119 years
under four practices: Unfertilized (grey), mineral (red), organic (blue), mineral
+ organic (purple) fertilization. Soils either contained their native metal con-
tents (plain bars) or were exposed to elevated metal levels of +0.2 ppm,, Cd,
+33.3 ppmy, Zn, +4.8 ppm,, Pb relative to background values (striped bars).
Three biological replicates; mean values + standard errors were compared with
each other using 2-way ANOVA. Different lowercase letters denote groups with
significantly different means within each metal (Tukey’s HSD, o = 0.05). (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

the following order: unfertilized, mineral-fertilized, organic-fertilized,
combined mineral and organic-fertilized soils. By the experiment’s end,
conductivity rose significantly in all soils, with metals not affecting
conductivity.

3.2. Changes in soil nutrient cycling

Soil exoenzymatic activities were subtly but consistently affected by
Cd, Zn, and Pb amendment across fertilization regimes at both bulk and
cellular levels (Figure S4, Figure S5). To analyze specific prokaryotic
responses to metal amendments, cellular rather than bulk enzymatic
activities are discussed. Generally, cellular enzyme activities declined
over time, except for the mineral-fertilized native soil, where it
increased at the experiment’s end by a single replicate (Fig. S5). Metal
amendment did not alter general cellular activity patterns but influ-
enced timing and extent. Cellular enzyme activities were highest in
mineral-fertilized and unfertilized soils until day 7 before stabilizing,
while they remained rather stable in both organic-fertilized soils. For
simplicity of presentation, we focus on one example of each enzyme
category in the main manuscript, with the C-degrading enzyme
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xylosidase, the N-degrading enzyme N-acetylglucosaminidase, and the
P-solubilizing enzyme phosphatase (Fig. 2); the other C-degrading en-
zymes depict similar trends and are presented in the supplement
(Fig. S5).

Of all the tested carbon-cycling enzymes, xylosidase was most
affected by metal amendment (Fig. 2A and B), with unfertilized and
mineral-fertilized soils experiencing a 1.6 and 1.7-fold activity increase
on day 3, respectively, while both organic-fertilized soils remained
stable. Cellular N-acetylglucosaminidase activity in metal-amended soils
was also most affected on day 3 (Fig. 2C and 2D), with the highest 1.4-
fold activity increases in all fertilized soils, but the organic-fertilized
soil. Cellular phosphatase activity rose the most in mineral-fertilized
soil upon metal amendment (Fig. 2E and 2F), showing a 2.1-fold in-
crease on day 3 compared to the native soil counterpart. Phosphatase in
the unfertilized soil sank promptly after metal amendment, while both
organic-fertilized soils responded barely.

Soil respiration was unaffected by long-term mineral fertilization but
doubled in organic-fertilized and tripled in combined mineral and
organic-fertilized soils compared to the unfertilized soil (Fig. S6). The
amendment of metals consistently did not affect CO, emissions from
soils. Mobile nutrient levels, including OC, TN, P, and K, were highest in
both organic-fertilized soils but unaffected by metal amendment except
for OC and TN, which increased in the mineral-fertilized soils until day 7
(Fig. S7).
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3.3. Changes in soil prokaryotic community

Initial prokaryotic 16S rRNA gene copy numbers in unfertilized,
mineral-fertilized, organic-fertilized, and combined mineral and
organic-fertilized soils were 6.5 + 1.1 x 108 1.3 + 0.2 x 10%, 2.5 £ 0.2
X 109, 2.1+0.4 x 109 g&rly soil, respectively (Fig. 3). Gene copy numbers
increased during incubation and stabilized to different degrees and time
points. In unfertilized and mineral-fertilized soils, stabilization occurred
by day 7 after a step-increase, while combined mineral and organic-
fertilized soils stabilized by day 3 and organically-fertilized soils grad-
ually increased. Final stable 16S rRNA gene copy numbers ranged be-
tween 3-5x10° garly soil across all fertilization regimes.

Metal amendment slowed and reduced the increase in 16S rRNA
gene copy numbers, depending on the treatment. In unfertilized soils, a
0.7-fold decrease occurred by day 3 before stabilizing by day 7 (Fig. 3A).
In mineral-fertilized soils, the largest difference was on day 7, with a 0.7-
fold reduction in 16S rRNA gene copies (Fig. 3B). In organic-fertilized
soils, metal amendment decreased 16S rRNA gene copy numbers 0.6-
fold on day 2 followed by a 1.2-fold increase by day 7 (Fig. 3C). In
organic mineral-fertilized soils, stable 16S rRNA gene copies were
reached by day 3, with a 0.9-fold decrease compared to the native soil
counterpart (Fig. 3D).

No clear patterns emerged in relative bacterial OTU abundance or
beta diversity due to increased mobile metals (Fig. S8), though bacterial
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communities in mineral-fertilized and unfertilized soils diverged more
than in both organic-fertilized soils.

To target the analysis of bacteria affected by metal amendment, we
extracted prokaryotic OTUs that showed significant differences (p < 0.1)
between native and elevated metal regimes within each fertilization
practice from the total bacterial OTU pool, regardless of the direction of
change. Most significantly different OTUs due to the metal amendment
were found in mineral-fertilized (10), followed by the combined mineral
and organic-fertilized (8), unfertilized (5), and organic-fertilized (1)
soils (Fig. 4A). Taxonomic classification was performed at the family
level and, when possible, at the genus level. All OTUs from unfertilized
soils were classified at the family level. In contrast, only seven OTUs in
mineral-fertilized and six OTUs in the combination of mineral and
organic-fertilized soils were classified at this taxonomic level, with none
in organic-fertilized soils (Fig. 4B). Metal amendment affected bacterial
community composition most on day 7. Since the strongest shifts
occurred at this time point, we examined the direction of change, finding
increased genera abundance in mineral-fertilized soil (Fig. 4C) and
decreased abundance in other regimes, with the smallest response in
organic-fertilized soils. Organic-fertilized soils clustered closest to one
another, followed by unfertilized soils, while mineral-fertilized soils
were the most divergent from the others.

Linking prokaryotic community changes with geochemical dynamics
in a PCA analysis (Fig. 5) revealed that unfertilized and mineral-
fertilized soils clustered together but separated for native and elevated
metal content, for which the latter correlated to mobile Cd and Zn. In
both types of soil prokaryotic diversity correlated with cellular enzyme
activity. Organic-fertilized and mineral + organic-fertilized soils clus-
tered together independent of metal content. In these two fertilization
regimes, prokaryotic numbers and respiration correlated with soil pH,
electrical conductivity, and mobile organic carbon and nitrogen. Pro-
karyotic lag phase growth rate and mobile Pb barely contributed to
biogeochemical properties in any soil.

4. Discussion
4.1. Fate of amended metals in soils under different long-term fertilization

In this study, we investigated the fate of realistic levels of Cd, Zn, and
Pb amendments in agricultural soils that had been either not fertilized or
fertilized with NPK, manure, or both for 119 years. To approximate the
bioavailable fraction of these metals, we targeted the mobile fraction,
specifically those extractable with 0.01 M CaCl, (Kim et al., 2015).

The unfertilized soils became nutrient-depleted over 119 years
(Francioli et al., 2016), as indicated by the lowest initial electrical
conductivity and concentrations of mobile nutrients (Table S3; Fig. S7).
High initial cellular enzymatic activities suggested that prokaryotes
actively mined for nutrients, likely degrading minerals and SOM over
time, reducing metal-binding sites. Consequently, a portion of the added
metals remained in the mobile fraction, making them accessible to soil
prokaryotes. Approximately 1.5 % of Cd and 0.9 % of Zn of the total
amended metals were mobile, with metal binding strength increasing in
the order of Cd < Zn < Pb (calculated from Eq. (1), see methods). This
trend reflects the metals’ chemical properties, such as the first hydrolysis
constant and ionic radius, which influence their stability in soils (Sastre
et al., 2007; Usman, 2008).

Mineral fertilization over 119 years introduced inorganic salts (NHZ,
NO3, K', and PO%’) into the soil (Francioli et al., 2016), increasing
electrical conductivity compared to unfertilized soils. These salts pro-
vide readily available N, P, and K but lead to carbon limitation for soil
prokaryotes, due to low mobile OC levels (Fig. S7; Hartmann and Six
(2023) Prokaryotes responded by decomposing SOM, which is reflected
in high initial carbon-cycling enzyme activities, likely degrading organic
binding agents that stabilize soil structure (Bronick and Lal, 2005), and
reducing metal-binding sites. As a result, metals had limited sites to bind
and had to compete with fertilizer-derived NPK cations. The continuous
amendment of NHJ also may promoted prokaryotic nitrification (He
et al., 2007), as evidenced by the presence of nitrifying bacteria Nitro-
somonadaceae (Prosser et al., 2014), which could contribute to reduction
in soil pH by approximately 0.5 units compared to unfertilized soil over
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Fig. 4. Bacterial community composition in soils with different historical fertilization practices under two metal regimes. (A) Numbers of statistically different OTUs
(p < 0.1) between native and elevated (+0.2 ppm,, Cd, +33.3 ppm,, Zn, +4.8 ppm,, Pb) metal regimes were quantified in agricultural soils fertilized for 119 years
under four practices: Unfertilized (grey), mineral (red), organic (blue), and mineral + organic (purple) fertilization. The color gradient from darkest to brightest
indicates the incubation’s progression from days 3, 7, to 21. Values in brackets represent the number of statistically significant OTUs on a specific day. Three
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version of this article.)

119 years. This acidification increased surface charge, reduced metal
binding due to particle repulsion (Appel and Ma, 2002; Park et al.,
2011), and inhibited metal coprecipitation (Palansooriya et al., 2020).
As aresult, the capacity to immobilize amended metals was decreased in
mineral-fertilized soils, leaving the highest proportions of metals
remaining in the mobile fraction: approximately 5.7 % for Cd and 4.5 %
for Zn.

Organic fertilization with manure increased SOM content by about
30 %,, compared to unfertilized soils (Francioli et al., 2016). Increased
SOM functional groups (e.g., carboxyl, phenol, hydroxyl, and carbonyl)
and minerals (e.g., carbonates, phosphates, aluminum and iron oxides,
and clays) enhanced metal scavenging through sorption, precipitation,
or complexation (Caporale and Violante, 2016; Lair et al., 2007; Park
et al.,, 2011; Sun et al., 2017). Minerals and SOM also form
organo-mineral composites, which increased surface area, positive
charge, and available adsorption sites, improving metal adsorption

capacity (Bao et al., 2022). Manure application buffered soil pH through
reversible protonation of organic acids (Naramabuye and Haynes, 2006;
Whalen et al., 2000), acid neutralization through carbonates and bi-
carbonates (Eghball, 1999; Li et al., 2012), maintaining soil pH above 7.
At this pH, soil particles acquire a negative surface charge, enhancing
positively charged metal binding (Park et al., 2011). The nutrient-rich
environment also supported a high density of prokaryotes, evidenced
by high initial cell numbers and respiratory activity (Fig. 5), which
altered the organic carbon stock composition and increased exposed
metal-binding sites. These conditions led to the most effective metal
immobilization among all fertilization treatments, leaving only
approximately 1.0 % for mobile Cd and 0.3 % for Zn.

The combined use of mineral and organic fertilization further
increased soil OC and NPK salt contents (Francioli et al., 2016), resulting
in the highest electrical conductivity and mobile nutrient levels among
all treatments. The prokaryotic community in the combined mineral and
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organic-fertilized soils resembled that in organic-fertilized soils more
than mineral-only soils (Fig. S8). Manure amendment contributed to
longer NPK retention, as indicated by slightly increasing electrical
conductivity compared to soils with only organic fertilization. Ammonia
amendment likely promoted ammonia oxidation similarly to
mineral-fertilized soil. However, the acidification was less pronounced
due to the buffering capacity of manure-derived SOM, compared to
solely mineral-fertilized soils, resulting in a soil pH remaining above 7.
The combined fertilization boosted prokaryotic activity compared to
solely organic-fertilized soil, indicated by the highest CO, production,
rapid prokaryotic growth, and low cellular enzymatic activities. Despite
accelerated prokaryotic metabolism, the high OC content allowed pro-
karyotes to thrive while maintaining sufficient metal-binding sites. This
resulted in similar metal immobilization as in solely organic-fertilized
soils, with approximately 1.0 % for Cd, 0.5 % for Zn, and 0 % for Pb
of the total amended metals remaining mobile.

4.2. Effect of long-term fertilization on prokaryotic resistance and
resilience to metal amendment

The amendment of low, realistic amounts of metals primarily
affected the prokaryotic community within the first 7 days, indicating

that the amended metals caused only mild stress across all fertilization
treatments. However, the response of the prokaryotic communities
varied depending on the fertilization regime, which correlated with the
level of metal bioavailability. Overall, the impact on the prokaryotic
community followed this pattern: organic < organic + mineral < un-
fertilized < mineral.

In unfertilized soils, the increased metal bioavailability likely forced
prokaryotes to activate protective mechanisms, such as enhanced metal
export and metal-complexing carbon exudation, which required addi-
tional energy (Azarbad et al., 2016). This energy allocation towards
extracellular hydrolytic enzyme production reduced prokaryotic
growth, evidenced by a slight decline in cell numbers. Notably, five taxa
were significantly affected by different metal regimes throughout the
experiment. Among them, Rubrobacteriaceae Rubrobacter and Strepto-
mycetaceae Streptomyces known to thrive in high metal environments
(Du et al., 2023; Khudur et al., 2018), increased in relative abundance.
Streptomyces, in particular, is known for its widespread metal protection
mechanisms (Alvarez et al., 2013). Conversely, Lamiaceae Iamia
decreased in relative abundance under elevated metal conditions by day
7. Although relatively novel to soil environments and not
well-characterized for metal resistance, L. lamia is recognized for nitrate
reduction (Kurahashi et al., 2009) and as a potential
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plant-growth-promoting bacterium (Panke-Buisse et al., 2015). Its
decline could negatively impact soil health and nutrient cycling.

Mineral fertilization reduced the soil’s capacity to store nutrients and
metals, prompting prokaryotes to mine for nutrients, resulting in initial
cellular enzymatic activities similar to those in unfertilized soil. Due to
reduced metal-binding sites, prokaryotes in mineral-fertilized soil faced
higher exposure to mobile Cd and Zn. This reduction led to increased
activity of protective mechanisms and possible cell repair processes,
requiring additional energy and nutrients. This increased activity was
reflected in nearly doubled enzymatic activities under elevated metal
conditions compared to the native metal regime. The focus on metal
defense diverted resources away from growth, resulting in the slowest
prokaryotic growth among the soils. Additionally, the mineral-fertilized
soil exhibited the most significant community shift upon metal amend-
ment, with the largest number of significantly different OTUs, particu-
larly on day 7. Prokaryotes that are both metal-tolerant and involved in
nitrogen and phosphorus cycling, such as Roseiflexaceae uncultured (Luo
et al., 2024; Wang et al., 2022), Bryobacteraceae Bryobacter (Camargo
et al., 2023; He et al., 2022), Rhizobiaceae Allorhizobium-Neo-
rhizobium-Pararhizobium-Rhizobium (Bellabarba et al., 2019; Die-
z-Méndez and Menéndez, 2021), Solirubrobacteraceae unclassified
(Camargo et al., 2023; Xiang et al., 2024), Gemmatimonadaceae uncul-
tured (Hu et al., 2021; Wang et al., 2024), Nitrosomonadaceae MND1
(Chun et al., 2021; Prosser et al., 2014), Ilumatobacteraceae uncultured
(Wang et al., 2024; Zarate et al., 2021) increased in relative abundance
under metal stress, indicating an intensified effort to acquire nutrients
while coping with metal toxicity. Overall, the prokaryotic community in
mineral-fertilized soil was the most affected by metal amendments
among all tested soils (Fig. 5). This could be partially explained by the
fact that this community had the highest exposure to amended metals.
However, as indicated by initial CaCly-extractable metal levels (Fig. S3),
this soil already faced elevated Cd concentrations prior to amendments,
likely due to long-term phosphate fertilizer use, which often contains Cd
impurities (Nziguheba and Smolders, 2008). Contrary to the expectation
that prolonged exposure fosters acclimatization or tolerance, the pro-
nounced response suggests that extended metal inputs do not necessarily
confer resistance but may instead reveal the potential vulnerability of
such systems to further metal stress.

Organic fertilization with manure enriched the soil with nutrients,
which facilitated prokaryotic growth and metal immobilization. This
dual benefit reduced the stress from both nutrient scarcity and metal
toxicity. Consequently, soil prokaryotes did not need to increase energy
investment in nutrient acquisition or metal defense. Enzymatic activities
remained constant across both metal regimes, alongside high CO5 pro-
duction (Fig. S6) and stable prokaryotic growth (Fig. 5). This favorable
environment allowed the prokaryotic community to develop similarly
under both metal regimes without shifting toward metal-resistant or
nutrient-acquiring taxa, with minimal shifts in composition between
elevated and native metal conditions.

In soil treated with a combination of mineral and organic fertilizers,
high levels of nutrients and metal-binding sites minimized the exposure
of prokaryotes to metals, resulting in minimal disruption to biogeo-
chemical processes (Fig. 5). The prokaryotic community was similar to
that in solely organic-fertilized soil, with relatively minor impacts from
metal amendment. However, unlike in the solely organic-fertilized soil,
metal amendment in the combined fertilization led to a slight alteration
of the prokaryotic community, with a notable increase in significantly
different OTUs between native and elevated metal regimes, particularly
on day 7. Interestingly, some taxa that increased in solely mineral-
fertilized soil under metal stress decreased in the combined fertiliza-
tion regime. For instance, the relative abundance of Gaiellaceae Gaiella
and Sphingomonadaceae Uncultured, both known degraders of organic
aromatic compounds (Waigi et al., 2017; Zhao et al., 2021), decreased.
Similarly, taxa involved in nitrogen and phosphorous cycling, such as
denitrifying Gemmatimonadaceae (Wang et al., 2024) and
phosphorus-mobilizing Geminicoccaceae Candidatus (Proenca et al.,
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2018) also declined under elevated metal conditions. Interestingly,
while Gemmatimonadaceae increased relative abundance in solely
mineral-fertilized soils under amended metal, their abundance
decreased in the combined mineral and organic-fertilized soils, sug-
gesting that metal amendment drove distinct selection patterns in
different fertilization regimes. The decline in taxa involved in nutrient
cycling and complex organic compound degradation suggests that metal
amendment made previously adsorbed NPK cations from mineral fer-
tilizers more available to prokaryotes, reducing the need for specialized
nutrient cyclers. This shift likely resulted in a decline in these specialized
prokaryotes, allowing more opportunistic r-strategists to dominate
under the new conditions.

This study has two main limitations. First, using air-dried soil for
incubation may have influenced microbial community structure and
activity, and thus affected comparability to in-situ dynamics. Using air-
dried soil for incubation is a common practice in soil microbiology to
ensure treatment consistency and uniform starting conditions (Haney
et al., 2004; Schroeder et al., 2021). While microbial functions can
recover after rehydration, allowing meaningful comparisons (Edwards
et al., 2024; Wang et al., 2021), fresh soil incubations could provide
further insights into microbial responses under more in situ-like condi-
tions. Future studies directly comparing air-dried and fresh soils would
help clarify the extent to which pre-treatment affects microbial dy-
namics and metal-induced effects. Second, it focused on low-dose metal
concentrations, reflecting typical agricultural practices in uncontami-
nated soils, but microbial responses to higher metal pollution may be
different. Higher metal concentrations could result from lower-quality
fertilizers or pre-existing contamination (e.g., post-industrial sites) and
investigating these conditions is essential for understanding microbial
tolerance limits and defense mechanisms.

4.3. Environmental implications

In summary, fertilization practices significantly impacted metal
immobilization in soil. Long-term mineral fertilization reduced soil
health, increased metal availability to prokaryotes and slowed down
recovery compared to unfertilized soils. In response to metal stress,
these prokaryotes enhanced nutrient acquisition, potentially further
reducing soil fertility. Organic fertilization improved soil conditions by
enhancing metal immobilization and supporting prokaryotic growth.
Combining mineral and organic fertilization is proposed as a strategy to
optimize crop yields while maintaining soil health (Reganold and
Wachter, 2016). Here, it offered the benefits of both approaches: pre-
served fertility and limited metal mobilization. However, upon metal
amendment, dual fertilization imbalanced C, N, and P cycles compared
to solely organic-fertilized soils, which may impact long-term fertility.
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