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Preface

Biogeochemical element cycling in plant–soil systems is fundamental for ecosystem dynamics

and services. The articles published in this Reprint provide a comprehensive overview of the complex

interactions that govern ecosystem functioning and offer important insights for sustainable ecosystem

management in a changing world. We hope that the findings presented here will inspire future

research and contribute to the development of policies and practices that promote healthier, more

resilient ecosystems for the generations to come.

We are grateful to all authors for their contributions (a short summary is provided in the

Editorial).

“All is flux, nothing is stationary.”

(based on Heraclitus of Ephesus)

Daniel Puppe and Wajid Zaman

Guest Editors

ix





Editorial

Biogeochemical Element Cycling in Plant–Soil Systems:
Implications for Ecosystem Dynamics and Services

Daniel Puppe 1,* and Wajid Zaman 2,*

1 Leibniz Centre for Agricultural Landscape Research (ZALF), 15374 Müncheberg, Germany
2 Department of Life Sciences, Yeungnam University, Gyeongsan 38541, Republic of Korea
* Correspondence: daniel.puppe@zalf.de (D.P.); wajidzaman@yu.ac.kr (W.Z.)

Biogeochemical element cycling in plant–soil systems is fundamental for ecosystem
dynamics and services [1,2]. In general, the term ‘ecosystem dynamics’ describes changes
in ecosystem structures caused by interactions of organisms with the external environment
in an ecosystem [3]. Ecosystem services include all ecosystem functions that are useful
to humans like pollination, climate stabilization, or biomass production. In terrestrial
ecosystems, plants represent the main primary producers of biomass (organic compounds)
and oxygen through photosynthesis. In soils, micro- and macro-organisms recycle elements
like carbon (C), nitrogen (N), and silicon (Si), maintaining soil fertility, which is essential
for plant growth and corresponding ecosystem services [4,5]. Knowledge of how these
organisms and plants interact is crucial to understand ecosystem dynamics and services.
Nowadays, terrestrial ecosystems and their services are strongly affected by global change,
which represents a grand challenge for ecosystem management and policy [6,7]. The
research presented in this Special Issue seeks to address these aspects by examining the
complex relationships between biogeochemical cycling, ecosystem dynamics, and the
services that ecosystems provide. The 11 articles in this Special Issue provide valuable
insights into how nutrient/element cycling influences ecosystem functions and how various
land management practices such as afforestation or the use of fire affect microbial diversity
and soil health, for example.

In two articles of this Special Issue, the impact of different agricultural practices,
i.e., the use of fire [8] and Si amendment/crop straw recycling [9], on biogeochemical
nutrient/element cycling in agricultural plant–soil systems was studied. Arunrat et al. [8]
examined the impact of fire on soil properties and bacterial communities under rotational
shifting cultivation in the tropical zone (northern Thailand). While they found positive fire
effects on soil properties (e.g., increased nutrient availability), bacterial communities were
negatively affected by fire (decrease in richness and diversity), but recovered relatively fast
after burning, i.e., within some months. This knowledge is helpful to derive practice-related
recommendations for post-fire management in traditional farming systems like rotational
shifting cultivation. Puppe et al. [9] analyzed silica accumulation in potato plants and
the effect of Si plant availability on long-term potato yield performance in the temperate
zone (Germany). They found relatively low Si contents in the dry mass of potato leaves
(up to 0.08%) and roots (up to 0.3%) and negligible Si contents in potato tuber skin and
tuber flesh for plants grown in soils with different concentrations of plant-available Si
(Si amendment, field experiment 1). Moreover, potato yield was not correlated to plant-
available Si concentrations in soils in the long term (1965–2015, crop straw recycling, field
experiment 2). Based on their results, Puppe et al. [9] ascribed the beneficial effects of Si
fertilization on potato growth and yield performance reported in previous studies mainly to
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antifungal/osmotic effects of foliar-applied Si fertilizers and to changes in physicochemical
soil properties (e.g., enhanced phosphorus (P) availability and water-holding capacity)
caused by soil-applied Si fertilizers.

Other authors examined the distribution of (toxic) soil elements in areas in China,
which are strongly affected by human activities. Wu et al. [10] studied the distribution of
several minor and trace elements in the soil of five different forests in the core area of the
Winter Olympics in the Beijing–Tianjin–Hebei region. They reported soil minor and trace
elements to be mainly influenced by climatic factors and soil properties, while no direct
effect of vegetation type on soil element distribution was observable. The results of Wu
et al. [10] are valuable to better understand how climate change affects the distribution of
minor and trace elements in soil of boreal forests in general. Xu et al. [11] analyzed soil and
crop samples to assess the distribution of toxic metals (“heavy metals”) in farmlands located
around smelting facilities in Jinchang City. Based on their results, they identified main areas
of nickel (Ni), copper (Cu), and cobalt (Co) contamination, where Ni, Cu, and Co levels in
crop samples exceeded regulatory limits. The results of Xu et al. [11] provide a valuable
foundation for future establishments of remediation strategies in the investigated area.

Three studies of this Special Issue deal with N dynamics in agricultural contexts.
Ahmed et al. [12] performed laboratory experiments to examine how different concentra-
tions of the two microbial inhibitors streptomycin and cycloheximide affect nitrous oxide
(N2O) emissions from strongly acidic soil. These authors found that high concentrations of
the applied microbial inhibitors effectively reduced N2O emissions, while lower microbial
inhibitor concentrations resulted in increased N2O production. The results of Ahmed
et al. [12] illustrate the complexity of microbial interactions in acidic soils and highlight
the importance of considering the broader ecological context when applying microbial
inhibitors in agricultural plant–soil systems. Xiang et al. [13] used an automated incubation
system to examine the effects of liming on N2O emissions from acidic soils. Their results
showed that N2O emissions increased following liming, especially when combined with
urea addition, by stimulating nitrification. These findings are useful for developing an
optimal liming strategy, which alleviates soil acidity by increasing soil pH, while mitigating
N2O oxide emissions from agricultural soils. Xu et al. [14] investigated the effects of soil N,
i.e., nitrate (NO3

−) and ammonium (NH4
+), availability on the grass Hemarthria altissima.

They observed that H. altissima specimens grown under high NH4
+ levels used N mainly

for carboxylation processes, while H. altissima specimens grown under high NO3
− levels

allocated N mainly to leaf light-capturing proteins. The findings of Xu et al. [14] are useful
for developing targeted N fertilization strategies to avoid over-fertilization and improve
crop yields.

In three articles of this Special Issue, the results of different afforestation approaches
in China are discussed in detail. Chen et al. [15] evaluated how different vegetation
restoration strategies (barren land/control, disturbed short-rotation and undisturbed long-
term Eucalyptus monocultures, a mixed native-species plantation, and a natural forest)
affect soil quality and microbial communities in tropical ecosystems. While they found
soil quality in undisturbed long-term Eucalyptus monoculture and mixed native-species
plantations to be comparable to natural forest soil quality, soil microbial biomass remained
lower in all plantations compared to the natural forest. The results of Chen et al. [15]
represent a valuable basis for assessing the suitability of different afforestation approaches
in the tropics. Du et al. [16] examined the effects of four different afforestation strategies,
i.e., plantations of (i) Salix cheilophila and Populus simonii, (ii) S. cheilophila, (iii) P. simonii,
and (iv) Caragana korshinskii, on biological soil crust properties and microbial communities
in an alpine sandy land in the Gonghe Basin. Their results showed the P. simonii plantation
to represent the most promising afforestation strategy in this area to enhance biological
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soil crust nutrient contents and optimize bacterial community structures. Zuo et al. [17]
studied the effects of five different afforestation strategies, i.e., plantations of (i) pure
Eucalyptus, (ii) Eucalyptus and Cupressus (2:1 ratio), (iii) Eucalyptus and Cupressus (1:1 ratio),
(iv) Eucalyptus and Cupressus (1:2 ratio), and (v) pure Cupressus, on soil physicochemical
properties, microbial communities, and metabolomes in a subtropical mountain area. They
found mixed Eucalyptus–Cupressus plantations to represent the most promising afforestation
strategy, which improved soil conditions and promoted a more diverse and functionally
enriched soil microbiome, particularly at a 1:2 Eucalyptus–Cupressus ratio.

Last but not least, Zaman et al. [18] summarized current knowledge of biogeochemical
C, N, P, sulfur (S), and Si cycles, emphasizing their roles in nutrient/element cycling,
plant growth, and soil health, especially in agricultural plant–soil systems. Based on their
literature review, they identified research gaps that should be filled in future studies to better
understand the interlinkages between biogeochemical cycles and their responses to global
change. Moreover, they called for integrated approaches that combine interdisciplinary
research, technological innovation, and sustainable land-use strategies to mitigate human-
induced disruptions and enhance ecosystem resilience in the face of environmental change.

The articles published in this Special Issue provide a comprehensive overview of
the complex interactions that govern ecosystem functioning and offer important insights
for sustainable ecosystem management in a changing world. We hope that the findings
presented here will inspire future research and contribute to the development of policies
and practices that promote healthier, more resilient ecosystems for the generations to come.

Author Contributions: Conceptualization, writing—original draft preparation, writing—review and
editing, D.P. and W.Z.; supervision, D.P. All authors have read and agreed to the published version of
the manuscript.

Funding: The authors declare that no funds, grants, or other support were received during the
preparation of this manuscript.
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Fire-Induced Changes in Soil Properties and Bacterial
Communities in Rotational Shifting Cultivation Fields in
Northern Thailand

Noppol Arunrat 1,*, Chakriya Sansupa 2, Sukanya Sereenonchai 1, Ryusuke Hatano 3 and Rattan Lal 4

1 Faculty of Environment and Resource Studies, Mahidol University, Nakhon Pathom 73170, Thailand;
sukanya.ser@mahidol.ac.th

2 Department of Biology, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand;
chakriya.sansupa@gmail.com

3 Laboratory of Soil Science, Research Faculty of Agriculture, Hokkaido University, Sapporo 060-8589, Japan;
hatano@agr.hokudai.ac.jp

4 CFAES Rattan Lal Center for Carbon Management and Sequestration, The Ohio State University, 2021 Coffey
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* Correspondence: noppol.aru@mahidol.ac.th

Simple Summary: The dynamics of the soil bacterial communities in rotational shifting cultivation
fields were investigated. A six-year interval of fallow years did not result in any differences in the soil
bacterial communities. A recovery in the abundance of the soil bacterial communities was observed
during the rainy season. An increase in bacterial richness occurred during the year after a burn. After
one year, the diversity of the bacterial communities reverted to pre-burning levels.

Abstract: Fire is a common practice in rotational shifting cultivation (RSC), but little is known
about the dynamics of bacterial populations and the impact of fire disturbance in northern Thailand.
To fill the research gap, this study aims to investigate the dynamics of soil bacterial communities
and examine how the soil’s physicochemical properties influence the bacterial communities in RSC
fields over a period of one year following a fire. Surface soil samples (0–2 cm depth) were collected
from sites with 6 (RSC-6Y) and 12 (RSC-12Y) years of fallow in Chiang Mai Province, northern
Thailand at six different time points: before burning, 5 min after burning (summer), 3 months after
burning (rainy season), 6 months after burning (rainy season), 9 months after burning (winter), and
12 months after burning (summer). The results revealed a reduction in the soil bacterial communities’
diversity and an increase in soil nutrient levels immediately after the fire. The fire significantly
influenced the abundance of Firmicutes, Proteobacteria, Acidobacteria, and Planctomycetes, but
not that of Actinobacteria. At the genus level, Bacillus, Conexibacter, and Chthoniobacter showed
increased abundance following the fire. During the rainy season, a recovery in the abundance
of the soil bacterial communities was observed, although soil nutrient availability declined. Soil
physicochemical properties such as pH, organic matter, organic carbon, electrical conductivity, cation
exchange capacity, nitrate-nitrogen, available phosphorus, exchangeable potassium, total nitrogen,
bulk density, sand, and silt contents significantly influenced the composition of bacterial communities.
Alpha diversity indices indicated a decrease in diversity immediately after burning, followed by
an increase from the early rainy season until the summer season, indicating that seasonal variation
affected the composition of the soil bacterial communities. After one year of burning, an increase
in bacterial richness was observed, while the diversity of the bacterial communities reverted to
pre-burning levels.

Keywords: fire; rotational shifting cultivation; soil bacterial community; soil physicochemical properties;
terrestrial microbiology

Biology 2024, 13, 383. https://doi.org/10.3390/biology13060383 https://www.mdpi.com/journal/biology5
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1. Introduction

Shifting cultivation is a type of rotational agricultural technique, commonly referred
to as slash-and-burn or swidden. Moreover, it is a culture that has been transmitted by
local indigenous populations [1]. Shifting cultivation is a relatively common practice,
particularly in the highlands of south and southeast Asia [2]. It involves clearing a patch of
vegetation using the slash-and-burn method and cultivating assorted crops in the cleared
land [3]. The fields are left fallow after harvesting to facilitate the recovery of soil nutrients
and promote the growth of plants through secondary succession [4,5]. The plant diversity
may completely recover between 20 and 40 years after a fire [6]. In general, 14–15 months
after the combustion phase, the soil microbial population can be the same as before [7].
In the mountainous regions of northern Thailand, shifting cultivation has been a long-
standing traditional farming practice among hill tribes. However, shifting cultivation areas
in Thailand are referred to as rotational shifting cultivation (RSC), because cutting native
forests and building new settlements in protected forests are not allowed [3].

Fire is an element of an ecosystem that is utilized to encourage the germination or
spread of plant species, especially in areas with deciduous forests [8]. However, wildfires
have the apparent disadvantage of being difficult to control. One of the fundamental
components of shifting agriculture is fire, which serves as a tool for land preparation [9].
However, burning vegetation can indeed alter the characteristics of the soil and its mi-
crobial community, impacting the soil’s texture, structure, fertility, and physicochemical
properties [10,11]. Burning of cultivated areas can alter the soil’s characteristics, depending
on the fire’s severity and intensity. Low-intensity fires are shown to increase soil organic
carbon (SOC), whereas high-intensity fires reduce SOC [12]. Ash deposition from biomass
burning increases pH, calcium (Ca), phosphorus (P), potassium (K), magnesium (Mg), and
the sum of basic cations [13]. The highest losses of eroded soil carbon (C) and nitrogen
(N) were recorded in the first 2 years following severe wildfires in the western USA [14].
Hence, prescribed fires, specifically low-intensity fires, can be used to manage fuel and
mitigate negative effects on soil properties [15].

Soil bacteria play a crucial role in biogeochemical cycles, supplying essential nutrients
to the soil, and promoting plant growth [16]. Aeromicrobium, Agromyces, and Bacillus are
among the common bacteria found in soil free from plant diseases [17]. Bacillus is crucial
for plant development [18]. However, fire affects soil bacteria through heat and alteration
of soil properties [19]. Smith et al. [20] reported a widespread presence of the Bacillus
genus in the boreal forest near Chisholm, Alberta, Canada. In Bangladesh’s Chittagong
Hill Tracts, the Cocci, Bacillus, and Streptococcus species were found in soil under shifting
cultivation [21]. Arunrat et al. [22] conducted the first study in Thailand to identify soil
bacterial communities in a continuous 5-year fallow of a RSC field. They observed that
Candidatus Udaeobacter dominated during the summer and winter seasons, while Bacillus
was the dominant genus during the rainy season. Arunrat et al. [23] reported that the
phylum Firmicutes presented a substantial increase of around 95% after a fire, with Bacillus
being dominant. In the fungal community, Ascomycota experienced a significant increase,
and Penicillium a dominant increase, after the fire in a RSC field in Thailand.

Hamman et al. [7] reported that the microbial communities in the burnt sites exhibited
structural differences compared to the unburnt sites, while microbial biomass did not
change after burning. They also indicated temperature, C content, and soil pH are the
main factors that influence soil bacterial development. Some prior studies have revealed
that the temporal dynamics of microbial communities are primarily influenced by seasonal
periodicity [24–26], which can be attributed to the complex interactions among climate
factors and variations in soil physicochemical properties. However, the dynamics of
bacterial populations in shifting agricultural areas and the impact of fire disturbance
remain unknown in northern Thailand. To gain a better understanding of these changes,
this study was aimed at assessing the dynamics of soil bacterial communities and assessing
the influence of soil physicochemical properties on bacterial communities for one year
after a fire. This study was designed to test the following hypotheses: (i) burning would
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result in an immediate reduction in soil bacterial community diversity and an increase in
soil nutrient levels, (ii) the abundance of the soil bacterial communities would begin to
increase after 3 months of burning due to seasonal changes, while the availability of soil
nutrients would decline, and (iii) seasonal variation and soil physicochemical properties
would influence the composition of the soil microbial communities. The findings of this
study can serve as a valuable scientific reference for understanding the recovery of soil
properties and bacterial communities following a fire in RSC fields.

2. Materials and Methods

2.1. Study Areas

The study sites were located in Ban Mae Pok, Ban Thab Subdistrict, Mae Chaem
District, Chiang Mai Province, northern Thailand (Figure 1A) [27]. Based on the data
recorded by the Thai Meteorological Department in Chiang Mai Province (Doi Ang Khang
and Mueang Chiang Mai stations) during 2021–2022, the annual rainfall varied between
1105–2688 mm (rainy season: May to October). The winter season (October and February)
had minimum temperatures ranging from 3.2–22.1 ◦C, while the summer season (February
to April) reached maximum temperatures ranging from 35–40 ◦C (Figure 1B). The soils in
the highlands of Thailand with a slope greater than 35% were classified as slope complex
soil series [28].

Two RSC fields were chosen for their similarity in microclimate and prior land use for
the cultivation of upland rice. RSC-12Y (18◦23′17′ ′ N, 98◦11′41′ ′ E; elevation 692 m a.s.l;
slope gradient 28%) was left fallow for 12 years after a harvest of upland rice. The field
was subsequently cleared, burned, and used for upland rice cultivation in 2022. RSC-6Y
(18◦23′16′ ′ N, 98◦11′32′ ′ E; elevation 729 m a.s.l; slope gradient 31%) was left fallow for
6 years after a harvest of upland rice. The RSC-12Y and RSC-6Y fields were cleared, the
residues were burned, and the fields were used for upland rice cultivation in 2022 [27].

 

Figure 1. Cont.
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Figure 1. Study area. (A) Location of RSC-6Y and RSC-12Y sites, (B) temperature and precipitation
during 2021–2022, (C) fire behaviors, and (D) RSC fields over six time points. Photos were taken by
Noppol Arunrat.

2.2. Experimental Design, Fire Measurements and Soil Sampling

Three sampling lines were established at intervals of 25 m for RSC-12Y and 15 m for
RSC-6Y, ensuring statistical independence between lines. The sampling lines, with lengths
of 170 m for RSC-12Y and 150 m for RSC-6Y, began at the upper slope and concluded
at the lowest slope. Burning was conducted on 30 March 2022 at 15.00–17.00 h. The
fire temperature during burning was measured using an infrared thermometer (PONPE
470IR). Fire measurements, including flame length, flame residence time, and spread rate,
were conducted using drones for top-view image and video recordings, as well as direct
observation by personnel on the ground (Figure 1C). Flame length was measured from
the average flame tip to the middle of the flaming zone at the base of the fire [29]. Flame
residence time was determined from video recordings, beginning when the flame front
reached a specific point along the fuel bed and ending when flaming combustion was
completed at that location [29]. The rate of fire spread was calculated using the cumulative
spread rate method, which is derived by dividing the total distance traveled by a fire by
the total time of travel [30].

In each sampling line of both the RSC-12Y and RSC-6Y fields, soil samples were
collected from the surface layer (0–2 cm depth) at three sample plots, each with an ap-
proximate area of 1 × 1 m. While collecting soil samples, a measuring tape was used
to ensure that samples were taken at precisely 0–2 cm depth. These sample plots were
spaced approximately 50 m apart from each other. Soil samples from each plot of each
sampling line were composited to obtain one composite sample per sampling line. This
approach could reduce the variability in the richness and diversity of soil bacteria along the
slopes, which might occur due to variations in soil nutrients caused by erosion processes in
RSC fields. Collecting soil samples at a depth of 0–2 cm was considered appropriate for
capturing the dynamics of soil bacteria, as this surface layer is more sensitive to changes
in environmental conditions [22,31–33]. Stones, grasses, roots, ash, charcoal, and residues
were removed manually. Steel knives were used to collect soil samples, following which
approximately 1 kg of soil was transferred into a plastic bag for the analysis of the soil’s
physical and chemical properties. Meanwhile, around 100 g of soil was placed into zip-lock
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plastic bags and cooled at −20 ◦C for DNA extraction. Soil sampling was conducted at six
different time points: before burning (March 2022), after burning at 5 min (March 2022),
3 months (June 2022), 6 months (September 2022), 9 months (harvest, December 2022),
and 12 months (March 2023) (Figure 1D). A total of 36 soil samples were taken from the
two RSC fields, comprising six time points. For each plot from where soil samples were
obtained, soil temperature and soil moisture content were also recorded at 2 cm depth by
using a Type K Thermocouple (PONPE 422 PR) and soil moisture meter (PONPE 301SM),
respectively.

2.3. Analysis of Soil Physical and Chemical Properties

The soil bulk density (BD) at 0–5 cm was measured using a steel core (5.0 cm diameter
and 5.5 cm length) and dried at 105 ◦C for 24 h [23]. Bulk samples were air-dried, grinded
and sieved through a 2-mm sieve. Soil texture was determined on sieved samples by the
hydrometer method [23]. Soil pH was measured by a pH meter (1:1 solids in water) [34],
electrical conductivity (ECe) by using an EC meter [34], the cation exchange capacity (CEC)
by the NH4OAc method (pH 7.0) [32], total N (TN) by the micro-Kjeldahl method [34],
and ammonium N (NH4-N) and nitrate–N (NO3-N) by the KCl extraction method [34].
In addition, exchangeable calcium (exch. Ca), magnesium (exch. Mg), and potassium
(exch. K) were measured using atomic absorption spectrometry with NH4OAc pH 7.0
extraction [35,36]. Available phosphorus (avail. P) was measured using the Bray II ex-
traction method [35,37] and soil organic carbon (SOC) content was determined by the
potassium dichromate (K2Cr2O7) in sulfuric acid method [35,38], and converted to SOM by
multiplying by 1.724.

2.4. DNA Extraction, Bacterial 16s Amplification, and Sequencing

DNA was extracted from the soil using a DNeasy PowerSoil Pro DNA Kit (Qiagen, Hilden,
Germany), following the manufacturer’s protocols. The extracted DNA was amplified using
primers 341F (5′-CCTAYGG-GDBGCWSCAG) and 805R (5′-GGACTAC-NVGGGTHTCTAAT-
3′), which amplified the V3–V4 region of the 16S rRNA gene [39]. The PCR product was
subjected to sequencing using the paired-end Illumina Miseq platform at the Omics Sciences
and Bioinformatics Center of Chulalongkorn University (Bangkok, Thailand).

2.5. Bioinformatics Analysis

Bioinformatics analysis was performed on QIIME2 to identify bacterial taxonomy
and estimate the abundance of each taxon [40]. Briefly, raw sequence reads were im-
ported to QIIME2. Forward and reverse primers were cut by cutadapt [41]. The DADA2
plugin was used for quality-filtering, merging, and chimera removal with the follow-
ing parameters: forward read length = 230 bp, reverse read length = 210 bp, maxEE =
5, and overlap = 12 bp [42]. Amplicon sequence variants (ASVs) with less than two se-
quence reads (singletons) were removed. Taxonomy was assigned using the Silva v.138
database [43,44] and ASVs that were assigned to mitochondria or chloroplasts were filtered
out. The remaining ASVs were then normalized to the smallest number of sequences from
each sample using the rarefy plugin. Predictive enzyme abundance was assigned to the
dataset using PICRUSt2 [45]. PICRUSt2 predicts potential functions based on reference
genes. While this tool provides valuable insights into microbial functions, it is important to
note that the results from these predictions still need to be validated by experimental data.

2.6. Statistical Analysis

Statistical analyses were performed on PAST [46] and the R program. The soil’s
physical and chemical properties at six time points were compared with one-way repeated
measures ANOVA and post hoc Tukey’s HSD tests. The alpha diversity indices, including
observed richness, ACE, Simpson, and Shannon indices, were computed by the microeco
package [47]. The alpha diversity indices in the two study sites and at the 6 sampling
times were analyzed by two-way analysis of variance (two-way ANOVA). Differences of
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the indices between each of the sampling times were tested by ANOVA with repeated
measures. Bacterial community composition was analyzed and visualized by non-metric
multidimensional scaling (NMDS). The differences between each composition were tested
by two-way permutational multivariate analyses of variance (two-way PERMANOVA).
A redundancy analysis (RDA) was used to determine the influence of soil properties on
soil bacterial community compositions, and the significance of the correlations between
soil properties and bacterial communities was confirmed using the Mantel test. Differences
between the abundances of bacteria at the phyla and genus levels and predictive enzymes
were tested using ANOVA with repeated measures. Spearman’s rank correlation was
used to test the correlations between the abundances of genera, predictive enzymes, and
soil properties.

3. Results

3.1. Soil Moisture, Soil Temperature, Fire Behaviors, and Soil Physicochemical Properties

No significant differences in soil moisture content were observed between pre-burning
and 5 min after burning, likely due to the short flame residence time (Table 1) resulting
in less moisture evaporation. However, significant differences were observed at 3 and
6 months after burning due to high precipitation (Figure 1B). At a depth of 0–2 cm, a
significant increase in soil temperature was observed even at 5 min after burning, reaching
an average of 46.0 ◦C and 47.8 ◦C for the RSC-6Y and RSC-12Y sites, respectively. During
burning, the fire temperature in the litter layer ranged from 253 to 612 ◦C and 315 to 754 ◦C
for the RSC-6Y and RSC-12Y sites, respectively. This is consistent with the fire temperatures
in the topsoil of the slash and burn agricultural system in the rural community of Tijuco
Preto in the Prudentópolis municipality of southern Brazil, which ranged from 534 to
777 ◦C [48]. Flame length and flame residence time during burning were measured in the
range of 3.6 to 5.5 m and 22.0 to 33.0 s, respectively, while the spread rates varied from 12.5
to 15.5 m/min (Table 1).

Five minutes after burning, the soils exhibited significantly lower levels of SOM, SOC,
TN, NO3-N, and clay content. Conversely, burned soils showed higher pH, ECe, NH4-N,
sand content, and soil nutrients (Avail. P, Exch. K, Exch. Ca, and Exch. Mg). However,
bulk density and CEC remained unchanged at 5 min after burning. At 1 year after burning,
the soil pH, ECe, SOM, SOC, Avail. P, and NH4-N were higher than the initial values
(pre-burning), whereas the levels of TN, Exch. K, Exch. Ca, and Exch. Mg declined over
time points (Tables 2 and 3). However, it may be crucial to measure the bulk of plant litter
in future studies to enhance our understanding of how soil temperatures impact the soil
surface, especially in relation to SOM.

3.2. Bacterial Richness and Diversity

The bacterial diversity in two rotational shifting cultivations at six time points was
examined in this study. A total of 427,788 high-quality sequence reads (11,883 sequences
per sample) and 19,297 ASVs were obtained from the sequencing analysis. Alpha diversity,
which represents the richness (observed richness and ACE) and diversity of bacteria
(Shannon’s and Simpson’s indices), was observed. The two-way ANOVA analysis (Table 4)
showed that sampling time had a significant impact on all diversity indices, whereas
site and the interaction between both factors did not. Furthermore, the richness and
diversity decreased immediately after burning (5 min) and increased three months later. The
observed richness and ACE in the wet or rainy season (3 and 6 months) were comparable
to those observed 5 min after burning. However, they significantly increased in the dry
season (winter and summer, 9 and 12 months after burning) (Figure 2a,b). On the other
hand, the Shannon’s and Simpson’s indices increased significantly in the wet or rainy
season (3 months after burning). The Shannon’s index was low during the rainy season and
increased during the dry season (winter and summer) (Figure 2c). However, no significant
changes were observed between the Simpson’s diversity indices for different sampling
times after 3 months of burning (Figure 2d).
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Figure 2. Alpha diversity indices across all samples. (a) Observed richness, (b) ACE richness,
(c) Shannon diversity index, and (d) Simpson diversity index. Different letters in the plots indicate
statistically different (p < 0.05).

3.3. Bacterial Taxonomic Distribution

Overall, we observed 35 phyla, 91 classes, 184 orders, 258 families, and 502 genera.
The most abundant phyla across all samples belonged to Actinobacteria, Proteobacteria,
Firmicutes, Chloroflexi, and Planctomycetes (Figure 3). Burning significantly affected the
abundance of several phyla, such as Firmicutes, Proteobacteria, Acidobacteria, and Plancto-
mycetes, while it did not have a significant effect on certain phyla, such as Actinobacteria.
The abundance of Actinobacteria at 5 min after burning was similar to that before burning,
but increased during the wet or rainy season (3 months after burning) and decreased
during the dry season (winter and summer; 9 and 12 months after burning) (Figure 3). At
the genus level, the most abundant genera across all samples were Bacillus, followed by
Geodermatophilus. Burning significantly affected the abundance of Bacillus, Conexibacter, and
Chthoniobacter. The abundance of each genus changed at each time point. One year after
burning, the proportions of bacteria were not similar to those before burning.

3.3.1. Taxonomic Distribution in RSC-6Y

Chloroflexi (19.44%), Actinobacteria (18.61%), and Proteobacteria (18.39%) dominated
the community before burning. However, the most fluctuating phyla after burning were Fer-
micute, Proteobacteria, Acidobacteria, and Planctomycetes. The abundance of Firmicutes
increased from 9% to 30% after burning (5 min), then decreased to 10% during the wet or
rainy season (3 and 6 months after burning), to 4% during winter (9 months after burning),
and 7% in summer (12 months after burning). Proteobacteria and Acidobacteria decreased
from 18% to 7% and 12% to 2%, respectively, after burning (5 min). The abundance of
these two phyla increased during the rainy season, after 3 months (Proteobacteria: 22%
and Acidobacteria: 4%) and 6 months (Proteobacteria: 16% and Acidobacteria: 8%). Then,
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during summer (12 months after burning), Proteobacteria totaled 11.67% and Acidobacteria
totaled 10.53% (Figure 3a).

Figure 3. Stacked bar plot showing the most abundant bacterial phyla in (a) rotational shifting
cultivation—6 years (RSC-6Y) and (b) rotational shifting cultivation—12 years (RSC-12Y). * denote
statistically significant (p < 0.05).

The most abundant genus before burning was Bacillus (4.65%), followed by Conex-
ibacter (3.80%) and Gemmata (2.29%). The abundance of Bacillus and Nocardioides increased
after burning (5 min), while that of Gemmata, Conexibacter, Candidatus Udaeobacter, and
Sphingomonas decreased. However, significant change was observed only in Conexibacter.
The data from this study also showed that Sphingomonas significantly changed with the
changes of the seasons. Their abundance was high during the wet or rainy season (3 and
6 months after burning) and significantly decreased during the dry season (winter and
summer) (Figure 4). One year after burning, the most prevalent genera belonged to Bacillus
(5.60%), followed by Geodermatophilus (3.30%) and Gemmata (2.67%).

Spearman’s rank analysis revealed positive correlations between Bacillus and Avail.
P and Exch. K, as well as a negative correlation between Bacillus and BD, albeit these
correlations were not statistically significant. Contrarily, significant correlations were
observed between the genus Geodermatophillus and pH (positive) and TN (negative) (see in
Supplementary Figure S1).

3.3.2. Taxonomic Distribution in RSC-12Y

Before burning, the most abundant phyla were Proteobacteria (21.57%), Actinobacteria
(15.43%), and Acidobacteria (14.17%). Burning significantly changed the abundance of
some phyla, including Firmicutes, Proteobacteria, Acidobacteria, Planctomycetes, and
Verrucomicrobia. The abundance of Firmicutes increased from 6% to 61% after burning
(5 min), then decreased to 16% at 3 months (rainy season) and 8% after 12 months (summer).
Proteobacteria decreased from 22% to 8% after burning (5 min), then increased to 22% after
3 months and declined to 10% after 12 months. Similarly, Acidobacteria also decreased from
14% to 4% after burning and increased to 7% after 12 months. However, Actinobacteria did
not change significantly immediately after burning (Figure 3b).
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Figure 4. Bar plot showing the abundance of the most abundant genera in RSC-6Y. Different letters in
the plots indicate statistically different (p < 0.05).

At the genus level, Bacillus (1.43%), Candidatus Udaeobacter (1.37%), and HSB OF53-
F07 (1.49%) were the most prevalent taxa in samples before burning. After burning (5 min),
the abundance of Bacillus increased significantly, whereas that of Chthoniobacter decreased
(Figure 5). There were some taxa which increased significantly during the wet season
and decreased during the dry season. These included Conexibacter, HSB OF53-F07, and
Acidothemus. One year after burning, the most prevalent taxa belonged to FCPS473 (1.44%),
Bacillus (1.43%), and Geodermatophilus (0.67%).

Spearman’s rank correlation analysis showed positive correlations between Avail. P,
Exch. K, Exch. Mg, and Exch. Ca with Bacillus, while these nutrients showed negative
correlations with other genera. Soil BD and clay showed negative correlations with Bacillus
but positive with Geodermatophillus, FCPS473, Chthoniobacter, and Gemmata. However, no
significant differences were observed in any of these correlations (see in Supplementary
Figure S2).

3.4. Community Composition and Correlation with Soil Properties

Two-way PERMANOVA analysis revealed that both sampling time and site signifi-
cantly affected beta diversity or bacterial community composition (Table 4). Bacteria in
each time point and site were separate from each other, and this indicated the difference in
the community compositions (see in Supplementary Figure S3). One year after burning,
the community compositions of bacteria were not similar to those before burning. Thus, re-
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dundancy analyses (RDAs) in the two study sites were performed separately. RDA showed
that soil properties explained 62.7% and 61.8% of the total variations in the community
compositions in RSC-6Y and RSC-12Y, respectively (Figure 6). According to the Mantel
test, several soil parameters (i.e., pH, SOM, SOC, ECe, CEC, NO3-N, Avail. P, Exch. K, TN,
BD, sand, and silt) significantly impacted the bacterial communities. Specifically, pH and
NO3-N were significant only in RSC-12Y (Figure 6, Table 5).

Figure 5. Bar plot showing the abundance of the most abundant genera in RSC-12Y. Different letters
in the plots indicate statistically different (p < 0.05).

Table 5. Correlation coefficient between bacterial community and soil properties.

Soil Properties
RSC-6Y RSC-12Y

Correlation Coefficient p-Value Correlation Coefficient p-Value

pH 0.184 0.054 0.257 0.008 *
SOM 0.339 0.004 * 0.302 0.009 *
SOC 0.341 0.004 * 0.300 0.010 *
ECe 0.296 0.005 * 0.404 0.001 *
CEC 0.354 0.002 * 0.298 0.003 *

NH4-N 0.410 0.001 * 0.304 0.001 *
NO3-N 0.131 0.119 0.442 0.001 *
Avail. P 0.424 0.001 * 0.320 0.002 *
Exch. K 0.340 0.001 * 0.303 0.003 *
Exch. Ca 0.235 0.013 * 0.296 0.006 *
Exch. Mg 0.183 0.030 * 0.218 0.026 *
Total. N 0.138 0.100 0.155 0.086

BD 0.237 0.012 * 0.228 0.012 *
Sand 0.301 0.011 * 0.360 0.001 *
Silt 0.218 0.019 * 0.221 0.034 *

Clay 0.333 0.004 * 0.255 0.023 *
* denote statistically significant (p < 0.05), as determined by using Mantel test.
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Figure 6. RDA ordination illustrating soil properties significantly correlated with bacterial community
composition in (a) RSC-6Y and (b) RSC-12Y. Significant parameters indicated with the Mantel test
(p < 0.05).

3.5. Predictive Function

A total of 19,265 (99.85%) ASVs were assessed for their impact on various soil functions.
Specifically, 10 enzymes were highlighted in relation to soil systems, including nitroge-
nase, nitrate reductase, alkaline phosphatase, acid phosphatase, arylsulfatase, chitinase,
β-glucosidase, cellulase, amidase, and urease. In both study sites, acid phosphatase levels
decreased significantly immediately after burning and increased after a few months. Simi-
lar trends were observed for nitrate reductase and urease in the RSC-12Y site. In contrast,
cellulase and amidase levels in both study sites increased significantly immediately after
burning and then decreased after some months (Figure 7).

 

Figure 7. The abundance of predictive enzymes in RSC-6Y (a) and RSC-12Y (b). Color represents
relative abundance of each enzyme. * denote statistically significant (p < 0.05).
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In terms of correlations, a significant positive correlation was observed between cellu-
lase and ECe (electrical conductivity of the saturation extract) in RSC-6Y (Figure 8a). In
the case of RSC-12Y, significant positive correlations were observed between acid phos-
phatase and arysulfatase as well as between acid phosphatase and NO3-N (nitrate nitrogen)
(Figure 8b).

Figure 8. Correlations between the predictive enzymes and soil properties in RSC-6Y (a) and RSC-12Y
(b). Color represents correlation coefficient. Blue = positive correlation, red = negative correlation,
and circles within boxes are significant correlations. Circle size corresponds with the correlation
coefficient.

4. Discussion

4.1. Effects of Seasonal Variations on Soil Microbial Communities

Soil microbial composition changes with the seasons, influenced by variations in soil
temperature, moisture, and nutrients content [49–51]. Furthermore, seasonal variations
lead to changes in environmental conditions, including photosynthesis, root exudates, and
the accumulation of litter, which can have an impact on soil microbial communities [52,53].
The data in Table 4 showed that sampling time significantly impacted all diversity indices.
Alpha diversity indices across all samples showed a decline immediately after burning
and increased with the onset of the early rainy season until the summer season (Figure 2).
This trend may be attributed to the increase in soil moisture resulting from precipitation
during the rainy season, along with the release of available nutrients from ash and charcoal
following the fire (Tables 2 and 3). Additionally, the increase in temperature from late
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winter to the summer season contributes to an increase in the composition of soil bacterial
communities. The data presented herein are in accord with those reported by Luo et al. [54],
who also demonstrated that the microbial community in an orchard in southeastern China
exhibited a peak during the summer, likely attributed to the increases in temperature
and rainfall. Similar trends have also been observed in diverse ecosystems, including an
evergreen broadleaf forest in southwestern China [55], temperate grasslands [56], an apple
orchard in the temperate monsoon climate zone [57], and the Mongolian oak-dominant
Gwangneung forest in Korea [58].

Seasonal changes in climate parameters can have a significant impact on the growth of
vegetation, which directly affects the microbial community [59,60]. This trend may be due
to the variations in the decomposition rate of litter [61] and substances released through
root exudates [62]. It is also in accord with the trend observed in the alpha diversity indices
shown in Figure 2. Soil moisture content plays a crucial role in plant growth and the
microbial community by influencing osmotic potential, nutrient and energy transport, and
cellular metabolism [63]. Griffths et al. [64] observed that increased availability of carbon
sources and root growth during the growing season led to an increase in soil microbial
biomass and activity. Jefferies et al. [65], Zhang et al. [66], and Li et al. [67] also reported
that soil microbial growth was limited during winter but increased during summer due to
an increase in temperature.

In RSC fields, fire is an anthropogenic disturbance that significantly alters soil microbial
communities (Figures 1 and 2), which play a crucial role in supporting the recovery process
following biomass burning, particularly in response to seasonal variations (Figures 3–5).
The abundance of Firmicutes, Proteobacteria, Acidobacteria, and Planctomycetes increased
after the occurrence of fire. After the fire, there was also a significant increase in the abun-
dance of Firmicutes, making it the most prominent group. However, the abundance of
Actinobacteria remained unchanged immediately after burning and exhibited variation
throughout the seasons. It showed an increase during the rainy season but a decrease dur-
ing the winter and summer seasons, which could be attributed to intense competition and
interactions between microbial species (Figure 3). The phylum Firmicutes includes diverse
thermophilic, antibiotic-producing, and endospore-forming organisms that exhibit high
resistance to desiccation, heat, and radiation [68]. A study by Nelson et al. [69] reported
that Actinobacteria possess genes associated with heat resistance, rapid growth, and the
ability to utilize pyrogenic carbon, which enables their survival following a fire. At the
genus level, the abundance of Sphingomonas decreased significantly after the fire event in
RSC-6Y. However, its abundance showed a significant increase during the rainy season and
decreased during the dry season (winter and summer) (Figure 4). This trend suggests that
Sphingomonas may be a species that exhibits a rapid response to changes in precipitation and
temperature, possibly indicating its adaptability to fluctuating environmental conditions.
In the RSC-12Y site, the genera Conexibacter, HSB OF53-F07, and Acidothemus exhibited a
positive response during the rainy season and a decrease during the dry season (Figure 4).
In contrast to the other genera, the abundance of FCPS473 and Gemmata remained un-
changed after the occurrence of fire and exhibited a significant increase during the dry
season (Figures 4 and 5).

4.2. Relationship between Soil Physical and Chemical Properties, and Soil Bacterial Communities

The combustion of biomass and SOM during the fire resulted in the accumulation
of ash on the soil surface. This ash accumulation plays a crucial role in altering the
physical and chemical properties of the soil [70], ultimately influencing the dynamics of
soil microbial communities [71]. The occurrence of fire significantly increased the soil pH,
ECe, NH4-N, and nutrients (Avail. P, Exch. K, Exch. Ca, and Exch. Mg) (Tables 2 and 3).
This increase was attributed to the deposition of ash during the fire event. However, over
time, these values declined due to runoff, leaching, and the movement of nutrients into
deeper soil layers through infiltration and percolation. These findings are also in accord
with those reported by previous studies [3,12,19,72–75].
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Fire behavior directly impacts the extent of combustion and the maximum temperature
reached during the fire event, which in turn influence the soil’s physical, chemical, and
biological properties. High-intensity fires result in the high volatilization of SOM and
oxidation processes in the topsoil layer [76]. On the other hand, incomplete combustion
during low-intensity fires can produce semi-pyrolyzed ash [77]. The accumulation of ash
affects soil microbial communities by increasing nutrient availability in the short term [73].
Additionally, the darkening of the soil due to ash deposition reduces the albedo, resulting
in an increase in soil surface temperature [78]. The data presented herein show significant
correlations between bacterial communities and several soil properties, including pH,
SOM, SOC, ECe, CEC, NO3-N, Avail. P, Exch. K, TN, BD, and the contents of sand and silt
(Table 5). The data presented herein also indicate an increase NO3-N and a decrease in NH4-
N during the rainy and winter seasons (3, 6, and 9 months after burning, corresponding to
June, September, and December) (Table 3). This observation suggests a rapid growth of
soil microorganisms in the tropical zone, which can be attributed to the high soil moisture
conditions during these seasons. These findings are also consistent with the trend observed
in the alpha diversity indices (Figure 2), implying that soil bacteria, particularly Bacillus,
play a role in the post-fire ecosystem by oxidizing NH4-N to NO2-N and subsequently
converting it to NO3-N, which is important for plant growth. A study conducted in northern
Sweden by DeLuca et al. [79] reported findings similar to those presented herein. The data
in Table 5 specifically show that pH and NO3-N played a significant role in changing the
bacterial communities in RSC-12Y, where fire intensity and soil temperature were higher
compared to RSC-6Y (Table 1). These findings may be attributed to the significant impact
of increased soil temperature and soil pH on nitrogen cycle processes. Jones et al. [80] and
Verma and Jayakumar [81] have revealed that an increase in soil temperature and higher
pH have an impact on the dynamics of inorganic nitrogen (NH4-N and NO3-N) through
mineralization and nitrification processes, as well as the ammonification process [12].

The short-term increase in available nutrients and soil pH following a fire can facilitate
the rapid regrowth of plants, leading to an increased release of plant root exudates. These
exudates play a crucial role in changing the composition of soil bacteria [82]. Meharg and
Killham [83] and Ren et al. [84] observed that a high pH value promotes bacterial growth by
increasing the exudation of organic compounds from plants. This provides another possible
explanation for the observed increase in bacterial richness and diversity three months after
the fire in our study (Figure 2). Fire alters the functional diversity of microbial communities,
which is essential for the recovery of ecosystem processes, influencing decomposition
and nutrient cycling [85]. D’Ascoli et al. [86] observed short-term changes in functional
diversity after fire in the Mediterranean region, suggesting rapid recovery despite persistent
reductions in microbial community activity and structural changes. Fontúrbel et al. [71]
observed higher values of diversity indices and pH immediately after fire, indicating more
favorable soil conditions for stimulating bacterial populations. However, fire-induced
changes in the functional diversity of microbial communities in RSC fields need to be
further studied in the future.

5. Conclusions

Understanding the impact of fire on soil physicochemical properties and bacterial
communities in RSC fields is crucial for effective post-fire management and regeneration
of burnt areas. The data presented herein show that immediately after the fire, there was
a decrease in soil bacterial community diversity and an increase in soil nutrient levels at
the 0–2 cm soil depth. However, 3 months after burning (during the rainy season), there
was a recovery in the abundance of the soil bacterial communities, despite the decline in
soil nutrient availability. The composition of soil microbial communities was influenced by
seasonal variation and the soil’s physicochemical properties. After one year of burning,
there was an increase in soil nutrient levels, pH, and ECe compared to those of the initial
values (pre-burning), along with an increase in bacterial richness. However, the diversity
of the bacterial communities reverted to pre-burning levels.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/biology13060383/s1. Figure S1: Correlation between the abundant genera
and soil properties in RSC-6Y. Color represents correlation coefficient. Blue = positive correlation,
red = negative correlation, and circles within boxes are significant correlations; Figure S2: Correlation
between the abundant genera and soil properties in RSC-12Y. Color represents correlation coefficient.
Blue = positive correlation, red = negative correlation, and circles within boxes are significant correla-
tions; Figure S3: NMDS ordination based on Bray–Curtis distances showing bacterial community
compositions across all samples.
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Simple Summary: The potato is the most important non-cereal food crop worldwide. Silicon (Si)
fertilizers have been reported to improve potato growth and yield. We used results from two field
experiments in the temperate zone to gain insight into silica accumulation in potato plants as well as
corresponding long-term potato yield performance. We found relatively low Si contents in potato
plants grown in soils with different concentrations of plant-available Si (field experiment 1). Moreover,
potato yield was not correlated to plant-available Si concentrations in soils in the long term (1965–2015,
field experiment 2). Based on our results, we ascribe the reported positive effects of Si fertilization on
potatoes rather to effects of the used Si fertilizers than to silica accumulation in potato plants. While
Si fertilizers applied directly to the leaves can prevent fungal infections, soil-applied Si fertilizers can
enhance phosphorus and water availability in agricultural soils. With our study, we aim to inspire
further research on Si fertilization–potato relationships. The corresponding results will help to derive
practice-oriented recommendations for potato growers worldwide to cope with the challenges of
climate change.

Abstract: The potato is the most important non-cereal food crop, and thus improving potato growth
and yield is the focus of agricultural researchers and practitioners worldwide. Several studies
reported beneficial effects of silicon (Si) fertilization on potato performance, although plant species
from the family Solanaceae are generally considered to be non-Si-accumulating. We used results from
two field experiments in the temperate zone to gain insight into silica accumulation in potato plants,
as well as corresponding long-term potato yield performance. We found relatively low Si contents
in potato leaves and roots (up to 0.08% and 0.3% in the dry mass, respectively) and negligible Si
contents in potato tuber skin and tuber flesh for plants grown in soils with different concentrations of
plant-available Si (field experiment 1). Moreover, potato yield was not correlated to plant-available
Si concentrations in soils in the long term (1965–2015, field experiment 2). Based on our results, we
ascribe the beneficial effects of Si fertilization on potato growth and yield performance reported in
previous studies mainly to antifungal/osmotic effects of foliar-applied Si fertilizers and to changes in
physicochemical soil properties (e.g., enhanced phosphorus availability and water-holding capacity)
caused by soil-applied Si fertilizers.

Keywords: phytogenic silica; crop production; phytoliths; sustainability; biogenic silica; stress
resilience; plant-available silicon; silica amendment; long-term field experiment

1. Introduction

As silicon (Si) is the second most abundant element in the Earth’s crust, Si can be found
virtually everywhere. Thus, it is not surprising that Si is also an important component
in many organisms like protists, sponges, and plants, which use dissolved monomeric
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silicic acid (Si(OH)4) for the formation of biogenic silica (i.e., amorphous hydrated silica,
SiO2·nH2O). This process of biosilicification has been found to represent a key factor in the
global Si cycle [1–3]. In terrestrial ecosystems, Si cycling by vegetation has been the focus
of research [4–6], although the role of protists (i.e., testate amoebae) has been highlighted
since the beginning of the 21st century [7].

Precipitated biogenic silica in plants is called phytogenic silica, which can be found
within cells (i.e., in the cell wall and the cell lumen) and in intercellular spaces and extracel-
lular (cuticular) layers. While intercellular and extracellular phytogenic silica structures
are quite delicate/fragile, cell wall and lumen silica precipitates are quite resilient and can
persist in soils as microfossils (phytoliths) up to hundreds and thousands of years [8,9].
These phytoliths are routinely used in many scientific fields like archaeology, (paleo)botany,
(evolutionary) biology, plant taxonomy, or climatology, and thus a phytolith nomenclature
and classification system has evolved [10]. As phytoliths can also contain various elements
like carbon, aluminum, calcium, iron, manganese, phosphorus, lead, copper, cadmium, or
arsenic, their potential for carbon and metal(loid) long-term sequestration in soils has been
recognized recently [11–13].

In general, Si accumulation in plants has been shown to enhance plants’ resistance to
abiotic and biotic stress with implications for plant performance and ecosystem function-
ing [14]. In agricultural plant–soil systems, Si fertilizers are widely used to increase yields of
Si-accumulating crops like rice, maize, wheat, and sugarcane, especially in the (sub)tropics,
where soils usually are desilicated much stronger than in the temperate zone [15–17]. In this
context, Si-rich materials used for fertilization comprise industrial waste matter (i.e., slags
or silica fume), manufactured fertilizers (e.g., fused magnesium phosphate or potassium
silicate), and minerals mined from the earth’s surface (e.g., wollastonite or diatomaceous
earth) [15,18]. However, the production of these fertilizers is quite energy-consuming,
and fertilization with some of these products can cause environmental problems (e.g.,
metal(loid) contamination of soils). Biochar has been discussed as a comparatively en-
vironmentally friendly Si source in agriculture [19], but it has to be considered that its
production by pyrolysis of crop residues and manures is relatively CO2-intensive [20]. In
the long term, the maximum restoration of the Si cycle in agricultural plant–soil systems
by crop straw recycling might represent the most promising and environmentally friendly
approach for the sustainable agricultural production of resilient crops [21,22].

The potato (Solanum tuberosum L., family Solanaceae) represents one of the most im-
portant crops worldwide. According to the Food and Agriculture Organization (FAO) of
the United Nations, approximately 375 million tons of potatoes were produced world-
wide in the year 2022 [23]. Despite the fact that plant species from the family Solanaceae
are considered to be non-Si-accumulating [24], some studies reported beneficial effects
of Si fertilization on potato production. Crusciol et al. [25], for example, found that Si
application in a greenhouse pot experiment significantly increased potato tuber yield and
Si concentrations in potato leaves. While some other greenhouse experiments corrobo-
rated the beneficial effects of Si (soil and foliar) fertilization on potato growth [26–30],
Vulavala et al. [31] found no significantly changed silica accumulation in potato roots or
leaves after Si fertilization, although they observed an upregulated expression of a gene
(called StLsi1), encoding a corresponding Si-influx protein in these plant organs.

Notably, field experiments on Si fertilization of potatoes were performed only in a
few studies, which were mostly limited to the foliar application of Si in the temperate
zone [32–34]. One of the rare studies that analyzed soil Si fertilization of potatoes under
field conditions was conducted in the tropics by Nyawade et al. [35], who reported synergis-
tic effects of soil Si fertilization and potato–legume intercropping in Kenya. Moreover, the
previous studies mainly focused on the effects of Si (soil/foliar) fertilization on potato pro-
duction using specific plant growth indicators like leaf numbers/areas, protein/saccharide
concentrations in leaves, or tuber dry weights. However, the accumulation of silica in spe-
cific plant organs on a cellular level has not been the focus of research until now, although
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Si concentrations in potato plant shoots/organs or tubers were also reported in some of the
previous studies (e.g., [25,27,28]).

In our study, we used a scanning electron microscope (SEM) equipped with an energy-
dispersive X-ray spectroscopy (EDX) instrument to analyze silica accumulation in potato
plants (leaves, roots, tuber flesh, and tuber skin) on a cellular level. The potato plants were
taken from a field experiment with control (no Si addition) and Si (addition of artificial silica
to the soil) plots and Si concentrations in the microscopically examined plant materials
were also determined spectroscopically in corresponding plant extracts. To gain further
insights into the effects of Si on potato growth, we additionally used potato yield data
from an ongoing long-term field experiment (LTFE) with plots where plant-available Si in
soils has been increased via crop straw recycling. The combination of microscopical and
spectroscopical techniques, as well as the combined analysis of results from two different
field experiments in our study, will help us to evaluate the effects of Si supply on potato
cultivation in detail. The corresponding results will not only be interesting for agricultural
scientists, but also for potato growers worldwide.

2. Materials and Methods

2.1. Study Sites and Sampling

The two field experiments, “V434” (silica amendment experiment) and “V140” (LTFE),
are located in the experimental area of the Leibniz Centre for Agricultural Landscape
Research (ZALF). The experimental sites are managed according to “Good Agricultural
Practice”. The climate is characterized by a mean annual precipitation of 535 mm and a
mean annual temperature of 9.3 ◦C based on the reference period of 1991–2020 (measured
by a weather station of the German Meteorological Service installed on the ZALF area).

The silica amendment experiment was established in 2020 [36]. This experimental
site consists of 12 plots measuring 3 m × 4 m each. Six of these plots serve as control and
received no Si addition. The soil at six other plots was amended with artificial amorphous
silica (ASi; Aerosil 300, Evonik Industries, Essen, Germany) in the upper 25 cm (Ap horizon)
in different amounts. While the soil at three of the Si plots was mixed with 1.8 kg ASi m−2,
resulting in a mass percentage of 0.5%, the soil at the three other Si plots was mixed with
3.6 kg ASi m−2, resulting in a mass percentage of 1.0%. A block design was used for
practical purposes, with buffer strips of equal size between the Si-treated and control plots
to prevent cross-treatment interferences (Figure 1). The ASi was carefully mixed into the
soil by hand in the first step and, subsequently, a cultivator was used to homogenously
distribute the ASi in the topsoil. To ensure comparable soil conditions, the soil at the control
plots was also treated with the cultivator, but without mixing in ASi. Finally, an overhead
sprinkler system was used to irrigate all plots with 60 mm m−2 of water, ensuring uniform
soil moisture across the entire field. In the first two years, wheat (Triticum aestivum) was
cultivated on the different plots of the silica amendment experiment [36,37]. In June 2020,
soil samples were taken and prepared (i.e., air-dried and passed through a 2 mm sieve) for
further analyses, i.e., the extraction of plant-available Si (see Section 2.2).

Seed potatoes (cultivar “Talent”) were planted on 22 April 2022. In May 2022, a
mineral fertilizer (“Piasan 25/6”; 120 kg nitrogen ha−1 and 29 kg sulfur ha−1) was applied.
Pesticides were applied in May (herbicide) and June (insecticide, fungicide) 2022. Potato
plant samples (shoots, roots, and tubers) were carefully taken on two dates in 2022, i.e.,
on the 30 June and the 28 July. On the first date, several specimens of the ten-lined potato
beetle (Leptinotarsa decemlineata Say, 1824) were already observed. Despite a three-time
application of insecticides, the beetle infestation increased and, on the second date, the
shoots of the potato plants were heavily damaged. Plant samples were thoroughly washed,
dried, and, finally, used for Si analyses (see Section 2.2).

The LTFE (52◦31′01′′ N, 14◦07′19′′ E) at ZALF was established in a full randomized
block design in 1963 to analyze the effects of different mineral and organic fertilizers
on yields and soil fertility [21,38]. The sand-dominated soil is classified as Albic Luvi-
sol (Arenic, Neocambic [39]), with two argic horizons in depths of 80–120 cm (Bt1) and
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120–160 cm (Bt2). The experimental setup includes different treatments, i.e., (i) NPK fertil-
ization in steps of 5 rates related to N (plots NPK 1–5), (ii) organic fertilization (manure or
straw plots), and (iii) control plots, with 8 field repetitions per treatment (168 single plots
in total). Soil samples have been regularly taken by the staff of the Experimental Station
of ZALF and analyzed (e.g., pH, phosphate concentrations) in the Central Laboratory of
ZALF. Plant biomass (yield) per plot has been determined every year. The effect of crop
straw recycling on anthropogenic desilication was analyzed in detail in a previous study
using selected plots of the LTFE (i.e., control, NPK 1, NPK 1 + Straw, NPK 3, NPK 3 + Straw,
NPK 5, and NPK 5 + Straw plots; see Figure 2) [21]. For our study, we used published
(plant-available Si concentrations in soils of the different treatments; samples from 1976,
1998, and 2018 [21]) and unpublished (potato yields for the corresponding treatments;
stated for all years, in which potatoes were grown at the LTFE, i.e., for 1965, 1967, 1973,
1983, 1987, 1991, 1999, 2007, and 2015) data to examine the long-term effects of Si supply on
potato yield performance. Monthly temperature and precipitation data (1965–2015) were
used to analyze the potential effects of climate change on potato yields.

Figure 1. Overview of the plots at the silica amendment experiment. While six plots serve as control
(i.e., plot numbers 1.1–1.6, marked by black squares), six plots represent Si treatments with 0.5% (i.e.,
plot numbers 2.1–2.3, marked by light green squares) or 1.0% (i.e., plot numbers 3.1–3.3, marked by
dark green squares) amorphous silica mass percentage.
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Figure 2. Overview of the plots at the LTFE (modified from Puppe et al. [21]). The plots used in the
study by Puppe et al. [21] are highlighted in color (see legend). 1 = low fertilization rate (NPK 1,
~30 kg N ha−1 y−1), 3 = medium (i.e., common) fertilization rate (NPK 3, ~98 kg N ha−1 y−1), and
5 = high fertilization rate (NPK 5, ~166 kg N ha−1 y−1). At plots with crop straw recycling (NPK +
Straw), NPK fertilization has been supplemented by incorporation of 4.0 t (dry mass) straw ha−1

every second year using chopped straw of the recently harvested cereal crop. At the control plots,
neither NPK fertilization, nor crop straw recycling has been performed.

2.2. Soil and Plant Analyses

Plant-available Si in soil samples of the silica amendment experiment was extracted
following the procedures described by Haysom and Chapman [40] and de Lima Ro-
drigues et al. [41]. In short, two-gram samples of soil were placed in 50 mL plastic centrifuge
tubes, mixed with 20 mL of a 0.01 M calcium chloride (CaCl2) solution, and agitated contin-
uously on a swivel roller mixer for 16 h. Finally, the extracted solutions were centrifuged
at 4000 revolutions per minute (equal to a relative centrifugal force (RCF) of ≈1700) for
30 min and filtrated using 0.45 μm polyamide membrane filters (Whatman NL 17). Si
concentrations in the CaCl2 extracts were measured via inductively coupled plasma optical
emission spectrometry (ICP-OES; iCAP 6300 Duo, Thermo Scientific, Waltham, MA, USA)
in the ZALF Central Laboratory.

Si was extracted from plant materials of the silica amendment experiment following
the procedure described by Puppe et al. [42]. In short, 30 mg of plant samples were weighed
into 50 mL centrifuge tubes, and a 30 mL aliquot of the Tiron solution (pH 10.5) was added.
The tubes were then heated at 80 ◦C in a water bath for 1 h. The samples were gently
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shaken by hand twice, one time directly before heating and one time after 30 min in the
heated water bath. Finally, the extracted solutions were centrifuged at 1700 RCF for 30 min
and filtrated (0.45 μm polyamide membrane filters, Whatman NL 17). Si concentrations
in the Tiron extracts were measured via microwave plasma atomic emission spectroscopy
(MP-AES; 4210 MP-AES instrument, Agilent Technologies Inc., Waldbronn, Germany)
following the procedure described by Puppe et al. [43].

All analyses were performed in two lab replicates and three single ICP-OES or MP-AES
measurements per replicate resulting in six (n = 6) measured data per sample. Blank sample
Si concentrations were subtracted from sample Si concentrations and Si contents in plant
samples were calculated considering the weighed portion (2 g or 30 mg), the extractant
volume (20 mL or 30 mL), and the degree of dilution (1:10). To avoid any potential Si
contamination only plastic equipment was used during the entire laboratory work.

Si analyses on a cellular level were performed using a SEM (ZEISS EVO MA10)
equipped with an element detector for EDX (Bruker QUANTAX EDS). We used plant
materials from both sampling dates (i.e., 30 June and 28 July 2022) to analyze potential
plant growth-related changes in Si accumulation. However, for the first sampling date, only
leaf samples were analyzed to check if Si is translocated from the roots to the shoots. For
the second date, potato leaves, tubers (tuber skin and tuber flesh), and roots were analyzed.
At each sample, several regions of interest were analyzed via SEM-EDX (EDX spectra and
compositional maps for Si) to obtain a reliable data set. All SEM-EDX scans were performed
using samples sputter-coated with gold (coating thickness approx. 5 nm) and the relative
abundances of detected elements were displayed as normalized mass percent.

2.3. Statistical Analyses

Linear and monotonic relationships in the data set were analyzed via Pearson’s (r) and
Spearman’s rank (rs) correlations (α level of 0.05), respectively. Differences between means
were tested with the Mann–Whitney U test or the Kruskal–Wallis analysis of variance
(ANOVA) followed by pairwise multiple comparisons (Dunn’s post hoc test). All statistical
analyses were performed using the software package SPSS Statistics (version 22.0.0.0, IBM
Corp., Armonk, NY, USA).

3. Results

3.1. Silica Accumulation in Potato Plants—Results from the Silica Amendment Experiment

Concentrations of plant-available Si in soils of Si plots (mean for 0.5% Asi, 11.0 mg
kg−1; mean for 1.0% Asi, 13.5 mg kg−1) were significantly higher than in soils of control
plots (mean: 4.6 mg kg−1). However, differences in concentrations of plant-available Si
in soils of 0.5% ASi and 1.0% ASi plots were not statistically significant (Figure 3). The
differences in Si availability were directly reflected in the potato leaves collected at the
first sampling date: In leaves from plants grown at control plots, we found a relative Si
abundance of about 0.2%, while relative Si abundances in leaves of 0.5% ASi and 1.0% ASi
plots were about 0.5% and 0.7%, respectively (SEM-EDX measurements, see Figure 4). In
leaves of the 1.0% ASi plots collected at the second sampling date, relative Si abundances
were even higher (1.1%), indicating a plant growth-related Si accumulation. Relative Si
abundances in tuber skin (0.16%), tuber flesh (0.04%), and roots (0.14%) were relatively low
in the plants collected at the second sampling date. Selected micrographs and EDX spectra,
as well as an exemplary compositional map of our SEM-EDX analyses, can be found in
Figure 5. In general, we found only slight silicification on a cellular level in all cross-
sections of all analyzed potato plant samples, which was directly related to Si availability
(cf. Figure 4). However, no recognizable phytoliths were observed at all. The results of our
SEM-EDX analyses were generally corroborated by our Si extraction results: Leaves and
roots showed a plant growth-related Si accumulation, i.e., Si contents at sampling date 1
were lower compared to the ones at sampling date 2 with only one exception (i.e., for root
samples from 1.0% ASi plots, see Table 1). Moreover, Si accumulation again reflected the
Si availability in the soil: Lowest Si contents were detected in plant samples collected at
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control plots, while Si contents in plant materials collected at Si plots were higher (control
< 0.5% ASi < 1.0% ASi). However, as Si contents were relatively inhomogeneous in the
analyzed samples (reflected in relatively high standard deviations), we found neither
statistical significance for the growth-related differences (Mann–Whitney U test, p > 0.05 for
controlsampling date 1 vs. controlsampling date 2, 0.5% ASisampling date 1 vs. 0.5% ASisampling date 2,
and 1.0% ASisampling date 1 vs. 1.0% ASisampling date 2) nor between the different treatments at
the two sampling dates (Kruskal–Wallis ANOVA, p > 0.05 for controlsampling date 1 vs. 0.5%
ASisampling date 1 vs. 1.0% ASisampling date 1 and controlsampling date 2 vs. 0.5% ASisampling date 2
vs. 1.0% ASisampling date 2). For tuber skin and tuber flesh samples Si contents were all below
the detection limit.

Figure 3. Plant-available Si in soils of control and Si plots of the silica amendment experiment. Means
are marked by “x” in the boxplots each. Different letters indicate statistically significant differences
(Kruskal–Wallis ANOVA, p < 0.05) between the plots.

Figure 4. Relative Si abundance (SEM-EDX) in leaves, tubers (i.e., tuber skin and tuber flesh), and
roots of potato plants taken at control and Si plots of the silica amendment experiment. Black and
green bars represent means of normalized mass percent, error bars represent corresponding standard
deviations. x = no data available.
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Figure 5. Elemental analyses (SEM-EDX) of leaf samples from potato plants taken at the first sampling
date (30 June 2022) at control and Si plots of the silica amendment experiment. (A) Micrograph
of the leaf top epidermis (control), (B) micrograph of the leaf undersurface epidermis (control),
(C) corresponding exemplary EDX spectra derived from SEM-EDX measurements performed in a
specific region of interest in (B) (green circle), (D) micrograph of a leafstalk cross-section (1.0% ASi),
(E) corresponding exemplary EDX spectra derived from SEM-EDX measurements performed in a
specific region of interest in (D) (green circle), (F) micrograph of a leafstalk cross-section (1.0% ASi),
and (G) corresponding compositional map for Si in a specific region of interest in (F) (red rectangle).
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Table 1. Si contents (Tiron extraction) in leaves, tubers (i.e., tuber skin and tuber flesh), and roots of
potato plants taken at control and Si plots of the silica amendment experiment. SD = standard deviation.

Si Content (mg kg−1)

30 June 2022 28 July 2022

Treatment Plant Material Mean SD Mean SD

Control Leaves 0 -- 50 0.2
0.5% ASi Leaves 0 -- 646 --
1.0% ASi Leaves 12 263 789 --
Control Tuber skin 0 -- 0 --

0.5% ASi Tuber skin 0 -- 0 --
1.0% ASi Tuber skin 0 -- 0 --
Control Tuber flesh 0 -- 0 --

0.5% ASi Tuber flesh 0 -- 0 --
1.0% ASi Tuber flesh 0 -- 0 --
Control Roots 316 405 860 929

0.5% ASi Roots 936 762 1669 2361
1.0% ASi Roots 3198 2081 2401 3326

--: no data available.

3.2. Si Effects on Potato Yields—Results from the Long-Term Field Experiment

In general, potato yields showed a decreasing trend within the analyzed 50-year
period at low, medium (i.e., common), and high fertilization plots. At low fertilization plots,
yields at NPK + Straw plots were statistically significantly higher than yields at control
plots in 6 out of 9 years (Figure 6A). At medium (i.e., common) fertilization plots, yields
at NPK + Straw plots were statistically significantly higher than yields at control plots in
4 out of 9 years (Figure 6B). At high fertilization plots, yields at NPK + Straw plots were
statistically significantly higher than yields at control plots in 8 out of 9 years (Figure 6C).
Moreover, yields at NPK + Straw plots were slightly higher than at NPK plots in 6, 8, and
5 out of 9 years at low, medium (i.e., common), and high fertilization plots, respectively.
However, these differences were not statistically significant.

Figure 6. Cont.
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Figure 6. Potato yields for low (A), medium (i.e., common) (B), and high (C) fertilization plots (NPK
1, NPK 3, and NPK 5, respectively) at the long-term field experiment. Yields are stated for all years in
which potatoes were grown during the ongoing long-term field experiment. Different letters indicate
statistically significant differences (Kruskal–Wallis ANOVA, p < 0.05) between control, NPK, and
NPK + Straw plots in a specific year.

Plant-available Si in soils increased at all plots with experiment duration, especially
at NPK + Straw plots. Compared to a mean of 6.3 mg plant-available Si kg−1 soil in the
year 1976 (range: 5.1–7.6 mg Si kg−1, see Puppe et al. [21]), means of plant-available Si in
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soils increased to 7.2 mg Si kg−1 (range: 5.9–8.4 mg Si kg−1) and 9.2 mg Si kg−1 (range:
8.3–9.9 mg Si kg−1) in the years 1998 and 2018, respectively. However, this time-related
increase in plant-available Si in soils was statistically significant only at NPK 3 + Straw and
NPK 5 + Straw plots (Figure 7). Plant-available Si in soils (data from the years 1976, 1998,
and 2018; see Figure 7) and potato yields (data from the years 1973, 1999, and 2015; see
Figure 6B,C) at these plots showed low to moderate negative correlations, which were not
statistically significant (for NPK 3 + Straw: r = −0.436, p = 0.713 and rs = −0.500, p = 0.667;
for NPK 5 + Straw: r = −0.371, p = 0.758 and rs = −0.500, p = 0.667).

Figure 7. Plant-available Si in soils of the different plots at the long-term field experiment for the
years 1976, 1998, and 2018 (data taken from Puppe et al. [21]). Different letters indicate statistically
significant differences (Kruskal–Wallis ANOVA, p < 0.05) between the three years for specific plots. If
no statistical significances were found for a specific plot, no letters were stated.

In the region, where our study sites are located, mean annual temperatures increased
from 8.0 ◦C in the year 1965 to 10.8 ◦C in the year 2015 (1967: 9.9 ◦C, 1973: 9.0 ◦C, 1983:
10.0 ◦C, 1987: 7.7 ◦C, 1991: 9.2 ◦C, 1999: 10.2 ◦C, 2007: 10.7 ◦C). This increase was also
reflected in elevated temperatures in the potato growing season (April–September) in
Brandenburg, Germany (Figure 8). Mean growing season temperatures (1965: 14.1 ◦C,
1967: 15.4 ◦C, 1973: 15.0 ◦C, 1983: 16.2 ◦C, 1987: 14.2 ◦C, 1991: 15.0 ◦C, 1999: 16.5 ◦C, 2007:
16.5 ◦C, 2015: 16.2 ◦C) were moderately highly (r = 0.60–0.79) negatively correlated with
corresponding potato yields for most plots (i.e., control: r = −0.680, p = 0.044; NPK 1 +
Straw: r = −0.728, p = 0.026; NPK 5: r = −0.687, p = 0.041). For NPK 1, NPK 3, and NPK 3 +
Straw plots, we found moderate (r = 0.40–0.59) to moderately high negative correlations
at an α level of 0.10 (i.e., NPK 1: r = −0.617, p = 0.077; NPK 3: r = −0.608, p = 0.082; NPK
3 + Straw: r = −0.585, p = 0.098). Yields at NPK 5 + Straw plots were not statistically
significantly correlated with the mean growing season temperatures (r = −0.360, p = 0.342).
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Figure 8. Monthly climate data (temperature and precipitation) for the region, where our study sites
are located. Climate data are stated for all years in which potatoes were grown during the ongoing
long-term field experiment at ZALF. Temperatures ≥ 17 ◦C (diminishment of potato tuberization) in
the potato growing season (April–September) in Brandenburg, Germany, are highlighted in yellow.
Figure created using “ClimateCharts.net” [44], modified.

4. Discussion

Due to the fact that plant species from the family Solanaceae are considered non-Si-
accumulating in general [24], our results showing only quite low Si accumulation in potato
plant samples are not surprising at all. Compared to strong Si-accumulating crops like
wheat (Triticum aestivum, mean shoot Si concentration of about 2.5% in the dry mass) or
rice (Oryza sativa, mean shoot Si concentration of about 4.2% in the dry mass) [45], we
found Si accumulation in potato leaves (max. Si concentration of about 0.08% in the dry
mass) and roots (max. Si concentration of about 0.3% in the dry mass) to be about 30–50
or 8–14 times lower, respectively. For tuber skin and tuber flesh samples, Si contents
were even below the detection limit of the used MP-AES (i.e., 7.9 μg L−1 for Si) [43]. In
general, the Si contents we found are within the range of Si contents stated in previous
studies [25–28,31,46]. However, this range is quite big, spanning from 0.2 to 2000 mg Si
kg−1 dry mass in potato tubers, representing a difference of four orders of magnitude, for
example (Table 2).

As the Si contents in our study were at the bottom of the reported Si content range,
most previous studies showed considerably higher Si contents in potato plant materials.
Vulavala et al. [31], for example, found considerably higher Si contents in potato leaves
(about 0.15–0.24% Si in the dry mass), roots (about 1.6–4.4% Si in the dry mass, but results
were most likely biased by contaminations with the Si-rich growth medium perlite), and
tuber skin (peel, 0.1–0.4% Si in the dry mass) samples collected from control and Si treat-
ments in a pot experiment. In another pot experiment, Crusciol et al. [25] found Si contents
in potato leaves to be about 0.4% in the dry mass, which is five times higher than in our
study. Soratto et al. [27] reported even higher Si contents in potato plants (for roots up to
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1.2% and for shoots up to 1%), which are slightly higher than the mean Si content of maize
(Zea mays) shoots (0.8%) [45].

Table 2. Overview of reported Si contents in potato plant materials of various potato cultivars.

Si Content (mg kg−1 DM) Si Contents of Control and Si Treatments
Statistically Significantly Different?Year Potato Cultivar Plant Material Control Si Treatment(s) Reference

2009 Bintje Leaves 3700–4100 4200–4700 yes (under drought stress)/no
(without stress) Crusciol et al. [25]

2013 Agata Leaves 4100 8300–10,000 yes Pilon et al. [26]

Stems 6300 7600–10,100 yes (soil Si application)/no (foliar Si
application)

Roots 3800 4000–5900 yes (soil Si application)/no (foliar Si
application)

Tubers 2000 2100–2200 no
2016 Winston Leaves 1400–2300 1500–2200 no Vulavala et al. [31]

Roots a 15,600–41,300 17,300–34,200 no
Tuber skin 950–2000 850–3900 no

2018 Agria Shoots + roots 26 27–50 ns Soltani et al. [28]
Tubers 37 40–46 ns

2019 Agata Leaves 8300 8400–8600 no Soratto et al. [27]
Roots 11,000 11,600–12,300 no

Shoots 8100 8300–9600 yes (high Si fertilization level)/no (low Si
fertilization level)

Tubers 1200 2100–2300 yes

2023 Catania Tubers 0.2 0.3 no Wadas and
Kondraciuk [46]

2024 Talent Leaves 0–50 0–790 no This study
Tuber skin 0 0 no
Tuber flesh 0 0 no

Roots 320–860 940–3200 no

a = most likely contaminated with the Si-rich growth medium perlite; DM = dry mass; ns = not specified.

In two of the previous studies [26,27] the identical potato cultivar (“Agata”) was
examined showing comparable Si contents. This indicates that the reported Si contents
in potato plant materials seem to be directly related to the potato cultivar (Table 2). In
this context, the differences in reported potato Si contents might be mainly related to the
ability of different potato cultivars to take up and transport silicic acid. This ability, in
turn, is directly related to the presence of transport/channel proteins that allow silicic acid
transportation in the plant [47–49]. In general, several influx (called low silicon “Lsi” 1 and
Lsi 6) and efflux (Lsi2 and Lsi3) proteins for the transport of silicic acid have been described
for rice (Poaceae), but also some other plants like horsetail (Equisetaceae), strawberry
(Rosaceae), tomato (Solanaceae), or pumpkin (Cucurbitaceae) [48]. While Lsi1 and Lsi6
represent specific aquaporins that belong to the Nodulin-26-like Intrinsic Proteins (NIPs),
Lsi2 and Lsi3 are members of the anion transporter superfamily. The localization of influx
and efflux proteins in planta and the expression of corresponding protein-encoding Lsi
genes control silicic acid transport [50].

Regarding potato plants (Solanum tuberosum), Vulavala et al. [31] found Lsi1 genes (i.e.,
StLsi1) to be expressed in roots and leaves, whereby gene expression was more pronounced
in Si compared to control treatments. Expression of the StLsi2 gene was observed in all
potato materials (tuber flesh and skin, stolon, root, stem, and leaf samples) analyzed by
these authors, whereby no differences between gene expression in control and Si treatments
were observed. However, although Vulavala et al. [31] observed an upregulated expression
of StLsi1 genes in potato roots and leaves (cultivar “Winston”), they found no significantly
changed silica accumulation in these plant organs after Si fertilization. Based on their
results, Vulavala et al. [31] concluded that the space of 109 amino acids between the
asparagine–proline–alanine (NPA) motifs (aquaporins are characterized by two highly
conserved hydrophobic NPA motifs, which form a pore or channel for water and/or small
molecules like glycerol, urea, or silicic acid) in StLsi1 explains the low Si accumulation in
their potato samples.

This is underpinned by a study by Deshmukh et al. [51], who showed that the ability
of plants to take up silicic acid is related to a precise distance of 108 amino acids between the
NPA motifs. In total, they analyzed the genomes of 25 plant species including 2 lower plant
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species (Physcomitrella patens and Selaginella moellendorffii), 1 gymnosperm species (Picea
abies), 7 monocot species (e.g., Oryza sativa, Sorghum bicolor, and Zea mays), and 15 dicot
species (e.g., Arabidopsis thaliana, Glycine max, Solanum tuberosum, and Solanum lycopersicum).
Their results showed that Si-accumulating plants had a precise distance of 108 amino acids
between the NPA motifs, while plants with 107 or 109 amino acids between the NPA motifs
were not able to take up silicic acid in higher amounts. For the wild tomato species Solanum
pimpinellifolium (Solanaceae), these authors found 109 amino acids between the NPA motifs
as well. From their findings, Deshmukh et al. [51] hypothesized that this distance of
109 amino acids most likely originates not from a domestication-related genome alteration
in cultivated Solanaceae species, but has its origin in the genome of the wild ancestors.
However, this hypothesis is derived from the analysis of only one Solanaceae species
(wild tomato), and further research is necessary to draw general conclusions regarding
this aspect.

Regarding potatoes, it is assumed that the more than 4000 cultivars globally known
originate from a relatively small sample of South American clones only, but with a relatively
large amount of genetic diversity [52]. Thus, it cannot be ruled out that there might be
differences in NPA motif amino acid distances between different potato cultivars controlling
their ability to take up silicic acid. What we need now are detailed genome analyses (NPA
motifs) of the various potato cultivars grown worldwide to clarify this aspect. Moreover,
Thorne et al. [53] recently found that different, widely cultivated rice cultivars grown under
hydroponic conditions showed different, cultivar-specific shoot and root Si concentrations,
which were dependent on the levels of sodium chloride (salinity stress) and Si (plant Si
availability). As plant Si availability is another crucial factor for Si uptake by plants [18],
the relationship between the ability of specific potato cultivars to take up silicic acid and
the concentrations of plant-available Si in agricultural soils has to be considered in future
studies as well. Combined potato cultivar genome and soil Si availability studies will allow
us to better understand the cultivar-specific differences in the uptake of silicic acid and to
derive corresponding practice-oriented recommendations for potato growers worldwide.

The potato yields at our LTFE showed a decreasing trend within the analyzed 50-year
period at low, medium, and high fertilization plots. We attribute this yield decrease to
climate change to a certain degree, because the yield of many potato genotypes is quite
sensitive to elevated temperatures, as potatoes originate from the Andes in South America,
i.e., from a region with relatively cool temperatures. In fact, temperatures above 17 ◦C lead
to a diminishment of potato tuberization, and thus global warming has been predicted to
lead to decreased potato yields on a global scale in general [54,55]. In the region, where
our study sites are located, mean annual temperatures increased from 8.0 ◦C in the year
1965 to 10.8 ◦C in the year 2015. This increase was also reflected in elevated temperatures
in the potato growing season (April–September) in Brandenburg, Germany, which were
negatively correlated to potato yields. However, it has to be stated here that we do not
know to which extent other climate-related factors (e.g., drought, pest infestation, or heavy
precipitation) and/or changes in soil properties (e.g., soil moisture, soil organic matter,
or soil pH) (cf. [56–59]) affected potato yields at our experimental fields. The evaluation
of such interactions was outside the scope of our study, which aimed at the analysis of
silica accumulation in potato plants and the relationship between plant-available Si in
agricultural soils and corresponding potato yield performance in the long term.

We found no relationship between the concentration of silicic acid (plant-available
Si) in soils and corresponding potato yields in our study at all. Based on our (long-term)
results and because Si contents of potato plant materials from control and Si treatments
often show no statistically significant differences (see Table 2), we assume that silica ac-
cumulation in potato plants has no effect on potato yield performance. Consequently,
we ascribe the reported (beneficial) effects of Si fertilization on potato growth and yield
performance [26–30,32,34] mainly to antifungal/osmotic effects of foliar-applied Si fertil-
izers [16] and to changes in physicochemical soil properties (e.g., enhanced phosphorus
availability and water-holding capacity) caused by soil-applied Si fertilizers [36,60]. In fact,
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potato plants can suffer from numerous diseases, which are caused by fungi (e.g., Alternaria
solani (early blight), Rhizoctonia solani (black scurf), Synchytrium endobioticum (black scab),
or Fusarium spec. (colored rots)) or fungus-like microorganisms (e.g., Phytophthora infestans
(late blight)) in most cases [61,62]. Moreover, phosphorus and water availability in agri-
cultural soils represent the main controls for potato growth and yield, because potatoes
are characterized by a relatively high phosphorus requirement and susceptibility to even
mild water stress [63–66]. However, as research on the effects of Si fertilization on potato
performance is still limited to a few potato cultivars (cf. Table 2), we are calling for more
studies dealing with the aspects discussed above.

5. Conclusions

Based on our results, we assume that the beneficial effects of Si fertilization on potato
growth and yield performance reported in previous studies are related to the effects of
the used Si fertilizers, rather than to silica accumulation in potato plants. In this context,
antifungal/osmotic effects of foliar-applied Si fertilizers and changes in physicochemical
soil properties (e.g., enhanced phosphorus availability and water-holding capacity) caused
by soil-applied Si fertilizers seem to be the strongest candidates to explain the phenomena
observed. To derive practice-oriented recommendations for potato growers worldwide,
future research should aim at elucidating the complex relationships between the cultivated
potato cultivar, the used Si fertilizer, and the prevalent soil properties as well as climate
conditions. In this context, the following questions might be of particular interest:

(i) How big is the range of Si contents in potato plants considering the numerous cultivars
worldwide? Recently, published data show that Si contents in potato tubers represent
a difference of four orders of magnitude, for example (Table 2).

(ii) Which foliar Si fertilizer formula, at which dose, is most effective against which
disease caused by fungi or fungus-like microorganisms?

(iii) How do different soil Si fertilizers (e.g., slags, fused magnesium phosphate, wollastonite,
or biochar) affect soil properties in different soils under different climate conditions?

Author Contributions: Conceptualization, D.P. and J.S.; Formal Analysis, D.P.; Investigation, J.B.,
M.S., D.K. and C.B.; Visualization, D.P., J.B. and M.S.; Writing—Original Draft, D.P. and M.S.;
Writing—Review and Editing, D.P., J.B., M.S., D.K., C.B. and J.S. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All relevant data are presented within the paper. Underlying data will
be made available by the corresponding author upon reasonable request.

Acknowledgments: We are grateful to Dietmar Barkusky (Experimental Station Müncheberg, ZALF)
and his team for providing potato yield data and managing the field experiments. We would like
to thank Kristina Holz (ZALF Central Laboratory) and her team, especially Ellen Janiszewski, for
the ICP-OES analyses. Finally, many thanks to the three anonymous reviewers, whose insightful
comments on our manuscript helped to improve its quality.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Laruelle, G.G.; Roubeix, V.; Sferratore, A.; Brodherr, B.; Ciuffa, D.; Conley, D.; Dürr, H.; Garnier, J.; Lancelot, C.; Le Thi Phuong, Q.
Anthropogenic perturbations of the silicon cycle at the global scale: Key role of the land-ocean transition. Glob. Biogeochem. Cycles
2009, 23. [CrossRef]

2. Struyf, E.; Smis, A.; Van Damme, S.; Meire, P.; Conley, D.J. The Global Biogeochemical Silicon Cycle. Silicon 2009, 1, 207–213.
[CrossRef]

40



Biology 2024, 13, 828

3. Tréguer, P.J.; Sutton, J.N.; Brzezinski, M.; Charette, M.A.; Devries, T.; Dutkiewicz, S.; Ehlert, C.; Hawkings, J.; Leynaert, A.;
Liu, S.M. Reviews and syntheses: The biogeochemical cycle of silicon in the modern ocean. Biogeosciences 2021, 18, 1269–1289.
[CrossRef]

4. Carey, J.C.; Fulweiler, R.W. The terrestrial silica pump. PLoS ONE 2012, 7, e52932. [CrossRef] [PubMed]
5. Street-Perrott, F.A.; Barker, P.A. Biogenic silica: A neglected component of the coupled global continental biogeochemical cycles

of carbon and silicon. Earth Surf. Process. Landf. 2008, 33, 1436–1457. [CrossRef]
6. Struyf, E.; Conley, D.J. Emerging understanding of the ecosystem silica filter. Biogeochemistry 2012, 107, 9–18. [CrossRef]
7. Puppe, D. Review on protozoic silica and its role in silicon cycling. Geoderma 2020, 365, 114224. [CrossRef]
8. Hodson, M.J. The development of phytoliths in plants and its influence on their chemistry and isotopic composition. Implications

for palaeoecology and archaeology. J. Archaeol. Sci. 2016, 68, 62–69. [CrossRef]
9. Sangster, A.; Hodson, M.; Tubb, H. Silicon deposition in higher plants. In Studies in Plant Science; Elsevier: Amsterdam,

The Netherlands, 2001; Volume 8, pp. 85–113.
10. International Committee for Phytolith Taxonomy. International Code for Phytolith Nomenclature (ICPN) 2.0. Ann. Bot. 2019, 124,

189–199. [CrossRef]
11. Hodson, M.J. The Relative Importance of Cell Wall and Lumen Phytoliths in Carbon Sequestration in Soil: A Hypothesis. Front.

Earth Sci. 2019, 7, 167. [CrossRef]
12. Hodson, M.J.; Guppy, C.N. Special issue on silicon at the root-soil interface. Plant Soil 2022, 477, 1–8. [CrossRef]
13. Puppe, D.; Kaczorek, D.; Stein, M.; Schaller, J. Silicon in Plants: Alleviation of Metal (loid) Toxicity and Consequential Perspectives

for Phytoremediation. Plants 2023, 12, 2407. [CrossRef] [PubMed]
14. Katz, O.; Puppe, D.; Kaczorek, D.; Prakash, N.B.; Schaller, J. Silicon in the Soil-Plant Continuum: Intricate Feedback Mechanisms

within Ecosystems. Plants 2021, 10, 652. [CrossRef] [PubMed]
15. Haynes, R.J. Significance and Role of Si in Crop Production. Adv. Agron. 2017, 146, 83–166.
16. Puppe, D.; Sommer, M. Experiments, Uptake Mechanisms, and Functioning of Silicon Foliar Fertilization—A Review Focusing

on Maize, Rice, and Wheat. Adv. Agron. 2018, 152, 1–49.
17. Savant, N.K.; Korndörfer, G.H.; Datnoff, L.E.; Snyder, G.H. Silicon nutrition and sugarcane production: A review1. J. Plant Nutr.

1999, 22, 1853–1903. [CrossRef]
18. Haynes, R.J. A contemporary overview of silicon availability in agricultural soils. J. Plant Nutr. Soil Sci. 2014, 177, 831–844.

[CrossRef]
19. Li, Z.; Delvaux, B. Phytolith-rich biochar: A potential Si fertilizer in desilicated soils. GCB Bioenergy 2019, 11, 1264–1282. [CrossRef]
20. Gustafsson, O.; Krusa, M.; Zencak, Z.; Sheesley, R.J.; Granat, L.; Engstrom, E.; Praveen, P.; Rao, P.; Leck, C.; Rodhe, H. Brown

clouds over South Asia: Biomass or fossil fuel combustion? Science 2009, 323, 495–498. [CrossRef]
21. Puppe, D.; Kaczorek, D.; Schaller, J.; Barkusky, D.; Sommer, M. Crop straw recycling prevents anthropogenic desilication of

agricultural soil–plant systems in the temperate zone—Results from a long-term field experiment in NE Germany. Geoderma 2021,
403, 115187. [CrossRef]

22. Yang, X.; Song, Z.; Qin, Z.; Wu, L.; Yin, L.; Van Zwieten, L.; Song, A.; Ran, X.; Yu, C.; Wang, H. Phytolith-rich straw application
and groundwater table management over 36 years affect the soil-plant silicon cycle of a paddy field. Plant Soil 2020, 454, 343–358.
[CrossRef]

23. FAOSTAT: Food and Agriculture Data of the Statistics Division of the Food and Agriculture Organization (FAO) of the United
Nations. Available online: https://www.fao.org/faostat/en/#home (accessed on 31 May 2024).

24. Hodson, M.J.; White, P.J.; Mead, A.; Broadley, M.R. Phylogenetic variation in the silicon composition of plants. Ann. Bot. 2005, 96,
1027–1046. [CrossRef] [PubMed]

25. Crusciol, C.A.; Pulz, A.L.; Lemos, L.B.; Soratto, R.P.; Lima, G.P. Effects of silicon and drought stress on tuber yield and leaf
biochemical characteristics in potato. Crop Sci. 2009, 49, 949–954. [CrossRef]

26. Pilon, C.; Soratto, R.P.; Moreno, L.A. Effects of soil and foliar application of soluble silicon on mineral nutrition, gas exchange,
and growth of potato plants. Crop Sci. 2013, 53, 1605–1614. [CrossRef]

27. Soratto, R.P.; Fernandes, A.M.; Pilon, C.; Souza, M.R. Phosphorus and silicon effects on growth, yield, and phosphorus forms in
potato plants. J. Plant Nutr. 2019, 42, 218–233. [CrossRef]

28. Soltani, M.; Kafi, M.; Nezami, A.; Taghiyari, H. Effects of silicon application at nano and micro scales on the growth and nutrient
uptake of potato minitubers (Solanum tuberosum var. Agria) in greenhouse conditions. BioNanoScience 2018, 8, 218–228. [CrossRef]

29. Dorneles, A.O.S.; Pereira, A.S.; Possebom, G.; Sasso, V.M.; Rossato, L.V.; Tabaldi, L.A. Growth of potato genotypes under different
silicon concentrations. Adv. Hortic. Sci. 2018, 32, 289–295.

30. Xue, X.; Geng, T.; Liu, H.; Yang, W.; Zhong, W.; Zhang, Z.; Zhu, C.; Chu, Z. Foliar application of silicon enhances resistance
against Phytophthora infestans through the ET/JA-and NPR1-dependent signaling pathways in potato. Front. Plant Sci. 2021,
12, 609870. [CrossRef]

31. Vulavala, V.K.; Elbaum, R.; Yermiyahu, U.; Fogelman, E.; Kumar, A.; Ginzberg, I. Silicon fertilization of potato: Expression of
putative transporters and tuber skin quality. Planta 2016, 243, 217–229. [CrossRef]

32. Artyszak, A. Effect of Silicon Fertilization on Crop Yield Quantity and Quality-A Literature Review in Europe. Plants 2018, 7, 54.
[CrossRef]

41



Biology 2024, 13, 828

33. Wadas, W. Nutritional value and sensory quality of new potatoes in response to silicon application. Agriculture 2023, 13, 542.
[CrossRef]

34. Wadas, W. Possibility of increasing early potato yield with foliar application of silicon. Agron. Sci. 2022, 77, 61–75. [CrossRef]
35. Nyawade, S.; Gitari, H.I.; Karanja, N.N.; Gachene, C.K.; Schulte-Geldermann, E.; Sharma, K.; Parker, M.L. Enhancing climate

resilience of rain-fed potato through legume intercropping and silicon application. Front. Sustain. Food Syst. 2020, 4, 566345.
[CrossRef]

36. Schaller, J.; Scherwietes, E.; Gerber, L.; Vaidya, S.; Kaczorek, D.; Pausch, J.; Barkusky, D.; Sommer, M.; Hoffmann, M. Silica
fertilization improved wheat performance and increased phosphorus concentrations during drought at the field scale. Sci. Rep.
2021, 11, 20852. [CrossRef]

37. Schaller, J.; Macagga, R.; Kaczorek, D.; Augustin, J.; Barkusky, D.; Sommer, M.; Hoffmann, M. Increased wheat yield and soil C
stocks after silica fertilization at the field scale. Sci. Total Environ. 2023, 887, 163986. [CrossRef]

38. Barkusky, D. Müncheberger Nährstoffsteigerungsversuch, V140. In Ministerium für Ländliche Entwicklung, Umwelt und Verbraucher-
schutz, Landesamt für Verbraucherschutz, Landwirtschaft und Flurneuordnung (ed.): Dauerfeldversuche in Brandenburg und Berlin-Beiträge
für eine nachhaltige landwirtschaftliche Bodenbenutzung; MLUL: Brandenburg, Germany, 2009; pp. 103–109.

39. WRB. World Reference Base (WRB) for Soil Resources 2014, Update 2015. International Soil Classification System for Naming Soils and
Creating Legends for Soil Maps; FAO: Rome, Italy, 2015.

40. Haysom, M.B.C.; Chapman, L.S. Some aspects of the calcium silicate trials at Mackay. Proc. Aust. Soc. Sugar Cane Technol. 1975, 42,
117–122.

41. de Lima Rodrigues, L.; Daroub, S.H.; Rice, R.W.; Snyder, G.H. Comparison of three soil test methods for estimating plant-available
silicon. Commun. Soil Sci. Plant Anal. 2003, 34, 2059–2071. [CrossRef]

42. Puppe, D.; Kaczorek, D.; Buhtz, C.; Schaller, J. The potential of sodium carbonate and Tiron extractions for the determination of
silicon contents in plant samples—A method comparison using hydrofluoric acid digestion as reference. Front. Environ. Sci. 2023,
11, 1145604. [CrossRef]

43. Puppe, D.; Buhtz, C.; Kaczorek, D.; Schaller, J.; Stein, M. Microwave plasma atomic emission spectroscopy (MP-AES)—A useful
tool for the determination of silicon contents in plant samples? Front. Environ. Sci. 2024, 12, 1378922. [CrossRef]

44. Zepner, L.; Karrasch, P.; Wiemann, F.; Bernard, L. ClimateCharts. net–an interactive climate analysis web platform. Int. J. Digit.
Earth 2021, 14, 338–356. [CrossRef]

45. Guntzer, F.; Keller, C.; Meunier, J.-D. Benefits of plant silicon for crops: A review. Agron. Sustain. Dev. 2011, 32, 201–213. [CrossRef]
46. Wadas, W.; Kondraciuk, T. Effect of silicon on micronutrient content in new potato tubers. Int. J. Mol. Sci. 2023, 24, 10578.

[CrossRef] [PubMed]
47. Ma, J.F.; Tamai, K.; Yamaji, N.; Mitani, N.; Konishi, S.; Katsuhara, M.; Ishiguro, M.; Murata, Y.; Yano, M. A silicon transporter in

rice. Nature 2006, 440, 688–691. [CrossRef] [PubMed]
48. Mitani-Ueno, N.; Ma, J.F. Linking transport system of silicon with its accumulation in different plant species. Soil Sci. Plant Nutr.

2021, 67, 10–17. [CrossRef]
49. Exley, C.; Guerriero, G.; Lopez, X. How is silicic acid transported in plants? Silicon 2020, 12, 2641–2645. [CrossRef]
50. Wani, A.H.; Mir, S.H.; Kumar, S.; Malik, M.A.; Tyub, S.; Rashid, I. Silicon en route-from loam to leaf. Plant Growth Regul. 2023, 99,

465–476. [CrossRef]
51. Deshmukh, R.K.; Vivancos, J.; Ramakrishnan, G.; Guérin, V.; Carpentier, G.; Sonah, H.; Labbé, C.; Isenring, P.; Belzile, F.J.;

Bélanger, R.R. A precise spacing between the NPA domains of aquaporins is essential for silicon permeability in plants. Plant J.
2015, 83, 489–500. [CrossRef]

52. Birch, P.R.; Bryan, G.; Fenton, B.; Gilroy, E.M.; Hein, I.; Jones, J.T.; Prashar, A.; Taylor, M.A.; Torrance, L.; Toth, I.K. Crops that feed
the world 8: Potato: Are the trends of increased global production sustainable? Food Secur. 2012, 4, 477–508. [CrossRef]

53. Thorne, S.J.; Stirnberg, P.M.; Hartley, S.E.; Maathuis, F.J.M. The Ability of Silicon Fertilisation to Alleviate Salinity Stress in Rice is
Critically Dependent on Cultivar. Rice 2022, 15, 8. [CrossRef]

54. Hijmans, R.J. The effect of climate change on global potato production. Am. J. Potato Res. 2003, 80, 271–279. [CrossRef]
55. Raymundo, R.; Asseng, S.; Robertson, R.; Petsakos, A.; Hoogenboom, G.; Quiroz, R.; Hareau, G.; Wolf, J. Climate change impact

on global potato production. Eur. J. Agron. 2018, 100, 87–98. [CrossRef]
56. Bomers, S.; Ribarits, A.; Kamptner, A.; Tripolt, T.; von Gehren, P.; Prat, N.; Söllinger, J. Survey of Potato Growers’ Perception of

Climate Change and Its Impacts on Potato Production in Germany, Switzerland, and Austria. Agronomy 2024, 14, 1399. [CrossRef]
57. Porter, G.A.; Bradbury, W.B.; Sisson, J.A.; Opena, G.B.; McBurnie, J.C. Soil management and supplemental irrigation effects on

potato: I. Soil properties, tuber yield, and quality. Agron. J. 1999, 91, 416–425. [CrossRef]
58. Po, E.A.; Snapp, S.S.; Kravchenko, A. Potato yield variability across the landscape. Agron. J. 2010, 102, 885–894. [CrossRef]
59. Cambouris, A.; Nolin, M.; Zebarth, B.; Laverdière, M. Soil management zones delineated by electrical conductivity to characterize

spatial and temporal variations in potato yield and in soil properties. Am. J. Potato Res. 2006, 83, 381–395. [CrossRef]
60. Schaller, J.; Cramer, A.; Carminati, A.; Zarebanadkouki, M. Biogenic amorphous silica as main driver for plant available water in

soils. Sci. Rep. 2020, 10, 2424. [CrossRef]
61. Arora, R.; Khurana, S.P. Major fungal and bacterial diseases of potato and their management. In Fruit and Vegetable Diseases;

Springer: Berlin/Heidelberg, Germany, 2004; pp. 189–231.

42



Biology 2024, 13, 828

62. Yuen, J. Pathogens which threaten food security: Phytophthora infestans, the potato late blight pathogen. Food Secur. 2021, 13,
247–253. [CrossRef]

63. Koch, M.; Naumann, M.; Pawelzik, E.; Gransee, A.; Thiel, H. The importance of nutrient management for potato production Part
I: Plant nutrition and yield. Potato Res. 2020, 63, 97–119. [CrossRef]

64. Rosen, C.J.; Kelling, K.A.; Stark, J.C.; Porter, G.A. Optimizing phosphorus fertilizer management in potato production. Am. J.
Potato Res. 2014, 91, 145–160. [CrossRef]

65. Wolfe, D.W.; Fereres, E.; Voss, R.E. Growth and yield response of two potato cultivars to various levels of applied water. Irrig. Sci.
1983, 3, 211–222. [CrossRef]

66. Vos, J.; Haverkort, A. Water availability and potato crop performance. In Potato Biology and Biotechnology; Elsevier: Amsterdam,
The Netherlands, 2007; pp. 333–351.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

43



Article

Climate and Soil Properties Drive the Distribution of Minor and
Trace Elements in Forest Soils of the Winter Olympic Core Area

Xiaochang Wu 1, Huayong Zhang 1,2,*, Zhongyu Wang 1, Wang Tian 1 and Zhao Liu 2

1 Research Center for Engineering Ecology and Nonlinear Science, North China Electric Power University,
Beijing 102206, China

2 Theoretical Ecology and Engineering Ecology Research Group, School of Life Sciences, Shandong University,
Qingdao 266237, China

* Correspondence: zhanghuayong@sdu.edu.cn

Simple Summary

Minor and trace elements are found in the environment in extremely small quantities but
have powerful bioscience roles, and they may cause hazardous effects when levels exceed
certain limits. Consequently, it is essential to ascertain the concentrations of these elements
within the soil. This paper addresses the distribution of 12 minor and trace elements in
five different forests and soil depths in the Winter Olympic core area and explores the
mechanisms driving element distribution. The results of this study indicate that soil minor
and trace elements are mainly influenced by climatic factors and soil properties, and no
direct effect of vegetation type on soil element distribution was observed in this study.
Understanding the distribution of minor and trace elements in forest soils across the core
area can provide important information on soil succession patterns in the boreal forest and
may help elucidate the response of elemental distributions to climate change.

Abstract

Minor and trace elements in soil play a crucial role in regulating ecological processes that
sustain the functionality of forest ecosystems. In this study, we have selected three conifer
forests (Pinus sylvestris, Picea asperata, Larix principis-rupprechtii), one broadleaf forest (Betula
Platyfilla) and one mixed forest of Betula Platyfilla and Larix principis-rupprechtii in the Winter
Olympic core area and determined the pattern of 12 typical elements (B, Fe, V, Cr, Ni, Co,
Mn, As, Cu, Zn, Sn and Se) in soils and their main drivers in the three different soil layers
(A, B and C horizon) in each soil profile. Our results showed that the concentrations of B,
Fe, Cr, Cu, Ni and Sn were mainly enriched in the broadleaf forest and mixed broadleaf–
conifer forest zones, and the average concentrations of Co, Mn, V, Zn, As and Se were
mainly enriched in coniferous forest zones in contrast. We have observed that the mean
concentrations of Fe, Cr, Ni, Zn, As, Sn and Co increase with soil depth in the BP forest.
The concentrations of Se and Cu were higher in the A layer than the C layer. The piecewise
structural equation modeling (piecewiseSEM) results visualized a direct and negative effect
on B, Fe, V, Cr and Ni concentrations due to soil temperature, while the concentrations of
Se is mainly influenced by soil temperature and soil properties.

Keywords: soil minor and trace elements; climate; soil properties; the core area of the
Winter Olympics
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1. Introduction

Boreal forests represent a significant element of terrestrial ecosystems [1], comprising
approximately one-third of the world’s forested area and contributing 20% to the global
carbon sink [2]. Boreal forests have significant economic benefits and cultural value to
society [3,4]. Climate change and human activities are known to affect boreal forest
ecosystems [5,6], which greatly affect the structure and ecological processes of boreal
forests [3]. The core area of the Winter Olympics is characterized by forest vegetation, with
ecological succession predominantly involving Betula Platyfilla. In addition, the area is
planted with a large number of coniferous forests such as Pinus sylvestris, Picea asperata,
Larix principis-rupprechtii, which are mixed to varying degrees with Betula Platyfilla to
form mixed broadleaf–conifer forest. As the world’s largest comprehensive winter games,
the Winter Olympics will cause natural forest disturbances to the local ecosystem from
the planning of the competition area to the construction of the venues. These increased
disturbances would pose growing pressures on boreal forests.

The most important characteristic of minor and trace elements is their very low concen-
tration in the environment [7]. They include a variety of chemical groups—metals (e.g., Fe,
Cu, and Zn), metalloids (As) and non-metals (Se)—which vary in their physicochemical
properties in the environment [8]. The minor and trace elements have powerful bioscientific
effects and may cause harm when levels exceed certain limits [9,10]. Some of these trace
elements are required for many biological activities (e.g., Fe, Cu and Zn), for example, for
the transport of oxygen, protein synthesis and enzyme activities [11]; others such as Cr,
Co and B may replace essential metals, and they can disrupt the proper functioning of
cofactors and enzymes, which can lead to toxic effects in organisms [12]. However, even
the former metal can have toxic effects if the concentration is elevated [12,13]. The core area
of the Winter Olympics also undertakes the important function of water conservation in the
Beijing–Tianjin–Hebei region, Consequently, it is essential to ascertain the concentrations of
these elements within the soil.

The biogeochemical cycling of elements is influenced by soil matrix characteristics
and soil weathering processes [14]. These cycles are further regulated by the activities of
vegetation and microorganisms [15,16] and are also affected by climatic conditions [17–19].
Climate is the most dominant factor influencing the spatial distribution of elements [20].
Temperature further influences trace element distribution [21] by regulating plant growth
and microbial activity [22]. Soil moisture plays a crucial role in the formation and evolution
of various soil types and the transport and transformation of trace elements [23]. An
analysis of 9830 soil samples from southeastern China revealed spatial variability in the
concentrations of 53 elements related to temperature, precipitation and pH [24]. Patterns
of the lowest soil element (Cu, Fe, Mn, Zn and Ni) concentrations were revealed within
arid and tropical ecosystems globally. In addition, a temperature threshold of 12–14 ◦C
was identified, above which all soil minor and trace elements are abruptly reduced [25].
The Winter Olympic core area is known for its long, bitter winters, short summers, and
snowfall, which makes up the majority of the yearly precipitation. The fundamental factors
contributing to the fluctuations in the concentrations of various minor and trace elements
remain largely unidentified. Comprehending the influence of environmental gradients on
variations in elemental concentrations could provide insights into the sudden alterations in
ecological responses to these elements [26,27].

We have selected five forests, Pinus sylvestris (PS), Picea asperata (PA), Larix principis-
rupprechtii (LP), Betula Platyfilla (BP) and the mixed forest of Betula Platyfilla and Larix
principis-rupprechtii (MF), to investigate the distribution characteristics of soil minor and
trace elements in the Winter Olympic core area. We specifically focus on the forest type
and soil depths. Additionally, we aim to investigate how environmental factors affect soil

45



Biology 2025, 14, 82

trace and minor elements by piecewise structural equation modeling (piecewiseSEM). Our
specific objectives of this research are (1) to determine the distribution of soil minor and
trace element concentrations in the Winter Olympic core area and (2) to identify the main
drivers affecting trace element distribution in the Winter Olympic core area.

2. Materials and Methods

2.1. Study Area

The 118 km2 Winter Olympic core area is located in Hebei Province, China, about
22 km northeast of Chongli District (40◦47′ N to 41◦17′ N and 114◦17′ E to 115◦34′ E).
This region, which is between 1797 and 2003 m above sea level, has a typical East Asian
continental monsoon climate, with cold winters and cool, humid summers. With yearly
precipitation of 483.3 mm and average temperatures between 3.7 and 19 ◦C, the climate is
categorized as continental monsoon. As of 2021, the forest coverage rate in the region is
reported to be 67%, characterized by a relatively simplistic forest structure. The forests of
Chongli are home to a total of 553 species of terrestrial wild plants, which are classified
into 301 genera across 80 families.

2.2. Experimental Design

We conducted sampling in five forest types, including Pinus sylvestris (PS), Picea asper-
ata (PA), Larix principis-rupprechtii (LP), Betula Platyfilla (BP) and the mixed forest of Betula
Platyfilla and Larix principis-rupprechtii (MF). The sampling was carried out in July 2019.
Three samples of each type of forest were selected in order from top to bottom along the
direction of runoff. Each profile was categorized into three distinct layers of soil formation:
A (surface horizon, characterized by a darker color), B (granular with a prismatic structure)
and C (bottom layer consisting of unconsolidated earth material). In each layer, samples
of ring knives were collected, and composite soil samples were subsequently analyzed
to assess their physical and chemical properties. Since these forests were distributed in
close proximity and there were no significant differences in mean annual temperature and
annual precipitation conditions, we used mean annual soil temperature (ST) and mean
annual soil humidity (SH) instead of temperature and precipitation (Table S1).

2.3. Soil Sample Collection and Chemical Analyses

Following the removal of litter and other debris from the soil surface, a soil profile
measuring one meter in depth was excavated using a spade. Soil samples were then
obtained utilizing a ring knife. Two samples from each plot were collected with the ring
knife, and the composite samples were subsequently analyzed to assess the chemical and
physical properties of the soil.

The soil was subjected to sieving using a 2 mm mesh. The bulk density (BD) of the
soil was assessed by drying the sample in an oven at 105 ◦C for a duration of 48 h or until a
consistent weight was obtained. The bulk density was subsequently calculated by dividing
the weight of the oven-dried soil by its volume. Total porosity was assessed by measuring
the weight of soil that had absorbed an adequate amount of water to reach saturation,
which was calculated by taking the difference between the weight of the saturated soil and
the weight of the oven-dried soil and then dividing this value by the volume of the soil.
Soil pH was assessed utilizing a pH meter (type: PHS-3C by Shjingmi, Shanghai, China)
employing a soil-to-water ratio of 2.5:1. Soil organic matter (SOM) was determined by
the external heating method of potassium dichromate and concentrated sulfuric acid [28].
Purging and trapping methodologies were employed to ascertain the concentration of
alkali-hydrolyzable nitrogen (AHN) utilizing an elemental analyzer (type: Elementar
Vario Macro cube by Elementar, Frankfurt, Germany). The concentrations of available
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phosphorus (AP) [29] was quantified using inductively coupled plasma–optical emission
spectrometry (type: Agilent 5110 ICP–OES by Agilent Technologies, Santa Clara, CA, USA).
Soil samples were digested using aqua regia (3HCl + HNO3). Two blank controls, duplicate
samples and a standard reference material (GBW07404 by IGGE, Langfang, Hebei, China) in
each batch were simultaneously digested to ensure quality control. The concentrations of V,
Mn, Fe, Co, B and Sn were determined by inductively coupled plasma–mass spectrometry
(ICP-MS, Agilent 5110 by Agilent Technologies, Santa Clara, CA, USA), while Cr, Ni, Cu,
As and Zn were measured by atomic fluorescence spectrometry (240AFS AA by Agilent
Technologies, Santa Clara, CA, USA). Additionally, Se concentrations were assessed using
atomic fluorescence spectrometry (AFS-930, Beijing, China).

2.4. Statistical Analysis

The data presented in this study were characterized using the mean and standard
deviation. The concentrations of SOM, AHN and AP were described by mass content.
Normalization of data prior to analysis using Z-Score. Analysis of variance (ANOVA)
and Duncan’s test were employed to systematically assess variations in soil chemical and
physical characteristics and the distribution of soil elements across different soil horizons
and forest types. Statistical significance was established at a threshold of p < 0.05. Pearson
correlation analysis and principal component analysis (PCA) were conducted to investigate
the relationships among various concentrations of elements and the associated environ-
mental factors. The classification of 12 elements using PCA will help to further explore
the mechanisms by which climate and soil properties drive soil elemental distributions.
Using the KOM spherical test, the principal components with eigenvalues greater than 1 are
selected according to the eigenvalue size order, and the elemental loadings in each principal
component are obtained by rotating the matrix. The initial four principal components
(PC1, PC2, PC3, and PC4) derived from the principal component analysis (PCA) explained
81.2% of the variance associated with soil elements, thereby successfully representing the
variability in the concentration levels of all twelve minor and trace elements analyzed.

Subsequently, the piecewise structural equation modeling (piecewiseSEM) approach
was used to explore the mechanisms of soil minor and trace elements in response to
environmental factors. This modeling approach effectively and clearly illustrates both the
direct and indirect relationships between essential ecological factors and their impacts on
soil components. Based on the existing theoretical framework research progress, several
variables were selected for inclusion in the model. The piecewise SEM analysis was
conducted utilizing the “piecewiseSEM” package [30]. We employed Fisher’s C test to
assess the adequacy of the model fitting results [31]. The models underwent iterative
modifications and refinements, guided by the statistical significance of the pathways
(p < 0.05) and the overall goodness of fit (0 ≤ Fisher’s C/df ≤ 2 and 0.05 < p ≤ 1.00).

All statistical analyses were performed utilizing SPSS 25.0 Software (IBM, Armonk,
NY, USA) and R 4.0.5 (R Development Core Team 2021 R Foundation for Statistical Vienna,
Austria).

3. Results

3.1. Difference in Concentrations of Minor and Trace Elements in Five Forest Soils

The concentrations of minor and trace elements in the soils predominantly exhibited
a positively skewed or bimodal distribution pattern (Figure 1). Various coefficients of
variation (CV) (Table S3) for elements in different forests showed great variation, indicating
significant heterogeneity. The mean concentrations of B, Fe, Cr, Cu, Ni and Sn in the
five forests were highest in BP followed by LP and MF. The average concentrations of
Co, Mn and Zn were highest in LP, and V was highest in PA. PS soils present higher As
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and Se contents; however, these levels remain within a comparable range. The average
concentrations of V and Se were similar in all five forests, but the high CVs (V: 42%, Se: 42%)
in PA indicated high spatial variability.

Figure 1. Violin plot of soil minor and trace elements with boxes in five forests.

3.2. Influences of Soil Depth and Forest Types on Minor and Trace Elements Concentrations

The concentrations of all tested elements in five forest soils exhibited remarkable
spatial variability with soil depth (Figure 2). The mean concentrations of Fe, Cr, Ni, Zn,
As, Sn and Co increase with soil depth in the BP forest. BP soils had the highest Fe, Cr, Ni
and Sn concentrations. There was no significant trend in concentrations of Zn, As and Co
among all five forests.

The B concentrations present a trend of increasing then decreasing with soil depth in
PS, BP, PA and MF but a trend of decreasing then increasing in LP. The concentrations of
Cu decrease with increasing soil depth in PS, PA and MF forests. The concentrations of
Se were higher in the A layer than the C layer among all five forests, and PS soil had the
highest Se concentrations. There was no significant trend between soil layers for Mn and V
concentrations. LP forest soils had the highest Mn concentrations, while PA present much
higher soil V concentrations than those in other forests.
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Figure 2. Vertical distribution of soil minor and trace elements in different layers among five forests.

3.3. Relationships of Soil Minor and Trace Elements with Climate Soil Proportions

Based on the findings from the principal component analysis (Figure 3a), we catego-
rized the 12 measured elements into four principal components by analyzing the explained
variance associated (Figure 3b) with each component, as well as the loadings of minor
and trace elements and micronutrients (Figure 3c). PC1 explained 46.3% of the total vari-
ance and exhibited a significant correlation with the concentrations of B, Fe, V, Cr and
Ni contents; these can be categorized as siderophile elements. PC2 accounted for 13% of
the variance observed in the original dataset, with Co, Mn and As exhibiting the most
significant loadings. PC3 accounted for 12.4% of the total variance, correlated to Cu, Zn
and Sn contents. PC4 explained 9.5% of the variance, while the concentrations of Se mainly
explained. The initial four principal components derived from the PCA (PC1, PC2, PC3
and PC4) collectively explained 81.2% of the total variance.

The Pearson correlation analysis indicated a significant relationship between minor
and trace elements in the soil and various soil properties (Figure 4). The soil temperature
showed significantly positive correlations with the concentrations of As, and pH was
negatively correlated with Cr. The soil BD was significantly negatively correlated with
the Fe, Cr, Ni and Sn concentrations, and porosity was correlated with V. In contrast,
the soil total porosity was positively correlated with the concentrations of Fe, Cr, Ni
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and Sn and negatively correlated with V. Further, the soil Se contents were significantly
positive correlations with the concentrations of AHN and SOM. The contents of AP were
significantly positive correlations with the contents of Cu and As.

Figure 3. Principal component analysis of minor and trace elements in five forests. (a) Loading plot,
(b) variance explained. (c) Bar plots illustrating the loadings of each minor or trace element. The
orange bars denote the loadings and contributions that are deemed significant.

Figure 4. Pearson correlation between selected soil properties and soil minor and trace elements.
Note: *, correlation is significant at the 0.05 level.

As the forest plots were close to each other and the annual mean temperature and
annual precipitation conditions were close, we used soil temperature and soil humidity
instead of temperature and precipitation for piecewise SEM analyses. The results obtained
from SEM demonstrated the influence of climatic factors (ST and SH) and soil properties
on each of the principal components related to the concentrations of trace elements. ST
directly and negatively affects the forest type and PC1 (Figure 5a). PC4 was directly and
positively influenced by ST and soil properties (Figure 5d). SH indirectly and negatively
affects the PC2 and PC4 (Figure 5b,d) and positively and indirectly influences the PC1 and
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PC3 (Figure 5a,c). We did not observe a direct pathway for soil minor and trace elements
effects of forest type in the model.

Figure 5. The influence of environmental factors on minor and trace elements in soil through
structural equation modeling (SEM). (a) PC1 SEM plot, (b) PC2 SEM plot, (c) PC3 SEM plot, (d) PC4
SEM plot. Red solid arrows indicate positive effects, blue solid arrows indicate negative effects
and dashed lines indicate non-significant paths. Significance levels of each predictor are * p < 0.05,
** p < 0.01, *** p < 0.001.

4. Discussion

4.1. Forest Type and Soil Depth Effect on Minor and Trace Elements in Soils

Soil has wide variations in minor and trace element concentrations due to soil pro-
portions, vegetation type and bedrock weathering. Tree species can influence soil through
various mechanisms, including the quantity and composition of litter, root activity, the
microclimatic conditions they create and the ground vegetation that is established beneath
their canopy [32]. The elements of B, Fe, Cr, Cu, Ni and Sn exhibited significant enrichment
within the broadleaf forest and mixed broadleaf–conifer forest zones. Coniferous forests
possess a high concentration of keratin, which serves to inhibit the adhesion and invasion
of microorganisms on leaves that are abundant in keratin [33]. The rate of decomposition
of leaves in coniferous forests is much smaller than that in broad-leaved forests. Broadleaf
forests, such as Larix principis-rupprechtii, which thrive in cold climates characterized by
high precipitation, exhibit the development of robust tracheids and fine root structures.
This adaptation facilitates the formation of intricate and resilient root systems [34]. The
resilient root systems facilitate the processes of rock fragmentation and soil weathering,
thereby contributing to the release of essential nutrients, including Fe, Cu and other al-
kaline cations [35]. In contrast, the average concentrations of Co, Mn, V, Zn, As and Se
were mainly enriched in coniferous forest zones. Coniferous forests demonstrate a greater
capacity for soil acidification compared to broadleaf forests [35], resulting in enhanced
leaching of cationic elements, including Zn, Mn and Co [36].

Our results show that average concentrations of Fe, Cr, Ni, Zn, As, Sn and Co increase
with soil depth in BP forests. The metallic constituents present in the soil primarily originate
from the weathering processes of the underlying bedrock [20]. The B concentrations present
a trend of increasing then decreasing with soil depth; this phenomenon may be attributed
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to the presence of boron in the soil, which arises from the weathering of boron-containing
minerals found in the underlying geological formations [37]. However, during the process
of weathering, element B exhibits mobility and enters into solution, with its concentration
being regulated by the presence of clay minerals, which can either adsorb or incorporate
it [38], which results in the enrichment in B layers. We have observed that the concentrations
of Se and Cu were higher in the A layer than the C layer, while the concentrations of these
elements remained consistent across the study sites within the A horizon, indicating a
lack of significant influence from the underlying bedrock [7]. Mn and V levels did not
show differences between soil layers; thus, the stratification of soil may exhibit greater
complexity, necessitating additional research to address the acceptable thresholds for this
particular element.

4.2. Soil Minor and Trace Elements in Relation to Soil Properties and Climate

Temperature and precipitation represent the primary climatic variables that signifi-
cantly affect plant survival and distribution [39,40]. Consequently, these factors contribute
significantly to the spatial variability observed in extractable mineral elements [41,42].
Extreme temperatures, whether excessively low or high, can hinder plant growth and the
functioning of soil microorganisms. This inhibition, in turn, limits the accumulation of
organic matter and the absorption of minerals [43]. Precipitation also affects soil properties
(e.g, SOM, AHN, AP), with increased SH due to precipitation increasing leaching along
the soil profile, further affecting soil micronutrient distribution. The pH ranged from
6.34 to 7.01 (Table S2) and was generally weakly acidic, approaching neutrality. Research
has indicated that the complexity and stability of microbial networks tend to decrease as
the pH approaches neutrality. Moreover, research indicates that more complex microbial
networks enhance both the efficiency and rate of ecosystem functioning relative to simpler
networks, thereby facilitating increased leaching of cationic elements from the soil. Soil
pH showed a significant positive correlation with SH and ST, and it can be hypothesized
that SH and ST affect the accumulation of these elements in the soil by influencing the pH
value. There was a significant negative correlation between soil BD and the concentration
of Fe, Cr, Ni and Sn. This phenomenon can be ascribed to the strong correlation between
biodiversity and various factors, including soil moisture, vegetation communities, soil
texture and the content of organic matter [44,45]. Increases in bulk weight lead to poorer
air permeability and less oxygen in the soil, limiting the activity of soil microorganisms and
resulting in lower metal element concentrations. Se contents were significantly positive
correlations with the concentrations of AHN and SOM. In general, the majority of Se
present in soil is associated with organic matter, resulting in an increase in Se concentration
corresponding to higher levels of SOM [46,47]. The concentration of As had significantly
positive correlations with the contents of AP, as arsenic’s soil cycling and behavior are often
linked to phosphorus [48]. We observed that Cu also had a strong significant correlation
with AP. The complexation of copper by organic matter has been identified as the primary
and most efficient mechanism for the retention of copper in soil environments [49], and the
concentration of AP in the soil promotes the formation of copper complexes with soluble
organic matter.

The SEM results showed that climate (ST and SH), forest type and soil properties have
an effect on each of the principal components related to trace element concentrations. ST
has a direct negative effect on variation in B, Fe, V, Cr and Ni concentrations. Several studies
have shown that micronutrient availability is low under high-temperature conditions in
semi-arid regions [50]. These findings help to explain the negative effect of temperature on
B, Fe, V, Cr and Ni content in this study. The concentration of Se was directly and positively
influenced by ST and soil properties. Selenium is classified as a chalcophile element,
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which makes it susceptible to secondary enrichment or dilution as a result of supergene
geochemical processes [51]. Research indicates that the concentration of this substance in
surface sediments is typically influenced by various geological and geographical factors,
including the lithology of the bedrock, the types of vegetation present, climatic conditions,
and elemental distributions [52–54]. In this study, we did not observe any direct pathway
for soil minor and trace elements effects of forest type. This phenomenon can be ascribed
to the dual origins of soil minor and trace elements, which include the erosion of local
bedrock (lithogenic fraction) and contributions from atmospheric sources (atmospheric
fraction) [7]. Little or no influence by forest type was observed.

5. Conclusions

In summary, the concentrations of B, Fe, Cr, Cu, Ni and Sn were mainly enriched in
the broadleaf forest and mixed broadleaf–conifer forest zones. The average concentrations
of Co, Mn, V, Zn, As and Se were mainly enriched in coniferous forest zones. We have
observed that the concentrations of Se and Cu were higher in the A layer than the C layer,
and Fe, Cr, Ni, Zn, As, Sn and Co concentrations increased with soil depth in BP forests. The
B, Fe, V, Cr and Ni concentrations were directly and negatively affected by soil temperature,
while the concentrations of Se are mainly influenced by soil temperature and soil properties.

The core area of the Winter Olympics is a hotspot for national ecological environmental
protection and water conservation in the Beijing–Tianjin–Hebei region. Understanding the
distribution of minor and trace elements in forest soils across the core area can provide
important information on soil succession patterns in the boreal forest. Investigations of the
principal drivers of elemental concentrations may help elucidate the response of elemental
distributions to climate change.
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Simple Summary

With the accelerating pace of modernization and industrialization, the rapid development
of mining and metallurgical sectors has led to farmland soil contamination, consequently
jeopardizing local ecosystems, food security, and residents’ health. Heavy metals are
known to pose risks to human health through the food chain. To comprehensively assess
the potential hazards within the soil–crop system near smelting areas in Jinchang City,
China, this study conducted multi-point field investigations and analyses of heavy metal
distribution in farmland soils and crops around smelting facilities in this mining city. The
research reveals the spatial distribution characteristics of Ni (nickel), Cu (copper), and
Co (cobalt) in local soils, wheat, and corn, along with associated human health risks,
while identifying key contaminated zones. These findings provide valuable reference
for subsequent studies on the soil–crop system in the investigated area and establish
fundamental data for remediation of heavy metal contamination in local farmland soils.

Abstract

Heavy metals in farmland soils pose severe threats to agricultural productivity and food
safety. To investigate contamination in the soil–wheat/corn system, 24 sets of adjacent
farmland soil, wheat, and corn plant samples were collected near metal smelting facilities
in Jinchang City, a typical urban oasis in northwestern China. Concentrations of Ni (nickel),
Cu (copper), and Co (cobalt) were measured. Results indicated mean soil concentrations
of 143.66 mg kg−1 (Ni), 130.00 mg kg−1 (Cu), and 24.04 mg kg−1 (Co), all exceeding
background values for Gansu Province, confirming that the sampling sites exhibit varying
degrees of contamination with Ni, Cu, and Co. Correlation analyses revealed strong
intermetal relationships (Ni, Cu, Co; p < 0.01), while spatial distribution patterns showed
that Ni in wheat and corn grains closely mirrored soil Ni distribution. The bio-concentration
factor (BCF) for wheat roots surpassed that of corn roots, highlighting wheat’s greater
susceptibility to heavy metal uptake. Heavy metal levels in crop organs exceeded limits
set by the Safety Guidelines for Feed Additives. Geo-accumulation indices and potential
ecological risk assessments demonstrated substantial metal accumulation and varying
ecological risks, with contamination levels ranked as Cu > Ni > Co. Non-carcinogenic
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hazard indices indicated elevated health risks for children consuming locally grown wheat
and corn. This study provides a scientific foundation for crop rotation strategies and soil
remediation in the region.

Keywords: farmland soils; heavy metal contamination; spatial distribution; risk assessment;
urban oasis

1. Introduction

The extraction, beneficiation, and smelting of non-ferrous metal deposits have driven
industrial growth and economic development, yet simultaneously inflicted severe environ-
mental pollution [1,2]. Rapid industrialization has led to soil heavy metal concentrations far
exceeding regulatory thresholds, raising public concern over soil environmental safety [3–5].
Heavy metals from smelting slag and tailings infiltrate adjacent soils via surface runoff dur-
ing rainfall, persisting indefinitely due to their non-biodegradable nature. Such pollution
not only alters soil microbial community structure and function but may also contaminate
groundwater through vertical permeation [6,7]. From an agricultural perspective, heavy
metal pollution reduces crop yields or induces total harvest failure. Studies demonstrated
that soil copper (Cu) contamination reduced wheat and corn germination rates by 10% and
16%, respectively, with wheat root length stunted to 0.03 cm and corn root growth rates de-
clining 12-fold under Cu stress [8]. Human health risks are equally critical: excessive heavy
metal intake triggers acute or chronic toxicity [9,10], causing irreversible damage to im-
mune, reproductive, and nervous systems [11,12]. Notably, heavy metals enter humans via
food chain accumulation or inhalation, with toxic element uptake in vegetables and crops
linked not only to soil contamination but also to exogenous inputs such as atmospheric
deposition, transportation emissions, and sewage sludge application [13]. For instance,
long-term wastewater irrigation has led to the accumulation of Ni, Cd, and Cr in wheat
grains in a suburban agricultural town in eastern Pakistan [14]. Wang et al. [15] identified
atmospheric deposition and transportation as the dominant sources of heavy metals in
the western Hexi Corridor. We employed the term "heavy metal" in this study. While
we acknowledge the ongoing debate regarding its precise definition, the term has been
retained to maintain consistency and ensure direct comparability with previous research.

Areas surrounding metal smelters and mines, subjected to prolonged heavy metal
dust deposition and wastewater infiltration, represent critical hotspots for soil heavy metal
accumulation. In Jiyuan City, Henan Province, heavy metal contamination in agricultural
soils surrounding the Yuguang Smelter has been directly linked to prolonged metallur-
gical activities. This persistent pollution has resulted in non-carcinogenic health risks
for all local children, constituting a significant health threat to residents [16]. Further
investigations in Hunan Province revealed that manganese (Mn), cadmium (Cd), lead (Pb),
copper (Cu), zinc (Zn), and chromium (Cr) levels in soils near manganese mines surpassed
background values by factors of 16.3, 15.4, 15.0, 9.9, 6.1, and 1.1, respectively. Among
these, Mn, Cd, and Pb exhibited severely contaminated levels, correlating with elevated
potential ecological risks [17]. Notably, studies by Xiang et al. [3] in the Yangtze River
Delta highlighted that cereals exhibited markedly stronger heavy metal bioaccumulation
than vegetables or fruits, while children exhibit significantly greater health sensitivity to
heavy metal exposure than adults. In response, the World Health Organization (W.H.O.)
and national regulatory bodies have rigorously revised maximum permissible heavy metal
concentrations in food products. To quantify non-carcinogenic health risks in mining and
smelting zones, researchers widely employ hazard quotient (HQ) and hazard index (HI)
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models established by the US Environmental Protection Agency (USEPA), underscoring
their global applicability in health risk assessment frameworks [15,18–20].

According to Wang et al. [15], metal processing and smelting activities are the primary
sources of heavy metal contamination in agricultural soils across the Hexi Corridor, with
the highest concentrations observed in central regions. Mining areas represent the most
heavily contaminated land-use type [20]. Jinchang City, a major production base for nickel
(Ni), copper (Cu), and cobalt (Co) in China and renowned as the “Nickel Capital”, has expe-
rienced significant environmental degradation due to prolonged resource extraction [19,21].
Emissions from heavy metal-laden exhaust gases and dust from tailings ponds have driven
the accumulation of toxic elements in farmland soils, posing potential risks to crops [17].
Wheat and corn, as staple crops in Jinchang, are critical subjects for investigating heavy
metal pollution characteristics and conducting health risk assessments in peri-mining
areas. Such research not only enhances public and scientific understanding of regional
contamination but also provides actionable insights for mitigating heavy metal exposure
and advancing environmental conservation, underscoring its practical significance.

This study aimed to (1) determine the concentrations and spatial distribution patterns of
Ni, Cu, and Co in soils and staple crops (wheat and corn), and (2) evaluate and compare the
degree of soil pollution and associated health risks posed by wheat and corn consumption.

2. Materials and Methods

2.1. Study Area

The study area was located in Jinchuan District, Jinchang City, Gansu Province, north-
western China (Figure 1), situated in the central Hexi Corridor and characterized by predom-
inant northwest and southeast winds. The soil type was classified as sierozem. Jinchuan
District comprises 348,700 mu (23,250 hectares) of urban, rural, and industrial/mining land,
with cultivated land spanning 1.84 million mu (122,667 hectares). Crops, including wheat,
corn, rapeseed, and legumes, are cultivated across 1.36 million mu (≈90,667 hectares) of
sown area, of which wheat dominates, accounting for over 60% of total cultivation. The
region hosts globally significant nickel–copper sulfide deposits, ranking third in reserves
worldwide and first in China. Industrial activity began in the 1960s with the commissioning
of China’s first nickel smelting line. Today, the area contains one metallurgical plant, one
copper slag concentrator facility, and two tailings ponds. Prolonged resource exploitation
has reduced the region’s environmental carrying capacity, compounded by agricultural
practices such as fertilizer, pesticide, and livestock manure application. Consequently,
soils near smelting facilities exhibit varying degrees of heavy metal contamination, with
metallurgical dust and slag heaps identified as the most severe pollution sources [22].

2.2. Sample Collection and Pre-Treatment

Field sampling was conducted in 2022 prior to harvest in farmland soils adja-
cent to metal smelting facilities and along transportation routes in Jinchuan District
(38◦26′4′′–38◦38′16′′ N, 102◦11′21′′–102◦26′25′′ E). Surface soil samples (0~15 cm depth)
and corresponding wheat/corn plants were collected using a stainless-steel sampler. A
total of 24 sampling sites were established, with 12 sites each for wheat (labeled w1–w12)
and corn (c1–c12) (Figure 1). Soil and crop samples were transported to the laboratory in
polyethylene bags. Soil samples were air-dried at room temperature (30 ◦C), gently ground,
sieved through a 10-mesh sieve, and stored in resealable bags. Wheat and corn plants
were dissected into five components: roots, stems, leaves, husks, and grains. Plant tissues
were rinsed with deionized water, oven-dried at 70 ◦C to constant weight, pulverized
using a grinder, homogenized into powder, and sieved through a 10-mesh sieve. Processed
samples were stored in resealable bags for subsequent analytical testing.
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Figure 1. Distribution maps of sampling sites.

2.3. Chemical Analysis of Soils and Grains

Heavy metal concentrations in soil and grain samples were determined by atomic
absorption spectroscopy (AAS, ZEEnit 700P, Jena Analytical Instruments, Jena, Germany).
Soil samples were digested with a HF-HNO3-H2O2 (2:3:1, v/v/v) mixture, while grain
samples were digested with HNO3-H2O2 (10:3, v/v). Following digestion and dilution, the
solutions were analyzed by AAS. Soil pH and electrical conductivity (EC) were measured
in a 1:2.5 soil–water suspension. Soil organic matter (OM) was quantified by the potassium
dichromate volumetric method, and cation exchange capacity (CEC) was determined by
the hexaamminecobalt(III) chloride method. Quality control was ensured by nationally
certified reference materials GBW07386 (GSS-30) and GBW10023 (GSB-14), with recovery
rates maintained at 95–105%. Triplicate measurements were conducted for all soil and crop
tissue samples, and results were averaged.

2.4. Soil Heavy Metal Pollution Indices
2.4.1. Geo-Accumulation Index

The geo-accumulation index method intuitively evaluates the degree of heavy metal
pollution, focusing on the impact of geological factors related to heavy metals and exogenous
heavy metals generated by human activities [23,24]. The calculation formula is as follows:

Igeo = [Ci/(K · Bi)] (1)

where Igeo represents the geo-accumulation index for heavy metal i; Ci is the measured
concentration of heavy metal i, mg kg−1; Bi denotes the local geochemical background
value of heavy metal i in the study area, mg kg−1; K is the correction coefficient, set to
1.5. Based on Igeo values, soil heavy metal pollution levels are classified into six grades:
no pollution, mild pollution, moderate pollution, moderately heavy pollution, severe
pollution, and extreme pollution, and the corresponding ranges of Igeo values are: Igeo < 0,
0 ≤ Igeo < 1, 1 ≤ Igeo < 2, 2 ≤ Igeo < 3, 3 ≤ Igeo < 4, Igeo ≥ 4.
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2.4.2. Potential Ecological Risk Index

The potential ecological risk index (RI) evaluates the ecological risks posed by heavy metals
in soils by integrating their ecological effects, toxicity, and environmental impacts [25,26]. The
methodology is defined as follows:

RI =
n

∑
i=1

Ei
r = Ti × Ci × Bi (2)

where RI is the comprehensive potential ecological risk index, Eri is the potential ecological
risk index for heavy metal i, Ti is the toxicity response coefficient of heavy metal i (assigned
as Ti = 5 for Cu, Ni, and Co), and Ci is the measured concentration of heavy metal i,
mg kg−1. Bi denotes the local geochemical background value of heavy metal i in the study
area, mg kg−1. RI is judged as follows: low ecological risk (RI ≤ 120), moderate ecological
risk (120 < RI ≤ 240), and considerable ecological risk (240 < RI ≤ 480). Eri is judged as:
low ecological risk (Eri ≤ 40), moderate ecological risk (40 < Eri ≤ 80), and considerable
ecological risk (80 < Eri ≤ 160).

2.5. Bio-Concentration Factor

The bioconcentration factor (BCF), a dimensionless metric, quantifies the transfer of
heavy metals from soil to crop tissues and is calculated as follows:

BCF =
Cw

Cs
(3)

where Cw (mg kg−1) is the heavy metal concentration in crop tissues; Cs (mg kg−1) is the
heavy metal concentration in the rhizospheric soil.

2.6. Health Risk Assessment

Adopting deterministic risk assessment methods. The non-carcinogenic health risks
associated with grain consumption were assessed using the health risk evaluation model
established by the US Environmental Protection Agency (USEPA), quantified via the hazard
index (HI) [27].

The long-term chronic daily intake of heavy metals was calculated as:

CDIi =
Ci × IR × EF × ED

BW × AT
(4)

where CDI is the chronic daily intake of heavy metals, mg kg−1d−1; Ci is the mea-
sured concentration of heavy metal i, mg kg−1; IR is the grain ingestion rate, which
was 0.412 kg day−1 and 0.206 kg day−1 for adults and children, respectively, for wheat;
and 0.200 kg day−1 and 0.100 kg day−1 for adults and children, respectively, for corn,
determined according to the China Statistical Yearbook 2022; EF is exposure frequency,
365 days year−1; ED is exposure duration: 34 years for adults and 6 years for children;
BW is the average body weight: 69.6 kg for adults and 15.0 kg for children, respectively;
and AT stands for averaging time for exposure, with values of ED × 365 days year−1.

The non-carcinogenic hazard index (HI) is calculated as follows:

HI =
n

∑
i=1

HQi =
n

∑
i=1

CDIi
RfDi

(5)

where HI is the non-carcinogenic hazard index, dimensionless; HQi is the non-carcinogenic
hazard quotient for heavy metal i, dimensionless; RfDi is the reference dose for heavy
metal I and the RfD values of Ni, Cu, and Co are 0.02, 0.04, and 0.0003 mg kg−1day−1,
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respectively. These values correspond to the soluble ionic forms. Typically, when HI ≤ 1, it
indicates negligible non-carcinogenic health risks to humans, while when 1 < HI ≤ 10, it
suggests potential non-carcinogenic health risks to humans.

2.7. Statistical Analysis

Statistical analyses of soil and plant chemical data were conducted using Origin
2022, SPSS 27.0.1, and Microsoft Excel 2021. Sampling site distribution maps and spatial
distribution patterns of heavy metals were generated with ArcGIS 10.8.

3. Results and Discussion

3.1. Soil Physicochemical Properties and Heavy Metal Concentrations

Descriptive statistics of soil properties and heavy metal concentrations in the study
area are summarized in Table 1. For wheat-cultivated soils, Ni, Cu, and Co concentrations
ranged from 31.65~367.40, 21.50~336.00, and 15.52~36.64 mg kg−1, respectively, with mean
values of 126.69, 118.41, and 23.61 mg kg−1. Coefficients of variation (CV) for these metals
followed the order Cu (96%) > Ni (91%) > Co (35%), where the high CVs for Cu and
Ni indicate pronounced influence of local mining and metal smelting activities on soil
Cu and Ni concentrations [28]. In corn-cultivated soils, Ni, Cu, and Co concentrations
spanned 25.43~916.10, 24.10~682.00, and 13.70~50.38 mg kg−1, respectively, with mean
concentrations of 160.63, 141.58, and 24.47 mg kg−1. The CV values exhibited a distinct
order: Ni (152%) > Cu (134%) > Co (40%). Notably, Ni and Cu displayed exceptionally high
variability (CV > 130%), reflecting extreme site-specific differences in their concentrations,
likely attributable to anthropogenic inputs from industrial operations [29].

Table 1. Descriptive statistics of soil properties and heavy metal concentrations in agricultural soils
of study area and related soil quality standards (mg kg−1).

Statistical Values Ni Cu Co pH
EC
(μS cm−1)

OM (g kg−1)
CEC
(cmol+ kg−1)

Wheat soil
(n = 12)

Max 367.40 336.00 36.64 8.15 347.00 40.90 12.11
Min 31.65 21.50 15.52 7.83 170.80 20.67 0.49
Mean 126.69 118.41 23.61 8.00 253.53 29.90 5.00
Standard deviation (SD) 115.57 113.23 8.17 0.10 56.75 6.41 3.94
Coefficient of variation (CV) 0.91 0.96 0.35 0.01 0.22 0.21 0.79

Corn soil (n = 12)

Max 916.10 682.00 50.38 8.23 324.00 38.87 8.97
Min 25.43 24.10 13.70 7.92 147.00 14.26 0.12
Mean 160.63 141.58 24.47 8.13 193.72 28.74 3.92
Standard deviation (SD) 244.83 189.64 9.77 0.08 54.10 6.65 2.62
Coefficient of variation (CV) 1.52 1.34 0.40 0.01 0.28 0.23 0.67

Reference
standard

Soil background values of
Gansu Province 35.20 24.10 12.10

Risk screening value of
agricultural land soil 190.00 100.00 ——

Compared to regional background values (Table 1), the mean concentrations of Ni,
Cu, and Co in Jinchuan District significantly exceeded the soil background levels of Gansu
Province. In wheat-cultivated soils, mean Ni, Cu, and Co concentrations were 3.60-, 4.91-,
and 1.95-fold higher than local background values, respectively. For corn-cultivated soils,
these ratios increased, respectively, to 4.56-, 5.87-, and 2.02-fold; this indicates that local
soils have been contaminated to varying degrees. Furthermore, the mean heavy metal
concentrations in this study surpassed those reported in industrially impacted regions such
as Sargodha, eastern Pakistan [14], and Guilin City, Guangxi Province, China [30]. Notably,
Ni concentrations at sampling sites w8, c6, c7, c8, and c10 were lower than the regional
background value, likely due to their greater distance from smelting facilities and reduced
industrial influence. According to Table 1, 29.17% of sampling sites exceeded China’s risk
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screening values for Ni, while 37.50% surpassed the Cu threshold, suggesting potential
risks to agricultural product safety. These anomalies are attributable to decades of intensive
mining and metallurgical activities in the region. Previous work by Batool et al. [14]
reported that in a suburban agricultural town of eastern Pakistan, prolonged wastewater
irrigation has resulted in cadmium (Cd) accumulation in locally grown wheat exceeding
safety thresholds, posing potential health risks to consumers. Studies by Lv et al. [17]
identified metal smelting activities as the primary cause of heavy metal contamination
in soils surrounding manganese mining areas in Hunan Province, China. Sierozem soils,
characterized by organic matter and calcium carbonate content, can immobilize toxic heavy
metals through adsorption, limiting their environmental mobility [31]. For instance, in
karst soils of southwestern China, Cu predominantly binds to organic matter and carbonate
phases, whereas Ni is primarily sequestered in goethite mineral matrices [32,33].

Soil analysis (Table 1) revealed weakly alkaline conditions in the study area, with
pH ranging from 7.83 to 8.23. Low electrical conductivity (EC) and organic matter (OM)
levels aligned with typical sierozem characteristics. The cation exchange capacity (CEC),
reflecting soil nutrient retention potential, ranged from 0.12 to 12.11 cmol+ kg−1 (mean:
4.46 cmol+ kg−1), indicating moderate fertility retention capacity. Heavy metal enrichment
in soils is influenced by multiple factors, including geogenic background, pedogenic pro-
cesses, and anthropogenic activities [34,35]. Correlation analyses (Table 2) were conducted
to explore relationships among Ni, Cu, Co, pH, EC, OM, and CEC. Pearson correlation
coefficients (Table 2) showed significant positive correlations (p < 0.01) among Ni, Cu, and
Co in agricultural soils, suggesting shared anthropogenic origins and potential synergistic
contamination effects. In wheat-cultivated soils, Ni, Cu, and Co exhibited positive corre-
lations with OM (p < 0.05), indicating co-accumulation with organic matter. Conversely,
no such trend was observed in corn soils. These divergent patterns align with findings
by Lasota et al. [6], who reported that correlations between heavy metals and OM may
vary across soil datasets. Humic substances in Silesia, Poland, can stabilize heavy metals
via metal–organic ligand complexation, potentially explaining the OM-dependent accu-
mulation in wheat soils [6]. Ni and Co in wheat soils showed strong positive correlations
with CEC (p < 0.01), while Cu correlated moderately (p < 0.05). This phenomenon is likely
attributable to the greater abundance of negatively charged sites on soil particles at higher
CEC levels, which strengthens their adsorption capacity for heavy metals [36]. In corn soils,
EC and pH displayed a significant negative correlation (p < 0.01), likely driven by reduced
soluble salt content in high-pH soils, which lowers ionic conductivity [37].

Table 2. Pearson correlation coefficients between heavy metals and other parameters in soils.

Soils Ni Cu Co pH EC OM CEC

Ni 1 0.986 ** 0.935 ** −0.172 −0.339 0.240 −0.174
Cu 0.987 ** 1 0.952 ** −0.158 −0.370 0.305 −0.201
Co 0.972 ** 0.970 ** 1 −0.233 −0.312 0.183 −0.204
pH 0.091 −0.009 −0.048 1 −0.781 ** 0.437 −0.200
EC −0.191 −0.157 −0.174 −0.123 1 −0.414 0.438
OM 0.646 * 0.612 * 0.577 * 0.156 0.260 1 0.295
CEC 0.726 ** 0.662 * 0.722 ** 0.194 −0.197 0.484 1

Bold represents the correlation coefficients of wheat, and the other stands for corn. ** p < 0.01. * p < 0.05.

3.2. Spatial Distribution of Heavy Metals in Soils and Crop Grains

Compared to other spatial interpolation methods, the inverse distance weighting (IDW)
method more accurately predicts maximum and minimum values and provides better boundary
details [38]. Figure 2 displays the spatial distribution maps of heavy metals in soils and
crop grains generated using the IDW method. Co in wheat grains was not analyzed due to
undetectable levels. Figure 2 shows that the spatial distribution trends of Ni, Cu, and Co in soils
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were similar, indicating shared sources of heavy metals, consistent with the correlation analysis
results. The most severely contaminated soil sampling sites were located near the smelting
plant. Based on the prevailing wind direction, the severe heavy metal contamination in soils
northwest and southeast of the mining area was likely caused by dust deposition from tailings
ponds under wind transport. Other sampling sites, farther from mining activities, showed
lesser impacts. In agricultural soils of Anxin County, Hebei Province, the primary sources of Cd,
Pb, Zn, and Cu contamination are industrial activities and mobile sources, demonstrating that
heavy metals disperse from sources to surrounding areas under human influence [35]. Studies
by Anaman et al. [39]. and Xu et al. [40]. highlighted transportation and atmospheric deposition
as major factors affecting heavy metal distribution. The spatial distribution results confirm that
local metal smelting activities dominate heavy metal contamination.

The spatial distribution of heavy metals in crop grains revealed that Ni distribution in
grains closely resembled that in soils, while Cu and Co distributions differed significantly,
suggesting soil Ni concentrations can predict grain Ni levels. For wheat grains, Cu hotspots
were concentrated near the smelting plant and extended eastward, whereas corn grains showed
Cu hotspots near the smelting plant and northeastward, with Co hotspots located south of the
plant. The heavy metal content in wheat and corn grains is influenced by soil physicochemical
properties, metal speciation, soil microbes and minerals, and crop root exudates [41], which
likely explain the spatial discrepancies in Cu and Co distributions between grains and soils.

To further elucidate factors influencing heavy metal translocation from soils to wheat
and corn grains, a correlation analysis was conducted between heavy metal concentrations
in grains, soils, and soil properties (Table 3). First, Ni and Cu in corn grains showed a
significant positive correlation (p < 0.01), suggesting shared origins. Notably, while Ni is
toxic, Cu is an essential micronutrient for corn, implying potential overlap in their uptake
or transport regulatory pathways [42]. This contrasts with findings by Pekel et al. [43],
who reported no Ni-Cu correlation in corn grains, possibly due to varietal differences
in metal absorption [10,44]. Second, Ni in grains correlated strongly with soil Ni, Cu,
and Co (p < 0.01), indicating that elevated soil metal levels enhance Ni accumulation
in grains, consistent with spatial distribution predictions. Conversely, grain Cu and Co
showed no significant correlations with soil metals (Ni, Cu, Co), aligning with results from
Wu et al. [45], which may reflect sub-threshold soil metal concentrations for phytotoxicity.
According to Deng et al. [46], Ni and Co undergo continuous translocation between phloem
and xylem, ultimately redistributing via phloem to plant tissues. Third, Ni in wheat grains
correlated significantly with soil OM (p < 0.05) and CEC (p < 0.01), suggesting that organic
chelators in soil enhance Ni bioavailability and plant uptake [47]. While Cu in grains and
Co in corn grains showed no significant links to soil properties, the relationship between
grain metals and bioavailable soil fractions warrants further exploration.

Table 3. Pearson correlation coefficients for metal concentrations in wheat and corn grains, total soil
metal contents and soil properties.

Grain Ni Cu Co

Grain
Ni 1 0.714 ** 0.138
Cu 0.429 1 0.428
Co NA NA 1

Soil
Ni 0.887 ** (0.831 **) 0.540 (0.504) NA (−0.243)
Cu 0.817 ** (0.877 **) 0.524 (0.559) NA (−0.211)
Co 0.782 ** (0.885 **) 0.573 (0.499) NA (−0.056)

other
pH 0.466 (−0.243) 0.168 (0.048) NA (−0.059)
EC −0.240 (−0.339) 0.260 (−0.486) NA (−0.090)
OM 0.686 * (0.050) 0.324 (0.190) NA (−0.352)
CEC 0.728 ** (−0.363) 0.191 (−0.244) NA (−0.078)

Bold represents the correlation coefficients of wheat, and the other stands for corn. ** p < 0.01. * p < 0.05. NA: not available.
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Figure 2. Spatial distribution maps of heavy metals in soils and grains.
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3.3. BCFs of Ni, Cu and Co

Table 4 presents the mean bioconcentration factor (BCF) values across different tissues
of wheat and maize plants. For wheat plants, the average BCFs of Ni, Cu, and Co followed
the order: leaves > roots > husks > stems > grains, roots > leaves > grains > husks > stems
and roots > leaves > stems > husks > grains, respectively. In corn plants, the orders were,
respectively, leaves > roots > stems > husks > grains (Ni), leaves > roots > stems > husks
> grains (Cu) and grains > husks > leaves > stems > roots (Co). BCF values indicated
higher accumulation of Ni and Cu in roots and leaves compared to other tissues. Podar
and Maathuis [48] reported that cereals inherently restrict heavy metal translocation from
roots to edible aerial parts. Liu et al. [49] demonstrated that atmospheric heavy metals can
infiltrate plants via foliar uptake. In this study, elevated Co levels in corn grains may stem
from atmospheric dust deposition, with taller corn plants being more susceptible to airborne
contamination. Studies by Ma et al. [50] and Xu et al. [19] consistently demonstrate that
plant roots serve as the primary site of heavy metal accumulation. This may be attributed
to the immobilization of heavy metals through chelation by root cell walls, which restricts
their entry into the cytoplasm, or the presence of the Casparian strip that further impedes
metal translocation [41].

Table 4. Average bio-concentration factor (BCF) of Ni, Cu and Co in different parts of crop plants.

Roots Stems Leaves Husks Grains

Ni Cu Co Ni Cu Co Ni Cu Co Ni Cu Co Ni Cu Co

0.164 0.215 0.381 0.011 0.061 0.149 0.251 0.204 0.258 0.078 0.071 0.119 0.002 0.079 0.000
0.112 0.096 0.066 0.030 0.090 0.068 0.124 0.300 0.180 0.014 0.058 0.368 0.002 0.010 0.471

Bold represents the BCF of wheat, and the other stands for corn.

As shown in Table 4, the BCFs of Ni, Cu, and Co in wheat roots were 1.46-, 2.24-,
and 5.77-fold higher than those in corn roots, respectively, indicating that wheat is more
susceptible to heavy metal contamination. Similar conclusions were reported by Wu
et al. [16] and Xue et al. [51] in agricultural regions of Henan and Hebei Provinces, China,
suggesting that wheat exhibits greater sensitivity to heavy metal stress than corn, posing
higher health risks to humans. Rezapour et al. [52] demonstrated that wheat exhibits
stronger translocation of heavy metals from soil to roots than from roots to grains. In
contrast, Romdhane et al. [53] found that corn preferentially transfers heavy metals to
stems and leaves. To assess the safety of locally produced crop straw as livestock feed,
mean heavy metal concentrations in wheat and corn tissues are presented in Table 5. Results
indicated that, according to the Safety Guidelines for Feed Additives, Co concentrations
in all wheat and corn tissues exceeded regulatory limits except for wheat grains and corn
roots/stems. Similarly, Cu concentrations in wheat roots, corn leaves, and wheat leaves
surpassed permissible thresholds, confirming that straw from these crops is unsuitable for
use as standalone animal feed.

Table 5. Mean heavy metal concentrations in different parts of wheat and corn (mg kg−1).

Roots Stems Leaves Husks Grains

Ni Cu Co Ni Cu Co Ni Cu Co Ni Cu Co Ni Cu Co

Wheat
20.57
±

21.11

22.93
±

24.20

8.56 ±
2.41

1.50 ±
1.61

3.77 ±
2.30

3.00 ±
2.18

28.87
±

25.82

22.88
±

22.52

6.48 ±
4.16

7.25 ±
5.36

5.56 ±
4.42

2.73 ±
0.98

0.60 ±
1.16

4.11 ±
1.69

0.00 ±
0.00

Corn
13.18
±

17.24

10.39
±

11.35

1.75 ±
1.70

2.31 ±
1.81

5.37 ±
3.87

1.53 ±
0.64

16.19
±

22.02

25.94
±

26.90

4.44 ±
2.51

3.08 ±
5.53

5.38 ±
5.94

8.05 ±
0.73

0.36 ±
0.52

0.60 ±
0.43

10.20
± 1.12

The data are expressed as the means ± standard deviations (mean ± SDs) of 12 sampling sites (n = 12). Code of
practice for the safe use of feed additives: 15 mg kg−1 for Cu and 2 mg kg−1 for Co in feed, with no limit for Ni.
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3.4. Soil Pollution and Health Risk Assessment

Table 6 summarizes the percentages of sampling sites classified under different geo-
accumulation index (Igeo) and single-element potential ecological risk index (Eri) levels.
According to Igeo criteria, 21% and 37% of sampling sites for Ni and Cu, respectively,
exhibited contamination levels of moderately heavy pollution or higher, with 4% of sites
for both metals reaching extreme pollution, indicating significant accumulation of Ni and
Cu in regional soils. All Co-contaminated sites were classified as moderate pollution or
lower. For Eri, 12% (Ni) and 29% (Cu) of sampling sites posed moderate ecological risk
or higher, with 4% of sites for both metals categorized as considerable ecological risk,
suggesting potential threats to human health via food chain accumulation. Co-associated
risks remained low across all sites. Overall, the descending order of contamination and
ecological risk levels for all metals was: Cu > Ni > Co.

Table 6. Percentage of sampling points in different Igeo and Eri risk levels in Jinchuan District.

Ni (%) Cu (%) Co (%)
Class

Igeo

0 54 54 33
1 8 8 58
2 17 0 8
3 17 25 0
4 0 8 0
5 4 4 0

Ei
r

<40 88 71 100
40~80 8 25 0
80~160 4 4 0

As shown in Table 6, the three elements in soils were significantly altered by production
activities from mining enterprises near farmland, leading to severe spatial heterogeneity
in heavy metal distribution. The potential ecological risk (RI) assessment (Figure 3A)
revealed the highest ecological risk at sampling site c2, classified as considerable ecological
risk, followed by c1 and w3 with moderate ecological risk, all located near local mining
areas. Sites adjacent to mining zones (w1, w2, c3, w11, c11, w12, c12) exhibited elevated RI
values within the low ecological risk category, further confirming mining activities as the
primary contamination source. Elevated risks at other sites likely stem from persistent dust
deposition linked to metal smelting and vehicular emissions [4]. Given the irreversible
ecological impacts of heavy metal pollution in agricultural soils, immediate remediation
measures are urgently required for this region.

To better understand contamination characteristics, Igeo, Eri and total heavy metal
concentrations in soils were incorporated into principal component analysis (PCA). As
shown in Figure 3B, two principal components were extracted: PC1, dominated by Eri and
total metal concentrations, explained 93.6% of the total variance, while PC2, driven by Igeo
values, accounted for 5.5%. Based on Figure 3B, the Igeo levels approximately ranked as
Co > Cu > Ni, indicating multi-metal composite pollution with high similarity among the
three metals, being consistent with spatial distribution predictions. The PCA results suggest
that spatial heterogeneity of heavy metal concentrations is the primary factor influencing
contamination patterns. The high explanatory power of PC1 underscores anthropogenic
interventions, particularly mining and smelting activities, as key drivers of heavy metal
distribution across the study area.
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Figure 3. Results of the evaluation of potential ecological risks (A). PCA plot of total heavy metal
concentration in soil and risks of Igeo and Eri (B).

Wheat and corn, as staple crops in Jinchuan District, Jinchang City, are closely linked to
the health of local residents. Table 7 presents the chronic daily intake (CDI) of heavy metals for
adults and children. Most studies indicated that children face higher non-carcinogenic risks
from heavy metals in grains compared to adults [5,54]. In this study, wheat was identified
as the primary source of Ni and Cu exposure, while Co exposure predominantly originated
from corn. The CDI values for children were 2.32-fold higher than those for adults. The
non-carcinogenic hazard index (HI) results are shown in Figure 4. HI values in this study
revealed that children in Jinchuan District face greater non-carcinogenic health risks than
adults, with the highest risk observed for wheat from site w3 (HI = 4.309), followed by w1
(3.279) and w2 (2.881). Notably, 16.67% of adults and 87.50% of children in the study area
were exposed to non-carcinogenic health risks. Approximately 75% of children exhibited
hazard quotients (HQ) > 1 for Cu in wheat, while all children showed HQ > 1 for Co in corn,
indicating that Cu in wheat and Co in corn are the primary contributors to HI among the three
heavy metals. Health risk assessments indicate that children face greater harm, likely due
to their lower body weight and higher metabolic rates [55]. Furthermore, long-term heavy
metal exposure may cause irreversible impairments to neurological and immune systems in
children [11]—an urgent public health priority requiring immediate attention.

Table 7. CDI mean values of wheat and corn grains (mg kg−1 d−1).

CDI (Ni) CDI (Cu) CDI (Co)

Adults Children Adults Children Adults Children

Wheat 3.55 × 10−3 8.23 × 10−3 2.43 × 10−2 5.64 × 10−2 0.00 0.00
Corn 1.02 × 10−3 2.37 × 10−3 1.73 × 10−3 4.02 × 10−3 2.93 × 10−2 6.80 × 10−2

For individuals living near metal smelting zones, heavy metals can also enter the
human body through inhalation and dermal contact, potentially leading to higher non-
carcinogenic health risks [56]. Based on this study, the following recommendations are
proposed for local agricultural practices: In areas corresponding to sampling sites c8,
c9, and c10, corn cultivation poses health risks exceeding safety thresholds, while wheat
cultivation presents lower risks. Therefore, replacing corn with wheat or alternative crops
in these regions is advised to reduce heavy metal exposure for residents. Other sampling
sites are no longer suitable for growing wheat or corn intended for human consumption,
and soil remediation measures should be implemented in these farmlands.
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Figure 4. Non-Carcinogenic Health Risk Index (HI) for Adults (A) and Children (B).

4. Conclusions

The mean concentrations of Ni and Cu in the study area exceeded China’s risk screen-
ing values for agricultural soils, while Co surpassed the background levels of Gansu
Province. Correlation analyses revealed a high homology among Ni, Cu, and Co in soils,
indicating shared anthropogenic origins. Spatial distribution patterns identified metal
smelting facilities as the primary source of soil contamination. Ni in crop grains closely
mirrored its spatial distribution in soils, enabling soil Ni levels to predict grain Ni con-
tamination, whereas Cu and Co exhibited divergent grain-soil distribution trends. The
correlation between grains and soils confirmed that soil is the dominant source of heavy
metals in crops. Wheat demonstrated greater susceptibility to heavy metal contamination
than corn, and straw from both crops was unsuitable for direct use as animal feed. Soil
contamination levels followed the descending order: Cu > Ni > Co. Health risk assess-
ments identified wheat as the principal contributor to Ni and Cu exposure, while corn
dominated Co exposure. Given the elevated non-carcinogenic risks, cultivating wheat and
corn for human consumption in the study area is no longer viable, necessitating immediate
soil remediation.

This study not only confirms severe complex heavy metal contamination in the region,
but also systematically reveals—for the first time—the shared sources and system charac-
teristics of Ni, Cu, and Co pollution, their crop-specific uptake patterns, and the differential
health risks they pose particularly to children. This study provides actionable insights for
local agricultural restructuring and establishes a transferable risk management framework
for mining-impacted cities globally. A key limitation lies in the use of total heavy metal
concentrations for risk assessment. Future efforts should prioritize speciation analysis to
determine bioavailability, alongside mechanistic investigations into crop-specific uptake
and intra-grain translocation of heavy metal fractions.
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Simple Summary

This study examined how adding different amounts of two microbial inhibitors (strepto-
mycin and cycloheximide) affects nitrous oxide (N2O) emissions in strongly acidic soil.
High concentrations of streptomycin (6 and 10 mg g−1) reduced N2O emissions, whereas
lower concentrations (2 and 4.5 mg g−1) increased emissions. Cycloheximide initially ele-
vated N2O emissions compared to the control, but emissions decreased as the concentration
of cycloheximide increased. The inhibitors also altered soil nitrogen and carbon levels. This
study highlights that microbial inhibitors can disrupt soil microbial communities, leading
to changes in N2O emissions. High concentrations of inhibitors can reduce emissions by
suppressing certain microbes, but lower concentrations may cause surviving microbes to
produce more N2O.

Abstract

Nitrous oxide (N2O) is a potent greenhouse gas with intensive emissions from acidic soil.
This study explored the impact of the disruption of the microbial balance from microbial in-
hibitors (streptomycin and cycloheximide) on soil’s N2O emission and nitrogen (N) dynam-
ics. Under all the conditions examined, biotic processes accounted for 96–98% of total N2O
emissions. High concentrations of streptomycin (6 and 10 mg g−1) reduced N2O emissions
from 2.24 μg kg−1 h−1 to 1.93 μg kg−1 h−1 and 2.12 μg kg−1 h−1, respectively, whereas
lower concentrations (2 and 4.5 mg g−1) increased emissions from 2.24 μg kg−1 h−1 to 2.95
μg kg−1 h−1 and 3.27 μg kg−1 h−1, respectively. Lower cycloheximide (2 and 4.5 mg g−1)
significantly enhanced N2O emissions, reaching 9.15 μg kg−1 h−1 and 5.68 μg kg−1 h−1,
respectively, whereas higher dosages (6 mg g−1 and 10 mg g−1) inhibited N2O emissions,
reducing them to 5.55 μg kg−1 h−1 and 4.84 μg kg−1 h−1, respectively. Carbon dioxide
(CO2) emissions generally decreased with increasing inhibitor dosages but significantly
increased at 2 mg g−1 and 4.5 mg g−1 streptomycin. The inhibitors also altered soil N and
carbon (C) dynamics, increasing ammonium (NH4

+-N), dissolved organic nitrogen (DON),
and dissolved organic carbon (DOC) levels. Pearson correlation analysis indicated that
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N2O emission was negatively correlated with cycloheximide dosage (R = −0.68, p < 0.001),
NH4

+-N (R = −0.31, p < 0.001) and DOC content (R = −0.57, p < 0.05). These findings high-
light the consequences of microbial disruption on N2O emission and the complex microbial
interactions in acidic soils. High concentrations of microbial inhibitors effectively reduce
N2O emissions by suppressing key microbial groups in nitrification and denitrification.
Conversely, lower concentrations may prompt compensatory responses from surviving
microorganisms, resulting in increased N2O production. Future research should focus on
sustainable management strategies to mitigate N2O emissions while preserving the soil’s
microbial community.

Keywords: nitrous oxide; microbial inhibition; nitrogen dynamics; dissolved organic
carbon; acidic soil

1. Introduction

The mitigation of greenhouse gas (GHG) emissions is one of the most pressing global
challenges [1]. Nitrous oxide (N2O) is the third most significant contributor to global
warming and a major ozone-depleting substance [2,3]. Agricultural soils are the primary
source of anthropogenic N2O emissions, accounting for approximately 60% of global
emissions [4]. Soil pH is the major factor affecting soil N2O emission, with some studies
showing that acidic soil is an important emission source of N2O [5]. It has been reported that
acidic soil (pH 5.0) emitted three times more N2O than alkaline soil (pH 8.0) with a similar
application of nitrogen (N) fertilizer [6]. Soil acidification is an increasing issue as more
than half of worldwide arable land is becoming acidic [7]. Understanding the mechanisms
driving N2O emission in acidic soils is of paramount importance for developing effective
N2O emission mitigation strategies.

N2O emission in acidic soils is driven by a combination of biological and abiotic
pathways [8]. Chemical processes, such as chemodenitrification, where reactive N in-
termediates (e.g., HNO2) decompose abiotically under low pH conditions, have been
identified as significant contributors to N2O emission in acidic environments [9]. For
example, research in tropical soils has attributed over 50% of N2O fluxes to abiotic reactions
involving Fe2+-mediated nitrite reduction [10,11]. However, emerging evidence highlights
the resilience and adaptability of acid-tolerant microbial communities in driving N2O
production [12]. Prokaryotic processes, including bacterial nitrification, denitrification, and
nitrifier denitrification, remain active even at pH < 4.5, facilitated by acidophilic taxa such
as Acidithiobacillus and Acidobacteriota [13]. Eukaryotic contributions, particularly fungal
denitrification, are increasingly recognized as critical, as fungi exhibit greater tolerance to
acidic conditions than many bacteria [14]. However, the interplay between prokaryotic
and eukaryotic communities in regulating N2O flux, and how their functional redundancy
or competition modulates overall emissions, remains unresolved. This knowledge gap
hinders the development of microbial-focused mitigation strategies.

Soil microorganisms coexist in a dynamic equilibrium, each contributing to nutrient
cycling and soil structure maintenance [15]. Agricultural management practices, such as
liming, the application of organic amendments, and pesticide use, strongly disrupt the
balance of microbial populations, thus influencing N2O emissions [16–18]. For instance,
an increased pH decreases the contribution of fungi to N2O but increases bacterial N2O
production in acidic soil [19]. The addition of manure enhances N availability and organic
C, resulting in stimulating nitrification and denitrification processes dominated by prokary-
otes (e.g., Nitrosomonas and Pseudomonas) [20]. Meanwhile, the application of bactericide
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and fungicide influences N cycling; the effects depend on soil type and conditions [21].
Disease control measures, especially the application of pesticides, indirectly influence the
interaction between prokaryotes and eukaryotes, highlighting the need to disentangle
these microbial networks to refine N2O mitigation strategies [22]. However, inhibitor
effects are dose-dependent and may inadvertently stimulate non-target microbial groups
or modify substrate availability, complicating their interpretation. Disentangling the roles
of prokaryotes and eukaryotes in acidic soils is essential to clarify their individual and
interactive effects on N2O dynamics, particularly under scenarios of ecological imbalance
induced by agricultural interventions.

The objectives of this study were (i) to distinguish the contribution of biological and
abiotic processes to N2O emissions in acidic soils; (ii) to examine the N2O emissions re-
sponse to the inhibition of prokaryotic and eukaryotic microorganisms; iii) and to explore
the relationship of N2O emissions to the dosage of prokaryotic and eukaryotic inhibitors.
A microcosm experiment was conducted using acidic vegetable soil treated with gradient
concentrations of cycloheximide (a eukaryotic inhibitor) and streptomycin (a prokaryotic
inhibitor), both individually and in combination. Gas (N2O and CO2) fluxes, soil physico-
chemical properties, and substrate dynamics were monitored to evaluate dose–response
relationships. By elucidating the roles of prokaryotic–eukaryotic interactions and inhibitor
dosage in regulating N2O emission, this work advances a mechanistic understanding of N
cycling in acidic agroecosystems and informs sustainable management practices to mitigate
greenhouse gas emission.

2. Materials and Methods

2.1. Soil Sampling

The soil used was collected from Qunfeng Town, Zhuzhou City, Hunan Province
27◦43′57′′ N, 113◦4′0′′ E. This region’s mean annual temperature is 18 ◦C, and the mean
annual precipitation is 1200–1600 mm. Soil samples of the 0–20 cm soil layer were collected
in April 2019. The sampled soil was sieved through a 2 mm mesh and air-dried. This
study’s reported measurements and calculations were based on oven-dry soil mass. The
soil had a pH of 3.9, with a texture composed of 10.8% clay, 57.3% silt, and 31.9% sand,
and it contained 1.94 g kg−1 of total nitrogen (TN), 18.7 g kg−1 of soil organic C (SOM),
a C/N ratio of 9.66, 86.5 mg kg−1 of available phosphorus (Olsen-P), and 92 mg kg−1 of
exchangeable potassium (AK).

2.2. Experimental Design

To quantitatively assess the relative contributions of biotic and abiotic processes to
soil N2O emissions, the soil samples were divided into two distinct groups: sterilized and
non-sterilized treatments. Both groups were subjected to three N amendment conditions:
(i) control (CK); (ii) ammonium sulfate (NH4)2SO4 application at 100 mg N kg−1 soil
(NH4

+-N); and (iii) potassium nitrate (KNO3) application at 100 mg N kg−1 soil (NO3
−-N).

(NH4)2SO4 and KNO3 were procured from Sinopharm Chemical Reagent Co., Ltd. (Shang-
hai, China). Each treatment had three replicates. For sterilized incubation, soil samples
were sterilized by 60Co-γ irradiation with a dose of 25 kGy for 72 h, which is a widely
used and effective method to sterilize soil samples [23]. Sterilization of media and other
solutions was achieved by autoclaving them for 30 min at 121 ◦C. Twenty grams of air-dried
soil was pre-incubated in 120 mL serum flasks at 25 ◦C and 40% water holding capacity
(WHC) for 7 d. The soil water holding capacity was 28% w/w water, A pipette was used
to dropwise add deionized water with dissolved (NH4)2SO4 or KNO3 to the bottles, and
a syringe was used to spray deionized water evenly onto the soil surface so that the soil
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moisture reached 70% of WHC. The bottles were then sealed with a rubber stopper and
cultured in a shading incubator at 25 ◦C.

The microbial inhibition experiment was designed to investigate the effects of prokary-
otic and eukaryotic inhibitors on soil N2O emission using streptomycin and cycloheximide
(Sigma-Aldrich Corporation, St. Louis, MO, USA) individually. The experimental design
consisted of 25 treatments, each with three replicates, including (1) a control group (CK)
without inhibitors (0 mg g−1 streptomycin, 0 mg g−1 cycloheximide); (2) 4 streptomycin-
only treatments (ST) at concentrations of 2, 4.5, 6, and 10 mg g−1 without cycloheximide;
(3) 4 cycloheximide-only treatments (CY) at concentrations of 2, 4.5, 6, and 10 mg g−1

without streptomycin; and (4) 16 combined treatments (ST + CY) representing all possible
concentration combinations of both inhibitors (2, 4.5, 6, and 10 mg g−1 for each inhibitor).
This comprehensive design enabled a systematic evaluation of individual and interactive
effects across the complete concentration gradient of both microbial inhibitors. The gas in
the headspace of the flask was sampled, after 4 and 8 h of incubation, using a syringe to
transfer the sample into a 12 mL headspace bottle (which had been evacuated). Gas sam-
ples were stored until analysis. After gas sampling, destructive sampling was performed
on all the treated soils, and the leaching of soil inorganic N and soluble organic C was
immediately conducted on the collected soil samples.

2.3. Measurements and Analysis
2.3.1. Gas Sampling and Analysis for Sterilization Experiment

Following the treatment’s application in the sterilization experiment, all the flasks were
sealed with bromobutyl rubber septa and aluminum caps (Macherey-Nagel, GmbH & Co.
KG, Düren, Germany) and flushed with an O2-He mixture (21% O2, v/v) using five vacuum–
replenishment cycles to minimize background gases. Headspace pressure was adjusted to
atmospheric levels using a water-filled syringe. The flasks were incubated at 20 ± 0.5 ◦C
in an automated incubation-monitoring system (Robot system) [24], which continuously
measured N2O concentrations at 8 h intervals [25]. Gas sampling was performed using a
peristaltic pump (Gilson Model 222, Gilson S.A.S., Villiers-le-Bel, France) connected to an
Agilent 7890A gas chromatograph (Agilent Technologies Inc., Santa Clara, CA, USA). N2O
fluxes were calculated from concentration changes between sampling intervals, following
the NMBU methodology (Norwegian University of Life Sciences).

2.3.2. Gas Sampling and Analysis for Biology Inhibitor Experiment

The N2O concentrations in the gas samples from the biology inhibitor experiment
were analyzed using an Agilent 6890 gas chromatograph equipped with an electron capture
detector (ECD) (Agilent Technologies Inc., Santa Clara, CA, USA). Soil gas fluxes were
calculated using the following equation:

F =
ρ × V × Δc × 273
Δt × m × (273 + T)

, (1)

where F is the gas production rate (mg N g−1h−1); ρ is the gas density in the standard
state—N2O is 1.964 kg−1 m3, CO2 is 1.997 kg−1 m3; V is the volume occupied by the gas
in the culture bottle, which was 100 mL in this experiment; Δc is the gas concentration
difference (ppmv); Δt is the time interval between two adjacent measurements (h); and T is
the temperature at which the gas is measured, which in this experiment was 25 ◦C.

2.3.3. Chemical and Physical Analysis

The soil was extracted using a 1 M KCl (Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China) solution at a soil/KCl solution ratio of 1:5 (w/v) immediately after
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incubation, and concentrations of NH4
+-N and NO3

−-N were measured using a continuous
flow analyzer (AA3, Seal Analytical, Norderstedt, Germany).

DOC and DON were extracted with a 0.5 M K2SO4 solution and then measured by a
TOC/TN instrument (TOC-VCSH, Shimadzu, Kyoto, Japan).

The calculation method of N conversion intensity (mg N kg−1 h−1) is as follows:

Net Nitrification rate =
NO3− -N (AI)− NO3− -N (BI)

incubation time
, (2)

Net mineralization rate =

[
NH4

+-N (AI)+NO3− -N (AI)
]− [

NH4
+-N (BI)+NO3− -N (BI)]

incubation time
, (3)

where (AI) = after incubation, (BI) = before incubation.

2.4. Statistical Analysis

Statistical analyses were performed using one-way ANOVA in SPSS 20.0 (IBM Corpo-
ration, Armonk, NY, USA), with post hoc LSD tests for multiple comparisons (p < 0.05).
Data are presented as means ± standard error (SE) in all figures and tables, which were
generated using SigmaPlot 15.0 (Systat Software Inc., San Jose, CA, USA) and Origin 2024
(OriginLab Corporation, Northampton, MA, USA) software.

3. Results

3.1. Effects of Biotic and Abiotic Interactions on Soil N2O Emission

The experimental results revealed significant differences in N2O emissions between
sterilized and unsterilized treatments, as illustrated in Figure 1. Specifically, unsterilized
soils exhibited significantly higher N2O emissions, ranging from 486 to 713 μg N kg−1,
compared to sterilized soils, which only produced 12.6 to 18.9 μg N kg−1. Within the
unsterilized treatments, the NO3

−-N amendment resulted in the highest cumulative
N2O emissions (713 μg N kg−1), followed by NH4

+-N (532 μg N kg−1) and the con-
trol (486 μg N kg−1). In sterilized treatments, N2O emissions remained minimal, with
NH4

+-N yielding 18.9 μg N kg−1, the control yielding 17.6 μg N kg−1, and NO3
−-N yield-

ing 12.6 μg N kg−1. Quantitative analysis indicated that biotic processes accounted for
96–98% of total N2O emissions, while abiotic contributions were negligible (1–3%). The
NO3

−-N treatment had the highest relative biotic contribution (98%), followed by the
NH4

+-N and control treatments (96% each).

Figure 1. (a) Cumulative N2O emissions after 112 h of incubation in highly acidic soils under the
application of different treatments, including treatments with the application of microbial inhibitors
(1: Sterilized-CK, 2: Sterilized-NH4

+-N, 3: Sterilized-NO3
−-N) and treatments without applying

microbial inhibitors (1: Sterilized-CK, 2: Sterilized-NH4
+-N, 3: Sterilized-NO3

−-N). (b) Effect of
biotic and abiotic interaction on soil N2O emission in different treatments including: CK (control),
NH4

+-N (ammonium nitrogen), NO3
−-N (nitrate nitrogen).
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3.2. Effects of Microbial Inhibitors on Soil N2O Flux

The application of microbial inhibitors, streptomycin and cycloheximide, significantly
influenced N2O emissions across treatments, as illustrated in Figure 2. N2O fluxes ranged
from 0.541 to 2.45 μg kg−1 h−1 at 4 h and from 1.93 to 9.38 μg kg−1 h−1 at 8 h. In the
absence of inhibitors, N2O emissions were 0.701 μg kg−1 h−1 at 4 h and 2.24 μg kg−1 h−1

at 8 h. High concentrations of streptomycin (6 and 10 mg g−1) reduced N2O emissions
from 2.24 μg kg−1 h−1 to 1.93 μg kg−1 h−1 and 2.12 μg kg−1 h−1, respectively, whereas
lower concentrations (2 and 4.5 mg g−1) increased emissions from 2.24 μg kg−1 h−1 to
2.95 μg kg−1 h−1 and 3.27 μg kg−1 h−1, respectively. The application rate of 6 mg g−1

showed the lowest emission of 1.93 μg kg−1 h−1 at 8 h among all the microbial inhibitor
treatments, as the CK treatment showed emissions of 2.24 μg kg−1 h−1 at 8 h of incuba-
tion. Cycloheximide at 2 mg g−1 and 4.5 mg g−1 significantly enhanced N2O emissions
at 8 h, reaching 9.15 μg kg−1 h−1 and 5.68 μg kg−1 h−1, respectively. However, higher
dosages (6 mg g−1 and 10 mg g−1) inhibited N2O emissions compared to lower-dosage
treatments, reducing them to 5.55 μg kg−1 h−1 and 4.84 μg kg−1 h−1, respectively. Further-
more, applying both inhibitors in combination showed significantly different results. The
treatment ST2CY2 exhibited the highest N2O emissions of 9.38 μg kg−1 h−1. In contrast,
treatments ST2CY10 and ST4.5CY6 showed inhibitory effects, with the lowest N2O emissions
recorded at 5.30 μg kg−1 h−1 and 5.43 μg kg−1 h−1 at 8 h. The combined application of
the two inhibitors significantly increased N2O emissions, with flux ranging from 1.39 to
9.38 μg kg−1 h−1. However, the combined application of the two inhibitors resulted in
lower N2O emissions than the sum of their individual effects. For example, the ST2CY2

treatment produced 9.38 μg kg−1 h−1 N2O at 8 h, lower than the sum of individual ST2CY0

(2.95 μg kg−1 h−1) and ST0CY2 (9.15 μg kg−1 h−1) effects. The addition of cycloheximide to
streptomycin treatment significantly increased N2O emissions, whereas the reverse combi-
nation had no such effect. For instance, the ST2CY2 treatment exhibited significantly higher
N2O emissions than ST2CY0 at 8 h, while showing no significant difference from ST0CY2.

3.3. Effects of Microbial Inhibitors on Soil CO2 Flux

The application of microbial inhibitors, streptomycin and cycloheximide, significantly
influenced CO2 emissions across different treatments, as shown in Figure 3. The CO2

fluxes ranged from 5.62 to 11.4 mg kg−1 h−1 at 4 h and from 21.1 to 39.3 mg kg−1 h−1 at
8 h. For soils without the addition of an inhibitor, CO2 emission was 9.42 mg kg−1 h−1

and 33.9 mg kg−1 h−1 at 4 and 8 h, respectively. In general, CO2 emission decreased with
inhibitor dosages. However, when treated with 2 mg g−1 and 4.5 mg g−1 streptomycin, the
CO2 emissions increased significantly, reaching 39.3 mg kg−1 h−1 and 37.5 mg kg−1 h−1 at
8 h, respectively. The combined application of the two inhibitors significantly decreased
CO2 emissions (ranging from 5.62 to 31.7 mg kg−1 h−1), except ST6CY2 at 4 h. The com-
bined application of the two inhibitors resulted in lower CO2 emissions than the sum of
their individual effects. For example, the ST6CY2 treatment produced 31.7 mg kg−1 h−1

at 8 h, lower than the sum of individual ST6CY0 (23.1 mg kg−1 h−1) and ST0CY2

(30.9 mg kg−1 h−1) effects.
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Figure 2. The N2O flux after 4 and 8 h of incubation in highly acidic soils under the application of
microbial inhibitors (streptomycin and cycloheximide) with different concentrations, including (0, 2,
4.5, 6, 10 mg g−1) applied alone and with different combinations of both microbial inhibitors. Cyclo-
heximide concentration was maintained at 0 mg g−1 (a) with varying streptomycin concentrations,
while streptomycin concentrations were maintained at 0 (b), 2 (c), 4.5 (d), 6 (e), and 10 (f) mg g−1 with
varying cycloheximide concentrations. Error bars represent standard errors, with different lowercase
letters indicating statistically significant differences among treatments (p < 0.05).
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Figure 3. The CO2 flux after 4 and 8 h of incubation in highly acidic soils under the application of
microbial inhibitors (streptomycin and cycloheximide) with different concentrations, including (0, 2,
4.5, 6, 10 mg g−1) applied alone and with different combinations of both microbial inhibitors. Cyclo-
heximide concentration was maintained at 0 mg g−1 (a) with varying streptomycin concentrations,
while streptomycin concentrations were maintained at 0 (b), 2 (c), 4.5 (d), 6 (e), and 10 (f) mg g−1 with
varying cycloheximide concentrations. Error bars represent standard errors, with different lowercase
letters indicating statistically significant differences among treatments (p < 0.05).

3.4. Effects of Microbial Inhibitors on Soil Available Nitrogen and Carbon Contents

The NH4
+-N and NO3

−-N content in soils was affected by the application of micro-
bial inhibitors, as shown in Figures S1 and S2. Without inhibitors, NH4

+-N content was
11.0 mg kg−1. Streptomycin increased the NH4

+-N to 15.2–21.7 mg kg−1, while cyclohex-
imide elevated it to 24.6–25.3 mg kg−1. Among different streptomycin dosages without
cycloheximide, the NH4

+-N content was significantly higher with 10 mg g−1 than that
with lower dosages. NO3

−-N content without inhibitors was 181 mg kg−1, varying be-
tween 170 and 186 mg kg−1 across treatments. The treatments involving the application
of 10 mg g−1 of streptomycin combined with cycloheximide, as well as the ST6CY6 and
ST6CY10 treatments, significantly reduced the NO3

−-N content.
The soil DON and DOC content was significantly influenced by the application of

microbial inhibitors, as shown in Figures 4 and 5. Soil DON content in the soils without
inhibitors was 3.59 mg kg−1, increasing to 278–717 mg kg−1 with streptomycin and 202–
457 mg kg−1 with cycloheximide treatment, showing an overall upward trend with an
increasing inhibitor dosage. The same was true when the two inhibitors were applied
in combination, with DON content ranging from 298 to 1049 mg kg−1. The combined
application of the two inhibitors resulted in a lower DON content than the sum of their indi-
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vidual effects. For example, the DON concentration in treatment ST2CY2 was 298 mg kg−1,
lower than the sum of individual ST2CY0 (278 mg kg−1) and ST0CY2 (202 mg kg−1) effects.
Under the same addition levels, the DON content in samples treated with streptomycin
was higher than that in samples treated with cycloheximide. The highest DON content
was observed in the combined treatment of 10 mg g−1 streptomycin and 10 mg g−1 cy-
cloheximide (ST10CY10). The DOC content in the soils without inhibitors’ addition was
444 mg kg−1. The DOC content significantly increased with inhibitors’ addition. The DOC
content of different treatments varied from 444 mg kg−1 to 7018 mg kg−1. Under the same
addition levels, the DOC content in samples treated with streptomycin was lower than that
in samples treated with cycloheximide. Both streptomycin and cycloheximide individually
enhanced DOC accumulation in a dose-dependent manner, with higher concentrations
resulting in greater increases. And the combination of the two inhibitors further amplified
this effect. The highest DOC content was shown in soil treated with 10 mg g−1 streptomycin
combined with 10 mg g−1 cycloheximide, with values of 7018 mg kg−1. The combined
application of the two inhibitors resulted in lower DOC content than the sum of their
individual effects, except ST4.5CY2. For example, the DOC concentration in treatment
ST2CY2 was 3258 mg kg−1, lower than the sum of individual ST2CY0 (1024 mg kg−1) and
ST0CY2 (2511 mg kg−1) effects.

Figure 4. Influence on the concentration of dissolved organic nitrogen (DON) after incubation
in highly acidic soils of the application of microbial inhibitors (streptomycin and cycloheximide)
with different concentrations, including (0, 2, 4.5, 6, 10 mg g−1) applied alone and with different
combinations of both microbial inhibitors. Cycloheximide concentration was maintained at 0 mg g−1

(a) with varying streptomycin concentrations, while streptomycin concentrations were maintained
at 0 (b), 2 (c), 4.5 (d), 6 (e), and 10 (f) mg g−1 with varying cycloheximide concentrations. Error
bars represent standard errors, with different lowercase letters indicating statistically significant
differences among treatments (p < 0.05).
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Figure 5. Influence on the concentration of dissolved organic carbon (DOC) after incubation in highly
acidic soils of the application of microbial inhibitors (streptomycin and cycloheximide) with different
concentrations, including (0, 2, 4.5, 6, 10 mg g−1) applied alone and with different combinations
of both microbial inhibitors. Cycloheximide concentration was maintained at 0 mg g−1 (a) with
varying streptomycin concentrations, while streptomycin concentrations were maintained at 0 (b), 2
(c), 4.5 (d), 6 (e), and 10 (f) mg g−1 with varying cycloheximide concentrations. Error bars represent
standard errors, with different lowercase letters indicating statistically significant differences among
treatments (p < 0.05).

3.5. Correlation of N2O and Soil Properties with Microbial Inhibitor Dosages

N2O emissions and soil properties were significantly influenced by microbial in-
hibitors, as shown in Figure 6. The Pearson correlation analysis indicated that N2O emis-
sion was negatively correlated with cycloheximide dosage (R = −0.68, p < 0.001), and it
was also negatively associated with NH4

+-N (R = −0.31, p < 0.001) and DOC (R = −0.57,
p < 0.05). In terms of soil properties, soil’s NH4

+-N content was significantly positively
correlated with streptomycin (R = 0.57, p < 0.05) and cycloheximide (R = 0.47, p < 0.01)
dosage. Soil’s DON content was significantly positively correlated with streptomycin
(R = 0.87, p < 0.001) and cycloheximide (R = 0.28, p < 0.05) dosage. Soil’s DOC content was
significantly positively correlated with cycloheximide (R = 0.88, p < 0.001) dosage.
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Figure 6. Correlation heatmap of gaseous and soil properties with microbial inhibitor dosages.
The size of each square is proportional to the absolute value of the correlation coefficient. ST:
streptomycin dosage; CY: cycloheximide dosage; NNR: net nitrification rate; NMR: net mineralization
rate. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

4. Discussion

4.1. Effects of Microbial Inhibitors on N2O Production Pathways

N2O is primarily produced through microbially driven N cycling processes [26]. These
processes can be significantly influenced by microbial inhibitors, which selectively tar-
get specific microbial groups and alter their activity [27]. In strongly acidic vegetable
soils, fungal contributions to N2O production are particularly pronounced due to their
greater tolerance to acidic conditions compared to many bacteria [14]. The inhibition
of microbial activity is typically expected to reduce N2O emission by suppressing key
microbial groups involved in nitrification and denitrification [28,29]. For instance, strepto-
mycin, a prokaryotic inhibitor, is expected to suppress ammonia-oxidizing bacteria (AOB)
and nitrite-oxidizing bacteria (NOB), thereby reducing N2O production through nitrifi-
cation [8]. Similarly, cycloheximide, a eukaryotic inhibitor, is expected to inhibit fungal
activity, thereby reducing heterotrophic nitrification [30] and fungal denitrification [31].
However, the findings of this study revealed a more complex pattern of responses to
microbial inhibitors.

High concentrations of streptomycin (6 mg g−1 and 10 mg g−1) resulted in a decrease
in N2O emissions (Figure 2). This finding aligns with previous studies demonstrating
that streptomycin can effectively suppress bacterial activity, leading to decreased N2O
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production [18]. However, the N2O generation rate of most soil samples treated with this
inhibitor did not decrease but increased. This pattern was consistent across individual
applications of streptomycin and cycloheximide, as well as their combined treatments.
Previous research indicated that microbial inhibition could trigger compensatory responses
from surviving microorganisms [32,33]. The decomposition of microbial necromass can
provide additional substrates for N2O production pathways such as nitrification and
denitrification [34]. Additionally, microbial inhibitors themselves can serve as sources of C
and N, further fueling microbial activity and the generation of N2O [20,35]. The increase
in N2O production can thus be attributed to a balance between microbial death-induced
substrate release and compensatory microbial responses [36,37]. The results of this study
indicate that the effects of microbial inhibitors on N2O emission are not straightforward
and can vary depending on the concentration and type of inhibitor used. This complexity
arises from the intricate interplay between microbial community structure, functional
redundancy, and the availability of substrates for the production of N2O.

The observed effects of microbial inhibitors on N2O emission in strongly acidic veg-
etable soils highlight the importance of considering the unique characteristics of these
environments. Acidic soils are known to harbor distinct microbial communities with
specialized adaptations to low pH conditions, including acidophilic taxa [13]. These aci-
dophilic microorganisms can maintain active nitrification and denitrification processes
even at pH levels below 4.5, contributing significantly to N2O emission [12]. Therefore,
microbial imbalance in acidic soils can have unintended consequences, such as shifts in
the microbial community structure and enhanced N2O production through compensatory
mechanisms. It also highlights the importance of considering the broader ecological context
in which these inhibitors are applied. Agricultural practices, such as the use of fertilizers
and organic amendments, can significantly influence soil’s microbial communities and
their associated biogeochemical processes. Understanding these complex interactions is
crucial for developing sustainable strategies to reduce N2O emissions while maintaining
soil fertility and ecosystems’ functionality.

4.2. Effects of Microbial Inhibitors on the Dynamics of Dissolved Nitrogen and Carbon Fractions

NH4
+-N and NO3

−-N serve as substrates for N2O production [38], and microbial
inhibitors can influence N2O emissions by affecting the microbial utilization of these nitro-
gen substrates. The significant increase in NH4

+-N content following the application of
microbial inhibitors suggests that the inhibition of microbial N transformation (as shown in
Figures S3 and S4) processes, such as nitrification, leads to the accumulation of NH4

+-N in
soil. This is likely due to the reduced activity of ammonia-oxidizing bacteria and archaea,
which are key players in the nitrification pathway [39]. The inhibitors impede protein
synthesis in certain fungi and bacteria, thereby reducing their biological activities, slowing
nitrification, and decreasing NH4

+-N consumption. Additionally, archaea contribute signif-
icantly to nitrification in acidic soil [40,41]. Cycloheximide may inhibit ammonia-oxidizing
archaea [42], reducing the nitrification rate and further contributing to the accumulation
of NH4

+-N.
The concurrent increase in the soil’s DON and DOC indicates that microbial inhibitors

not only affect N cycling but also alter the availability of organic substrates (Figures 4 and 5).
The decomposition of microbial biomass and the release of intracellular compounds likely
contribute to these elevated levels, influencing microbial respiration and C mineralization
rates [21]. Furthermore, the death of some microorganisms due to the application of an
inhibitor creates a biological pulse, providing a substrate for surviving microorganisms [43].
Lower concentrations of cycloheximide may cause fungal cell lysis [44], supplying C and
N substrates to the remaining microbial community, which enhances NH4

+-N availability,
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microbial respiration, and mineralization rates [33], consistent with the enhanced CO2

production and mineralization rates observed in our experiments for soil samples treated
with inhibitors.

The observed increase in soil’s DON and DOC content following the application of
microbial inhibitors suggests that the decomposition of microbial biomass and release of
intracellular compounds contribute to these elevated levels. This has significant implica-
tions for microbial respiration, C mineralization rates, and the dynamics of soil organic
matter [45]. Increased DOC content can enhance microbial activity and respiration, leading
to elevated CO2 emissions and potential changes in soil C storage [46]. This highlights the
importance of considering the broader impacts of microbial inhibitors on soil C cycling and
the potential feedbacks to climate change.

In this study, we conducted experiments in strongly acidic vegetable soils. While our
findings offer valuable insights into N2O emissions under microbial suppression conditions
in such highly acidic soils, the results may not be directly applicable to other soil types or
management practices. A meta-analysis has demonstrated that the impact of inhibitors
on N2O emissions, NH4

+-N, ammonification, nitrate, and nitrification is contingent upon
soil type [21]. Specifically, fungal inhibitors have been shown to mitigate N2O emissions
in agricultural soils, to significantly diminish N2O emissions in grassland soils, and to
augment N2O emissions in forest soils [21]. Fungal communities display a higher degree of
sensitivity to tillage and cover cropping practices compared to bacterial communities [47].
Consequently, when inhibitors are applied, distinct agricultural management practices can
elicit divergent effects on soil N2O emissions.

5. Conclusions

This study concludes that microbial communities’ imbalance, induced by selective
inhibition in strongly acidic vegetable soils, has significant implications for N2O emissions
and N dynamics. High concentrations of microbial inhibitors can effectively reduce N2O
emission, likely by suppressing key microbial groups involved in nitrification and den-
itrification. However, lower concentrations may trigger compensatory responses from
surviving microorganisms, leading to increased N2O production. The observed increases
in DOC and DON levels suggest that microbial inhibitors can stimulate microbial decom-
position, providing additional substrates for N2O production and potentially exacerbating
community imbalances. These findings underscore the complexity of microbial interactions
in acidic soils and highlight the importance of considering the broader ecological context
when applying microbial inhibitors. Future research should focus on long-term ecological
impacts and explore sustainable management strategies to mitigate N2O emissions while
preserving soil’s health and agricultural productivity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biology14060621/s1, Figure S1: Influence on the concentration of
ammonium nitrogen (NH4

+-N) after incubation in highly acidic soils of the application of microbial
inhibitors (streptomycin and cycloheximide) with different concentrations, including (0, 2, 4.5, 6,
10 mg g−1) applied alone and with different combinations of both microbial inhibitors. Figure
S2: Influence on the concentration of nitrate nitrogen (NO3

−-N) after incubation in highly acidic
soils of the application of microbial inhibitors (cycloheximide and streptomycin) with different
concentrations, including (0, 2, 4.5, 6, 10 mg g−1) applied alone and with different combinations of
both microbial inhibitors. Figure S3: Influence on the concentration of net nitrification rate (NNR)
after incubation in highly acidic soils of the application of microbial inhibitors (streptomycin and
cycloheximide) with different concentrations, including (0, 2, 4.5, 6, 10 mg g−1) applied alone and
with different combinations of both microbial inhibitors. Figure S4: Influence on the concentration of
net mineralization rate (NMR) after incubation in highly acidic soils of the application of microbial
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inhibitors (streptomycin and cycloheximide) with different concentrations, including (0, 2, 4.5, 6,
10 mg g−1) applied alone and with different combinations of both microbial inhibitors.
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Simple Summary

This study examined how liming influences nitrous oxide emissions by increasing pH
in acidic soils. The results showed that soil nitrous oxide emissions increased following
alkaline amendment, especially when combined with urea addition, by stimulating nitrifi-
cation. These findings indicated that while liming alleviates soil acidity, it can also increase
greenhouse gas emissions. Future work is suggested to develop optimal management of
alkaline amendments for soil pH management while restricting nitrous oxide emissions.

Abstract

Nitrous oxide (N2O) is a potent greenhouse gas, with emissions occurring mostly from
agricultural soils, especially acidic soils. This research aimed to elucidate the response of
soils dominated by nitrification-driven N2O production to alkaline amendments, given
that nitrification is a key process in N2O emission. This study investigated the impact of an
alkaline mineral amendment (CSMP) on N2O emission, nitrification rate, and functional
gene abundance. Using a robotic automated incubation system, CSMP both alone and
in combination with urea was applied to two acidic soils (CL: pH 5.81; WS: pH 4.91).
The results demonstrated that, relative to the CK, the CSMP-only treatment significantly
increased N2O emissions by 18.4-fold in these acidic soils, with a 61.6-fold increase in the
U + CSMP treatment. This very large increase was driven by a rise in AOB-amoA abundance
and a concurrent decline in AOA-amoA, which was confirmed by structural equation mod-
eling, which showed that the increase in pH strongly influenced N2O emission primarily
through AOB-amoA. Although CSMP is effective for reversing soil acidification, its use must
be carefully managed to prevent stimulation of N2O emissions. Future strategies should
explore combining CSMP with approaches that can mitigate nitrification while maintaining
its soil improvement benefits. This study provides critical insights for developing balanced
management practices that address both soil health and climate change mitigation in acidic
agricultural systems.

Keywords: soil amendments; acidic soil; nitrous oxide; ammonia-oxidizing bacteria
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1. Introduction

N2O is a potent greenhouse gas that is also projected to remain as the dominant
anthropogenic ozone-depleting agent this century [1–3]. Modern crop production systems,
relying on intensive N fertilization to sustain high yields, represent the largest anthro-
pogenic source of global N2O emissions [4–7], with atmospheric concentrations increasing
at an annual rate of 0.75–1.0 ppb [8]. N2O emissions are generally appreciably larger from
acidic compared with alkaline soils [9]. Emission factors (EFs) of N2O from acidic soils
are more than three times those from alkaline soils [10,11]. Consequently, mitigating N2O
emissions from acidic agricultural soils is an urgent priority.

Alkaline amendments have long been used to deal with low-pH soils. While effectively
addressing soil acidification, these amendments can concurrently affect N2O emissions [12–
14]. These emissions are primarily regulated by soil pH [15–17]. A meta-analysis of 121
field studies reported an average reduction of 21.3% in N2O emission following liming [18].
This reduction was primarily attributed to pH-enhanced abundance of the bacterial N2O
reductase enzyme (nosZ), the sole known biological sink for N2O, which is impaired
under low pH [19–21] and which reduces the N2O/N2 ratio during denitrification [22–24].
Additionally, the suppression of acid-tolerant fungal denitrification further enhances the
mitigation effect at higher pH [25,26].

However, there are reports that indicate that alkalizing agents can have the oppo-
site effect and can stimulate N2O emission [23,27]. This stimulatory effect can result
from enhanced nitrification [23,28,29] and elevated nitrate (NO3

−) availability fueling
nitrification-derived N2O formation [30,31] under alkaline conditions. This apparent con-
tradiction occurs because of the opposing influence of pH on distinct N2O production
pathways: while elevated pH enhances the capacity for bacterial N2O consumption [24,32],
it can also promote the abundance of nitrifiers, particularly ammonia-oxidizing bacteria
(AOB) [33,34]. Although nitrification was traditionally regarded as restricted in acidic soils
due to limited ammonium (NH4

+) availability [35], recent findings demonstrate significant
nitrification-derived N2O fluxes under acidic conditions [23,27,36]. A comprehensive global
analysis of 5438 observations identified a distinct hump-shaped relationship between soil
pH and N2O EFs, peaking in acidic soils [10]. This demonstrates nitrification as a major
source of N2O across a wider pH range than previously assumed, highlighting the complex
interplay between pH and both nitrification and denitrification processes governing net
N2O flux.

Consequently, the net impact of pH amendment on N2O emissions is contingent upon
which N2O production pathway is dominant. This study hypothesized that (i) in acidic soils
dominated by nitrification, application of the CSMP alkaline amendment will significantly
increase N2O emission; (ii) co-application of CSMP with urea will further stimulate the
increased N2O emission; and (iii) the stimulation of N2O emission is facilitated by an
increased population of ammonium oxidizers (AOA/AOB). To test these hypotheses, this
study employed an alkaline amendment (CSMP) in two different acidic soils [37].

2. Materials and Methods

2.1. Soil Sampling and Physicochemical Characteristics

In the context of this research, topsoil samples (0–20 cm) were collected from two different
sites (CL and WS) in Zhuzhou City, Hunan Province, China, with coordinates of 27◦48′46′′ N,
113◦28′8′′ E (CL) and 27◦48′49′′ N, 113◦25′56′′ E (WS). The WS soil (26.6 g kg−1) appears to be
sandier and richer in organic carbon compared with the CL soil (18.6 g kg−1), which has a
higher proportion of clay. The region falls within a subtropical humid monsoon climate
zone, characterized by annual rainfall between 1200 and 1600 mm and a yearly average
temperature of approximately 18 ◦C. Soil samples collected from the area were acidic, with
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pH values of 5.81 for CL and 4.91 for WS. Detailed information about the properties of the
soils can be found in Table S1. Prior to incubation, the soil samples were passed through a
2 mm sieve and air-dried. Throughout the study, all measurements and data calculations
were based on the oven-dried soil weight.

2.2. The Alkaline Mineral Amendment

The alkaline mineral additive employed in this study was obtained from Kingenta
Ecological Engineering Group Co., Ltd., based in Linyi, Shandong Province, China. This
product is composed of a blend of partially decomposed phosphate rock and insoluble
potassium-containing silicate minerals, marketed commercially available as a Calcium–
Silicon–Magnesium–Potassium (CSMP) product. It has been approved for agricultural
applications and meets the national standards set forth in GB/T 36207–2018 [38]. The pH
of the amendment was 10.3. The detailed composition is provided in Table S2.

2.3. Robotized Batch Cultivations for Respiratory Phenotype Experiment

Thirty grams of oven-dried equivalent soil was allocated to four different treatments,
each performed in triplicate. The treatments were as follows: (i) without urea and CSMP
(CK), (ii) urea added at 100 mg N per kilogram of soil (U), (iii) CSMP applied at 10 g
per kilogram of soil (CSMP), and (iv) a combined treatment of 10 g kg−1 CSMP with
100 mg N kg−1 urea (U + CSMP). The urea dose (60 mg N kg−1 soil) was equivalent to
a field application rate of 92 kg N ha−1. Similarly, the 10 g kg−1 soil CSMP dose was
equivalent to a field application of 20 t ha−1 [39,40].

The urea, containing 46% nitrogen and obtained from Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China, was dissolved in deionized water before being applied [39,40].
The CSMP amendment was thoroughly mixed into the soil to ensure even distribution.
Following addition of the amendments, the treated soil samples were transferred into
120 mL serum bottles, incubated at 60% water-holding capacity (WHC), and maintained at
a steady 20 ± 0.5 ◦C for 30 d. To create airtight conditions, each bottle was gastight-sealed
with bromobutyl rubber septa and aluminum caps sourced from Macherey-Nagel, GmbH
& Co. KG, Düren, Germany. Bottle headspaces were purged with an oxygen–helium
mixture (21% oxygen by volume) through five vacuum and refill cycles, which effectively
eliminated any residual gases. Afterward, a syringe without a plunger filled with 5 mL of
distilled water was inserted to balance the gas pressure to one atm [19].

Automated headspace gas sampling was performed at 0, 1, 3, 7, 15, and 30 days using a
robotic incubation system described in a previous work [37]. Isostatic pressure maintenance
was achieved by replenishing each sampled volume with ultra-pure helium (99.999%). The
gases were drawn out with a peristaltic pump (Gilson Model 222, Gilson S.A.S., Villiers-le-
Bel, France) and subsequently analyzed with an Agilent 7890A gas chromatograph (Agilent
Technologies Inc., Santa Clara, CA, USA), which had both electron capture and thermal
conductivity detectors. The entire sampling and analytical process was automatically
controlled using a tailored Python 2.6.3 script. The gas emission was calculated using the
method of Lars R. Bakken [41].

Six batches of parallel incubation were concurrently conducted for 0, 1, 3, 7, 15, and
30 days for a suite of analyses. The analyses included the determination of soil pH,
ammonium nitrogen (NH4

+-N), and nitrate nitrogen (NO3
−-N); determination of the net

nitrification rate; and identification of changes in functional gene populations.

2.4. Measurements and Analysis
2.4.1. Chemical Analysis

Immediately following incubation, soil was extracted with a 1 mol L−1 KCl (Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China) solution at a 1:5 (w/v) soil-to-solution ratio.
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The concentrations of ammonium N (NH4
+-N) and nitrate N (NO3

−-N) in the extracts were
determined using a continuous flow analyzer (model AA3, Seal Analytical, Norderstedt,
Germany). The net nitrification rate (mg N kg−1 h−1) was calculated as follows:

Net nitrification rate =
NO−

3 -N (AI)− NO−
3 -N (BI)

incubation time
, (1)

where (AI) = after incubation, (BI) = before incubation.

2.4.2. DNA Extraction and qPCR of Targeted Genes

Total DNA from the soil was isolated using the FastDNA® Spin Kit (MP Biomedicals,
Irvine, CA, USA) for Soil. DNA quality was verified through gel electrophoresis on a 1%
agarose gel, while concentration of DNA and purity were measured with a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific Inc., Wilmington, NC, USA). To determine the
abundance of specific functional genes, quantitative real-time PCR (qPCR) was employed.

The quantitative PCR (qPCR) reaction setup, totaling 20 μL, included the following
ingredients: 4 μL of 5 × TransStart FastPfu (TransGen Biotech Co., Ltd., Beijing, China)
Buffer, 2 μL of 2.5 mM dNTP mix, 0.8 μL each of forward and reverse primers at 5 μm
concentration, 0.4 μL of TransStart FastPfu DNA polymerase, 10 ng of extracted template
DNA, and enough sterile distilled water to bring the total volume to 20 μL. Each sample
was analyzed in triplicate to ensure accuracy. The sequences of the primers employed are
provided in Table S3. The thermal cycling protocol comprised an initial denaturation at
95 ◦C for 5 min, then 45 cycles of denaturation at 95 ◦C for 15 s, annealing at 55 ◦C for 30 s,
and extension at 72 ◦C for 30 s.

2.5. Statistical Analysis

For statistical evaluation, differences across treatment groups were analyzed using
one-way ANOVA with SPSS version 20.0 (IBM, Corporation, Armonk, NY, USA). Signif-
icant differences (p < 0.05) were identified by least significant difference (LSD) test. All
visualizations were generated using Origin 2024 (OriginLab Corporation, Northampton,
MA, USA). The lavaan package by R 4.3.1 (R Foundation for Statistical Computing, Vienna,
Austria) was utilized for structural equation modeling (SEM) to assess the relationships
between N2O emissions, soil properties, and gene abundances. The modification index (MI)
was used to assess whether the inclusion of omitted pathways could optimize the initial
conceptual model. The chi-square test (χ2, p > 0.05), comparative fit index (CFI > 0.90),
and standardized root-mean-square residual (SRMR < 0.08) were employed to evaluate
model fit.

3. Results

3.1. Soil N2O Emissions in Response to CSMP and Urea Application

The experimental results showed consistent temporal patterns in N2O emissions from
the two acidic soils of an initial surge followed by a decline (Figure 1a,b). In soil CL, N2O
peak values occurred on day 1 for CK (0.51 μg N kg−1 h−1) and U (0.84 μg N kg−1 h−1),
while CSMP and U + CSMP peaked on day 7 (0.84 and 2.92 μg N kg−1 h−1, respectively).
Conversely, soil WS displayed a peak in N2O emissions on day 15 across all treatments,
with the U + CSMP treatment achieving the highest emission rate of 17.4 μg N kg−1 h−1.

Compared with the CK, the U treatment increased cumulative N2O emissions by 1.07-
fold in CL soil and 1.21-fold in WS soil (p < 0.05; Figure 1c). The CSMP-only treatment raised
emissions by 1.78-fold (CL) and 18.4-fold (WS) relative to CK (p < 0.05). The combined
U + CSMP treatment further enhanced emissions, reaching 7.13-fold (CL) and 61.6-fold
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(WS) compared with CK, equivalent to 2.92-fold (CL) and 27.3-fold (WS) increases over the
U treatment (p < 0.05).

Figure 1. (a) N2O flux in soil CL, (b) N2O flux in soil WS, and (c) cumulative N2O production
in both acidic soils CL and WS, all as influenced by CSMP and urea application. CK, control; U,
urea; CSMP, Calcium–Silicon–Magnesium–Potassium fertilizer; U + CSMP, combined application of
Calcium–Silicon–Magnesium–Potassium fertilizer and urea. Values are means ± SE (n = 3). Different
lowercase letters indicate significant differences among treatments (p < 0.05).

3.2. Dynamics of NH4
+-N and NO3

−-N Concentrations and Net Nitrification Rate in Response to
CSMP and Urea Application

During the incubation, NH4
+-N concentrations in CL and WS soils followed a general

pattern of initial increase and subsequent decline, which was substantially modulated by
urea application (Figure 2a,b). In soil CL, NH4

+-N peaked across all treatments on day
3, and then declined steadily. The CSMP treatment did not significantly alter NH4

+-N
concentrations in the initial 7 days; however, it significantly accelerated its reduction on
day 15 relative to CK (p < 0.05). In soil WS, NH4

+-N showed the same initial rise followed
by decline. Relative to the CK treatment, the U treatment significantly increased NH4

+-N
(p < 0.05). The CSMP treatment further increased NH4

+-N during the first 15 days (p < 0.05)
but decreased it by day 30 (p < 0.05).

Throughout the incubation, NO3
−-N concentrations in both CL and WS soils pro-

gressively increased in all treatments (Figure 2c,d). The U treatment, compared with
CK, significantly enhanced cumulative NO3

−-N concentration after 30 days in both soils,
attaining 243 mg N kg−1 in CL and 18.6 mg N kg−1 in WS (p < 0.05). CSMP application sub-
stantially increased the 30-day cumulative NO3

−-N concentrations in both soils compared
with the CK treatment. Notably, the U + CSMP treatment, compared with CK, increased
NO3

−-N concentrations in WS soil by 9.94 times (p < 0.05).
The net nitrification rate in soil CL remained consistent throughout the incubation

under the CK treatment, fluctuating between 2.65 and 5.23 mg N kg−1 d−1 (Figure 2e).
Compared with CK, both U and CSMP treatments significantly increased the net nitrifica-
tion rate, with the U + CSMP treatment showing the most substantial effect. In soil WS, the
impact of all treatments on the net nitrification rate was most evident on day 30 (Figure 2f),
where the CSMP treatment enhanced the rate by 19.1 times relative to CK, and the
U + CSMP treatment resulted in a 10.3-fold increase relative to the U treatments.
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Figure 2. (a,b) Dynamics of NH4
+-N concentrations; (c,d) NO3

−-N concentrations; and (e,f)
net nitrification rate in response to CSMP and urea application in two acidic soils (CL and WS).
(a,c,e) represent soil CL, while (b,d,f) represent soil WS. CK, control; U, urea; CSMP, CSMP fer-
tilizer; U + CSMP, combined application of CSMP fertilizer and urea. Data are presented as
means ± SE (n = 3). Different lowercase letters indicate significant differences among treatments
(p < 0.05).
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3.3. Abundance of Functional Genes Related to N2O Production and Reduction

On day 3, relative to CK, CSMP had already elevated 16S rRNA gene copies, whereas
U caused a decline in both acidic soils (Figure 3a). By day 30, compared with CK, gene
abundance in CL had decreased by 5.30%, 3.02%, and 3.61%, while in WS it had increased
by 1.12%, 1.53%, and 1.72%, respectively. The CSMP treatment significantly reduced ITS in
both acidic soils on day 3 versus CK (Figure 3b). By day 30, the CSMP treatment increased
fungal abundance in CL yet decreased it in WS relative to CK. In WS, the CSMP treatment
also significantly lowered the ITS/16S ratio at both 3 and 30 days compared with CK
(Figure 3c).

Figure 3. Effects of CSMP and urea application on microbial community structure in two acidic
soils (CL and WS) over 3 d and 30 d periods. (a) Bacterial abundance, (b) fungal abundance,
(c) fungal-to-bacterial ratio, (d) ammonia-oxidizing archaea abundance, (e) AOB abundance, and
(f) their ratio. CK, control; U, urea; CSMP, CSMP fertilizer; U + CSMP, combined application of CSMP
fertilizer and urea. Data are presented as means ± SE (n = 3). Different lowercase letters indicate
significant differences among treatments (p < 0.05).

The AOB-amoA gene abundance responded more strongly to urea and CSMP applica-
tions compared with AOA-amoA (Figure 3d). Specifically, a significant increase of 0.44%
in AOA-amoA gene abundance was observed in soil CL on day 3 after CSMP application
compared with CK (p < 0.05). By day 30, urea significantly increased AOB-amoA gene
abundance across all soil types relative to CK (p < 0.05), as depicted in Figure 3e. The CSMP
treatment compared with CK induced significant increases in AOB-amoA gene abundance
by 8% in CL and 40% in WS soils on day 30 (p < 0.05). Following the application of urea
and/or CSMP, the AOA/AOB ratio significantly decreased in both soils on day 30 versus
CK (p < 0.05), as illustrated in Figure 3f.

The initial incubation phase (day 3) revealed divergent responses of nirK and nirS
genes in soil CL to all treatments. CSMP application, either alone or combined with urea,
elevated nirK levels and reduced nirS levels compared with CK. By day 30, relative to CK,
both nirS and nirK genes in soil CL showed a significant increase following treatments
with CSMP and/or urea (p < 0.05), with CSMP alone causing the most substantial rise
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(Figure 4a,b). In contrast, compared with CK, soil WS showed a significant decrease in
nirK gene abundance under the CSMP treatment at day 3 (p < 0.05), while the U + CSMP
treatment significantly enhanced nirS gene levels (p < 0.05) (Figure 4b). At day 30, relative to
CK, the application of urea and/or CSMP significantly increased the abundance of the nosZ
II gene in soil CL (p < 0.05), and the nosZ I gene in soil WS also demonstrated a significant
increase upon the CSMP treatment (p < 0.05) (Figure 4c,d). The fungal nitrite reductase
gene nirK displayed significant variation only at day 3, with the U + CSMP treatment in soil
CL and the U and U + CSMP treatments in soil WS both showing enhanced gene expression
compared with CK (p < 0.05) (Figure 4e). In addition, the (nirK + nirS)/(nosZ I + nosZ II) in
soil WS significantly enhanced at day 3 versus CK (p < 0.05) (Figure 4f).

Figure 4. Effects of CSMP and urea application on microbial community structure in two acidic soils (CL
and WS): (a) nirK, (b) nirS, (c) nosZ I, (d) nosZ II, (e) fungi nirK, and (f) (nirK + nirS)/(nosZ I + nosZ II).
CK, control; U, urea; CSMP, CSMP fertilizer; U + CSMP, combined application of CSMP fertilizer
and urea. Data are presented as means ± SE (n = 3). Different lowercase letters indicate significant
differences among treatments (p < 0.05).
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3.4. Structural Equation Modeling

An SEM was constructed to clarify how soil N2O emissions are linked to pH shifts
and to changes in the abundance of key functional genes in acidic soils (Figure 5). The
model indicates that CSMP application significantly enhanced soil pH compared with
initial levels, which subsequently stimulated the growth of both AOA (λ = 0.27) and AOB
(λ = 0.26). However, their impacts on N2O emissions exhibited fundamentally distinct
patterns: AOA abundance showed a negative correlation with N2O emissions (λ = −0.72),
whereas AOB demonstrated a strong positive association (λ = 0.78). Notably, the model
identified a synergistic interaction between AOA and AOB (λ = 0.47) that further increased
this process.

Figure 5. SEM illustrating the effects of amendments on N2O emissions. Green arrows indicate
positive relationships, while red arrows indicate negative relationships (p < 0.05). The R2 values
associated with response variables represent the proportion of variance explained by the model. The
values on the arrows denote standardized path coefficients.

4. Discussion

4.1. N2O Emission and N Transformations Following CSMP and Urea Application

The regulatory effects of alkaline amendments on N2O emissions from acidic soils
have acquired increasing research attention [13,42,43]. Conventional theory proposes
that lime-based amendments primarily reduce greenhouse gas emissions by elevating
soil pH [9,43]. In the present study, CSMP application significantly increased soil pH in
both acidic soils used (Figure S1). In these two moderately acidic soils, N2O emissions
were dominated by bacterial nitrification. CSMP application, and especially the combined
U + CSMP application, appreciably stimulated N2O emissions relative to the CK (Figure 1).
Although earlier studies suggested that nitrification can be less intense in acidic soils [44],
a recent meta-analysis showed that N2O emissions related to soil nitrification are higher in
acidic soils compared with neutral and alkaline soils [45].

In the two acidic soils in the present study, CSMP markedly accelerated NH4
+-N con-

sumption versus CK (Figure 2a,b). This is because relatively high pH values stimulate the
consumption of NH4

+ in soils [23]. In the present study, accelerated NH4
+-N consumption

was accompanied by pronounced increases in net nitrification rates (up to 19.1-fold versus
CK in WS soil, Figure 2f). These findings strongly suggest that CSMP influenced N2O
emissions primarily through the stimulation of nitrification rather than by conventional
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denitrification pathways [27]. Nitrification generally acts as the primary process of N2O
production in aerobic soils [46,47]. Therefore, an increase in the soil nitrification rate can
directly promote higher N2O emissions in aerobic soil [48,49]. This explains why CSMP
promoted both soil nitrification and N2O emission in the present study in soils in which
N2O emissions were nitrification-driven.

The U + CSMP treatment, in particular, had pronounced effects on N2O production
compared with other treatments (Figure 1). This synergistic effect appears to result from
three key mechanisms: (1) Urea hydrolysis provided abundant NH4

+ substrate for nitrifica-
tion (Figure 2b). Plausible mechanisms for enhanced soil N2O emissions following urea
addition may be enhanced NH4

+-N/NO3
−-N concentrations and stimulated N-cycling

enzyme activities, thereby increasing N2O emissions [50]. (2) Transient pH spikes from urea
hydrolysis complemented sustained alkalinity from CSMP addition [51]. (3) Substantial
increases occurred in AOB-amoA gene abundance (40% versus CK in WS soil; Figure 3e)
accompanied by decreased AOA/AOB ratios (Figure 3f), reflecting the predominance of
bacterial ammonia oxidation [52,53].

4.2. CSMP Reduced the Acidic Soils’ N2O Emissions Dominated by Nitrification

Soil N2O production arises from the intricate interplay between nitrification and deni-
trification [54,55]. Increasing evidence indicates that nitrification-derived N2O emissions
may actually exceed those from denitrification on a global scale, accounting for an average
of 51.6% of total N2O emissions [56]. A study using 15N showed that, even under acidic
conditions, nitrification can contribute more to N2O emission than denitrification [57]. pH
is an important factor influencing the soil nitrification process [16]. This study observed
an increase in the net nitrification rate of two acidic soils, compared with the CK, after
alkaline amendment (Figure 2e,f). Following the addition of CSMP, soil H increased, which
stimulated nitrification, which in turn, stimulated soil N2O emission.

The SEM identified AOB-amoA abundance as the key driver of N2O emissions in
the acidic soils (Figure 5). While AOA typically mediate ammonia oxidation in una-
mended acidic soils and showed a stronger correlation with background N2O fluxes in
this study [58], AOB exhibited greater responsiveness to pH elevation [53]. This aligns
with reports that liming preferentially stimulates AOB-mediated N2O production due
to their higher per-mole NH3 oxidation yield [34,42]. Consistent patterns emerge across
ecosystems: Norwegian pH gradient experiments documented pH-dependent AOB en-
richment (p < 0.001) concurrent with AOA decline (p = 0.02) [59], while meta-analyses
indicate non-significantly greater liming effects on AOB versus AOA-amoA genes [60].
Biochar amendments in subtropical red soils similarly increased AOB abundance versus
CK without affecting AOA, despite the numerical dominance of the latter [61]. These
collective findings reveal a critical dichotomy: AOA govern nitrifier-derived N2O in native
acidic soils, whereas pH-modifying amendments shift dominance to AOB. This mechanistic
framework explains the contradictory biochar effects on N2O fluxes [62], where concurrent
stimulation of AOB (increasing N2O) and nosZ-harboring denitrifiers (promoting N2O
reduction) yields net effects dependent on their relative activation. However, this study
acknowledges the inherent limitations of DNA-based approaches in quantifying micro-
bial activity [63]. Future studies that pair transcriptional assays with isotopic tracing are
required to rigorously test the proposed mechanism [64].

Such synergistic approaches offer the potential to maintain soil quality improvements
while mitigating AOB-driven N2O emissions [65]. Despite limited existing research [66],
this study proposes that coupling CSMP with approaches that mitigate nitrification could
provide a dual-benefit strategy: sustaining soil-quality gains while suppressing GHG
emissions [66]. This proposition is supported by previous studies in which lime was
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combined with DMPP (3,4-dimethylpyrazole phosphate), such as the 61.2% reduction
in N2O emissions achieved relative to lime alone [67]. Future research could therefore
consider the combined application of alkaline amendments with nitrification inhibitors to
reduce soil N2O emissions and N losses while amending acidic soils.

5. Conclusions

This study demonstrated that CSMP exerted a strong yet context-dependent influence
on soil N2O emissions in acidic soils. Contrary to the prevailing assumption that alka-
line amendments universally mitigate N2O fluxes via enhanced bacterial N2O reductase
abundance activity compared with CK, these results showed that CSMP application—
particularly when co-applied with urea—substantially increased nitrification-driven N2O
emissions by selectively stimulating AOB over AOA. This microbial pathway dominance
compared with CK, as evidenced by elevated AOB-amoA gene abundance and suppressed
AOA/AOB ratios, overrides the potential mitigating effects of increased nosZ II gene ex-
pression, thereby establishing pH-mediated AOB proliferation as the primary driver of
emission intensification. Building on current field practices where nitrification inhibitors
effectively reduce N2O emissions relative to fertilizers without inhibitors, the results sug-
gest that combining CSMP with nitrification inhibitors could offer a promising dual-benefit
solution for acidic soil management, simultaneously improving soil conditions while con-
trolling N2O emissions. Future field studies should evaluate the feasibility of this integrated
approach under realistic agricultural conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biology14091110/s1, Figure S1: (a) pH dynamics in soil CL, (b)
pH dynamics in soil WS, all as influenced by CSMP and urea application. CK, control; U, urea; CSMP,
CSMP fertilizer; U + CSMP, combined application of CSMP fertilizer and urea. Values are means ±
SE (n = 3). Different lowercase letters indicate significant differences among treatments (p < 0.05);
Table S1: physical and chemical properties of the test soil; Table S2: Elemental composition of
silicon–calcium–potassium–magnesium fertilizer; Table S3: Primer sequences for PCR amplification.
Refs. [68–76] are cited in Supplementary file.
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Simple Summary

Global environmental change has intensified nitrogen deposition, resulting in alterations
to the availability and balance of nitrate (NO3

−), ammonium (NH4
+), and their mixtures

in the soil. These nitrogen forms are known to exert distinct effects on plant physiology,
photosynthesis, and nutrient-use strategies. While nitrate is often associated with enhanced
plant growth, ammonium may induce stress or toxicity, depending on the species and
environmental conditions. A comprehensive understanding of plant responses to different
nitrogen forms is considered essential for maintaining grassland productivity and ecological
resilience. In this study, the effects of nitrate, ammonium, and their combination on
Hemarthria altissima, a valuable forage species in grassland ecosystems, were investigated.
The influence of different nitrogen forms on soil nitrogen availability, photosynthetic
performance, nitrogen allocation within the photosynthetic system, and photosynthetic
nitrogen-use efficiency (PNUE) were analyzed. Key adaptive mechanisms of H. altissima
under varying nitrogen conditions were revealed, contributing to strategies for sustainable
grassland management under the pressures of global environmental change.

Abstract

The sharp increase in atmospheric nitrogen deposition has had profound effects on ni-
trogen availability and the photosynthetic capacity of terrestrial plants. Consequently,
understanding the intricate trade-off between nitrogen sources and their allocation within
leaves is essential for unraveling the photosynthetic responses of grassland ecosystems to
nitrogen deposition. In a series of field experiments, the effects of different nitrogen forms
(ammonium and nitrate nitrogen) on nitrogen assimilation and allocation in the C4 plant
Hemarthria altissima were thoroughly investigated. Towards the end of the growing season,
H. altissima was observed to exhibit high photosynthetic efficiency. Ammonium nitrogen
treatment notably enhanced photosynthetic nitrogen use efficiency (PNUE) by modifying
the nitrogen allocation within the leaf’s photosynthetic apparatus and leaf area, leading to
a significant improvement in photosynthetic efficiency and biomass accumulation. Under
ammonium nitrogen treatment, H. altissima directed more nitrogen toward its carboxylation
process and other protein-related functions to increase carboxylation efficiency, thereby
facilitating the accumulation of photosynthetic products. In contrast, under nitrate nitro-
gen treatment, the plant balanced growth and light absorption by allocating nitrogen to

Biology 2025, 14, 1260 https://doi.org/10.3390/biology14091260
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leaf light-capturing proteins. The application of both ammonium and nitrate nitrogen
resulted in increased nitrogen content in the soil, as ammonium nitrogen is converted to
nitrate nitrogen through nitrification. The net photosynthetic rate (An), nitrogen alloca-
tion to photosynthetic components (Npsn), and chlorophyll content per unit area (Chlarea)
were all significantly and positively correlated with photosynthetic nitrogen use efficiency
(PNUE). Notably, under the sole NH4

+ treatment, nitrogen allocation to the photosynthetic
components increased, which enhanced the NPQ and ETR in H. altissima leaves. These
findings suggest that H. altissima preferentially utilizes ammonium nitrogen from the soil,
optimizing its PNUE and biomass accumulation through a strategic allocation of nitrogen
within its leaves. Further investigation is needed to explore how these nitrogen allocation
strategies may vary under different environmental conditions and how they influence
ecosystem-level productivity.

Keywords: ammonium nitrogen; nitrate nitrogen; photosynthetic nitrogen-use efficiency;
leaf nitrogen allocation; Hemarthria altissima

1. Introduction

Nitrogen (N) plays a pivotal role in supporting plant growth and development, with
a profound influence on ecosystem productivity. For plants, nitrogen is absorbed pre-
dominantly in the forms of ammonium (NH4

+) and nitrate (NO3
−), which are not only

vital for metabolic processes but also represent the primary forms of nitrogen loading
resulting from atmospheric deposition [1]. Grasses, especially forage species, exhibit a high
degree of plasticity in their ability to absorb and utilize these nitrogen forms. This ability
allows them to thrive in a wide range of environmental conditions, adjusting their nitrogen
acquisition strategies based on the relative availability of NH4

+ and NO3
− in the soil [2].

Such flexibility is crucial for maintaining high biomass production in grasslands, which is
essential for both agricultural productivity and ecological balance.

The availability of ammonium nitrogen (NH4
+) and nitrate nitrogen (NO3

−) in the soil
directly impacts several physiological processes, from nitrogen uptake to photosynthesis
and overall plant biomass. Grasses often show a stronger growth response to NH4

+, as
it is energetically less expensive to assimilate compared to NO3

−. This is particularly
advantageous under conditions where nitrogen availability is low or sporadic. However,
while NH4

+ provides a readily available nitrogen source, its accumulation can have toxic
effects, particularly at higher concentrations. Excess NH4

+ can lead to disruptions in
ionic homeostasis, resulting in oxidative stress and metabolic disturbances, which impair
plant growth and development [3]. Such imbalances can affect cellular respiration, nu-
trient uptake, and even chlorophyll synthesis, resulting in stunted growth and reduced
photosynthetic efficiency.

On the other hand, nitrate (NO3
−), while requiring more energy to assimilate, offers a

more stable nitrogen source for grasses when available in adequate amounts. NO3
− uptake

by grasses is generally regulated through high-affinity and low-affinity transporter systems
in roots, which allow plants to efficiently exploit soil nitrogen at varying concentrations [4].
The presence of NO3

− in the soil also enhances the assimilation of NH4
+, particularly in

the roots, as nitrate reductase activity increases in response to nitrate uptake, facilitating
the processing of both nitrogen forms [5]. This cross-regulation between NH4

+ and NO3
−

highlights the complex relationship between nitrogen forms and their collective impact
on plant growth. Notably, grasses that have access to both nitrogen forms tend to exhibit
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improved nitrogen-use efficiency (NUE), enhancing their ability to allocate nitrogen toward
biomass production and photosynthetic capacity [6].

The relationship between carbon and nitrogen metabolism is intricately connected
at multiple scales, from leaf to whole-plant levels. In grasses, nitrogen influences both
carbon assimilation and photosynthetic efficiency, which are critical for overall growth
and productivity. Nitrogen plays a central role in the synthesis of enzymes involved in
carbon fixation and electron transport. Specifically, nitrogen is a key component of Rubisco
(ribulose-1,5-bisphosphate carboxylase/oxygenase), the enzyme responsible for carbon
fixation in the C4 photosynthetic pathway of grasses, which is highly efficient in tropical
and subtropical regions [7]. Thus, nitrogen availability directly influences photosynthetic
nitrogen-use efficiency (PNUE), a critical trait for the productivity of forage grasses. Even
small fluctuations in nitrogen availability can have a profound impact on carboxylation
efficiency and light-harvesting efficiency, with significant consequences for plant biomass
accumulation [8].

In the absence of sufficient nitrogen, grasses experience impaired photosynthesis,
leading to reduced growth and altered nitrogen allocation across plant tissues. For instance,
during nitrogen deficiency, grasses may reallocate nitrogen away from photosynthetic
proteins and into structural components, including cell walls and defensive molecules,
as a stress response to optimize growth under limited nitrogen availability [9]. This shift
in nitrogen allocation impacts leaf mass per area (LMA) and the overall leaf economics
spectrum, with native species typically investing more nitrogen into defensive proteins
than invasive species, which prioritize photosynthetic machinery [10].

Gramineous forage grasses, such as maize, sorghum, and ryegrass, adapt their
nitrogen-use strategies to optimize growth under variable soil nitrogen conditions. For
example, under low-nitrogen conditions, some grasses shift nitrogen allocation toward
maintaining critical nitrogen enzymes and bioenergetic pathways, ensuring they can sus-
tain electron transport and cellular respiration [11]. In contrast, excessive nitrogen supply,
particularly from ammonium, can lead to a shift toward greater root growth and higher
allocation to structural components such as cell walls, rather than photosynthetic tissues,
which ultimately reduces the efficiency of carbon fixation and slows growth [12].

Understanding the interaction between soil nitrogen forms and grass growth is es-
sential for agricultural management, particularly in the context of optimizing fertilizer
applications for forage production. By balancing ammonium and nitrate inputs, farmers
and land managers can enhance forage yield, improve nutrient-use efficiency, and mini-
mize nitrogen leaching and environmental pollution. Furthermore, identifying species that
are more resilient to fluctuations in nitrogen availability could lead to more sustainable
farming practices, especially in regions where nitrogen inputs are becoming increasingly
unpredictable due to environmental changes and agricultural practices. The following
hypothesis is proposed: (1) Increasing nitrogen deposition (inorganic nitrogen forms) will
lead to enhanced nitrogen assimilation and improved nitrogen-use efficiency in H. altissima,
particularly in environments with high ammonium nitrogen availability. (2) The adaptive
response of H. altissima to rising nitrogen deposition will be characterized by increased
nitrogen allocation to photosynthetic components, improving photosynthetic efficiency and
biomass production, but potentially leading to trade-offs in other physiological processes
like growth and root development.

2. Materials and Methods

2.1. Study Area and Growth Conditions

The field experiment was conducted at the Jilin Songnen Grassland Ecosystem Na-
tional Observation and Research Station (44◦34′ N, 123◦31′ E), China, within a temperate
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continental monsoon climate zone. The region has hot, rainy summers and cold, dry
winters. Soil in the 0–20 cm layer exhibited a pH of 8.68, EC of 78.76 μS·cm−1, total
N of 1.02 g·kg−1, total P of 0.66 g·kg−1, organic C of 6.37 g·kg−1, NH4

+-N of 1.23 mg·kg−1,
and NO3

−-N of 1.89 mg·kg−1. Annual mean temperature ranged from 4.6 to 6.5 ◦C, with
total precipitation between 280 and 620 mm, mostly falling between June and Septem-
ber [13]. The pot experiment used wind-sand soil (3.5 kg pot−1) and followed a completely
randomized block design with six replicates.

Hemarthria altissima (Poir.) Stapf & C. E. Hubb. is a perennial C4 forage grass in the
Poaceae family, known for its long, horizontally creeping rhizomes and strong nutritional
and reproductive capacities. It is widely distributed across the natural meadows of the
Songnen Plain, where it often dominates or serves as a key companion species in plant
communities [14]. On May 10th, shoots of H. altissima were transplanted into plastic pots,
collected from the eastern Eurasian meadow steppe. Based on the population density
during the green period (May 10th–May 30th), six individuals per pot were planted in
monoculture, and plots were harvested on September 15th. Nitrogen treatments included:
no nitrogen (N0), sole NH4

+-N [as (NH4)2SO4 (Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China)] (AN), sole NO3

−-N [as Ca(NO3)2 (Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China)] (NN), and a 1:1 mixture of NH4

+-N and NO3
−-N (NAN), with

10 g N m−2 applied in two equal doses on May 30th and June 15th. Dicyandiamide (DCD,
98.0%) (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) was added to the AN and
NAN treatments to inhibit nitrification, at 10 mg m−2 y−1 and 5 mg m−2 y−1, respectively.
Apply Hogland nutrient solution (KH2PO4 2.5 mmol L−1, MgSO4·7H2O 2 mmol·L−1,
H3BO3 40 μmol·L−1, MnCl2·4H2O 10 μmol·L−1, ZnSO4·7H2O 0.8 μmol·L−1, CuSO4·5H2O
0.4 μmol·L−1, Na2MoO4·2H2O 0.2 μmol·L−1, EDTA-Fe 20 μmol·L−1) (Tianjin Huasheng
Tianhe Chemical Trading Co., Ltd., Tianjin, China) once a month, 200 mL pot−1 each time,
all treatments received additional fertilizers (P, K, S) and micronutrients (Zn, B, Mn, Mo,
Cu, Fe) to avoid nutrient limitations. Weeds, insects, and diseases were controlled, and the
plots were exposed to natural precipitation with minimal irrigation. Harvesting occurred
at the post-fruiting stage on September 15th.

2.2. Gas Exchange Measurements and Chlorophyll Fluorescence

From August 2nd to 10th, leaf assimilation rate (An, μmol m−2 s−1), stomatal con-
ductance (Gs, mmol m−2 s−1), internal CO2 (Ci, μmol mol−1), and water use efficiency
(WUE, %) were measured using a CIRAS-3 portable photosynthesis system (PP Systems,
Amesbury, MA, USA) at 25 ◦C, with a CO2 concentration of 400 μmol mol−1 and a
500 μmol s−1 flow rate. The photosynthetic photon flux density (PPFD) was set to
2000 μmol m−2 s−1 [15]. For the rapid A/Ci response curve [16], CO2 partial pressure was
varied from 50 to 1600 μmol mol−1. Gas exchange measurements were taken from the 2nd
and 3rd leaves of the shoot, between 8:00 AM and 3:00 PM, with six replicates per pot.

The maximum rate of Rubisco carboxylation (Vcmax, μmol m−2 s−1) and the maximum
rate of electron transport (Jmax, μmol m−2 s−1) were derived from An/Ci curve data, and the
values were fitted using the models of [17,18]. The calculations followed these formulas:

Vcmax =
(Rd + An)

[
Ci + KC

(
1 + O

K0

)]

(Ci − Γ∗) (1)

Jmax =
4(Rd + An)(Ci + 2Γ∗)

(Ci − Γ∗) (2)

where Rd represents the mitochondrial respiration rate in the light (μmol m−2 s−1), Kc

and Ko are the Michaelis constants for carboxylation and oxygenation, respectively, O is
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the intercellular oxygen concentration (approximately 210 mmol mol−1), and Γ∗ is the
CO2 compensation point in the absence of respiration (μmol mol−1). Additionally, the
values for Kc, Ko and Γ∗ were determined using the temperature-dependent functions
outlined [18].

The following day, chlorophyll fluorescence measurements were taken using the
IMAGING PAM M-series (Walz, Effeltrich, Germany). Prior to the measurements, sam-
ples were dark-adapted for 30 min. The maximum quantum yield of PSII (Fv/Fm), the
effective quantum yield of PSII (ϕPSII), the non-photochemical quenching coefficient
(NPQ), and the electron transport rate (ETR, μmol e−1 s−1 m−2) were referred to previous
analytical methods [15]. After measuring the chlorophyll fluorescence parameters, leaf
area was determined using a portable leaf area meter (AM350, ADC Bio Scientific Ltd.,
Herts, UK).

2.3. Sample Collection and Chemical Analyses

On September 15, soil samples were collected using the five-point method. After
passing through a 100-micron sieve and removing the roots, the moist soil was separated
into two parts using a 1-mm sieve. One part was kept fresh (4 ◦C) for the analysis of
ammonium nitrogen and nitrate nitrogen in the soil. The other half was air-dried natu-
rally for the determination of total nitrogen (TN) in the soil. The total nitrogen content
was determined using an elemental analyser (vario EL cube, Elementar, Langenselbold,
Germany). A 10 g fresh soil sample was placed in a 100-mL flask containing 50 mL of
2 M KCL to measure extractable ammonium and nitrate. The sample was shaken at
180 rpm for 1 h on an orbital shaker. Afterward, the extract was filtered through a
0.45 μm nylon net Millipore filter (prewashed with 2 M KCL). The filtered extracts
were stored in plastic vials and frozen at −20 ◦C for no longer than one week before
analysis. Soil ammonium and nitrate concentrations were measured using an Alliance
Flow Analyser (Alliance Flow Analyser, Futura, Frépillon, France). Dissolved inorganic
nitrogen (DIN) was calculated as the sum of the extractable ammonium and nitrate
in the soil.

Two leaves from each plant were collected, immediately frozen in liquid nitrogen,
and stored at −80 ◦C for biochemical analysis. Additionally, two leaves were subjected to
enzyme activity inhibition by heating at 105 ◦C for 30 min, then dried to a constant weight at
65 ◦C. These leaves were used for biomass measurement and total nitrogen content analysis
(Nm, mg g−1) using an Elementar Vario EL Cube (Elementar, Langenselbold, Germany).
Leaf mass per unit leaf area (LMA, g m−2) and leaf nitrogen content per unit leaf area
(Narea, g m−2) were calculated using the formula: Narea = Nm × LMA. Chlorophyll content
per leaf mass (Chlm, mg g−1) was quantified by extracting 0.1 g leaf tissue in ethanol, and
absorbance was measured at 645 nm and 663 nm using a spectrophotometer (UVmini-1240,
Shimadzu, Kyoto, Japan), following the method of Wellburn (1994) [19]. Chlorophyll
content was calculated as follows:

Chla = 12.56 × A665 − 2.71 × A645 (3)

Chlb = 22.65 × A645 − 4.35 × A663 (4)

Chlm = Chla + Chlb (5)

Chlorophyll content per leaf area (Chlarea) was determined by multiplying Chlm by LMA.
To quantify nitrate nitrogen and ammonium nitrogen content, 2.0 g of lyophilized leaf

samples were incubated with 10 mL distilled water, boiled for 1 h, and filtered to obtain
the crude extract. Nitrate concentration (NO3

−) was measured using the salicylic acid
chromogenic method [20], while ammonium concentration (NH4

+) was determined by the
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phenol-hypochlorite method [21]. Free amino acids were analyzed using the ninhydrin
colorimetric method [22].

For the analysis of different nitrogen forms, the procedure described by Takashima
et al. (2004) and Onoda et al. (2017) was followed with some modifications [7,8]. Leaves
were powdered in liquid nitrogen and homogenized in 2 mL of Na-phosphate buffer
(pH 7.5, 100 mmol L−1), followed by washing in a centrifuge tube. This procedure was
repeated three times. The homogenates were centrifuged at 12,000× g for 10 min at 4 ◦C,
and the supernatant was collected as soluble protein. The pellet was washed with 1 mL of
phosphate buffer containing 3% sodium dodecyl sulfate (SDS), and after heating at 90 ◦C for
5 min, it was centrifuged again. This step was repeated six times, collecting the SDS-soluble
protein. The residue was regarded as cell wall protein, washed with ethanol, and filtered
onto quantitative filter paper. The supernatant was precipitated with 10% trichloroacetic
acid (TCA) by heating at 85 ◦C for 5 min. The precipitate was filtered, washed with ethanol,
and dried at 85 ◦C before being analyzed for nitrogen content by the Elementar Vario
EL Cube.

Finally, the enzyme activities of ribulose-1,5-bisphosphate carboxylase/oxygenase
(Rubisco), phosphoenolpyruvate carboxylase (PEPC), nitrate reductase (NR), nitrite reduc-
tase (NiR), glutamine synthetase (GSI), and Glutamate synthase (GOGAT)were determined
in frozen leaves using specific ELISA kits (Shanghai Enzyme Biotechnology Co., Ltd.,
Shanghai, China), following the manufacturer’s instructions.

2.4. Estimation of Nitrogen Allocation in the Photosynthetic Machinery and Its Efficiency in
Photosynthetic Nitrogen Utilization

According to the LUNA model [23,24], leaf photosynthetic nitrogen is divided into
three main components: the fractions allocated to the carboxylation system (PNC, g g−1),
electron transport components (PNB, g g−1), and light-harvesting components (PNL, g g−1).
These components were calculated as follows:

PNC =
Vcmax

6.25 × Vcr × Narea
(6)

PNB =
Jmax

8.06 × Jmc × Narea
(7)

PNC =
Cc

CB × Narea
(8)

where 6.25 (g Rubisco g−1 N) is the conversion factor for Rubisco N at 25 ◦C [25], and
Vcr = 20.78 (μmol CO2 g−1 Rubisco s−1) [23]. The factor 8.06 is the N conversion coefficient
for cytochrome [26], and Jmc = 155.65 (μmol e−1 μmol cytochrome f s−1) at 25 ◦C [23,24].
Cc refers to leaf chlorophyll content (mmol g−1), and Cb is the chlorophyll binding to
light-harvesting components (2.15 mmol g−1 N) [27].

The fractions of leaf N allocated to the thylakoid (PNB + PNL, g g−1) and to the photo-
synthetic apparatus (PNPSN, g g−1) are the sums of PNB and PNL, and of PNc, PNB, and
PNL, respectively. The N contents in the carboxylation system (Nc, g m−2), bioenergetics
(NB, g m−2), light-harvesting system (NL, g m−2), and the entire photosynthetic apparatus
(Npsn, g m−2) were calculated by multiplying PNC, PNB, PNL, and PNpsn by Narea. The
remaining leaf N was considered as other N. Photosynthetic N use efficiency (PNUE,
μmol g N−2 s−1) was determined as the ratio of An to Narea [28].
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2.5. Statistical Analysis

All data were examined for a normal distribution (Kolmogorov–Smirnov test) and
homogeneity of variance (Levene’ s test) and conducted using R version 4.5.1 (R Core
Team, 2025). Analyses were performed using the “Fisher’s Least Significant Difference”
function from “agricolae” package, differences were considered significant for p < 0.05. For
correlation analysis, the “pearson” function in the “gpairs” and “ggpmisc” packages was
utilized, and the “ggplot2” package was employed for creating graphics.

3. Results

3.1. Soil Nitrogen Characteristics

The effects of N0, AN, NN, and ANN on soil total nitrogen, soil NO3
− -N, soil NH4

+-N
and soil DIN were significant (p < 0.05) (Figure 1). The soil total nitrogen of the AN, NN
and ANN treatments were significantly higher than N0 treatment (p < 0.05) (Figure 1A).
The soil NO3

− -N, soil NH4
+-N and soil DIN of the AN treatment were significantly higher

than those of the N0, NN and ANN treatments (p < 0.05) (Figure 1B–D).

Figure 1. Effect of nitrogen forms treatments on soil total nitrogen (A), soil NO3
−-N (B), soil NH4

+-N (C) and
soil DIN (D) in H. altissima. Different lower-case letters indicate significant differences between the
measuring dates under the unfertilized (N0) treatment and the fertilized (AN, NN, ANN) treatment,
respectively (p < 0.05) (n = 6).
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3.2. Leaf Nitrogen Assimilation Enzyme Activity

Nitrogen absorption from the soil depends on the activity of enzymes involved in
nitrogen metabolism. NR and NiR activities were stimulated in the NN and ANN treat-
ments; conversely, they were inhibited in the AN treatment (p < 0.05) (Figure 2A,B). The GSI
activity of the AN treatment was significantly higher than N0 and NN treatments (p < 0.05)
(Figure 2C). The GOGAT activity of the AN, NN and ANN treatments were significantly
higher than N0 treatment (p < 0.05), but the GOGAT activity in the AN, NN, and ANN
treatments showed no significant differences (Figure 2D).

Figure 2. Effect of nitrogen forms treatments on NR activity (A), NiR activity (B), GSI activity (C)
and GOGAT activity (D) in H. altissima. Different lower-case letters indicate significant differences
between the measuring dates under the unfertilized (N0) treatment and the fertilized (AN, NN, ANN)
treatment, respectively (p < 0.05) (n = 6).

3.3. Leaf Gas Exchange Parameters and Morphological Characteristics

The An and Gs of the AN and NN treatments were significantly higher than N0
and ANN treatments, and the An and Gs of the ANN were significantly higher than
N0 (p < 0.05) (Figure 3A,B). The Ci of the AN and ANN treatments were significantly lower
than N0 and NN treatments (p < 0.05) (Figure 3C). The WUE of the AN treatment was
significantly higher than N0, NN and ANN treatments (p < 0.05) (Figure 3D). The leaf area
and LMA of the AN, NN and ANN treatments were significantly higher than N0 treatment
(p < 0.05) (Figure 3E,F).
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Figure 3. Effect of nitrogen forms treatments on net CO2 assimilation rate (An) (A), stomatal con-
ductance (Gs) (B), internal CO2 (Ci) (C), water use efficiency (WUE) (D), leaf area (E) and leaf mass
area (LMA) (F) in H. altissima. Different lower-case letters indicate significant differences between the
measuring dates under the unfertilized (N0) treatment and the fertilized (AN, NN, ANN) treatment,
respectively (p < 0.05) (n = 6).

3.4. Leaf Photosynthetic Pigment

The Chla of the AN, NN and ANN treatments were no significant difference (Table 1).
The Chlb of the AN treatment was 86.53% and 40.58% higher than N0 and NN treatments
(p < 0.05). The Chlm of the AN treatment were 29.55%, 15.54% and 20.42% higher than N0,
NN and ANN treatments (p < 0.05). The Chlarea of the AN, NN and ANN treatments were
significantly higher than N0 treatment (p < 0.05) (Table 1).

Table 1. Effect of nitrogen forms treatments on the content of chlorophyll in H. altissima.

N Form Treatments Chla (mg g−1) Chlb (mg g−1) Chlm (mg g−1) Chlarea (g m−2)

N0 0.80 ± 0.06 a 0.52 ± 0.01 c 1.32 ± 0.06 c 0.55 ± 0.04 b
AN 0.73 ± 0.07 ab 0.97 ± 0.06 a 1.71 ± 0.05 a 0.95± 0.05 a
NN 0.79 ± 0.05 ab 0.69± 0.05 bc 1.48 ± 0.05 b 0.88± 0.07 a

ANN 0.59 ± 0.09 b 0.88 ± 0.11 ab 1.42 ± 0.05 bc 0.81 ± 0.04 a
Different lower-case letters indicate significant differences between the measuring dates under the un-fertilized
(N0) treatment and the fertilized (AN, NN, ANN) treatment, respectively (p < 0.05) (n = 6).

3.5. Leaf Photosynthetic Efficiency and Photosynthetic Nitrogen Utilization Efficiency

The Vcmax and Jmax of the ANN treatment was significantly higher than other treat-
ments, and the Vcmax and Jmax of the AN and NN were significantly higher than N0
(p < 0.05) (Figure 4A,B). The total leaf biomass of the AN, NN and ANN treatments were
significantly higher than N0 treatment (p < 0.05) (Figure 4C). The Narea of the N0 treatment
was significantly higher than AN, NN and ANN treatments (p < 0.05) (Figure 4D). The
PNUE of the AN treatment was significantly higher than N0, NN and ANN treatments,
and the PNUE of the NN and ANN were significantly higher than N0 (p < 0.05) (Figure 4E).
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Figure 4. Effect of nitrogen forms treatments on maximum carboxylation rate (Vcmax) (A), maximum
photoelectron transfer rate (Jmax) (B), total leaf biomass (C), area-based nitrogen content (Narea) (D)
and photosynthetic N use efficiency (PNUE) (E) in H. altissima. Different lower-case letters indicate
significant differences between the measuring dates under the unfertilized (N0) treatment and the
fertilized (AN, NN, ANN) treatment, respectively (p < 0.05) (n = 6).

3.6. Leaf Photosynthetic Enzyme Activity

The effects of N0, AN, NN, and ANN on Rubisco activity and PEPC activity were
significant (p < 0.05) (Figure 5). The Rubisco activity and PEPC activity of the AN treatment
was significantly higher than other treatments, and the Rubisco activity of the NN and
ANN were significantly higher than N0 (p < 0.05) (Figure 5A). However, the PEPC activity
in the N0, NN, and ANN treatments showed no significant differences (Figure 5B).

(A) (B) 

Figure 5. Effect of nitrogen forms treatments on Rubisco activity (A) and PEPC activity (B) in
H. altissima. Different lower-case letters indicate significant differences between the measuring dates
under the unfertilized (N0) treatment and the fertilized (AN, NN, ANN) treatment, respectively
(p < 0.05) (n = 6).
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3.7. Within-Leaf Nitrogen Allocation Estimate

The effects of different available nitrogen forms on the allocation of leaf nitrogen to
different nitrogen components are shown in Figure 6. The rubisco, other soluble protein
and carboxylation values expressed per unit leaf area were significantly higher under the
AN treatment than under the N0, NN or ANN treatments (p < 0.05) (Table 1; Figure 6).
Relative to the NN and ANN treatments, the AN treatment significantly increased the
percentages of nitrogen allocated to rubisco (1.01% and −0.14%, respectively), other soluble
protein (2.13% and 5.06%) and carboxylation (8.82% and 1.6%) proteins. Unexpectedly,
no significant difference was found in NB (Bioenergetics) between the NN and ANN
treatments, but NB was significantly higher in these treatments than in the N0 treatment
(p < 0.05) (Table 1, Figure 6B). Relative to the AN and ANN treatments, the NN treatment
significantly increased the percentages of nitrogen allocated to NB (1.56% and 0.86%,
respectively). Compared to the N0, AN and ANN treatments, NL (Light-harvesting protein)
increased under the NN treatment, while other nitrogen increased in ANN treatment
(p < 0.05) (Table 2; Figure 6C,D).

Figure 6. Effect of nitrogen forms treatments on the Nitrogen allocation in leaves of H. altissima. The
data of percentages are the content of nitrogen in the corresponding components accounting for total
leaf nitrogen content in H. altissima. (A–D) nitrogen partitioning in the unfertilized (N0) treatment
and the fertilized (AN, NN, ANN) treatments. The size of pie chart indicates nitrogen content
(p < 0.05) (n = 6).

Linear correlation analysis provided correlations of PNUE with photosynthetic re-
sponses of An and Chlarea, and nitrogen allocation of Npsn and Narea (Figure 7). Un-
der different nitrogen forms treatments, PNUE are strongly shaped by An, Chlarea and
Npsn (p < 0.05). Meanwhile, there is a negative correlation between PNUE and Narea, which
will directly or indirectly affect the changes in PNUE.
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Table 2. Effect of nitrogen forms treatments on the content of N compounds in H. altissima.

Parameters
(mg m−2)

Nitrogen Forms Treatments

N0 AN NN ANN

Rubisco 83.38 ± 0.38 c 105.53 ± 0.36 a 97.63 ± 0.34 b 107.72 ± 0.29 a
Other soluble protein 473.66 ± 1.86 b 502.66 ± 2.45 a 427.35 ± 4.26 c 401.33 ± 4.28 d

Carboxylation 249.86 ± 6.41 c 418.06 ± 20.32 a 227.81 ± 18.91 d 384.15 ± 23.19 b
Bioenergetics 72.75 ± 1.82 c 86.37 ± 1.29 b 108.23 ± 2.86 a 99.22 ± 4.16 ab

Light-harvesting protein 318.74 ± 5.18 d 412.23 ± 7.82 c 482.08 ± 12.94 a 444.80 ± 11.37 b
Other nitrogen 338.6 ± 9.16 d 427.35 ± 21.38 c 466.18 ± 22.35 b 502.34 ± 29.34 a

Different lower-case letters indicate significant differences between the measuring dates under the un-fertilized
(N0) treatment and the fertilized (AN, NN, ANN) treatment, respectively (p < 0.05) (n = 6).

Figure 7. Relationships of photosynthetic N use efficiency (PNUE) with net CO2 assimilation rate
(An) (A), area-based chlorophyll content (Chlarea) (B), photosynthetic N (Npsn) (C) and area-based
nitrogen content (Narea) (D) in H. altissima. Relationships between variables were assessed using
linear regression analysis.

3.8. PSII Quantum Efficiencies

H. altissima plants demonstrated a clear advantage in allocating nitrogen to pho-
tosynthetic components in their leaves across various nitrogen treatments. To explore
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the potential effects of nitrate and ammonium on PSII quantum efficiencies, we exam-
ined the relationship between these nitrogen forms and the plants’ photosynthetic per-
formance. A strong, statistically significant positive linear correlation was observed be-
tween PNUE and Chlarea in H. altissima (Figure 7B). Additionally, measurements of Fv/Fm,
ϕPSII, non-photochemical quenching (NPQ), and electron transfer rate (ETR) were signifi-
cantly higher under the AN and ANN treatments compared to the N0 and NN treatments
(p < 0.05) (Figure 8).

(C) 

Figure 8. Effect of nitrogen forms treatments on the maximum quantum yield of PSII (Fv/Fm) (A),
the effective quantum yield of PSII (ϕPSII) (B), non-photochemical quenching coefficient (NPQ) (C),
and electron transport rate (ETR, μmol e−1 s−1 m−2) (D) in H. altissima. Different lower-case letters
indicate significant differences between the measuring dates under the unfertilized (N0) treatment
and the fertilized (AN, NN, ANN) treatment, respectively (p < 0.05) (n = 6).

4. Discussion

4.1. Effects of Different Forms of Nitrogen on the Nitrogen Source and Nitrogen Metabolic Enzyme
Activity in H. altissima

Nitrogen metabolism is crucial for the synthesis of key proteins required for photo-
synthesis. The different forms of nitrogen sources in the soil can significantly influence
the activity of enzymes related to plant nitrogen assimilation. Nitrate reductase (NiR) and
nitrate reductase (NR) are involved in the reduction of NO3

− to NH4
+, and they regulate

this process through coupling mechanisms [29]. In this study, the inorganic nitrogen con-
tent in the soil significantly increased under AN treatment (Figure 1), which was directly
related to changes in nitrogen metabolic enzyme activities. NN treatment significantly
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stimulated NR and NiR activities, consistent with previous research that indicates NR
activity is mainly influenced by NO3

− concentration, promoting nitrification [15]. As
NO3

− is converted into other forms of nitrogen, its availability decreases, but nitrogen
in the soil continues to transfer to the leaves [30]. Our results indicate that AN and NN
treatments significantly enhanced the activity of key nitrogen metabolic enzymes, such as
glutamine synthetase (GS) and glutamate synthetase (GAGOT), with the AN treatment
showing the most significant effect (Figure 2). This suggests that NH4

+ play an important
role in promoting nitrogen assimilation and improving overall plant metabolism, likely
due to NH4

+ preferentially entering the mesophyll cells to directly participate in nitrogen
absorption and assimilation [31]. In particular, the increased GS activity under ammonium
treatment may promote the synthesis of nitrogen in organic forms, thereby supporting
the plant’s nitrogen economy. In higher plants, GSI and GOGAT assimilate NH4

+ into
amino acids for plant uptake [5]. The concentration of NH4

+ is closely related to GSI and
GOGAT enzyme activity [32], but under different nitrogen supply treatments, GSI enzyme
activity was significantly higher under AN treatment compared to other nitrogen forms,
which is consistent with previous research on rice plants [33]. The results of this study
reveal the relationship between NO3

− and NH4
+ supply and assimilation enzyme activity.

According to our results, the activity of nitrogen isoenzymes was significantly increased
after AN treatment.

4.2. Effects of Different Forms of Nitrogen on Leaf Morphological Traits and Gas Exchange
in H. altissima

As is widely known, nitrogen is a vital nutrient for plant growth and development,
and the form of nitrogen source directly affects leaf growth [34]. Leaf trait adjustments are
often more important than biochemical characteristics in determining how a plant’s leaves
adapt to the environment for photosynthesis [8,24]. Nitrogen promotes leaf area growth
and maintains the leaf’s ability to absorb and utilize light energy, which helps increase net
photosynthesis (An) and photosynthetic nitrogen use efficiency (PNUE) [8,15]. Different
nitrogen sources had significant effects on the photosynthetic performance of H. altissima.
Under AN and NN treatments, leaf An and stomatal conductance (Gs) significantly in-
creased (Figure 3), indicating better nitrogen allocation to the photosynthetic apparatus.
In addition to the biochemical and physiological processes of photosynthesis, Gs is also a
key factor affecting CO2 assimilation. Our results indicate that the Gs value of plants under
AN treatment was higher than under other nitrogen source treatments (Figure 3B), which
may be due to the role of ammonium and nitrate in regulating the opening and closing of
stomata, as NH4

+ is converted to nitrate through the anion transport system of nitrification,
participating in the metabolism of guard cells [35]. The increase in Gs value facilitated more
CO2 absorption, and combined with better nitrogen allocation to photosynthetic proteins,
this ultimately led to an increase in photosynthetic efficiency and PNUE. The accumulation
of photosynthetic pigments in the leaves visually represented the photosynthetic efficiency,
with Chlm significantly higher under AN treatment compared to other treatments, indi-
cating that ammonium nitrogen significantly improved the photosynthetic efficiency of
H. altissima. This enhancement in photosynthetic efficiency may be closely related to the
effective distribution of nitrogen in the leaves, which is crucial for optimizing the photosyn-
thetic apparatus of C4 plants. Key indicators of photosynthetic efficiency, such as Fv/Fm,
ϕPSII, and ETR values [11], were significantly higher under NH4

+ treatment, indicating
an improvement in electron transport and light-harvesting efficiency (Figure 8). The high
photosynthetic nitrogen use efficiency observed under nitrate conditions may be attributed
to the optimized allocation of nitrogen in the photosynthetic apparatus, particularly the
carboxylation system and the electron transport chain [36].
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4.3. Effects of Different Forms of Nitrogen on Leaf Photosynthetic Performance and Photosynthetic
Nitrogen Use Efficiency in H. altissima

The activity of key photosynthetic enzymes, such as Rubisco and PEP carboxylase
(PEPC), is also affected by nitrogen sources. Under AN treatment, the activity of these en-
zymes, especially Rubisco and PEPC, was significantly increased, as they are core enzymes
in carbon fixation in C4 plants [37]. The increase in enzyme activity may be due to the
effective distribution of nitrogen to the photosynthetic apparatus, where nitrogen plays a
crucial role in the synthesis and function of photosynthetic proteins [38]. Under ammonium
nitrogen conditions, the increase in enzyme activity in H. altissima suggests that nitrogen
from ammonium salts is more effectively allocated to photosynthetic proteins than nitrogen
from nitrates, thereby improving the photosynthetic rate. Vcmax as an indicator of Rubisco
enzyme activity in the carbon fixation process of photosynthesis [35,36], was significantly
increased by inorganic nitrogen sources. This indicates that ammonium nitrogen supply
is closely related to the normal growth of H. altissima leaves. In this study, compared to
N0, NN, and ANN treatments, the AN treatment showed higher Narea, An, and Chlarea in
H. altissima, with PNUE increasing by 26.12%, 11.02%, and 10.82%, respectively. In addition,
PNUE in H. altissima showed a significant positive correlation with An, Npsn, and Chlarea.
Our results show that under AN treatment, nitrogen was preferentially allocated to the
photosynthetic apparatus, especially to the chloroplasts, which is crucial for light absorp-
tion and energy transfer needed for photosynthesis [9,29]. This allocation promoted higher
Chlarea and improved photosynthetic efficiency. Furthermore, the higher PNUE observed
under AN treatment showed a strong negative correlation with Narea (Figure 7D), further
emphasizing the role of nitrogen allocation in photosynthetic efficiency. The induction of
higher photosynthetic efficiency under AN treatment may be due to the higher efficiency
of nitrogen distribution in the leaves, which enhances the performance of photosynthesis.
This result supports that NH4

+ are more effective in nitrogen distribution within the C4

photosynthetic apparatus, aiding in the photosynthetic optimization of H. altissima.

4.4. Effects of Different Forms of Nitrogen on Leaf Nitrogen Allocation and Trade-Offs
in H. altissima

The allocation of nitrogen within the leaves is critical for optimizing photosynthetic
performance because it determines how nitrogen is distributed to the photosynthetic appa-
ratus and other cellular structures. As with many plant species, the allocation of nitrogen
within the leaves reflects the trade-off between growth and defense. Leaf nitrogen allocation
reflects the trade-off within the leaf economics spectrum, where fast-growing species tend to
allocate more nitrogen to growth metabolism at the expense of structural components [32].
This shift in nitrogen allocation may reflect the plant’s prioritization of photosynthesis
while reducing nitrogen investment in structural functions. AN treatment led to a signif-
icant increase in the absolute content of soluble proteins and the proportion of Rubisco
nitrogen (31.16%) (Table 2; Figure 6), a result consistent with previous research [4,6,10],
who reported that 25–45% of leaf nitrogen is allocated to soluble proteins. Rubisco, a
key enzyme in plant photosynthesis, accounts for 50% of soluble protein and 25% of leaf
nitrogen [37]. In H. altissima, we found that AN treatment led to increased nitrogen alloca-
tion to Rubisco, reflected by lower bioenergetics and light-harvesting proteins, and higher
carboxylation (Table 2; Figure 6). Compared to the NN and ANN treatments, NB/NB+L

decreased under the ANN treatment, while NL/NB+L increased (p < 0.05) (Figure 9B).
We found significant differences in nitrogen allocation to soluble proteins between AN
treatment and other treatments, which is consistent with previous studies indicating that
invasive species allocate more nitrogen to photosynthesis than native species, promoting
growth and carboxylation [17,39]. The results of these studies suggest that more nitrogen is
allocated to soluble proteins, sacrificing structural proteins [4,39]. These results suggest
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that under ammonium nitrogen conditions, nitrogen allocation helps improve nitrogen
absorption and utilization, maximizing support for mesophyll cell photosynthesis. The
changes in nitrogen investment strategies indicate that these components are crucial for
ensuring the plant adapts to normal growth and physiological activities under inorganic
nitrogen conditions.

Figure 9. Effect of nitrogen form treatments on the change in nitrogen contents in the photosynthetic
apparatus of leaves in H. altissima. (A) The percentage together indicates the increase (red arrows)
on nitrogen in different photosynthetic apparatuses under AN compared to the N0, NN and ANN
treatments. (B) The allocation of N between PNB and PNL within the thylakoid lumen under N0, AN,
NN and ANN treatments.

Thus, we hypothesize that under AN treatment, H. altissima is usually in the “high
return” zone of the leaf economics spectrum, with higher An, Chlarea and PNUE compared
to other treatments, thereby allocating more nitrogen to leaf nitrogen pools related to
photosynthesis and growth. Based on this analysis, species with larger investments in
photosynthetic protein nitrogen typically show higher PNUE in many natural ecosys-
tems [12,39,40]. In this study, H. altissima allocated 52.36% of its leaf nitrogen to the
photosynthetic apparatus, consistent with previous studies on maize [36] and invasive
plants [39]. According to our preliminary hypothesis, to determine if a plant is in the “high
return” zone, the changes in leaf nitrogen allocation processes need to be assessed. In eco-
logical models, nitrogen investment in the photosynthetic apparatus remains an important
determinant of PNUE [15,41]. Photosynthesis is closely related to leaf nitrogen content, and
nitrogen content is usually reflected by Calvin cycle proteins. Fast-growing plants allocate
about two-thirds of their leaf nitrogen to the photosynthetic apparatus [6,12,14]. We found
that the amount of nitrogen allocated to the photosynthetic apparatus was significantly
positively correlated with PNUE (R2 = 0.56, p < 0.001). The different forms of nitrogen
sources play a crucial role in optimizing the photosynthetic efficiency and nitrogen utiliza-
tion efficiency of H. altissima (Figure 9). AN treatment promoted the effective allocation
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of nitrogen to the photosynthetic apparatus, enhancing enzyme activity, photosynthetic
efficiency, and PNUE. Under AN treatment, higher stomatal conductance and optimized
leaf nitrogen allocation further facilitated CO2 absorption and improved photosynthetic effi-
ciency. The results highlight the importance of understanding nitrogen allocation dynamics
for optimizing photosynthesis and plant growth, and suggest that increasing ammonium
salt fertilizers in nitrogen-limited environments may be an effective strategy to optimize
C4 plant photosynthesis and productivity.

5. Conclusions

Our study reveals that inorganic nitrogen sources play a pivotal role in shaping the
PNUE, nitrogen assimilation, and nitrogen allocation in H. altissima leaves. The plants
exhibited a clear adaptive response, optimizing nitrogen distribution within the leaves
to enhance photosynthesis. This resulted in increased PNUE and biomass production
during the growing season, especially in environments with high ammonium nitrogen
levels. Under AN and ANN treatments, H. altissima allocated more nitrogen to rubisco
and the carboxylation apparatus, thereby improving ETR. In addition, Chlm and NPQ
increased, which helped to enhance the light protection capability. The treatment also
shifted nitrogen allocation, with more nitrogen directed toward soluble proteins and
the photosynthetic machinery. This reallocation suggests a trade-off between growth
and absorption and utilization of nitrogen in H. altissima. Overall, our findings offer
new insights into how inorganic nitrogen sources influence nitrogen dynamics in H.
altissima, providing a deeper understanding of their nitrogen utilization strategies in
the context of increasing nitrogen deposition. Understanding how H. altissima responds
to inorganic nitrogen sources can guide the development of more targeted fertilization
strategies. By knowing that ammonium nitrogen (AN) and ammonium nitrate nitrogen
(ANN) enhance photosynthesis and biomass production, agriculturalists can optimize
fertilizer types and application rates, especially in regions with high nitrogen deposition.
This could improve crop yields without over-fertilizing, thus promoting both economic
and environmental sustainability.
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Abbreviations

An Assimilation rate
Gs Stomatal conductance
Ci Internal CO2 concentration
WUE Water-use efficiency
Vcmax Maximum rate of Rubisco carboxylation
Jmax Maximum rate of electron transport
LMA A leaf mass per unit leaf area
Narea A leaf nitrogen content per unit leaf area
NC Nitrogen contents in carboxylation
NB Nitrogen contents in bioenergetics
NL Nitrogen contents in light harvesting components
Npsn Nitrogen contents in photosynthetic apparatus
PNUE Photosynthetic nitrogen use efficiency
Fv/Fm The maximum quantum yield of PSII
NPQ The non-photochemical quenching coefficient
ϕPSII The effective quantum yield of PSII
ETR The electron transport rate
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Simple Summary

Assessing post-afforestation soil quality can identify the most effective vegetation restora-
tion approaches, which is critical to the sustainable management of forest ecosystems.
In this study, we evaluated how different vegetation restoration strategies (barren land
control, disturbed short-rotation and undisturbed long-term Eucalyptus monocultures, a
mixed native-species plantation, and a natural forest) affect soil quality and microbial
communities in tropical ecosystems. The results showed that vegetation restoration signifi-
cantly improved soil physicochemical properties and the overall soil quality index (SQI).
Crucially, the SQI in the undisturbed long-term Eucalyptus monoculture and the mixed
native-species plantation reached levels comparable to the natural forest, demonstrating
the recovery potential of well-managed plantations. Microbial biomass (bacteria, fungi,
arbuscular mycorrhizal fungi, and actinomycetes) increased from barren land to natural
forest but remained lower in all plantations than in the natural forest, indicating incomplete
microbial recovery. Strong positive correlations existed between microbial biomass and
the SQI. The results indicate that intensive disturbances impede soil and microbial recov-
ery, while microbial communities prove to be more sensitive restoration indicators than
physicochemical properties alone. Collectively, afforestation with mixed native species
offers rapid soil restoration, and undisturbed long-term monocultures can achieve similar
soil quality outcomes over time. This work provides critical insights for optimizing tropical
and subtropical afforestation practices.

Abstract

Afforestation substantially promotes vegetation restoration and modifies soil physical,
chemical, and biological properties. The integrated effects of soil properties on soil quality,
expressed via a composite soil quality index (SQI), remain unclear despite variations among
individual properties. Here, five vegetation restoration treatments were selected as fol-
lows: (1) barren land (BL, control), (2) disturbed short-rotation Eucalyptus plantation (REP);
(3) undisturbed long-term Eucalyptus plantation (UEP); (4) mixed native-species plantation
(MF); and (5) natural forest (NF) following >50 years of restoration. Soil physicochemical
properties and microbial community compositions were investigated, and soil quality was
evaluated by an integrated SQI. Our results showed that vegetation restoration had strong
effects on soil physicochemical properties, soil quality, and microbial communities. Most
of the soil physicochemical properties exhibited significant differences among treatments.
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Soil dissolved organic carbon, total nitrogen, and ammonium nitrogen were the three key
soil quality indicators. The SQI increased significantly with vegetation recovery inten-
sity. In both UEP and MF, it reached levels comparable to NF, and was higher in UEP
than in REP, implying that short-rotation practices impede soil restoration. In addition,
microbial biomass (bacteria, fungi, arbuscular mycorrhizal fungi, actinomycetes, and to-
tal microbe PLFAs) increased from BL to NF. All plantations exhibited lower microbial
biomass than NF, revealing incomplete recovery and a greater sensitivity to soil physico-
chemical properties. Conversely, the fungi-to-bacteria biomass ratio decreased sequentially
(REP > BL > UEP > MF > NF). Strong positive correlations between microbial biomass and
the SQI were observed. These results collectively indicate that afforestation with mixed tree
species is optimal for rapid soil restoration, and undisturbed long-term monocultures can
achieve similar outcomes. These findings highlight that tree species mixtures and reducing
disturbance should be taken into consideration when restoring degraded ecosystems in
the tropics.

Keywords: soil restoration; forest ecosystem; afforestation; vegetation types; forest
conservation; short rotation

1. Introduction

Anthropogenic activities such as deforestation have led to a severe degradation of
forest ecosystems, resulting in widespread soil erosion, nutrient depletion, reduced produc-
tivity, and biodiversity loss [1,2]. In response, extensive ecological restoration projects have
been implemented in recent decades to rehabilitate degraded terrestrial ecosystems [3,4].
These efforts have achieved notable success, especially in enhancing environmental qual-
ity and reinforcing carbon sequestration [5,6]. Among the key restoration strategies, af-
forestation has played a pivotal role in reversing ecosystem degradation, significantly
promoting vegetation recovery and, in turn, modifying soil physical, chemical, and bio-
logical properties [7]. Conversely, these soil characteristics are intrinsically linked to plant
productivity and ecosystem services [8–10]. Therefore, assessing post-afforestation soil
quality has emerged as a critical component in ensuring the sustainable management of
forest ecosystems.

Afforestation approaches modulate vegetation establishment trajectories and soil
restoration efficacy in degraded ecosystems via plant–soil feedback loops [11]. Different af-
forestation strategies, such as monoculture, mixed-species planting, or natural regeneration,
can lead to markedly divergent outcomes in soil quality due to variations in tree species
composition and their functional traits [12]. Specifically, tree species richness and diversity
influence nutrient cycling, rhizosphere chemical properties, mycorrhizal associations, and
microbial community dynamics, all of which collectively shape soil restoration trajecto-
ries [13–15]. In recent years, numerous studies have been conducted to evaluate the effects
of afforestation on soil properties, and significant improvements in ecosystem functionality
have been frequently recorded. Vegetation restoration enhances soil nutrient cycling and
enzyme activities, particularly in degraded landscapes [16]. In southern China’s erosion-
prone regions, afforestation can also elevate soil fertility and increase the abundance and
diversity of the soil bacterial community [16]. Based on the long-term monitoring in Ghana,
it was found that both plantations and secondary forests exhibited soil carbon storage
and key physicochemical properties comparable to those of primary forests in analogous
climatic zones [17]. However, the outcome of afforestation is not universally positive, and
contrasting effects have been documented. For example, the bacterial biomass represented
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by phospholipid fatty acids (PLFAs) declined with the successional stage [18]. Similarly,
in the dry–hot valley of China, afforestation with Eucalyptus camaldulensis reduced the
population of fungi and total microbial community, urease activity, and the soil quality
index [19]. These discrepancies highlight that the effects of afforestation on soil properties
are influenced by plant species composition, soil type, and environmental conditions, and
different soil properties could produce varied responses [20,21]. For instance, soil total
nitrogen content was the highest in coniferous-mixed plantations, but total phosphorus
content was the highest in broad-leaved mixed plantations [22]. A meta-analysis concluded
that afforestation increased soil carbon and nitrogen but not phosphorus accumulation [23].
Thus, a comparative analysis of soil quality under different afforestation strategies is essen-
tial, as it can not only identify the most effective vegetation restoration approaches but also
refine soil management frameworks to maximize soil health and ecological functions [24].

Plantations in subtropical and tropical regions are predominantly monocultures dom-
inated by a single tree species. Among these, eucalyptus (Eucalyptus spp.) has become
a primary plantation due to its fast growth and short rotation (5–7 years), now covering
over 5.40 million hectares across subtropical and tropical China [25]. However, successive
planting generations under intensive management have caused severe soil degradation
and productivity decline [26]. To mitigate these issues, both extending rotation periods
and reducing management intensity are proposed as forest management practices [25,27].
Such measures may enhance biodiversity [28,29] and subsequently improve carbon se-
questration and soil nutrient retention [27]. Nevertheless, the mechanistic effects of these
adjustments on soil physicochemical and biological properties remain poorly resolved.
Concurrently, multi-species afforestation has been advocated for superior soil fertility
preservation [30]. Moreover, increasing the diversity of plantations is also a promising
approach to adapt forests to climate change, which can be a viable and economically accessi-
ble strategy for sustainable wood production and reconciling economic and environmental
benefits [31,32]. Some studies reported significantly greater soil quality improvements in
mixed species plantations compared to monocultures [15,24], yet others documented negli-
gible differences between monocultures and mixed plantations [33,34]. This contradiction
underscores the idea that the context-dependent efficacy of forest management strategies
on soil rehabilitation remains inadequately quantified.

The soil quality index (SQI) is regarded as an essential instrument for assessing
changes in soil quality [35]. The utilization of the SQI can overcome the complexity of
soil assessment [36]. To evaluate soil quality changes following vegetation restoration, a
chrono sequence study incorporating five distinct land-use types was conducted, which
included a barren land (as control), two pure Eucalyptus plantations over 50 years (one
has undergone a short rotation every 5–7 years and the other is undisturbed), a mixed
native-species plantation over 50 years, and a nearby undisturbed natural forest (over
200 years). We hypothesized the following: (1) Vegetation restoration will significantly
improve soil quality across all forested sites relative to the barren land, primarily through
enhanced soil fertility and microbial abundance, and the mixed native-species forest will
have the highest soil quality. (2) Soil quality in the undisturbed long-term Eucalyptus
plantation will exceed that of the disturbed short-rotation Eucalyptus plantation due to
reduced management intensity. This work will advance the mechanistic understanding of
soil restoration and provide critical guidelines for restoring degraded ecosystems.

2. Materials and Methods

2.1. Site Description

The study was conducted at the Xiaoliang Research Station of Tropical Coastal Ecosys-
tems, Chinese Academy of Sciences (110◦54′ E, 21◦27′ N), located in Maoming city of
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Guangdong Province, China. This region has a typical tropical monsoon climate with a
mean annual precipitation of 2000 mm and a mean annual temperature of 23 ◦C. The soil is
classified as a granite-derived Latosol that has been experiencing heavy erosion since the
1950s under harsh hydrothermal conditions [37]. In the degraded barren land, the monthly
mean soil temperature at a 0–20 cm depth peaked at 47.5 ◦C, whereas soil total organic
carbon and total nitrogen contents were only 6.0 g kg−1 and 0.3 g kg−1, respectively [38].
Historically, the native vegetation in this region was evergreen broad-leaved seasonal
rainforests. However, extensive deforestation has occurred [38]. The remaining native
forests at the site are classified as tropical secondary forests, which have been preserved for
over 200 years. Dominating tree species include Cinnamomum camphora, Sterculia lanceolate,
and Cryptocarya chinensis [39].

Afforestation practices on the barren land (BL) have been implemented since 1959,
although the harsh habitat severely limited natural vegetation recovery. Approximately
3.7 ha of BL was selected and assigned as a control representing the baseline condition
prior to restoration. Due to complete topsoil erosion, only few herbaceous plants or xeric
shrubs (e.g., Dicranopteris linearis and Eriachne pallescens) are to be found in the control
areas [38]. Eucalyptus exserta were planted on the other BL in the early 1960s. Management
subsequently diverged: half of the E. exserta plantation underwent short-rotation harvesting
every 5–8 years (short-rotation Eucalyptus plantation, REP), while the other half remained
undisturbed since planting (undisturbed Eucalyptus plantation, UEP). In 1974, one distinct
catchment was clear-cut and reforested with multiple native tree species to create a mixed
forest (MF). The vegetation surveys performed in 2015 showed that this MF supported an
average of 14.6 native tree species in each 400 m2 quadrate, and the dominant tree species
are Aphanamixis polystachya, Schefflera octophylla, Carallia brachiate, Symplocos chunii, Acacia
auriculaeformis, Photinia benthamiana, and Cinnamomum burmannii [39]. This MF stand is
developing structural and compositional similarity to the undisturbed secondary natural
forest (NF) [38]. Our study includes sites that experienced one of five restoration treatments:
(1) barren land (control, BL), (2) disturbed short-rotation Eucalyptus plantation (REP),
(3) undisturbed long-term Eucalyptus plantation (UEP), (4) mixed native-species plantation
(MF), and (5) natural forest (NF). The detailed information about soil and vegetation was
provided in previous studies [37,38]. Four replicate sampling plots per treatment were
established, randomly located at a distance of >20 m apart from each other.

2.2. Soil Sampling and Physicochemical Properties

Surface soil samples (0–15 cm depths) were collected in May 2014 from all five veg-
etation restoration treatments. Within each replicate plot, soils were sampled from five
randomly selected microsites using a stainless-steel core (3.0 cm diameter). Visible plant
residues and roots were manually removed. The composite soil samples were sieved by a
sieve with a 2 mm bore diameter and divided into two subsamples: one was preserved in a
field-moist state for immediate analysis of soil moisture content and related parameters,
while the other was air-dried for the subsequent determination of soil organic carbon and
its associated physicochemical properties.

Soil moisture content (SMC) was measured by oven-drying at 105 ◦C to constant
weight. Soil pH was measured potentiometrically at a soil-to-water ratio of 1:2.5 (w/v).
Soil organic carbon (SOC) was determined by the traditional wet oxidation with potassium
dichromate method [40]. Soil total nitrogen (total N) was analyzed by the micro-Kjedahl
digestion method, and soil total phosphorus (total P) was digested with a sulfuric acid
solution and quantified by the molybdenum–antimony (Mo-Sb) anti-spectrophotometer
method. Soil dissolved organic carbon (DOC) was extracted with 0.5 M K2SO4, filtered
(0.45 μm), and analyzed at a high temperature on a TOC analyzer (TOC-VCSH, Shimadzu,
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Japan). Soil NH4
+-N and NO3

−-N were measured by a flow injection analyzer (AA3, Bran
Luebbe) [41].

2.3. Soil Microbial Biomass and Community Composition

Soil microbial biomass C (MBC) and N (MBN) were determined by the chloroform
fumigation–extraction method [42]. Phospholipid fatty acid (PLFA) analysis was applied
to characterize soil microbial community composition, and concentrations of individual
PLFAs were quantified based on the internal standard concentration of 19:0 methylester [43].
The PLFAs i14:0, i15:0, a15:0, i16:0, a16:0, i17:0, a17:0, a18:0, i18:0, a19:0, 16:1ω7c, 16:1ω9c,
17:1ω8c, 18:1ω7, cy17:0, and cy19:0 [44] were used as bacterial (B) biomarkers. The PLFAs
18:1ω9c, 18:2ω6,9c [44], and 18:3ω6,9,12c were applied to denote fungal (F) biomarkers. The
PLFA 16:1ω5c was considered as an arbuscular mycorrhizal fungal (AMF) biomarker [45].
The PLFAs 10Me 16:0, 10Me 17:0, and 10Me 18:0 were used as actinomycetes biomarkers.
Total microbial biomass was represented by the sum of identified bacterial, fungal, AMF,
and actinomycetes PLFAs. Soil microbial community structure represented by the fungal-
to-bacterial ratio (F:B ratio) was calculated as the sum of fungal biomarker PLFAs divided
by the sum of bacterial biomarker PLFAs [44].

2.4. Soil Quality Index (SQI) Evaluation

Twelve soil physicochemical and biological properties (SMC, pH, SOC, TN, TP, DOC,
DN, NH4

+-N, NO3
−-N, MBC, MBN, and MBC/MBN) were evaluated to identify a min-

imum dataset (MDS) for soil quality assessment. We employed principal component
analysis (PCA) followed by Pearson’s correlation analysis to select the most suitable indica-
tors.

MDS selection procedure: According to Andrews et al. [46], to be MDS potentials,
principal components (PCs) must have eigenvalues not less than 1.0 that explain more than
5% of the total variation. Within each retained principal component, those with an absolute
value within 10% of the highest loading factor were selected as the important indicators. In
addition, if multiple indicators were retained within a single PC and exhibited pairwise
Pearson correlation coefficients > |0.6|, the indicator with the smallest absolute loading
value in that PC was removed [47].

Scoring and SQI calculation: After MDS indicators were selected, a nonlinear scoring
function was employed to convert the soil indicators into scores ranging from 0 to 1.
Equation (1) for the soil indicator score was given in Andrews et al. [46]:

S = 1/[1 + (X/X0)b] (1)

where S is the indicator score, X is the value of the soil indicator, X0 is the mean value of
each indicator, and b is the value of the equation’s slope. Slope values (b) of −2.5 and 2.5
were used to illustrate a ‘more is better’ and a ‘less is better’ curve, respectively [47,48].
After scoring and weighting all MDS indicators, the integrated SQI was calculated by
Equation (2) as follows:

SQI = ∑n
i=1 Si × Wi (2)

where Si is the score of the selected indicators, Wi is the weighting of the selected indicators,
and n is the number of selected indicators [49].

2.5. Data Analysis

SMC, soil pH, the concentrations of SOC, TN, TP, NH4
+-N, NO3

−-N, DOC, MBC,
MBN, and microbial PLFAs, and the SQI were analyzed by a one-way ANOVA, and
then a multiple comparison analysis (LSD) was employed to test the difference between
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vegetation restoration treatments. A Pearson correlation analysis was applied to test the
relationships between the SQI on soil microbial biomass and community structure. Data
were reciprocally or square-root-transformed when required to meet the assumptions of
normality and homogeneity of variance. Statistical significance was determined at p < 0.05.
All analyses were performed with SPSS 18.0 software (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Soil Physicochemical Properties

Vegetation restoration treatments significantly affected soil physicochemical properties
(Table 1). Afforestation on barren land (BL) significantly increased SMC except REP. The
SMC was highest in NF, followed by the MF and UEP, all of which were significantly
greater than those in BL and REP (p < 0.01). Soil pH exhibited an inverse trend, with the
highest value in BL and the lowest in NF. The differences between REP, UEP, and MF
were not significant (p > 0.05; Table 1). SOC concentration increased progressively with
restoration intensity (p < 0.01). SOC rose significantly from 3.0 g kg−1 in BL to 20.5 g kg−1

in MF. However, in MF, it remained significantly lower than in NF (26.7 g kg−1; p < 0.01).
SOC concentration in UEP (19.0 g kg−1) was nearly double that of REP (9.8 g kg−1) and
statistically equivalent to MF (p = 0.28), and lower than in NF (p < 0.01). Interestingly, soil
total N recovery varied notably: in MF, it exceeded that of NF (p = 0.03), while in UEP, it
returned to levels comparable to NF (p = 0.32). Soil total N in REP was marginally lower
than UEP (p = 0.25) but showed no significant difference from that in BL (p = 0.73). Soil
total P mirrored the response pattern of soil total N to vegetation restoration treatments
(Table 1). Soil DOC exhibited similar patterns to SMC, increasing from 159 mg kg−1 (BL) to
884 mg kg−1 (NF). DOC in REP (181 mg kg−1) did not differ significantly from BL (p = 0.72).
The soil N availability components showed treatment-specific responses. For instance,
NH4

+-N was the highest in UEP (p <0.01), with no significant differences among BL, REP,
MF, and NF (p > 0.05), while NO3

−-N peaked in NF and it was significantly higher than
the other four treatments (p <0.01). The NO3

−-N in UEP was significantly higher than REP
(p = 0.02).

Table 1. Soil physiochemical properties in five vegetation restoration treatments.

Parameters BL REP UEP MF NF

SMC (%) 10.1 ± 0.5 c 9.5 ± 0.3 c 19.6 ± 0.8 b 19.9 ± 1.1 b 23.3 ± 0.4 a
pH value 4.7 ± 0.05 a 4.4 ± 0.02 b 4.4 ± 0.04 bc 4.3 ± 0.1 bc 4.2 ± 0.04 c

SOC (mg g−1) 3.0 ± 0.2 d 9.8 ± 0.5 c 19.0 ± 1.6 b 20.5 ± 0.8 b 26.7 ± 0.7 a
TN (mg g−1) 0.01 ± 0.01 c 0.09 ± 0.04 c 0.35 ± 0.24 bc 1.16 ± 0.11 a 0.58 ± 0.22 b
TP (mg g−1) 0.02 ± 0.01 c 0.01 ± 0.01 c 0.08 ± 0.03 bc 0.16 ± 0.03 a 0.11 ± 0.03 ab

DOC (mg kg−1) 159 ± 26 d 181 ± 13 d 407 ± 62 c 694 ± 35 b 884 ± 50 a
NH4

+-N (mg kg−1) 4.1 ± 0.6 b 7.0 ± 2.1 b 28.1 ± 7 a 9.0 ± 2.3 b 6.1 ± 1.9 b
NO3

−-N (mg kg−1) 3.5 ± 0.3 bc 1.8 ± 0.5 c 4.6 ± 0.5 b 3.7 ± 0.7 bc 11.2 ± 1.4 a
Note: BL, REP, UEP, MF, and NF represent barren land, short-rotation Eucalyptus plantation, undisturbed
Eucalyptus plantation, mixed native-species plantation forest, and natural forest, respectively. SMC, SOC, TN, TP,
DOC, NH4

+-N, and NO3
−-N stand for soil moisture content, soil organic carbon, total nitrogen, total phosphorus,

dissolved organic carbon, ammonium nitrogen, and nitrate nitrogen, respectively. Values are means ± SE;
n = 4 plots. Different lowercase letters indicate significant differences between different restoration treatments at
the p = 0.05 level.

3.2. Soil Microbial Properties

Restoration treatments enhanced MBC and MBN (Figure 1). Both MBC and MBN
reached peak concentrations in NF, confirming that all restoration treatments facilitated
microbial recovery. Specifically, MBC was significantly higher in UEP and MF than in BL
and REP (p < 0.05), and no significant difference occurred between UEP and MF. Also,
MBC in REP remained statistically indistinguishable from BL. For MBN, it was significantly
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higher in MF than in UEP, and UEP was higher than in REP and BL. There was no significant
difference between REP and BL (Figure 1).
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Figure 1. Soil microbial biomass carbon (MBC) and nitrogen (MBN) concentrations in all treatments.
BL, REP, UEP, MF, and NF stand for barren land, short-rotation Eucalyptus plantation, undisturbed
Eucalyptus plantation, mixed native-species plantation forest, and natural forest, respectively. Values
are means ± SE; n = 4 plots. Different lowercase letters indicate significant differences between
different restoration treatments at p < 0.05.

Total microbial biomass (summed PLFAs) and individual biomarker groups (bacteria,
fungi, AMF, and actinomycetes PLFAs) increased with vegetation recovery treatments.
They were the lowest in BL and the highest in NF for the biomass of bacteria, fungi, total
microbes, AMF, and actinomycetes (Figure 2A,C). This meant that microbial biomass in the
studied plantations did not reach the NF level. Microbial biomass (bacterial, fungal, total,
AMF, and actinomycetes PLFAs) was significantly higher in MF than in UEP, and UEP was
significantly higher than in REP. Meanwhile, the microbial biomass in REP was significantly
higher than in BL, except for AMF biomass (Figure 2B). Conversely, the fungi-to-bacteria
ratio (F:B) decreased along the restoration gradient: BL ≈ REP > UEP > MF > NF. Specif-
ically, F:B ratios in BL, REP, and UEP exceeded those in MF and NF (p < 0.05), with no
differences among BL, REP, and UEP. The F:B ratio in MF was marginally higher than in
NF (Figure 2D).
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Figure 2. Soil microbial biomass represented by PLFAs in all treatments: (A) soil total microbial
PLFAs; (B) arbuscular mycorrhizal fungi (AMF) PLFAs; (C) actinomycetes (Act) PLFAs; (D) fungi-
to-bacteria ratio in all treatments. Values are means ± SE; n = 4 plots. Different lowercase letters
indicate significant differences in the same microbial groups between different restoration treatments
at the p < 0.05 level. See Figure 1 for abbreviations.
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3.3. Soil Quality Index and Its Relationships with Microbial Community

PCA yielded three significant components (eigenvalues ≥ 1.0) explaining 89.2% of
the total variance (Table 2). SMC, SOC, MBC, DOC, MBN, and DN were highly weighted
indicators in PC-1 and were also significantly correlated with each other. DOC had the
highest PC-1 weighting (0.978), so it was only retained in the MDS. TN and NH4

+-N had
the highest weighting in PC-2 and PC-3, respectively, securing their MDS inclusion. Thus,
DOC, TN, and NH4

+-N were the three key soil quality indicators and comprised the final
MDS. The SQI was calculated using PCA-derived weighting factors. Vegetation restoration
treatments promoted soil quality. The SQI increased from 0.05 to 0.66 with vegetation
recovery (Figure 3). It was the lowest in BL and the highest in MF. The SQI in MF is
equivalent to the NF levels. The SQI increased marginally in the REP compared with BL,
and it was significantly higher in UEP than in REP. Meanwhile, the difference in the SQI
between UEP and NF was not significant, while in UEP, it was significantly lower than in
MF (Figure 3).

Table 2. Results of principal component analysis (PCA) of soil quality indicators in the 0–15 cm soil
layer of the vegetation restoration chronosequence.

Principal Components PC-1 PC-2 PC-3

Eigenvalues 8.20 1.38 1.13
Variance (%) 68.35 11.46 9.38
Cumulative (%) 68.35 79.82 89.20
Weighting value 0.346 0.34 0.314
Factor loading
SMC 0.962 −0.093 −0.088
pH −0.771 0.206 −0.021
SOC 0.968 −0.051 −0.028
TN 0.645 0.734 0.053
TP 0.743 0.630 0.118
MBC 0.967 −0.149 0.017
DOC 0.978 −0.059 0.117
MBN 0.976 −0.039 0.035
DN 0.955 −0.067 0.082
MBC/MBN −0.682 −0.132 0.410
NH4

+-N 0.260 −0.162 −0.889
NO3

−-N 0.698 −0.556 0.345
Note: SMC, pH, SOC, TN, TP, MBC, DOC, MBN, DN, MBC/MBN, NH4

+-N, and NO3
−-N, stand for soil moisture

content, pH value, soil organic carbon, total nitrogen, total phosphorus, microbial biomass carbon, dissolved
organic carbon, microbial biomass nitrogen, dissolved nitrogen, ratio of microbial biomass carbon to nitrogen,
ammonium nitrogen, and nitrate nitrogen, respectively.

Figure 3. Soil quality index (SQI) for all treatments. BL, REP, UEP, MF, and NF stand for barren
land, short-rotation Eucalyptus plantation, undisturbed Eucalyptus plantation, mixed native-species
plantation forest, and natural forest, respectively. Values are means ± SE; n = 4 plots. Different
lowercase letters indicate significant differences between different restoration treatments at p < 0.05.
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Pearson correlation analysis showed that microbial biomass and community composi-
tion characteristics, such as bacteria, fungi, AMF, actinomycetes, and the F:B ratio, exhibited
strong SQI linkages. Microbial biomass was significantly and positively correlated with the
SQI, while the F:B showed a significantly negative correlation with the SQI (Table 3).

Table 3. Pearson correlation coefficients (r) indicating the direction and strength of relationships
between soil physicochemical properties (microbial biomass) and the soil quality index (SQI)
(** p <0.01, *** p < 0.001).

Parameter
SMC
(B)

pH
(F)

SOC
(TMB)

TN
(Act)

TP
(AMF)

--
(F:B)

SQI 0.94 *** −0.68 ** 0.89 *** 0.75 *** 0.79 *** --
(0.89 ***) (0.92 ***) (0.90 ***) (0.90 ***) (0.91 ***) (−0.73 ***)

Note: SMC, pH, SOC, TN, TP, B, F, TMB, Act, AMF, and F:B stand for soil moisture content, pH value, soil organic
carbon, total nitrogen, total phosphorus, the PLFAs of bacteria, fungi, total microbes, actinomyces, and arbuscular
mycorrhizal fungi, and the ratio of fungi to bacterial PLFAs, respectively.

4. Discussion

4.1. Effects of Vegetation Recovery on Soil Quality

Vegetation recovery improves soil quality [50]. Soil quality index increased from
barren land to natural forest in this study (Figure 3). Plant biomass generally drives soil
improvement [51,52]. In these studied forests, the mixed plantation and natural forest
had comparably high aboveground biomass C stocks and root biomass, which were much
higher than those in the short-rotation Eucalyptus plantation [53]. Unfortunately, plant
biomass in the undisturbed Eucalyptus plantation was not investigated, but the higher
height and larger diameter at breast height were observed relative to the short-rotation
Eucalyptus plantation. Therefore, the increase in plant biomass could be responsible for the
soil quality improvement in these vegetation restoration treatments. However, compared
to barren land (no plants), the greater carbon storage of plant biomass in the short-rotation
Eucalyptus plantation did not result in a higher SQI in this study, which corresponded to
4.0% to 5.1% of those in the mixed forest and natural forest [53]. This finding suggests
that plant biomass cannot fully explain the changes in soil quality in this study, which was
consistent with other studies [20,54]. A recent study reported that root morphological traits
affected soil quality [36], whereas they were absent in this study. Vegetation types also
affected soil quality [19]. The deciduous broad-leaved forest had the highest soil quality
index, which was higher than the natural forest, and the disturbed forest had the lowest
SQI in the Karst areas of southwest China [12]. Furthermore, the minor SQI discrepancy
between barren land and the short-rotation Eucalyptus plantation could be ascribed partly
to their non-significant differences in DOC, TN, and NH4

+-N in this study.
Soil physicochemical properties affect soil quality [36,55], which was supported by the

significant correlations between soil physicochemical properties (SMC, pH, SOC, TN, and
TP) and the SQI in this study. Ren et al. [52] found that soil organic matter and available
P were the primary factors impacting soil quality. The trends in the SQI were the same
as TN and TP among different vegetation types. As the TN was one of the three key soil
quality indicators calculating the SQI, the correlations between them could be explained by
the inclusion in the index, while the weighted value of TN in the SQI was not the greatest
among the three key soil quality indicators (Table A1). Thus, we speculated that TN and
TP could be the most important factors mediating soil quality.

Soil physicochemical properties showed different responses to vegetation restoration
types [56]. The changes in SOC were more sensitive to vegetation recovery than TN and
TP, which was consistent with the previous study [53]. High-intensity management like
short-rotation cutting did not increase soil N and P [57]; thus, the improvement in soil
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quality was not significant in our study. Forest conservation or reducing disturbance
facilitates the improvement of soil quality in plantations [58]. Brown et al. [17] reported
that after 40 years of restoration, the soil carbon stocks and key soil physicochemical
properties in plantations and secondary forests reached similar levels to those in the
primary forests in the wet and moist climatic zones of Ghana. The significant improvement
in soil physicochemical properties under protected management likely enhances soil quality,
potentially explaining the SQI discrepancy between undisturbed long-term and disturbed
short-rotation Eucalyptus plantations observed in this study.

4.2. Effects of Vegetation Recovery on Soil Microbial Community

Vegetation recovery significantly increased microbial biomass, regardless of MBC or
PLFAs (Figures 1 and 2), aligning with the findings by Zhang et al. [59]. However, microbial
communities responded differently. Notably, Zhang et al. [59] found that there was no
significant difference in fungal biomass between the mixed forest and natural forest in
the topsoil. No significant difference in AMF biomass between the barren land and short-
rotation Eucalyptus plantation was also detected in the previous study [37], which was in
accordance with our study. The shifts in microbial communities could probably be driven by
vegetation recovery and the associated changes in soil physicochemical properties [60,61].
The significant correlations between soil physicochemical properties and microbial biomass
supported these findings (Table A2). Soil microbial community composition was a more
sensitive indicator to reflect the restoration of the ecosystem relative to soil physicochemical
properties. Mixed plantations had higher microbial biomass than pure plantations, possibly
due to higher biodiversity [62]. The positive effects of plant diversity on microbial biomass
were shown across terrestrial ecosystems [63]. Litter as a substrate for microbes may
mediate microbial communities [64]. However, there was no significant difference in
litter biomass among the short-rotation Eucalyptus plantation, mixed forest, and natural
forest [39]. Thus, the root-derived inputs rather than litter mass may exert a stronger
influence on microbial biomass dynamics.

Elevated microbial biomass may likely contribute to enhanced soil quality through
a greater accumulation of microbial residues. Previous studies have found that the accu-
mulation of glomalin-related soil protein and amino sugars accelerated with vegetation
recovery [37,65]. This link was further supported by significantly positive correlations
between microbial biomass and the SQI (Table 3). The F:B ratio decreased as the restoration
process progressed, which was in accordance with a previous study [65,66]. This could be
explained by a faster increase in bacteria than fungi. Bacteria were more sensitive to local
environmental drivers than fungi in forest ecosystems, particularly soil pH [66].

Beyond microbial biomass, soil microbiota functional recovery was also observed in
the same plots with this research. Microbial enzyme activities and soil biodiversity in the
mixed plantation reached comparable levels to the natural forest in terms of soil microbes
and mite diversity [39,59]. This indicates significantly faster recovery of soil biodiversity
under native-species mixed plantations than under disturbed Eucalyptus monocultures on
these degraded tropical coastal terraces after over 60 years.

For the MDS-selected soil quality indicators, their ability to represent integrated
soil quality remains constrained by the absence of key soil physical properties and plant
parameters. Furthermore, the unmeasured plant biomass in the UEP hindered a direct
assessment of its influence on soil quality. Additionally, although this study indicated
comparable soil quality among UPE and NF, Eucalyptus monocultures are known to weakly
support biodiversity [67], demonstrating lower bird functional diversity in relatively young
plantations than in natural forests [68]. It thus raises concerns about broader ecosystem
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function beyond soil quality alone, necessitating urgent long-term monitoring of undis-
turbed Eucalyptus plantations.

5. Conclusions

Vegetation restoration treatments strongly influence soil quality and microbial commu-
nities. The SQI in the undisturbed long-term Eucalyptus plantation and mixed native-species
forest reached levels comparable to the natural forest, indicating the recovery potential
of well-managed plantations. Microbial biomass (bacteria, fungi, arbuscular mycorrhizal
fungi, and actinomycetes) progressively increased from barren land to natural forest, but
remained lower in all plantations than in the natural forest, suggesting incomplete mi-
crobial recovery and more sensitive responses relative to soil physicochemical properties
alone. In addition, soil dissolved organic carbon, total nitrogen, and NH4

+-N were three
key soil quality indicators. Soil microbial biomass positively affected the SQI. Moreover, an
undisturbed long-term Eucalyptus plantation has higher SQI and microbial communities
than a disturbed short-rotation Eucalyptus plantation, indicating that intensive disturbance
impeded the recovery of soil quality. Collectively, these findings suggest that afforestation
with mixed native tree species is more favorable, and long-term forest protection imple-
mented in pure plantations also proves effective for restoring degraded landscapes. These
two restoration approaches enable soil quality to approach levels observed in the secondary
native forest over time. This study highlights that tree species mixtures and reducing
disturbance should be taken into consideration for ecological restoration in tropical and
subtropical ecosystems.
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UEP Undisturbed long-term Eucalyptus plantation
MF Mixed native-species plantation
NF Natural forest
AMF Arbuscular mycorrhizal fungi

Appendix A

Table A1. Normalization equation of scoring curves.

Parameter
Average

Curve Type Slope
(b)

Normalization Equation Weighting
Value (W)(x0)

DOC 0.40 More is
better −2.5 S = 1/(1 + (X/0.4)−2.5) 0.346

TN 452.81 More is
better −2.5 S = 1/(1 + (X/452.81)−2.5) 0.340

NH4
+-N 10.75 More is

better −2.5 S = 1/(1 + (X/10.75)−2.5) 0.314

Note: DOC, TN, and NH4
+-N stand for soil dissolved organic carbon, total nitrogen, and ammonium

nitrogen, respectively.

Table A2. Pearson correlation coefficients (r) indicating the direction and strength of relationships
between soil physicochemical properties and microbial biomass (* p < 0.05; ** p <0.01; *** p < 0.001).

SMC pH SOC TN TP DOC DN NH4
+-N NO3

−-N

B 0.95 *** −0.71 ** 0.94 *** 0.64 ** 0.72 *** 0.97 *** 0.94 *** 0.51 0.74 ***
F 0.94 *** −0.72 ** 0.96 *** 0.69 ** 0.74 *** 0.93 *** 0.90 *** 0.30 0.64 **
TPLFAs 0.95 *** −0.71 ** 0.95 *** 0.66 ** 0.74 *** 0.96 *** 0.94 *** 0.24 0.71 **
Act 0.94 *** −0.71 ** 0.94 *** 0.67 ** 0.75 *** 0.96 *** 0.95 *** 0.22 0.76 ***
AMF 0.94 ** −0.65 ** 0.93 *** 0.71 ** 0.77 *** 0.94 *** 0.91 *** 0.25 0.66 **
F:B −0.83 *** 0.56 * −0.76 −0.52 * −0.63 ** −0.84 *** −0.85 *** −0.20 −0.65 **

Note: SMC, pH, SOC, TN, TP, DOC, DN, NH4
+-N, NO3

−-N, B, F, TPLFAs, Act, AMF, and F:B stand for soil
moisture content, pH value, soil organic carbon, total nitrogen, total phosphorus, dissolved organic carbon,
dissolved nitrogen, ammonium nitrogen, and nitrate nitrogen, the PLFAs of bacteria, fungi, total microbes,
actinomyces, and arbuscular mycorrhizal fungi, and the ratio of fungi to bacterial PLFAs, respectively.
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Simple Summary

Alpine sandy areas in the Gonghe Basin, which had been subjected to four afforestation
measures, exhibited a gradual increase in water content, nutrient content, enzymatic
activities, and bacterial community richness and diversity with succession from the bare
sand stage to an algae crust and then to a moss crust. In particular, the above indicators for
the two types of biological soil crusts had higher values at the Populus simonii plantation
(YY) site than at other afforested sites. Effective phosphorus and organic matter were the
primary environmental factors affecting bacterial community structure in algae and moss
crusts, respectively, and the activities of four types of enzymes were significantly correlated
with the relative abundance of most major bacterial phyla. The functional prediction results
showed that YY preserved the balance of primary functions while offering precise support
for the physiological characteristics and ecological needs of different crust types in the
secondary functions. A comprehensive analysis of the indicators revealed that YY was
more favorable for the development of biological soil crusts.

Abstract

A good understanding of the effects of different afforestation measures in alpine sandy
land on the physicochemical properties, enzymatic activities, and bacterial commu-
nity structure of such crusts enables elucidation of the succession patterns of biologi-
cal soil crusts and provides a theoretical basis for precise optimization of desertifica-
tion control programs in alpine sandy land. In the present study, four afforestation
measures—Salix cheilophila+ Populus simonii (WLYY00), S. cheilophila (WL), P. simonii (YY),
and Caragana korshinskii (NT00) plantations—were adopted. The physicochemical proper-
ties and enzymatic activities of bare sand, algae crust, and moss crust in the four afforested
sites were analyzed using Illumina high-throughput sequencing and PICRUSt2 functional
prediction to investigate the bacterial community structure and function. Results indicated
the following: (1) Water content, nutrient content, enzymatic activities, and bacterial com-
munity richness and diversity increased stepwise with succession from the bare sand stage
to algae crust and to moss crust. The enhancement effect of YY on the above indicators and
fine particle content was most prominent. (2) The primary environmental factors affecting
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bacterial community structure in algae and moss crusts were adequate phosphorus and
organic matter, respectively, and the correlations between the activities of the four enzymes
and the bacterial community structure are also quite close. (3) Functional prediction indi-
cated that metabolism was the main primary function of biological soil crusts at the various
sample sites. YY maintained the balance of primary functions and provided precise support
for the physiological characteristics and ecological needs of different crust types in the
secondary functions. In conclusion, among the four types of afforestation measures with a
restoration period of 24 years, YY provided a greater advantage in improving the nutrient
content, bacterial community structure, and functional potentials of biological soil crusts.
The results of this study can serve as a scientific reference for screening of afforestation
measures and protecting and utilizing biological soil crusts during the ecological restoration
of alpine sandy lands in the present study area and other regions.

Keywords: desertification control measures; alpine sandy land; biological soil crust;
physicochemical properties; enzymatic activity; bacterial community structure

1. Introduction

Desertification is a severe ecological and environmental problem worldwide. It leads
to a series of land degradation phenomena such as reduced soil water retention and
productivity, resulting in the formation of large areas of sandy land [1,2]. Biological soil
crusts (BSCs), formed by the cementation of algae, lichens, mosses, bacteria, and fungi
to ground particles, are widely distributed on the surface layer of sandy land [3]. They
are primarily divided into three successional stages: algae, lichen, and moss crusts. In
particular, algae and moss crusts are the most common crust groups in sandy land due to
their high biomass and wide coverage [4]. Algae can secrete high-molecular polymers such
as polysaccharides to aggregate sand particles and form algae crusts on the soil surface,
mainly including cyanobacteria, chlorophyta and diatoms. Among them, cyanobacteria
play a key role in the formation and succession of crusts [5]. Moss crusts are organic
complexes formed by the adhesion of rhizoids of Bryophyta plants to ground particles;
they are in the advanced stage of the forward succession of BSCs. On sandy land, the
main species that forms moss crusts is Bryum argenteum [6]. BSCs can serve various
roles during the ecological restoration of sandy lands, including promoting vegetation
succession, preventing wind erosion and stabilizing sand, retaining soil moisture, and
enhancing soil nutrient content [7–9]. The strengths of these functions are closely related
to the physicochemical properties and enzymatic activities of the crusts [10]. Relevant
studies [11,12] have revealed significant differences in the physicochemical properties
and enzymatic activities of BSCs subjected to different afforestation measures, as well
as between BSCs at different developmental stages in identical environments. Therefore,
elucidating the physicochemical properties and enzymatic activities of BSCs under different
afforestation measures can provide a scientific basis for screening afforestation measures
that effectively promote crust development and enhance its ecological function. This
will be beneficial for the stable restoration and sustainable development of sandy land
ecosystems. An understanding of changes in the physicochemical properties and enzymatic
activities of BSCs across different developmental stages in the same environment can
also shed light on the mechanisms of BSC succession and development. Bacteria are
important in the formation and development of BSCs. Besides maintaining the structure
and function of these crusts, bacteria can also drive ecosystem material cycling, influencing
their physicochemical properties and enzymatic activities [13]. Therefore, an analysis of the
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composition and function of bacterial communities in BSCs enables an in-depth elucidation
of the mechanisms of crust development and aids in assessing the restoration effect of
afforestation measures through the analysis of differences in bacterial community function.
This will contribute to the optimization of desertification control strategies.

With an extensive desertified land area of approximately 5573 km2, the Gonghe Basin
is one of the most severely desertified areas in China [14]. The high altitude and low
temperature of the region make it a typical alpine sandy land [15]. Large-scale afforestation
measures have been implemented in the alpine sandy land of the Gonghe Basin since the
1960s to control the spread of desertification effectively [16]. Researchers have also sys-
tematically studied and evaluated the effectiveness of specific representative management
measures in soil improvement [17,18]. However, these studies have merely assessed the
soil improvement effects of different afforestation measures from the perspective of soil
physicochemical properties, while the degree of development of BSCs, an important indica-
tor, has been neglected. Zhang et al. [19] compared the differences in the physicochemical
properties among various BSCs in areas subjected to three different afforestation measures.
However, an in-depth investigation of the enzymatic activity, bacterial community struc-
ture, and function of the crusts was not reported. Therefore, our understanding of the
response characteristics of BSCs to different vegetation types is limited, thereby restricting
the precise optimization of ecological restoration strategies in alpine sandy regions. We
selected alpine sandy areas of the Gonghe Basin that had been separately subjected to four
representative afforestation measures in 2000 to achieve an extensive understanding of the
effects of different afforestation measures on BSCs in alpine sandy land. Samples of bare
sand without crust cover (0–2 cm soil layer), algae crust, and moss crust were collected. The
physicochemical properties and enzymatic activities of the samples were measured, and
bacterial community structure analysis and functional prediction were performed using
high-throughput sequencing and PICRUSt2 functional prediction. Correlations among the
physicochemical properties, enzymatic activities, and bacterial community structure of
algae and moss crusts were subsequently determined. Our results revealed the response
characteristics of physicochemical properties, enzymatic activities, and bacterial commu-
nity structure and function of BSCs under different afforestation measures, elucidated the
succession and development patterns of BSCs in alpine sandy land, and provided scientific
support for the screening of optimal afforestation measures that can effectively promote
the development of BSCs and strengthen their ecological functions. This can serve as a
theoretical basis for promoting stable restoration and sustainable management of the alpine
sandy land ecosystem in the Gonghe Basin.

2. Materials and Methods

2.1. Study Area

The study area is located in a desertification control experimental station and afforesta-
tion base in Shazhuyu Township, Gonghe County, Hainan Prefecture, Qinghai Province,
China (100◦25′ E, 36◦24′ N, Figure 1). Situated in the mid-western part of the Gonghe Basin,
it belongs to the transition zone between alpine arid desert and semi-arid grassland [20].
The area is at an altitude of 2880 m and is characterized by an alpine climate, aridity, and
intense radiation. Climatic characteristics include an annual precipitation of 264 mm, an-
nual evaporation of 1528–1937 mm, average annual temperature of 2.4 ◦C, average annual
wind speed of 2.7 m/s, and primarily northwesterly and westerly winds. The soil type is
dominated by aeolian sandy soil, and BSCs are primarily algae and moss crusts, with the
total coverage of other types of crusts being less than 1%.

140



Biology 2025, 14, 1530

Figure 1. Overview of the study area.

2.2. Sample Site Selection and BSCs Sample Collection

Sample site selection and collection of BSC samples from the study area were per-
formed in the second half of July 2024. Afforested sites on which the following four
large-scale, representative afforestation measures had been implemented in 2000 were
selected: Salix cheilophila + Populus simonii plantation (WLYY00), S. cheilophila plantation
(WL), P. simonii plantation (YY), and Caragana korshinskii plantation (NT00) (Table 1). Prior
to afforestation, all four sample sites were situated on mobile sand dunes on the alpine
sandy land of the Gonghe Basin. Site conditions were generally consistent, with plant
spacing being 1.5 m × 1.5 m. Afforestation was performed using pit sowing for NT00 and
by planting seedlings in the remaining sites. Additionally, 3 large quadrats (50 m × 50 m)
and 12 small quadrats (5 m × 5 m) were randomly established in the inter-dune area of
each sample site. Based on the principles of random sampling and multi-point sampling,
samples of bare sand (0–2 cm soil layer) without crust cover, algae crust, and moss crust
were collected from each large quadrat. Samples of the same type were thoroughly mixed
to form a single sample, and a total of 36 samples were obtained (3 large quadrats × 3 crust
types × 4 sample sites). Each sample was divided into two parts: one part was used for
the determination of physicochemical properties and enzymatic activities, and the other
part was loaded into a 10 mL sterile centrifuge tube and stored in liquid nitrogen for
subsequent bacterial sequencing. The coverage and thickness of crust samples within each
small quadrat were recorded, and the average of the 12 small quadrats was calculated and
used as the final value. During crust sample collection, a 9.0 cm diameter Petri dish was
first used to delineate the sample collection area, and a sterile spatula was subsequently
used to separate the crust layer from the underlying soil. The sampling tools were sterilized
with 75% alcohol between sampling.

Table 1. Basic information of sample sites.

Sample
Site

Longitude Latitude
Elevation

(m)
Area
(m2)

Coverage Crust Type
Crust

Thickness/mm
Crust

Coverage/%

WLYY00 100◦14′27.23′′ E 36◦15′32.432′′ N 2828 133,333 67%
Bare sand nd 31.33 ± 11.47

Algae crust 7.12 ± 1.06 41.62 ± 14.38
Moss crust 13.11 ± 2.11 27.04 ± 4.31

YY 100◦13′259.1′′ E 36◦15′32.713′′ N 2827 46,666 81%
Bare sand nd 13.01 ± 2.74

Algae crust 4.74 ± 0.37 22.73 ± 4.13
Moss crust 9.22 ± 1.43 64.25 ± 11.74
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Table 1. Cont.

Sample
Site

Longitude Latitude
Elevation

(m)
Area
(m2)

Coverage Crust Type
Crust

Thickness/mm
Crust

Coverage/%

WL 100◦14′16.54′′ E 36◦14′50.678′′ N 2830 40,000 64%
Bare sand nd 31.12 ± 9.48

Algae crust 5.16 ± 0.85 27.18 ± 3.04
Moss crust 8.45 ± 1.39 41.71 ± 8.45

NT00 100◦14′36.26′′ E 36◦15′5.3167′′ N 2825 133,333 91%
Bare sand nd 17.23 ± 7.51

Algae crust 4.16 ± 0.77 21.08 ± 6.36
Moss crust 8.68 ± 1.46 61.70 ± 14.54

Note: Mean ± standard error; nd = not determined; WLYY00: Salix cheilophila + Populus simonii plantation; WL: S.
cheilophila plantation; YY: P. simonii plantation; NT00: Caragana korshinskii plantation.

2.3. Physicochemical Properties and Enzymatic Activities

Table 2 shows the methods used for measuring physicochemical properties and
enzymatic activities.

Table 2. Methods for determining physicochemical properties and enzymatic activities.

Indicator Method Reference

Soil particle composition Laser method [21]
pH Potentiometric method (water/soil ratio of 2.5:1) [22]

Electrical conductivity (EC) Conductometric method (water/soil ratio of 5:1) [22]
Soil water content (SWC) Drying method [22]

Alkaline-dissolved nitrogen (AN) Alkaline dissolution and diffusion method [22]

Available phosphorus (AP) Sodium bicarbonate leaching and molybdenum
antimony colorimetric method [22]

Total phosphorus (TP) Sodium hydroxide fusion and molybdenum
antimony colorimetric method [22]

Soil organic matter (SOM) Potassium dichromate–concentrated sulfuric acid
external heating method [22]

Total carbon (TC) and total nitrogen (TN) Combustion method [22]
Total potassium (TK) and available

potassium (AK) Flame photometry [22]

Urease (URE) Indophenolic acid colorimetric method [23]
Alkaline phosphatase (ALP) Disodium phenyl phosphate colorimetric method [24]

Sucrase (SUC) 3,5-Dinitrosalicylic acid colorimetric method [25]
Catalase (CAT) Potassium permanganate titration method [26]

Note: According to American standards, soil particles are categorized into three classes: clay (<0.002 mm in
diameter), silt (0.002–0.05 mm), and sand (>0.05 mm).

2.4. 16S rDNA Extraction and Sequencing

Extraction and PCR amplification of 16S rDNA were performed according to the
methods described by Du et al. [27]. DNA purification kit: MagaBio Soil Genomic DNA
Purification Kit (Thermo Fisher Scientific, Shanghai, China). The V3—V4 variable region of
the soil bacterial 16S rRNA gene was PCR amplified using the universal primers 338F and
806R. The 16S rDNA library was constructed using the TruSeqTM DNA Sample Prep Kit
(Illumina Corporation, San Diego, CA, USA), and sequencing was performed on the MiSeq
PE300 platform. Upon the completion of sequencing, the MiSeq paired-end sequencing
data were merged into one sequence using FLASH 1.2.11 software. After quality control in
Fastp 0.19.6, the samples were differentiated using barcodes and primers at both ends to
obtain valid sequences.

2.5. Data Processing and Analysis

Analysis of variance (ANOVA) and Duncan’s test for significant differences were
performed in SPSS 27.0. Sequences were clustered into operational taxonomic units (OTUs)
based on 97% similarity in UPARSE 7.0.1090, removing single sequences and chimeras
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during the clustering process, and compared to the Silva database to annotate species
classification for each sequence. Alpha diversity indices (Coverage, Ace, Chao, Shannon,
Simpson) were calculated in Mothur 1.30.2. Differences in the relative abundance of major
bacterial phyla among different samples were assessed using the Kruskal–Wallis rank-sum
test and one-way ANOVA. R software 3.3.1 was used to conduct inter-group difference
tests with the alpha diversity index and to generate a principal coordinates analysis (PCoA)
plot (calculate the sample distance matrix based on the distance algorithm of Bray–Curtis),
soil bacterial community composition maps, correlation heatmaps, redundancy analysis
(RDA) plots, and a Mantel test network heatmap.

PICRUSt2 functional prediction can be used to predict the functional information of
bacterial communities in environmental samples, and to further understand some potential
bacterial functional characteristics during environmental changes through functional com-
position and abundance. Functional prediction of the bacterial communities of samples
was performed using the PICRUSt2 software based on the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database, and obtained the relative abundance of each function
under the first-level and second-level function predictions

3. Results

3.1. Particle Composition of BSCs

The particle compositions of bare sand, algae crust, and moss crust were mainly
dominated by sand particles, accounting for more than 45%, at the WLYY00, WL, and NT00
sites. In contrast, these were dominated by silt particles, accounting for more than 42%,
at the YY site (Figure 2). Further comparison of the particle composition characteristics
of the four afforested sites revealed that algae and moss crusts had lower sand content
and a higher content of fine particles (clay + silt particles) than bare sand at all sites. This
reflected the enrichment effect of the BSCs on fine particulate matter. Notably, there were
significant differences in the particle composition of the two types of soil crusts in different
afforested sites. The algae crust had a higher fine particulate matter content at the WLYY00
and NT00 sites, the moss crust had a higher fine particulate matter content at the YY site,
and the fine particulate matter contents of algae and moss crusts were comparable at the
WL site. The clay and silt contents for the same type of crust were significantly higher and
the sand content was significantly lower at the YY site than at all other sites. This result
indicated that YY exerted the most significant promoting effect on the enrichment of fine
particulate matter by BSCs.

Figure 2. Particle composition. WLYY00: Salix cheilophila + Populus simonii plantation; WL: S.
cheilophila plantation; YY: P. simonii plantation; NT00: Caragana korshinskii plantation. Different
lowercase letters indicate significant differences in the indicators among bare sand, algae crust, and
moss crust at the same site. Different uppercase letters indicate significant differences in the indicators
of the same type of crust at different sites.

3.2. Physicochemical Properties and Enzymatic Activities of BSCs

Figure 3 shows that bare sand and two types of crusts in all four afforested sites
were alkaline, with all pH values exceeding 8.22. The pH values of algae and moss
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crusts were significantly lower than that of bare sand, while there was no significant
difference in pH between the two types of crusts. BSCs at the WLYY00 and YY sites had
relatively lower pH values. Electrical conductivity (EC), soil water content (SWC), total
carbon (TC), total nitrogen (TN), total phosphorus (TP), alkaline-dissolved nitrogen (AN),
available phosphorus (AP), available potassium (AK), soil organic matter (SOM), catalase
(CAT), sucrase (SUC), urease (URE), and alkaline phosphatase (ALP) values increased
progressively from bare sand to algae crust to moss crust in each type of afforested site. At
the WLYY00 and WL sites, the total potassium (TK) content of algae crust was significantly
higher than that of moss crust, while moss crust had a significantly higher TK content than
bare sand. At the YY and NT00 sites, TK content was highest in moss crust, but it was not
significantly different from that of algae crust and was only significantly higher than that
of bare sand. Among the four afforested sites, the YY site had higher contents of EC, SWC,
and soil nutrients (TC, TN, TP, TK, AN, AP, AK, and SOM) than those of the same type
of crust at the other sites. SUC, URE, and ALP activities of the same type of crust were
also higher at the YY site than at the other sites, with only CAT activity being relatively
low. These results indicated that YY was more conducive to promoting the improvement
of physicochemical properties of BSCs on sandy land and also had a more pronounced
effect on the enhancement of SUC, URE, and ALP activities, with only a relatively weak
enhancement effect exerted on CAT activity.

Figure 3. Physicochemical properties and enzymatic activities. WLYY00: Salix cheilophila + Populus
simonii plantation; WL: S. cheilophila plantation; YY: P. simonii plantation; NT00: Caragana korshinskii
plantation. Different lowercase letters indicate significant differences in the indicators among bare
sand, algae crust, and moss crust at the same site. Different uppercase letters indicate significant
differences in the indicators of the same type of crust at different sites.
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3.3. Correlation Analysis of Physicochemical Properties and Enzymatic Activities

The majority of physicochemical properties and enzymatic activities were significantly
correlated in pairs in both algae and moss crusts (Figure 4). In both types of crusts, ALP
was significantly positively correlated with TC, TN, TP, TK, AN, and URE, and significantly
negatively correlated with CAT. The ALP of algae crust showed a significant positive corre-
lation with AP, while the ALP of moss crust was significantly positively correlated with
SWC and significantly negatively correlated with pH. URE was significantly correlated
with all indicators—except pH, where it was significantly negatively correlated only with
CAT—in both types of crusts. The SUC of algae crust had significant correlations with
all physicochemical properties, CAT, and URE, being significantly negatively correlated
with CAT and pH and significantly positively correlated with the other indicators. In moss
crust, SUC had no significant correlations with CAT and pH, while its correlations with the
rest of the indicators were in agreement with those of algae crust. In both types of crusts,
CAT was significantly negatively correlated with TC, TN, TK, AN, and SOM. The CAT
of algae crust was significantly negatively correlated with EC, SWC, TP, AP, and AK. In
the algae crust, pH was significantly negatively correlated with AK and EC, exhibited no
significant correlations with SWC and TK, and showed significant positive correlations
with the remaining physicochemical indicators. In moss crust, pH was significantly nega-
tively correlated with SOM, TK, and TC, and had no significant correlation with the other
indicators; AP was significantly positively correlated with AK, EC, TN, TP, and AN, and
had no significant correlations with other indicators; and the remaining indicators were
significantly positively correlated with each other. The results described above revealed
that the correlations between physicochemical properties and enzymatic activities in the
four afforested sites were closer and more extensive in algae crust than in moss crust.

Figure 4. Correlations among physicochemical properties and enzymatic activities. (A,B) show the
heatmaps of correlations between the physicochemical properties and enzymatic activities of algae
crust and moss crust in different afforested sites, respectively; red denotes a positive correlation and
blue denotes a negative correlation, with deeper colors indicating a higher degree of correlation.
Asterisks within the color blocks indicate significance, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001.

3.4. Structural Characteristics of Bacterial Communities in BSCs
3.4.1. Statistical Analysis of OTUs

A total of 1,677,744 valid sequences were obtained from 36 BSC samples after bacterial
sequencing. After clustering and transformation, 9898 OTUs belonging to 1 kingdom,
50 phyla, 141 classes, 322 orders, 540 families, and 1092 genera were obtained using
classification and annotation. The bacterial community coverage index exceeded 0.977
in the various samples (Figure S1), indicating that the current sequencing volume was
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sufficient to cover the vast majority of species in the bacterial communities of bare sand,
algae crust, and moss crust at the four afforested sites.

3.4.2. Alpha Diversity Indices

The alpha diversity indices of bare sand and the two types of crusts in the four
afforested sites were analyzed to assess the species richness and diversity levels of the
bacterial communities (Figure 5). Specifically, the ACE and Chao indices were used to
assess the richness of bacterial communities, while the Shannon and Simpson indices
were used to characterize the diversity of bacterial communities. Figure 5 shows that
the ACE, Chao, and Shannon indices gradually increased in all four afforested sites. In
contrast, the Simpson index gradually decreased with succession from bare sand to algae
crust and to moss crust. This indicated that both the richness and species diversity of
the bacterial communities increased with the gradual maturation of crust development.
Among the four afforested sites, the YY site had higher ACE, Chao, and Shannon indices
and a lower Simpson index in the algae and moss crusts than the same crusts at the other
sites. Therefore, it is evident that YY was more conducive for achieving an increase in
richness and optimization of diversity of bacterial communities in the BSCs, as compared
with the other three afforestation measures.

 

Figure 5. Alpha diversity indices of bacterial communities. WLYY00: Salix cheilophila + Populus
simonii plantation; WL: S. cheilophila plantation; YY: P. simonii plantation; NT00: Caragana korshinskii
plantation. Different lowercase letters indicate significant differences in the indices among bare sand,
algae crust, and moss crust at the same site. Different uppercase letters indicate significant differences
in the indices of the same type of crust at different sites.

3.4.3. Bacterial Community Composition

Bacterial communities of algae crusts and moss crusts of the four afforested sites were
mainly comprised of eight bacterial phyla (Figure 6). Proteobacteria, Cyanobacteriota,
Bacteroidota, and Actinomycetota were the dominant phyla, with the relative abundances
being 21.77–31.56%, 8.47–35.13%, 7.40–19.20%, and 8.17–16.99%, respectively. The relative
abundances of Gemmatimonadota and Cyanobacteriota in the algae crust were lower
and higher, respectively, than those of moss crust at all four afforested sites. Notably, the
relative abundances of Cyanobacteriota in algae crust of the WLYY00, NT00, and YY sites
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were 3.19, 3.18, and 2.21 times that of the corresponding moss crusts, respectively. Other
major bacterial phyla did not exhibit similar patterns of differences between algae and
moss crusts.

Figure 6. Bacterial community composition of BSCs. “Others” indicate all bacterial phyla with ranks
higher than the 8th when sorted in descending order of relative abundance, sorted from high to low;
WLYY00: Salix cheilophila + Populus simonii plantation; WL: S. cheilophila plantation; YY: P. simonii
plantation; NT00: Caragana korshinskii plantation; _Z: algae crust; _X: moss crust.

3.4.4. PCoA

The PCoA plot shows the degree of similarity of bacterial community composition
among different samples, with a smaller distance between sample points in the plot in-
dicating higher similarity. PCoA performed in this study (R = 0.785, p = 0.001, Figure 7)
revealed that the two types of crust samples each formed a relatively centralized distribu-
tion, suggesting higher similarity between bacterial community compositions of the same
type of crust. The algae crust and moss crust sample points of the WL and YY sites were
close to each other, which indicated that the bacterial community composition of the two
types of crusts had greater similarity in these two afforested sites. However, at the WLYY00
and NT00 sites, the distributions of the two types of crusts were located further apart,
demonstrating the presence of greater differences in bacterial community composition.
This may be related to the selective shaping of bacterial communities in different crusts
by unique microenvironmental conditions (e.g., moisture) in these two afforested sites,
leading to clear differentiation of bacterial community composition between the two types
of crusts. The bacterial community compositions of the same type of crust samples at the
WLYY00 and NT00 sites had greater similarity, suggesting that the bacterial community
structure of the same crust type possessed higher internal consistency under the influence
of these two afforestation measures.

3.4.5. Significance Testing of Intergroup Differences Among Major Bacterial Phyla

Significance testing of intergroup differences among eight major bacterial phyla in
the algae and moss crusts of the four afforested sites was conducted (Figure 8). Results
indicated that the relative abundances of Chloroflexota in algae crust and Proteobacteria,
Bacteroidota, Actinomycetota, Gemmatimonadota, and Myxococcota in moss crust differed
significantly among the four afforested sites. This indicated that on alpine sandy land,
the effects of different afforestation measures with a restoration period of 24 years on the
bacterial community of BSCs exhibited crust type specificity. The relative abundances of
the major bacterial phyla in moss crust were more sensitive to responses to afforestation
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measures, and the structure of its major bacterial communities was susceptible to regulation
by the afforestation measures. In contrast, the bacterial community structure of the algae
crust was relatively stable.

Figure 7. PCoA plot of bacterial communities. WLYY00: Salix cheilophila + Populus simonii plantation;
WL: S. cheilophila plantation; YY: P. simonii plantation; NT00: Caragana korshinskii plantation; _Z: algae
crust; _X: moss crust.

Figure 8. Significance testing of intergroup differences among major bacterial phyla. *: p ≤ 0.05;
WLYY00: Salix cheilophila + Populus simonii plantation; WL: S. cheilophila plantation; YY: P. simonii
plantation; NT00: Caragana korshinskii plantation; _Z: algae crust; _X: moss crust.

3.5. Correlation Analysis of Physicochemical Properties, Enzymatic Activities, and Bacterial
Community Structure
3.5.1. Algae Crust

Correlation analysis was performed on the physicochemical properties, enzymatic
activities, and bacterial community structure of algae crust in the four afforested sites
(Figure 9). Results revealed that most physicochemical properties and enzyme activity indi-
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cators are closely correlated with the bacterial community structure, but have no significant
correlation with the relative abundance of multiple major bacterial phyla. Figure 9A shows
that the relative abundances of Actinomycetota, Chloroflexota, Myxococcota, Cyanobacteri-
ota, and Bacteroidota had no significant correlations with any physicochemical properties
or enzymatic activities. The relative abundance of Acidobacteriota was not significantly
correlated with pH but significantly correlated with all remaining indicators, with only
CAT showing a significant positive correlation. Relative abundances of Proteobacteria and
Gemmatimonadota were significantly positively correlated with URE, AP, TP, SOM, TC,
and TN; the relative abundance of Proteobacteria was significantly positively correlated
with ALP and TK; and the relative abundance of Gemmatimonadota was significantly
positively correlated with SWC. From Figure 9B, it can be seen that AP was the most critical
physicochemical factor affecting the community structure of algae crust bacteria in the
four afforested sites of this study, followed by TC, TN, and TP. Figure 9C shows that the
activities of the four enzymes are closely correlated with the community structure of algae
crust, among which the correlation of URE is the most significant.

Figure 9. Correlations between environmental factors and bacterial community structure of algae
crust. (A) Heat map of correlations of the physicochemical properties and enzymatic activities of
algae crust with the relative abundances of major bacterial phyla. (B,C) RDA plots of bacterial
community structure with the physicochemical properties and enzymatic activities of algae crust,
respectively. WLYY00: Salix cheilophila + Populus simonii plantation; WL: S. cheilophila plantation; YY:
P. simonii plantation; NT00: Caragana korshinskii plantation; _Z: algae crust; red denotes a positive
correlation and blue denotes a negative correlation, with deeper colors indicating a higher degree of
correlation. Asterisks within the color blocks indicate significance, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤
0.001.
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3.5.2. Moss Crust

Correlation analysis was performed on the physicochemical properties, enzymatic
activities, and bacterial community structure of moss crust in the four afforested sites
(Figure 10). Results indicated that the physicochemical properties and enzyme activity
indicators of moss crusts are closely correlated with the bacterial community structure, and
also have a significant correlation with the relative abundance of most major bacterial phyla.
This differed from the findings for algae crust described above. Figure 10A shows that
the relative abundances of Proteobacteria and Bacteroidota were significantly positively
correlated with pH and CAT, and significantly negatively correlated with ALP, AN, TK,
TC, SOM, and URE, while the relative abundance of Bacteroidota was significantly nega-
tively correlated with TN, SWC, and TP. The relative abundance of Cyanobacteriota was
significantly positively correlated with CAT and significantly negatively correlated with
AP, AK, and SUC. Relative abundances of Actinomycetota, Chloroflexota, and Gemmati-
monadota were significantly negatively correlated with CAT and significantly positively
correlated with SUC, ALP, TK, TC, SOM, TN, URE and SWC. The relative abundances of
Actinomycetota and Chloroflexota were significantly negatively correlated with pH, the
relative abundances of Chloroflexota and Gemmatimonadota were significantly positively
correlated with AN and TP, and the relative abundance of Chloroflexota was significantly
positively correlated with AK and EC alone. The relative abundance of Myxococcota was
significantly correlated with AP only, with the correlation being positive, while the relative
abundance of Acidobacteriota was not significantly correlated with any of the indicators.
Figure 10B shows that SOM was the most critical physicochemical factor affecting the com-
munity structure of moss crust bacteria in the four afforested sites of this study, followed
by TC and TN. From Figure 10C, it can be observed that the activities of the four enzymes
are also closely related to the community structure of moss skinning bacteria, among which
ALP is the most significant.

Figure 10. Correlations between environmental factors and bacterial community structure of moss crust.
(A) shows the heat map of correlations of the physicochemical properties and enzymatic activities of
moss crust with the relative abundances of major bacterial phyla; (B,C) show the RDA plots of bacterial
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community structure with the physicochemical properties and enzymatic activities of moss crust,
respectively; WLYY00: Salix cheilophila + Populus simonii plantation; WL: S. cheilophila plantation; YY:
P. simonii plantation; NT00: Caragana korshinskii plantation; _X: moss crust; red denotes a positive
correlation and blue denotes a negative correlation, with deeper colors indicating a higher degree
of correlation. Asterisks within the color blocks indicate significance, * p ≤ 0.05, ** 0.001 < p ≤ 0.01,
*** p ≤ 0.001.

3.6. Functional Prediction of Bacterial Communities in BSCs of Different Afforested Sites
3.6.1. Prediction of Primary Functions

Functional prediction indicated that the bacterial communities of BSCs and bare sand
in the four afforested sites possessed six primary functions. All relative abundances were
greater than 1%, with metabolism having the highest relative abundance and accounting
for more than 76% (Figure 11). The relative abundance of metabolism was not significantly
different among bare sand, algae crust, and moss crust at the WLYY00 and WL sites. How-
ever, the relative abundances of metabolism in both crust types were significantly higher
than that of bare sand at the YY and NT00 sites, with that of moss crust being higher than
that of algae crust. With the succession from bare sand to algae crust and to moss crust
in the four afforested sites, the relative abundance of genetic information processing and
human diseases gradually increased. In contrast, the relative abundance of environmental
information processing and organismal systems gradually decreased. The relative abun-
dance of cellular processes in bare sand was significantly higher than that in algae and
moss crusts, but did not differ significantly between the two types of crusts. Cross-site
comparisons revealed no significant differences in the relative abundances of metabolism
and cellular processes among the same type of crusts in the four afforestation sites. The
relative abundances of genetic information processing and environmental information
processing were not significantly different among moss crust of the various sites, and the
relative abundances of human diseases and organismal systems were not significantly
different among algae crust of the various sites. The relative abundance of genetic infor-
mation processing in algae crust was considerably higher at the NT00 site than in other
afforested sites. Relative abundances of environmental information processing in algae
crust and human diseases in moss crust were the highest at the WLYY00 site. The relative
abundance of organismal systems in the moss crust was the highest at the WL site, followed
by that at the NT00 and WLYY00 sites. These results demonstrated that, except for YY, the
other three afforestation measures were significantly targeted at enhancing the primary
functions of bacterial communities in soil crusts. NT00 was more conducive to the exertion
of the genetic information processing function in algae crust, WLYY00 provided optimal
effects in promoting the environmental information processing function of algae crust and
human disease function of moss crust, and WL was more favorable for the exertion of the
organismal systems function of moss crust.
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Figure 11. Relative abundances of primary functions of bacterial communities. Different uppercase
letters indicate significant differences in the same type of crust across different afforested sites
(p < 0.05), and different lowercase letters indicate significant differences among different types of
crusts in the same afforested site (p < 0.05); WLYY00: Salix cheilophila + Populus simonii plantation;
WL: S. cheilophila plantation; YY: P. simonii plantation; NT00: Caragana korshinskii plantation.

3.6.2. Prediction of Secondary Functions

Functional prediction indicated that the bacterial communities of BSCs and bare
sand in the four afforestation sites possessed a total of 46 secondary functions. In the
present study, only the top six bacterial community secondary functions in terms of relative
abundance (accounting for more than 2.5% each) were retained. Global and overview maps
had the highest relative abundance of approximately 40% (Figure 12). At the four afforested
sites, the relative abundances of algae and moss crusts in global and overview maps were
higher than that of bare sand, with the differences being statistically significant at the
YY and NT00 sites. However, the relative abundance of this secondary function did not
differ significantly between algae and moss crusts in the four afforested sites. The relative
abundances of carbohydrate metabolism and amino acid metabolism in bare sand, algae
crust, and moss crust of the four afforested sites exhibited the trend of bare sand > moss
crust > algae crust, while the relative abundances of energy metabolism, metabolism of
cofactors and vitamins, and membrane metabolism exhibited the trend of bare sand > algae
crust > moss crust. This suggested that BSCs had a significant advantage in exerting the
global and overview maps function, but showed a weaker performance than bare sand in
other major secondary functions. The functional differences between the two crust types
indicated that the algae crust was more likely to facilitate the exertion of functions such
as energy and vitamin metabolism and membrane transport, while moss crust provided a
greater advantage in functions such as carbohydrate and amino acid metabolism. Cross-site
comparisons revealed that the relative abundance of membrane transport in algae crust
was much higher at the YY site than at other sites, and the relative abundances of the
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remaining five secondary functions did not differ significantly among the four afforested
sites. Among the moss crusts of the four sites, the relative abundances of global and
overview maps and carbohydrate metabolism were highest at the YY site, the relative
abundance of amino acid metabolism was highest at the WLYY00 site, and the relative
abundances of energy metabolism, metabolism of cofactors and vitamins, and membrane
transport were highest at the WL site. There was little variation in the relative abundances
of multiple primary secondary functions of algae crust among the four afforested sites,
which was similar to the results obtained from significance testing of intergroup differences
among major bacterial phyla in algae crust. This again demonstrated that the structure
of algae crust bacterial communities in alpine sandy land possessed high stability and
was affected by the type of afforestation measure to a smaller extent. In contrast, the
secondary functional characteristics of moss crust exhibited a clearer dependence on the
type of afforestation measure. This suggested that functional differentiation was more
significant in moss crust, and the expression of its related functions was more susceptible
to regulation by afforestation measures. Therefore, targeted functional enhancement in
moss crust may be achieved through the optimization of afforestation measures. When the
functional advantages of the afforestation measures were examined, we observed that YY
favored the promotion of the membrane transport function of algae crust and the global and
overview maps and carbohydrate metabolism functions of moss crust. WLYY00 exceled
in enhancing the amino acid metabolism function of moss crust, while WL improved
the energy metabolism, metabolism of cofactors and vitamins, and membrane transport
functions of moss crust.

Figure 12. Relative abundances of secondary functions of bacterial communities. Different uppercase
letters indicate significant differences in the same type of crust across different afforested sites
(p < 0.05), and different lowercase letters indicate significant differences among different types of
crusts in the same afforested site (p < 0.05); WLYY00: Salix cheilophila + Populus simonii plantation;
WL: S. cheilophila plantation; YY: P. simonii plantation; NT00: Caragana korshinskii plantation.
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4. Discussion

4.1. Characteristics of BSCs Particle Composition in Areas with Different Afforestation Measures

The alpine sandy land of the Gonghe Basin is prone to severe soil erosion. Wind
and water erosion, the main forms of erosion in the region, directly affect soil particle
composition. A lack of effective afforestation measures for soil protection will lead to
continued erosion of the ground surface due to the lack of vegetation cover and difficulties
in BSCs formation, resulting in a reduction in fine particle content in the soil [28–30].
In the present study, BSCs development in the study area achieved gradual maturation
after 24 years of restoration under four different afforestation measures. The fine particle
content of BSCs was higher than that of bare sand without crust cover. This indicated that
BSCs reduced fine particle loss by wind transportation, which enabled the enrichment
of fine particulate matter. However, at the WLYY00, WL, and NT00 sites, the particle
composition of the two types of BSCs was still dominated by sand particles, which was
similar to the results of a study by Du et al. [31] conducted in the Tengger Desert and a
study by Cui et al. [12] conducted on the Erdos Plateau. This can be explained by the
fact that the WLYY00, WL, and NT00 sites were located in the alpine sandy land of the
Gonghe Basin, where the sand content in the original soil substrate was inherently high.
The development of BSCs is primarily achieved by stabilizing the surface particles by
cementation, making it challenging to fundamentally alter the basal particle composition
of the regional soil [3]. At the YY site, the sand particle content of the two types of BSCs
was significantly lower than that of the other afforested sites. The content of fine particles,
such as clay and silt particles, was significantly higher than that of the other sites, with
particle composition mainly dominated by silt particles. Such a result indicated that YY
provided better effects in improving the particle composition of BSCs and promoting the
enrichment of fine particulate matter (especially silt particles). YY also enabled effective
retention and stabilization of fine particulate matter and promoted BSCs development
towards finer granulation, which was more conducive to soil improvement. Differences
in particle composition between the two types of crusts were relatively small. Significant
differences were only observed at the NT00 site, where the algae crust had significantly
higher fine particle and sand content than the moss crust. This suggests that the ability of
algae crust to enrich fine particulate matter was superior to that of moss crust under the
environmental conditions of the NT00 site.

4.2. Characteristics of Physicochemical Properties and Enzymatic Activities of BSCs in Different
Afforested Sites

In sandy land ecosystems, afforestation measures serve as an important means of
improving soil quality. Such measures can directly act on soil and regulate the basic soil en-
vironment by introducing litter and root exudates [32], while also indirectly improving soil
quality by altering the physicochemical properties and enzymatic activities of BSCs [33,34].
Sandy lands are prone to imbalances in water-salt transport in soil due to scarce precip-
itation and high evaporation, a characteristic that makes them highly susceptible to soil
salinization [35]. In the present study, the pH of algae and moss crusts was significantly
lower than that of bare sand, and EC was significantly higher than that of bare sand. These
differences in physicochemical properties were in agreement with the results obtained by
Yan et al. [36] in the Tengger Desert. The heatmaps of correlations between physicochemical
properties and enzymatic activities also demonstrated that pH was negatively correlated
with EC. Therefore, BSCs can effectively alleviate further soil alkalization in sandy land,
but may increase soil salinity to a certain extent through the retention or accumulation of
salts in the crust layer. This represents a differential regulatory effect between the two key
dimensions of salinization and alkalization. SWC was significantly higher in the algae and
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moss crusts than in bare sand, and the SWC of the same type of crust was significantly
higher at the YY site than at other sites. Such a phenomenon can be explained by the
fact that BSCs act as a special cover on land surfaces, stabilizing the soil. Their formation
and development enable filling of degraded patches on land surfaces, thus influencing
surface water circulation (e.g., infiltration and evaporation) and leading to improved water
retention capacity in BSCs [37]. The high SWC level of BSCs at the YY site suggested the
existence of microenvironments more suitable for crust development (e.g., vegetation cover
and precipitation retention capacity) or higher developmental maturity of the crusts in
this afforestation measure, which strengthened the soil water retention effect. We also
found that moss crust had higher SWC and EC than algae crust. This demonstrated a
superior water retention capacity and the ability to release more ion-containing organic or
inorganic compounds in moss crust, thus further increasing the ionic concentration in the
soil solution [38].

An examination of nutrient content and enzymatic activity characteristics in moss
crust, algae crust, and bare sand revealed that, with the exception of TK content, which
did not show consistent differences, all other nutrient and enzymatic activity indicators
showed the trend of moss crust > algae crust > bare sand in the four afforested sites. This
clearly reflected a trend of gradual enhancement in nutrient accumulation and enzymatic
activity levels with an increase in the degree of BSCs development. This was consistent
with the results obtained by Yang et al. [39] in a study on the differences in nutrient
content between BSCs and bare sand in the Gurbantunggut Desert. Such a phenomenon is
attributed to the presence of cryptogams within BSCs, which can fix carbon and nitrogen
through photosynthesis and nitrogen fixation. This gives rise to more active carbon and
nitrogen cycling processes compared with bare sand, which in turn promotes soil nutrient
accumulation and enzymatic activities in BSCs [40–42]. Compared with algae crust, moss
crust also possesses stronger photosynthetic and respiratory capacities and can secrete
higher levels of enzymes through pseudo-roots and apoplasts, which contribute to higher
nutrient content and enzymatic activities [11,40,43]. Our results also showed that the YY
site had the highest nutrient content and ALP, URE, and SUC activities and the lowest CAT
activity for the same type of crust across the four afforested sites. This demonstrated that YY
was more conducive to promoting the accumulation of nutrients in BSCs and significantly
enhancing the activities of most soil enzymes. Such a phenomenon can be ascribed to
the use of P. simonii as the sand-fixing tree species at the YY measure. After 24 years of
restoration, the root system of the trees had fully developed, with root length density being
considerably higher than that of other sand-fixing plants. This enabled the secretion of
higher levels of organic acids and organic substances through a larger root contact area,
thereby enhancing soil nutrient content [44]. The weaker CAT activity suggested that the
oxidative stress environment (e.g., reactive oxygen content) of BSCs at the YY site may
differ from that of other sample sites, or that the antioxidant system may possess unique
regulatory mechanisms.

4.3. Characteristics of Bacterial Community Structure and Functions of BSCs in Different
Afforested Sites

Microorganisms are important components of BSCs. In particular, bacteria possess
stronger adaptability in arid and semi-arid environments, and can promote soil material
cycling and energy flow in sandy land ecosystems. Therefore, the environmental changes
and functions of sandy land can be characterized by bacterial community structure [45,46].
In the present study, the dominant phyla of bacterial communities in BSCs of the study
sites were Proteobacteria, Cyanobacteriota, Bacteroidota, and Actinomycetota. This finding
is consistent with the community compositions of different types of BSCs in Mu Us sandy
land reported by Li et al. [47]. Compared with the bacterial community composition of
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the surface soil of the alpine sandy land [18,27], the bacterial community composition
of the BSCs had a higher relative abundance of Cyanobacteriota, which served as the
dominant phylum. This is explained by the fact that Cyanobacteriota are the core builders
of algae and moss crusts, and their secreted extracellular polysaccharides can provide a
stable matrix for the attachment of other bacteria to form the basic crust framework. They
also photosynthesize, promoting the conversion of carbon, nitrogen, and phosphorus, and
primarily account for the higher nutrient content of the BSCs compared with that of bare
sand [48]. Bacterial community richness and diversity levels of bare sand, algae crust, and
moss crust followed the trend of sand < algae crust < moss crust in all afforested sites. Such
a phenomenon can be explained as follows: BSCs in all four afforested sites had not yet
fully developed. Therefore, nutrient saturation had not yet been reached, and competition
among bacterial communities had not yet intensified. With a higher nutrient content,
there was a greater abundance of resources, such as carbon, nitrogen, and phosphorus,
available to bacteria, and a larger number of supporting bacterial communities. This
contributed to higher community richness and diversity levels [49]. Significance testing of
intergroup differences among major bacterial phyla revealed that different afforestation
measures exerted more significant effects on the structure of major bacterial phyla of the
bacterial community of moss crust. This was attributed to the significant improvement in
soil physicochemical properties resulting from the different measures, combined with the
greater susceptibility of the bacterial community structure of moss crust to the influence
of soil environmental factors [50]. Bacterial community richness and diversity levels
of the same type of biological crust were the highest at the YY site, due to the higher
conduciveness of YY to improving the microhabitat conditions of biological crusts (e.g.,
enhancing nutrient supply, optimizing water retention, or stabilizing the physical structure).
As a result, YY provided a suitable environment for the survival and reproduction of more
types of bacteria, thus promoting the development of bacterial communities towards higher
richness and complexity. AP and SOM were the primary environmental factors affecting
the bacterial community structure of algae crust and moss crust, respectively, and TC
and TN were the second and third environmental factors influencing both types of crusts.
This was similar to the results of a study conducted in the Tengger Desert [51]. Therefore,
despite differences in the alpine sandy land environment between the study area of the
present study and the Tengger Desert, commonalities exist in the key environmental factors
affecting the bacterial community structure of BSCs. The fact that both TC and TN were the
second and third environmental factors affecting the bacterial community structure of both
types of crusts suggests that the basic nutrients carbon and nitrogen served an important
and universal regulatory role in the construction and stabilization of algae crust and moss
crust bacterial communities in alpine sandy land, and were core common nutrient factors
shaping the bacterial community composition in different types of BSCs. The correlations
between the activities of the four enzymes and the bacterial community structure are all
relatively close. This was due to the involvement of these enzymes in the cycling process of
key elements such as carbon, nitrogen, and phosphorus in soil, which directly regulated
the form and content of nutrients available to microorganisms in the soil and thus affected
the bacterial community structure [52].

Functional prediction of bacterial communities in the BSCs revealed a total of six
primary functions at each site, with metabolism being the main function. This was con-
sistent with the results of functional prediction of soil bacterial community structures in
the Hulun Buir Sandy Area by Du et al. [53], indicating that the distribution character-
istics of primary functions are similar in other types of soils [54,55]. It can be deduced
that the metabolic function serves as the core in bacterial communities, supporting the
basic processes of soil ecosystems, and is not readily influenced by regional differences.
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Among the various secondary functions, global and overview maps, a secondary function
subordinate to the primary function of metabolism, was identified as the main function.
This suggested the need for bacterial communities to rely on coordination and regulation
by the global and overview maps function to utilize the metabolism function fully. Notably,
YY, which exhibited the most optimal improvement effects towards particle composition,
physicochemical properties, enzymatic activities, and bacterial community structure in
BSCs, did not show specific enhancement advantages for any of the six primary functions.
However, it demonstrated significant differences in the secondary functions. For instance,
YY was more conducive to promoting the exertion of the membrane transport function
in the bacterial community of algae crust and the global and overview maps and carbo-
hydrate metabolism functions in the bacterial community of moss crust. Therefore, YY
maintained the balance of primary functions in function regulation and precisely supported
the secondary functions according to the physiological characteristics and ecological needs
of different types of crusts.

The results of this study indicate that, in terms of the response characteristics of
BSCs to different afforestation measures, it is recommended to give priority to the YY
measure in high-cold sandy land. This study has three main limitations. First, the sampling
was only conducted in late July 2024, lacking a repetitive design in the time dimension.
This makes it difficult for the research results to fully represent the characteristics of
different seasons, especially failing to reflect the potential impact of environmental factor
changes during seasonal transitions on the research subjects, significantly restricting the
generalization and application of the conclusions on a cross-seasonal scale. Second, the
sampling design did not fully consider the heterogeneity of microhabitats, which may result
in some sample point data failing to fully capture the characteristics of small-scale habitats.
Thirdly, although the composite sample processing method reduces random errors to a
certain extent and smooths out local extreme values, it may also mask the subtle variations
within the sample points, compressing the variances within the sample points and failing
to fully reflect the true characteristics of a single sub-sample. Based on this, future research
can enhance temporal representativeness by increasing the sampling frequency across
multiple seasons, refining the sampling plan to cover microhabitat heterogeneity, and
conducting comparative analysis of single samples and composite samples to further clarify
the impact of different sample processing methods on data variation, thereby providing
more comprehensive and reliable support for related research conclusions.

5. Conclusions

Biological soil crusts of the various afforested sites enriched fine particle content,
increased soil water content, and reduced pH, thus enhancing soil resistance to wind
erosion, improving water retention, and inhibiting further soil alkalization. Nutrient
content, enzymatic activities, and bacterial community richness and diversity exhibited
a trend of increase from bare sand to algae crust and to moss crust. Among the four
afforestation measures with a restoration period of 24 years, YY was the most effective at
enhancing biological soil nutrient content and optimizing bacterial communities. AP and
SOM were the primary environmental factors affecting the bacterial community structure
of algae and moss crusts, respectively. TC and TN were the second and third environmental
factors affecting both types of crusts, and all four measured enzymatic activities exerted
significant effects on bacterial community structure. Metabolism and global and overview
maps were the main primary function and secondary function of biological soil crusts
in sandy land, respectively. YY, which exhibited the best effects in regulating biological
soil crust development, did not show specific enhancement advantages for any of the six
primary functions. However, it promoted the exertion of the membrane transport function
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in the bacterial community of the algae crust and the exertion of global and overview maps,
as well as carbohydrate metabolism functions in the bacterial community of moss crust.
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Simple Summary

Forests are important ecosystems that provide many benefits to the environment and
human society, such as clean air, water regulation, and carbon storage. However, different
types of forests, such as natural forests, plantations, and mixed forests, may affect the soil
and its biological communities in different ways. In this study, we explored how various
forest types in a subtropical mountain area influenced the soil’s physical and chemical
properties, microbial communities, and chemical compounds known as metabolites. We
found that soil in mixed forests had higher levels of nutrients and supported a more diverse
and beneficial group of microbes compared to monoculture plantations. These microbes
were also linked with compounds that are important for nutrient cycling and plant health.
By using advanced analysis techniques, we were able to understand how changes in forest
type can impact the soil’s ability to support healthy ecosystems. This research is valuable
for forest managers, conservationists, and policymakers who aim to improve forest quality
and sustainability. It shows that choosing more diverse forest types can promote healthier
soil, which benefits the entire ecosystem and the services it provides to people.

Abstract

Monoculture plantations of Eucalyptus in China have raised ecological concerns due to
water depletion, soil degradation, and fire risk. Integrating Eucalyptus with Cupressus offers
a sustainable approach to improving forest ecosystem health. In this study, we established
five forest treatments, pure Eucalyptus (1:0), mixed Eucalyptus–Cupressus at three ratios (2:1,
1:1, and 1:2), and pure Cupressus (0:1), to assess their effects on soil properties, microbial
diversity, and metabolomic profiles. Laboratory analyses revealed significant differences in
physicochemical soil properties (such as water content (p < 0.05), pH (p < 0.001), organic
carbon (p < 0.001), and nitrogen (p < 0.001)) among various groups within the mixed
forests. Microbial community investigations highlighted a unique microbial signature in
Eucalyptus–Cupressus mixed forests, especially when the tree ratio was 1:2, characterized by
a rich (Chao1, p < 0.05) and diverse (Shannon, p < 0.05) array of bacterial taxa. The mixed
Eucalyptus–Cupressus forest also exhibited an uplift in microbial communities, bacterial
genera such as RB41, and fungal genera including Penicillium, Talaromyces, and Mortierella,
which are associated with enhanced organic matter decomposition and nutrient cycling.
Interactive networks within microbial communities were revealed through co-occurrence
and Spearman correlation analyses, highlighting potential symbiotic relationships and
ecological complexities. Metabolomic analysis, coupled with pathway analysis, further
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illuminated metabolic shifts in the mixed forests, emphasizing alterations in key metabolic
pathways such as phenylpropanoid biosynthesis, tyrosine metabolism, arachidonic acid
metabolism, and isoquinoline alkaloid biosynthesis. Collectively, these results show that
moderately mixed Eucalyptus–Cupressus forests improve soil fertility and microbial multi-
functionality, providing a practical model for sustainable and resilient forest management
in subtropical regions.

Keywords: comprehensive evaluation; ecological restoration; mixed forests;
plant–soil–microbial interactions; plant and soil properties

1. Introduction

Eucalyptus trees (e.g., E. grandis and E. urophglla) are well-suited for cultivation in
areas with abundant sunlight, such as plains, slopes, and roadsides [1]. These trees exhibit
strong adaptability to soil conditions, possess well-developed root systems, fast growth, a
short maturation period, and have wide applications in industries like construction and
paper production [2]. Due to its distinctive biological characteristics, many countries and
regions have introduced Eucalyptus for afforestation and timber production [3,4]. However,
with the extensive and large-scale planting of Eucalyptus, ecological issues in Eucalyptus
plantations have become increasingly prominent. Growing evidence has raised concerns
that the extensive root system of Eucalyptus, which depletes surface and groundwater
during its rapid growth, leading to rapid water evaporation and causing soil aridity and
compaction in forested areas [5]. Eucalyptus is believed to deplete soil fertility significantly
due to its rapid growth, leading to severe soil degradation, which subsequently hinders
the growth of subsequent generations of Eucalyptus or alternative tree species [6]. Its
high-water consumption leads to soil aridity and nutrient depletion, adversely affecting
the growth of native plants [4]. Moreover, the allelopathic properties of Eucalyptus release
toxins into the soil, inhibiting the germination and growth of other plant species and further
exacerbating soil toxicity [7]. The dense root systems of Eucalyptus trees also compact the
soil, reducing its porosity and disrupting the natural soil structure, which diminishes its
ability to retain water and support diverse microbial communities. Furthermore, Eucalyptus
branches, leaves, and trunks contain a significant amount of oil. In the continuous high
temperatures of summer, they produce a highly flammable eucalyptus oil, and transform
Eucalyptus forests into potential “gasoline bombs” [8,9]. It has been reported that the total
Eucalyptus cultivation area in China spans 5,460,000 hectares, with a dominant presence
in southwestern China, particularly in Sichuan and Chongqing Provinces [10,11]. This
extensive cultivation of Eucalyptus highlights the urgency of exploring alternative strategies
to address the challenges arising from the high-density planting of Eucalyptus and to
establish a sustainable forest ecosystem.

Mixed forests of Eucalyptus, in combination with tree species like Quercus spp.,
Parashorea spp., Acacia spp., Manglietia spp., Pinus spp., Erythrophleum spp., and Castanopsis
spp., have demonstrated substantial economic and ecological benefits compared to mono-
culture Eucalyptus forests [12,13]. These mixed forests are able to foster the healthy growth
of Eucalyptus and improve the physicochemical properties of the forest soil in their early
stages. Additionally, Cupressus spp. thrives in warm and humid conditions and exhibits
adaptability to various soil types. When combined with slow-growing nitrogen-fixing
tree species, Cupressus spp., such as C. funebris, contributes to the formation of robust
artificial forest communities, making it suitable for afforestation in hilly and mountainous
regions with poor soil quality [14]. Eucalyptus–Cupressus mixed forests have demonstrated
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advantages in terms of understory biodiversity and leaf litter composition compared to
pure Eucalyptus and Cupressus forests [15,16], whereas the detailed information about soil
nutrients cycling and microbial structures in the mixed forest ecosystems remains elusive.

Within the intricate microenvironment of forest soil, soil metabolites serve as crucial
connectors linking soil, plants, and soil microorganisms. Secondary metabolites produced
by plants are released into the soil through leaching and volatilization from aboveground
plant parts. These compounds influence the growth and development of surrounding
plants, soil organisms, and microorganisms [17,18]. In turn, soil microbial activity can
affect nutrient absorption in plants and the synthesis and secretion of plant metabolites.
It has been documented that soil microbiota can assist plants in mitigating abiotic stress
and activating nutrient cycling in different mixed forest ecosystems [19]. Some metabo-
lites produced by soil microorganisms play a critical role in regulating various biological
activities of neighboring organisms. For instance, certain nitrogen-fixing bacteria may
form associations with the roots of specific tree species in the mixed forest, leading to
increased nitrogen inputs through biological nitrogen fixation [20]. The fixed nitrogen
becomes available to all trees, such as Eucalyptus and Cupressus trees, helping to mitigate
abiotic stress, particularly in nitrogen-deficient environments. However, the intricate rela-
tionships and interactions between various tree species, especially Eucalyptus–Cupressus
mixed forests, and the associated soil microbiota remain an area of research that requires
further exploration.

This study hypothesizes that mixed forests of Eucalyptus and Cupressus can signifi-
cantly enhance soil physicochemical properties, microbial community composition, and
soil metabolite profiles compared to monoculture systems. We further anticipate that
different mixing ratios of these two species will lead to distinct shifts in microbial struc-
ture and metabolic expression patterns, reflecting complex ecological interactions. The
objective of this research is to elucidate the tree–soil–microbe–metabolite interplay under
varying plantation compositions, thereby providing a mechanistic understanding of mixed
forest ecosystem functioning. By integrating multi-omics approaches with soil chemical
analyses, this study aims to generate novel insights that will inform ecological restoration
practices and support the development of more sustainable and resilient forest ecosystems,
particularly in regions impacted by large-scale Eucalyptus afforestation.

2. Materials and Methods

2.1. Site Description

The research area is situated in the Yubei District of Chongqing, China, and experiences
a pronounced subtropical humid climate characterized by distinct continental monsoon
patterns. The region has an average temperature of 17.3 ◦C, and the annual precipitation
averages around 1100 mm. Native vegetation includes subtropical evergreen and deciduous
broad-leaved forests, mixed coniferous and broad-leaved forests, and evergreen broad-
leaved forests, complemented by extensive artificial forest plantations.

The research area includes forest plots with similar site conditions and approximately
15-year-old Eucalyptus (E. grandis × E. urophglla) and Cupressus (C. funebris) artificial mixed
forests or pure forests. Historically, the area was composed of anthropogenically influenced
mixed woodlands, where early-stage plantations of Eucalyptus were interspersed with na-
tive shrubs and grasses; however, long-term dominance and allelopathic interference from
Eucalyptus eventually transformed much of the landscape into monoculture eucalyptus
forests. Five afforestation patterns were established, with each denoted as follows: Euca-
lyptus pure forest (named as group A, Eucalyptus–Cupressus 1:0), Eucalyptus and Cupressus
mixed forests with tree ratios of 2:1 (group B), 1:1 (group C), 1:2 (group D), and Cupressus
pure forest (group E, Eucalyptus–Cupressus 0:1). In 2021, 20 m × 20 m sample plots were
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randomly established within each type of forest plot. The individual trees within these
sample plots were examined, and data on tree height, diameter at breast height (DBH), and
other relevant measurements were collected and recorded (Table S1).

2.2. Soil Sampling

Soil samples were collected from each forest type using a serpentine five-point sam-
pling method within each 20 m × 20 m plot. After carefully removing surface litter and
fallen branches, bulk soil was sampled from the top 0–20 cm layer using a sterile auger
at each point. In total, three biological replicates were collected for each forest treatment.
Subsamples from each of the five points within a plot were thoroughly mixed to form
one composite soil sample per replicate. Each composite sample was then divided into
two portions. One portion was immediately weighed and oven-dried at 105 ◦C to deter-
mine soil water content. The other portion was transferred into sterile, self-sealing plastic
bags, stored on ice in the field, and transported to the laboratory. Upon arrival, the samples
were passed through a 2 mm sieve to remove debris and roots, and the processed soils were
stored at −80 ◦C for subsequent physicochemical, microbial, and metabolomic analyses.

2.3. Soil Physical and Chemical Properties

A 10 g soil sample was sieved through a 1 mm mesh and combined with 25 mL of
distilled water. After standing for 30 min, the suspension pH was measured using a PH
meter (PHS-2F). For soil organic carbon (OC) measurement, 0.1–0.5 g (exact value recorded)
of soil sample was sieved through a 60-mesh sieve (<0.25 mm) and then mixed with 10 mL
of 0.36 mol/L potassium dichromate-sulfuric acid solution. The mixture was thoroughly
shaken and boiled at 185–190 ◦C. After cooling, 3–4 drops of phenanthroline were added to
the solution, followed by the addition of a standard solution of ferrous sulfate (FeSO4) (0.2
mol/L). The content of the added FeSO4 was recorded, and the soil organic matter was
subsequently calculated using the previously established method. For soil water content
(WC) detection, the fresh soil sample was precisely weighed and then subjected to a 12 h
baking process in a preheated oven at 105 ◦C. Afterward, the treated soil sample was
transferred to a dryer and allowed to cool to room temperature for 30 min before being
weighed again. The calculation method used was consistent with the previous approach.
Soil total nitrogen (TN) was analyzed using the semimicro-Kjeldahl (KDY-9820) digestion
method. Soil total phosphorus (TP) was quantified colorimetrically using the molybdate
method. Soil total potassium (TK) was measured through flame spectrophotometry. Soil
available nitrogen (AN) was determined using the potassium dichromate external heating
method. Soil available phosphorus (AP) was analyzed using the molybdenum blue method.
Soil available potassium (AK) was extracted using 1 M ammonium acetate (pH 7.0) and
quantified via flame photometry.

2.4. DNA Extraction and High-Throughput Sequencing

Initially, we evaluated soil microbiome composition and diversity of three main
mixed types—Eucalypt–Cypress mixed forest, Eucalypt–Ficus mixed forest and Eucalypt–
Ginkgo mixed forest—and Eucalypt pure forest. Soil DNA extraction from these four
groups and different ratio of Eucalyptus–Cupressus mixed forests was conducted, with 0.5
g of soil utilized for each of the replicates. The extraction process was carried out using
the PowerSoil DNA Isolation Kit, following the manufacturer’s instructions. To ensure
the purity and quality of the extracted DNA, a combination of PCR amplification and
subsequent 2% agarose gel electrophoresis was employed. Specific primers were chosen
for the amplification of soil bacterial and fungal structures. The bacterial 16S rDNA (V3
+ V4) region was targeted by the primers 338F and 806R, while the fungal ITS sequences
were amplified using the primers ITS1F and ITS2R. Each 25 μL PCR reaction contained
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12.5 μL of 2× Taq PCR Master Mix (Takara, Japan), 1 μL of each primer (10 μM), 1 μL of
DNA template (~10 ng), and 9.5 μL of nuclease-free water. The thermal cycling program
consisted of an initial denaturation at 95 ◦C for 3 min; 30 cycles of 95 ◦C for 30 s, 55 ◦C
for 30 s, and 72 ◦C for 45 s; and a final extension at 72 ◦C for 10 min. PCR products
were verified by 2% agarose gel electrophoresis, and clear amplicons were purified using
the GeneJET Gel Extraction Kit (Thermo Scientific, Waltham, MA, USA). A secondary
8-cycle PCR was performed to attach Illumina sequencing adapters and indices. PCR
products displaying distinct bands were then subjected to purification using the GeneJET
gel extraction kit, following the guidelines provided by Thermo Scientific. Subsequently,
equal concentrations of PCR products from each sample were prepared for sequencing on
the Illumina MiSeq platform, employing 300-bp paired-end reads. This sequencing was
carried out at TinyGene Bio-Tech Co., Ltd. in Shanghai, China, using technology provided
by Illumina, Inc., based in San Diego, CA, USA.

2.5. Sequence Processing and Bioinformatic Analysis

To assess the microbial species composition in each sample site, the effective
data from all soil samples were clustered into Operational Taxonomic Units (OTUs) at
a 97% identity threshold. For bacterial 16S rRNA gene sequences, the Greengenes database
was used (v2022.10, https://ngdc.cncb.ac.cn/databasecommons, accessed on 18 Novem-
ber 2025), and for fungal ITS sequences, the UNITE database was employed (v10.0,
https://unite.ut.ee/), with species taxonomy annotation performed using the classify-
sklearn algorithm. Alpha diversity of microbial communities was comprehensively as-
sessed using QIIME2 (2019.4) software. Alpha diversity differences between different
mixed forest modes were visually presented through graph generation with Kruskal–Wallis
rank-sum tests and Dunn’s post hoc tests to validate the significance of differences. Utilizing
QIIME2, a distance matrix was computed for differential OTU tables, followed by principal
coordinates analysis (PCoA) analysis. Anosim and Permdisp algorithms were used to test
the significance of differences among groups. The distance matrices were analyzed and
visualized using R scripts, the Vegan package, and Ggplot2 package. Venn diagrams and
heatmaps for microbial composition analysis were created using R scripts, the VennDi-
agram package (v1.7.3), and the Pheatmap package (v1.0.13). A co-occurrence network
among different microbial taxa was constructed based on Spearman correlation analysis,
with multiple hypothesis testing controlled using the Benjamini–Hochberg procedure to
adjust for false discovery rate (FDR); only taxa pairs showing strong positive correlations
(correlation coefficient >0.8) and adjusted p-values (FDR) below 0.01 were retained for net-
work visualization. This network was created utilizing the “igraph” (v2.2.1) and “Hmisc”
(v5.2.4) packages, which utilized unique correlations derived from pairwise comparisons
of OTU abundance. To minimize potential bias from sequencing depth or sample sparsity,
network stability and randomization tests were performed using permutation-based null
models to differentiate true biological interactions from spurious correlations. To describe
the network structure, various network topology metrics and features, such as modularity
and eigenvector centrality, were applied. The network was then visualized using Gephi
software (v0.10.1) with the Fruchterman Reingold layout. Linear discriminant analysis
(LDA) was conducted using the R package “lefser” (v3.22) to identify microbial taxa that
significantly differentiated the mixed forest types, thereby revealing potential biomarkers
associated with variations in microbial community composition. Functional analysis and
significance (p-value < 0.05) were conducted and presented using the “tidyverse” (v2.0.0)
and “ggplot2” (v4.0.1) packages. Functional predictions for 16S rRNA and ITS sequences
were conducted using PICRUSt2, and differential metabolites underwent functional path-
way enrichment and topological analysis using the MetaboAnalyst (v4.0) package. Pathway
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enrichment results were visualized using KEGG Mapper (v5.1). Spearman rank correlation
analysis was used to explore the associations between microbial communities and soil
characteristics. Additionally, we employed structural equation modeling (SEM) to explore
the relationships between soil properties (e.g., water content, organic matter, pH, and
nutrients), microbial properties (such as gene abundance, diversity, and network com-
plexity), and soil metabolomic multifunctionality. To evaluate model fit, we used various
parameters including the chi-square (χ2) test, p-value (>0.05), the root mean square error
of approximation (RMSEA) ranging from 0 to 0.05, and a high goodness-of-fit index (GFI)
exceeding 0.90. This analysis was conducted using Amos version 25.0.

2.6. Metabolome Sequencing and Differentially Expressed Metabolites (DEMs) Analysis

Soil samples from every group were used for metabolite extraction. To each ho-
mogenized sample, we added 500 mL of 80% methanol and vortexed them for 5 min.
Subsequently, each sample was partitioned into 20 mL portions to ensure quality. After-
ward, all the solutions underwent centrifugation at 15,000× g for 20 min at 4 ◦C. Following
this, the supernatant was diluted with water and once more subjected to centrifugation
at 15,000× g for 20 min at 4 ◦C. The resulting supernatant was utilized for the LC-MS
analysis. For liquid chromatography and mass spectrometry, we employed the Thermo
Ultimate 3000 system and Thermo Q Exactive mass spectrometer, respectively (Thermo
Scientific, Waltham, MA, USA). To ensure data quality, pooled quality control (QC) samples
were prepared by mixing equal aliquots from all experimental samples and injected regu-
larly throughout the run to monitor instrument stability and signal drift. Blank samples
were also included to detect background noise or contamination. We executed dynamic
exclusion to eliminate redundant data in the metabolome dataset. After standardizing the
quantitative outcomes, we acquired metabolite identification and relative quantitative data.
Utilizing the “XCMS” (v4.0) package in R, we performed the identification, filtration, and
alignment of the produced MS/MS peaks. The obtained metabolites were annotated using
the KEGG, HMDB, and LIPIDMaps databases. After standardization, partial least squares-
discriminant analysis (PLS-DA) was conducted with the “ropls” package to determine the
differentially expressed metabolites (DEMs) in the comparisons. DEMs were identified
based on the threshold of variable importance in the projection (VIP values ≥ 1) and a
p-value of ≤0.05. Redundancy Analysis (RDA) was conducted using the vegan (v2.5-7)
package in R to assess the relationship between microbial communities and metabolite
profiles, with significance tested via permutation.

3. Results

3.1. Soil Properties in Different Mixed Forests

Soil WC exhibited significant differences among the various mixed forests (p < 0.05)
(Figure 1). Compared to groups A, B and E, mixed forests C and D had notably higher soil
WC. Soil pH and OC content also showed significant variations among the different mixed
forests (p < 0.05). Soil pH was highest in group E, followed by C, B, D, and A. OC content
was highest in group D, followed by E, C, B, and A. Soil TN, and AN had the highest
content in group D. Soil TK presented the highest in groups D and E. TP was highest in
groups A and E, while AP was highest in group E. Group E had the highest AK content,
while group A had the lowest.
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Figure 1. Box plot demonstrating soil property variations across distinct mixed forests. Key soil
parameters measured include water content (WC), pH, organic carbon (OC), total nitrogen (TN), total
phosphorus (TP), total potassium (TK), available nitrogen (AN), available phosphorus (AP), and
available potassium (AK). The depicted forests range from Eucalyptus pure forests (group A, Eucalyp-
tus–Cupressus 1:0), Eucalyptus and Cupressus mixed forests in various proportions (groups B, C, D), to
Cupressus pure forests (group E, Eucalyptus–Cupressus 0:1). Different lowercase letters above the boxes
indicate significant differences (p < 0.05) between groups based on Kruskal–Wallis test followed by
Dunn’s post hoc comparisons.

3.2. Microbial Community Composition in Different Mixed Forests

Initially, we evaluated the soil microbiome composition and diversity of four forest
types: Eucalypt–Cypress mixed forest, Eucalypt–Ficus mixed forest, Eucalypt–Ginkgo mixed
forest, and pure Eucalypt forest. The results showed that the Eucalypt–Cypress mixed forest
had higher bacterial and fungal composition and diversity indexes compared to the other
three groups (Table S2 and Figure S1). Consequently, we focused our analysis on the
Eucalypt–Cypress mixed forest with different tree ratios.

The rarefaction curves for bacterial and fungal communities in different soil samples
reached a plateau (Figure S2), indicating that the actual bacterial and fungal community
compositions in the soil samples were reliably reflected by the sequencing data. The five
types of mixed Eucalyptus and Cupressus forests revealed their affiliations with 33 phyla,
105 classes, 242 orders, 409 families, 777 genera, and 2013 species. Venn diagrams illustrated
the unique and shared OTUs among the sample groups, showing significant differences
in the number of shared OTUs among the samples (Figure S3). At the phylum level,
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the dominant bacterial phyla in different forest soils were Actinobacteria, Proteobacteria,
Acidobacteria, and Chloroflexi, accounting for approximately 75% of the total abundance
(Figure 2A). The relative abundance of Chloroflexi in group C was lower than in other
groups, while the relative abundance of Acidobacteria was higher. At the genus level, the
dominant bacterial genera in different forest soils included Acidothermus, Rokubacteriales,
and Gaiella (Figure 2B). Acidothermus had a higher relative abundance in soil samples from
groups A and B, while some groups (e.g., subgroup_6, RB41, and 67-14) had higher relative
abundances in groups C, D, and E.

 

Figure 2. Microbial community taxonomic distribution depicted through bar plots at phylum
(A,C) and genus (B,D) levels for bacterial and fungal community compositions. The microbial
communities are ranked based on their relative abundance across all replicates, showing a decreasing
order of prevalence.

For fungi, all annotated fungal OTUs belonged to 15 phyla, 43 classes, 107 orders,
255 families, 475 genera, and 736 species. Group A had the highest number of fungal
species, with 420 species, followed by group C with 348 species. Venn diagrams showed
that group C had more shared and unique OTUs than the other groups, whereas groups B
and E had fewer shared and unique OTUs (Figure S3). At the phylum level, the dominant
fungal phyla included Ascomycota, Basidiomycota, Mortierellomycota, and Mucoromycota,
constituting approximately 80% of the total abundance (Figure 2C). The Ascomycota fungal
phylum in group D had a lower relative abundance compared to other groups, while the
Basidiomycota fungal phylum showed a significantly higher relative abundance. At the
genus level, dominant fungal genera in different forest soils were Penicillium, Talaromyces,
Fusarium, Aspergillus, Hyphodontia, Staphylotrichum, and Mortieralla, representing about 30%
of the total abundance (Figure 2D).

3.3. Soil Microbial Diversity in Different Mixed Forests

Significant differences were observed in the α-diversity indices among the soil sam-
ples from different groups. For bacterial communities, the richness indexes (Chao1, Shan-
non, and Pielou) were the highest in group D (Figure 3A–C). Adonis analysis demon-
strated that there was a highly significant difference (p < 0.001) in bacterial commu-
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nity composition among the five sample groups. Interestingly, for fungal communities,
the richness index (Chao1) ranked as A > C > B > D > E, the Shannon diversity index
ranked as C > E > B > D > A, and the Pielou evenness index ranked as C > E > B > D > A
(Figure 3D–F). Adonis analysis also revealed a highly significant difference (p < 0.001) in
fungal community composition among the five sample groups.

Figure 3. Alpha diversity indices of community groups, showcasing general bacterial (A–C) and
fungal (D–F) alpha-diversity patterns through Chao1, Shannon, and Pielou indices across distinct
mixed forests. Different lowercase letters above the boxes indicate significant differences (p < 0.05)
between groups based on Kruskal–Wallis test followed by Dunn’s post hoc comparisons. The dashed
line represents the overall mean value of each diversity index across all groups, serving as a reference
baseline for comparison.

3.4. Co-Occurrence Network Analyses of Bacteria and Fungi

In this study, network analysis was employed to investigate the co-occurrence patterns
within the soil bacterial and fungal communities. For bacteria, the modularity index was
0.56, and the network density was 0.059 (Figure 4A). Notably, the top four taxa, namely
Acidothermus, Bacillus, Rubrobacter, and Entotheonellaceae, were identified as hub biomarkers
due to their high Betweenness scores. Additionally, based on node abundance, a dominant
species sub-network was constructed by extracting the top 50 nodes in terms of average
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abundance (Table S3). In this sub-network, the major dominant nodes were Actinobacteria
and Proteobacteria (Figure 4B). For fungi, the network consisted of 44 key nodes, with a
modularity index of 0.61 and a network density of 0.023 (Figure 4C). Among these, the top
four taxa, Penicillium, Saitozyma, Humicola, and Fusarium, were identified as hub biomarkers
due to their high Betweenness scores (Figure 4D). In the dominant species sub-network,
the primary dominant nodes were Ascomycota and Basidiomycota.

Figure 4. Network diagrams illustrating the modular association of bacteria (A,B) and fungi (C,D),
along with a subnetwork of dominant species. Nodes represent OTUs in the groups, and node size
is proportional to their abundance (log2(CPM/n). The top 10 modules are color-coded, with node
size reflecting their abundance. Edges between nodes indicate correlations, with red lines denoting
positive correlations and green lines denoting negative correlations.

3.5. Microbial Biomarkers and Functional Analysis in Different Mixed Forests

LDA was employed to uncover distinctive variations in bacterial and fungal taxa. The
results unveiled that the highest number of bacterial and fungal taxa were observed in
the D group (LDA scores > 4), while the E group exhibited a relatively lower number of
taxa. Specifically, the D group featured three bacterial taxa, namely Acidothermus, Conex-
ibacter, and AD3 (Figure 5A), alongside four fungal taxa including Penicillium, Aspergillus,
Chaetomium, and Oidiodendron (Figure 5B). On the other hand, the C group contained four
distinctive bacterial taxa (RB41, 67_14, MB_A2_108, and Solirubrobacter), along with one
fungal taxon, Fusarium. Subsequently, functional annotation was carried out to assess poten-
tial functional disparities among the different sites (Figure 5C–F). The results highlighted
alterations in primary functional annotations, particularly biotin biosynthesis and tRNA
processing, which exhibited notably high expression levels in the D group. Regarding
fungal functions, octane oxidation showed improvement in the C and D groups, while
sulfate reduction I displayed elevated activity in the A, B, and C groups but decreased in
the E group.
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Figure 5. Differential composition and functionality of bacterial and fungal communities within
varied forest groups. (A,B) LDA highlighting distinct variances in bacterial and fungal taxa across
five mixed forests. (C–F) Display of bacterial and fungal community functionalities via the MetaCyc
pipeline for microbial function annotation.

3.6. Identification of Metabolites and Functional Annotation of DEMs

This study identified a total of 5726 metabolites in the positive ion mode and
6045 metabolites in the negative ion mode, all passing the quality control using relative
standard deviation values (Figure S4). A total of 262 DEMs were detected and identified
among the groups. Among these, the largest number of differential metabolites was found
in the comparison A vs. D, with 31 up-regulated and 25 down-regulated metabolites
(Figure S5). The next highest number of differential metabolites was observed in groups A
and E, with 32 up-regulated and 18 down-regulated metabolites.

The focused investigation on the D group, characterized by its exceptional nutrient
dynamics and microbial diversity, provides valuable insights into the intricate metabolic
pathways that underpin its ecological significance. Notably, in the A vs. D comparison,
several pathways exhibited significant alterations, including “phenylpropanoid biosyn-
thesis,” “tyrosine metabolism,” “arachidonic acid metabolism,” and “isoquinoline alka-
loid biosynthesis” (Figure 6; Figure S6). Within the context of tyrosine metabolism, the
study revealed changes in three up-regulated metabolites, specifically hydroquinone,
gentisic acid, and 3,4-Dihydroxyphenylacetaldehyde, as well as two down-regulated
metabolites, 4-hydroxycinnamic acid and 4-hydroxyphenylacetaldehyde, impacting the
tyrosine metabolic process. Furthermore, isoquinoline alkaloid biosynthesis was influenced
by a total of four DEMs, featuring two up-regulated and two down-regulated metabolites.
In addition, the D group exerted a significant impact on phenylpropanoid biosynthesis
by altering the expression levels of 4-hydroxycinnamic acid, (E)-3-(4-Hydroxyphenyl)-
2-propenal, and methyleugenol. Arachidonic acid metabolism was also affected, with
changes in four metabolites, including 12-Keto-tetrahydro-leukotriene B4, 15-Deoxy-d-
12,14-PGJ2, 5-KETE, and 20-HETE. Interestingly, these four pathways were identified in
the D vs. E group comparison, and an additional amino acid pathway, biosynthesis of
amino acids, was characterized (Figure 6; Figure S6). This pathway demonstrated changes
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in metabolites such as 2-aminobenzoic acid, ketoleucine, phosphohydroxypyruvic acid,
and N-a-Acetylcitrulline.

 

Figure 6. KEGG pathway analysis of differentially expressed metabolites using summarized KO
genes and KEGG pathway modules. Red dots represent DEMs, while the heatmaps illustrate the
relative abundance of DEMs related to identified metabolic pathways. Solid arrows denote direct
interactions between two DEMs, while dashed lines signify unshown KO modules in the pathways.

3.7. Interactions Among Soil Properties, Microbial Communities, and Soil
Metabolic Multifunctionality

A correlation analysis was conducted to assess the relationships between α-diversity
indices of soil bacterial communities, significant differential species at various taxonomic
levels, and soil physicochemical factors (Table 1). The Chao1 richness index of bacte-
rial communities did not exhibit significant correlations with any of the measured soil
physicochemical factors (p > 0.05). The Shannon diversity index of bacterial communities
showed significant positive correlations with AN, AK, and TN content (p < 0.05). The
Pielou evenness index of bacterial communities displayed significant positive correlations
with OC, AN, AK, and TN content (p < 0.05). Among the differential bacterial phyla, the
relative abundance of Gemmatimonadetes exhibited significant positive correlations with
soil OC (p < 0.05), while Firmicutes showed significant negative correlations with soil TN
content (p < 0.05). Additionally, Rokubacteria displayed significant positive correlations
with soil AK and TN content (p < 0.05). Similarly, the Chao1 richness index, Shannon
diversity index, Pielou evenness index of fungal communities did not display significant
correlations with any of the measured soil physicochemical factors (p > 0.05). Among the
differential fungal phyla, the relative abundance of Ascomycota exhibited highly significant
negative correlations with soil OC content (r = −0.967, p < 0.01) and highly significant
negative correlations with soil AN content (r = −0.985, p < 0.01). It also showed significant
negative correlations with soil TN content (p < 0.05). Calcarisporiellomycota exhibited sig-
nificant negative correlations with soil TN content (p < 0.05). Mortierellomycota displayed
a significant positive correlation with soil pH (p < 0.05), while Olpidiomycota exhibited a
highly significant positive correlation with soil pH (r = 0.963, p < 0.01). To explore potential
microbe-metabolite relationships, we performed RDA, which revealed clear associations
between specific microbial genera and key metabolites (Figure S7). For instance, Alicy-
clobacillus and Rokubacteriales aligned strongly with metabolites such as kynurenine and
X5-KETE in the bacterial dataset, while fungal genera like Staphylotrichum and Ruhlandiella
correlated with X9-S-HPOD and X-E-3-4-Hydroxyphenyl-2-propenal.
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Table 1. Pearson correlation coefficients between bacterial (16S) and fungal (ITS) community α-
diversity indexes, dominant phyla, and soil physicochemical properties.

Indexes WC pH OC AN AP AK TN TP TK

16S

α-diversity

Chao1 0.428 0.508 0.769 0.849 0.216 0.775 0.856 −0.285 0.142
Shannon 0.23 0.583 0.865 0.886 * 0.243 0.904 * 0.938 * −0.178 0.223

Pielou 0.063 0.549 0.917 * 0.885 * 0.18 0.945 * 0.948 * −0.058 0.308

Phylum

Firmicutes −0.104 −0.765 −0.741 −0.777 −0.551 −0.872 −0.899 * 0.039 −0.293
Gemmatimonadetes 0.173 0.278 0.902 * 0.868 −0.124 0.815 0.843 −0.112 0.267

Acidobacteria 0.057 0.402 −0.273 −0.162 0.648 −0.086 −0.052 0.022 −0.028
Verrucomicrobia 0.398 −0.47 0.005 −0.006 −0.748 −0.125 −0.148 −0.62 −0.532

Rokubacteria 0.046 0.762 0.811 0.812 0.477 0.946 * 0.944 * −0.064 0.272
Chloroflexi −0.476 −0.48 −0.734 −0.825 −0.192 −0.737 −0.822 0.335 −0.093

Actinobacteria 0.527 0.398 0.757 0.856 0.112 0.707 0.815 −0.316 0.132

ITS

α-diversity
Chao1 0.348 −0.444 −0.604 −0.457 −0.098 −0.739 −0.606 −0.006 −0.124

Shannon 0.35 0.612 0.098 0.217 0.549 0.34 0.346 −0.479 −0.307
Pielou 0.17 0.788 0.315 0.368 0.598 0.619 0.564 −0.45 −0.252

Phylum

Ascomycota −0.192 −0.229 −0.967
** −0.985 ** 0.006 −0.755 −0.892 * −0.264 −0.68

Basidiomycota 0.568 −0.349 0.714 0.769 −0.629 0.329 0.502 −0.11 0.298
Calcarisporiellomycota −0.151 −0.643 −0.834 −0.877 −0.436 −0.861 −0.935 * −0.075 −0.45

Chytridiomycota 0.106 0.352 −0.28 −0.159 0.602 −0.118 −0.07 0.006 −0.034
Mortierellomycota −0.76 0.916 * 0.274 0.149 0.918 0.646 0.489 0.458 0.368

Olpidiomycota −0.463 0.963 ** 0.338 0.293 0.959 0.683 0.592 0.288 0.316
Rozellomycota −0.852 0.826 0.313 0.149 0.8 0.647 0.475 0.535 0.424

Zoopagomycota 0.331 −0.466 −0.361 −0.221 −0.14 −0.598 −0.417 0.208 0.172

Note: */** indicates significant values (p < 0.05 or 0.01). Abbreviations: WC, water content; pH, soil pH; OC,
organic carbon; AN, available nitrogen; AP, available phosphorus; AK, available potassium; TN, total nitrogen;
TP, total phosphorus; TK, total potassium.

Subsequently, we conducted SEM analysis to demonstrate that mixed modes, OC,
nutrients, and bacterial and fungal α-diversity were the primary influencing factors on soil
metabolic multifunctionality, exerting greater impacts than soil pH, WC, and microbial
abundance (Figure 7). Bacterial and fungal diversities had a direct and positive influence
on soil metabolic multifunctionality, with standardized path coefficients of 0.89 and 0.75
(p < 0.01), respectively. Additionally, soil nutrients indirectly influenced soil microbial
diversity, with standardized path coefficients of 0.71 for bacteria and 0.72 for fungi.

 

Figure 7. Structural equation model estimating the effects of soil properties, bacterial (A) and fungal
(B) communities on soil metabolic multifunctionality in mixed forest patterns. Arrow width repre-
sents the strength of significant standardized path coefficients (p < 0.05), with red indicating positive
correlation, and blue indicating negative correlation. Pathways with non-significant coefficients are
represented by gray lines. *** p < 0.001; ** p < 0.01.
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4. Discussion

4.1. Effects of Tree Species Composition on Soil Physicochemical Properties

Our study’s findings elucidate the significant impact of tree species composition on
soil properties within mixed forest ecosystems, aligning with our objective to understand
how different afforestation patterns influence soil ecology. Numerous studies indicate that
establishing mixed forests can improve soil physicochemical properties to some extent
and slow down the degradation of forest land in artificial forests [21,22]. During the
development of artificial forests, the accumulation of understory litter increases, and its
decomposition produces a large amount of acidic substances [23]. Notably, the higher soil
water content observed in groups C and D, which have a higher proportion of Cupressus,
suggests that the water retention capabilities of Cupressus are superior to those of Eucalyptus.
This could be attributed to the physiological or morphological traits of Cupressus, such as
root depth and leaf structure, which may enhance water retention and reduce evaporation
rates [24]. Additionally, the variation in soil pH across the plots, with the highest values
in the Cupressus-dominated group E, highlights how tree-specific litter and root exudates
can modify soil chemical properties, potentially influencing microbial communities and
plant nutrient uptake [25]. For instance, alkaline soils, as seen in group E, are known to
impact the solubility of phosphates and micronutrients, which can affect plant growth and
microbial activity [26]. However, this interpretation remains speculative in the absence of
direct chemical characterization of litter or analysis of root exudate composition. Future
studies incorporating detailed biochemical profiling of litter and root exudates would help
confirm the specific compounds responsible for the observed pH variations. The significant
differences in organic carbon (OC) and nitrogen (TN and AN) content, especially higher in
group D, indicate a more robust nutrient cycling under mixed forests with a predominant
presence of Cupressus. This can be associated with the slow decomposition rates of Cupressus
litter compared to Eucalyptus, contributing to a more sustained release of nutrients. Such
findings are critical for forest management, suggesting that strategic tree species selection
can optimize soil health and enhance ecological resilience. For example, in regions prone to
drought or poor soil fertility, integrating Cupressus into mixed forests could be advantageous
for improving soil moisture and nutrient status, thereby supporting more stable forest
ecosystems [27]. Moreover, the marked differences in potassium and phosphorus dynamics
across the groups further underline the complex interactions between tree species and soil
mineral content, guiding targeted interventions in forest composition to achieve desired
ecological outcomes.

4.2. Microbial Community Structure and Ecological Implications

Soil microorganisms play a dominant role in almost all soil ecological processes, such
as nutrient mineralization and decomposition, significantly influencing the functionality of
forest ecosystems and the sustainability of the soil under the forest [28]. Studies indicate
that the mixed planting of tree species with different functional traits can also reduce
specific pathogenic microorganisms, positively affecting the health of the ecosystem [29].
Chloroflexi can degrade chitin, cellulose, or hemicellulose in the soil, and its higher rel-
ative abundance is associated with the presence of more undecomposed organic matter
in the soil. The increase in the abundance of Acidobacteria may indicate changes in the
ecological functions of the soil due to environmental stress, serving as an indicator of
soil degradation under intensive agriculture scenarios. For soil fungi, the unique fungal
composition observed in Group D signifies a distinctive ecological niche shaped by the
lower abundance of Ascomycota and a significantly higher prevalence of Basidiomycota
compared to other restoration groups. Notably, this fungal profile in Group D is char-
acterized by dominant genera, including Penicillium, Talaromyces, Fusarium, Aspergillus,
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Hyphodontia, Staphylotrichum, and Mortieralla. Penicillium and Aspergillus are well-known
for their versatile metabolic capabilities, contributing to nutrient cycling and organic matter
decomposition in soil ecosystems [30,31]. Talaromyces, with its diverse enzymatic reper-
toire, participates in the breakdown of complex organic compounds, influencing nutrient
availability [32]. Fusarium, a common soil inhabitant, plays crucial roles in plant-pathogen
interactions and nutrient mobilization [33]. The nuanced exploration of these dominant
genera provides a glimpse into their ecological functions, such as nutrient cycling, organic
matter decomposition, and potential interactions with plants and other microbes.

4.3. Functional Microbial Adaptations and Ecosystem Processes

Notably, the D group emerged as a hotspot of microbial diversity, boasting a rich-
ness of both bacterial and fungal taxa, exemplified by the identification of specific taxa
such as Acidothermus, Conexibacter, and AD3 among bacteria, and Penicillium, Aspergillus,
Chaetomium, and Oidiodendron among fungi. In contrast, the E group exhibited a com-
paratively lower abundance of taxa. The functional annotation analysis provided critical
insights into the microbial functions within the forest ecosystems, notably showcasing
significant shifts in biotin biosynthesis and tRNA processing pathways, with particular
emphasis on the D group. Furthermore, the accentuated modifications in tRNA processing
pathways within the D group suggest variations in gene expression and the translation
of genetic information into functional proteins, possibly influencing the microbial com-
munity’s functional potential [34]. These findings signify unique functional adaptations
within the microbial communities of the D group, underscoring their distinct metabolic
and genetic processing capacities, which may have implications for the overall ecosystem
functionality and adaptability compared to other forest groups. Overall, these results illu-
minate the intricate relationship between microbial taxonomy and functionality, providing
a foundation for comprehending the underlying processes in soil ecosystems subjected to
diverse restoration approaches.

4.4. Metabolomic Shifts and Microbe–Metabolite Interactions

Leveraging KEGG pathway analysis in a comparative context with the A and E groups
unraveled substantial alterations in key pathways. For instance, the up-regulation of
metabolites in the tyrosine metabolic process, such as hydroquinone, gentisic acid, and
3,4-Dihydroxyphenylacetaldehyde, suggests an enhanced utilization or synthesis of these
compounds, possibly driven by specific microbial activities responding to the nutrient-
rich environment [35,36]. Similarly, alterations in pathways could be indicative of adap-
tations in response to the microbial community’s functional dynamics, influenced by
the unique characteristics of the D group. The isoquinoline alkaloid biosynthesis path-
way, affected by four differentially expressed metabolites, may signify intricate interac-
tions between the microbial community and plant secondary metabolites, potentially
linked to ecological roles or defense mechanisms [37,38]. The positive correlation between
(E)-3-(4-Hydroxyphenyl)-2-propenal and the Candidatus_Koribacter suggests a potentially
symbiotic relationship. Conversely, the contrasting correlations of 4-Hydroxycinnamic acid
with the Alicyclobacillus and its associations with Rokubacteriales, KD4-96, and Rubrobacter
hint at differential metabolic responses within the bacterial community. These microbial-
metabolite associations echo findings from similar studies, emphasizing the pivotal role of
microbial community dynamics in shaping soil ecology.

To enhance our understanding of the intricate dynamics within forest ecosystems,
several avenues for future research merit attention. The current study, while providing valu-
able insights into microbial communities and metabolic pathways in Eucalyptus–Cupressus
mixed forests, is limited by its single time-point design and restricted geographic scope,
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which may not fully capture seasonal or site-specific variability. Longitudinal studies
tracking temporal changes across seasons and years could reveal how soil microbial and
metabolic profiles shift over time, offering a more comprehensive ecological perspec-
tive. Additionally, while our correlation analyses between microbial taxa and metabolites
revealed meaningful associations, they remain correlational rather than causal. Future
research should incorporate mechanistic approaches, such as metagenomics, metatran-
scriptomics, or stable isotope probing, to unravel the specific functional roles of microbial
taxa and validate their contributions to soil biochemical processes in mixed forest systems.
From a management perspective, our findings suggest that incorporating Cupressus into
Eucalyptus plantations, particularly at a 1:2 ratio, can improve soil moisture, organic carbon,
and nitrogen levels while enhancing microbial diversity and functional potential. This
strategy may help mitigate common issues associated with monoculture plantations, such
as nutrient depletion and poor soil structure, offering a nature-based solution for building
more resilient and ecologically sustainable forest ecosystems in subtropical regions.

5. Conclusions

This study demonstrates that mixing Eucalyptus with Cupressus, particularly at a 1:2 ra-
tio, can significantly improve soil conditions and promote a more diverse and functionally
enriched soil microbiome. The observed increases in organic carbon, nitrogen, and water
content, along with shifts in dominant microbial taxa and enriched metabolic pathways,
indicate that species composition plays a central role in shaping soil ecological function.
While our findings are limited to a single site and time point, they provide clear evidence
that incorporating Cupressus into Eucalyptus plantations may help mitigate issues commonly
associated with monoculture plantations, such as soil nutrient depletion, reduced microbial
diversity, and poor moisture retention. These results support the application of mixed-
species afforestation as a practical strategy to enhance soil health and sustainability in
subtropical artificial forest systems. Future work should expand on these findings through
multi-season, multi-site studies and deeper functional validation using metagenomics
and metabolomics.
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Simple Summary

Biogeochemical cycling is essential for maintaining the balance of nutrients/elements
in ecosystems. Carbon, nitrogen, phosphorus, sulfur, and silicon cycles facilitate nutri-
ent/element transfer and storage ensuring that plants and soil organisms receive the
components necessary for life. This review provides a comprehensive overview of inter-
connected biogeochemical cycles in terrestrial ecosystems with a focus on agricultural
plant–soil systems. The review aims to explore underlying mechanisms and interactions
and to derive implications for ecosystem dynamics and services. Moreover, the negative
impacts of human activities on biogeochemical cycles are addressed, and mitigation strate-
gies and sustainable management practices are presented. Key findings reveal that while
each cycle operates through distinct processes, their coupling is essential for maintaining
ecosystem balance and productivity. The disruptions caused by human activities like in-
dustrial agriculture or deforestation pose significant challenges to the stability of these
cycles. At the same time, advancements in technology, particularly artificial intelligence,
remote sensing, and soil health monitoring, offer transformative opportunities to study
and manage these cycles with greater precision and efficiency. These innovations can help
to identify hotspots of nutrient/element deficiencies or disruptions, predict ecosystem
responses to environmental changes, and guide future research and policy development
regarding sustainable management practices.

Abstract

Biogeochemical cycles are fundamental to the functioning of plant–soil systems, driving the
availability and transfer of essential nutrients (like carbon (C), nitrogen (N), phosphorus
(P), and sulfur (S)) as well as beneficial elements (like silicon (Si)). These interconnected
cycles regulate ecosystem productivity, biodiversity, and resilience, forming the basis of
critical ecosystem services. This review explores the mechanisms and dynamics of biogeo-
chemical C, N, P, S, and Si cycles, emphasizing their roles in nutrient/element cycling, plant
growth, and soil health, especially in agricultural plant–soil systems. The coupling between
these cycles, facilitated mainly by microbial communities, highlights the complexity of
nutrient/element interactions and corresponding implications for ecosystem functioning
and stability. Human activities including industrial agriculture, deforestation, and pol-
lution disrupt the underlying natural processes leading to nutrient/element imbalances,
soil degradation, and susceptibility to climate impacts. Technological advancements such
as artificial intelligence, remote sensing, and real-time soil monitoring offer innovative
solutions for studying and managing biogeochemical cycles. These tools enable precise
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nutrient/element management, identification of ecosystem vulnerabilities, and the de-
velopment of sustainable practices. Despite significant progress, research gaps remain,
particularly in understanding the interlinkages between biogeochemical cycles and their
responses to global change. This review underscores the need for integrated approaches
that combine interdisciplinary research, technological innovation, and sustainable land-use
strategies to mitigate human-induced disruptions and enhance ecosystem resilience. By ad-
dressing these challenges, biogeochemical processes and corresponding critical ecosystem
services can be safeguarded, ensuring the sustainability of plant–soil systems in the face of
environmental change.

Keywords: ecosystem services; global change; nutrient dynamics; carbon sequestration;
microbial communities; ecosystem resilience; sustainable agriculture

1. Introduction

Biogeochemical cycles are fundamental processes that regulate the flow of essen-
tial nutrients (like carbon (C), nitrogen (N), phosphorus (P), and sulfur (S)) as well as
beneficial elements (like silicon (Si)) through the biosphere, lithosphere, hydrosphere,
and atmosphere. These cycles are crucial for sustaining life on Earth by ensuring the
availability of nutrients/elements required for growth, reproduction, and ecosystem func-
tioning [1]. In plant–soil systems, biogeochemical cycling plays a pivotal role by mediating
nutrient/element exchange between plants and soil, influencing the composition and
productivity of ecosystems. This interplay of biotic and abiotic components underscores
the intricate relationships that define ecological stability and resilience [2]. The concept of
biogeochemical cycles emerged as scientists sought to understand how nutrients/elements
move through natural systems, tracing elemental pathways across different environmental
compartments and uncovering their interactions with biological processes [3].

The historical context of research into biogeochemical cycling reveals a growing recog-
nition of its complexity and ecological importance [4]. Early studies primarily focused
on individual cycles, such as the C and N cycles, examining their contributions to soil
fertility and atmospheric regulation [5]. Over time, advances in molecular biology, isotopic
techniques, and remote sensing expanded our ability to investigate these cycles on mul-
tiple scales, from microbial processes in soil to global fluxes of C and N. The increasing
availability of data has enabled the identification of interconnected feedback loops and the
recognition of human-induced disruptions, such as deforestation and industrial agriculture,
which have altered natural nutrient/element flows [6–8].

Biogeochemical cycling is indispensable for maintaining ecosystem health, as it sup-
ports key functions like primary productivity, nutrient/element recycling, and soil for-
mation [4,9,10]. The nutrient/element exchange facilitated by these cycles sustains plant
growth, which, in turn, influences the structure and function of terrestrial and aquatic
ecosystems. This relationship is exemplified by the interdependence between plants, soil,
and microbial communities [11]. Plants absorb nutrients/elements from the soil to fuel their
metabolic activities, while microbial communities decompose organic matter, releasing
nutrients/elements back into the soil in forms accessible to plants. This dynamic feedback
system ensures the continuity of life-sustaining processes, highlighting the importance of
conserving biogeochemical integrity in the face of environmental changes [12].

Understanding the significance of biogeochemical cycles extends beyond their ecolog-
ical implications, as they are also central to addressing global challenges such as climate
change, food security, and biodiversity loss [13]. For instance, the C cycle’s role in regulat-
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ing atmospheric carbon dioxide (CO2) levels is critical for mitigating climate change [14].
Similarly, the N and P cycles influence agricultural productivity and water quality, un-
derscoring the need for sustainable nutrient management practices. The Si cycle is closely
linked to the C cycle on a global scale and the positive effects of Si on plant performance,
crop production, and ecosystem functioning are well-documented in the literature [15–17].
Biogeochemical cycles also contribute to the resilience of ecosystems by supporting species
diversity and enabling ecosystems to recover from disturbances [18,19]. Therefore, any
imbalance in biogeochemical cycling, whether due to natural events or human activities,
poses significant risks to ecosystem stability and human well-being [20,21].

This review provides a comprehensive overview of interconnected biogeochemical
cycles in terrestrial ecosystems with a focus on agricultural plant–soil systems. The review
aims to explore underlying mechanisms and interactions and to derive implications for
ecosystem dynamics and services. By delving into the details of selected nutrient/element,
i.e., C, N, P, S, and Si, cycles, this review elucidates their roles in maintaining ecosys-
tem health and how they are connected. Additionally, this review seeks to address the
negative impacts of human activities on biogeochemical cycles, offering insights into miti-
gation strategies and sustainable management practices. Through a synthesis of existing
knowledge and identification of research gaps, this review finally aims to foster a deeper
understanding of biogeochemical C, N, P, S, and Si cycling, guiding future research and
policy development in ecosystem conservation and management.

2. A Short Overview of Carbon, Nitrogen, Phosphorus, Sulfur, and
Silicon Cycles in Plant–Soil Systems

Biogeochemical cycles are essential for maintaining the balance of nutrients/elements
in ecosystems, especially within plant–soil systems where these cycles drive the availability
of critical elements [22,23]. C, N, P, S, and Si cycles comprise key processes that facilitate
nutrient/element transfer and storage, ensuring that plants and soil organisms receive the
necessary components for growth, energy production, and structural development [2,24].
Each of these cycles operates through unique mechanisms and pathways, interacting with
other cycles in complex ways that underscore the intricate relationships between biotic
and abiotic factors [25,26]. The following sections provide a short examination of each
cycle discussing selected underlying mechanisms, its significance in plant nutrition, and
specific challenges. For reasons of clarity and consistency, every section is divided into three
subsections. In each first subsection, a short nutrient/element profile is given, which briefly
summarizes information on the element’s natural plant availability, its significance in
plant nutrition, molecular transformation processes, element limitations and management,
and consequences of land-use for the biogeochemical cycle of this element. In the second
and third subsections, selected aspects from the first subsection are then presented in
more detail.

2.1. Carbon Cycle
2.1.1. Carbon Profile

(i) Natural plant availability: While the vast majority of inorganic C in terrestrial
plants is sequestered from atmospheric CO2 by photosynthesis, C can also be absorbed
(in the form of CO2, H2CO3 (carbonic acid), HCO3

− (bicarbonate), or CO3
2− (carbonate),

depending on soil solution pH) and fixed by roots to some extent [27,28]. (ii) Significance
in plant nutrition: Essential. Component of all organic compounds, which represent the
basis of all known life. (iii) Transformation processes: Photosynthesis, decomposition,
and respiration (see Section 2.1.2). (iv) Limitations and management: Not limited. C
sequestration in soil represents a promising pathway of climate change mitigation (see
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Section 2.1.2). (v) Consequences of land-use for biogeochemical C cycling: increased CO2

emissions and decreased C sequestration (see Section 2.1.3).

2.1.2. Carbon Respiration and Sequestration in Soils

The C cycle is fundamental to plant–soil systems, mediating the storage and transfer
of C between the atmosphere, soil, and vegetation [29]. While soil respiration by plant roots,
microorganisms (bacteria, fungi), and soil animals is a key source of global CO2 release,
CO2 is also sequestered in soils [30]. On a global scale, the uptake of C from the atmosphere
by land plant photosynthesis and the C release rates by soil respiration are about the same
size [31]. However, heterotrophic soil respiration has been found to substantially increase,
driven by global warming, which might have severe consequences for the global C budget
on a short time scale (i.e., up to hundreds of years; on a long time scale, the C budget is
assumed to be in equilibrium) [32]. C sequestration in soil occurs through two primary
biological mechanisms: photosynthesis and decomposition. During photosynthesis, plants
absorb CO2 from the atmosphere, converting it into organic compounds that are stored in
plant tissues [33]. When plants and organic materials decompose, microorganisms break
down these compounds, integrating C into soil organic matter (SOM) [34]. This SOM,
along with humus, serves as a major reservoir for C, enhancing soil fertility and water
retention [35]. Agricultural practices to enhance biological C sequestration in soils comprise,
e.g., conservation agriculture, cover cropping, or the recycling of biomass (see Section 4.2
for more details). On a multimillion-year time scale, atmospheric CO2 concentrations are
largely controlled by the removal of CO2 from the atmosphere through chemical soil weath-
ering [36]. Enhancing this chemical weathering, e.g., by liming, might be another promising
approach to increase the uptake of CO2 from the atmosphere on a global scale [37].

2.1.3. Impact of Land-Use on Carbon Cycling

Land-use significantly disrupts C dynamics in the soil. Deforestation reduces C se-
questration by removing plant biomass that stores C, while agricultural practices such as
tilling accelerate the decomposition of organic matter, leading to increased C release [38].
Urbanization exacerbates these effects by reducing vegetative cover and compacting soils,
further limiting their capacity to store C [39]. All these human activities highly impact the
storage of C within plant biomass with consequences for C sequestration in soils and finally
the release of C to the atmosphere (see Section 4.2 for a detailed overview). Key processes
of C movement in plant–soil systems, i.e., C sequestration, storage, and release, and the
impact of land-use are summarized in Figure 1.

2.2. Nitrogen Cycle
2.2.1. Nitrogen Profile

(i) Natural plant availability: While the vast majority of plant available N in soil
originates from the conversion of atmospheric dinitrogen (N2) into ammonia (NH3) by
bacteria (biological N fixation), some atmospheric N2 is abiologically fixed by lightning
(see Section 2.2.2). (ii) Significance in plant nutrition: Essential. As it is a component of
diverse metabolites and structural compounds like proteins, nucleic acids, chlorophylls,
phytohormones, and secondary metabolites, N plays a vital role in plant physiology.
(iii) Transformation processes: N fixation and nitrification/denitrification (see Section 2.2.2).
(iv) Limitations and management: Not limited in natural ecosystems, where the N cycle is
in equilibrium. However, in agricultural plant–soil systems, the harvest-related substantial
annual N losses have to be compensated via N fertilization (see Section 2.2.3). (v) Conse-
quences of land-use for biogeochemical N cycling: emission of the greenhouse gas nitrous
oxide (N2O), deterioration of soil health, and eutrophication (see Section 2.2.3).
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Figure 1. Impact of land-use on C dynamics in plant–soil systems.

2.2.2. Nitrogen Fixation, Nitrification, and Denitrification

The N cycle plays a critical role in plant–soil systems by converting inert atmospheric
N into biologically available forms [40]. N fixation is primarily achieved by symbiotic
bacteria such as Rhizobium (associated with leguminous plants) and free-living bacteria
such as Azotobacter. These microorganisms transform atmospheric N2 into NH3, which
plants can absorb [41]. Abiotic processes, including lightning and industrial fixation, also
contribute to N availability, albeit to a lesser extent [42]. Lightning provides the energy
to produce NOx (nitrogen oxides) in a reaction of N2 and oxygen in the atmosphere [43].
When NOx cools down afterwards it further reacts with oxygen forming nitrogen dioxide
(NO2), which in turn is converted to nitric acid (HNO3) during chemical reactions with
ozone and water [44]. In soil, this acid finally makes NO3

− (nitrate), a form readily absorbed
by plants [45]. Following N fixation, nitrification and denitrification are key processes that
regulate the transformation and movement of N in soil [46]. Nitrification involves the
microbial oxidation of ammonia to nitrite (NO2

−) and subsequently to plant available
NO3

−. Conversely, denitrification converts nitrate into gaseous N forms (N2 or N2O),
releasing it back into the atmosphere [47].

2.2.3. Nitrogen Supply in Agricultural Plant–Soil Systems

On the one hand, intensive N fertilization has led to improved food supply, be-
cause significantly more crops can be grown on a limited area of land as N is the main
yield-determining nutrient. On the other hand, the oversupply with reactive N (i.e., all
N compounds except for N2) in many agricultural plant–soil systems has resulted in eco-
logical threats like the emission of the greenhouse gas N2O, deterioration of soil health,
or eutrophication (see Section 5.1.) [48,49]. Annual harvest-related N removal from agri-
cultural plant–soil systems has to be replaced to maintain productivity, because there
is no potentially available N in the rocks from which most soils developed. To ensure
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maximal crop yields and minimal N losses in any agricultural plant–soil system, the N
fertilization rate should be tailored to the N demand of a specific crop [50]. In this con-
text, synthetic fertilizers are most often the means of choice [51], especially in intensive
agricultural systems, because they are readily available, easy to transport and to apply,
and relatively cost-effective [52]. During industrial N fertilizer production, N2 is fixed in
the Haber–Bosch process, which uses hydrogen (H2) from natural gas (CH4) to react with
N2 under high temperature and pressure to form NH3. Apart from synthetic N fertilizers,
there are numerous other N sources used in agricultural plant–soil systems, for example,
manure or compost. Table 1 provides a comparative overview of N sources, highlighting
their relative contributions to soil fertility and crop productivity.

Table 1. Comparative overview of N sources and their contribution to soil fertility.

Nitrogen Source
Soil Fertility
Contribution

Crop Productivity
Contribution

Advantages Limitations Reference

Synthetic
Fertilizers

High immediate
nutrient

availability
High yield response

Quick release,
tailored

compositions

Risk of leaching,
environmental harm [53]

Manure Slow
nutrient release

Moderate to high,
depending on quality

Organic matter
improvement

Variable
nutrient content [54]

Compost Slow and steady
nutrient release Moderate Enhances

soil structure
Requires time
for production [55]

Cover Crops Long-term
improvement

Indirect, through
soil health

Erosion control,
organic

matter boost

Requires land-use
during

growth period
[56]

Leguminous Plants Biological
nitrogen fixation

High in
compatible systems

Self-sustaining
nitrogen source

Limited to
suitable crops [57]

Biofertilizers
Variable,

depends on
microbial activity

Variable Environmentally
friendly

Requires
optimal conditions [58]

Organic-Inorganic
Mix

Balanced nutrient
availability High yield response

Improves
nutrient-use

efficiency

Complex
management [59]

High-Quality
Organic Resources Moderate to high High, particularly in

low-fertility soils

Reduces
dependency on
synthetic inputs

Requires
high-quality material [60]

2.3. Phosphorus Cycle
2.3.1. Phosphorus Profile

(i) Natural plant availability: Only inorganic orthophosphates in soils (i.e., H2PO4
−

and HPO4
2−) are plant available. (ii) Significance in plant nutrition: Essential. P plays a

major role in the structural framework of deoxyribonucleic acid (DNA) and ribonucleic
acid (RNA), is used for the transport of cellular energy with adenosine triphosphate (ATP),
and represents a main structural component of cell membranes in the form of phospho-
lipids. (iii) Transformation processes: Weathering and mineralization (see Section 2.3.2).
(iv) Limitations and management: Global P resources are limited, which is why a sustain-
able use of P fertilizers is urgently needed in future cropping systems (see Section 2.3.3).
(v) Consequences of land-use for biogeochemical P cycling: deterioration of soil health and
eutrophication (see Section 2.3.3).

2.3.2. Availability of Phosphorus in Soils

Unlike N and C cycles, the P cycle lacks a significant gaseous phase, relying primarily
on the weathering of phosphate-bearing rocks to release P into the soil [61]. Once in the soil,
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P undergoes mineralization, where organic P is converted into inorganic forms accessible to
plants. However, P availability is often limited by its strong affinity for soil particles, which
immobilizes it in forms unavailable for uptake [62]. The negatively charged phosphate ions
are, for example, adsorbed on positively charged soil constituents such as iron (Fe) and
aluminum (Al) oxides, carboxyl groups (organic matter), or silanol groups (clay minerals).
Moreover, phosphates are immobilized during mineral precipitation in combination with
metals such as calcium (Ca), Fe, and Al [63,64]. Soil amendments such as biochar, rock
phosphate, and phosphate-solubilizing microorganisms enhance P accessibility. These
interventions are particularly important in agricultural systems where P deficiencies can
limit crop yields [30]. Figure 2 illustrates the dynamics of P cycling in plant–soil systems in
relation to abiotic and biotic factors.

 

Figure 2. Overview of factors that influence (solid arrows) P dynamics in plant–soil systems. Biotic
and abiotic factors are shown in green and red boxes, respectively. Dashed arrows show interactions
between biotic and abiotic factors.

2.3.3. Global P Resources and Strategies to Reduce the Need for Synthetic P Fertilizers in
Agricultural Plant–Soil Systems

Synthetic P fertilizers are mainly manufactured from mined rock phosphate, which is
a geographically restricted and finite resource. Currently, China, Morocco, and the United
States are the main phosphate producers worldwide, accounting for about 70% of the
total global production [65]. The largest phosphate resources on Earth can be found in the
Western Phosphate Fields (United States) and the Mediterranean Sedimentary Phosphate
Province (e.g., Morocco, Spain, Algeria, Tunisia) with deposits that are estimated to last for
more than 1000 years [66]. Despite these huge resources, factors like growing P demand,
geopolitical constraints, increasing prices, and ecological awareness against the background
of global change call for a sustainable management of global P resources [67]. In this
context, agriculture plays a pivotal role regarding the demand for synthetic P fertilizers
as most global phosphates are consumed during the production of these fertilizers. The
overuse of synthetic P fertilizers results in a deterioration of soil health and P runoff from
agricultural lands to water bodies, where it causes eutrophication (see Section 5.1.). To
avoid P fertilizer overuse, farmers should assess the P status (i.e., P plant availability) of
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their soils as well as specific crop P demands before determining P fertilizer rates. In this
context, precision agriculture [68,69] and the use of bio-inoculants (bacteria and fungi) [70]
represent promising strategies to increase the P use efficiency of crops.

2.4. Sulfur Cycle
2.4.1. Sulfur Profile

(i) Natural plant availability: Sulfate (SO4
2−) as the most common inorganic form

of S in soils is readily available to plants. Moreover, atmospheric hydrogen sulfide (H2S)
and sulfur dioxide (SO2) can also be used by plants as a source of S, if root S uptake is
limited [71]. (ii) Significance in plant nutrition: Essential. As S is a component of several
specific biomolecules (e.g., amino acids and cofactors), S plays a crucial role in biochemical
functioning of all living organisms. (iii) Transformation processes: Weathering, mineraliza-
tion, and inorganic transformations (see Section 2.4.2). (iv) Limitations and management:
As SO4

2− contents in soils greatly vary and intensified agriculture leads to substantial S
losses, the need for S fertilization is strongly increasing (see Section 2.4.3). (v) Consequences
of land-use for biogeochemical S cycling: acidification of terrestrial and aquatic ecosystems
and air pollution (see Section 2.4.3).

2.4.2. Sulfur Transformation Processes

S can be abundantly found in rocks and soil minerals. Rock and mineral weathering,
geothermal vents, and volcanic eruptions contribute to the release of S into the environ-
ment. Human activities like fossil fuel combustion and agriculture largely influence the
biogeochemical S cycle [72]. The content of SO4

2− in soils greatly varies in relation to factors
like climate, vegetation, soil processes (e.g., leaching, adsorption–desorption, precipita-
tion, and oxidation-reduction reactions), and soil microbial activity. S cycling in plant–soil
systems involves the transformation of S compounds through microbial and chemical
processes [73]. In aerobic conditions, microorganisms oxidize S compounds to SO4

2−, the
most plant-available form of S [74]. In anaerobic environments, sulfate-reducing bacteria
convert sulfate into H2S, completing the S cycle [75].

2.4.3. Sulfur Management in Agricultural Plant–Soil Systems

S is vital for plant nutrition, as it forms the backbone of essential amino acids like
cysteine and methionine. These amino acids are critical for protein synthesis and enzymatic
functions. S inputs to agricultural plant–soil systems in the 19th and 20th centuries were
mainly in the form of atmospheric wet (“acid rain”) and dry depositions, which were driven
by industrial SO2 emissions and had negative environmental impacts, i.e., acidification of
terrestrial and aquatic ecosystems and air pollution [76]. Due to stricter emission regulations
in many countries worldwide, industrial S emissions are decreasing [72]. However, this
emission decrease in turn has increased S deficiencies in soils, and thus the need for S
fertilization in intensified cropping systems with environmental consequences that might
be comparable to the ones described above [77]. This need for S fertilization is exacerbated
by S losses from agricultural soils driven by, e.g., topsoil erosion and leaching [78,79].
To address S deficiencies in agricultural systems, S-rich fertilizers and soil amendments
are commonly applied [80]. Table 2 summarizes various S-related soil amendments, their
sources, and their impacts on plant health.
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Table 2. Overview of S containing soil amendments and corresponding sources, effects on plant–soil
systems, and advantages as well as limitations of application.

Soil Amendment Source
Impact on

Plant–Soil System
Advantages Limitations Reference

Elemental Sulfur Naturally mined
sulfur deposits

Lowers soil pH,
improves

nutrient availability

Long-term sulfur
supply,

pH adjustment

Requires microbial
oxidation for effect [55]

Gypsum
(CaSO4·2H2O)

By-product of
industrial

processes or mined

Supplies calcium and
sulfur; improves

soil structure

Reduces
aluminum toxicity

in acidic soils

Limited to soils
needing calcium [54]

Ammonium
Sulfate

By-product of
fertilizer

manufacturing

Rapid sulfur and
nitrogen source

Quick
nutrient release

Potential to
acidify soils [53]

Sulfur-Coated
Urea

Industrially coated
nitrogen fertilizer

Slow-release sulfur
and nitrogen source

Provides
consistent nutrient

availability
Expensive to produce [59]

Organic Matter Plant residues,
manure, compost

Gradual sulfur release
through decomposition

Improves soil
organic matter and

soil fertility
Variable sulfur content [58]

Biosolids Treated
sewage sludge

Supplies sulfur and
organic matter

Recycling
waste material

May contain “heavy
metals”

or contaminants
[81]

Potassium Sulfate By-product of
potash mining

Provides potassium
and sulfur

Improves
potassium levels

Limited to crops
needing potassium [82]

Sulfuric Acid Industrial sulfur
by-product

Lowers soil pH
quickly in

alkaline soils

Rapid correction of
high soil pH

Risk of
over-acidification [57]

2.5. Silicon Cycle
2.5.1. Silicon Profile

(i) Natural plant availability: Only dissolved silica (i.e., silicic acid, H4SiO4) in soils
is plant available. (ii) Significance in plant nutrition: Beneficial. As silica accumulation
in higher plants has been found to enhance their resistance against abiotic and biotic
stress, Si is considered as quasi-essential for plants, especially for plant species from the
grass family (Poaceae) [83]. (iii) Transformation processes: Weathering and biosilicification
(see Section 2.5.2). (iv) Limitations and management: Substantial Si losses in agricultural
plant–soil systems due to annual harvest-related Si exports, especially driven by cereal crop
harvesting (see Section 2.5.3). (v) Consequences of land-use for biogeochemical Si cycling:
anthropogenic desilication and changes in land–ocean Si fluxes (see Section 2.5.3).

2.5.2. Biosilicification and Its Role in Silicon Cycling

Si has been found to be a beneficial element for plants, enhancing their resistance
to stress, and thus positively affecting plant performance and ecosystem functioning,
especially under stress conditions [9,84,85]. The original source of bioavailable Si (i.e.,
dissolved silica in the form of H4SiO4) on a geological time scale is mineral weathering.
In soils, H4SiO4 follows various pathways including abiotic and biotic ones. While abiotic
pathways comprise (i) leaching influenced by rainfall and irrigation and (ii) immobilization
through soil processes like adsorption, precipitation, and complexation, the biotic pathway
is represented by the uptake of H4SiO4 by living organisms [86]. The process by which
inorganic H4SiO4 is utilized by plants, protists, and animals to create biogenic silica (BSi),
i.e., amorphous hydrated silica (SiO2·nH2O), is known as biosilicification [87]. As BSi is
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much more soluble compared to silicate minerals, biosilicification and BSi dissolution
regulate H4SiO4 concentrations in soils over biological time scales [88,89].

In fact, various organisms can accumulate BSi. However, while particular attention
has been paid to phytogenic (plants) silica pools [90–92], less is known about protozoic
(testate amoebae), protophytic (diatoms), zoogenic (sponges), fungal (fungi), and bacterial
(bacteria) Si pools in soils (Table 3) [93]. While protozoic Si pools in forest soils are relatively
small compared to phytogenic ones, biosilicification rates of testate amoebae can equal
or even exceed the annual Si uptake rates of trees in terrestrial ecosystems [94,95]. As
testate amoebae belong to the earliest colonizers of new areas [96], they might also play a
crucial role in establishing biological Si cycling in initial ecosystems [95,97]. Protophytic and
zoogenic Si pools in soils were quantified in few studies, but there are no quantitative data
for corresponding biosilicification rates by diatoms and sponges in terrestrial ecosystems,
respectively [98,99]. Regarding fungal and bacterial biosilicification, there is no quantitative
data (Si pools, annual Si uptake rates) in the literature to the best of our knowledge.

Table 3. Information on biosilicification (Si pools and annual Si uptake rates) by testate amoebae,
diatoms, and sponges in soils of terrestrial ecosystems. Note different units for Si pool sizes.

Year Ecosystem Organism Si Pool Size Biosilicification Rate Reference

2007 Various forests Testate amoebae Up to
0.8 kg Si ha−1

Up to
106 kg Si ha−1 yr−1 [100]

2013 Beech forest
‘Beerenbusch’ ” 1.9 kg Si ha−1 17 kg Si ha−1 yr−1 [101]

2014
Initial ecosystem states

(different
artificial catchments)

” Up to
0.7 kg Si ha−1

Up to
16 kg Si ha−1 yr−1 [97]

2015 Various forests ” Up to
4.7 kg Si ha−1

Up to
80 kg Si ha−1 yr−1 [94]

2016
Initial ecosystem states

(artificial catchment
‘Chicken Creek’)

” Up to
0.06 kg Si ha−1 -- [98]

” ” Diatoms Up to
0.3 kg Si ha−1 -- ”

” ” Sponges Up to
0.2 kg Si ka−1 -- ”

”

Various habitats in a
nature reserve (artificial

catchment ‘Mere
Sands Wood’)

Testate amoebae Up to
82 ng Si g−1 dm -- [102]

” ” Diatoms Up to
58 ng Si g−1 dm -- ”

2017
Initial ecosystem states

(artificial catchment
‘Chicken Creek’)

Testate amoebae Up to
0.4 kg Si ha−1 -- [99]

” ” Diatoms Up to
1.6 kg Si ha−1 -- ”

” ” Sponges Up to
0.5 kg Si ha−1 -- ”

2020 Floodplain (Watarase
retarding basin) Testate amoebae Up to

2.9 μg Si g−1 dm -- [103]
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Table 3. Cont.

Year Ecosystem Organism Si Pool Size Biosilicification Rate Reference

” ” Diatoms Up to
12.8 μg Si g−1 dm -- ”

”
Peatland and cropland
sites (Dajiuhu National

Wetland Park)
Testate amoebae Up to

5.3 μg Si g−1 dm -- [104]

2021 Natural and cultivated
Sphagnum sites ”

Up to 0.1 μg Si per
150 testate

amoeba shells
-- [105]

2022 Various peatlands ”
Up to 97 ng Si per

150 testate
amoeba shells

-- [106]

” = ditto; -- = no data available; dm = dry mass.

2.5.3. The Threat of Anthropogenic Desilication and How to Prevent It

Human activities like deforestation and damming have profound impacts on Si cycling
in terrestrial ecosystems with consequences for Si fluxes from land to oceans, and thus for
the global biogeochemical Si cycle (see Section 5.1). Moreover, annual Si exports by crop
harvesting have been recognized to lead to substantial Si losses in agricultural plant–soil
systems known as anthropogenic desilication [107–109]. Certain agricultural practices
may enhance Si availability (H4SiO4) in soils like the use of prescribed burning [110],
the application of Si-rich fertilizers and/or amorphous silica [17,111], the application of
biochar [112], the recycling of crop residues [113,114], and liming [115]. However, further
research is needed to determine how much of the released H4SiO4 is (i) taken up by plants,
(ii) immobilized through adsorption and complexation processes in the soil, or (iii) lost
through leaching.

All these practices can prevent anthropogenic desilication and ensure a sufficient
Si supply for plants leading to an improved crop stress resilience [85,111]. Additionally,
practices like biochar application or crop residue recycling can promote C sequestration in
agricultural soils by enhancing weathering (e.g., using silicate rock powders), stabilizing
soil organic C (e.g., through crop residue recycling or biochar application), and increasing
phytolith-occluded C storage (e.g., by enhancing cereal crop production and corresponding
residue recycling) [116,117].

3. Interactions Between Biogeochemical Cycles

Biogeochemical cycles rarely operate in isolation. Instead, they are interconnected,
with processes in one cycle influencing and being influenced by others. This interconnect-
edness enhances the complexity of nutrient/element dynamics within plant–soil systems,
as each cycle interacts with others to maintain ecosystem stability and productivity [118].
The coupling between cycles such as C, N, and P, along with the pivotal role played by
microbial communities, creates a dynamic feedback network. These interactions deter-
mine nutrient/element availability, ecosystem resilience, and plant productivity [119]. A
deeper understanding of these interactions is critical for managing ecosystem sustainably,
particularly in the context of anthropogenic disruptions like land-use change and climate
variability [120].

3.1. Underlying Mechanisms

The coupling of biogeochemical cycles refers to the feedback mechanisms that connect
processes within different cycles [121]. For instance, the C, N, and P cycles are intricately
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linked through plant growth, microbial activity, and soil processes [122]. Photosynthesis, a
key process in the C cycle, requires N for chlorophyll synthesis and P for energy transfer
via ATP molecules [123]. N fixation, a major process in the N cycle, is often influenced by
the availability of organic C, which serves as an energy source for N-fixing bacteria [124].
Similarly, P availability impacts microbial activity and root exudates, further influencing
C dynamics in the soil [125]. Since S is also an essential element for organisms (e.g., as
a constituent of many proteins and cofactors), the S cycle is closely linked to the other
biogeochemical cycles by biological productivity as well. The global Si and C cycles are
closely linked by weathering processes and diatom growth in the oceans [126,127]. While
soil weathering principally removes CO2 from the atmosphere, tectonic activities can
expose ancient organic C that was sequestered from the atmosphere over millions of years
and causes CO2 release when this organic C is oxidized [128]. Finally, volcanic eruptions
worldwide emit gases rich in C and S, i.e., mainly CO2 and SO2, but also N species such as
NOx into the atmosphere [129,130], while volcanic ash is rich in Si (volcanic glass) and also
contains certain amounts of P [131,132]. Gaseous S and N species in the atmosphere (i) are
transformed into aerosol acid particles (SO4

2− and NOx) that eventually fall to the ground
in the form of dry depositions or (ii) react with water, oxygen, and other chemicals to form
sulfuric (H2SO4) and nitric (HNO3) acids, which are then deposited via precipitation (wet
depositions) [130,133].

However, at this point, it should be noted that the processes stated above naturally
represent only some examples of biogeochemical cycle connections, because the elements
C, N, P, S, and Si are quite abundant in the Earth’s system, and corresponding interactions
between the Earth’s spheres (i.e., the litho-, hydro-, bio-, and atmosphere) are just too
complex to be depicted in full detail. While all these natural processes are globally in
equilibrium over a long time scale, human activities substantially disturb these cycles over
a short time scale (i.e., decades to hundreds of years) with far reaching consequences for
element cycling and availability in plant–soil systems, and thus for ecosystem resilience
and plant productivity. Figure 3 provides an overview of natural key processes (e.g.,
photosynthesis, N fixation, and rock weathering) and human disturbances, which are
driving nutrient/element exchange between the Earth’s spheres.

Figure 3. Schematic overview of natural key processes that link biogeochemical C, N, P, S, and Si cycles
on a global scale. Dashed arrows indicate directional interactions between biogeochemical cycles
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such as photosynthesis, N fixation, weathering, or C sequestration, which connect the different
Earth’s spheres (i.e., the litho-, hydro-, bio-, and atmosphere). Biogeochemical cycles that are mainly
involved in these interactions are indicated by colored element symbols. Principle element flux
directions are indicated by arrow directions. Red solid arrows show disturbances resulting from
human activities. These disturbances are represented by numbers in the red arrows: 1 = fossil fuel
combustion, 2 = eutrophication, 3 = land-use (agriculture, deforestation), and 4 = global warming.
Note that the Earth’s spheres naturally are inextricably linked with each other and that the separated
visualization in this figure is for illustration purposes only.

The feedback mechanisms of biogeochemical cycles have profound implications for
plant productivity and ecosystem functioning. When nutrient/element availability is bal-
anced across these cycles, plants can optimize growth and yield. However, imbalances,
such as N or P limitations, can disrupt C sequestration and reduce ecosystem productiv-
ity [134]. For example, excess N from fertilizers can lead to P depletion, altering microbial
communities and reducing soil health (see also Section 4.3) [135].

3.2. Role of Microbial Communities

Microbial communities are central to the interactions between biogeochemical cycles,
acting as catalysts for nutrient/element transformations and exchange. These communities
engage in symbiotic relationships with plants, facilitating nutrient/element acquisition and
cycling [136]. For example, N-fixing bacteria like Rhizobium form symbiotic associations
with leguminous plants, converting atmospheric N into ammonia, which the plants can
use [137]. Similarly, mycorrhizal fungi establish mutualistic relationships with plant roots,
enhancing P uptake in exchange for C from the plant [138]. Modern molecular biological
techniques are well-suited to understand the underlying processes of the cross-talk between
plants and soil microorganisms, and thus to regulate these interactions for the benefit of
plant nutrition [139–142].

The enzymatic processes carried out by microbes are critical for driving nutri-
ent/element availability and cycling [143]. Microbial enzymes decompose organic matter,
releasing N, P, and C compounds into the soil [144]. Specific microbial species also mediate
processes such as nitrification, denitrification, and P solubilization, bridging the gaps be-
tween different biogeochemical cycles. Furthermore, certain bacteria (e.g., Proteus mirabilis)
and fungi can enhance the dissolution of silica via acidic metabolites (bio-weathering) [87].
Diatoms might also play a role in enhancing bio-weathering [145], while there is no infor-
mation on this aspect regarding testate amoebae.

These activities not only sustain plant growth but also regulate nutrient/element
losses and emissions, such as N leaching or nitrous oxide release [146]. To highlight their
contributions, Table 4 presents a summary of key microbial species involved in nutrient
cycling, their functional roles, and the processes they drive. For instance, Azotobacter and
Bradyrhizobium are pivotal in N fixation, while phosphate-solubilizing bacteria like Pseu-
domonas and Bacillus enhance P availability. By bridging cycles, microbes play a crucial role
in maintaining nutrient balance and ensuring the resilience of plant–soil systems [147]. The
intricate interactions between biogeochemical cycles, facilitated by microbial communities,
underscore the complexity of nutrient dynamics in ecosystems. These interactions not
only regulate the flow of essential nutrients but also enhance ecosystem productivity and
resilience [148].
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Table 4. Key microbial species and their functional roles in nutrient cycling.

Microbial Species
(Scientific Name)

Functional Role
Nutrient

Cycling Process
Key Outputs/Impacts Reference

Azotobacter vinelandii Nitrogen fixation Atmospheric N2 →
Ammonia

Enhances soil nitrogen
availability for plants. [149]

Bradyrhizobium
japonicum

Symbiotic
nitrogen fixation

Forms nodules
on legumes

Supplies nitrogen directly
to host plants. [150]

Pseudomonas
fluorescens

Phosphate
solubilization

Converts
insoluble phosphorus

Increases bioavailability of
phosphorus for
plant uptake.

[151]

Bacillus subtilis Phosphate
solubilization

Organic phospho-
rus mineralization

Supports plant growth by
enhancing soil

phosphorus levels.
[152]

Nitrosomonas europaea Nitrification Ammonia → Nitrites

Facilitates conversion of
nitrogen into usable forms,

influencing
nutrient cycling.

[153]

Nitrobacter
winogradskyi Nitrification Nitrites → Nitrates

Ensures availability of
nitrate for plant uptake but

increases leaching risks.
[154]

Paraburkholderia
phytofirmans

Plant growth
promotion

Enhances phosphorus
and nitrogen

Improves nutrient
acquisition, fostering

plant growth.
[155]

Rhizobium
leguminosarum

Symbiotic
nitrogen fixation

Forms nodules
on legumes

Converts atmospheric
nitrogen for host plants,
improving soil fertility.

[156]

Frankia spp. Nitrogen fixation in
actinorhizal plants

Atmospheric N2 →
Ammonia

Supports nitrogen levels in
non-leguminous plants. [157]

Desulfovibrio
desulfuricans Sulfate reduction Sulfate (SO4

2−) →
Hydrogen sulfide (H2S)

Contributes to sulfur
cycling in anaerobic

environments, impacting
soil and water chemistry.

[158]

Thiobacillus thioparus Sulfur oxidation Elemental sulfur →
Sulfate (SO4

2−)

Increases soil sulfate levels,
promoting plant

sulfur uptake.
[159]

4. Implications for Ecosystem Services

Biogeochemical cycles are not just fundamental processes for nutrient/element dy-
namics but also pivotal drivers of ecosystem services, which encompass the benefits that
ecosystems provide to humanity. These cycles directly influence soil fertility, C sequestra-
tion, climate mitigation, biodiversity, and ecosystem resilience [160]. By mediating the
availability of essential nutrients and beneficial elements, they support primary produc-
tivity, regulate greenhouse gas fluxes, and maintain ecosystem stability under varying
environmental conditions [161]. Understanding and managing the implications of these cy-
cles is crucial for promoting sustainable agricultural practices, enhancing climate resilience,
and preserving biodiversity.

4.1. Soil Fertility and Crop Production

Soil fertility, a cornerstone of agricultural productivity, is intrinsically tied to the effi-
ciency of biogeochemical cycles. These cycles regulate the availability of macronutrients
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like N, P, and potassium (K), which are critical for crop growth and yield [162]. Sustainable
practices such as crop rotation, cover cropping, and the use of organic fertilizers enhance
nutrient cycling, ensuring a steady supply of these nutrients [163]. For example, N fixation
by legumes in rotation systems replenishes soil N, reducing the need for synthetic fertilizers
and improving soil health [164]. Continuous crop straw recycling has been found to replen-
ish plant available Si in agricultural soils and to a reduce the need for N fertilization rates
by about 69% in the long term [113]. Additionally, regular long-term incorporation of crop
straw is a promising strategy to alleviate soil erosion [165] and to enhance C sequestration
in agricultural soils [116,166]. As dissolved Si and P compete for equivalent adsorption
sites in soil, Si supply can also help to release previously plant unavailable phosphates
in agricultural soils resulting in a reduced need for P fertilization [111]. Due to the mani-
fold reported positive effects of Si for agricultural soils, Si supply has been suggested as
crucial for soil health, especially in plant–soil systems that are prone to drought and soil
degradation [167].

The impact of biogeochemical processes on yield is profound. Proper nutrient/element
cycling ensures optimal root development, photosynthesis, and energy transfer within
plants, translating into higher crop productivity [168]. Conversely, disruptions in these
cycles, often caused by intensive farming or soil degradation, can lead to nutrient/element
imbalances, reduced yields, and long-term soil infertility [169]. Figure 4 presents pathways
of nutrient/element transfer from soil to crops, highlighting the role of sustainable practices
in enhancing these processes.

 

Figure 4. Nutrient/element transfer pathway from soil to crops.

4.2. Carbon Sequestration and Climate Mitigation

Soil serves as a major C sink, playing a critical role in mitigating climate change by
sequestering atmospheric CO2 [170]. Biogeochemical processes such as photosynthesis
and the decomposition of organic matter drive soil C storage, with SOM acting as a
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stable reservoir of C [171]. Enhanced C sequestration not only reduces greenhouse gas
concentrations but also improves soil structure, water retention, and fertility, creating a
positive feedback loop for agricultural productivity [172].

Strategies for maximizing soil C storage include conservation tillage, agroforestry,
and the application of biochar. These practices reduce soil disturbance, increase organic
C inputs, and promote microbial activity, which stabilizes C in the soil [173]. Moreover,
crop straw recycling has been found a promising strategy to replenish plant available Si
(H4SiO4) and to enhance C sequestration in agricultural soils in the long term [113,114].
In this context, a certain amount of C is stored in phytoliths (i.e., silica bodies formed in
terrestrial plants), which are transferred to soil with plant litter. As phytoliths are relatively
stable and can remain in soils up to centuries or even millennia, C sequestration via soil
phytoliths has been recently discussed as a promising long-term C sink [174,175]. Table 5
provides a comparative analysis of soil management practices, outlining their potential for
C sequestration and their co-benefits for soil health and ecosystem services. By adopting
such strategies, farmers and land managers can contribute to both climate mitigation and
sustainable development goals.

Table 5. Overview of soil management practices and corresponding C sequestration potentials.

Soil Management
Practice

Description
Carbon Sequestration

Potential
Impact on Soil Health Reference

Conservation Tillage
Reduced tillage to

minimize soil
disturbance.

Moderate to high

Improves soil structure,
reduces erosion, and

enhances organic
matter retention.

[149]

Cover Cropping
Planting cover crops

during
off-season periods.

High
Increases organic carbon

inputs and reduces
nutrient leaching.

[176]

Compost Addition Application of
compost to soils. High

Enhances microbial activity,
nutrient availability, and

organic carbon.
[177]

Agroforestry
Integration of trees

with
agricultural crops.

Very high
Promotes biodiversity,

reduces soil erosion, and
increases carbon storage.

[178]

Biochar Amendment Adding pyrolyzed
biomass to soil. High

Increases soil carbon
stability, improves water
retention, and supports

microbial growth.

[179]

Crop straw recycling
Application of
chopped straw

to soil.

Moderate to high
(long-term effects)

Replenishes plant available
Si, reduces the need for N
fertilizers, and increases

organic carbon inputs in the
long term.

[113]

Crop Rotation
Alternating crops to

improve soil
nutrient balance.

Moderate

Reduces pest buildup,
enhances nitrogen use

efficiency, and improves
soil structure.

[154]

Integrated Livestock
Management

Combining livestock
and crop systems. Moderate to high

Enhances nutrient recycling
and boosts organic matter

input through manure.
[155]
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Table 5. Cont.

Soil Management
Practice

Description
Carbon Sequestration

Potential
Impact on Soil Health Reference

No-Tillage
Avoiding plowing

entirely to maintain
soil integrity.

High

Reduces erosion, improves
water infiltration, and

increases organic
matter retention.

[156]

Perennial
Grass Systems

Using perennial
grasses for

soil coverage.
Very high

Reduces erosion, improves
soil structure, and enhances
long-term carbon storage.

[157]

4.3. Biodiversity and Ecosystem Resilience

Biodiversity and ecosystem resilience are deeply influenced by the efficiency of nutri-
ent/element cycling within ecosystems [9,180]. Healthy biogeochemical cycles promote
plant diversity by ensuring the availability of diverse nutrients/elements needed for differ-
ent species. This diversity, in turn, supports complex food webs and enhances ecosystem
functionality [181]. For example, P cycling facilitates the growth of nutrient-demanding
species, while N cycling supports legumes and other N-fixing plants, contributing to
species coexistence and diversity [182]. Si uptake by plants might play an important role
in influencing plant community assembly and ecosystem structure, thus affecting plant
biodiversity patterns and ecosystem functioning as well as resilience [183].

In nutrient-poor soils, resilience mechanisms such as microbial symbioses and adap-
tive root systems play a crucial role in maintaining ecosystem stability. In this context,
changes in the root architecture, the formation of cluster roots, or symbiotic associations
with mycorrhizae or N-fixing bacteria represent key processes [184]. These mechanisms
allow plants to access limited nutrients, ensuring ecosystem productivity even under stress-
ful conditions [185]. Regarding crop production, the phenotypic characterization of root
adaptations allows plant breeders to develop improved cultivars, which can ensure yield
stability and nutritional security under global change [186]. Moreover, the application of Si
to soils has been found to be a promising strategy to enhance the resilience of soil microbial
communities by, e.g., changing soil pH, improving nutrient and water availability, altering
root exudation patterns and plant physiology, and stimulating the abundance, diversity,
and functional potential of key microbial groups [187]. Si uptake by legumes (Fabaceae)
might also promote the symbiotic interactions between N-fixing bacteria (rhizobia) inside
the legume root nodules and their host plant [188]. Furthermore, enhancing the biological N
fixation by introducing selected, adapted diazotrophic bacteria into agricultural soils might
be a promising approach to significantly reduce the high demand for synthetic N fertilizers
in future cropping systems [189]. Figure 5 provides an overview of how nutrient/element
cycling enhances ecosystem resilience, showing pathways through which biogeochemi-
cal cycles support biodiversity and mitigate stress. This resilience is vital for ecosystem
recovery from disturbances, such as droughts or human interventions, underscoring the
need to conserve these natural processes [190]. The implications of biogeochemical cycles
for ecosystem services are far-reaching, influencing food security, climate stability, and
biodiversity conservation [191].
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Figure 5. Interactions between biogeochemical cycles, plant biodiversity, and ecosystem resilience in
plant–soil systems.

5. Challenges and Future Perspectives

The intricate functioning of biogeochemical cycles is increasingly under threat from
human activities, posing significant challenges to ecosystem stability and the delivery of
critical ecosystem services [192]. Addressing these challenges requires a combination of
mitigation strategies, technological innovations, and forward-thinking research.

5.1. Anthropogenic Impacts on Biogeochemical Cycles

Industrial agriculture and urban development have profoundly disrupted natural biogeo-
chemical cycles, altering nutrient/element flows and ecosystem dynamics [193]. Intensified
agriculture often characterized by an overuse of synthetic fertilizers and monocropping has
led to imbalances in N, P, and Si cycles with far-reaching consequences [18,109]. In general,
a continuous overuse of synthetic fertilizers can decline the contents of SOM, change soil
pH, reduce soil fertility as well as microbial activity, and thus result in an overall decrease
in agricultural soil quality/health [194,195]. More specifically, excessive N application, for
instance, contributes to soil acidification, nitrate leaching, and the release of N2O, a potent
greenhouse gas [196]. Similarly, P runoff from agricultural lands causes eutrophication in
freshwater systems, leading to harmful algal blooms and biodiversity loss. Land-use change
(e.g., deforestation) has been found to substantially affect Si pools in terrestrial ecosystems
with consequences for Si fluxes from land to ocean [8,197,198]. Further human activities like
damming also influence the global biogeochemical Si cycle and thus the growth of various or-
ganisms (e.g., diatoms) in aquatic ecosystems, as they need dissolved Si to form their siliceous
shells [199,200]. Beyond agriculture, urbanization and industrial activities further exacerbate
these issues by increasing C emissions and thus global warming, which in turn has strong
effects on global biogeochemical cycles [200–202].
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Pollution is another major driver of biogeochemical cycle disruption. Chemical pollu-
tants, such as “heavy metals” (metal(loid)s) and pesticides, affect microbial communities
and soil health, impairing the efficiency of nutrient cycling processes [203]. Eutrophication,
caused by nutrient overloading, particularly N and P, depletes oxygen levels in aquatic
systems, creating dead zones and disrupting aquatic ecosystems [204]. Table 6 provides
an overview of major anthropogenic threats to biogeochemical cycles, alongside potential
mitigation strategies, such as precision agriculture, sustainable land management, and
pollution control measures.

Table 6. Overview of major anthropogenic threats and mitigation strategies.

Threat Impact on Biogeochemical Cycles Potential Mitigation Strategies Reference

Excessive Fertilizer Use Disrupts nitrogen and phosphorus
cycles; causes eutrophication.

Precision agriculture, optimized
fertilizer application, and

crop-specific
nutrient management.

[149]

Deforestation Reduces carbon sequestration and
alters nitrogen and silicon cycling.

Reforestation, afforestation, and
agroforestry practices. [198,205]

Desilication Loss of Si from agricultural
plant–soil systems.

Crop straw recycling,
application of amorphous silica. [111,113]

Industrial Pollution
Releases “heavy metals” and toxic

compounds, affecting microbial
activity and soil health.

Pollution control measures,
phytoremediation, and stricter

industrial regulations.
[206,207]

Urbanization
Alters land-use, leading to loss of

soil organic matter and
nutrient imbalances.

Urban green spaces, soil
restoration projects, and

sustainable urban planning.
[208]

Overgrazing by Livestock
Depletes soil nutrients and

increases erosion, disrupting
nutrient cycling.

Rotational grazing, controlled
stocking rates, and
land rehabilitation.

[209]

Waste Mismanagement
Accumulation of organic waste

disrupts carbon and
nitrogen cycles.

Composting, recycling, and
waste-to-energy technologies. [154]

Mining Activity
Causes soil degradation and

disrupts phosphorus and
sulfur cycles.

Land reclamation, sustainable
mining practices, and
ecosystem restoration.

[155]

Climate Change
Accelerates nutrient leaching and

alters carbon, nitrogen, and
water cycles.

Carbon capture technologies,
renewable energy, and

climate-smart agriculture.
[156]

Aquatic Pollution Disturbs nutrient cycling in water
bodies, leading to hypoxia.

Wetland restoration, buffer
strips, and controlled

effluent discharge.
[157]

5.2. Technological Advancements

The advent of advanced technologies offers promising solutions for studying and
managing biogeochemical cycles more effectively. Artificial intelligence (AI) and remote
sensing technologies have revolutionized our ability to monitor and model nutrient dy-
namics across scales [210]. AI algorithms can process vast datasets from satellite imagery,
ground sensors, and climate models, providing insights into patterns of nutrient flows,
hotspots of disruption, and potential areas for intervention. Remote sensing, coupled with
geospatial analysis, enables the mapping of nutrient deficiencies and soil health metrics at
regional and global scales, facilitating targeted and efficient management strategies [211].
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Moreover, remote sensing can detect biomass heterogeneities at landscape scales, offering a
promising tool for quantifying lifelike Si or C aboveground plant stocks, which are directly
related to soil properties and nutrient/element availability [212,213].

Advancements in soil health monitoring techniques further complement these tech-
nological strides. Tools such as automated soil sensors and molecular diagnostics allow
for real-time analysis of soil properties, including nutrient content, microbial activity, and
organic matter levels. These innovations not only enhance the precision of nutrient man-
agement but also help predict the impacts of land-use changes and climate variability on
biogeochemical cycles [214,215].

5.3. Research Gaps and Future Directions

Despite significant progress in understanding biogeochemical cycles, critical knowl-
edge gaps remain, particularly regarding their interlinkages and responses to global change.
For instance, while individual biogeochemical cycles are well-studied, the feedback loops
and synergies between these cycles require further investigation. Understanding how
disruptions in one cycle affect others, particularly under scenarios of climate change and
land-use transformation, is essential for developing holistic management approaches. To
mitigate anthropogenic disturbances of biogeochemical cycles, natural resources should be
the focus of future research. In this context, closing element cycles in agricultural plant–soil
systems to the highest extent possible (e.g., by crop residue recycling), using the poten-
tials of (adapted) soil microorganisms and improved plant cultivars, and applying soil
conservation methods might be the means of choice.

Future research agendas must prioritize the integration of multiple disciplines to
address underlying complexities. This includes coupling biogeochemical research with
ecosystem modeling, socio-economic studies, and policy analysis to develop comprehen-
sive frameworks for sustainable management. Additionally, long-term field experiments
and multi-scale studies are needed to capture the variability of biogeochemical processes
and their responses to both natural and anthropogenic drivers. There is also a pressing
need to explore innovative solutions, such as microbial engineering and biogeochemical
restoration, to enhance nutrient/element cycling and mitigate the impacts of human ac-
tivities. Addressing the challenges facing biogeochemical cycles requires a multi-pronged
approach that combines the mitigation of anthropogenic impacts, leveraging technological
advancements, and closing critical research gaps.

6. Conclusions

The intricate and interdependent nature of biogeochemical cycles forms the backbone
of nutrient/element dynamics in plant–soil systems, shaping ecosystem health, productivity,
and resilience. This review highlights the critical roles played by the C, N, P, S, and Si cycles,
emphasizing their unique mechanisms and interactions. These cycles govern the availability
and movement of essential nutrients/beneficial elements, sustaining plant growth, microbial
activity, and soil health. Key findings reveal that while each cycle operates through distinct
processes, their coupling is essential for maintaining ecosystem balance and productivity.
The influence of these cycles extends beyond nutrient/element dynamics, impacting climate
regulation, biodiversity conservation, and agricultural sustainability.

The disruptions caused by human activities, including industrial agriculture, defor-
estation, and pollution, pose significant challenges to the stability of these cycles. Excessive
nutrient inputs, eutrophication, and C imbalances have led to ecosystem degradation
and reduced functionality, emphasizing the urgent need for mitigation strategies. At the
same time, advancements in technology, particularly AI, remote sensing, and soil health
monitoring, offer transformative opportunities to study and manage these cycles with
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greater precision and efficiency. These innovations can help to identify hotspots of nutri-
ent/element deficiencies or disruptions, predict ecosystem responses to environmental
changes, and guide sustainable management practices.

The implications of biogeochemical cycles for plant–soil systems underscore the ne-
cessity of integrated approaches in both research and practice. The interconnectedness of
these cycles demands a holistic perspective that considers their feedback mechanisms, syn-
ergies, and cascading effects. Future studies must prioritize interdisciplinary research that
bridges biology, geology, chemistry, and environmental science to develop comprehensive
models of nutrient/element dynamics. These models should include land-use policies,
conservation strategies, and agricultural practices to address current challenges and build
resilience against future disruptions.

Plant–soil system sustainability hinges on our ability to understand and manage bio-
geochemical cycles effectively. By synthesizing knowledge across disciplines, leveraging
technological advancements, and implementing integrated approaches, the functionality
of these cycles and corresponding ecosystem services can be safeguarded. Such efforts are
vital for mitigating the impacts of climate change, enhancing food security, and preserving
biodiversity, ensuring a sustainable future for both natural ecosystems and human societies.
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