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Abstract

Soil amendments are widely applied to improve soil fertility and structure, yet their
performance in cold regions is constrained by low accumulated temperatures, frequent
freeze–thaw (FT) cycles, and permafrost sensitivity. In this review, ‘cold regions’ refers to
high-latitude and high-altitude areas characterized by long winters and seasonally frozen
soils and/or permafrost. We screened the peer-reviewed literature using keyword-based
searches supplemented by backward/forward citation tracking; studies were included
when they assessed amendment treatments in cold region soils and reported measurable
changes in physical, chemical, biological, or environmental indicators. Across organic,
inorganic, biological, synthetic, and composite amendments, the most consistent benefits
are improved aggregation and nutrient retention, stronger pH buffering, and the reduced
mobility of potentially toxic elements. However, effectiveness is often site-specific and may
be short-lived, and unintended risks—including greenhouse gas emissions, contaminant
accumulation, and thermal disturbances—can offset gains. Cold-specific constraints are
dominated by limited thermal regimes, FT disturbance, and the trade-off between surface
warming for production and permafrost protection. We therefore propose integrated
countermeasures: prescription-based amendment portfolios tailored to soils and seasons;
the prioritization and screening of local resources; coupling with engineering and land
surface strategies; a minimal cold region MRV loop; and the explicit balancing of agronomic
benefits with environmental safeguards. These insights provide actionable pathways for
sustainable agriculture and ecological restoration in cold regions under climate change.

Keywords: soil amendments; cold regions; freeze–thaw cycles; monitoring–reporting–
verification (MRV)

1. Introduction
Cold region soils—characterized by long winters, low accumulated temperatures,

frequent freeze–thaw (FT) cycles, and widespread permafrost—are among the most fragile
components of the Earth’s terrestrial system [1,2]. In these environments, repeated FT
cycles dominate soil physical evolution [3]. During freezing, pore water expands and
disrupts aggregates; thawing then causes collapse and loss of strength, altering pore
connectivity and promoting erosion [4,5]. These processes result in shallower soil profiles
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with increased erodibility, exacerbating structural degradation caused by agricultural
practices and infrastructure development [6,7]. As a result, conventional management
measures often underperform, narrowing the pathway to sustainable soil rehabilitation
relative to temperate zones [8].

Cold region ecosystems face dual pressures from climate change and human dis-
turbance. Warming reshapes hydrothermal regimes and FT rhythms, while agricultural
expansion, infrastructure, and legacy mining intensify structural damage, organic matter
loss, and functional decline [9]. Within agricultural systems, degraded physical structures,
significant nutrient depletion, and impaired hydrological regulation have emerged as criti-
cal limitations to food security in high-latitude regions. Multiple nations have consequently
integrated cold region soil protection and enhancement into national policies [10–13]—for
example, the EU Soil Deal for Europe (2021–2030), China’s Black Soil Protection Law (2022),
and Finland’s gypsum-based watershed program for erosion and phosphorus control.
These initiatives highlight the growing policy emphasis on soil health and resilience in
boreal and permafrost-affected zones (see Supplementary Table S1 for details).

Within this context, soil amendments provide a practical toolbox for cold region soil
rehabilitation, but their functions are amendment-specific. Organic amendments (e.g., com-
post/manure, straw return, and biochar) predominantly improve aggregation, porosity,
and water retention and supply carbon substrates that stimulate microbial activity [14–18].
Inorganic conditioners (e.g., lime and gypsum) mainly correct acidity/sodicity, enhance
cation exchange and structural stability, and can reduce the mobility of potentially toxic
elements [19–25]. Biological amendments (e.g., microbial and mycorrhizal inoculants)
primarily target root growth and rhizosphere interactions [26–29], whereas synthetic or
engineered materials (e.g., superabsorbent polymers and biochar-based composites) can
further strengthen water retention and sorption/immobilization functions [21,30,31]. Nev-
ertheless, the effectiveness and durability of amendments in cold regions are strongly
path-dependent: low temperatures slow organic matter turnover and biostimulant action;
FT cycles can erode aggregation gains; application windows are compressed by snow cover
and soil frost; and, in permafrost landscapes, interventions that warm the surface may risk
subsurface thaw and ground instability. These coupled constraints make cold region soil
improvement both urgently needed and uniquely challenging.

This review therefore focuses on soil amendments and their application and challenges
in cold regions. We (i) summarize amendment classifications with an emphasis on cold
region suitability; (ii) synthesize evidence for applications across physical, chemical, and
biological indicators and deployment scales; (iii) analyze problems observed in practice;
and (iv) articulate cold-specific challenges—highlighting the central role of the accumulated
temperature and the trade-off between surface warming to stimulate function and the need
to protect permafrost from downward heat transfer. Finally, we propose recommendations
that integrate prescription-based portfolios, local resource prioritization and screening, cold
region MRV frameworks, and engineering/land surface strategies (e.g., insulating layers,
mulches, surface albedo management) to elevate near-surface function while safeguarding
subsurface thermal stability.

By consolidating these strands, this review clarifies why restoration in cold regions
is intrinsically difficult, what has worked to date, where limits and risks lie, and how to
design amendment strategies that are ecologically robust and operationally feasible under
cold climate constraints.

2. Review Methodology
This review was conducted as a structured narrative synthesis. In this paper, “cold

regions” refers to high-latitude and high-altitude environments characterized by long
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winters, low accumulated temperatures, and seasonally frozen soils and/or permafrost,
where FT cycles strongly regulate soil processes and management outcomes.

The literature was identified primarily through keyword-based searches in major
academic databases (Web of Science Core Collection, Scopus, and Google Scholar), sup-
plemented by backward and forward citation tracking to capture influential and highly
relevant studies. Search terms combined amendment-related keywords with cold re-
gion descriptors. Examples of amendment terms included biochar, hydrochar, com-
post/manure, lime/gypsum/slag, wood ash/fly ash, zeolite/clays, polymer conditioners
(e.g., PAM/SAP), and microbial inoculants (e.g., PGPR/AMF). Cold region descriptors
included permafrost, seasonally frozen soil, freeze–thaw, alpine/high altitude, and high
latitude/boreal. Search strings were adapted to database syntax and iteratively refined as
additional relevant terms emerged during screening.

In the Web of Science Core Collection, we conducted a Topic search using the following
query: (soil* NEAR/3 (amendment* OR “soil conditioner*” OR biochar OR hydrochar OR
compost* OR manure OR “green manure” OR straw OR lime OR gypsum OR slag OR
“wood ash” OR “fly ash” OR zeolite OR bentonite OR vermiculite OR polymer* OR PAM
OR SAP OR “microbial inoculant*” OR PGPR OR AMF)) AND (permafrost OR “seasonally
frozen soil*” OR “freeze-thaw” OR (freeze NEAR/1 thaw) OR periglacial OR cryosol* OR
gelisol*) NOT (wastewater OR sludge OR “water treatment” OR adsorption OR catalyst*
OR concrete OR asphalt OR “building material*”). This search returned 336 records (last
searched on 18 November 2025). To reduce cross-disciplinary noise and improve topical
relevance, we further refined the results using Web of Science Categories and Citation
Topics (Meso) as supportive filters, prioritizing soil-, environment-, agronomy-, ecology-,
and cold region geoscience-related categories/topics and excluding clearly unrelated ones.
After refinement, 281 records were retained for detailed screening.

Screening was conducted in two stages (title/abstract, followed by full-text assess-
ment). We primarily considered peer-reviewed studies that (i) examined one or more soil
amendments in cold region soils or under cold-relevant FT conditions; (ii) included an una-
mended control or baseline enabling comparison; and (iii) reported measurable responses
in at least one domain of soil physical, chemical, biological, and/or environmental indi-
cators (e.g., aggregation/porosity/bulk density/water retention, nutrient availability, pH
buffering, contaminant mobility/bioavailability, greenhouse gas fluxes, and hydrothermal
properties). Studies were generally not included when the site/conditions could not be
reasonably linked to cold region constraints, when the amendment type or application
information was insufficiently described, or when the reported outcomes were not directly
related to soil properties/processes.

Following the two-stage screening, 144 studies were included in the synthesis from the
refined Web of Science set. In addition, approximately 25 relevant papers were identified
through Scopus and Google Scholar searches and were included to improve the coverage.

3. Concept and Classification of Soil Amendments
Soil amendments are materials applied to improve soil’s physical, chemical, or biolog-

ical properties. Their primary role is to maintain and enhance the soil’s structure, reactivity,
and ecological activity; while they may supply nutrients, they are not primarily fertiliz-
ers [15,32]. The SSSA and the EU Fertilizing Products Regulation (EU 2019/1009) specify
that an amendment’s function should include one or more of the following: (1) physical
improvement—adjusting the pore architecture, increasing the water-holding capacity,
and improving infiltration and aeration; (2) chemical improvement—neutralizing acid-
ity, mitigating sodicity or salinity, or immobilizing potentially toxic metals via precipi-
tation, coordination, or adsorption; and (3) biological improvement—enhancing soil mi-
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crobial communities and enzyme activity to promote the accumulation and cycling of
organic matter [14,19,33].

Given differences in source, mechanism, and emphasis, soil amendments are commonly
classified into five categories: organic, inorganic, biological, synthetic, and composite [20–22].

3.1. Organic Amendments

Organic amendments are derived from plant and animal residues and their stabilized
products, including crop straw, compost, green manure, livestock manure or digestate, biochar,
and hydrochar. They also include natural macromolecules such as humic substances, polysac-
charides, cellulose, and lignin (Table 1). Their shared mode of action is to promote aggregate
formation via organic matter and colloids, optimize the pore architecture, and thereby enhance
the water-holding capacity and cation exchange capacity (CEC) [16,34].

Table 1. Main organic amendments and their functions.

Material Typical
Source/Notes Texture pH Nutrient

Retention
Fertility
Increase

Heavy Metal
Immobiliza-

tion
Microbes Enzyme

Activity

Straw/residues
Postharvest

stems/leaves
(mulch/return)

✓ △ △ △ △ △ △

Compost
Stabilized

kitchen/yard/manure
wastes

✓ △ ✓ ✓ △ ✓ ✓ 

Green manure
Legumes/forage,

plowed-in or
mulched

✓ △ △ △ △ ✓ ✓ 

Livestock ma-
nure/digestate

Manure/anerobic
digestate ✓ △ △ ✓ △ △ △

Biochar Solid from 300 to 700
◦C pyrolysis ✓ ✓ ✓ △ ✓ △/✓ △/✓ 

Hydrochar
180–260 ◦C

hydrothermal
carbonization

✓ △ △ △ △ △ △

Peat
High SOM, strong

water retention
(acidic)

✓ △ (often ↓) ✓ △ △ △ △

Humic acids
Humus

extracts/marketed
humates

✓ ✓ 
(buffering)

✓ △ ✓ ✓ ✓ 

Polysaccharides
(natural)

Starch, guar, xanthan,
alginate ✓ △ △ △ △ ✓ ✓ 

Cellulose
Plant cell wall

polysaccharide (pow-
der/microcrystal/fiber)

△ — — — △ △ △

Lignin

Aromatic polymer
from plant cell walls

(pow-
der/lignosulfonates)

△ △ △ — △/✓ △ △

Note: ✓ indicates common improvement; △ indicates context-dependent or limited magnitude; — indicates not
a main effect or insufficient evidence; ↓ indicates a decrease in value/function.

As carbon sources and nutrient carriers, organic amendments increase microbial
biomass and key enzymes’ activity. They often display a fertility-enhancing effect, but their
primary function is soil improvement rather than simple fertilization [35]. Their pH effects
are material-dependent: compost and manure are usually buffering to mildly alkaline,
whereas peat or immature materials may cause short-term acidification [36]. Humic acids
enhance the buffering capacity and CEC and improve N cycling processes and microbial
habitats through dissociation and complexation by carboxyl and phenolic groups [37].
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Biochar and hydrochar differ in ash content, aromaticity, and stabilization [38]. Hydrochar
can retain more polar soluble components and shows pronounced dose–maturity sensitivity;
high application rates or non-stabilized hydrochar may induce early plant stress and should
be stabilized or co-composted before field use [16,39]. For thermally treated biochar, an
appropriate application rate and particle size often increase the field capacity and available
water, especially for coarse-textured soils [40].

Among other natural macromolecules, polysaccharides (e.g., xanthan, guar, alginate)
form hydrogels and multi-point hydrogen bond networks. Low doses can increase cohesion
and water retention, directly benefiting the texture and structure-holding capacity [41,42].
Cellulose-rich amendments provide substrates for microbes and promote fungus-driven
aggregation, but a high C/N ratio can cause short-term N immobilization and delayed
fertility; pairing with an N source or maturation is recommended [43,44]. Lignin, as a
slow-release aromatic carbon skeleton with reactive sites, helps to resist shear and slaking
and can serve as a biobased carrier in hydrogels or controlled-release systems for water
retention and spatiotemporal solute management [45].

3.2. Inorganic Amendments

Inorganic amendments consist mainly of natural minerals and industrial inorganic by-
products (Table 2).

Table 2. Main inorganic amendments and their functions.

Material Typical
Source/Notes Texture pH Nutrient

Retention
Fertility
Increase

Heavy Metal
Immobiliza-

tion
Microbes Enzyme

Activity

Lime
Carbonate powders
(dolomite supplies

Mg)
✓ ✓ (often ↑) △ △ ✓ △/✓ △

Gypsum Natural/by-product
gypsum ✓ ✓ ✓ △ △ △ △

Zeolite
Natural

aluminosilicate (high
CEC)

✓ △ ✓ △ △ △ △

Bentonite Layered clay; strong
water retention ✓ △ ✓ △ △ △ △

Vermiculite
Layered silicate;

retention and slow
release

✓ △ ✓ △ △ △ △

Phosphate
rock/hydroxyapatite

P source; precipitates
Pb, etc. ✓ △ △ ✓ ✓ △ △

Fe/Mn oxide
powders

Fe/Al/Mn
(hydr)oxides ✓ ✓ △ — ✓ △ △

Gravel/sand
Skeleton materials;

hydraulic
modification

✓ — — — — — —

Steel slag
(BOF/EAF)

Ca–Si-rich
by-product; may
contain free CaO

✓ ✓ (often ↑) △ △ ✓ △/✓ △

Coal gangue

Coal
mining/washing

by-product;
aluminosilicate

✓ △ △ △ △ △ △

Fly ash

Coal combustion
solid by-product
with multivalent
oxides and K/Si

△/✓ ✓ (often ↑) △ △ △/✓ △ △

Wood ash
Residue from

biomass burning;
rich in K

△/✓ ✓ (often ↑) △ ✓ △ △/✓ △/✓ 

Note: ✓ indicates common improvement; △ indicates context-dependent or limited magnitude; — indicates not
a main effect or insufficient evidence; ↑ indicates an improvement in numerical value/function.
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Lime and dolomite neutralize acidity, alleviate Al toxicity, and increase base satura-
tion [36,46]; gypsum (CaSO4·2H2O) replaces Na+ with Ca2+, thereby promoting floccu-
lation and improving the soil structure in sodic conditions [19]. Clay minerals such as
zeolite, bentonite, and vermiculite enlarge the specific surface area and cation exchange
capacity, supporting water retention and nutrient buffering in coarse-textured or cold dry
soils [47,48].

Among industrial by-products, steel slag (alkaline Ca–Si source) raises the pH, stim-
ulates microbe and enzyme activity, and can improve crop uptake and yields, but its
effects on rhizosphere interactions and symbioses require attention [49,50]. Fly ash and
coal gangue can improve physical properties and immobilize Cd and Pb, yet soluble salts,
metal leaching, and dose-dependent risks must be managed; fly ash rates should be strictly
controlled [51,52]. Wood ash is rich in K and Ca and strongly alkaline, and it can raise the
pH, buffering capacity, and crop responses to drought and nutrients, but its composition
varies widely, so source characterization and dosage management are essential to avoid the
accumulation of heavy metals or organic pollutants [53,54].

Overall, inorganic amendments act quickly and lend themselves to engineering design;
however, composition heterogeneity and context-dependent reactions (e.g., under FT cycles)
determine their effects and safety boundaries. Long-term, multi-season field monitoring
remains essential [20].

3.3. Biological Amendments

Biological amendments focus on living microbes and their formulations, with rep-
resentative groups being plant growth-promoting rhizobacteria (PGPR) and arbuscular
mycorrhizal fungi (AMF) or ectomycorrhizae (Table 3). Core mechanisms include N fixation,
P solubilization, siderophore production, and plant hormone synthesis or induced resis-
tance, which improve nutrient bioavailability and root function, often with simultaneous
increases in microbial biomass and enzyme activity [55,56].

Table 3. Main biological amendments and their functions.

Material Typical
Source/Notes Texture pH Nutrient

Retention
Fertility
Increase

Heavy
Metal

Immobi-
lization

Microbes Enzyme
Activity

PGPR consortia

Rhizobacteria: N
fixation/P

solubilization/
hormones/ISR

△ △ △ △ △ ✓ ✓ 

AMF/
ectomycorrhizae

Fungal symbionts;
expand absorption

interface
△ — △ △ △ ✓ ✓ 

Biological soil
crusts

(microalgae/
cyanobacteria)

Eco-restoration/
erosion control

✓ — — — — ✓ ✓ 

Note: ✓ indicates common improvement; △ indicates context-dependent or limited magnitude; — indicates not
a main effect or insufficient evidence.

Extensive evidence demonstrates that microbial inoculation significantly enhances
crop growth and yields, with average yield increases of approximately 20–30% [27,57].
Compared with single strains, mixed or co-inoculations usually generate stronger and more
stable benefits. This pattern suggests that “functional complementarity and community
synergy” are advantageous under field conditions [26].
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For AMF, recent high-quality studies and meta-analyses show marked gains in crop
acquisition of phosphorus and other nutrients. AMF also improve the soil structure, in-
crease stress tolerance, and raise soil organic carbon levels [28,58]. Concurrently, biological
amendments restructure rhizosphere microbial networks, modify community compositions,
and influence the acquisition pathways of essential elements such as iron. Multi-omics
studies and field trials provide direct evidence for these effects [59,60].

It is important to emphasize that field performance is context-dependent. The coloniza-
tion capacity, use of local or core microbiota, inoculation density, and paired management
practices jointly determine the final outcome [29,61].

3.4. Synthetic Amendments

Synthetic amendments are engineered polymers and functional carriers, including an-
ionic polyacrylamide (PAM), superabsorbent polymers (SAP) or hydrogels, biodegradable
polymers based on poly(vinyl alcohol) (PVA) or chitosan, and various coated carriers for
controlled or slow release (Table 4).

Table 4. Main synthetic amendments and their functions.

Material Typical Source/Notes Texture pH
Nutrient

Reten-
tion

Fertility
Increase

Heavy
Metal

Immobi-
lization

Microbes
Enzyme
Activ-

ity

PAM
Flocculation,
anti-erosion,
anti-crusting

✓ △ △ — △ △ △

SAP High water holding,
carrier

✓ — △ — — △ △

PVA (biobased
polymers including

chitosan)

Structural bonding or
antipathogenic

potential
△ △ △ — △ △/✓ △/✓ 

Controlled-/slow-
release carriers

Polymer/sulfur
coatings, etc. △ — △ △ — — —

Note: ✓ indicates common improvement; △ indicates context-dependent or limited magnitude; — indicates not
a main effect or insufficient evidence.

Mechanistically, PAM stabilizes aggregates through flocculation and surface adhesion,
suppresses crusting and erosion, and markedly improves the structure and texture, whereas
direct effects on the pH and microbial diversity are limited [62–64]. SAP-type hydrogels
enhance the water-holding capacity and buffer infiltration and can be coupled with nu-
trients or bioactive molecules to deliver “water retention plus slow release” [30,65,66].
Biobased polymers such as PVA or chitosan combine structural bonding with carrier or an-
tipathogenic potential, supporting water maintenance and rhizosphere optimization [67,68].
Regarding safety and sustainability, recent studies have assessed the environmental fate
of PAM and microplastic risks from SAP residues, advocating for degradable, biobased
alternatives and degradable designs for controlled-release coatings [69–71].

Overall, synthetic amendments are targeted and fast-acting, but both the effects and
risks are context-dependent; prescriptions and ecological safety assessments must account
for the soil texture, hydrothermal regime, and cropping system [66,69,70].

3.5. Composite Amendments

Composite amendments emphasize multi-mechanism coupling and interfacial engi-
neering, constructing synergistic networks—adsorption–precipitation, coordination–ion
exchange, and catalysis or carrier effects—on base materials. For example, biochar compos-
ited with Fe/Mn oxides, clay minerals, layered double hydroxides (LDH), or phosphates
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can simultaneously engage pore or functional group adsorption, Fe/Mn-mediated pre-
cipitation and surface complexation, and LDH anion exchange, markedly improving the
immobilization of Pb, Cd, and As while enhancing soil properties [21,31]. In saline–alkali
or sodic soils, “gypsum plus lime or organic matter” couples Ca2+–Na+ exchange with pH
buffering and cation supply, often reducing P losses and improving infiltration; however,
pH shifts necessitate precise prescriptions [19,23].

At material–interface–soil scales, composites can synchronize water–heat–solute
scheduling, but source variability, interface aging, and cost–benefit trade-offs constrain
scalability; therefore, durability tests and full-factor MRV are required [21,23,72].

4. Applications of Soil Amendments in Cold Regions
4.1. Scale of Application

The application of soil amendments in cold regions has gradually expanded from
local experimental plots to larger, policy-supported initiatives, but the overall scale re-
mains constrained by environmental, economic, and logistical barriers. Historically, soil
improvement practices in high-latitude and high-altitude regions relied primarily on the
recycling of organic resources. For instance, in the black soils of Northeast China, farmers
traditionally incorporated straw and manure to sustain soil fertility under severe tempera-
ture limitations. Recent national policies, such as the Black Soil Protection Law (enacted in
2021), have promoted straw incorporation and organic fertilization, covering more than
6.67 million hectares by 2022 [12,73]. These measures demonstrate the shift from scattered
farm-level practices to coordinated regional programs.

In other cold environments, peat has historically been applied on a large scale, espe-
cially in Russia and parts of Northern Europe, where peat resources are abundant [74].
However, peat mining and application are increasingly criticized for their carbon emissions
and ecological damage, leading to gradual replacement with composted residues and
biochar [75–77]. In Finland, for example, the use of gypsum as a soil amendment has
been promoted at watershed scales to reduce erosion and phosphorus runoff [78]. These
experiences underline that, while amendments can be scaled up, their deployment requires
strong policy support and financial incentives.

In North America, soil amendment application in cold climates has been confined pri-
marily to research trials [79]. Field studies in Alaska and Northern Canada have evaluated
the use of biochar and compost for improving soil fertility in permafrost-affected soils. For
example, researchers tested biochar in Fairbanks, Alaska and found that, while the soil bulk
density decreased by 8–12% and water retention improved significantly, the high transport
and application costs restricted widespread adoption [80]. Similarly, trials with composted
organic waste in Canadian boreal soils reported increases in soil organic matter and mi-
crobial activity, but seasonal accessibility (frozen ground from October to May) restricted
annual application periods to only a few weeks [81]. In the United States, a nationwide
program launched in 2016 covered more than 50,000 hectares of cropland, showing both
environmental benefits and farmer acceptance despite high logistical costs [82].

Biological amendments are also being explored at pilot scales in cold environments.
Studies on cold-tolerant PGPR and AMF inoculants in Northeast China have demonstrated
potential yield increases of 10–20% for maize and soybean, but performance varied greatly
across years due to low soil temperatures during early growth stages [83]. Large-scale
adoption remains rare because microbial survival during winter is uncertain, and farmers
are cautious about investing in products without consistent performance.

Overall, the scale of soil amendment application in cold regions remains fragmented.
While some amendments, such as straw, manure, and gypsum, have reached regional or
national programs, others, such as biochar, compost, biological inoculants, and synthetic
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polymers, remain at pilot or research scales. Expansion is limited by the short application
window imposed by snow cover and frozen soils, the high transport costs of bulky materials
in remote areas, and the uncertain long-term performance under FT dynamics.

4.2. Effectiveness of Applications
4.2.1. Soil Texture

The soil texture governs water retention, nutrient supply, and root performance. In
cold region croplands, such as Northeast China’s Mollisols and other high-latitude systems,
amendments alter aggregates, porosity, bulk density, and water-holding capacity in ways
that mitigate FT-induced degradation. Figure 1 illustrates reported changes in texture-
related indicators after amendment application, showing consistent improvements across
organic, inorganic, and biological materials.

Figure 1. Study-level distribution of reported relative changes (%) in soil texture-related indicators
after soil amendment application. Open circles represent relative changes extracted from individual
references (calculated against the unamended control/baseline); blue and red outlines indicate
increases and decreases, respectively. For each amendment, the black dot denotes the median of
the reported relative change across references, and the horizontal line indicates the interquartile
range (IQR, 25th–75th percentiles). “n” denotes the number of references contributing data to each
amendment–indicator combination. Panels show (A) water retention, (B) bulk density, (C) porosity,
and (D) aggregates.

Organic amendments such as straw return and livestock manure provide a durable
“cement + skeleton” function under FT disturbance. Long-term straw return increases
the proportion of water-stable aggregates, enhances the porosity, and lowers the BD by
5–15%, while simultaneously improving the hydrothermal conditions for spring crop emer-
gence [73,84,85]. Compost and green manure combine labile carbon with root modifications,
reducing compaction and increasing the field capacity even during drought [86].

Biochar is widely studied for its stabilizing role in cold soils. Applications typically
decrease the BD by 5–18%, increase the porosity by 10–30% and increase the available
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water by >20% [31,87,88]. Field evidence shows that biochar mitigates FT-induced aggre-
gate breakdown, although excessive fineness or high dosages may restrict aeration and
reorganize pore networks [89–91].

Inorganic amendments act through ion exchange and flocculation. Structural lim-
ing has been shown to maintain aggregate stability for more than five years in cold clay
soils [92,93], while gypsum improves saline–alkali soils by replacing Na+ with Ca2+, lower-
ing the BD by 5–7% and improving infiltration [19,94]. Bentonite and vermiculite increased
plant-available water by 10–160% and reduce the BD by 3–13% in semiarid Inner Mongolia,
where severe winters exacerbate compaction [95].

Biological amendments such as PGPR consortia and AMF reshape rhizosphere mi-
crostructures. PGPR-secreted extracellular polymeric substances (EPS) cement fine particles
and enhance pore connectivity, resulting in 10–50% increases in aggregation and 5–20%
improvements in the water retention capacity [47,96]. AMF and glomalin-related proteins
provide additional aggregate stability, while biological crusts in alpine meadows encapsu-
late surface fines, reducing erosion but sometimes limiting infiltration on the Qinghai–Tibet
Plateau [97–99].

4.2.2. Soil Nutrients

Nutrient availability is a critical constraint in cold soils because mineralization is
suppressed at low temperatures, yet “pulse-like” release occurs during thaw. Figure 2
synthesizes observed modifications in soil organic matter (SOM), nitrogen (N), phosphorus
(P), and potassium (K) following amendment applications.

Figure 2. Study-level distribution of reported relative changes (%) in soil fertility indicators after soil
amendment application. Open circles represent relative changes extracted from individual references
(calculated against the unamended control/baseline); blue and red outlines indicate increases and
decreases, respectively. For each amendment, the black dot denotes the median of the reported
relative change across references, and the horizontal line indicates the interquartile range (IQR,
25th–75th percentiles). “n” denotes the number of references contributing data to each amendment–
indicator combination. Panels show (A) organic matter (OM), (B) nitrogen (N), (C) phosphorus (P),
and (D) potassium (K).
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Organic inputs (straw, manure, compost, green manure) consistently enhance SOM
and nutrient stocks. In Northeast China, long-term manure application increased SOM
by 6–30% and nitrogen by 10–17%, while compost produced gains of 12–124% in SOM
and 9–109% in N [17,73]. At higher latitudes, digestate and compost raise P availability by
stimulating microbial processes [17].

Biochar and hydrochar exert dual effects: alkaline ash and functional groups elevate P
and K availability, while their porous skeletons reduce leaching during snowmelt [18]. In
Mollisols, biochar raised the available P by up to 120% and K by 90%. Humic acids further
stabilize nutrient cycling through complexation and adsorption, enhancing microbial
efficiency under cold stress [100].

Mineral amendments such as zeolite and vermiculite improve nutrient use indirectly
by increasing water retention and aeration [101–103]. Peat, rich in organic matter, raises
SOM by up to 150% [104]. Bentonite demonstrates a capacity to adsorb NH4

+ and NO3
−,

occasionally reducing the available N, but, when combined with organic materials, it
significantly enhances SOM formation and nitrogen cycling processes [105–109].

Industrial by-products show variable effects. Coal gangue increased SOM by
12.98–24.90% depending on the soil type and application rate [110,111], while steel slag
improved P availability by reducing Al/Fe fixation [112].

Biological amendments are especially valuable under short growing seasons. PGPR fix
N, solubilize P, and mobilize K, helping roots to recover after FT stress [96,113]. Arbuscular
mycorrhizal fungi (AMF) enhance P uptake efficiency, while biological crusts in alpine
ecosystems improve N retention and P cycling dynamics [98,99].

Synthetic polymers such as PAM and PVA reduce runoff losses of NPK during thaw
by stabilizing aggregates and releasing solutes more gradually [64,67].

4.2.3. Soil pH

The soil pH is a critical determinant of nutrient bioavailability and microbial commu-
nity function. Cold climate soils frequently exhibit acidification tendencies attributed to
their inherently limited buffering capacities. Various soil amendments can effectively mod-
erate pH levels, with the specific outcomes contingent upon both the material’s chemical
properties and the existing edaphic conditions (Figure 3).

Carbonates and alkaline ash from manure and compost increase the soil pH by supple-
menting Ca2+, Mg2+, and K+ [114]. The pH-modulating effects of biochar are determined by
the pyrolysis parameters: high-temperature-pyrolyzed biochar exhibits alkaline properties
that neutralize soil acidity, whereas acid-functionalized biochar formulations reduce the
pH in saline–alkali soil systems [115–121].

Inorganic materials such as lime, slag, and wood ash provide strong alkalinization.
Lime raises the pH rapidly by neutralizing H+, while slag adds Si and base cations, sus-
taining long-term improvements [24,112,122–124]. Wood ash corrects acidity quickly but
provides weaker long-term buffering [125–127]. Conversely, peat and humic acids lower
the pH in alkaline soils by releasing organic acids and chelating cations [128–133].

Biological and synthetic amendments generally demonstrate limited efficacy in altering
the bulk soil pH yet significantly influence rhizosphere microenvironmental acidity. PGPR
and AMF adjust the pH locally via exudates, supporting root activity under snowmelt
leaching [96,113].
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Figure 3. Changes in soil pH before and after the application of amendments. Each point represents
one study observation, plotted as the pH after amendment application versus the pH before applica-
tion. For a given point, the pH increases when the y-value exceeds the x-value (pH_after > pH_before)
and decreases when pH_after < pH_before. The vertical and horizontal dashed lines mark pH = 7
(neutral), separating acidic and alkaline conditions. The bubble size denotes the magnitude of the
relative pH change (|pH_after − pH_before|/pH_before, %), and colors indicate amendment types.

4.2.4. Soil Heavy Metals

Cold soils, with slow weathering and weak buffering, often exhibit enhanced metal
mobility under mild acidity, raising the risks of plant uptake and leaching. Figure 4
summarizes the immobilization capacities of representative amendments for Cd, Pb, Zn,
Cr, Ni, and others.

Inorganic amendments such as lime, gypsum, zeolite, bentonite, and vermiculite
immobilize metals by elevating the pH and increasing cation exchange. Long-term liming
in Belgium reduced Cd in crops by over 80% [25], while zeolite amendments achieved >30%
reductions in multiple metals in sandy loam soils [134]. Steel slag, fly ash, and coal gangue,
rich in alkaline oxides, decreased Cd and Pb by up to 90%, but they require monitoring for
secondary risks [112,135–138].

Organic amendments improve immobilization through alkalization and complexation.
Biochar reduced Cd and Pb by ~80% and Zn by ~77% [139–141]. Humic substances and
compost buffer Cu and other metals by forming stable complexes [68,142].

Biological and synthetic amendments are emerging tools. PGPR and AMF immobilize
metals through exudates, EPS, and hyphal interactions, reducing Cd bioavailability by
22–76% [143–146]. Synthetic polymers like polyacrylamide (PAM) and superabsorbent
polymers (SAP) demonstrate reduced mobility of Cd, Cr, and Pb, although their long-term
stability requires further investigation [147].
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Figure 4. Change rates of heavy metal activity following amendment application. Each point
represents one study observation grouped by amendment type on the x-axis and colored by metal
ion. Values are expressed as the percent change relative to the unamended control. Negative values
indicate a reduction in metal activity (i.e., stronger immobilization/passivation), whereas values
closer to zero indicate weaker effects.

5. Problems and Challenges
Although most reports on soil amendments in cold regions highlight positive out-

comes, a closer examination reveals several unresolved problems and fundamental chal-
lenges. The apparent discrepancy arises because short-term experimental results un-
der controlled conditions often mask longer-term trade-offs, site-specific variability, and
interactions with FT dynamics. Understanding these limitations is crucial in refining
amendment strategies.

5.1. Problems

Existing studies largely confirm the beneficial effects of soil amendments on soil
structure, fertility, and biological activity in cold environments. Yet three recurring problems
emerge when the results are examined across scales and longer timeframes.

First, short-lived effectiveness is a common issue. Many positive effects of organic
amendments (e.g., straw, manure, compost) diminish rapidly in cold regions, where decom-
position is slow and FT cycles disrupt aggregation. For example, the SOM gains reported
in Northeast China after straw return decreased by nearly 30% within two winters, as ag-
gregates broke down under repeated freezing [148,149]. Biochar offers longer stability, but
its porosity may gradually cause clogging under FT conditions, reducing the water-holding
capacity [150,151].

Second, variability across soil types and landscapes is striking. In Mollisols, biochar
improved nutrient retention, whereas, in the sandy loams of Inner Mongolia, the same
amendment showed negligible effects, likely due to weak cation exchange capacity and
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high leaching potential [152]. Similarly, lime improved the pH in acidic soils but aggravated
sodicity in alkaline–saline soils by disrupting the ionic balance [153]. These inconsistencies
indicate that one-size-fits-all amendment strategies are inappropriate in cold regions.

Third, unintended environmental risks remain insufficiently addressed. Industrial by-
products such as fly ash, coal gangue, and steel slag supply alkaline oxides that immobilize
metals, but they can also introduce trace contaminants [51,52,112,154,155]. Field surveys
found elevated Cr and As in amended soils, raising concerns over long-term safety [156].
Likewise, heavy manure application increased greenhouse gas emissions (CH4 and N2O)
during thawing, offsetting the fertility benefits [157].

In addition, a more systemic problem lies in the current research paradigm: most soil
amendment practices are still designed around single-directional effects, such as improving
fertility or correcting the pH, without sufficiently integrating the broader climate–soil–
vegetation interactions that shape outcomes in cold regions. As shown in Figure 5, soil
amendments should be understood as part of an integrated system involving amendment
properties, soil physicochemical processes, plant responses, and external climatic drivers.
However, few studies explicitly address this coupling. The neglect of cross-scale linkages
means that current improvement measures may deliver short-term gains while overlooking
long-term sustainability, especially under climate change.

Figure 5. Amendment–soil–plant–climate–environment relationship diagram. The solid arrow
indicates the current research hotspot, while the dashed line indicates less research.

5.2. Challenges

Beyond the immediate problems described above, cold region soil amendments face
broader and more structural challenges. The first challenge is the intrinsic limitation
of the thermal regime. The soil temperature controls microbial activity, organic matter
decomposition, and nutrient mineralization [158,159]. In cold regions, the accumulated
temperatures are insufficient to sustain these processes over extended periods, resulting
in short growing seasons and the reduced effectiveness of amendments [160–162]. For
instance, meta-analyses show that, while amendments may yield 20–30% increases under
favorable temperate conditions, their performance in high-latitude or boreal systems is
much more modest, often below 10%, reflecting limitations imposed by low temperatures,
short seasons, and slow microbial turnover [36,163,164].
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The second challenge relates to FT disturbance, which continuously disrupts soil ag-
gregates and pore networks. While amendments such as biochar and compost can mitigate
these effects, their stabilizing influence is often outweighed by repeated FT cycles [88,165].
Field observations on the Qinghai–Tibet Plateau and in other high-altitude permafrost
regions suggest that the gains in aggregate stability from organic inputs may be offset over
subsequent winters with intense FT cycles, indicating that improvements may not persist
without accounting for FT disturbances and the climatic context [166,167].

The third—and a particularly complex—challenge is how to increase the soil tempera-
ture for crop production without damaging underlying permafrost ecosystems. Warming
soils through mulching, plastic films, or biochar can raise early-season temperatures by
1–2 ◦C, promoting germination and growth, although the magnitude varies with the soil
depth, amendment rate, and moisture conditions [168–171]. However, in permafrost re-
gions, such warming may accelerate thaw and destabilize ground ice, thereby triggering
erosion and carbon release [172–174]. To balance these trade-offs, surface energy manage-
ment is crucial. Experiments show that gravel–sand mulches can increase the near-surface
soil temperature by 1.0–5.3 ◦C while modifying heat fluxes [175], and sand layers on the
Qinghai–Tibet Plateau demonstrate a dual role, with thin covers protecting permafrost
but thick layers intensifying thaw [176,177]. In addition, materials with high thermal
resistance, such as bentonite, have been evaluated for thermal backfill and shown to buffer
soil temperature fluctuations [178,179].

Fourth, there is a lack of integrated amendment–soil–vegetation frameworks that
account for climatic and ecological feedbacks. Current amendment practices are mostly
optimized for immediate agronomic outputs, yet long-term sustainability in cold regions
requires balancing soil fertility with permafrost stability, greenhouse gas mitigation, and
hydrological regulation [180,181]. This is particularly critical because soil warming not
only benefits crops but may also alter snowmelt timing, percolation, and runoff, reshaping
entire watershed functions [182,183].

In summary, the challenges of cold region soil amendments extend beyond mate-
rial performance. Instead, they are deeply intertwined with climate constraints, thermal
regimes, and ecosystem sensitivity. Addressing these challenges requires not only improv-
ing amendment design but also developing system-level strategies that jointly optimize
soil fertility, vegetation growth, and permafrost protection under a changing climate.

6. Recommendations and Countermeasures
Cold region soil amendments present both immediate opportunities and systemic

challenges. Addressing these requires a shift from single-purpose interventions toward
integrated, adaptive, and multi-scale frameworks. Based on the review of the amend-
ment categories, applications, and limitations, several strategic recommendations can be
articulated to guide future research, practice, and policy.

6.1. Prescription Portfolios Using Local Resources

Cold regions’ heterogeneity in texture, pH, nutrient status, and FT exposure makes
one-size-fits-all approaches ineffective. Portfolios should therefore tailor amendment types,
rates, and combinations to the local pedology and thermal regime, with explicit attention
to how prescriptions will perform across short field windows.

For bulky, low-unit-value materials, the binding constraint is the delivered cost to
field, not the purchase price. The delivered cost reflects raw materials plus preprocess-
ing/stabilization (e.g., grinding, aging, co-composting) and transport/handling, net of any
by-product credits. Options should be compared on an effect-normalized basis—e.g., USD
per unit liming value for acidity correction, USD per mm plant-available water gained or
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per % bulk density decrease for structure targets, USD per mg·kg−1 reduction in DTPA
metals for immobilization, or USD per kg available nutrient for co-benefits—so that logistics
and agronomic efficacy are evaluated on the same scale.

To minimize haul distances and season-sensitive risks (frozen roads, thaw restrictions),
sourcing should follow a pragmatic hierarchy: on-farm residues → district/municipal or-
ganics (compost/digestate) → nearby minerals or industrial by-products (bentonite/zeolite,
gypsum, steel/wood ash, coal gangue) → imported specialty products. This hierarchy
should be aligned with the storage capacity, moisture/bulk density constraints, and the
timing of application windows.

Before field use, it is necessary to adopt a tiered protocol: rapid lab assays for nutrients,
buffering capacity, EC/salinity, and contaminants (trace metals, PAHs/organics); targeted
stabilization where needed (co-composting/aging for biobased materials; washing/aging
for hydrochar or ash to reduce leachables); and local dose–response validation under the
site’s FT intensity. For industrial by-products, leaching tests and particle size control should
be included to balance efficacy with environmental safety.

Prescriptions can be sequenced across seasons—rapid correction (lime/gypsum) →
structural stabilization and water retention (biochar, bentonite/zeolite, preferably with
local compost) → biological consolidation (PGPR/AMF, compost/digestate)—to build
resilience while respecting supply chains and narrow operating windows. When two
options perform similarly, it is recommended to select the material with a shorter haul
distance, lower preprocessing needs, and a greater effect per tonne.

6.2. Coupled Engineering and Environmental Safeguards

Cold regions face a dual objective: raise the near-surface fertility and temperature for
crops while protecting permafrost and water quality. Coupled measures align amendments
with land surface engineering—e.g., gravel–sand or mulch layers to shape the surface
energy balance; albedo management to limit excess summer heat; thermal buffer layers
(bentonite backfill) to dampen subsurface fluctuations. These benefits must be bounded
by explicit safeguards: permafrost stability (active layer thickness), spring GHG events
(especially N2O), and meltwater DOC/TN/TP losses. Where industrial by-products are
used, they should be applied only when leaching risks are negligible. Lifecycle assessment
(LCA) should be used to screen net energy/emission trade-offs, and “do-no-harm” rules
should trigger dose reduction, material substitution, or cover adjustments when thresholds
are exceeded.

6.3. MRV + Multi-Scale Modeling for Adaptive Management

Figure 6 presents a minimum-viable MRV loop for cold regions: in situ sensors and
Earth observation/reanalysis feed QA/QC → harmonization → derived metrics (∆T, GDD,
FT frequency, active layer thickness, spring GHG peaks, meltwater loads). We agree that
more “actionable” MRV guidance would be useful; however, based on the current evidence
base, we intentionally frame the MRV component as an adaptive, evidence-informed
workflow rather than a fixed prescription. Amendment studies are highly heterogeneous
in terms of material type, rate, soil background, and study design (field vs. laboratory),
and the subset explicitly conducted under cold region constraints remains comparatively
limited. Therefore, a single universal checklist or fixed sampling frequency could be overly
specific and potentially misleading.
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Figure 6. Minimum-viable MRV loop tailored to cold regions. The solid arrow indicates the current
research hotspot.

In this review, the “Thresholds and Targets Library” in Figure 6 is intended to provide
indicative bounds that can be initialized from literature-reported ranges and refined using
site baselines. For example, the reported application rates in cold region studies often
span 1–50 t·ha−1 for organic amendments (frequently 5–20 t·ha−1 in field trials) and
0.5–10 t·ha−1 for lime/alkaline mineral materials, while monitoring durations commonly
cover one growing season to 1–3 years, with fewer studies extending beyond 3–5 years.
These ranges are presented to improve transparency (what has been tested) and to define
plausible operating envelopes for the trigger check step—not to imply an optimal rate
or schedule.

Accordingly, if any metric trends outside locally defined bounds, decisions are routed
to an action palette (e.g., adjust rate/timing, switch/co-amend materials, modify surface
cover/albedo, reschedule application), followed by field implementation and seasonal
feedback. Where feasible, rapid assays (e.g., enzyme activity, microbial respiration, labile-
C pools) can be added as proximal indicators, while hydrothermal constraints and FT
dynamics remain priorities in permafrost-affected settings.

6.4. Policy, Incentives, and Institutional Pathways

Mainstreaming amendment portfolios requires coherent policy instruments and in-
stitutional support. Demonstrated levers encompass transport/processing subsidies for
bulk materials, risk-sharing mechanisms for pioneer adopters, and certification frame-

https://doi.org/10.3390/agriculture16030326

https://doi.org/10.3390/agriculture16030326


Agriculture 2026, 16, 326 18 of 26

works guaranteeing safety and efficacy. Soil health indicators and cold region MRV results
should be embedded in agricultural and climate policies to align incentives. Cross-sector
collaboration—research, extension services, local governments, industry, and farmers—can
accelerate deployment through living labs and open data platforms. Embedding amend-
ments within integrated soil–ecosystem management paradigms transforms practices
rom isolated interventions toward systems approaches that concurrently address fertility
enhancement, permafrost stabilization, and ecosystem service optimization.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/agriculture16030326/s1. Supplementary Table S1. Multinational
soil strategy guide.
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