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Generally, unlike chemical fertilizers, organic fertilizers remarkably reduce carbon to nitrogen (C/N) ratio in the
soil. Additionally, the influence of climate change on the microbial activities of soil and the decomposition speed
of organic material should not be overlooked. Humid climates facilitate microbial proliferation and nitrogen
mineralization, thereby decreasing C/N ratio. This research performed a meta-analysis using the observational
data extracted from 162 publications. The results indicated that the application of organic fertilizers significantly
reduced the soil's C/N ratio and increased the build-up of organic material, particularly in humid and hot climatic
conditions. In contrast, the application of chemical fertilizer exhibited weaker effects on C/N ratio and might even
increase it under arid or extreme climatic conditions due to nitrogen loss. In addition, climate change profoundly
affected soil microbial activity and organic matter decomposition rates with humid climates accelerating microbial
activity and nitrogen mineralization, thus decreasing C/N ratio. Consequently, the interplay between fertilization
methods and weather patterns was identified as crucial in the fluctuating ratios of C/N in soil. These findings
provided a theoretical foundation and practical guidance for future soil management and sustainable agricultural
practices.
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Introduction events becoming more frequent, soil systems are

facing unprecedented pressures. Meanwhile,

Soil, as one of the most complex ecosystems on rapid population growth has led to increased
earth, is the cornerstone of terrestrial ecological demands for food, driving intensified land-use
balance. It plays irreplaceable roles in supporting changes such as deforestation for agriculture and
plant growth, regulating water cycles, and acting urban expansion, all of which further threaten
as a crucial reservoir for carbon and nitrogen [1]. the integrity of soil ecosystems [2]. Within the
These fundamental functions make soil health realm of soil science, the soil carbon-to-nitrogen
and sustainability vital for the stability and (C/N) ratio has emerged as a key ecological
prosperity of both natural ecosystems and indicator, drawing growing attention from
human societies. In the context of global climate researchers worldwide [3]. The C/N ratio, defined
change, with rising temperatures, altered as the proportion of organic carbon to nitrogen
precipitation patterns, and extreme weather in a soil sample, is a multifaceted parameter that
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reflects the composition of soil organic matter,
indicates soil fertility levels, and mirrors the
activity of soil microbial communities [4].
Fluctuations in this ratio have profound impacts
on the physical, chemical, and biological
properties of the soil [5]. A higher C/N ratio is
generally associated with slower decomposition
rates of soil organic matter, which can delay the
release of essential nutrients and impede plant
uptake [6]. Conversely, a lower C/N ratio often
leads to faster organic matter decomposition,
increasing nutrient availability and thereby
promoting plant growth [7]. These dynamics
highlight that the C/N ratio is not only a critical
marker of soil quality but also a key factor
influencing soil ecological functions [8].
Moreover, extensive research has revealed that
the soil C/N ratio is intricately linked to a range of
environmental factors, landscape features,
vegetation types, and human activities [7]. In arid
regions, due to the slow decomposition of
organic matter, soils typically exhibit higher C/N
ratios, while in humid regions, the rapid
breakdown of organic material results in lower
ratios [9]. Agricultural practices such as
fertilization and tillage have also been shown to
significantly alter the soil C/N balance, affecting
nutrient cycling and the composition of microbial
communities [10]. Additionally, given that soils
constitute a major component of the global
carbon pool, storing vast amounts of carbon, the
study of the C/N ratio has become increasingly
important for understanding carbon
sequestration and release mechanisms, which
are central to addressing global climate change
[11]. Maintaining an optimal C/N ratio under
changing land-use and soil management
practices can enhance soil fertility and improve
its resilience to climate change with further
implications for improving agricultural
productivity and the stability of ecosystem
services [12, 13].

Despite the growing body of research on the soil
C/N ratio, significant gaps remain. To date, most
studies examining the dynamics of the soil C/N
ratio have been conducted at individual
experimental sites with relatively few extensive
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studies carried out across multiple sites at larger
scales. This limited scope hinders the ability to
draw general conclusions about the factors
influencing the C/N ratio and its responses to
various management practices. Furthermore, the
effects of different fertilizer types, their
application durations, and varying land-use
techniques on the soil C/N ratio can vary
significantly, and these variations are not yet fully
understood [14]. There is an urgent need to

synthesize existing data to clarify these
inconsistencies  and provide a more
comprehensive understanding of how

fertilization practices affect the soil C/N ratio
across different contexts.

To address these knowledge gaps, this research
aimed to systematically evaluate the impact of
fertilization on the soil C/N ratio through a meta-
analysis of long-term fertilization experiments in
China with specific objectives of assessing the
effects of different fertilization techniques on the
soil C/N ratio, analyzing variations in C/N ratio
responses across different soil types under
various treatment conditions, and evaluating the
temporal changes in the soil C/N ratio relative to
the duration of fertilization. This study employed
a meta-analysis method for systematic
compilation and synthesis of previously
published data from long-term fertilization
experiments in China. By aggregating data from
multiple studies, this approach allowed for a
more robust assessment of the overall effects of
fertilization on the soil C/N ratio, as well as the
identification of patterns and variations across
different soil types and fertilization durations.
The results of this research would provide a
comprehensive understanding of how different
fertilization practices affected the soil C/N ratio
and offer valuable scientific guidance for
sustainable agricultural soil management. It
could inform the farmers to optimize soil
fertilization techniques, helping to enhance soil
fertility, improve agricultural productivity, and
strengthen the resilience of soil ecosystems to
climate change. Furthermore, by clarifying the
temporal dynamics of the soil C/N ratio in
response to fertilization, this research would
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advance the knowledge of soil nutrient cycling
and contribute to the development of more
effective strategies for mitigating the impacts of
climate change at the local level. Ultimately, this
work would support the transition towards more
sustainable and environmentally friendly
agricultural practices, benefiting both food
security and ecological stability.

Materials and methods

Data collection

The literature for this research was obtained from
China National Knowledge Infrastructure (CNKI)
(https://www.cnki.net/), CONNECTED PAPERS
(https://www.connectedpapers.com/), Science
Direct (https://www.sciencedirect.com/) using
the searching keywords of "soil carbon to
nitrogen ratio", "ecological stoichiometry", "soil
carbon pool" to identify relevant researches up to
2025 on how various fertilization techniques
impacted the soil C/N ratio. To eliminate
publication bias during selection process, the
initially retrieved literature was filtered according
to the following criteria, which included the
experiment should be conducted within the
territory of China and encompass a baseline
treatment (excluding fertilization) along with
various other fertilization control methods (like
chemical, organic, straw fertilization, etc.), while
maintaining uniformity in all other experimental
scenarios throughout the various treatments; the
studies should base on field trials with a
minimum duration of 2 years, and soil C/N ratio
data should be obtained for surface soil (0 — 20
cm); when data spanning several years were
accessible for an identical experimental location,
consideration was given solely to the latest data,
and, if parameters for multiple soil depths were
included in a study, the average value across the
entire soil profile was calculated. The research
reports that met the above criteria were
categorized to establish a database in this study.
The mean (AVG), standard deviation (SD), and
sample size (n) of soil C/N ratio measurements
were systematically organized. For the statistical
data demonstrated in figures within some
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publications, GetData Graph Digitizer (version
2.26) (https://getdata-graph-digitizer.software.
informer.com/download/) was applied to digitize
the images. In addition to key indicators such as
soil carbon pool, soil nitrogen pool, vegetation
carbon pool, and soil C/N pool, the background
details of the literature such as authors and
publication year, sample replication number,
experimental methods and durations, nitrogen
fertilization details including application rate and
form, land use type, sampling site information
like climate type, average yearly temperature,
yearly rainfall, latitude, and longitude, and
physicochemical properties of soil (such as soil
carbon and nitrogen contents, soil temperature,
pH, and moisture content were extracted. Under
these conditions, 22 valid articles and 486 valid
observations were collected.

Meta-analysis

Data from included research works contained
sample mean ( Y ), sample size (n), and sample
standard deviation (SD). If standard error (SE) was
provided in the literature, the following
conversion between SD and SE was applied.

SD = SE xvn (1)

The response ratio (RR) was selected as the
benchmark for assessing effect size to reduce
discrepancies in experimental measures among
various studies and enable a straightforward
comparison of treatment impacts and was
calculated below.

I (RR)=1In (X1) 2)
X.

where X; and X. were the mean figures for the
experimental and control cohorts in that order.
The variance was calculated as follows.

SD. . SD.

V=" 2
ntXt nCXc

(3)
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where n;and n. were the sizes of the samples. SD;
and SD. were the standard deviations
corresponding to the treatment and control
groups, respectively. To obtain objective results,
weighting factor (Wij), overall effect size (RR++),
standard error (S(RR++)), and 95% confidence
interval (Cl) were calculated as follows.

1
ii=v )

k
?;1 Zj=1 WinRij
k
T X Wy

1
S(RR++) = /—zmiz’f - (6)
i=14j= ij

9594Cl = RR++ £ 1.96 X S(RR++)  (7)

RR + += (5)

where i and j were the i" and j treatments. m
and k were the count of comparison groups and
their respective intra-group comparisons. A
significant effect of P less than 0.05 was indicated
if 95% Cl did not cross zero.

Data retrieved, originating from various
independent research efforts, underwent
analysis via R software (https://www.r-

project.org/). Considering the ongoing presence
of outcome indicators in academic literature, the
standardized mean difference (SMD) was
employed to represent the effect's extent with its
95% confidence interval being calculated. Meta-
analyses were performed using the meta-cont
feature within R's meta package. The diversity
across various studies was investigated through
the application of Q and I? statistics. A fixed-
effects model was applied when 12 fell below
50%, while a random-effects model was used
when | surpassed 50%. The assessment of
publication bias was conducted through funnel
plots, where a P value less than 0.05 signified a
notable bias. Review Manager 5.4
(https://review-manager.software.informer.com
/5.4/) was applied for risk assessment and the
screening flowchart was generated (Figure 1).
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Figure 1. Article screening flowchart.

Results

Risk assessment and the distribution of
experimental sites

The results of risk assessment were shown in
Figure 2, and the distribution of the experimental
sites were shown in Figure 3.

Soil C/N ratio under various fertilization
treatments

The impacts of diverse fertilization methods on
nitrogen-to-phosphorus (N/P) ratios and soil C/N
ratios, as well as nitrogen application rates on
both crop yield and soil C/N ratio demonstrated
statistically significant difference (P < 0.05). For
N/P ratios, when considering crop vyield, the
weighted mean effect sizes for ratios of 21:1,
15:1, 9:1, and 3:1 were 0.289, 0.27, 0.136, and
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Figure 3. Map of the distribution of experimental sites.

0.112, respectively, and all four ratios exhibited
statistically  significant  beneficial impacts
compared to the control group (P < 0.05). In
terms of the soil C/N ratio under the same N/P
ratios, the weighted mean effect sizes were -
0.209, -0.251, -0.052, and -0.175, respectively,
and none of them demonstrated statistically
significant difference compared to the control
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group. For soil C/N ratios and their impact on
crop yield, the weighted mean effect sizes for
ratios of 26:1, 24:1, 16:1, and 8:1 were 0.106,
0.02, 0.036, and 0.048, respectively. Only the
26:1 ratio showed a statistically significant
positive effect (P < 0.05), while the others had
non-significant impacts. Regarding the effect of
these C/N ratios on the soil C/N ratio itself, the
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Figure 4. Effects of soil yield and C/N ratio under nitrogen and phosphorus fertilization, carbon fertilizer, and nitrogen fertilizer (P < 0.05). (a) Effects

of different N/P ratios on soil C/N and crop yield. (b) Effects of different C/N ratios on soil C/N and crop yield.

nitrogen application rates on soil C/N and crop yield.

weighted mean effect sizes were 0.094, 0.134,
0.105, and 0.118, respectively, with only the 36:1
ratio exhibiting a statistically significant positive
effect (P < 0.05). When it came to nitrogen
application rates and crop vyield, the weighted
mean effect sizes for rates of 360, 330, 300, 270,
and 240 kg/hm? were 0.179, 0.19, 0.192, 0.132,
and 0.108, respectively. Significant beneficial
effects were observed at the three highest rates
(P < 0.05), while the lower rates did not reach
statistical significance. For the impact of these
nitrogen application rates on the soil C/N ratio,
the weighted mean effect sizes were -0.135, -
0.106, -0.164, -0.183, and -0.15, respectively,
with significant effects at 360, 330, and 240
kg/hm? (P < 0.05) (Figure 4). By quantifying the
percentage increase in crop yield associated with
each fertilization method, for N/P ratios, the yield
increased 33.5% (21:1), 31% (15:1), 14.5% (9:1),
and 11.8% (3:1) with the 21:1 ratio yielding the
largest increase. The percentage increases in
yield were 20.7% (26:1), 2.3% (24:1), 3.7% (16:1),
and 5% (8:1) with the 26:1 ratio showing the
strongest effect. The percentage yield increases
were 46.2% (360 kg/hm?), 47.7% (330 kg/hm?),
33.8% (300 kg/hm?), 26.1% (270 kg/hm?), and
23% (240 kg/hm?) with the highest vyields
observed at 330 kg/hm? (Figure 5).
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(c) Effects values of different
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Figure 5. Variations of C/N and vyield after the application of
different ratios of fertilizers.

The most significant enhancement in crop yield
was obtained at 330 kg/hm? nitrogen application
rate followed by 360 kg/hm2 A significant
enhancement in the soil C/N ratio was noted with
a 15:1 N/P ratio followed closely by a 24:1 C/N
ratio. Despite fertilization boosting crop
production, its impact on the soil C/N ratio was
somewhat restricted, possibly owing to the soil's
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intrinsic characteristics and the prolonged
consequences of fertilization [15]. Increasing
nitrogen application rates effectively boosted
crop yield, but yield-enhancing effect gradually
diminished once nitrogen input exceeded a
critical threshold. Noticeable variances were
observed in how various fertilization methods
impacted crop production and the C/N ratio in
the soil. Appropriate N/P ratios and nitrogen
application rates were found to be able to
substantially improve crop production, while
their influences on soil C/N ratio remained
comparatively minor [16].

Soil C/N ratio under different climatic conditions
Meta-analysis results revealed distinct soil C/N
ratios across different climatic zones. Weighted
mean effect sizes for different climates showed -
0.297 for mid-subtropical monsoon climate, -
0.067 for plateau mountain climate, 0.136 for
cold-temperate continental monsoon climate, -
0.373 for north-subtropical continental monsoon
climate, and 0.089 for warm-temperate climate.
Compared to national average soil C/N ratio, mid-
subtropical monsoon, plateau mountain, and
north-subtropical continental monsoon climates
presented non-significant effects, whereas cold-
temperate continental monsoon and warm-
temperate climates showed significant positive
effects (P < 0.05) (Figure 6). The soil C/N ratios in
mid-subtropical monsoon, plateau mountain,
and north-subtropical continental monsoon
climates were reduced by 25.7%, 13%, and
29.4%, respectively, relative to the national
average. However, soil C/N ratios in cold-
temperate continental monsoon and warm-
temperate climates increased by 14.7% and
9.5%, respectively. Analysis of the obtained data
suggested that, in warm and humid climates, high
biodiversity and vigorous plant growth promoted
rapid decomposition of organic matter, which
accelerated soil organic matter accumulation,
typically resulting in lower C/N ratios [17],
indicating relatively higher nitrogen availability
that favored plant growth [18]. As latitude
increased into temperate zones with distinct
seasonal variations, soil C/N ratios generally
increased. Prolonged plant growth cycles in these
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regions combined with slower decomposition of
leaf litter and plant residues decreased soil
organic matter accumulation rate and nitrogen
availability [19]. In the frigid regions of high
latitudes, the rapid breakdown of organic
material caused by cooler temperatures led to
markedly increased C/N ratios [20], which could
be attributed to limited plant growth and organic
matter accumulation under cold weather
conditions and short growing seasons, which
were further exacerbated by decreased soil
nitrogen availability. Similar findings were
reported by Yin et al. in 2025 [21]. Soil C/N ratios
exhibited relatively stable altitudinal trends and
maintained strong stoichiometric homeostasis.
Warming in low-latitude regions reduced carbon
storage, whereas colder high-latitude regions
showed enhanced carbon retention [22, 23].
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Figure 6. Effect values of soil C/N ratio in different climate types.

Discussion

Soil C/N ratio and its effects under different
fertilization treatments

Utilizing nitrogen and phosphorus fertilizers in a
21:1 proportion led to a soil C/N ratio of 8.94 and
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a notable rise in crop production, demonstrating
the effectiveness of this fertilization approach in
boosting  plant  development. Nitrogen
fertilization provided abundant nitrogen sources
for plants, promoting the synthesis of protein and
chlorophyll, thereby improving photosynthetic
efficiency and growth rate [24, 25]. Meanwhile,
phosphorus fertilization  supported root
development and energy transfer, further
boosting nutrient uptake capacity [26]. Lower soil
C/N ratios indicated nitrogen enrichment, which
stimulated microbial activity. The rapid
multiplication of microbes and metabolic
activities hastened the breakdown of organic
substances, leading to an increased release of

nutrients available to plants [27, 28].
Furthermore, achieving the ideal N/P ratio
enhanced fertilizer use efficiency, reduced

nutrient leakage, and maintained a balanced
nutrient distribution throughout plant
development. The N/P ratio of 21:1 not only
optimized soil nutrient conditions but also
enhanced microbial activity, maximizing crop
productivity. For the treatment with a C/N ratio
of 26:1, soil C/N ratio was reduced to 11.75
accompanied by a significant improvement in
yield, indicating the critical role of this
fertilization approach in crop growth promotion.
Soil organic carbon was enriched by carbon
fertilization, stimulating microbial proliferation
and activity. Microbial metabolism accelerated
the decomposition of organic matter, increasing
nutrient availability for plants [29]. Nitrogen
fertilization supplied essential nitrogen for the
growth and development of plants, particularly
protein synthesis and chlorophyll formation [30].
Decrease of soil C/N ratio to 11.75 reflected
nitrogen sufficiency, which further enhanced
microbial growth and nutrient cycling efficiency.
In addition, balanced C/N ratio optimized soil
nutrient structure and decreased nutrient loss
[31]. This research represented the first
systematic integration of  multi-source
observational data among different climatic
zones and soil types in China. Using meta-
analysis, the combined effects of fertilization
practices and climatic conditions on soil C/N
ratios were measured. Compared to previous
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single-site or regional research works, this large-
scale data synthesis strengthened the
universality and reliability of the conclusions,
addressing a critical research gap in cross-
regional, multi-factor comprehensive analysis.

Soil C/N ratio for different climate types

The research revealed significant variations in soil
C/N ratios across various climatic zones and their
ecosystem impacts. Compared to the national
average, mid-subtropical monsoon, plateau
mountain, and north-subtropical continental
monsoon climates presented significantly lower
soil C/N ratios, while cold-temperate continental
monsoon and warm-temperate climates
demonstrated significant positive effects. These
findings were in line with previously established
relationships between climate and soil
characteristics [32, 33]. In warm, humid climates
characterized by high biodiversity and vigorous
plant growth, rapid organic matter accumulation
resulted in relatively low C/N ratios [34], which
reflected higher nitrogen availability, supporting
plant growth and ecosystem health. As latitude
increased into temperate zones with pronounced
seasonal variations, soil C/N ratios typically
increased [35], which could be attributed to
longer plant growth cycles and slower
decomposition of leaf litter and residues,
decreasing organic matter accumulation and
nitrogen availability [36]. In high-latitude cold
climates, extremely slow decomposition of
organic matter under low temperatures resulted
in elevated C/N ratios. Limited plant growth and
organic input due to short growing seasons
combined with lower nitrogen availability further
amplified this trend. The research further
underscored the possible effects of climate
change on soil C/N ratios. Rising worldwide
temperatures could diminish carbon
sequestration in low-latitude zones but
amplifying it in high-latitude zones [37-39]. Such
shifts could profoundly alter the chemistry and
ecosystem functionality of soil, underscoring the
need for long-term research on climate-driven
C/N ratio changes to inform ecological
conservation and sustainable management. This
research elucidated why organic fertilization was
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more effective in humid climates. Moisture-
enhanced microbial activity and nitrogen
mineralization accelerated organic matter

decomposition, significantly decreasing C/N
ratios. In contrast, application of synthetic
fertilizer in arid conditions might exacerbate
nitrogen loss and elevate C/N ratios. This
breakthrough transcended previous research
results that focused solely on single factors either
fertilization or climate, establishing for the first
time the regulatory role of climate in shaping
fertilization outcomes. These insights provided a
theoretical foundation for region-specific
fertilization strategies. In cold-temperate and
warm-temperate zones, soil C/N ratios
significantly increased in high-latitude cold
regions but decreased in low-latitude humid
areas [40]. Future research should prioritize
exploring the intricate relationship between soil
C/N ratios and climate change, particularly
among diverse climatic zones and ecosystems. As
global temperature increases, carbon storage in
low-latitude regions may decrease, while high-
latitude regions may experience an increase.
Such shifts could profoundly change the chemical
properties and ecosystem functionality of soil. As
a result, comprehensive field research and
monitoring efforts play a vital role in evaluating
the impact of fertilization practices and
management strategies on the C/N ratios in soil.
In addition, integrating remote sensing
technologies and geographic information
systems (GIS) could enable comprehensive
analyses of soil nutrient dynamics and their
interactions with climatic factors. Adopting this
method would aid in crafting precise agricultural
management tactics to enhance soil vitality and
crop vyield. Concurrently, studies ought to
concentrate on changes in soil microbial
populations and their functions in nutrient
recycling, clarifying the links between microbial
actions and soil C/N ratios. Considering the
complexity of global climate change,
interdisciplinary collaboration will be essential to
advance this field. Merging insights from ecology,
soil science, climate science, and agricultural
science would enhance the comprehension of
soil nutrient dynamics, laying a solid scientific
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groundwork for sustainable farming and

ecological preservation.
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