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Abstract
The ecological stoichiometric characteristics of plant fine root nutrients represent
a strategy for vegetation adaptation to soil environments. To understand the
seasonal variation in ecological stoichiometric ratios of carbon (C), nitrogen (N),
and phosphorus (P) in fine roots of different forest types in karst regions and
their influencing factors, we investigated the C, N, and P contents and ratios in
living and dead fine roots of shrublands and woodlands in a karst region and
their relationships with environmental factors. The results showed: (1) Overall,
the C, N, and P contents in both types of fine roots in woodlands were higher
than those in shrublands, indicating that fine roots of tree species have stronger
nutrient uptake and storage capacity than those of shrub species. Additionally,
for both forest types, the C content in living fine roots was significantly higher
than that in dead fine roots (P < 0.05), whereas the N and P contents in living
fine roots were lower than those in dead fine roots. (2) The C contents in both
types of fine roots for both forest types were lower in the rainy season than in the
dry season; the N and P contents in living fine roots of shrublands were higher in
the rainy season than in the dry season, while the opposite pattern was observed
in woodlands. The C:N, C:P, and N:P ratios in living fine roots of shrublands
were all lower in the rainy season than in the dry season; in woodlands, the C:N
and C:P ratios in both types of fine roots were higher in the rainy season than
in the dry season, whereas the N:P ratio was lower in the rainy season than
in the dry season. The lower N:P ratios in living fine roots during the rainy
season indicated that plants in both shrublands and woodlands experienced a
lower degree of P limitation during the rainy season. (3) The C contents in both
types of fine roots at upper slopes were higher than those at middle and lower
slopes for both forest types, whereas the N and P contents were relatively higher
at lower slopes in shrublands and at middle slopes in woodlands; the C:N, C:P,
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and N:P ratios in both types of fine roots at upper slopes were relatively higher
in shrublands, while in woodlands, the C:N ratio at lower slopes was higher
than at other slope positions, and the C:P and N:P ratios at upper slopes were
higher than at other slope positions, indicating that plants in both forest types
were more strongly affected by P limitation at upper slopes and less affected at
middle and lower slopes. (4) Redundancy analysis indicated that forest type,
available phosphorus, and season were the main factors influencing fine root C,
N, and P nutrient contents and ratios, with individual explanatory powers of
18.8%, 6.6%, and 6.5%, respectively. These results suggest that when artificially
promoting vegetation restoration, appropriate forest types, seasonal variations,
and the effects of slope position differences on N:P ratio changes should be
considered in order to accelerate the restoration of karst ecosystems.

Full Text
Seasonal Variation and Influencing Factors of Fine Root
C:N:P Ratios in Two Forests of a Karst Ecosystem
Dou Li1, Zhang Wei2, Qin Menger1, Liang Yueming3, Pan Fujing1*
1 College of Environmental Science and Engineering, Guangxi Key Laboratory
of Theory and Technology for Environmental Pollution Control, Guilin Univer-
sity of Technology, Guilin 541000, Guangxi, China
2 Huanjiang Observation and Research Station for Karst Ecosystems, Chinese
Academy of Sciences, Huanjiang 547100, Guangxi, China
3 Key Laboratory of Karst Dynamics, Ministry of Natural Resources & Guangxi
Zhuang Autonomous Region, Institute of Karst Geology, Chinese Academy of
Geological Sciences, Guilin 541000, Guangxi, China

Abstract: The ecological stoichiometry of fine root carbon (C), nitrogen (N),
and phosphorus (P) reflects plant adaptation strategies to soil environments. To
understand seasonal variations in fine root C:N:P ratios and their influencing
factors across different forest types in karst regions, we investigated the C, N,
and P contents and ratios of living and dead fine roots in shrubland and arbor
forests, along with their relationships with environmental factors. Our results
showed: (1) Overall, fine root C, N, and P contents in arbor forests were higher
than those in shrublands, indicating stronger nutrient absorption and storage
capacity in arbor species. Additionally, living fine roots had significantly higher
C content than dead fine roots (P < 0.05), while N and P contents were lower
in living fine roots. (2) For both forest types, fine root C contents were lower
during the rainy season than the dry season. In shrublands, living fine root N
and P contents were higher in the rainy season, whereas the opposite pattern
occurred in arbor forests. The C:N, C:P, and N:P ratios of living fine roots in
shrublands were lower in the rainy season, while in arbor forests, the C:N and
C:P ratios of both fine root types were higher in the rainy season but N:P ratios
were lower. The lower rainy season N:P ratios suggest reduced P limitation
for plants in both forest types during this period. (3) Fine root C contents
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at upper slopes were higher than at middle and lower slopes for both forest
types. Shrublands showed relatively higher N and P contents at lower slopes,
while arbor forests had higher N and P contents at middle slopes. Shrublands
exhibited relatively higher C:N, C:P, and N:P ratios at upper slopes, whereas
arbor forests showed higher C:N ratios at lower slopes and higher C:P and N:P
ratios at upper slopes, indicating stronger P limitation effects on upper slopes in
both forest types. (4) Redundancy analysis revealed that forest type, available
phosphorus, and season were the main factors influencing fine root C, N, and
P contents and ratios, with individual explanatory powers of 18.8%, 6.6%, and
6.5%, respectively. These findings suggest that vegetation restoration efforts in
karst regions should consider the effects of N:P ratio variations associated with
forest type, season, and slope position to accelerate ecosystem recovery.

Keywords: Karst ecosystem, different forest types, fine root nutrients, soil
nutrients, ecological stoichiometry

Plant roots serve as a bridge connecting aboveground vegetation with soil. Ex-
tensive root systems not only facilitate soil particle stabilization and effectively
control soil erosion, providing important soil and water conservation functions
(Su et al., 2018), but also regulate carbon (C), nitrogen (N), and phosphorus
(P) nutrient balance and promote nutrient cycling in ecosystems. Fine roots,
defined as root portions with diameters less than 2 mm (Chen et al., 2018), un-
dergo rapid turnover cycles of production, death, and decomposition. Through
death and decomposition, they return nutrients to soil at rates exceeding above-
ground litter inputs (Vogt et al., 1986; Zhang and Wu, 2001; Wei et al., 2013).
When soil nutrients become depleted or heterogeneous, fine roots can adapt by
regulating their life cycles and ecological stoichiometric ratios, making them the
most sensitive component responding to soil environmental changes (Liu et al.,
2014).

Ecological stoichiometry provides a comprehensive approach for studying multi-
ple chemical elements and their balance relationships (He and Han, 2010; Pan et
al., 2011). Fine root C:N:P ratios can characterize plant nutrient use efficiency
(Xiong et al., 2015; Zhang et al., 2021) and indicate growth limitations—N lim-
itation occurs when N:P ratio is below 14, P limitation when above 16, and
co-limitation by N and P when between 14 and 16 (Tan et al., 2022; Zheng et
al., 2022). Factors such as forest type, season, slope position, and changes in
soil nutrient pools and availability can trigger adaptive adjustments in fine root
nutrient strategies (Chen et al., 2018; Zhang et al., 2022). Applying ecologi-
cal stoichiometry theory to analyze fine root C, N, and P contents and ratios
helps understand plant adaptation capabilities and strategies to external envi-
ronments. However, how fine root nutrients in different forest types of karst
regions respond to environmental changes remains unclear.

Different forest types exhibit substantial differences in species composition and
community structure (Liu et al., 2021), leading to variations in soil nutrient

chinarxiv.org/items/chinaxiv-202308.00083 Machine Translation

https://chinarxiv.org/items/chinaxiv-202308.00083


content (Tian et al., 2015). Roots are most directly affected by soil nutrient
changes, and nutrient limitations are reflected in fine roots (Tan et al., 2022).
Seasonal variations strongly influence root nutrient dynamics through differen-
tial soil nutrient availability. For example, Li et al. (2016) found that soil total
N, total P, available N, and available P contents in northern Guangxi grasslands
were relatively higher in summer and autumn, subsequently affecting fine root
C, N, and P contents. Seasonal changes also correlate with fine root growth dy-
namics, with fine root biomass and growth peaks occurring during rainy seasons
(Rufat and Dejong, 2001; Chen et al., 2004; Xu et al., 2018). Thus, seasonal
variations affect both aboveground and belowground vegetation characteristics
and soil environments. Additionally, topographic factors such as slope position
influence soil environmental properties (Yu et al., 2019). While upper slopes
typically have poorer soil nutrients in non-karst regions (Yang et al., 2018),
karst areas exhibit an inverse pattern with upper slopes having greater nutrient
content than lower slopes (Liang et al., 2017), affecting plant nutrient alloca-
tion to fine roots and ultimately causing differences in fine root nutrient content
across slope positions (Qin et al., 2008; Chen et al., 2018).

Recent studies have examined ecological stoichiometric characteristics of soils,
vegetation, and different plant organs. He et al. (2020) suggested that vegeta-
tion type is closely linked to soil C:N:P stoichiometry, where changes in soil
C:N:P ratios can affect vegetation species composition (Bui et al., 2013), while
vegetation can influence soil C, N, and P cycling through litter and root sys-
tems, thereby affecting soil nutrient content (Gao et al., 2014). Guo et al. (2021)
found that nutrient distribution patterns differ among plant organs, with plants
responding to environmental changes by adjusting C:N:P ratios among organs,
highlighting the critical importance of roots.

Karst regions in China suffer severe rocky desertification, accelerated soil ero-
sion, and declining land productivity. Many scholars (Lü et al., 2016; Wu et al.,
2020) have studied nutrient limitation status and acquisition efficiency through
aboveground components like leaf stoichiometry. However, aboveground parts
are less sensitive to soil environmental changes than fine roots (Guo et al., 2021).
Therefore, understanding fine root nutrient variations across forest types and
seasons, along with nutrient allocation patterns and influencing factors, is es-
sential for comprehending plant root adaptation mechanisms in these regions.
To investigate how fine root nutrients respond to environmental changes across
different forest types, we collected fine root and soil samples from shrubland
and arbor forests in karst regions to examine variations in fine root C, N, and
P contents and ratios across forest types, seasons, and slope positions. These
studies reveal response patterns of fine roots to environmental changes such as
season and slope position in different forest types of karst regions, providing
scientific basis for ecological restoration and management.
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1.1 Study Area

The study area is located in Huanjiang Maonan Autonomous County, Guangxi
Zhuang Autonomous Region, China, encompassing the Huanjiang Karst Ecosys-
tem Observation and Research Station of the Chinese Academy of Sciences
(108°18’–108°19’ E, 24°43’–24°44’ N) and the Mulun National Nature Reserve
(107°53’–108°05’ E, 25°06’–25°12’ N). This region features typical karst peak-
cluster depressions and a subtropical monsoon climate, with mean annual tem-
perature of 19.9°C, extreme minimum temperature of -5.2°C, extreme maximum
temperature of 38.7°C, and mean annual precipitation of 1,389.1 mm. Precipita-
tion is abundant but seasonally uneven, with the rainy season (April–September)
accounting for over 70% of annual rainfall (Chen et al., 2012) and the dry season
extending from October to March of the following year.

The Huanjiang station experienced frequent burning and grazing from 1958 to
the mid-1980s. After all residents relocated in 1985, the degraded system began
to recover. The typical landscape unit is peak-cluster depression, with approxi-
mately 70% of the study area covered by shrubland (Pan et al., 2020). Dominant
plants include Alchornea trewioides, Cipadessa cinerascens, Rhus chinensis, and
Indigofera atropurpurea.

The Mulun National Nature Reserve covers a total area of 190.2 hm2 with
forest coverage of 94.8%, representing the most intact and largest primary forest
preserved in global karst regions (Pan et al., 2011; Zhang et al., 2013). Dominant
species include Cyclobalanopsis glauca, Loropetalum chinense, Miliusa balansae,
and Pteroceltis tatarinowii (Pan et al., 2020).

1.2 Sampling Methods

In May 2014, we established 15 standard plots (10 m × 10 m, with 5 plots
per slope position) in both the Huanjiang Karst Ecosystem Observation and
Research Station and the Mulun National Nature Reserve. These plots were dis-
tributed across upper, middle, and lower slope positions, with each plot spaced
more than 10 m apart.

We studied seasonal fine root dynamics over one year using sequential root coring
(Song et al., 2010). From May 2014 to May 2015, fine roots were sampled
every two months using root coring (sampling times: May, July, September,
and November 2014, and January, March, and May 2015; rainy season: April–
September; dry season: October–March). Sampling depth was 10 cm. Each
plot was divided into four subplots (5 m × 5 m), and soil cores were collected
using a root corer (10 cm inner diameter × 10 cm length), then combined into
one composite sample. A total of 210 samples were collected (2 forest types ×
15 plots × 7 sampling times).

Soil core samples were soaked in water for 24 hours before washing to remove
soil. Fine roots were selected based on the $�$2 mm diameter criterion (Shi
and Tang, 2002). Living and dead fine roots were distinguished by color, shape,
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elasticity, and ease of separation between cortex and stele (Ostonen et al., 2005).
Each fine root sample was dried at 65°C for at least 48 hours, then ground to
pass through a 0.154 mm sieve. This yielded a total of 420 samples for analysis
(living and dead fine roots).

In May 2014, soil samples were collected from the four subplots of each plot
at 10 cm depth, combined into one composite sample, air-dried, and ground to
pass through a 2 mm sieve for physicochemical analysis.

1.3 Sample Analysis Methods

Fine root C and N contents were determined using an elemental analyzer
(Vario MAX CN, Elementar, Germany). Fine root P content was mea-
sured by molybdenum-antimony anti-spectrophotometry after digestion with
H2SO4+H2O2 (Pan et al., 2011).

Soil total nitrogen (TN) was determined by the Kjeldahl method using a flow
injection analyzer (FIAstar 5000, FOSS, Hillerød, Denmark). Soil available ni-
trogen (AN) was measured by the alkali diffusion method. Soil total phosphorus
(TP) was digested with NaOH in a muffle furnace, washed with H2SO4+HCl, de-
veloped with molybdenum blue reagent, and measured spectrophotometrically.
Soil available phosphorus (AP) was extracted with NaHCO3 solution, with color
development and measurement following the same procedure as TP (Bao, 2000).

1.4 Data Processing and Analysis

Raw data were processed using Excel 2013 and SPSS 26.0. All variables were
tested for normal distribution before analysis. One-way ANOVA and least sig-
nificant difference (LSD) tests were used to analyze differences in soil and fine
root nutrient contents between the two forest types. Pearson correlation anal-
ysis was performed between fine root C, N, and P contents and stoichiometric
characteristics and soil nutrients. Redundancy analysis (RDA) was used to as-
sess the contribution of environmental factors to variations in fine root nutrient
contents and stoichiometric ratios.

2.1 Soil Nutrient Characteristics Across Forest Types

Soil TN and AN contents differed significantly between shrubland and arbor
forest (P < 0.05), while TP and AP contents showed no significant differences.
TN:TP and AN:AP ratios also did not differ significantly between forest types.
From shrubland to arbor forest, soil TN, AN, and TP contents and TN:TP and
AN:AP ratios increased, while AP content decreased.

Note: Different lowercase letters indicate significant differences between shrub-
land and arbor forest.

[Figure 1: see original paper] Soil total nitrogen, available nitrogen, total phos-
phorus, available phosphorus, and their stoichiometric ratios
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2.2 Effects of Forest Type on Fine Root C, N, P Contents and Stoi-
chiometry

Living fine root C content was significantly higher than dead fine root C content
in both forest types (P < 0.05, [Figure 2: see original paper]a), while living fine
root N and P contents were lower than those in dead fine roots ([Figure 2: see
original paper]b, c). Arbor forest fine roots had higher C, N, and P contents
and N:P ratios but lower C:N and C:P ratios than shrubland, with significant
differences in N content (P < 0.05).

2.3 Seasonal Effects on Fine Root C, N, P Contents and Stoichiometry

In shrubland, fine root C contents were lower during the rainy season (448.70 g・
kg−1 and 412.98 g・kg−1) than the dry season (457.99 g・kg−1 and 422.22 g・kg−1)
([Figure 2: see original paper]a). Living fine root N and P contents were higher
in the rainy season (14.24 g・kg−1 and 1.22 g・kg−1) than the dry season (14.16
g・kg−1 and 1.15 g・kg−1), while dead fine roots showed the opposite pattern. All
stoichiometric ratios of living fine roots were lower in the rainy season, whereas
dead fine root C:P and N:P ratios (314.70 and 13.87) were higher than in the
dry season (294.20 and 12.61), with significant differences in dead fine root N:P
ratio (P < 0.05).

In arbor forest, both fine root types had lower nutrient contents in the rainy
season ([Figure 2: see original paper]a, b, c), with significant differences in N
content between seasons (P < 0.05). Rainy season C:N and C:P ratios of living
and dead fine roots (21.97, 391.49, 20.36, 304.91) were higher than dry season
ratios (21.30, 361.54, 17.72, 274.48) ([Figure 2: see original paper]d, e), while
N:P ratios showed the opposite pattern ([Figure 2: see original paper]f).

Note: Different lowercase letters indicate significant differences in fine root
nutrients and stoichiometric ratios under the same forest type across seasons;
different uppercase letters indicate significant differences between forest types
within the same season. SB: Shrubland; AF: Arbor forest; RS: Rainy season;
DS: Dry season.

[Figure 2: see original paper] Seasonal dynamics of fine root C, N, P contents
and stoichiometric ratios across forest types

2.4 Effects of Slope Position on Fine Root C, N, P Contents and
Stoichiometry

In shrubland, living and dead fine root C contents gradually decreased from
upper to lower slopes ([Figure 3: see original paper]a). Lower slopes had higher
N and P contents than other positions ([Figure 3: see original paper]a, b).
C:N and C:P ratios of living and dead fine roots at upper and middle slopes
were significantly higher than at lower slopes (P < 0.05; [Figure 3: see original
paper]d, e). N:P ratios of living and dead fine roots were lowest at middle slopes
([Figure 3: see original paper]f).
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In arbor forest, upper slopes had higher C contents than other positions ([Figure
3: see original paper]a). Middle slopes showed higher N and P contents than
upper and lower slopes ([Figure 3: see original paper]b, c). C:N ratios of living
and dead fine roots were higher at lower slopes ([Figure 3: see original paper]d).
C:P and N:P ratios of living and dead fine roots were significantly higher at
upper slopes than other positions (P < 0.05; [Figure 3: see original paper]e, f).

Note: Different lowercase letters indicate significant differences in fine root
nutrients and stoichiometric ratios across slope positions within the same season
and forest type. US: Upper slope; MS: Middle slope; LS: Lower slope; SB:
Shrubland; AF: Arbor forest.

[Figure 3: see original paper] Variations in fine root C, N, P contents and
stoichiometric ratios across slope positions and forest types

2.5 Relationships Between Fine Root C, N, P Contents and Soil Nu-
trients

Living and dead fine root N contents were significantly positively correlated with
soil TN (P < 0.05), while living fine root N content was significantly negatively
correlated with soil AP (P < 0.01). Dead fine root N content was significantly
positively correlated with living fine root N and P contents (P < 0.01), and living
fine root N content was significantly positively correlated with P content (P <
0.01). Living and dead fine root N contents and living fine root P content were
significantly positively correlated with N:P ratios (P < 0.01) and significantly
negatively correlated with C:N ratios (P < 0.01) ().

RDA analysis indicated that variations in fine root C, N, P contents and ra-
tios were primarily influenced by forest type (individual explanatory power:
18.8%, F=7.9338, P=0.001), AP (6.6%, F=3.2784, P < 0.05), and season (6.5%,
F=2.5048, P < 0.05) ([Figure 4: see original paper]).

Correlation analysis between fine root nutrient contents, stoichiometric ratios,
and soil nutrients

Note: * indicates significance at P < 0.05 level (two-tailed); ** indicates sig-
nificance at P < 0.01 level (two-tailed).

Note: TN: Total nitrogen; TP: Total phosphorus; AN: Available nitrogen; AP:
Available phosphorus; LC: Living fine root carbon; LN: Living fine root nitrogen;
LP: Living fine root phosphorus; DC: Dead fine root carbon; DN: Dead fine
root nitrogen; DP: Dead fine root phosphorus; LC:LN: C:N ratio of living fine
roots; LC:LP: C:P ratio of living fine roots; LN:LP: N:P ratio of living fine
roots; DC:DN: C:N ratio of dead fine roots; DC:DP: C:P ratio of dead fine
roots; DN:DP: N:P ratio of dead fine roots. Redundancy analysis (a), Variance
partitioning analysis (b).

[Figure 4: see original paper] Analysis of soil properties and fine root nutrients
and their stoichiometric ratios
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3.1 Effects of Forest Type on Fine Root Nutrient Contents and Stoi-
chiometry

Arbor forest fine roots had higher C, N, and P contents and N:P ratios but
lower C:N and C:P ratios than shrubland fine roots. Previous studies (Liao
and Guo, 2022) have shown that increased soil TN and TP contents promote
fine root nutrient absorption. In this study, arbor forest soils had higher TN,
TP, and AN contents than shrubland soils ([Figure 1: see original paper]),
suggesting greater nutrient absorption capacity in arbor forests. Shrubland fine
root N:P ratios were below 14, indicating predominant N limitation, likely due
to relatively high P content reducing the N:P ratio. Arbor forest fine roots (N:P
> 16) experienced P limitation, possibly because higher soil N content relative
to shrubland, combined with asynchronous N and P absorption by fine roots
(Guo et al., 2018), resulted in higher N than P content and elevated N:P ratios.
Growth-related dilution effects may also have contributed to relatively low P
content (Wen et al., 2022).

Correlation analysis showed no significant relationship between fine root C con-
tent and soil nutrients, as C is a structural element with strong stability that is
not directly involved in metabolic activities (Hu et al., 2018). Living fine root
N content was significantly positively correlated with soil TN and significantly
negatively correlated with soil AP, indicating that N and P are the main factors
influencing fine root C:N:P stoichiometry. Since shrubland fine root N and P
contents were lower than those in arbor forest, shrubland exhibited higher C:N
and C:P ratios. RDA results confirmed forest type as the primary factor influ-
encing fine root C, N, P contents and stoichiometry, likely because arbor species
have stronger nutrient absorption and utilization capabilities. Compared with
shrubland, arbor forests have increased species richness (Yang et al., 2009), lead-
ing to greater litter input and root biomass, which improves soil quality (Sun
et al., 2021). As fine roots are sensitive to soil environmental changes, this
ultimately enhances nutrient absorption and storage.

3.2 Seasonal Effects on Fine Root Nutrient Contents and Stoichiom-
etry

During the rainy season, both forest types showed lower C contents in living
and dead fine roots, and arbor forests also had lower N and P contents in both
root types and dead fine roots in shrubland, while shrubland living fine roots
had higher N and P contents. In shrubland, stoichiometric ratios of living fine
roots were lower in the rainy season, whereas in arbor forest, C:N and C:P
ratios of both root types were higher in the rainy season but N:P ratios were
lower. The study area experiences concurrent rainfall and heat during the rainy
season, with abundant precipitation and high temperatures promoting vigorous
plant growth (Deng et al., 2010). This alters C allocation patterns, with more
carbon allocated to aboveground growth and reproduction (Pregitzer, 2003; Li
et al., 2021), resulting in lower fine root C content during the rainy season.
Shrubland vegetation at this growth stage requires substantial nutrients, and
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dead fine roots may transfer some nutrients back to the plant before senescence
(Zhang and Wu, 2001), leading to lower dead fine root N and P contents in the
rainy season.

Carbon content in plants is relatively high and stable, not typically limiting
plant growth (Niu et al., 2011), and correlation analysis showed no significant
relationship between fine root C content and N, P nutrients or stoichiometric
ratios. Therefore, variations in C:N and C:P ratios are primarily driven by N
and P elements. In shrubland, higher rainy season N and P contents in living
fine roots resulted in lower C:N and C:P ratios. In contrast, arbor forest living
fine roots had lower N and P contents during the rainy season, possibly due
to: (1) differences in species composition and vegetation growth, with arbor
forests having higher species richness and greater fine root biomass (Yang et
al., 2009; Du et al., 2010; Wang et al., 2014), and the rainy season being the
peak growth period for fine root biomass (Rufat and Dejong, 2001; Chen et al.,
2004), which may dilute N and P concentrations; and (2) different water stress
response mechanisms between forest types. Shrublands contain more shallow-
rooted species primarily utilizing shallow soil water (Huang et al., 2021), while
arbor forests include both deep- and shallow-rooted species that can utilize
hydraulic lift to supply shallow-rooted plants (Chen et al., 2013; Chen et al.,
2022), facilitating nutrient absorption. During the dry season, N and P may be
transferred from senescing fine roots to living fine roots, enriching living root
nutrients while depleting dead roots (Tripathi et al., 1999), resulting in higher
rainy season C:N and C:P ratios in arbor forest.

Studies have shown that fine root C:N and C:P ratios reflect turnover rates,
with higher ratios indicating slower turnover (Terzaghi et al., 2013). There-
fore, shrubland fine root turnover was faster in the rainy season, while arbor
forest turnover was faster in the dry season. N:P ratio serves as an indicator
of nutrient limitation on productivity (He et al., 2017), and lower rainy season
N:P ratios in both forest types indicate reduced P limitation during this period.
In summary, seasonal changes in precipitation and temperature elicit different
responses from different vegetation components, and fine roots, as the most
sensitive belowground component, actively regulate nutrient cycling in response
to environmental changes, thereby affecting their own C, N, P contents and
stoichiometric ratios.

3.3 Effects of Slope Position on Fine Root Nutrient Contents and
Stoichiometry

Both forest types showed higher fine root C contents at upper slopes than at
other positions. Shrubland had higher N and P contents at lower slopes, while
arbor forest had higher N and P contents at middle slopes. Shrubland and arbor
forest at middle and lower slopes exhibited lower N:P ratios, indicating reduced
P limitation at lower slope positions.

Slope position, as an important topographic factor, influences water-heat condi-
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tions and soil nutrient distribution, indirectly affecting fine root nutrients (Fan
et al., 2019). Upper slopes experience less surface runoff, forcing reduced soil
water retention and causing water loss (Zhang et al., 2010). To enhance root
water retention capacity, plants increase carbon allocation to roots to maintain
normal physiological functions (Luo et al., 2020), resulting in higher fine root C
contents at upper slopes in both forest types. Since fine root C content showed
no significant correlation with stoichiometric ratios, N and P were the main
elements affecting these ratios. Two factors may explain differences in fine root
N, P contents and stoichiometric ratios across slope positions: (1) Spatial het-
erogeneity of environmental factors (soil nutrients). Southwestern karst regions
exhibit inverted soil nutrient patterns with upper slopes > lower slopes (Zhang
et al., 2006; Liu et al., 2010; Liang et al., 2017). Lower slopes with relatively
poor soil nutrients may trigger increased nutrient allocation to fine roots (Cai
et al., 2022) and higher nutrient use efficiency (Zeng et al., 2015), resulting in
relatively higher N and P contents in shrubland lower slopes. Shrubland upper
slopes had lower P content, leading to higher C:P ratios, while higher N con-
tent at lower slopes resulted in lower C:N ratios. Middle slope N:P ratios were
lower than other positions, indicating weaker P limitation at middle slopes in
shrubland. (2) Spatial heterogeneity of biological factors and human activities.
Arbor forest middle slopes have high community diversity, intact community
structure, and minimal human disturbance (Peng et al., 2012), leading to more
developed root systems, greater root biomass, higher vegetation coverage, and
increased litter accumulation (Liu et al., 2016), which enhances soil fertility and
promotes nutrient absorption and storage, resulting in higher N and P contents
at middle slopes. In arbor forest, upper slopes had higher N content than lower
slopes, while P content showed the opposite pattern, leading to lower N:P ra-
tios at lower slopes and thus weaker P limitation compared to other positions.
These findings demonstrate that environmental and biological factors, combined
with human disturbance, directly or indirectly affect nutrient absorption by fine
roots across slope positions, causing variations in fine root nutrient contents and
stoichiometric ratios.

Conclusions

Arbor forest fine roots had higher nutrient contents but lower C:N and C:P
ratios than shrubland fine roots, suggesting stronger N and P absorption and
storage capacity in arbor species. Shrubland fine root N:P ratios were lower
than arbor forest, indicating greater P limitation in arbor forests.

In shrubland, living fine root N and P contents were higher in the rainy season
than the dry season, while arbor forest showed the opposite pattern. Shrubland
rainy season living fine root C:N and C:P ratios were lower than in the dry
season, whereas arbor forest showed the reverse trend. However, both forest
types had lower N:P ratios in the rainy season, indicating reduced P limitation
during this period.

Middle and lower slope positions resulted in higher fine root N and P contents
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but lower N:P ratios, suggesting weaker P limitation at lower slope positions.
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