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Abstract

Coupled nitrogen (N) and phosphorus (P) cycling in calcareous karst soils, and how it re-
sponds to long-term land use and restoration, remains poorly quantified. We compared
seven plots on a karst slope platform: three development types (degraded disturbed land,
pasture, and fruit orchard) and four restoration types (planted evergreen forest, planted
deciduous forest, evergreen—deciduous mixed forest, and naturally restored forest). Gross
N transformation rates were measured by °N isotope dilution, alongside soil properties,
available P, microbial biomass N, and enzyme activities. Conservation plots generally had
higher soil organic carbon, total N, microbial biomass N, and enzyme activity than devel-
opment plots; soil organic carbon peaked under naturally restored forest (57.5 g-kg 1) and
was lowest in disturbed land (47.9 g-kg~!). Naturally restored forest also showed the high-
est gross nitrification and total N mineralization, whereas disturbed land had the weakest
ammonification, with negative gross rates pointing to N immobilization. Available P (up
to 15.9 mg-kg~!) tracked alkaline phosphatase activity, organic carbon, and total N rather
than total P. Across the alkaline range (pH 7.2-7.8), random forest models ranked ammo-
nium and enzyme activity, not pH, as the main predictors of N mineralization. Long-term
land use and restoration were thus associated with consistent differences in karst soil N
and P supply.

Keywords: karst ecosystem; land use; vegetation restoration; nitrogen mineralization;
phosphorus availability

1. Introduction

Karst ecosystems are widely distributed in carbonate landscapes and are character-
ized by shallow soil layers, high rock exposure, alkaline soil conditions, rapid hydrolog-
ical connectivity, and strong spatial heterogeneity [1-4]. These features make karst soils
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highly sensitive to vegetation degradation, land-use change, and ecological restoration. In
many karst regions, soil development is constrained by limited parent-material residues
and high calcium carbonate content, which can restrict nutrient retention and alter nutri-
ent availability compared with non-karst ecosystems [5,6]. Therefore, understanding how
soil nutrient cycling differs among long-term land-use and restoration plots is important
for evaluating the recovery of degraded karst ecosystems.

Soil formation and nutrient cycling in karst landscapes are further governed by the
combined action of climate and topography on a soluble carbonate substrate. Because
carbonate dissolution leaves only a small insoluble residue, pedogenesis proceeds slowly
and is strongly modulated by topo-climatic conditions: temperature and precipitation
regulate dissolution intensity, chemical weathering, leaching, and the balance between
organic-matter production and decomposition, whereas slope gradient and slope position
redistribute water, soil, and nutrients downslope and govern both surface and subsurface
losses [1-3]. These processes generate pronounced gradients in soil depth, moisture, and
nutrient status, with thin soils on upper slopes grading into deeper, more developed soils
in lower positions [3,4]. Because soil depth and rock exposure constrain rooting volume,
water storage, and microbial habitat, the topo-climatically controlled trajectory of pedo-
genesis cascades to vegetation composition and land-cover characteristics, which, in turn,
feed back into litter input, organic-matter accumulation, and nutrient cycling [4,5]. The
local pedogenetic context set by climate and topography therefore provides the theoretical
backdrop against which land-use and restoration effects on karst soil nutrient cycling must
be interpreted [2,6].

Nitrogen (N) and phosphorus (P) are two major nutrients regulating plant productiv-
ity and microbial processes in terrestrial ecosystems [7,8]. Global nutrient-addition studies
have shown that N and P limitation are both widespread, and that combined N and P en-
richment can produce strong positive responses in ecosystem productivity [7]. In calcare-
ous karst soils, P availability is often constrained because phosphate can be immobilized
through precipitation or adsorption with calcium-rich minerals [6,8]. Thus, total P content
alone may not reflect the P supply available for plants and microorganisms. Soil avail-
able P is more likely to be shaped by the interaction among mineral composition, soil pH,
organic matter accumulation, microbial demand, and phosphatase activity [9-12].

Soil N mineralization is a central process linking organic matter turnover with inorganic
N supply [13,14]. Through ammonification and nitrification, organic N is transformed into
ammonium and nitrate, which are directly available to plants and microorganisms. These pro-
cesses are controlled by soil organic carbon, total N, microbial biomass, enzyme activity, soil
moisture, temperature, and pH [13-16]. Because N mineralization changes substrate avail-
ability and microbial nutrient demand, it may also be associated with P transformation. For
example, higher organic matter input can increase microbial activity and phosphatase pro-
duction, while changes in ammonium and nitrate availability may modify microbial nutrient
acquisition and the balance between N and P cycling [10-12,17]. However, these relationships
may differ strongly among ecosystems because soil properties, vegetation type, and manage-
ment history jointly regulate N and P availability.

Previous studies in karst regions have mainly focused on soil organic carbon accu-
mulation, total nutrient stocks, vegetation restoration, microbial resource limitation, and
net N transformation [18-25]. These studies have shown that karst soils are frequently
limited by carbon and phosphorus rather than by nitrogen, and that vegetation restora-
tion can substantially alter soil nutrient status and microbial processes [19-25]. However,
two issues remain insufficiently resolved. First, most studies have not directly quantified
gross N mineralization processes under contrasting long-term land-use and restoration
types. Net changes in inorganic N can mask simultaneous production and consumption
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processes [13,26]. Second, the relationship between gross N transformation and P avail-
ability in calcareous karst soils remains unclear. This limits our ability to evaluate whether
restoration-associated changes in soil organic matter and microbial enzyme activity are
linked to both N supply and P availability.

To address these gaps, we investigated seven long-term land-use and restoration
types at the Huanjiang Karst Ecosystem Observation and Research Station in Southwest
China. These included development-oriented plots, namely degraded disturbed land, pas-
ture, and fruit orchard, and conservation-oriented plots, namely planted evergreen forest,
planted deciduous forest, evergreen-deciduous mixed forest, and naturally restored forest.
Gross ammonification, nitrification, and total N mineralization were determined using the
I5N isotope dilution method. Soil physicochemical properties, inorganic N, available P,
microbial biomass N, and extracellular enzyme activities were also measured to assess the
associations between N transformation and P availability.

The objectives of this study were to: (1) compare soil nutrient status and enzyme
activity within a karst experimental platform; (2) quantify differences in gross ammonifi-
cation, nitrification, and total N mineralization among these plot types; and (3) evaluate
whether variation in gross N mineralization is associated with soil available P and alkaline
phosphatase activity. We hypothesized that conservation-oriented restoration plots, espe-
cially naturally restored forest, would show higher soil organic carbon, total N, microbial
biomass, and enzyme activity than development-oriented plots. We further hypothesized
that gross nitrification and total N mineralization would be positively associated with soil
available P, with SOC and alkaline phosphatase activity as potential related variables.

2. Materials and Methods
2.1. Overview of the Study Area

This study was conducted at the Huanjiang Karst Ecosystem Observation and Re-
search Station of the Chinese Academy of Sciences (108°18'-108°19" E, 24°43/-24°44' N;
mean elevation 228.5-337.8 m), in Huanjiang Maonan Autonomous County, Guangxi
Zhuang Autonomous Region, southwestern China, as shown in Fig.1. The region lies just
north of the Tropic of Cancer on the southeastern margin of the Yunnan-Guizhou Plateau
and has a typical subtropical monsoon climate. The mean July air temperature is about
29 °C and the mean annual air temperature is 15.4-22.4 °C; the frost-free period is about
290 days, the mean annual sunshine duration is about 1451 h, the mean annual solar radia-
tion is 98.89 kJ-cm 2, and the mean annual precipitation is 1400-1500 mm, of which about
70% falls between April and September.

The study area is a karst peak-cluster depression landscape. Prior to 1985, frequent
fires and grazing caused severe rocky desertification; this degradation was driven in part
by the loss of protective vegetation cover, which intensified surface runoff and soil erosion
on the sloped terrain, a common mechanism of rock desertification in karst landscapes [1,2].
In 1985, the residents were relocated, after which vegetation and soil recovered gradually
under reduced human disturbance. In 2004, the Slope-Following Cultivation Observation
Platform was established on a hillslope of relatively uniform soil and vegetation, where
long-term plots of comparable area and slope gradient were laid out to represent contrast-
ing land-use and restoration trajectories [24]. The plots are located on karst hillslopes with
a slope gradient of approximately 20-25° (mean ~ 22°). Across the platform, bedrock expo-
sure is <10%, surface gravel cover is 30%-60%, and the gravel volume fraction of the surface
soil is 10%—-30%. The soil is an alkaline calcareous soil derived from dolomite weathering;
a formal WRB classification was not undertaken, so the soil is described by its parent mate-
rial and main chemical properties. The soil is an alkaline calcareous (lime) soil developed
on dolomite, corresponding to the brown lime soils that are widely mapped across the
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carbonate terrains of northwest Guangxi in the Chinese genetic soil classification and the
second national soil survey [27]. Consistent with soil surveys conducted at this and ad-
jacent peak-cluster depression catchments of the Huanjiang station [28], the soils form a
downslope catena in which thin, weakly developed profiles on the upper slope grade into
deeper, more strongly developed profiles toward the footslope and depression. Because di-
agnostic horizons were not quantified against measured criteria, the soils are characterised
here by their parent material, regional classification, and field morphology rather than by a
formal World Reference Base (WRB) allocation. The mean soil depth increases downslope
from approximately 10-30 cm on the upper slope to 50-80 cm on the lower slope.

The seven long-term plots comprised three development-oriented land-use types (de-
graded disturbed land, pasture, and fruit orchard) and four conservation-oriented restoration
types (planted evergreen forest, planted deciduous forest, evergreen—deciduous mixed forest,
and naturally restored forest). The conservation-oriented plots were established by artificial
afforestation in 2004 (about 16 years before sampling) using native and locally adapted karst
tree species, and subsequently received only early-stage tending. The evergreen plantings
were dominated by Cyclobalanopsis glauca (syn. Quercus glauca) and Cryptomeria japonica, and
the deciduous plantings by Populus lasiocarpa and Zenia insignis, with the mixed forest contain-
ing both groups. The pasture was sown with perennial forage grass (Pennisetum sp.), and the
fruit orchard was planted with Citrus reticulata; the degraded disturbed land carried sparse
shrubs and grasses, including Alchornea trewioides, Ligustrum sinense, and Indigofera atropur-
purea. The naturally restored forest, which has regenerated spontaneously since the 1985 relo-
cation, is dominated by Quercus phillyracoides, Platycarya strobilacea, Lindera communis, Celtis
biondii, Cryptocarya chinensis, Symplocos sumuntia, Diospyros siderophylla, Streblus tonkinensis,
and Excentrodendron tonkinense, among others. The dominant species and management of
each plot are summarized in Table 1.
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Figure 1. Schematic diagram of sampling method. (a) Position of Guangxi Zhuang Autonomous Re-
gion within China; (b) location of Huanjiang Maonan Autonomous County within Guangxi; (c) digital
elevation model showing the karst peak-cluster depression topography and the Slope-Following Culti-
vation Observation Platform; (d) field view of the experimental hillslope showing the seven long-term
plots (I, degraded disturbed land; II, pasture; III, fruit orchard; IV, planted evergreen forest; V, planted
deciduous forest; VI, evergreen—deciduous mixed forest; VII, naturally restored forest).
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Table 1. Historical and management background of the seven long-term land-use and restoration plots.

Plot Type Category Dominant Species/Land Cover Slope (°) Establishment Background Management Disturbance
Sparse shrubs and grasses (e.g., . . . .
Degraded disturbed land Development-oriented Alchornea trewioides, Ligustrum ~s22 Retained as a degraded reference Low vegetation cover; no active
. . plot on the platform restoration planting
sinense, Indigofera atropurpuren)
Pasture Development-oriented Sown p erenplal forage grass ~22 Established as a pasture plot in 2004 Periodic cutting and grazing;
(Pennisetum sp.) herbaceous land use
. . Citrus reticulata with Established as an economic Conventional orchard management
Fruit orchard Development-oriented ~22 . . . -
herbaceous understory fruit-tree plot in 2004 (weeding, fertilization)
1 . g Lo ion + - ing;
Planted evergreen forest Conservation-oriented Cyclobalanopsis glauca .(S}.m Q.u ereus ~22 Artificial afforestation in 2004 Af‘forestatl'on ea tly-stage tending
glauca), Cryptomeria japonica no later intensive management
) S s S ion + - ing;
Planted deciduous forest Conservation-oriented Populus lasiocarpa, Zenia insignis ~22 Artificial afforestation in 2004 Afforestatllon ea tly-stage tending
no later intensive management
Evergr.een—deaduous Conservation-oriented Mixture of tk}e above evergreen and ~22 Mixed-species afforestation in 2004 Afforestation + early-stage tending
mixed forest deciduous species
Quercus phillyraeoides, Platycarya
strobilacea, Lindera communis, Celtis
Naturally restored forest Conservation-oriented biondii, Cryptocarya chinensis, ~22 Passive recovery since the No artificial planting or

Symplocos sumuntia, Diospyros
siderophylla, Streblus tonkinensis,
Excentrodendron tonkinense, etc.

1985 relocation

intensive management

Note: species names follow the supplementary species list of Pan et al. (2020) [29] and Pan et al. (2018) [30].
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To characterize the soil, a representative profile was described by genetic horizon at
a mid-to-lower slope position on the platform; horizon color was recorded against a Mun-
sell chart, carbonate reaction was tested with dilute HCl, and texture was estimated in
the field (Figure 2). The solum was deepest at footslope and depression positions (up
to ~200 cm) and thinned upslope, consistent with the downslope increase in soil depth
noted above. Six horizons were distinguished (Figure 2): a dark grayish-brown, granular,
humus-rich topsoil (0-5 cm; clay loam to silty clay) with the highest organic-matter content
and a dense mat of fine roots; a brownish-gray root zone (5-15 cm; clay loam); a brown
to yellowish-brown transitional horizon (15-30 cm; subangular blocky, with increasing
clay); a yellowish-brown illuvial (argic) subsoil showing clear clay illuviation (30-60 cm;
silty clay to clay); a pale yellowish-brown calcic horizon with carbonate nodules that ef-
fervesced strongly with dilute HCI (60-100 cm; clay); and a grayish-yellow weathering
(C) horizon with increasing dolomite fragments (100-200 cm), in which bedrock was not
always reached within the depression. The combination of a clay-illuviated (argic) hori-
zon over a carbonate-nodule (calcic) horizon developed on dolomite is characteristic of
the brown lime soils that dominate the carbonate terrains of northwest Guangxi in the Chi-
nese genetic soil classification and the second national soil survey [27]. The downslope
sequence observed here from thin, weakly developed soils on the upper slope to deep,
clay-enriched profiles at footslope and depression positions reproduces the soil catena
documented for dolomite peak-cluster depressions at the Huanjiang station, where pedo-
genesis grades from weakly developed soils (Entisols and Inceptisols) on the upper slope
to clay-illuviated, more strongly developed soils (Semi-alfisols and Alfisols) at lower po-
sitions [28], and is consistent with the contrasting calcareous-soil architectures previously
reported on dolomite slopes in this region [31]. By analogy with these regional surveys and
with established correlation between the Chinese classification systems and international
schemes, the deeper footslope and depression profiles are tentatively equivalent to Luvi-
sols (e.g., Calcic or Cutanic Luvisols) and the thin upper-slope soils to Leptosols (Rendzic
or Calcaric Leptosols) in the WRB [32]. Because the diagnostic horizons were not quanti-
fied against the measured criteria required by the WRB, this allocation is provisional and
is provided to aid international comparison rather than as a formal classification.

Calcareous soil (lime soil)

15-30 cm Transitional horizon
Brown—yellowish-brown;

subangular blocky

Texture: clay; clay content begins to
increase

60—100 cm Carbonate-nodule
(calcic) horizon

Pale yellowish-brown; strongly

Yellowish-brown, fine heavy clay;

clear clay illuviation
Texture: silty clay—clay

100-200 cm Parent material

/ weathering horizon (C)
Grayish-yellow; dolomite

calcareous, effervesces with HCI

Texture: clay

weathering fragments increase
Deep solum in depression; bedrock

not necessarily reached

Figure 2. Representative soil profile of the study platform: a calcareous (lime) soil developed on
dolomite, showing the main genetic horizons with their depth, color, structure, and texture.
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2.2. Soil Sampling

In July 2020, seven long-term land-use and restoration plots were selected at the
Slope-Following Cultivation Observation Platform of the Huanjiang Karst Ecosystem Ob-
servation and Research Station, Chinese Academy of Sciences. These plots included three
development-oriented land-use types, namely degraded disturbed land, pasture, and fruit
orchard, and four conservation-oriented restoration types, namely planted evergreen for-
est, planted deciduous forest, evergreen-deciduous mixed forest, and naturally restored
forest. These runoff plots are permanent monitoring facilities established at the station for
the long-term observation of surface runoff and soil erosion, each hydrologically isolated
by solid borders and drained through a runoff-collection system at the footslope; in this
study, however, they were used solely as well-characterized land-use/restoration sampling
units, and no runoff or soil-erosion data were measured or analyzed. The projected area
of each runoff plot was approximately 10 m x 100 m, extending from the footslope to the
middle and upper slope positions.

Within each runoff plot, three 10 m x 10 m sampling plots were established at the up-
per, middle, and lower slope positions. The distance between adjacent sampling plots was
not less than 20 m. Within each 10 m x 10 m plot, three sampling points were established.
At each sampling point, soil was collected from the 0-10 cm surface layer (after removing
the litter layer) using the five-point method within a 3 m x 3 m area, and the subsamples
were mixed to form one composite sample. Thus, each land-use/restoration type yielded
nine composite soil samples, and a total of 63 soil samples were collected.

Stones and roots were removed within 4 h after sample collection. The soil samples
were then passed through a 10-mesh sieve and divided into two portions. One portion was
stored at 4 °C for the determination of extracellular enzyme activity, NH;"-N, and NO3; -
N. The other portion was air-dried, ground, and passed through 20-mesh and 100-mesh
sieves for soil nutrient analyses.

2.3. Determination
2.3.1. Soil Physicochemical Properties, Inorganic Nitrogen, and Enzyme Activities

Soil pH was measured using a pH meter (Leizhi PHS-2F, Leizhi, Shanghai, China)
under a soil-to-water ratio of 1:2.5 [33]. Soil organic carbon (SOC) content was deter-
mined using the potassium dichromate oxidation-external heating method [34]. Total ni-
trogen (TN) was determined after semi-micro Kjeldahl digestion, and nitrogen concentra-
tion in the digest was measured using a flow injection analyzer (AA3HR, SEAL Analyti-
cal, Norderstedt, Germany) [35,36]. Total phosphorus (TP) was determined after NaOH
alkali fusion and molybdenum-antimony color development, and absorbance was mea-
sured at 880 nm using a UV-visible spectrophotometer (Lambda 60, PerkinElmer, Spring-
field, IL, USA) [37]. Soil NH4*-N and NO3; ~-N were extracted with KCl solution, and their
concentrations were determined using a flow injection analyzer (AA3HR, SEAL Analyti-
cal, Norderstedt, Germany) [38]. Exchangeable calcium (ExCa) and magnesium (ExMg)
were extracted with 1 mol-L~! ammonium acetate solution (pH 7.0) and determined us-
ing atomic absorption spectrophotometry [39]. Available phosphorus (AP, Olsen-P) was
extracted with NaHCO3 solution and determined using the molybdenum-antimony col-
orimetric method at 880 nm [40]. Microbial biomass nitrogen (MBN) was determined using
the chloroform fumigation-extraction method and calculated using a conversion factor of
K-N =0.45 [36]. Using p-nitrophenyl phosphate disodium (p-NPP) as a substrate, alkaline
phosphatase (ALP) activity was determined after incubation under alkaline buffer con-
ditions [41]. The results are expressed in umol-g~!-h~!. B-1,4-N-acetylglucosaminidase
(NAG) and leucine aminopeptidase (LAP) activities were determined using the MUB fluo-
rometric method [41]. One gram of fresh soil was weighed into a 500 mL sterile bottle, and

https://doi.org/10.3390/f17070787


https://doi.org/10.3390/f17070787

Forests 2026, 17, 787

8 of 27

125 mL of sodium acetate buffer for NAG or sodium bicarbonate buffer for LAP was added
to prepare a soil suspension. A 200 pL aliquot of the soil suspension was dispensed into a
96-well microplate, mixed with 50 pL of 200 pumol-L~1! substrate solution, and incubated in
the dark at 20 °C for 4 h. The reaction was terminated by adding 10 uL of 1 mol-L~! NaOH.
Fluorescence was measured using a microplate reader (Synergy H4, BioTek, Winooski, VT,
USA) at 365 nm excitation and 450 nm emission, and enzyme activities were expressed as
umol-g~1-h~1. Soil bulk density was determined using the ring-knife method [42].

2.3.2. Gross Nitrogen Mineralization Rate

Gross ammonification, gross nitrification, and total nitrogen mineralization rates
were determined using the 15N isotope dilution method [43]. A tracer solution (1 mL;
1 mmol-L~!; 99.8 atom% NH,Cl or Na'®NOs) was added to 7 g of fresh mineral soil,
and the samples were incubated at 20 °C. After 2 h of incubation, one subsample was ex-
tracted with 35 mL of 2 mol-L~! KCl solution by shaking for 1 h to determine the initial
isotope enrichment and inorganic N concentration. After 26 h of incubation, the remain-
ing subsample was extracted using the same procedure. The concentrations of NH;" and
NOj3™ in the extracts were determined colorimetrically using a flow injection analyzer (FIU-
300; Jasco, Tokyo, Japan). After NHs* and NO3;~ were converted to N,O, 15N atom% was
determined using gas chromatography—mass spectrometry (GC-MS) [44]. Gross ammoni-
fication, gross nitrification, total nitrogen mineralization, NH4* consumption, and NO3~
consumption rates were calculated according to the equations described in [45]. Gross
nitrogen transformation rates were expressed as mg N kg~! dry soil d .

2.4. Data Processing

All statistical analyses were performed using R (v4.3.1, R Core Team, Vienna, Austria,
2023) and Origin (v2022, OriginLab, Hampton, MA, USA). Spearman’s rank correlation
analysis was used to examine pairwise associations among soil physicochemical proper-
ties, nitrogen mineralization rates, and phosphorus availability, and the results were visu-
alized as correlation heatmaps using the “corrplot” package in R [46]. Principal compo-
nent analysis (PCA) was used to summarize overall differences in soil properties among
plot types. Variance partitioning analysis (VPA) was performed using the “vegan” pack-
age in R [47] to quantitatively assess the relative contributions of biotic factors (enzyme
activity, microbial biomass nitrogen, etc.) and abiotic factors (pH, SOC, TN, etc.) to the
variation in soil available phosphorus. To screen soil indicators associated with differ-
ences among plot types, Orthogonal Partial Least Squares Discriminant Analysis (OPLS-
DA) and Partial Least Squares Discriminant Analysis (PLS-DA) were performed using the
MetaboAnalyst 4.0 platform [48]. The models were validated using score plots, Variable
Importance in Projection (VIP) plots, and cross-validation. RDA was performed using Ori-
gin (v2022) to examine associations between environmental variables (pH, SOC, TN, TP,
ExCa, etc.) on soil nitrogen mineralization rates. Before random forest modelling, poten-
tial outliers were screened using the Isolation Forest algorithm [49], and four samples were
excluded from the random forest analysis. Subsequently, 17 soil physicochemical and bio-
chemical indicators were incorporated into random forest regression models using 5-fold
cross-validation [50]. This model was used to evaluate predictive relationships between
soil variables and nitrification, ammonification, and total mineralization rates, and feature
importance scores were used to rank variables with relatively high predictive importance
for nitrogen mineralization.
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3. Results

3.1. Soil Physicochemical Properties and Enzyme Activities Among Land-Use/Restoration
Plot Types

Soil physicochemical properties and enzyme activities differed among the seven land-
use/restoration plot types (Table 2). Conservation-oriented restoration plots generally had sig-
nificantly higher SOC and TN than development-oriented plots (p < 0.05, Duncan’s test). Specifi-
cally, naturally restored forest showed the highest SOC (57.53 =+ 3.04 g-kg 1), which was signif-
icantly higher than that of all three development-oriented plots (47.91-48.37 g-kg ~1) (p < 0.05).

Total phosphorus (TP) showed a different pattern from SOC and TN. Development-
oriented plots generally had higher TP than conservation-oriented plots, while AP did
not follow the same trend. AP was relatively high in pasture, planted deciduous forest,
and naturally restored forest, but relatively low in degraded disturbed land, fruit orchard,
planted evergreen forest, and evergreen-deciduous mixed forest. This indicates that TP
and AP showed different patterns among plot types.

The inorganic nitrogen forms also differed among plot types. NH;*-N was rela-
tively high in planted evergreen forest, planted deciduous forest, and evergreen-deciduous
mixed forest, whereas fruit orchard and naturally restored forest showed lower NH4"-N
values. NO3;~-N was highest in planted deciduous forest and was also relatively high in
fruit orchard, planted evergreen forest, and evergreen-deciduous mixed forest. Soil pH
remained within a weakly alkaline range across all plot types, ranging from 7.23 £ 0.10 in
pasture to 7.78 & 0.16 in naturally restored forest.

Microbial biomass nitrogen (MBN) and extracellular enzyme activities also varied
among plot types. MBN was relatively high in pasture, evergreen-deciduous mixed for-
est, and naturally restored forest, but lower in fruit orchard. Enzyme activities showed
plot-specific patterns. ALP was relatively high in planted deciduous forest and evergreen-
deciduous mixed forest, while NAG and LAP were generally higher in conservation-
oriented restoration plots than in development-oriented plots. These patterns suggest that
conservation-oriented restoration plots were associated with improved soil C and N status
and higher microbial biochemical activity within this experimental platform.

Principal component analysis (PCA) was performed on 20 soil physicochemical and
biochemical parameters to summarize overall variation among plot types (Figure 3). The
first two principal components accounted for 47.7% of the total variance, with PC1 con-
tributing 29.0% and PC2 contributing 18.7%. The first six principal components accounted
for 83.5% of the total variance. The variables with relatively large positive loadings on PC1
included the soil C/P ratio, N/P ratio, LAP, NAG, and ALP, whereas TP had a relatively
large negative loading. This suggests that PC1 mainly reflected variation in nutrient stoi-
chiometry and extracellular enzyme activity. PC2 was mainly associated with ExCa, SOC,
the C/N ratio, ammonification rate, and NO3; ™ -N, indicating that this axis represented a
gradient related to organic matter accumulation and nitrogen transformation indicators.

Samples from different plot types showed partial separation in the PCA ordination. De-
graded disturbed land samples were mainly distributed near the TP vector, consistent with
their relatively high TP but lower AP and weaker soil biochemical indicators. Fruit orchard
samples showed greater dispersion, suggesting higher within-type variability in soil proper-
ties. Among conservation-oriented restoration plots, planted evergreen forest samples were
associated with ALP, LAP, NAG, and NH,4"-N vectors, while naturally restored forest and
evergreen-deciduous mixed forest tended toward the positive direction of PC1. Overall, the
PCA results showed that soil physicochemical and biochemical properties differed among
the seven land-use/restoration plot types, but the ordination results should be interpreted as
exploratory patterns rather than evidence of causal separation. The deviations and Levene’s
test results for soil properties under different land use types is shown in Table 3.

https://doi.org/10.3390/f17070787


https://doi.org/10.3390/f17070787

Forests 2026, 17, 787 10 of 27
Table 2. Basic physical and chemical properties of soil under different land use and ecological restoration models.
Developmental Utilization Conservation Use
Physical and Chemical e -
Properties Disturbed Land Pasture Land Fruit Forest Overall Planted Evergreen Artificial Deciduous Pla.nted Evergreen and Naturally Restored Overall
Forest Forest Deciduous Mixed Forest Forest
SOC (g'kg™!) 4791 £3.04° 48.37 £2.5¢ 4824 £2.33° 48.17 £0.49¢ 50.83 = 5.09 b 52.82 +2.48° 53.64+£3.89b 57.53 £3.04° 53.71+£243°
TP (g-kg™") 1.15+0.09° 1.1+0.06° 1.09+0.16° 1.1140.03° 0.79+0.04° 0.8+0.04° 0.83+0.05° 0.85+0.07° 0.82+0.02°
TN (g-kg™) 48+0.18% 424+0.169 4.01+035° 435+£0.33% 432403 457 £0.2" 49240232 4.62+£043° 4.61£021%
AP (mgg-kg™") 89+£0.63¢ 15.87 +1.81° 10.49 £0.95° 11.75 £2.93° 842 +1.62¢ 15.25 +£1.66° 1035+ 1.4° 1525 +1.16° 12.32+3.01°
NH;-N (mg-kg ') 3.76 +0.26° 4254047 " 216+0.34¢ 339+0.88°¢ 45940332 4.67+£033° 4.87+052 3.41+011¢ 439 £057°
NO;-N (mg-kg ™) 4240334 8.93 £2.39°¢ 11.78 £2.24° 830£3.11¢ 11.54 £1.61° 16.11+1.46° 11.97 +£ 0.8 10.66 + 1.5° 12.57 £2.10°
pH 7.56 +0.06° 7234014 7.75+£013° 7.51+£022° 7.32+£024 7.45+0.12%¢ 7.51+£0.16° 7.78 £0.16° 7.524+0.17°
soilCNratios 12.58 +£0.59° 1243+ 1.80° 9.88 £3.27° 11.63 £1.24°¢ 11.93 +1.94" 11.97 £1.17°¢ 1141 +1.87° 11.04 +£2.63 11.59 £0.39°¢
soilCPratios 5270 +597° 4827 £7.94° 37.82+£15.364 46.26 +6.24° 65.36 +9.43¢ 68.72 +5.414 67.65+9.20° 59.84 +12.87° 65.39 +3.439
soilNPratios 417 +034¢ 3.88+ 03224 37240542 39240192 5.50 + 0.44° 5.75+0.32° 596+ 045" 54840614 5.67+0.204
exCa 8.82+0.45° 6.83+1.08° 6.80 £2.17¢ 748 +£0.95¢ 5.81+1.69° 7.99 £1.37¢ 6.61+£1314 830 +£1.36°¢ 7.18+1.014
exMg 485+0.559 4.64£0.73° 484+0.78° 478 +0.10¢ 420£091¢ 4.99+0.81¢ 441£081° 533+0.54" 473 £045°
MBN 83.89 +15.17¢ 110.55 + 37.48° 48.64 +14.19 81.03 £ 25.36 ° 83.41 +27.80° 91.05 +16.95 109.34 + 30.65 110.62 +£27.84° 98.60 £ 11.70°
NAG 0.03 +0.02¢ 0.05+0.01¢ 0.03 +0.04¢ 0.04£0.01°¢ 0.08 +0.01° 007 £0.01° 0.07 £0.01°¢ 0.06 +0.01° 0.07 £0.01¢
LAP 0.03£0.014 0.04£0.01°¢ 0.04+0.03° 0.04 £ 0.00° 0.06 +0.00° 0.05+0.00° 0.06 £0.00® 0.04 % 0.00° 0.05£0.014
ALP 0.30 +0.04° 0.32+002° 031 +0.03° 031+0.01° 036 +0.04° 0.55+£0.02° 0.56 £ 0.08° 0.39 +0.02¢ 0.47 £0.09°
Values are presented as mean =+ standard deviation. Different superscript lowercase letters within the same row indicate statistically significant differences among land use types
(p <0.05) based on one-way ANOVA followed by Duncan’s multiple range test. Values sharing the same letter are not significantly different.
Table 3. Standard deviations and Levene’s test results for soil properties under different land use types.
Type (Standard Deviation) Type (Standard Deviation)
. Planted Artificial Planted Evergreen and . Naturall; Levene . Levene
Dliturbed Pasture Evergreen Deciduous Deciduousg Mixed Fruit Restoreg Statistic 4 Devellt.)pm.ental Conservation Statistic P
and Land F Forest Utilization Use
orest Forest Forest Forest
Nitrificationrate 0.189 0.435 0.106 0.091 0.208 0.39 0.395 3.578 0.005 *** 1.526 2.21 11.72 0.001 ***
Ammonificationrate 0.046 0.036 0.068 0.028 0.046 0.134 0.097 11.602 0.000 *** 1.338 0.325 136.131 0.000 ***
Nmineralizationrate 0.214 0.451 0.116 0.1 0.229 0.396 0.435 2.44 0.036 ** 1.685 2.367 15.268 0.000 ***
NAG 0.022 0.008 0.008 0.009 0.004 0.004 0.007 1.791 0.118 0.015 0.012 0.46 0.500
MBN 15.175 37.48 27.802 16.958 30.657 14.194 27.842 2.165 0.060 * 35.108 27.843 2.77 0.101
ALP 0.05 0.02 0.047 0.022 0.086 0.039 0.021 4.216 0.001 *** 0.038 0.105 46.786 0.000 ***
LAP 0.001 0.004 0.004 0.004 0.005 0.002 0.004 2.092 0.069 * 0.005 0.009 13.309 0.001 ***
NH4-N 0.445 0.689 0.635 0.753 1.089 2.4 0.527 6.656 0.000 *** 5.687 2.524 21.633 0.000 ***
NOs-N 1.6 4.057 2.423 3.853 1.863 4.849 1.188 3.953 0.002 *** 1.416 1.172 0.043 0.837
s0ilCNratios 0.597 1.804 1.95 118 1.872 3.277 2.63 3.665 0.004 *** 2.451 1.93 0.213 0.646
exCa 0.458 1.084 1.692 1.371 1.316 2172 1.362 1.999 0.081* 1.676 1.72 0.084 0.773
soilCPratios 5.975 7.946 9.438 5.415 9.207 15.363 12.874 1.782 0.120 11.977 9.82 0.375 0.543
SOC 2.881 7.071 8.039 5.373 7.43 12.655 11.169 2.591 0.028 ** 12.029 8.207 2.299 0.135
soilNPratios 0.342 0.321 0.445 0.323 0.459 0.548 0.614 1.083 0.384 0.444 0.493 0.127 0.723
AP 2.401 5.641 3.303 2.181 9.622 5.749 2.339 3.97 0.002 *** 5.509 5.644 0.228 0.635
exMg 0.554 0.734 0.919 0.811 0.819 0.786 0.545 0.889 0.509 0.679 0.88 2.041 0.158

Note: ***, ** and * represent the significance levels of 1%, 5%, and 10% respectively.
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Figure 3. Principal Component Analysis (PCA) of Soil Properties among Different Land Use Types.

3.2. Gross Nitrogen Mineralization Rates Among Land-Use/Restoration Plot Types

Gross nitrogen mineralization indicators varied among the land-use/restoration plot
types (Figure 4). At the broad group level, development-oriented and conservation-
oriented plots showed overlapping variation in gross nitrification and total nitrogen miner-
alization rates (Figure 4a,e). However, the conservation-oriented plots showed relatively
lower within-group variation in gross ammonification rate (Figure 4c), suggesting more
consistent ammonification indicators among the restoration plots.

Among the seven specific plot types, gross nitrification showed clear plot-level dif-
ferences (Figure 4b). The naturally restored forest showed the highest gross nitrification
rate, followed by fruit orchard, degraded disturbed land, and evergreen-deciduous mixed
forest. In contrast, planted evergreen forest and planted deciduous forest showed rela-
tively low gross nitrification rates. Gross ammonification also differed among plot types
(Figure 4d). Negative values were observed in degraded disturbed land, suggesting weak
ammonification activity or a possible shift toward immobilization under this plot condi-
tion. Other plot types generally showed positive gross ammonification rates, although the
magnitude varied among them.

Total nitrogen mineralization generally followed a pattern similar to gross nitrifica-
tion (Figure 4f). Naturally restored forest and fruit orchard showed relatively high total
nitrogen mineralization rates, whereas planted evergreen forest and planted deciduous
forest showed lower values. These results indicate that differences in total nitrogen miner-
alization were largely consistent with variation in gross nitrification among plot types.

Soil available phosphorus (AP) also varied among plot types (Figure 5). Among the
development-oriented plots, pasture showed the highest AP level, whereas degraded dis-
turbed land and fruit orchard showed lower AP values. Among the conservation-oriented
plots, planted deciduous forest and naturally restored forest showed relatively high AP lev-
els, while planted evergreen forest and evergreen-deciduous mixed forest showed lower
values. The relatively large error bar in planted deciduous forest suggests considerable
within-type variation in AP.
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Figure 5. Characteristics of available phosphorus accumulation in different land use patterns.

Therefore, the differences in nitrogen transformation indicators should be interpreted
together with both mean patterns and within-type variability. Overall, naturally re-
stored forest showed relatively high gross nitrification, total nitrogen mineralization, and
AP indicators, whereas degraded disturbed land showed weaker ammonification activ-
ity and lower AP. These patterns suggest that nitrogen transformation and phospho-
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rus availability differed among the long-term land-use/restoration plot types within this
experimental platform.

3.3. Multivariate Patterns of Soil Properties and Plot-Type Separation

PLS-DA and OPLS-DA were used as complementary exploratory analyses to evaluate
whether soil indicators showed separation patterns among the seven land-use/restoration
plot types [48] (Figure 6). In the PLS-DA score plot, the first component explained 53.9% of
the variation in the independent variables, while the second component explained 18.0%,
giving a cumulative explained variation of 71.9% (Figure 6a). Fruit orchard samples tended
to separate along the positive direction of the first component, whereas several forest
restoration plots showed partial overlap on the negative side of the first component. This
pattern suggests that some plot types showed distinguishable soil indicator profiles, al-
though separation among all groups was not complete.
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Figure 6. PLS-DA (a) and OPLS-DA (b) score plots of soil samples from different land-use types.

The OPLS-DA score plot showed a clearer separation pattern for fruit orchard sam-
ples along the predictive component (Figure 6b). The first predictive component explained
31.6% of the variation, and the orthogonal component explained 10.3%. Compared with
PLS-DA, the OPLS-DA model reduced part of the within-group variation and improved
the visualization of between-group separation. However, because OPLS-DA is a super-
vised classification method, these results should be interpreted as exploratory separation
patterns rather than direct evidence of ecological mechanisms.

Permutation tests were used to evaluate model performance (Figure 7). For the PLS-
DA model, the R? intercept was 0.0924 and the Q? intercept was —0.61 after 200 permu-
tations. For the OPLS-DA model, the R? intercept was 0.123 and the Q? intercept was
—0.415. The negative Q? intercepts suggest that the models did not show obvious over-
fitting in the permutation tests. Therefore, the supervised models captured separation
patterns among plot types, but their results were used only as complementary evidence
for soil indicator differentiation.

The VIP analysis was further used to screen variables with relatively high discrimina-
tory importance in the PLS-DA and OPLS-DA models (Figure 8). In both models, microbial
biomass nitrogen (MBN) had high VIP values, indicating that MBN contributed strongly
to the separation of plot types in the supervised models. Soil C/P ratio, SOC, AP, NO3~-N,
and nitrogen mineralization-related indicators also showed relatively high discriminatory
importance. These variables are consistent with the observed differences in soil C and N
status, phosphorus availability, and nitrogen transformation indicators among plot types.
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Figure 7. Permutation test results of PLS-DA (a) and OPLS-DA (b) models.
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Figure 8. Variable Importance in Projection (VIP) scores of PLS-DA (a) and OPLS-DA (b) models.

The VIP rankings should not be interpreted as evidence that these variables causally
determined plot-type differences. Rather, they indicate which measured soil indicators
contributed most strongly to the supervised classification models. Overall, MBN, SOC,
soil C/P ratio, AP, NO3™-N, and selected nitrogen mineralization indicators appeared to
be important variables associated with soil property differentiation among the long-term
land-use/restoration plots.

3.4. Associations Between Gross Nitrogen Mineralization Rates and Soil Factors

Spearman correlation analysis showed several positive and negative associations
among soil physicochemical parameters, enzyme activities, phosphorus availability, and
nitrogen mineralization rates [46] (Figure 9). The nitrification rate was positively corre-
lated with the total mineralization rate (r = 0.916), suggesting a close association between
these two nitrogen transformation indicators. The ammonification rate was also positively
correlated with pH (r = 0.432), suggesting that pH may be associated with variation in
ammonification rates. Available phosphorus (AP) was positively correlated with soil or-
ganic carbon (SOC) (r = 0.284) and total nitrogen (TN) (r = 0.284), suggesting that AP vari-
ation was associated with soil organic matter and nitrogen status. AP showed a positive
correlation with alkaline phosphatase activity (ALP, r = 0.652), suggesting a potential as-
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sociation between phosphatase activity and soil P availability. Furthermore, total phos-
phorus (TP) was positively correlated with SOC (r = 0.354) and TN (r = 0.388), suggesting
covariation among soil nutrient pools. Nitrification and ammonification rates were pos-
itively correlated with soil ammonium nitrogen (NH4*-N, r = 0.325) and nitrate nitrogen
(NO3™-N, r =0.316), respectively, which is consistent with associations among inorganic N
pools and N transformation rates. Overall, soil organic matter, nutrient content, enzyme
activity, and pH were associated with variation in phosphorus availability and nitrogen
transformation indicators.

1.0

Nitrificationrate 0.3 -0.246 0557

Ammonificationrate =40

Nmineralizationrate

Figure 9. Soil index heat map.

The RDA results showed that the first two axes collectively explained 97.09% of the
variation in the three nitrogen mineralization indicators (RDA1 eigenvalue 1.3371, contri-
bution rate 67.47%; RDA2 eigenvalue 0.587, contribution rate 29.62%), indicating that the
selected environmental variables accounted for a large proportion of variation in the ordi-
nation space (Figure 10).

All three mineralization rate response vectors fall within the negative half-axis of
RDA1, but their spatial distributions show some differentiation. The nitrification rate
(RDA1 = —2.751, RDA2 = —1.090) and the total mineralization rate (RDA1 = —2.093,
RDA2 = —0.808) are nearly coincident (with an angle of only 0.5°), both pointing toward
the third quadrant. This suggests that both indicators were aligned with similar environ-
mental gradients, consistent with their strong positive correlation (r = 0.916). The ammoni-
fication rate (RDA1 = —1.815, RDA2 = +0.934) leans toward the second quadrant, forming
an angle of approximately 48° with the aforementioned two indicators, suggesting that
ammonification showed a different association pattern from nitrification and total nitro-
gen mineralization. ExCa and ExMg were closely aligned with the gross nitrification and
total nitrogen mineralization vectors and total mineralization rate, with angles of only 9.4°
and 22.7°, respectively, while pH (35.2°) and TN (41.0°) follow closely behind. This pattern
may be related to the calcium- and magnesium-rich alkaline background of karst calcare-
ous soils, but the underlying microbial and geochemical processes require further confir-
mation. The ammonification rate, however, exhibits a distinctly different driving pattern,
with the smallest angles observed for TN (7.9°) and TP (20.7°), while ExCa ranks third
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(39.4°), suggesting that TN and TP were more closely associated with gross ammonifica-
tion in the RDA ordination.
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Figure 10. The RDA of mineralization indicators and environmental factors.

The NH,"-N vectors (RDA1 =+2.170, RDA2 = +0.918) was nearly opposite to the gross
nitrification and total nitrogen mineralization vectors in the RDA ordination (with angles
of 178.7° and 178.2°, respectively). This pattern may reflect the balance between NH," pro-
duction and consumption, but it should not be interpreted as direct evidence of a specific
biochemical mechanism: Soils with higher gross nitrification rates may have faster NH, "
turnover, maintaining the soil NH4* pool at a lower steady-state level; conversely, in soils
where nitrification is suppressed, NH;* accumulates due to the lack of rapid conversion
pathways. This pattern is consistent with the data shown in Table 2. Natural naturally re-
stored forests exhibit the highest nitrification rate (0.395 mg-kg~!-d 1), yet their NH,*-N
content is relatively low (3.41 mg-kg~!), whereas planted evergreen forests have the high-
est NH,*-N content (4.59 mg-kg 1), yet their nitrification rate was only 0.106 mg-kg~!-d 1.

NAG (130.7°), LAP (137.2°), and ALP (101.2°) were negatively associated with nitrifi-
cation rates and total mineralization rates in the RDA ordination. This pattern may indicate
a possible association between extracellular enzyme activity and substrate limitation, but
this interpretation requires further confirmation. High extracellular enzyme activity may
reflect greater microbial investment in extracellular enzyme-mediated substrate acquisi-
tion. SOC (156.4°) and soil C/N ratios (162.2°) were negatively associated with nitrification
rates, suggesting a potential link between organic matter status, C/N balance, and nitrogen
mineralization; higher organic carbon availability may be related to microbial nitrogen im-
mobilization, which could influence nitrogen mineralization patterns.

Regarding sample distribution, deciduous forests (light blue) cluster in the second
quadrant, consistent with the trends observed for TP and ammonification rates, suggesting
that TP was aligned with the ammonification-rate vector in the ordination spaces; Samples
from orchard stands (orange) are primarily distributed in the third quadrant, consistent
with the direction of the arrows for nitrification rate and total mineralization rate, sug-
gesting that ExCa, ExMg, and pH were associated with the relatively high mineralization
indicators observed in orchard plots. Naturally restored forests (light green) are scattered
across the fourth quadrant, showing a high degree of overlap with the NAG, LAP, and
ALP vectors. This suggests that naturally restored forest was associated with relatively
high microbial enzyme activity. However, as mentioned earlier, high enzyme activity may
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reflect greater extracellular enzyme-mediated organic matter decomposition; the relation-
ship with nitrogen mineralization rates should be interpreted together with substrate qual-
ity and other soil properties.

In this study, Random Forest Regressor models were constructed separately for nitri-
fication rate, ammonification rate, and total mineralization rate, and their generalization
ability was evaluated using five-fold cross validation [50]. After excluding four samples
identified as outliers by the Isolation Forest algorithm [49], 59 samples were included in
the random forest analysis. After variable screening, each model retained 12-16 predictors
from the initial 17 physicochemical and biochemical indicators. The R? values for the train-
ing sets of all three model groups reached approximately 0.90 (nitrification: 0.899; ammoni-
fication: 0.931; total mineralization: 0.898), with cross-validation R? values of 0.409, 0.399,
and 0.420, respectively, indicating moderate predictive performance. The scatter plots of
observed versus predicted values for the three models are shown in Figure 11, where the
regression lines closely follow the 1:1 reference line, showing good apparent fit in the train-
ing sets. Residual diagnostics showed that the prediction errors of the three models were
uniformly distributed on both sides of the zero line (Figure 12), with no systematic bias,
indicating that the models captured part of the variation in soil nitrogen transformation
rates. The lower cross-validation R? values compared with the training R? values indicate
that model performance should be interpreted cautiously, especially given the relatively
small sample size and multiple correlated soil variables. This discrepancy may be related
to the limited sample size and collinearity among soil physicochemical indicators.
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Figure 11. Comparison between measured and predicted values of the training dataset for (a) Nitri-
fication rate, (b) Ammonification rate, and (c¢) N mineralization rate.
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Figure 12. Residual plots of the training dataset for (a) Nitrification rate, (b) Ammonification rate,
and (c) N mineralization rate.

3.5. Exploratory Random Forest Analysis of Nitrogen Mineralization Indicators

The feature importance results for the gross nitrification model showed that leucine
aminopeptidase (LAP, 23.4%) and ammonium nitrogen (NH;"-N, 21.3%) had relatively
high predictive importance, with soil moisture and total nitrogen (TN) contributing to a
lesser extent [50] (Figure 13a). As an enzyme involved in organic nitrogen decomposi-
tion, the relatively high importance of LAP suggests that enzymatic degradation of organic
nitrogen substrates may be associated with variation in gross nitrification rates in karst
soils [13,17]. The high predictive importance of NH4*-N is consistent with the association
pattern observed in the RDA results, where the NH,*-N vector was nearly opposite to the
gross nitrification vector. For example, naturally restored forest had a relatively high gross
nitrification rate and relatively low NH,4"-N content, whereas planted evergreen forest had
higher NH4*-N content and lower gross nitrification rate. This pattern may reflect differ-
ences in NHy" turnover among plot types. These results suggest that gross nitrification
rates may be related to both enzymatic substrate supply and NH,* turnover [13,14].

In the gross ammonification model, nitrate nitrogen (NO3™-N, 26.3%) had the high-
est predictive importance, followed by LAP and (3-1,4-N-acetylglucosaminidase (NAG),
with exchangeable calcium (ExCa) ranking third [50] (Figure 13b). NO3 ™ -N ranked first in
predictive importance in the ammonification model, which is consistent with close associa-
tions among nitrogen transformation indicators, especially the strong correlation between
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gross nitrification and total nitrogen mineralization. The importance of LAP varied among
plots, suggesting that gross ammonification may be associated with variation in organic ni-
trogen substrate availability [13,17]. This is consistent with the relatively high variability of
gross ammonification rates observed in some development-oriented plots. The relatively
high importance of ExCa is also consistent with the RDA pattern showing an association
between ExCa and nitrogen mineralization indicators, suggesting that the calcium-rich al-
kaline soil environment may be related to variation in nitrogen transformation [6,8].

LAP NO;-N
NH,-N LAP
NAG
soilwater exCa
TN o NAG
P _:l soilwater -
AP .
O sy ]
4] T
NOS-N-{ ] ALP
MBN - -
soilNPratios N -:l
ALP soilCPratios
s0ilCNratios pH
exMg MBN
SOC ) . . . ) ) 1 1 1 1 1 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20 025 0.30 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
Feature Importance Feature fmportance
(a) (b)
NH,"-N
soilwater
LAP
TP
NAG
TN A
NO,-N -
MBN -
pH
ALP ]
soilCNratios
soilNPratios
exMg
AP
CXC“ 1 1 1 L 1 1 1 1

0.00 0.05 0.10 0.15 020 025 030 035 040

Feature Importance
(©)

Figure 13. Feature importance analysis for the prediction of (a) Nitrification rate, (b) Ammonification

rate, and (c) N mineralization rate.

In the total nitrogen mineralization model, NH,;"-N ranked first, with the highest pre-
dictive importance of 40.6%, and showed relatively stable importance across the five-fold
cross-validation folds [50] (Figure 13c). This suggests that NH,"-N availability was an im-
portant predictor of total nitrogen mineralization in the random forest model. Soil mois-
ture and LAP ranked second and third, respectively, suggesting that moisture conditions
and proteolytic enzyme activity may be associated with variation in organic nitrogen min-
eralization [13,17]. The contribution of pH to all three models was relatively limited. Soil
pH ranged from 7.23 to 7.78 across the plot types (Table 2), indicating a relatively narrow
alkaline range, which may limit its ability to explain differences among plot types in the
model. Consequently, microbial and substrate-related variables showed higher predictive
importance than pH in the random forest models [50].

Based on the three random forest models, ammonium nitrogen availability and extra-
cellular enzyme activity appeared to be important predictive variables associated with ni-
trogen transformation in karst soils [13,17,50]. This pattern was generally consistent with
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differences observed among the land-use/restoration plot types. Conservation-oriented
plots, especially naturally restored forest, generally had higher SOC and TN, which may
provide more favorable substrate conditions for microbial activity [20-26]. These plots also
showed higher extracellular enzyme activity and microbial biomass indicators and were
associated with relatively high gross nitrification rates. In contrast, degraded disturbed
land had relatively low SOC and showed lower gross nitrification and gross ammonifi-
cation indicators. Furthermore, both RDA and random forest analyses suggested nega-
tive associations between NAG/LAP activities and mineralization indicators, which may
reflect greater microbial investment in extracellular enzyme-mediated substrate acquisi-
tion [17,18]. Relatively high extracellular enzyme activity may indicate stronger microbial
demand for enzyme-mediated nutrient acquisition under limited substrate availability, but
this interpretation requires further confirmation [17-19].

4. Discussion
4.1. Restoration-Associated Differences in Soil Carbon, Nitrogen, and Enzyme Activity

The results revealed clear differences in soil nutrient status and biochemical indicators
among the seven long-term land-use and restoration plot types. Conservation-oriented
restoration plots generally had significantly higher SOC and TN than development-
oriented plots (p < 0.05, Duncan’s test). Specifically, naturally restored forest showed the
highest SOC (57.53 + 3.04 g-kg~!), which was significantly higher than that of all three
development-oriented plots (47.91-48.37 g-kg 1) (p < 0.05). This pattern is consistent with
previous studies reporting that vegetation restoration in karst areas can promote organic
matter accumulation and improve soil nutrient status through increased litter input, root
turnover, and reduced surface disturbance [51-53]. In karst ecosystems, shallow soil lay-
ers and high rock exposure can restrict soil development and nutrient retention. As a re-
sult, changes in organic matter input may play a particularly important role in soil recov-
ery [51,52].

The higher SOC and TN in conservation-oriented plots may provide a more favorable
substrate environment for microbial activity and extracellular enzyme production. Previ-
ous studies have shown that soil nitrogen mineralization is influenced by substrate avail-
ability, microbial biomass, enzyme activity, soil moisture, temperature, and pH [54-56]. In
the present study, microbial biomass nitrogen and enzyme activities also differed signifi-
cantly among plot types (p < 0.05). For example, NAG and LAP activities in conservation-
oriented plots (0.05-0.08 and 0.04-0.06 umol-g~!-h~!, respectively) were significantly
higher than those in development-oriented plots (0.03-0.05 and 0.03-0.04 umol-g~!-h~1)
(p < 0.05), suggesting that long-term restoration history may be associated with shifts in
microbial nutrient acquisition and soil biochemical functioning [57,58]. However, these
patterns should be interpreted as plot-scale associations rather than direct evidence that
restoration alone caused the observed changes. Historical disturbance intensity, vegeta-
tion composition, and management practices may also have contributed to the differences
among plots.

Development-oriented plots, especially degraded disturbed land (SOC = 4791 +
3.04 g'kg 1) and fruit orchard (SOC =48.24 + 2.33 g-kg '), showed significantly lower SOC
values than the naturally restored forest (57.53 & 3.04 g-kg™!) (p < 0.05). This pattern may
reflect lower organic matter inputs, stronger management disturbance, or weaker vegetation-
mediated nutrient accumulation [59,60]. However, pasture showed significantly higher AP
(15.87 + 1.81 mg-kg ') than degraded disturbed land (8.90 4 0.63 mg-kg~!) and fruit or-
chard (10.49 + 0.95 mg-kg 1) (p <0.05), indicating that nutrient responses did not follow a sim-
ple conservation versus development contrast. Therefore, the ecological interpretation should
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focus on differences among specific plot types, rather than assuming that all conservation-
oriented or development-oriented plots respond in the same way [57,59].

4.2. Gross Nitrogen Mineralization Differed Mainly Through Nitrification-Related Variation

Gross nitrogen mineralization provides insight into nitrogen transformation pro-
cesses that cannot be fully inferred from net inorganic nitrogen pools. Changes in NH4"-N
or NO3 ™ -N concentrations represent the net outcome of concurrent production and con-
sumption processes, and therefore may obscure the underlying turnover dynamics. In
contrast, gross mineralization better reflects the balance among organic nitrogen decom-
position, ammonium release, and subsequent nitrification [13,45]. In the present study,
nitrification rate was strongly and positively correlated with total nitrogen mineralization
rate (r = 0.916, p < 0.001), indicating that differences in total mineralization were closely
linked to nitrification-related nitrogen turnover [13,14,16].

Naturally restored forest exhibited the highest gross nitrification rate
(0.395 mg-kg~!-d 1), which was significantly higher than that of planted evergreen forest
(0.106 mg-kg~!-d~!) and planted deciduous forest (0.091 mg-kg~!-d~1) (p < 0.05). In con-
trast, degraded disturbed land showed significantly lower nitrogen transformation activ-
ity (p <0.05). This pattern is likely associated with the higher SOC, TN, microbial biomass,
and enzyme activities observed in the restoration plots [53,54]. These soil properties may
provide more favorable substrate and biological conditions for microbial nitrogen transfor-
mation [13,17,56]. Nevertheless, the present data do not allow direct identification of the
microbial taxa or functional genes responsible for these processes. Therefore, the higher
nitrification indicators in naturally restored forest should be interpreted as evidence of
greater nitrogen transformation potential under the measured soil conditions, rather than
as direct proof of a specific microbial mechanism.

The relatively low or negative gross ammonification rate observed in degraded dis-
turbed land (p < 0.05 compared with naturally restored forest) may reflect weak organic
nitrogen mineralization, or a shift toward immobilization under this plot condition. This
interpretation is consistent with the significantly lower SOC status of degraded disturbed
land (47.91 + 3.04 g-kg™!) relative to conservation-oriented plots (50.83-57.53 g-kg~!)
(p <0.05) [13,54,55]. However, ammonification is highly sensitive to substrate quality, mi-
crobial nitrogen demand, and local soil heterogeneity [17,56].

4.3. Associations Between Nitrogen Transformation and Phosphorus Availability

The relationship between nitrogen mineralization and phosphorus availability is cen-
tral to the ecological interpretation of this study. In calcareous karst soils, total phosphorus
does not necessarily reflect plant-available phosphorus, because phosphate may be immo-
bilized through adsorption or precipitation with calcium-rich minerals [6,61]. This may
explain why development-oriented plots had significantly higher TP (1.09-1.15 g-kg~!)
than conservation-oriented plots (0.79-0.85 g-kg~!) (p <0.05), yet did not consistently show
higher AP. Therefore, AP is a more relevant indicator for evaluating short-term phospho-
rus availability in the present soil conditions [9,40].

The significant positive correlation between AP and ALP (r = 0.652, p < 0.001) sug-
gests that phosphatase-mediated organic phosphorus turnover may contribute to phos-
phorus availability. This interpretation is consistent with previous studies showing
that soil phosphatase activity is closely related to microbial nutrient demand and phos-
phorus cycling [18,58,62]. However, this study did not measure phosphorus fractions,
phoD abundance, or microbial community composition. As a result, the observed AP-
ALP relationship can only support a potential association between enzyme activity and
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phosphorus availability. It does not directly demonstrate the biochemical pathway of
phosphorus transformation.

The significant positive correlations of AP with SOC (r = 0.284, p < 0.05) and TN
(r=0.284, p < 0.05) further suggest that phosphorus availability may be linked to soil or-
ganic matter accumulation and overall nutrient status. Organic matter can provide sub-
strates for microbial activity and enzyme production, while nitrogen availability may in-
fluence microbial investment in phosphorus acquisition [56,58]. This interpretation is con-
sistent with the broader ecological understanding that nitrogen and phosphorus cycles
are connected through plant and microbial nutrient demand [62-64]. In this study, the
association between gross nitrogen mineralization and AP should therefore be interpreted
as a coupled nutrient pattern, rather than evidence that nitrogen mineralization directly
promoted phosphorus release.

Random forest and RDA results further indicated that substrate-related and microbial
indicators had relatively high explanatory or predictive importance, whereas pH showed
a weaker contribution. This may be partly because soil pH varied within a narrow alkaline
range (7.23-7.78) among the plot types, with no significant difference between the overall
means of development-oriented (7.51 & 0.22) and conservation-oriented plots (7.52 & 0.17)
(p > 0.05). In calcareous karst soils, strong buffering capacity may reduce the statistical
contribution of pH compared with SOC, inorganic nitrogen, enzyme activity, and micro-
bial biomass [6,65]. Nevertheless, variable importance from random forest analysis and
ordination patterns from RDA should be regarded as exploratory evidence [47,50].

Taken together, the patterns can be read along the restoration trajectory of the seven
plots, from degraded disturbed land to naturally restored forest. Recovery of woody veg-
etation most advanced in the naturally restored forest coincided with the highest SOC
(57.53 g-kg 1), microbial biomass nitrogen, and NAG/LAP activities, and with the high-
est gross nitrification (0.395 mg-kg~!-d~!) and total nitrogen mineralization; degraded
disturbed land, with the lowest SOC, showed the weakest, at times negative, ammonifi-
cation, consistent with immobilization. Available phosphorus followed the same organic-
matter- and enzyme-mediated pathway rather than total phosphorus, tracking alkaline
phosphatase (r = 0.652), SOC, and total nitrogen. These coupled nitrogen—phosphorus pat-
terns are best interpreted as plot-scale associations along the restoration gradient, not as
direct causal effects.

4.4. Implications and Limits of Inference for Karst Restoration

The results suggest that long-term restoration plots, particularly naturally restored
forest, showed significantly higher SOC, TN, and gross nitrification rates than degraded
disturbed land (p < 0.05), suggesting improved soil C and N status and higher nitrogen
transformation potential within the Huanjiang karst experimental platform. These find-
ings have implications for the restoration of karst rocky desertification areas, where nu-
trient recovery is an important constraint on vegetation establishment and ecosystem sta-
bility [20-26]. Increasing organic matter inputs and maintaining continuous vegetation
cover may therefore contribute to improved soil nutrient cycling in degraded karst land-
scapes [51-53].

However, the inference of this study should remain at the plot scale. Although the
seven plot types represent contrasting land-use and restoration trajectories, they were all
located within the same long-term karst experimental platform. Potential spatial depen-
dence, slope-position effects, and edge effects cannot be fully excluded. In addition, de-
tailed annual management records were not available for all plots, and historical distur-
bance intensity may have shaped current soil properties. Therefore, the observed differ-
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ences should be interpreted as associations among long-term plot types, rather than as
general land-use effects that can be directly extrapolated to all karst regions.

Several methodological limitations should also be acknowledged. First, this study
measured soil physicochemical properties, enzyme activities, and gross nitrogen miner-
alization, but did not directly examine microbial community composition, nitrifier abun-
dance, phoD genes, or phosphorus fractions [10,19,66]. This limits the ability to identify
specific microbial or biochemical mechanisms. Second, the study was based on a single
sampling period, and therefore did not capture seasonal variation in soil moisture, tem-
perature, and microbial activity [15,54]. Third, the multivariate and random forest analy-
ses were used to explore patterns and predictive relationships, rather than to infer direct
causal control [47-50]. Future studies should include replicated independent karst sites,
seasonal sampling, microbial functional gene analysis, and phosphorus fractionation to
test whether the associations observed here are consistent across broader spatial and tem-
poral scales [61,63]. Fourth, reduced soil erosion is a plausible contributing mechanism
to the higher SOC, TN, and nitrogen-transformation indicators observed in conservation-
oriented restoration plots [1,2,55], but this pathway could not be quantitatively evaluated
with the present dataset. Future studies integrating runoff or erosion monitoring with
gross nitrogen-transformation measurements at this platform would help clarify the con-
tribution of erosion control to nitrogen retention during karst restoration. The same ero-
sional pathway may also affect phosphorus availability: because available P in these soils
was associated with SOC, TN, and alkaline phosphatase activity rather than total P, the
preferential loss of fine, organic-matter-rich particles would be expected to reduce the or-
ganic, phosphatase-mediated P supply more than the total P stock.

5. Conclusions

This study investigated soil nutrient status, extracellular enzyme activity, gross ni-
trogen mineralization, and phosphorus availability across seven long-term land-use and
restoration plots in a karst ecosystem. The main conclusions are as follows:

(1) Soil carbon and nitrogen status differed among the seven plot types. Conservation-
oriented restoration plots, especially naturally restored forest and some planted for-
est plots, generally showed higher SOC, TN, microbial biomass, and extracellular
enzyme activity than development-oriented plots. This suggests that long-term vege-
tation recovery was associated with improved soil biochemical conditions within the
Huanjiang karst experimental platform.

(2) Gross nitrogen mineralization varied among plot types, with differences mainly
reflected in nitrification-related indicators. Naturally restored forest showed rela-
tively high gross nitrification and total nitrogen mineralization indicators, whereas
degraded disturbed land showed weaker nitrogen transformation indicators. The
strong positive correlation between gross nitrification rate and total nitrogen min-
eralization rate suggests that variation in total nitrogen mineralization was closely
associated with nitrification-related turnover.

(38) Phosphorus availability was associated with soil biochemical properties. Avail-
able phosphorus was positively correlated with alkaline phosphatase activity, SOC,
and TN, suggesting that phosphorus availability in these calcareous karst soils
may be linked to organic matter accumulation and enzyme-mediated phosphorus
turnover. However, because phosphorus fractions, phoD abundance, and micro-
bial community composition were not measured, this relationship should be inter-
preted as a potential association rather than direct evidence of a specific phosphorus
transformation mechanism.
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(4) The multivariate and random forest analyses suggested that substrate-related and mi-
crobial indicators had relatively high explanatory or predictive importance, whereas
pH contributed less under the narrow alkaline range observed in this study. These
results suggest that soil organic matter, inorganic nitrogen, microbial biomass, and
enzyme activity may be useful indicators for evaluating nutrient cycling differences
among long-term karst restoration plots.

Overall, long-term land-use and restoration plots differed in soil nitrogen transforma-
tion and phosphorus availability within this karst experimental platform. Maintaining veg-
etation cover and increasing organic matter inputs may help improve soil nutrient cycling
in degraded karst landscapes. Future studies should include replicated independent karst
sites, seasonal sampling, microbial functional gene analysis, and phosphorus fractionation
to further test the processes linking nitrogen mineralization and phosphorus availability.
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