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Abstract: Determination of rates of mineralization of organic nitrogen (N) into ammonium-N
(NH4

+-N) and nitrification of NH4
+-N into nitrate-N (NO3

−-N) could be used to evaluate inorganic
N supply capacity, which, in turn, could guide N fertilizer application practices in crop cultivation
systems. However, little information is available on the change of mineralization and nitrification in
soils under fruit cultivation systems converted from forestlands in karst regions. In a 15N-tracing
study, inorganic N supply capacity in forest soils and three typical fruit crop soils under long-term
cultivation was investigated, in addition to factors influencing the supply, in calcareous soils in
the karst regions in southwestern China. Long-term fruit crop cultivation decreased soil organic
carbon (SOC), total N, and calcium concentrations, cation exchange capacity (CEC), water holding
capacity (WHC), pH, and sand content, significantly, but increased clay content. Compared to that of
forests, long-term fruit crop cultivation significantly decreased mineralization and nitrification rates
to 0.61–1.34 mg N kg−1 d−1 and 1.95–5.07 mg N kg−1 d−1, respectively, from 2.85–6.49 mg N kg−1 d−1

and 8.17–15.5 mg N kg−1 d−1, respectively, but greatly increased the mean residence times of
NH4

+-N and NO3
−-N. The results indicate that long-term fruit crop cultivation could decrease soil

inorganic N supply capacity and turnover in karst regions. Both mineralization and nitrification rates
were significantly and positively correlated with SOC and total N concentrations, CEC, and WHC,
but negatively correlated with clay content, suggesting that decreased soil organic matter and
increased clay content were responsible for the decline in mineralization and nitrification rates in soils
under long-term cultivation of fruit crops. The results of the present study highlight the importance
of rational organic fertilizer application in accelerating soil inorganic N supply and turnover under
long-term cultivation of fruit crops in karst regions.
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1. Introduction

Karst geomorphology, which develops from carbonate rocks, is widely distributed on the Earth’s
surface and China accounts for 15.6% of the karst region in the world (more than 22 million km2), with the
largest karst region (>1.9 million km2) found in southwestern China [1,2]. Because carbonate rocks
(mainly limestone and dolostone) are easily dissolved by groundwater and rainwater, only relatively
small remnants of such rocks remain [3,4]. Therefore, plateau mountains are extensively observed
in karst regions, and they are characterized by thin soil layers, sink holes, and steep slopes [5–7].
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In the karst region, the population density is high and arable land resources become severely limited,
so that people often deforest sloping lands in such regions to plant common crops (e.g., corn, soybean);
however, the economic benefits of such cropping systems are extremely low. In addition, such systems
often induce negative effects in karst regions, such as large-scale “rocky desertification” [5–7].
Consequently, high-yield and economically sustainable fruit crops (e.g., citrus or pitaya) have been
cultivated extensively in the karst region in China to boost farmers’ incomes [3,7]. Notably, fruit crop
production decreases markedly after long-term cultivation in such regions. Besides the impacts of
management practices, decline in soil fertility is considered to be the key factor negatively affecting
crop growth [8–10]. Thus, investigating soil nutrient availability to evaluate soil fertility could guide
fruit crop cultivation in lands converted from forests or woodlands in karst regions.

Nitrogen (N) is an essential element limiting soil fertility and plant growth in terrestrial
ecosystems [11,12]. Although crops can directly utilize low-molecular weight organic N, ammonium-N
(NH4

+-N) and nitrate-N (NO3
−-N), two inorganic N pools, are still the main N forms absorbed by

plants [13,14]. Nitrogen in soil exists mainly in organic form, which needs to be first converted
into NH4

+-N through mineralization, followed by the oxidation of NH4
+-N into NO3

−-N through
nitrification. Therefore, inorganic N supply in soil is primarily controlled by mineralization and
nitrification processes [15,16], and inorganic N supply capacity can be assessed by the determination
of mineralization and nitrification rates. Considering the essential role of inorganic N in plant growth
and development, and ecological status, mineralization and nitrification processes and the factors
influencing them have attracted considerable attention in natural and agricultural ecosystems [17–20];
however, most studies have been conducted in non-karst regions and the relevant information for karst
regions is very limited [21,22].

In karst regions, the main soil types are calcareous soils developed from carbonate rock, which are
characterized by high pH, high calcium (Ca), and limited acid-insoluble residues in limestone and
dolostone [3,23,24], which can cause the obvious difference in N cycling in calcareous soils and other soil
types. Previous studies have reported that soil organic matter is the critical factor affecting mineralization,
which is positively correlated with organic carbon (C) and total N concentrations [16,18,25]. High Ca
content in calcareous soil can bind with organic matter to enhance its accumulation [26,27];
however, the conversion of forestland into agricultural plantations significantly decreases soil organic
matter [10,19], which suggests a possible decline in mineralization rate as the substrates decrease.
In addition, high amounts of organic and inorganic N fertilizers are often applied during the conversion
of forestland into cropland, which can considerably stimulate the oxidation of NH4

+-N into NO3
−-N by

increasing the abundance and activity of ammonia-oxidizing microorganisms, e.g., ammonia-oxidizing
archaea (AOA) and ammonia-oxidizing bacteria (AOB) [28,29]. However, such stimulatory effects
may not be observed in calcareous soils under long-term fruit crop cultivation. At the initial stages of
formation of calcareous soils, acid-insoluble matter resulting from carbonate rock is limited and soil is
clayey [3,30]. Under undisturbed natural ecosystems, high organic matter can stimulate the formation
of macroaggregate fractions and improve soil structure, which can stimulate the oxidation of NH4

+-N
into NO3

−-N under high pH conditions [10]. However, calcareous soils may become clayey again
due to the decreased organic matter following long-term agricultural cultivation in karst regions [3,7],
which could inhibit nitrification and the turnover of inorganic N severely even though the soil pH
is high. Therefore, we hypothesized that long-term fruit-crop cultivation converted from forestland
would significantly (1) decrease inorganic N supply capacity through the inhibition of mineralization
and nitrification, and (2) decrease inorganic N turnover in calcareous soil in karst regions.

To verify our hypotheses, typical fruit crop systems under long-term cultivation (>7 years) were
sampled in karst regions of southwestern China. Mineralization and nitrification rates were determined
using a 15N-tracing method to evaluate the inorganic N supply capacity and turnover in calcareous
soils. In addition, other indicators related to soil quality were determined to analyze the major factors
influencing mineralization and nitrification rates.
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2. Materials and Methods

2.1. Site Description and Sample Collection

Three typical fruit plantations, including citrus (Citrus sinesis L. Osbeck), pitaya (Hylocereus undatus)
and “Shatangju” (Citrus reticulata Blanco) plantations, were selected in three karst regions of southwest
China (Figure 1). Adjacent forests were selected as the controls.
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Figure 1. Location of three regions studied in the karst region of southwest China.

Citrus plantations examined in the present study were cultivated at the Jianshui Karst Field
Research Station (102◦54′12′′ E, 23◦37′13′′ N), located in Jianshui city, Yunnan Province. The region
has a subtropical monsoon climate, and the mean annual precipitation, evaporation, and temperature
are 805 mm, 2297 mm, and 19.8 ◦C, respectively. The citrus trees were under cultivation for more
than 8 years, with a tree spacing of 3 × 4 m and a planting density of approximately 800 trees ha−1.
Approximately 480, 320, and 320 kg ha−1 y−1 of N, P2O5, and K2O, respectively, were applied to
the citrus plantations. The dominant tree species in the adjacent forests are Quercus cocciferoides
Hand.-Mazz., Fraxinus malacophylla Hemsl. and Pittosporum brevicalyx (Oliv.) Gagnep. The slope
position, slope, and elevations of sample sites were middle slope, 8.52◦–10.2◦, and 1378–1410 m,
respectively, and the type of soil is calcareous Alfisol (WRB Soil Taxonomy).

Pitaya plantations examined were cultivated at the Guohua Karst Experimental Station
(107◦25′20′′ E, 23◦24′50′′ N), located in Pingguo county, Guangxi Province. The region has a subtropical
monsoon climate, and the mean annual precipitation, evaporation, and temperature are 1572 mm,
1557 mm, and 21.0 ◦C, respectively, and the crop was under cultivation for more than 10 years. Pitaya
pillars had a spacing of 3 × 3 m, with approximately 6675 trees ha−1. Approximately 260, 210, 195,
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and 12,210 kg ha−1 y−1 of N, P2O5, K2O, and sheep manure (including 6.5 g TN kg−1, 5.0 g TP kg−1,
3.0 g TK kg−1), respectively, were applied to pitaya fields. The dominant tree species in the forest
adjacent to the pitaya plantation are Zenia insignis Chun, Melia azedarach L., Apodytes dimidiate E. Mey.
ex Arn. and Choerospondias axillaris (Roxb.) Burtt et Hill. The slope position, slope, and elevation of
sample sites were middle, 14.3◦–19.8◦, and 308–420 m, respectively, and the soil type in the region is
calcareous Cambisols (WRB Soil Taxonomy).

“Shatangju” was cultivated at the Maocun Karst Experimental Station (110◦32′27′′ E, 25◦12′33′′ N),
located in the southeast of Guilin City, Guangxi Province. The region has a subtropical monsoon climate,
and the mean annual precipitation, evaporation, and temperature are 1980 mm, 1459 mm, and 18.6 ◦C,
respectively. The “Shatangju” plantation examined was under cultivation for more than 7 years.
The plant spacing was 3 × 4 m, at a density of approximately 930 trees ha−1. Approximately 306, 186,
214, and 1250 kg ha−1 y−1 of N, P2O5, K2O, and sheep manure (including 5.1 g TN kg−1, 5.5 g TP kg−1,
3.5 g TK kg−1), respectively, were applied to the pitaya field. The dominant tree species in the
forest adjacent to the citrus plantation are Loropetalum chinense (R. Br.) Oliv., Cyclobalanopsis glauca
(Thunb.) Oerst. and Vitex negundo L. The slope position, slope, and elevation of sample sites were
middle, 15.6◦–23.2◦, and 198–229 m, respectively, and the soil type in the region is calcareous Alfisol
(WRB Soil Taxonomy).

In each region, three representative sites were selected in each forest and in each fruit crop plantation
as the spatial replicates. The distances between sites were >300 m, and three plots (1.0 × 1.0 m) at
each site were selected randomly at 20 m intervals. After removing plant residues, two soil cores
(5 cm diameter) were obtained at a depth of 0–15 cm in each plot. Subsequently, all subsamples
were mixed to form a composite sample for each site, yielding three forest soil and three fruit crop
soil samples in each region. Fresh soil was passed through a 2 mm sieve and stones and roots
removed to improve soil homogeneity. One part was dried for using in the determination soil
basic physicochemical properties, and the other part was immediately stored at 4 ◦C for use in the
determination of mineralization and nitrification rates.

2.2. 15N-Tracing Experiment

The 15N labeling experiments with two 15N treatments (15NH4NO3 and NH4
15NO3 at 10 atom%

excess) and three replicates per treatment were performed in the laboratory. For each soil sample,
30 g of fresh soil (oven-dried basis) was weighted into a 250 mL Erlenmeyer flask and preincubated
for 24 h at 25 ◦C. After the preincubation period, 15NH4NO3 or NH4

15NO3 solutions (1 mL) were
applied evenly in the sample soils at a rate of 100 mg N kg−1 (50 mg N kg−1 as NH4

+-N and NO3
−-N,

respectively). Soil moisture was adjusted to 60% water holding capacity (WHC) and flasks were
covered with plastic films with small holes and incubated at 25 ◦C. Soils were extracted with 150 mL
of 2 M KCl solution at 0.5 and 24 h after NH4NO3 application to determine the NH4

+ and NO3
−

concentrations, and their respective 15N enrichments according to a previous method [15,16] using a
continuous-flow analyzer (Skalar, Breda, The Netherlands) and a Sercon Integra 2 Isotope Ratio Mass
Spectrometer (Sercon Ltd., Crewe, UK), respectively.

2.3. Analyses

After removing carbonate with dilute hydrochloric acid (HCl), soil organic C (SOC) and total N
concentrations were analyzed using a Sercon Integra 2 Elemental Analyzer (Sercon Ltd.). Soil pH was
determined using a 1:2.5 (w:v) soil: water mixture using a SevenExcellence pH/mV and conductivity
meter (Mettler Toledo, Columbus, OH, USA). Soil water holding capacity was determined by the
gravimetric method after soil saturation in the laboratory using a cutting ring filled with <2 mm
air-dried soil to a bulk density, which was close to that determined in the fields. The concentrations of
total Ca, potassium (K), and phosphorus (P) in soil were determined using X-ray fluorescence (XRF)
spectroscopy. Cation exchange capacity (CEC) was analyzed by the ammonium acetate method at pH
7.0 [31]. For textural analyses, soil samples (<2 mm) were pretreated with hydrogen peroxide (H2O2)
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and HCl to remove organic material and carbonates, respectively, and subsequently sodium hydroxide
(NaOH) solution was added as a dispersion agent. All samples were then dispersed in an ultrasonic
bath and the particle-size distribution (clay (<2 µm), silt (2–50 µm) and sand (50–2000 µm)) of the
suspensions was determined using an LS-230 laser particle characterization analyzer (Beckman Coulter,
Brea, CA, USA).

2.4. Data and Statistical Analyses

Gross mineralization rate (MNorg, mg N kg−1 d−1) and gross nitrification rate (ONH4, mg N kg−1 d−1)
were calculated based on changes in concentrations and atom% of NH4

+-N in 15NH4NO3-labeled
samples and NO3

−-N in NH4
15NO3-labeled samples between time 0 and t, respectively, according to

Kirkham and Bartholomew (1954) [32], as follows:

MNorg =

[
NH+

4

]
0
−

[
NH+

4

]
t

t
×

log
(APE0

APEt

)
log

[NH+
4 ]0

[NH+
4 ]t

(1)

where t is the incubation time (days); and [NH4
+]0 and [NH4

+]t are the NH4
+-N concentrations

(mg N kg−1) at time 0 and t, respectively. APE0 and APEt are the 15N atom% excess of NH4
+-N at time

0 and t, respectively.

ONH4 =

[
NO–

3

]
0
−

[
NO–

3

]
t

t
×

log
(APE0

APEt

)
log

[NO–
3]0

[NO–
3]t

(2)

where t is the incubation time (days); and [NO3
−]0 and [NO3

−]t are the NO3
−-N concentrations

(mg N kg−1) at time 0 and t, respectively. APE0 and APEt are the 15N atom% excess of NO3
− at time 0

and t, respectively.
The mean residence times (MRT, days) of NH4

+-N and NO3
−-N were calculated according to

Corre et al. (2007) [33]. If the MRT value of a certain N pool is high, it indicates low turnover:

MRT NH4
+ =

c
(
NH+

4

)
MNorg

(3)

MRT NO3
− =

c
(
NO–

3

)
ONH4

(4)

where c(NH4
+) and c(NO3

−) are the initial NH4
+-N and NO3

−-N concentrations (mg N kg−1) in the
soils, respectively.

Differences in soil physicochemical properties and MNorg and ONH4 rates between forest and
fruit crop plantation soils were evaluated using analysis of variance followed by Tukey’s test at
p < 0.05 significance level. Statistical analyses were performed using IBM SPSS Statistics 24 (IBM Corp.,
Armonk, NY, USA).

3. Results

3.1. Soil Properties

SOC, total N, and Ca concentrations, and CEC, WHC, and pH were significantly lower in soils
under long-term fruit crop cultivations than in forest soils (p < 0.05), with similar trends observed at
all three fruit crop sites examined (Table 1). Soil Ca concentrations were significantly and positively
correlated with SOC, total N, CEC, WHC, and pH (Table 2). Compared with the forest soils, long-term
fruit crop cultivation increased clay but decreased sand content, with significant differences observed
between the forest and crop sites at the Jianshui and Guilin sites (p < 0.05). There were no significant
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differences in NH4
+-N concentrations between forest and fruit crop soils across the three study sites

(p > 0.05), with considerable variations observed in NO3
−-N concentrations. Although the NO3

−-N
concentrations in forest soils were significantly lower than the concentrations in soils under citrus and
pitaya plantations (p < 0.05), there were no significant differences in NO3

−-N concentrations between
forest and “Shatangju” plantation soils. In all the soils studied, inorganic N was dominated by NO3

−-N
(NO3

−-N/NH4
+-N ratios: 1.28–6.47).

Table 1. Physical and chemical properties of soils from forests and fruit crop plantations in three
karst regions.

Parameter i Jianshui Pingguo Guilin

Forest Citrus Forest Pitaya Forest ‘Shatangju’

SOC (g C kg−1) 56.8 ± 5.12a ii 8.75 ± 1.34b 142 ± 92.0a 28.5 ± 2.56b 89.4 ± 10.8a 31.6 ± 8.82b
TN (g C kg−1) 4.76 ± 0.63a 1.08 ± 0.08b 12.5 ± 6.74a 3.06 ± 0.26b 7.28 ± 0.75a 2.77 ± 0.64b

pH 7.17 ± 0.43a 4.50 ± 0.05b 7.20 ± 0.40a 6.00 ± 0.13b 7.18 ± 0.25a 5.91 ± 0.25b
WHC 1.11 ± 0.06a 0.75 ± 0.03b 1.43 ± 0.29a 0.76 ± 0.04b 1.25 ± 0.09a 0.88 ± 0.04b

CEC (cmol kg−1) 35.9 ± 3.12a 15.2 ± 0.36 50.4 ± 17.1a 21.1 ± 0.67b 41.5 ± 2.79a 21.7 ± 2.79b
CaO (%) 2.03 ± 0.55a 0.27 ± 0.05b 4.01 ± 1.49a 0.83 ± 0.04b 2.15 ± 0.22a 0.72 ± 0.17b

P (g kg−1) 1.47 ± 0.30a 1.36 ± 0.14a 1.10 ± 0.78b 3.33 ± 0.08a 0.93 ± 0.09a 0.69 ± 0.14a
Clay (<2 µm, %) 27.5 ± 5.60b 42.9 ± 1.21a 34.5 ± 3.84a 39.5 ± 3.74a 32.3 ± 2.49b 46.0 ± 1.90a
Silt (2~50 µm, %) 56.2 ± 3.51a 49.3 ± 1.17a 42.1 ± 5.30a 37.5 ± 2.21a 51.4 ± 2.72a 44.0 ± 0.20b

Sand (50~2000 µm, %) 16.2 ± 3.67a 7.73 ± 0.30b 23.5 ± 6.49a 23.0 ± 3.97a 16.3 ± 0.30a 9.99 ± 1.74b
NH4

+ (mg N kg−1) 10.2 ± 1.11a 9.31 ± 1.54a 7.08 ± 0.96a 4.99 ± 0.35a 3.38 ± 1.01a 6.47 ± 2.68a
NO3

− (mg N kg−1) 13.1 ± 3.15b 33.6 ± 10.1a 13.5 ± 2.99b 22.5 ± 2.56a 21.9 ± 3.84a 24.8 ± 10.7a
NO3

−/NH4
+ 1.28 ± 0.18b 3.72 ± 1.55a 1.89 ± 0.27b 4.45 ± 0.59a 6.47 ± 1.14a 4.24 ± 2.26a

i SOC, soil organic C; TN, total N; WHC, water holding capacity; CEC, cation exchange capacity. ii Identical letters
indicate no significant differences in the average values in soils from forest and fruit crop plantation in the same
region at p = 0.05.
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Table 2. The relationships between soil properties, MNorg and ONH4 rates, MRT NH4
+ and MRT NO3

− (n = 18).

ONH4
MRT
NH4

+
MRT
NO3

− SOC TN pH NH4
+ NO3

- WHC Clay Silt Sand CEC P CaO

MNorg 0.94 ** −0.66 ** −0.54 * 0.95 ** 0.96 ** 0.58 * 0.03 −0.44 0.91 ** −0.54 * 0.06 0.52 * 0.92 ** −0.04 0.95 **
ONH4 1 −0.71 ** −0.61 ** 0.94 ** 0.95 ** 0.65 ** −0.11 −0.39 0.90 ** −0.60 ** 0.16 0.47 * 0.94 ** 0.00 0.93 **

MRT NH4
+ 1 0.71 ** −0.64 ** −0.65 ** −0.80 ** 0.41 0.54 * −0.69 ** 0.69 ** 0.00 −0.73 ** −0.73 ** −0.16 −0.70 **

MRT NO3
− 1 −0.51 * −0.53 * −0.79 ** 0.13 0.79 ** −0.60 * 0.67 ** −0.07 −0.64 * −0.63 ** −0.15 −0.61 *

SOC 1 0.99 ** 0.59 * −0.13 −0.38 0.94 ** −0.49 * 0.08 0.43 0.96 ** −0.10 0.93 **
TN 1 0.60* −0.13 -0.40 0.93 ** −0.47 0.02 0.48 * 0.95 ** −0.08 0.95 **
pH 1 −0.21 −0.71 ** 0.72 ** −0.66 ** 0.18 0.52 * 0.76 ** −0.17 0.73 **

NH4
+ 1 0.04 −0.08 −0.04 0.35 −0.31 −0.09 −0.07 −0.03

NO3
− 1 −0.50 * 0.60 * −0.07 −0.56 * −0.50 * 0.05 −0.52 *

WHC 1 −0.60 * 0.23 0.40 0.98 ** −0.31 0.93 **
Clay 1 −0.54 * −0.51 * −0.63 * −0.02 −0.53 *
Silt 1 -0.45 0.20 −0.38 0.10

Sand 1 0.46 0.40 0.46
CEC 1 −0.17 0.95 **

P 1 −0.13

SOC, soil organic C; TN, total N; WHC, water holding capacity; CEC, cation exchange capacity; MNorg, mineralization (the conversion of organic N to NH4
+); ONH4, nitrification

(the oxidation of NH4
+ to NO3

−); MRT NH4
+, the mean residence time of NH4

+; MRT NO3
−, the mean residence time of NO3

−. *, p < 0.05; **, p < 0.01.
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3.2. N Cycling Rate

The rate of organic N mineralization into NH4
+ (MNorg) ranged from 2.85 mg N kg−1 d−1 to

6.49 mg N kg−1 d−1 in forest soils (Figure 2). The conversion of forest lands to long-term fruit crop
cultivation systems decreased MNorg significantly to 0.61–1.34 mg N kg−1 d−1 across the three study
sites. Compared to forest lands (8.17–15.5 mg N kg−1 d−1), long-term fruit crop cultivation significantly
decreased the rate of oxidation of NH4

+-N into NO3
−-N (ONH4) to 1.95-5.07 mg N kg−1 d−1 (Figure 2).

In addition, there were significant and positive correlations between MNorg and ONH4 rates. The mean
residence times of NH4

+-N and NO3
−-N were significantly lower in soil under forests (1.18–3.66 d

and 0.97–2.03 d, respectively) than those under long-term fruit crop cultivation (3.91–11.8 d and
4.39–17.5 d, respectively) (p < 0.05). The correlation analyses showed that MNorg and ONH4 were
positively correlated with SOC, total N and Ca concentrations, and CEC, WHC, and sand content,
but were negatively correlated with clay content (Table 2). Conversely, such soil properties were
negatively correlated with the mean residence times of NH4

+-N and NO3
−-N (Figure 3).
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Figure 2. MNorg and ONH4 rates in soils sampled from Jianshui (forest vs. citrus), Pingguo (forest vs.
pitaya), and Guilin (forest vs. Shatangju) regions. Different letters for MNorg or ONH4 indicate
significant differences (p < 0.05) between forest and fruit crop plantation in the same region.
MNorg, the mineralization of organic N to NH4

+; ONH4, the oxidation of NH4
+ to NO3

−.
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Figure 3. Mean residence time of NH4
+ (MRT NH4
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Different letters for MRT NH4
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4. Discussion

In the present study, the mineralization rates in calcareous soils in forests in karst regions
(2.85–6.49 mg N kg−1 d−1) were comparable to those measured in subtropical and tropical non-karst
regions (1.52–15.0 mg N kg−1 d−1) [16,34–36]. The results showed that long-term fruit crop cultivation
decreased mineralization rate significantly, indicating decreased soil inorganic N supply capacity.
Previous studies have reported that SOM content is the key factor influencing mineralization
rate [16,18,25]. Indeed, mineralization rate was significantly positively correlated with SOC and total N
concentrations in the present study, further confirming the key role of SOM content in mineralization.
High Ca in calcareous soils in karst regions can bind with SOM to promote SOM accumulation,
which could facilitate the maintenance of SOC concentrations at high levels in forestlands [10,26,27].
When forests on sloped lands are reclaimed for the cultivation of fruit crops, the introduced management
practices (e.g., tillage, fertilization) as well as mulch reduction could reduce SOM content significantly by
accelerating SOM decomposition and minimizing the protection Ca confers on organic matter [19,37],
which was supported by the significant and positive correlations among Ca, SOC, and total N
concentrations (Table 2). The decline in SOM may be the main reason for the decreased mineralization
rate in soil under long-term fruit crop cultivation.

In the present study, the nitrification rates (8.17–15.5 mg N kg−1 d−1, on average: 11.7 mg N kg−1 d−1)
in calcareous soil under forests were higher than rates previously observed and based on similar
methods in highly weathered soils developed from granite or basalt in natural forests in tropical
and subtropical regions (0.30–3.80 mg N kg−1 d−1) [16,18,34,35,38]. Such differences in nitrification
rates between calcareous soil and other soils may be mainly attributed to pH. Previous studies
have reported that nitrification rate is significantly positively correlated with pH at the regional
scale [16,35,38]. The relatively high organic matter content in calcareous soils under forests could
promote macroaggregation, and, in turn, facilitate the diffusion of O2 [39], which can increase the
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activity and abundance of AOB [29,40], and stimulate the oxidation of NH4
+-N into NO3

−-N under
high pH conditions. This may explain why higher nitrification rates were observed in calcareous
soil (pH 6.69–7.65) than other soils under forests in non-karst regions. Due to the rapid oxidation of
NH4

+-N into NO3
−-N, inorganic N was dominated by NO3

−-N rather than NH4
+-N in calcareous

soils under forests in the present study.
Generally, the application of chemical and organic fertilizers can stimulate the activity and increase

the abundance of AOB, and, in turn, increase the oxidation of NH4
+-N [28,29]. However, this was not

the case in the present study. Long-term cultivation of fruit crops significantly decreased nitrification
rate to 1.95–5.07 mg kg−1 d−1 (on average: 3.08 mg N kg−1 d−1). The significant correlations between
nitrification rate, clay, and sand content indicate that soil texture (Table 2) may be the key factor
affecting nitrification rate in karst regions. When forestlands are reclaimed and planted with fruit crops,
SOM loss can lead to the deterioration of soil structure, and soil becomes predominantly clayey [3,30].
Indeed, soil clay content increased following the long-term cultivation of fruit crops after conversion
from forestland (Table 1). Poor permeability of heavy clay soil can inhibit the diffusion of oxygen and
hinder the oxidation of NH4

+-N into NO3
−-N, even when N fertilizer is applied [41]. In addition,

the degradation of soil quality after long-term agricultural cultivation can decrease the activities
of N functional microorganisms [8,10], which may lower nitrification rates. Overall, these findings
suggest that long-term cultivation of fruit crops can substantially decrease inorganic N supply capacity
through the inhibition of mineralization and nitrification in calcareous soils in karst regions, which is
consistent with our first hypothesis.

Although long-term fruit crop cultivation significantly decreased mineralization and nitrification
rates, the mean residence times of NH4

+-N and NO3
−-N increased considerably, which is consistent

with our second hypothesis that long-term fruit crop cultivation decreases the turnover of inorganic
N in karst regions. In such a case, high inorganic N from N fertilizer inputs can be retained in soil,
which may increase N loss risks while decreasing N utilization efficiency. Therefore, soil N cycling
processes need to be adjusted to improve N supply and promote inorganic N turnover under long-term
fruit crop cultivation systems in karst regions.

5. Conclusions

Long-term cultivation of fruit crops significantly decreased mineralization and nitrification rates
but increased the mean NH4

+-N and NO3
−-N resident times in the karst region, indicating declines

in inorganic N supply capacity and turnover. Such shifts in N cycling are primarily attributed to
decreased SOM and increased clay content. The appropriate organic N fertilization practices in the
karst region should be investigated further, which could facilitate efforts to improve soil quality and
inorganic N supply and turnover under such unique agroecosystems. Noticeably, only soils were
sampled in this study, but the coupled interactions between soil N supply and plant N utilization
efficiency were not directly determined, which need to be systematically considered in future research
to more guide N fertilizer application in crop cultivation systems in the karst region.
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