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Abstract: Tourism trampling is one of the critical disturbance factors affecting forest structure and
function apart from forest management activities. However, how tourism trampling affects soil
nitrogen (N) mineralization rate at different altitudes in scenic forest spots is still unclear. To determine
whether the responses of soil net N mineralization rate to tourism trampling varies with altitudes,
we incubated soils using a field buried pipe method and analyzed soil ammonium N (NH;*-N) and
nitrate N (NO3 ~-N) content at three altitudes (810 m, 1030 m, and 1240 m) at the Baotianman forest
scenic spot in Henan Province. The results showed that tourism trampling significantly increased
the soil bulk density and soil pH value but substantially reduced soil organic carbon (C) and total
N content at all altitudes. Tourism trampling also resulted in a significant decrease in NO3~-N in
the soil before and after incubation at all altitudes. The effects of tourism trampling on soil net
N mineralization varied with latitudes, showing positive effects at 1030 m altitude (+51.4%), but
negative effects at 1240 m altitude (—43.5%). For the soil net N nitrification rate, however, tourism
trampling resulted in an increased rate (+141.1%) only at the 810 m altitude. Across all altitudes, soil
microbial biomass C is primarily responsible for the variation in the soil net N mineralization rate.
This study indicates that the effect of tourism trampling on soil net N mineralization rate varies with
altitudes, which is related to the intensity of tourist disturbance and the synthetic effects of vegetation

and soil microbes.

Keywords: altitudinal gradient; available nitrogen; microbial biomass carbon; nitrogen nitrification;
tourism disturbance

1. Introduction

Soil nitrogen (N) availability is one of the key environmental factors regulating plant
growth and ecosystem productivity [1,2]. More than 90% of soil N exists in the form of
organic N, which cannot be directly absorbed and utilized by plants [3]. Therefore, soil
N availability for plants is largely determined by the transformation rate from organic N
to inorganic N [4], which is driven by soil microbes through microbial mineralization [5].
Soil available N mainly includes ammonium N (NH;*-N) and nitrate N (NO3™-N). Soil N
mineralization rate determines the proportion and quantity of each of the two components,
thus regulating the availability of soil N further. The mineralization process of soil organic
N is a biogeochemical cycle driven by soil microorganisms and many biological and abiotic
factors [6].

Generally, plant activities [7], microbial metabolism [6,8], soil fauna activities [9], and
soil microclimate [10] are the main environmental factors regulating the soil N mineral-
ization rate. Trampling-related activities and processes generated by the foraging of wild
animals [11], the grazing of livestock [12], and human leisure tourism [13] show significant
influences on soil physical structure, microbial community, nutrient cycle, and other eco-
logical functions [14] in the forest ecosystems. Therefore, trampling disturbances that can

Forests 2022, 13, 1467. https:/ /doi.org/10.3390/£13091467

https://www.mdpi.com/journal/forests


https://doi.org/10.3390/f13091467
https://doi.org/10.3390/f13091467
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://doi.org/10.3390/f13091467
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f13091467?type=check_update&version=1

Forests 2022, 13, 1467

2 0f9

directly lead to the changes in soil texture are also an important biological factor regulating
the soil N mineralization rate [15,16].

With the continuous improvement in living standards, periodic tourism activities have
become one of the necessities for people’s daily life. Trampling disturbance caused by
tourism activities may directly result in the deaths of some plants adjacent to the tourist
trails [17]. Meanwhile, it can also cause soil compaction [18], thus resulting in a decline in
the aesthetics of scenic spots. This kind of tourism trampling is particularly common in
scenic forest and grassland spots where tourist trails are not covered with cement. Therefore,
tourism trampling has become an important factor affecting ecosystem service functions [9].
Previous studies have confirmed that tourism trampling can alter soil physical structure,
microbial community structure, nutrient content, and soil enzyme activity in most scenic
spots [13,18,19]. As one of the important links in soil nutrient turnover, however, it remains
unclear how soil N mineralization and nitrification rates respond to tourism trampling,
and whether the potential mechanism varies with altitudes.

In this study, we conducted a paired experimental design (tourist trampling/no
trampling) at three altitudes (810 m, 1030 m, and 1240 m) and investigated the soil NH;*-N
and NO;3;~-N content before and after the field incubation in an oak-dominated forest at
Baotianman forest scenic spot in Henan Province. We hypothesized that (i) the soil N net
mineralization rate at the site without trampling would decrease with the elevated altitudes
due to the reduced soil temperature; (ii) tourism trampling would decrease the soil N net
mineralization rate due to the increased soil compaction at all altitudes. Specifically, we
aimed to answer the following questions: (1) How does tourism trampling affect the soil N
net mineralization rate at different altitudes? (2) How do environmental factors mediate
the effects of tourism trampling on the soil N net mineralization rate?

2. Materials and Methods
2.1. Study Site

The study site is located in the Baotianman Forest Ecosystem Research Station (111°47'-
112°04’ E, 33°20'-33°36’ N) at the south foot of Funiu Mountain in Nanyang City, Henan
Province. The highest peak of Baotianman reaches 1830 m. The climate type is characterized
by an East Asian monsoon climate with four distinct seasons and showing a synchronism
for the water and heat. The mean annual precipitation is 856 mm, and the mean annual
temperature is 15.1 °C. Benefiting from the subtropical humid climate, there are numerous
vegetation types, including evergreen broad-leaved forest, deciduous broad-leaved forest,
and mixed evergreen—deciduous broad-leaved forest.

2.2. Experimental Design

Four experimental areas were conducted for each of the three altitudes (810 m, 1030 m,
and 1240 m) at Baotianman in June 2019. At each altitude, the 4 experimental areas were
randomly distributed with an interval of more than 50 m. All experimental areas have
similar features in terrain, slope, and soil texture, and the slope is less than 10°. The
dominant tree species, distributed at all altitudes, is Quercus variabilis Blume, and the
dominant species of understory shrubs are Lindera glauca (Sieb. et Zucc.) Bl), Vitex negundo
L., and Acer buergerianum Miq.

The study used a paired experimental design. In each experimental area, a forest
path formed by tourists’ trampling was selected as the trampling area, which is mainly
characterized by the obvious trampling, soil surface hardening, and no shrub and grass
growth. A 3 m x 3 m plot was set up randomly in each trampling site as the trample plot.
Within the range of 5-10 m from each trampling plot, an unperturbed plot (3 m X 3 m)
was established as the control (non-trample), showing the features without obvious human
interference and trampling. It is characterized by a thickened litter layer on the surface,
developed soil natural structure, and vigorous growth of shrubs and herbs.
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2.3. Soil Sampling and Analysis

Since summer is the peak period of tourist reception at Baotianman, we conducted
our experiment from June to July. Three soil cores (5 cm diameter x 10 cm depth) were
randomly collected and mixed in each plot using a hand auger at the end of June. After
passing a 2 mm soil sieve, a part of fresh soil is air dried to determine the soils” physical-
chemical properties; another part of the fresh samples was stored at —20 °C to determine soil
microbial biomass carbon (C) (MBC) and N (MBN). The air-dried soil sample was further
sieved by 250 pm mesh to investigate soil organic C and total N using dichromate oxidation
and Kjeldahl digestion [20,21], respectively. Soil MBC and MBN were determined by the
chloroform-fumigation-extraction method introduced by [22,23]. During the collection of
soil samples, soil bulk density of 0-10 cm was measured using a stainless-steel cutting ring
(5 cm in diameter and 5 cm in height).

The soil net N mineralization rates were estimated in situ using polyvinyl chloride
(PVC) tubes (5 cm in diameter and 10 cm in depth). In each plot, six PVC tubes were
vertically inserted into the soil for 10 cm at intervals of 10-15 cm. Soil samples from three
tubes were collected for initial NH;"-N and NO3z ™ -N analysis. Soil samples from the
remaining tubes were retrieved and analyzed after 30 days of field incubation. All fresh
soil samples were passed through a 2 mm soil sieve and transported to the laboratory for
further analysis. Soil NH4*-N and NO3; ~-N content were determined using a Discrete Auto
Analyzer (SmartChem 200, WestCo Scientific Instruments Inc., Brookfield, CT, USA). The
soil pH value was measured by the potentiometric method (water: soil = 2.5:1).

2.4. Data Analysis

The soil N net mineralization and nitrification rates were calculated according to the
differences in NH4*-N and NO3 ~-N contents before and after the in situ incubated soil and
the incubation time (days). The calculation equations [10] were as follows:

o1 — (NH{ =N), = (NO3 —N),| /(Ti1 — Ty) (1)

Ry = {(NOBT - N)t+1 B (NO; - N)t:| /(Tt+1 - Tt) )

where Rm and Rn represent soil N net mineralization rate and net nitrification rate
(mg-kg~1-d~1), respectively; NO3;~-N and NHy*-N refer to soil nitrate N and ammo-
nium N content; ¢ refers to the initial sampling; t+1 refers to the final sampling after in situ
incubation; and T refers to the interval between sampling (days).

The content of soil inorganic N is the sum of soil nitrate N and ammonium N. Based
on the test of normality and homogeneity of variance of the data, the effects of altitude and
trampling on the soil N net mineralization rate were tested using a two-way ANOVA, and
the statistical significance of the differences in the soils’ physical-chemical variables and
the soil N net mineralization and nitrification rates between trample and non-trample at
each altitude gradient were further tested by a one-way ANOVA. Statistical analysis of the
data was performed in SPSS 26.0 software (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Soil Physical-Chemical Characteristics

The soil pH tended to be acidic, ranging from 4.05 to 4.46. Soil pH value showed
no obvious pattern with the elevated altitude. The pH value under the trampled soil
(4.22-4.46) was significantly higher than that under the non-trampled soil (4.05-4.25),
showing a significant difference at 1240 m (p < 0.05, Table 1). In addition, the pH value
under trampled soil at 1240 m altitude was significantly higher than that at 810 m and
1030 m altitudes (p < 0.05, Table 1).
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Table 1. Effects of tourist trampling on soil physical and chemical properties (mean + S.E.).

Altitude

Soil Bulk Density Soil Organic C Total N

(m)

Site

pH

(g-em™3)

(g'kg™)

(g'kg™

810

1030

1240

Trampled
Non-trampled
Trampled
Non-trampled
Trampled
Non-trampled

428 £0.03b

4.12 + 0.08 bc
4.22 +0.05 bc

4.05+0.09 ¢
446+ 0.11a

425+ 0.14 bc

132+ 0.16 a
1.02 £ 0.08 bc
1.18 £0.11b
0.99 + 0.13 be
1.03 £ 0.06 bc
0.82+0.17d

29.65+2.44Db
3416 =4.87 a

2691 + 3.11 be

28.27 +£2.16Db
2147 £1.33 ¢

2416 + 1.79 be

213 +0.07d
224+ 012cd
2.37 £ 0.11 bc
2.44+0.06Db
226+ 0.11ab
251 +£0.09 a

Different lowercase letters indicate significant differences between means of all treatments within each column at
the 0.05 level.

With the increased altitude, the soil bulk density showed a gradual downward trend
for both trampled and non-trampled soils. The soil bulk density at the trampled plots
ranged from 1.03 to 1.32 g cm 3, which is significantly higher than that at the non-trampled
plots (0.82-1.02 g cm~2) (p < 0.05, Table 1) for all three elevations. Soil organic C at both
trampled and non-trampled plots decreased gradually with the increased altitude. For
plots without trampling, soil organic C (34.16 g-kg ') at 810 m altitude was significantly
higher than that at 1030 m (28.27 g~kg_1) and 1240 m (24.16 g-kg_l) (p < 0.05, Table 1).
For plots with trampling, soil organic C (29.65 g-kg~!) at 810 m altitude was significantly
higher than that at 1240 m (21.47 g-kg~!); however, there was no significant difference
between 810 m and 1030 m (Table 1).

Soil total N content for plots without trampling showed a significant increasing trend
with the elevated altitude, and values at the high altitude were significantly greater than
that at low altitude (p < 0.05). For plots with trampling, however, soil total N content
showed no change with the increased altitude. Total N content of the trampled soil at the
altitude of 810 m was significantly lower than that at the altitude of 1030 m and 1240 m.
Regardless of the altitude, soil total N content under trampling (2.13-2.37 g-kg~!) was
lower than that under non-trampling (2.24-2.51 g-kg~!; Table 1).

The effect of tourism trampling on soil NO3~-N content varied with altitude (p < 0.05,
Table 2). At 810 m, the soil NO3;~-N content at the trampled plots was 7.94 mg-kg !, which
is significantly lower than that at the non-trampled plots (20.31 mg-kg~'). At 1030 m,
trampling led to a weak decrease in soil NO3 ™ -N content; nevertheless, trampling led to
a slight increase in soil NO3; ™-N at 1240 m (Table 2). Similar to the change in soil NO3 ™ -
N content, soil inorganic N content decreased significantly with the increased altitudes
(Table 2), and trampling led to a significant decrease of 31.3% in inorganic N content at
810 m altitude (p < 0.05, Table 2). After 30 days of field incubation, the soil NO3 ~-N content
for both trampled and non-trampled soils increased significantly with the elevated altitude
(p < 0.05, Table 2). At the altitude of 810 m, the soil NO3~-N content of the trampled soil
(19.78 mg-kg—1) was significantly lower than that of the non-trampled soil (25.23 mg-kg 1)
(p < 0.05, Table 2).

Table 2. Changes in soil NO3;™-N, NH4*-N, and total inorganic N induced by tourism trampling at
different altitudes (mean + S.E.).

Altitude
(m)

Site

June

July

NO;3;~-N
(mg-kg™)

NH4*-N
(mg-kg™)

IN (mg-kg™)

NO, -N
(mg-kg™)

NH;*-N
(mg-kg™)

IN (mg-kg™)

810

1030

1240

Trampled
Non-trampled
Trampled
Non-trampled
Trampled
Non-trampled

794 £19d
20.31 £1.22 ¢
21.24 £042 ¢

22.63 +£0.24 bc
26.65 £0.65 a
244 +£1.84 ab

17.36 +£1.36 a
16.53 £1.36 a
16.27 £3.19 a
18.71 £0.46 a
16.36 £0.6 a
15.61 +£0.94 a

2531 +145c¢
36.84 +1.33b
37.51 £3.32b
41.35 £0.57 ab
43.01 £1.05a
40.01 £2.64 ab

19.78 £1.52 e
2523 £1.35d
29.77 £2.8 cd
31.86 £1.89 be
36.71 £2.15 ab
3821 +271a

16.08 +0.34 bc
20.36 +1.86 a
18.12 +2.22 ab
16.34 +0.33 bc
14.08 £0.75 ¢
15.58 +0.7 be

35.86 +£1.35¢
45.59 £3.18 b
47.89 £2.77b
48.21 £1.76 ab
50.79 £1.89 ab
53.79 £2.26 a

Different lowercase letters indicate significant differences between means of all treatments within each column at
the 0.05 level.
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Neither altitude nor trampling showed a significant effect on soil NH4*-N content in
June. After incubation, the soil NH;*-N content decreased significantly with the increased
altitude (p < 0.05, Table 2), from 18.22 mg-kg ! at 810 m to 14.83 mg-kg ! at 1240 m. The soil
NH,*-N content under trampling at 810 m was significantly higher than that at 1030 m and
1240 m. In addition, soil NH;*-N content at the trampled plots at 1030 m was significantly
higher than that at 1240 m (Table 2). Soil inorganic N content increased significantly with
the elevated altitude (p < 0.05, Table 2). The content of soil inorganic N (35.86 mg-kg™!)
under trampling at 810 m altitude was significantly lower than that at 1030 m and 1240 m.
Moreover, trampling resulted in a significant decrease of 21.3% in soil inorganic N content
at 810 m (Table 2).

3.2. Soil N Net Mineralization and Nitrification Rate

A two-way ANOVA showed that the effect of trampling on the soil N net mineral-
ization and nitrification rate varied with altitude gradients (Figure 1). For soils without
trample, the net mineralization rate (0.459 mg-kg~!-day~') at 1240 m altitude was sig-
nificantly higher than that at 810 m and 1030 m altitude (p < 0.05). However, the net N
mineralization rate of the trampled soil was not significantly affected by altitudes. Tourism
trampling substantially increased the soil net N mineralization rate at 1030 m altitude
(51.4%) but significantly reduced it by 43.5% at 1240 m altitude (Figure 1).

A: P=0.350, T: P=0.881, AxT: P=0.007 A: P=0.132, T: P=0.573, AxT: P=0.026

g 06 06
@ al mTrample a (b)
§ 05 F = Non-trample = 05 | a
g ab c T
ST be @ 5> ab be ab
$E 04 ¢ be 5;8 04 | bc
=5 c .,E (o))
EZ 03 | £% 03 |
) S
o E =< c
e z
= 02 | 02 |
o
k]
< o1 ¢ 01 |

0.0 0.0

810m 1030 m 1240 m 810 m 1030 m 1240 m
Altitude Altitude

Figure 1. Effects of tourism trampling on soil N mineralization (a) and nitrification rate (b). Interactive
effects of altitude (A) and trample treatment (T) on values based on Two-way ANOVA were shown
on the chart. Different lowercase letters indicate significant differences among means at the 0.05 level.

The net N nitrification rate of the non-trampled soil showed an increasing trend with the
elevated altitudes, with significantly higher values at 1240 m altitudek (0.460 mg-kg~!-day 1)
than that at 810 m and 1030 m altitude (p < 0.05, Figure 1). Tourism trampling resulted
in a significant increase in the soil net N nitrification rate (141.0%) at an altitude of 810 m
but led to a marginal decrease in soil net N nitrification rate (—27.2%) at 1240 m altitude
(p <0.10, Figure 1).

3.3. Effects of Variables on Soil Net N Mineralization and Nitrification Rate

According to the simple linear regression analysis, both the soil net N mineralization
and nitrification rate exhibited parabolic relationships with soil pH value. The soil N
mineralization rate increased significantly with the elevated soil pH value first, reaching the
maximum N mineralization rate of 0.386 mg-kg~!-day ! when the pH value reached 4.27,
and then gradually decreased with the increased pH value (Figure 2). The soil nitrification
rate reached its peak value when soil pH value was 4.31, and then gradually reduced.
In contrast, both soil N mineralization and nitrification rates showed inverted parabolic
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relationships with soil bulk density, reaching the lowest value of 0.263 mg-kg~!-day ! for
mineralization rate when the soil bulk density was 1.11 g cm 3 (Figure 2). Similarly, the
soil nitrification rate reached the lowest value (0.266 mg-kg~'-day ') when the soil bulk
density was 1.09 g cm 3. In addition, soil N mineralization and nitrification rates were
significantly positively correlated with soil microbial biomass (p < 0.05, Figure 2).

050 0.50 0.50
(a) (b) (©) J
5 o045 | g 045 | 045 |
g RZ2=0.6511
=~ 040 | 040 | R=:0.804 040 | P <0.05
3 P <0.05
£3 035 ¢ RZ: 0.3983 035 | 035 |
52 P <0.05
gg o | 030 | 030 |
£ o025 | o 025 | 025 |
3 ° °
0.20 : : 0.20 - : : 0.20 - : : :
4 42 4.4 46 0.7 0.9 11 13 0.70 20.70 40.70 60.70 80.70
050 050 0.50
d
§ 045 @ L 0.45 0.45 @ R==0.4478 J
S~ 040 | 0.40 040 P<005 g
£ 035 | 0.35 035 |
:v—1
§9 030 | R==0.8779 0.30 030 | @
g2 02 | P <0.05 0.25 025
=7 o020 } 020 | ' 020 |
[«]
® 015 | 015 o 015 | o
0.10 . . 0.10 . : . 0.10 . . . .
4 42 44 46 0.7 0.9 11 13 070 20.70 40.70 60.70 80.70
pH Soil bulk density (g cm-3) Soil MBC (mg kg?)

Figure 2. Effects of soil pH value (a,d), soil bulk density (b,e), and soil MBC (c,f) on soil N mineral-

ization and N nitrification.

The effects of different environmental factors on soil N net mineralization were further
studied using multiple stepwise regression analysis. It was found that soil MBC and soil
bulk density could explain the 74.5% and 15.5% variations in the soil N mineralization rate,
respectively. The soil N net nitrification rate was mainly attributed to soil MBC and soil pH
value, which together explain 88.2% of the variation (Table 3).

Table 3. Results of multiple stepwise regression on the relationships between soil N mineralization

and N nitrification and soil environmental factors.

Factors Partial R? A deu:’i fll R? F p
Soil N mineralization
Soil microbial biomass carbon 0.745 0.745 15.638 0.017
Soil bulk density 0.155 0.900 23.463 0.015
Soil N nitrification rate
Soil microbial biomass carbon 0.459 0.459 5.24 0.084
pH 0.423 0.882 19.66 0.019

4. Discussion
4.1. Differences in Soil N Mineralization Rates between Altitudes

Our finding that the soil NO3™-N contents before and after the incubation increased
with the elevated altitude was consistent with the results by Zhuang et al. (2008) [24] and Hu
et al. (2015) [25]. Soil NH,*-N content before incubation showed no significant differences
between altitudes, whereas it exhibited a decreased trend with the elevated altitudes after
incubation. Inconsistent with our finding, Hu et al. (2015) found that the NH4*-N content
increased significantly with the elevated altitude on the Emei Mountain [25].
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The increased NO3; ~-N content with elevated altitude can be attributed to the differ-
ences in soil organic matter and microbial activity between altitudes. Firstly, the disturbance
intensity of humans or tourism on forest vegetation and soil gradually decreased with
the increased altitudes in the Baotianman scenic spot; thus, the species diversity and com-
munity productivity tended to increase along the altitude gradient [26]. Therefore, both
the quantity and quality of organic matter input from plants to the soil at high altitudes
was higher than that at low altitudes, providing more substrates for N transformation [27].
Secondly, plant diversity is usually positively correlated with soil microbial diversity [28];
thus, higher microbial species and abundance could be expected for forest soils at high
altitudes. The phenomenon that NH;"-N content in cultivated soils reduced with the
enhanced altitude may be related to the characteristics of soil NH;"-N. Compared with
NO;~-N content, soil NH4*-N is easier to be absorbed and utilized by plants [5]. At high
altitudes, plant communities have a higher demand for NH,;*-N in soil due to the higher
abundance, which is conducive to the transfer of soil NH;*-N. Therefore, the content of
NH,4"-N in soils located at high altitude should be less than that at low altitude.

The soil N mineralization rate at 1030 m altitude was lower than that at 810 m, whereas
the value at 1240 m was significantly higher than that at 810 m and 1030 m altitude, which
directly led to the inconsistent pattern of the N mineralization rate along the altitude
gradient. This finding partly supported our first hypothesis. The relatively low soil N
mineralization rate at 810 m altitude could be attributed to the following two aspects.
Firstly, the pH value of soil at 1030 m and 810 m altitude was significantly lower than
that at 1240 m (Table 1), and the acidic soil may have inhibited the mineralization rate of
the soil [16]. Secondly, compared with other well-known mountains in China, the highest
altitude of the Baotianman is only 1800 m. Soil moisture at 810 m is lower than that at
1240 m, resulting from the higher air temperature and evaporation rate at low altitude;
thus, the lower soil moisture can also inhibit the soil N mineralization rate. However, the
soil N nitrification rate increased significantly with the elevated altitude (Figure 1), which
is consistent with the results by Hu et al. (2015) [25].

4.2. Effect of Trampling on Soil N Mineralization Rate

Compared with the non-trampled soils, trampled soil had a lower NO3~-N content,
which was consistent with the results under the trampled simulation experiment in the
grassland ecosystem conducted by Hou et al. (2003) [29]. However, Chai et al. (2019) found
that simulated trampling significantly increased the content of soil available N and the
mineralization rate of soil N [18]. The different responses may be related to the variations
in the ecosystem and climate types. On the one hand, tourism trampling led to a significant
increase in soil bulk density and a decrease in aeration, which in turn resulted in a decrease
in the number and activity of soil fauna and microorganisms [7]. On the other hand, the
bare land formed by tourist trampling was rarely covered by litter; thus, the litter input
and supplement to soil organic matter were very limited [18]. The organic N compounds
in soil organic matter are the main source of soil inorganic N [30]. Therefore, shortage
in litter input is also an important reason for the low content of soil nitrate N in trample
plots. However, the effects of trampling on soil NH;*-N content were not significant at all
altitudes, which may be ascribed to the relatively stable soil NH;*-N itself, which is not
easy to lose.

A meta-analysis on the relationships between grazing-induced trampling and the
soil N mineralization rate found that grazing led to a significant increase in the soil N
mineralization (30.6%) and nitrification rate (12.9%) [31]. In this study, however, we found
that tourist trampling reduced the differences in soil N mineralization and nitrification
rates between different altitudes, resulting in a trend of convergence. Significant differences
between altitudes were found on the effects of tourism trampling on the soil net N miner-
alization and the N nitrification rate. At 810 m and 1030 m, trampling showed a positive
effect on the soil net N mineralization rate; however, trampling resulted in a decrease in the
soil net N mineralization rate at 1240 m altitude. The trampling-induced increases in net N
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mineralization at 810 and 1030 m altitudes could be attributed to the enhanced inorganic N
content of soil retrieved after 30 days of field incubation (Table 2). Tourist trampling could
directly harden soil and increase soil bulk density. For one thing, to some extent, the setup
of PVC tubes for in situ incubation could improve the physical structure and permeability of
the compacted soil caused by tourist trampling, which may be favored for the activity of mi-
croorganisms related to N turnover in the soil (Figure 2). For another thing, compared with
the non-trampled soils, tourist trampling always led to a relatively low soil water content,
thus benefiting the maintenance and storage of mineralized inorganic N. The significant
differences between the trampled and non-trampled soil at 630 m could be attributed to the
substantial increase in soil inorganic N in non-trampled soil after incubation because the
value under trampled soil showed no differences between altitudes. As mentioned above,
the relatively high species diversity and community biomass at high altitude led to greater
soil organic N sources, providing more substrate for the transformation of inorganic N.

5. Conclusions

As one of the major human disturbance factors in forests, tourism trampling is com-
monly occurring in scenic spots, especially those characterized by natural landscapes,
and it is also a critical factor affecting the nutrient cycle of the ecosystem. Based on the
comparative study of soil N mineralization in Quercus variabilis forests located at different
altitudes, we found that tourism trampling led to a significant decrease in soil NO3;™-N
content across all altitudes but only led to a significant decrease in soil NH;*-N content at
low altitudes (810 m). In addition, tourism trampling resulted in a significant reduction in
soil N mineralization and nitrification rates only at high altitudes, whereas it promoted soil
N mineralization and nitrification rates at low altitudes. Soil microbial activity (MBC) is the
key environmental factor regulating the change in soil N mineralization and nitrification
rate on Funiu Mountain.
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