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Abstract
Aims This research investigated the acclimation of Ardisia crenata Sims var. bicolor at different elevations, and evaluated both soil and
plant responses to altitude.

Methods We collected rhizosphere soil and upper canopy leaves from this evergreen shrub during the plant blooming phase from six
different altitudinal ranges on the Gaoligong Mountain. We measured soil nutrients and enzyme activities. Spectrophotometry was used to
investigate twelve indicators of leaves, including the antioxidant enzyme activities.

Results Soil physicochemical analysis showed that soil pH was negatively correlated with altitude and decreased with soil depth, whereas
there were positive correlations between altitude and soil water content, organic matter, and soil nutrients, including organic carbon, total N,
and total P. Total K at high elevations showed an increase with soil depth but not significant. Soil urease, saccharase, amylase, catalase,
and peroxidase activities were significantly positively correlated with altitude and organic matter, and these enzymes were sensitive to
environmental changes. In contrast, specific enzyme activity provided more ecological information and responded more clearly to altitudinal
changes, thus playing a crucial role in the study of interactions between soil nutrients and enzymes. Ardisia crenata var. bicolor showed
significant differences in physiological compounds (except for anthocyanin); the concentrations of all compounds increased with altitude.

Conclusions Our results indicate that plant-soil interactions with elevation changes significantly affect plant distribution and restrict plant
growth and reproduction, which contribute to an understanding of the habitat and physiological characteristics and provide a theoretical
basis for the effective cultivation and management of this species.

Introduction
Ardisia crenata Sims var. bicolor (Primulaceae) is an evergreen understory shrub, found in tropical and subtropical hardwood forests. This
shrub produces an abundance of attractive red fruit and exhibits viviparous germination. After shedding, dense breeding areas (up to 300
stems per m2) are formed which, due to long-term natural selection in response to lower light penetration in the understory, maintain an
efficient population structure and improve the shade tolerance of the seedlings (Kitajima et al. 2006). Ardisia crenata var. bicolor is a highly
valued ornamental and medicinal plant. It is widely cultivated as an undergrowth companion species in gardens and as a house plant.
Medicinally, its phytochemical constituents possess significant anti-tumor, anti-cancer, and anti-inflammatory properties (Kobayashi and de
Mejía 2005; Liu et al. 2016; Ma et al. 2015; Podolak et al. 2019; Raina et al. 2014).

In recent years, wild sources of A. crenata var. bicolor have been heavily exploited and natural populations are rapidly declining, potentially
altering soil chemical properties and plant growth in these regions (Körner 2007). In general, changes in soil properties along altitudinal
gradients are thought to be caused by environmental factors including atmospheric pressure, temperature, rainfall, photoperiod, UV
radiation, and oxygen levels (Ahmad et al. 2016; Chen et al. 2014; Chen et al. 2018;

Terfa et al. 2014). In addition, various plants can alter certain physicochemical properties of the soil along altitudinal gradients, depending
on different vegetation types as well as root residues (Sundqvist et al. 2014; Ushio et al. 2010). The greater the vegetation abundance and
root secretions, the higher the soil organic carbon (SOC), nitrogen, and phosphorus content (Herold et al. 2014), and the greater the activity
of soil enzymes involved in the transformation and cycling of nutrients (Hedo et al. 2014). Soil enzymes are sensitive to environmental
changes. They act on substances produced by microorganisms or secreted from animal or plant residues in the soil ecosystem (Burns et al.
2013). Soil enzymes respond to soil nutrient levels and can be used as soil fertility indicators (Saggar et al. 1999; Trasar-Cepeda et al.
2008). The specific enzyme activity per unit of SOC (SOCE) is known to provide more ecological information and respond more accurately
to altitudinal changes than absolute enzyme activity (Raiesi and Beheshti 2014; Xiao et al. 2018; Zhang et al. 2015).

There is evidence of morphological variation in plants along altitudinal gradients. Sometimes these variations are based predominantly on
genetics, but more often they are environmentally based (Byars et al. 2007). Therefore, the changes in environmental factors that occur at
different altitudes provide an exploratory way to study the adaptability of plants (De Frenne et al. 2013). To deal with oxidative damage
under adverse environmental conditions, plants growing at different altitudes can regularly undergo physiological and metabolic changes
through mechanisms such as the antioxidant enzyme defense system and osmotic adjustments that protect cells from oxidative stress
through free radicle scavenging (Mittler 2002). These mechanisms help plants tolerate stress and acclimatize effectively (Cui et al. 2016).
Vegetation in areas with high biodiversity is directly and indirectly affected by anthropogenic actions and altitude, as occurs in the
Gaoligong Mountain region. We studied the physiological characteristics of A. crenata var. bicolor in this region as an index for the
evaluation of plant adaptive strategies. Given that the Gaoligong Mountain population of A. crenata var. bicolor is randomly distributed and
has high adaptability to the understory environment, several physiological indexes and the activity of a number of enzymes were measured
to elucidate how this species copes with oxidative stress. We tested the hypothesis that the physiological mechanisms of A. crenata var.
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bicolor and soil properties are significantly affected by altitudinal gradients on the Gaoligong Mountain, with a view to determining how
such a plant population functions at different altitudes.

Materials And Methods
Study area

Gaoligong Mountain is characterized by highly variable climatic conditions and a rich biodiversity. The study area was located on the east
slope of the Gaoligong Mountain, on the west side of the Nujiang river within Baoshan city (24°56'39″N–24°57'03″N, 98°45'17″E–
98°49'19″E), Yunnan province, southwest China (Fig. 1). The elevation of the area ranges from 670 m a.s.l. in the Nujiang river valley to
3520 m a.s.l. in the subalpine meadows, and it has a low-latitude plateau monsoon climate with a mean annual temperature of 12.8 ℃ and
an annual precipitation of 1,369.7 mm (according to 2016 records from the Gaoligong Mountain meteorological station). The diurnal
temperature variation is marked, and the area experiences distinct dry and wet seasons. The soil and

vegetation types are vertically distributed along the altitudinal gradient. The soils are red, yellow-red,

yellow-brown, brown, dark-brown, and subalpine shrub meadow soils, while the vegetation types

mainly include tropical monsoon rainforest, monsoon evergreen broad-leaved forest (< 1,700 m a.s.l.), humid evergreen broad-leaved forest
(1,800–2,600 m a.s.l.), coniferous forest (2,700–3,100 m a.s.l.), and alpine shrub vegetation and meadow (> 3,200 m a.s.l.).

Soil sampling

To evaluate the effects of elevation on soil properties and enzyme activity, A. crenata var. bicolor rhizosphere soil was sampled at six sites
along an altitudinal gradient, from low altitude tropical monsoon rainforest to the mid-mountain humid evergreen broad-leaved forest.
Sampling sites were located at elevations of 1,257 m, 1,538 m, 1,744 m, 1,970 m, 2,135 m, and 2,376 m a.s.l. and a geographical positioning
system was used to record altitude and aspect. Detailed descriptions of the sites are shown in Table 1. Three replicate 15 × 15 m plots were
selected at each site. For determination of soil physicochemical properties, undisturbed A. crenata var. bicolor rhizosphere soil in each plot
was collected from depths of 0–20 cm and 20–40 cm, using the S-type distribution method with a standard cutting ring. A total of five 2-kg
soil cores were collected from each plot and mixed into one composite soil sample by quartering and the removal of visible roots, rocks, and
litter. The samples were stored in polyethylene bags and labeled. For laboratory analysis, each mixed soil sample was divided into two
parts: one was kept at 4 ℃ for determination of enzyme activity, the other was air-dried, and then passed through a 0.25-mm sieve in
preparation for the analysis of soil physicochemical properties. All laboratory analyses of the prepared soil samples were repeated three
times.
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Table 1
Descriptions of the sampling sites

Site Vegetation type Altitude

(m)

Longitude

and
latitude

Direction
of slope

Soil
type

Dominated vegetation

1 Tropical monsoon
rainforest

1257 N24°56'54"

E98°49'19"

East brown
red

Machilus yunnanensis, Rhododendron delavayi,
Viburnum oliganthum, Quercus acutissima, Phyllanthus
emblica, Nephrolepis cordifolia, Rhododendron delavayi

2 Monsoon
evergreen broad-
leaved forest

1538 N24°56'60"

E98°48'33"

East Yellow
red

Cyclobalanopsis glauca, Castanopsis echnocarpa,
Gordonia axillaris, Viburnum oliganthum

3 Semi-humid
evergreen broad-
leaved forest

1744 N24°56'39"

E98°46'51"

Southeast Yellow
red

Cyclobalanopsis glauca, Castanopsis delavayi,
Castanopsis concolor, Quercus acutissima, Lithocarpus
hancei, Schima superba

4 Semi-humid
evergreen broad-
leaved forest

1970 N24°56'47"

E98°46'27"

Southeast Yellow
red

Cyclobalanopsis glauca, Castanopsis concolor, Quercus
acutissima

5 Mid-mountain
humid evergreen
broad-leaved forest

2135 N24°56'46"

E98°46'04"

East Yellow
brown

Cyclobalanopsis glauca, Lithocarpus glaber,
Rhododendron protistum, Sabina pingii, Fargesia
spathacea, Ternstroemia gymnanthera, Elaeagnus
pungens, Viburnum oliganthum, Betula forest,

Castanopsis concolo, Castanopsis orthacantha

6 Mid-mountain
humid evergreen
broad-leaved forest

2376 N24°57'03"

E98°45'17"

Southeast Yellow
brown

Lithocarpus hancei, Alcimandra cathcartii, Manglietia
insignis, Cyclobalanopsis glauca, Castanopsis hystrix,
Litsea cuosma, Gordonia longicarpa, Aidia shweliensis

Laboratory analyses

The soil physicochemical analyses were performed following the methods described in Chodak et al. (2015), including for soil organic
matter (OM). Soil water content (SWC) was calculated based on the weight of soil samples before and after oven-drying (at 105 ± 2 ℃) for
at least 72 h. Soil pH was measured using a potentiometric method in a 2.5:1 (w/v) ratio of substrate to distilled water suspension (De
Feudis et al. 2016). The SOC content was determined using H2SO4-K2Cr2O7 oxidation (Bao 2008). Total nitrogen (TN) was determined by
the Kjeldahl method (Brzezińska et al. 2011). Total phosphorus (TP) was determined calorimetrically after wet digestion with H2SO4-HClO4,
and total potassium (TK) was determined with a flame photometer (Bao 2008).

Soil enzyme activity assays were based on colorimetric determination of the products released by the enzymes. Soil urease (URE) activity
was measured by indophenol colorimetry with urea as the substrate, saccharase (SAC) activity was measured using the 3, 5-dinitrosalicylic
acid colorimetry method, and amylase (AMY) by anthrone colorimetry. Catalase (CAT) activity was measured using 0.3% hydrogen peroxide
solution as a substrate; the residual H2O2 was determined by titration with 0.02 M KMnO4 under acidic conditions. Peroxidase (POD) activity
was determined by pyrogallol colorimetry (Guan 1986; Ren et al. 2016). The SOCE was calculated by dividing enzyme activity by SOC
content to normalize the activity (Trasar-Cepeda et al. 2008; Zhang et al. 2015).

Plant sample collection and physiological attributes

Leaf samples were collected at the same six elevations as the soil samples. Expanded and intact fresh upper leaves of similar size and age
were collected in the blooming season (May 2019). Leaf sampling was replicated three times at each sampling site. The sampled leaves
were wrapped in aluminum foil and immediately immersed in liquid nitrogen. Subsequently, they were stored at − 80°C pending laboratory
analysis. Chlorophyll content was analyzed following Wellburn and Lichtenthaler (1984) after extraction in acetone (80%, v/v), and the
absorbance of chlorophyll a (Chl a), and chlorophyll b (Chl b) was measured at 663 and 645 nm using a UV-721 spectrophotometer. Total
chlorophyll (Chl t) concentration was calculated as follows: Chl t = 8.02 × OD663 + 20.20 × OD645. The anthocyanin content (ANT) of the
leaves was determined using the method described by Kim et al. (2011). The leaf protein content (PRO) was determined by the Coomassie
brilliant blue G-250 method which uses bovine serum albumin as a standard (100 µg·mL− 1). The soluble sugar (SS) content of the leaves
was determined following Li (2000) and the starch content (ST) was measured as the residue from the soluble sugar. To investigate the
enzymatic antioxidants superoxide dismutase (SOD), POD, and CAT, they were first extracted using 50 mM phosphate buffer (pH 7.8, 5 mL)
and centrifuged (8,000 × g) for 20 min. The activity of the supernatant enzymes was determined following Li (2000). Polyphenol oxidase
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(PPO) activity was measured by catechol oxidation, and phenylalanine ammonia-lyase (PAL) activity was determined following McCallum
and Walker (1990).

Statistical analyses

Statistical analyses were performed using Microsoft Excel and SPSS software (Version 21.0). The soil physicochemical properties, enzyme
activity, and plant physiological responses were compared with elevation by using a one-way ANOVA. A Pearson’s correlation was
conducted to evaluate the relationships between environmental factors, soil enzyme properties, and plant physiological characteristics.
Redundancy analysis (RDA) using CANOCO (v.5.0 for Windows) was performed to determine the associations between soil enzyme activity
and SOCE and plant physiological characteristics and soil nutrients. The means and standard deviations of three replicates per variable and
Tukey's post-hoc (P < 0.05) test were used to identify the values with significant differences.

Results
Variations in soil physicochemical properties along the altitudinal gradient

When we collected the soil samples, we found that the perennial populations of A. crenata var. bicolor at different altitudes showed no
significant differences in rooting depth. Roots were mostly distributed from 0–40 cm, indicating that altitudinal variation had little effect on
the growth of roots.

However, the soil physicochemical characteristics of mainly the yellow-red and yellow-brown soil types varied significantly with elevation
(Table 2). The soil pH was below 6.0 at all elevations (mean pH 5.12) and showed a decrease of 1.48 from low elevation (1,257 m a.s.l.) to
high elevation (2,376 m a.s.l.). There was a slight increase in pH with soil depth at all sites. Correspondingly, SWC varied
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Table 2
Soil physicochemical characteristics varied with altitudinal gradients

Altitude soil
layer

pH SWC

%

OM

(g/kg)

TN

(g/kg)

TP

(g/kg)

TK

(g/kg)

SOC

(g/kg)

C/N

1257m 0 ~ 
20cm

5.94 ± 
0.00aA

22.59 ± 
0.91dA

70.38 ± 
0.37dA

2.15 ± 
0.03dA

0.56 ± 
0.03dA

10.28 ± 
0.28dA

20.37 ± 
0.77fA

9.46 ± 
0.38dA

20 ~ 
40cm

5.98 ± 
0.00aA

24.03 ± 
0.90dA

44.51 ± 
0.26dB

1.93 ± 
0.05eB

0.55 ± 
0.02cA

9.34 ± 
0.17eB

14.74 ± 
0.25dB

7.62 ± 
0.15bcB

  mean 5.96 23.31 57.45 2.04 0.55 9.81 17.56 8.54

1538m 0 ~ 
20cm

5.55 ± 
0.01bA

33.67 ± 
1.53cA

71.45 ± 
0.79dA

4.12 ± 
0.06cA

0.64 ± 
0.01cA

12.14 ± 
0.27cA

23.83 ± 
0.11eA

5.78 ± 
0.09fA

20 ~ 
40cm

5.58 ± 
0.01bA

35.71 ± 
2.58cA

45.25 ± 
0.17dB

3.97 ± 
0.01bcB

0.63 ± 
0.03bA

11.87 ± 
0.16cA

22.03 ± 
0.51dB

5.55 ± 
0.11cA

  mean 5.57 34.69 58.35 4.05 0.64 12.01 22.93 5.67

1744m 0 ~ 
20cm

5.27 ± 
0.00cA

38.52 ± 
2.75cA

95.13 ± 
0.16cA

4.16 ± 
0.03cA

0.66 ± 
0.03cA

9.93 ± 
0.05dB

34.05 ± 
0.26dA

8.18 ± 
0.08eA

20 ~ 
40cm

5.30 ± 
0.01cA

40.15 ± 
2.23bcA

77.94 ± 
0.62cB

4.09 ± 
0.02bB

0.62 ± 
0.01bcA

10.86 ± 
0.19dA

27.34 ± 
11.37dA

6.67 ± 
2.73cA

  mean 5.29 39.34 86.53 4.13 0.64 10.40 30.70 7.42

1970m 0 ~ 
20cm

4.86 ± 
0.06dA

46.23 ± 
1.12bA

95.63 ± 
0.21cA

4.18 ± 
0.01cA

0.68 ± 
0.01cA

10.22 ± 
0.22dB

54.44 ± 
0.74cA

13.01 ± 
0.17cA

20 ~ 
40cm

4.89 ± 
0.02dA

47.7 ± 
0.79bA

78.34 ± 
0.24cB

3.87 ± 
0.05cB

0.67 ± 
0.01bA

11.11 ± 
0.15cdA

40.35 ± 
0.50cB

10.42 ± 
0.01bB

  mean 4.88 46.97 86.98 4.03 0.68 10.66 47.40 11.71

2135m 0 ~ 
20cm

4.52 ± 
0.01eA

57.89 ± 
4.44aA

215.05 ± 
1.51aA

4.70 ± 
0.14bA

1.02 ± 
0.04aA

13.99 ± 
0.65bA

74.6 ± 
0.73aA

15.86 ± 
0.33bB

20 ~ 
40cm

4.53 ± 
0.01eA

59.49 ± 
4.91aA

121.03 ± 
1.46bB

3.37 ± 
0.09dB

0.86 ± 
0.06aB

15.22 ± 
0.55bA

71.18 ± 
0.51bB

21.11 ± 
0.69aA

  mean 4.53 58.69 168.04 4.04 0.94 14.60 72.89 18.48

2376m 0 ~ 
20cm

4.46 ± 
0.01eA

61.80 ± 
2.50aA

162.81 ± 
0.64bA

5.62 ± 
0.07aA

0.86 ± 
0.03bA

17.15 ± 
0.16aB

104.43 ± 
0.73aA

18.6 ± 
0.34aB

20 ~ 
40cm

4.50 ± 
0.00eA

60.36 ± 
5.72aA

135.19 ± 
0.83aB

4.27 ± 
0.09aB

0.79 ± 
0.02aB

17.78 ± 
0.22aA

87.09 ± 
0.23aB

20.4 ± 
0.36aA

  mean 4.48 61.08 149 4.94 0.82 17.47 95.76 19.5

Different lower-case letters indicates a significant difference(P < 0.05)as determined by Tukey’s test among rhizosphere soil of A. crenata
Sims var. bicolor at different altitudinal gradients in the same soil layer; Different capital letters indicates a significant differences༈P < 
0.05༉among rhizosphere soil at the same elevation in different soil layers. SWC, soil water content; OM, organic matter; TN, total
nitrogen; TP, total phosphorus; TK, total potassium; SOC, soil organic carbon

significantly with elevation; however, there was no significant difference in SWC with increasing depth at any of the sites. Soil OM content
increased with elevation from 1,257 to 2,135 m a.s.l., where it reached a maximum of 215.05 g·kg− 1, which was slightly higher than the soil
OM of the site at the highest elevation. At all sites, soil OM decreased with depth. The values of several soil chemical properties varied with
altitude. The variation in TP content was consistent with that of OM, and the TN and TK content increased with elevation. At the highest
elevations, the concentration of TN was ~ 2.42 times higher, and the concentration of TK 1.78 times higher than those at the lowest
elevations (P < 0.05). The same trends in vertical distribution were identified for SOC and TN, and these soil nutrients decreased with depth
at all elevations. In contrast, TK increased with depth at higher elevations. The C/N ratio was lowest at 1,538 m a.s.l., after which it
increased, reaching its highest value at 2,376 m a.s.l.; it showed a clear increase with elevation.

Soil absolute enzyme activity and specific enzyme activity per unit soil organic carbon
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There were significant differences in enzyme activity with respect to elevation and to soil physicochemical properties. The activity of URE
and SAC tended to first increase and then decrease with elevation. Both these enzymes showed maximum activity in the 0 to 20-cm layer at
the 2,135 m a.s.l. site (URE: 10.18 mg·g− 1 and SAC: 4.89 mg·g− 1) (Fig. 2A, B). The activity of AMY, POD, and CAT showed significantly
positive correlations with elevation. All three of these enzymes showed maximum activity in the 0–20 cm layer at the highest elevation
(AMY: 7.69 mg·g− 1, POD: 474.97

mg·g− 1, and CAT: 3.02 ml·g− 1), and minimum activity at the lowest elevation (Fig. 2C–E). All the soil enzymes showed a significant
decrease in activity with soil depth. The SOCE of URE, SAC, AMY, POD, and CAT in the 0–20 cm layer increased and then decreased along
the altitudinal gradient (Fig. 2a–e). The POD/SOC values along the altitudinal gradient were significantly different and peaked at the 1,744
m a.s.l. site, whereas the URE/SOC and SAC/SOC values peaked at the 1,970 m a.s.l. site, and the AMY/SOC and CAT/SOC values peaked at
the 1,538 m a.s.l. site. Overall, SOCE decreased with soil depth at different elevations. Based on the Pearson correlation analyses, soil
physicochemical

properties (except for soil pH) and enzyme activity were strongly positively correlated with elevation. Significant negative correlations with
elevation were observed for AMY/SOC, POD/SOC, and CAT/SOC (P < 0.01), whereas URE/SOC and SAC/SOC showed no significant
correlations with elevation (Supplementary data, Table S1).

Correlations between soil physicochemical properties and enzyme activity

Principal Component Analysis was used to identify the relationships between the soil properties and enzyme activity (Table 3). Two
principal factors had a significant impact on the variance of the variables (88.06%). It was found that the first principal component (PC1)
correlated negatively with soil pH but positively with the other soil properties. The value of the second principal component (PC2) (10.94%)
mainly revealed a positive correlation with URE and SAC and a negative correlation with TK, pH, and SOC. In addition, the RDA ordination
biplot in Fig. 3A indicated a correlation between soil properties and enzyme activity and SOCE along the elevation gradient. Axis 1 and axis
2 of the RDA explained 99.6% and 0.03% of the total variation, respectively, and the eight environmental factors associated with the first two
axes could explain 99.7% of the soil enzyme activity characteristics. This was mainly determined by the first axis and could elucidate the
correlation between soil enzyme activity and environmental factors. The activity of SAC, CAT, AMY, POD, and URE was positively correlated
with TN, TP, TK, SOC, OM, SWC, and C/N, whereas enzyme activity was negatively correlated with pH. There was a negative correlation
between URE/SOC, AMY/SOC, CAT/SOC, and POD/SOC activity and soil nutrients. Among them, the OM content was the dominant factor
affecting the activity of CAT and AMY, and the SOC content mainly affected the POD activity.
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Table 3
Principal component analysis between soil properties and enzyme activity, plant physiological attributes

Elements Soil properties Elements Plant physiology

PC1(77.12%) PC2 (10.94%) PC1 (60.97%) PC2 (21.73%)

SWC 0.260 0.059 Chla 0.325 0.189

pH -0.261 -0.128 Chlb 0.340 -0.031

OM 0.254 -0.02 Chlt 0.337 0.114

TN 0.188 -0.007 a/b 0.043 0.548

TP 0.247 0.003 ANT 0.220 0.221

TK 0.233 -0.321 PRO 0.290 0.260

SOC 0.263 -0.101 SS 0.331 -0.089

C/N 0.255 -0.063 ST 0.228 0.344

URE 0.218 0.400 SOD 0.217 -0.346

SAC 0.258 0.150 POD 0.277 -0.170

AMY 0.255 0.033 CAT 0.264 -0.296

POD 0.256 0.009 PPO 0.251 -0.412

CAT 0.252 0.043 PAL 0.336 0.051

SWC, soil water content; OM, organic matter; TN, total nitrogen; TP, total phosphorus; TK, total potassium; SOC, soil organic carbon; URE,
soil urease; SAC, saccharase; AMY, amylase; POD, peroxidase; CAT, catalase; Chla, chlorophyll a; Chlb, chlorophyll b; a/b, Chla: Chlb; Chlt,
total chlorophyll; ANT, anthocyanin; PRO, protein; SS, soluble sugar; ST, starch content; SOD, superoxide dismutase; PPO, polyphenol
oxidase; PAL, phenylalanine ammonialyase.

Physiological responses of A. crenata var. bicolor associated with the altitudinal gradient

The thirteen physiological variables of A. crenata var. bicolor showed different sensitivities to the altitudinal gradient (Table 4). The Pearson
correlation analyses indicated that plant physiological properties were positively correlated with elevation (Supplementary data, Table S2).
The chlorophyll and anthocyanin content increased with elevation, whereas the chlorophyll a/b ratio first increased and then decreased
(2,376 m a.s.l.; 1.60); however, the anthocyanin content did not differ significantly (P > 0.05). The protein content in the leaves of A. crenata
var. bicolor increased significantly with elevation, peaking at 2,135 m a.s.l. and decreasing at 2,376 m a.s.l., but not significantly. The soluble
sugar and starch content of the leaves increased along the altitudinal gradient, reaching maximum amounts at 2,376 m a.s.l. (12.38%) and
at 1,970 m a.s.l. (8.97%), respectively, and then gradually decreased. The activity of SOD, POD, CAT, PPO, and PAL was consistent along the
altitudinal gradient. The activity of five of the enzymes was relatively high at the lowest altitude (1,257 m a.s.l.), which might be related to
frequent anthropogenic actions at this elevation. At higher elevations, SOD, CAT, and PPO activities decreased and then increased, peaking
at 2,376 m a.s.l., whereas the POD and PAL activity decreased slightly, but not significantly, compared to that at the 2,135 m a.s.l. elevation.
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Table 4
Plant physiological attributes of A. crenata Sims var. bicolor with elevations

Altitude Chla Chlb Chlt a/b ANT PRO SS ST SOD POD CAT PPO PAL

1257m 7.84 
± 
0.02d

4.75 
± 
0.01d

12.58 
± 
0.03d

1.65 
± 
0.00b

20.56 
± 
0.33a

6.97 
± 
0.01d

9.87 
± 
0.02d

4.16 
± 
0.07f

459.84 
± 
9.81ab

69.27 
± 5.77b

14.02 
± 
0.89b

256.85 
± 1.15b

127.88 
± 8.46b

1538m 7.87 
± 
0.01d

4.74 
± 
0.00d

12.62 
± 
0.01d

1.66 
± 
0.00b

20.84 
± 
0.19a

10.54 
± 
0.17c

9.99 
± 
0.03d

5.00 
± 
0.03e

452.19 
± 
21.57b

39.00 
± 1.12c

7.43 
± 
1.02c

181.95 
± 1.54d

123.96 
± 1.19b

1744m 11.13 
± 
0.03c

5.84 
± 
0.01c

16.96 
± 
0.03c

1.90 
± 
0.00a

20.95 
± 
0.13a

11.61 
± 
0.57b

10.53 
± 
0.01c

5.70 
± 
0.01d

437.06 
± 
41.22b

27.09 
± 1.08c

5.04 
± 
0.65d

132.25 
± 2.39e

134.05 
± 
15.22b

1970m 11.11 
± 
0.02c

5.84 
± 
0.01c

16.94 
± 
0.03c

1.91 
± 
0.01a

21.02 
± 
0.12a

12.48 
± 
0.54b

10.59 
± 
0.12c

8.97 
± 
0.04a

428.95 
± 
27.36b

74.77 
± 2.84b

14.45 
± 
0.27b

205.63 
± 7.97c

155.67 
± 
4.77ab

2135m 13.11 
± 
0.04a

6.89 
± 
0.14b

19.99 
± 
0.18b

1.90 
± 
0.03a

21.12 
± 
0.32a

13.98 
± 
0.11a

11.28 
± 
0.09b

7.59 
± 
0.08b

486.87 
± 
15.67ab

103.42 
± 
12.41a

15.38 
± 
0.27b

265.84 
± 2.75b

175.83 
± 2.98a

2376m 12.76 
± 
0.02b

7.96 
± 
0.02a

20.72 
± 
0.03a

1.60 
± 
0.00c

21.10 
± 
0.35a

13.43 
± 
0.18a

12.38 
± 
0.17a

6.45 
± 
0.09c

520.20 
± 
12.25a

91.73 
± 3.23a

19.59 
± 
0.72a

394.43 
± 6.14a

173.07 
± 
12.76a

Different lower-case letters indicates a significant difference(P < 0.05)among physiological attributes of A. crenata Sims var. bicolor
determined by one-way ANOVA.

Chla, chlorophyll a; Chlb, chlorophyll b; Chlt, total chlorophyll; a/b, Chla: Chlb; ANT, anthocyanin; PRO, protein; SS, soluble sugar; ST,
starch content; SOD, superoxide dismutase; POD, peroxidase; CAT, catalase; PPO, polyphenol oxidase; PAL, phenylalanine
ammonialyase.

Principal component analysis of the plant traits showed that 82.70% of the total variance was explained by the first two principal
components (Table 3). Of the total variance, PC1 explained 60.97% and the main explanatory variables were chlorophyll, sugar content, and
PAL. Similarly, PC2 explained 21.73% of the variance and was largely related to a/b ratio, PPO, starch content, and SOD. In this study, the
response of A. crenata var. bicolor leaf physiological traits to soil factors was analyzed by RDA. Axis 1 and axis 2 explained 87.7% and 4.7%
of the total variation, respectively (Fig. 3B). The cumulative variation was 95.1%, which could reflect the relationships between plant
physiological traits and soil factors. Axis 1 of the RDA reflected a positive correlation between soil TN, TP, TK, OM, SOC, SWC, C/N, and the
physiological traits of A. crenata var. bicolor leaves, but the correlation of TN was relatively weak. Axis 2 of the RDA mainly reflected the
negative correlation between physiological traits and pH. The RDA ordination biplot showed the different responses of physiological traits
to soil factors. The OM content and TP were the dominant factors affecting the activity of PAL, whereas SWC affected the Chl t content, the
C/N ratio was related to the POD activity, the SOC content mainly affected the Chl b content and CAT activity, and the content of TK mainly
affected SOD activity and SS synthesis and accumulation.

Discussion
On forested mountains, altitude represents a complex gradient related to the function of the forest ecosystem and soil nutrient limitations
as altitude changes. Carbon and nitrogen play an important role in both climate change and plant growth, and dynamic changes in soil
carbon and nitrogen content could indicate human disturbance in forest ecosystems, thus the quantification of these substances could
provide insights into interactions among drivers, pressures, states, and responses to environmental change. Several studies have reported
that the larger the stock of SOC and TN, the greater the contribution to climate change (Dar and Somaiah 2015; Gebrehiwot et al. 2018;
Parras- Alcántara et al. 2015). In tropical forests or dry-hot valley regions, SOC, TN, and TP increased with elevation (Nottingham et al. 2015;
Xiao et al. 2018), a trend which was mainly associated with elevation-linked variation in precipitation and temperature, and restricted the
decomposition of plant litter and the cycling of OM (Du et al. 2014). On the Gaoligong Mountain we observed that soil OM accumulates on
the forest floor and that TN, TP, and TK in A. crenata var. bicolor rhizosphere soil, sampled under shrubs at different altitudes, increased
significantly with elevation, a finding consistent with that of Yu et al. (2014). Climate changes occur along the entire altitudinal gradient on
the Gaoligong Mountain; however, anthropogenic disturbances, excavation, and livestock trampling are most serious at lower altitudes,
causing soil compaction and decreasing the available oxygen and soil nutrient and SOC content. A high C/N ratio at high altitude indicated
that litter decomposition decreased in correlation with the production and long-term accumulation of SOC content which can be more
affected by altitude than by soil texture (Zinn et al. 2018). McKinley et al. (2008) also indicated that shrub-type plants could increase carbon
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availability and contribute to increased soil quality. Therefore, differences in physicochemical properties appear to be correlated with
elevation and above-ground vegetation litter.

Pearson correlation analysis showed a strong positive correlation of enzyme activity with SWC, OM, SOC, and other nutrients, a finding
consistent with Moghimian et al. (2017), and there were significant differences in enzyme activity with altitude (Supplementary data, Table
S1). The lower enzyme activity at lower altitudes could be linked to reduced secretion of root and organic residues together with the
anthropogenic exploitation and livestock trampling of A. crenata var. bicolor, which is detrimental to the transformation and accumulation
of soil enzymes. When the significantly high soil enzyme activity at high altitude was compared to that at low altitude, a decreasing trend
with increasing soil depth was observed. In relation to vegetation type, there was a descending order of enzyme activity from mid-mountain
humid evergreen broad-leaved forest to semi-humid evergreen broad-leaved forest to monsoon evergreen broad-leaved forest to tropical
monsoon forest. Among the enzymes assayed, URE, SAC, AMY, POD, and CAT activity mediated soil OM degradation, transformation, and
mineralization, and increased with the increase in organic residues. Therefore, it appeared that OM content greatly affected
physicochemical properties and soil nutrients, the distribution of which might explain changes in enzyme activity in the soil profile. Among
the enzymes, SAC was the most sensitive, and SAC activity was 5.34 and 7.38 times higher in the topsoil and subsoil layers, respectively, at
high altitude (2,376 m) than at low altitude (1,257 m). It is unclear whether SAC sensitivity was caused by the activity of the enzyme itself or
by the soil microbial biomass and OM (Wang et al. 2012). Enzyme activity can also significantly affect the decomposition of soil OM and
thus, influence the storage and cycling of carbon and nitrogen (Cenini et al. 2016). Soil enzyme activity and SOC decreased with soil depth,
but the rate of decrease in enzyme activity was higher than that for SOC, which might be caused by the slow decrease of SOC. The SOC/TN
ratios of the soils from A. crenata var. bicolor habitats ranged widely (5.55–20.40). Consequently, the mineralization of the organic
substance may have been slowed. According to the Pearson correlation analysis, C/N showed no significant correlation with TN, and was
mainly affected by SOC (Supplementary data, Table S1). Purahong et al. (2016) found that the most important factors affecting soil
enzyme activity were tree species traits, followed by soil properties. Ayres et al. (2009) also showed that plants have species-specific effects
on soil properties. This finding reflects that tree species may affect soil physicochemical properties in forest ecosystems and alter the
quantity and quality of leaf litter via root activities.

Although soil absolute enzyme activity is sensitive to environmental changes, measures of specific enzyme activity provided more
ecological information and responded more clearly to changes in altitude than the absolute enzyme activity (Raiesi and Beheshti 2014; Xiao
et al. 2018). Our results indicate that the altitudinal gradient affected the SOCE of A. crenata var. bicolor habitats. This may be because the
destruction of soil structure decreased with elevation, which might have increased soil enzyme activity by increasing the potential for
contact between SOC and soil enzymes. Similarly, OM may also have influenced SOCE at different elevations. The high SOCE may have
resulted from the low OM content in the soil, which was also related to other factors such as vegetation and enzyme species (Wang et al.
2012).

In this study, the changes in SOCE (URE/SOC and SAC/SOC) were similar to that of soil absolute enzyme activity (Fig. 2a, b), initially
increasing and then decreasing, whereas AMY/SOC, POD/SOC, and CAT/SOC showed responses opposite to those of soil absolute enzyme
activity, decreasing with soil depth. This result shows that topsoil nutrients are mainly affected by plant litter and root exudates, and that
deeper soil might be restricted by a lower soil nutrient and microbial biomass (Stone et al. 2014). In addition, SOCE is significantly correlated
with changes in soil aggregates (Dungait et al. 2012), and SOC change could be used as a response index to reflect vegetation restoration
(Xu et al. 2020). Therefore, studying SOCE may play a significant role in studying the interactions of soil nutrients and enzymes, and it may
serve as a better tool for elucidating soil enzyme activity. Owing to a lack of temperature and precipitation data along the altitudinal
gradient on Gaoligong Mountain, we were not able to analyze the effects of these two environmental factors on the distribution pattern of
enzyme activity and SOC. However, the effect was deduced indirectly by correlation analysis with altitude and was found to be greater in the
upper than in the lower soil layer.

Regarding the similar stand densities at different altitudes, a more open canopy and higher penetration of light were found with increasing
altitude. Chlorophyll content is positively associated with photosynthetic capacity, nutrient condition, and elevation, which are sensitive to
environmental factors. Light intensity, particularly, can decrease chlorophyll content by slowing chlorophyll synthesis or accelerating
decomposition (Hazrati et al. 2016). In the present study, the Chl t increased with altitude, which might reflect the accumulation of
photosynthetic pigment under restrictive growth conditions. However, the Chl a: Chl b ratio was significantly higher at 1,744–2,135 m a.s.l.
in the humid evergreen broad-leaved forest than at other altitudes, indicating that this altitude range may be more suitable for the growth of
A. crenata var. bicolor. The Chl a: Chl b ratio decreased to its lowest level at 2,376 m a.s.l., which represents the growth tolerance extreme of
A. crenata var. bicolor on the Gaoligong Mountain. This finding may be related to a decrease in Chl a and photosynthesis and an increase in
photoinhibition as an adaptive response to avoid the damage caused by environmental stress. In addition, the upper and lower canopy
leaves have different acclimation adaptations. The morphological, physiological, and biochemical characteristics of lower canopy leaves
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were modified along the elevation gradient to cope with changing conditions (Rajsnerová et al. 2014). Such leaf adaptation plasticity could
cause significant variation in the photosynthesis of shrub canopies and its contribution to the overall physiological balance of the plant.

Soluble protein and sugar are considered important osmotic regulators during abiotic stress and can be induced by multiple environmental
factors, either directly or indirectly. In this study, several carbohydrates were correlated with altitude, and the protein content in A. crenata var.
bicolor leaves increased and leveled off with the increase in altitude, where the average content at 2,376 m a.s.l. was slightly lower than that
at 2,135 m a.s.l. but not significantly different. Soluble sugar accumulation increased with elevation, and the maximum sugar content
(12.38%) was recorded in leaves at the highest altitude. Starch content peaked at 1,970 m a.s.l., and then decreased, which might reflect the
conversion of starch to sucrose at high altitude and a response to coping with low temperatures. Sugar replaces water molecules and
establishes hydrogen bonds with lipid molecules in plants at high altitudes and acts as a defense mechanism, thus protecting cell
membrane structures from cold stress (Basu et al. 2007; Ruelland et al. 2009). Therefore, carbohydrate accumulation will stabilize cell
membranes, increase cellular liquid concentrations, reduce osmotic potential, and directly control and activate the resistance genes and/or
metabolic pathways linked to different environmental pressures (Kosová et al. 2018).

Frequent human activities and excavation at low altitude can enhance enzyme activity in leaves. The activity of SOD, POD, CAT, PPO, and
PAL was significantly positively correlated with altitude, which suggests that the plant has a different reactive oxygen species scavenging
capacity at different altitudes. The RDA revealed the different physiological responses of A. crenata var. bicolor along the altitudinal
gradient, which indicated the important role played by physiology in adaptation to the environments on the Gaoligong Mountain. The
variation in species habitat was primarily controlled by elevation and soil conditions, whereas the altitudinal gradient negatively affected the
adaptive mechanisms and survival strategies of A. crenata var. bicolor on the Gaoligong Mountain. In this study, we did not consider
interaction factors like species composition, diffusion path, biological interaction, and productivity that influence the structure and
composition of forests.

Conclusions
The current investigation suggests that altitudinal gradient significantly affects soil properties and the plant physiological attributes of A.
crenata var. bicolor on the Gaoligong Mountain, which can be used as an index for understanding plant responses to altitudinal change. Soil
nutrient content and enzyme activity increased with altitude and decreased with soil depth. The physiological compound content in the
leaves was greater at high altitude, including more photosynthetic pigments and carbohydrates. Enzyme activity in the leaves increased in
response to oxidative stress, most likely due to adaptive strategies to cope with environmental and other abiotic factors which might induce
cold damage and limit the growth range of A. crenata var. bicolor. At low altitude, anthropogenic disturbances, excavation, and livestock
trampling also increased enzyme activity in the leaves. In addition, plants can alter certain physicochemical characteristics of the soil, which
depend on the vegetation types and residues along the altitudinal gradient. Through plant habitat range assessment, and by investigating
whether the underlying physiological mechanisms of understory plants are a response to altitude or soil properties, habitat and
environmental adaptation was revealed. Further studies should investigate how plant photosynthetic characteristics and phytohormones
are affected by altitudinal gradients.
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OM, organic matter; SWC, soil water content; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; TK, total potassium; URE, soil
urease; SAC, saccharase; AMY, amylase; CAT, catalase; POD, peroxidase; SOCE, specific enzyme activity per unit soil organic carbon; Chl a,
chlorophyll a; Chl b, chlorophyll b; Chl t, total chlorophyll; ANT, anthocyanin; PRO, protein; SS, soluble sugar; ST, starch content; SOD,
superoxide dismutase; PPO, polyphenol oxidase; PAL, phenylalanine ammonia-lyase; RDA, Redundancy analysis.
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Figures

Figure 1

Location of study area
Note: The designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country, territory, city or area or of its authorities,
or concerning the delimitation of its frontiers or boundaries. This map has been provided by the authors.
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Figure 2

Soil absolute activities and specific enzyme activities per unit of SOC at different elevations and soil layers in the Gaoligong Mountain.
Different letters indicate significant differences along the elevation gradients and layers (P < 0.05).
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Figure 3

Redundancy analyses of the soil enzymatic activities and activities per unit of SOC (A), plant physiological characteristics (B) and
environmental factors of A. crenata Sims var. bicolor
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