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Abstract

Background
Long-term afforestation of different tree species strongly changes the soil physicochemical and
biological properties. However, how tree species through litter quality and soil enzyme activities affect the
succession of soil nutrients is still unclear in the dryland plantations. In this study, samples of surface
soil (0–20 cm) and woody litter were collected from 55 years Caragana korshinskii, and 50 years
Armeniaca sibirica, Populus hopeiensis, Platycladus orientalis, and Pinus tabulaeformis, and the natural
grassland, and tested for the carbon, nitrogen, phosphorus, and potassium contents, as well as the soil
sucrase (SC), urease (UE), and alkaline phosphorus (ALP) activities.

Results
We found that long-term dryland plantations increased soil total carbon (TC) by 1.69%-28.42%, but
signi�cantly decreased soil total phosphorus (TP) and total potassium (TK) by 11.87%-30.58% and
4.69%-8.25%. The C. korshinskii signi�cantly increased soil TC, organic carbon (OC), total nitrogen (TN),
available nitrogen (AN), available potassium (AK), UE, and ALP by 28.42%, 56.08%, 57.41%, 107.25%,
10.29%, 11.00%, and 107.81%, respectively, and also raised soil available phosphorus (AP) by 18.56%;
while the P. orientalis signi�cantly decreased soil TN, TP, AP, TK, AK, and UE by 38.89%, 30.58%, 76.39%,
8.25%, 8.33%, and 18.97%, respectively, and also reduced soil SC and ALP by 3.84% and 25.32%,
compared to those in grassland. In addition, the C. korshinskii produced high-quality litter with lower
carbon, the highest nitrogen and phosphorus, and higher potassium contents than those of P. orientalis.
The litter chemical properties and soil enzyme activities together explained 62.2% of the total variation of
soil nutrients, especially the litter phosphorus (LP) and soil ALP. Therefore, the tree species, LP, and soil
ALP were key factors driving soil nutrient succession in dryland plantations. And the signi�cantly positive
coupling relationship between nitrogen and phosphorus in the "litter-enzyme-soil" system revealed that
the improvement of nitrogen level promoted the phosphorus cycle of the ecosystem.

Conclusions
This study suggests choosing leguminous tree species with high-quality litter to establish plantations in
the phosphorus-limited dryland, which will improve soil nutrients and alleviate nutrient limitations by
adjusting soil enzyme activities.

Introduction
The global arti�cial forest area has reached 2.78×106 km2 in 2015 (Keenan et al. 2015), and afforestation
is considered an effective measure to alleviate soil erosion and land degradation (Chen et al. 2015; Deng
et al. 2017). The conversion from non-forestlands to arti�cial forestlands has signi�cantly changed
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above-ground vegetation and the biological community and physicochemical properties of the soil (Chen
et al. 2016; Li et al. 2018). The temporal dynamics and differences of soil nutrients in plantations of
different tree species along the afforestation chronosequences have been extensively studied (Gei and
Powers 2013; Zhang et al. 2018a). After afforestation, plantations promote the accumulation of litter
while stimulating soil biological activities and producing more enzymes (Nouvellon et al. 2012; Yuan and
Yue 2012). However, the effects of litter as a supplementary source of soil nutrients and enzymes as
indicators of soil fertility on the succession of soil nutrients in plantations are rarely considered.
Therefore, whether and how litter of different tree species and soil enzyme activities drive soil nutrients in
plantations remains to be studied.

The effects of different tree species plantations on soil nutrients are quite different on a global scale, for
example, broad-leaved tree species promote soil available phosphorus increase (7–18%), while
coniferous tree species cause uncertain changes in soil available phosphorus (-3%-16%) (Deng et al.
2017). The impact of these different tree species on soil nutrients may be regulated by litter quantity and
quality because litter plays an important role in soil nutrient cycling (Laughlin et al. 2015; Zhang et al.
2018a). Large numbers of litter addition experiments have proved that the presence of litter had a
positive effect on soil nutrients (McGrath et al. 2000), and litter mixing experiments of different species
showed that the chemical properties of litter were closely related to soil nutrients (Chomel et al. 2016).
Therefore, the litter is the key to the nutrient cycling in the forest ecosystems (Chen et al. 2000). The
nitrogen and nitrogen-phosphorus ratio in litter signi�cantly affected soil nutrient properties by controlling
litter decomposition rate (Zhang et al. 2018a). McGrath et al. (2000) explored the in�uences of litter
quality of different species on soil phosphorus availability, and pointed out that phosphorus-rich leaf litter
released more phosphorus to increase soil phosphorus availability, and vice versa reduce soil phosphorus
availability. Thus, in the process of ecological restoration of plantations, it is of great signi�cance to
clarify the effects of litter chemical properties of different tree species on soil nutrients for the selection of
afforestation tree species and the management of plantations.

Enzymes participate in the litter decomposition process and change the chemical element cycle of the
ecosystem (Zhao et al. 2018), for example, sucrase, urease, and phosphatase respectively hydrolyze
sucrose, urea, and phosphate monoester to produce glucose and fructose, ammonia and carbon dioxide
or ammonium carbonate, and phosphate anion (Guan et al. 1986). Many studies have reported that soil
enzyme activities were regulated by temperature, moisture, pH, plant biomass, tree species and microbial
communities, which in turn affected soil nutrients (Donald A'Bear et al. 2014; Li et al. 2020). Soil enzyme
activities were signi�cantly correlated with soil nutrients, and had the potential to indicate soil quality and
nutrient balance (Zhang et al. 2018b). The soil soluble organic carbon, soluble organic nitrogen and
available phosphorus increased signi�cantly with the increase of soil catalase, saccharase, urease, and
alkaline phosphatase activities in legume plantations (Ren et al. 2016). The stoichiometry of soil carbon,
nitrogen, and phosphorus-acquiring enzyme activities can reveal the limiting elements affecting the
growth of plant and microbes (Zhao et al. 2018). In natural Quercus wutaishansea forests, the lower
β-1,4-glucosidate and β-1,4-N-acetylglucosaminidate ratio and β-1,4-glucosidate and alkaline
phosphatase ratio represented greater nitrogen and phosphorus demand, respectively (Bai et al. 2021).
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However, in long-term dryland plantations, how soil enzyme activities respond to the effects of different
tree species on soil nutrients is unclear due to differences in litter speci�city and site conditions.
Therefore, understanding the relationship between soil enzyme activities, litter properties, and soil
nutrients is the key to exploring the changing mechanism of soil fertility in dryland plantations.

The total area of the Loess Plateau in China is about 6.28×105 km2, spanning the semi-humid, semi-arid
and arid areas, and the expansion of farmland and the reduction of vegetation have caused serious soil
erosion problems (Zou and Luo 1997). Since 1950, large-scale afforestation activities have been carried
out in the Loess Plateau, especially the "Grain for Green project" in 1999 (Chen et al. 2015). Caragana
korshinskii, Armeniaca sibirica, Populus hopeiensis, Platycladus orientalis, Pinus tabulaeformis, etc. are
common afforestation tree species in the Loess Plateau because of their nitrogen �xation, drought
resistance and/or rapid growth characteristics (Zou and Luo 1997). Many studies have focused on the
changes of litter decomposition, soil enzyme activities, and nutrient properties and in plantations in semi-
humid area (Wang et al. 2012; Zhang et al. 2018b; Zhang et al 2018c). However, in dryland plantations,
the effects of different tree species on soil nutrients may be small and slow, and the soil nutrients
response to litter properties and soil enzymes may be different compared to that in other regions.
Therefore, the objective of this study was to (1) compare the changes in soil nutrients of different tree
species plantations after long-term afforestation, (2) analyze the differences in the litter chemical
properties and soil enzyme activities of different tree species plantations, and (3) reveal the relationship
among the litter chemical properties, soil enzyme activities and soil nutrients in dryland plantations. We
hypothesized that long-term afforestation promoted the increase of soil nutrients and enzyme activities,
but may be reduced by the in�uence of evergreen tree species. Due to the phosphorus limitation in the
Loess Plateau (Zhang et al. 2021), we predicted that the litter phosphorus content and alkaline
phosphatase were important factors that determined the succession of soil nutrients in dryland
plantations.

Materials And Methods
Study area

The study site is located at the Gongjing Forest Farm (104.3°E, 35.9°N) in Yuzhong County, Gansu
Province, western Loess Plateau, China. The Gongjing Forest Farm was established in 1959, with about
86 km2 and an average altitude of 2250 m. The forest farm is located in a semi-arid area and has a
temperate continental monsoon climate. Average annual precipitation is 381 mm, annual average
temperature is 7.2 °C (1985-2019), and more than 50% of annual precipitation is concentrated in May to
September. Over the past 35 years, average annual precipitation and temperature showed an increasing
trend. The soil type is loessial soil (Calcaric Cambisol, FAO classi�cation), with no gravel. The plantations
are pure forests, including C. korshinskii, A. sibirica, P. hopeiensis, P. orientalis, and P. tabulaeformis.
Before afforestation, plantations plots had the same agricultural cultivation activities.

Experimental design
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Under similar soil and climatic conditions, analyzing the changes and interactions of plants and soil is a
widely used method in ecological research (Bhojvaid and Timmer 1998; Jaiyeoba 1998). In this study, we
selected C. korshinskii (55 years), A. sibirica (50 years), P. hopeiensis (50 years), P. orientalis (50 years),
and P. tabulaeformis (50 years) plantations as study plots, and a natural grassland near the plantations
as a reference plot. The distance between different plantations and the grassland is less than 10 km, and
their abiotic factors are consistent, so it can be considered that plants are the key factors affecting soil
nutrient cycling (Delgado-Baquerizo et al. 2013). The dominant species of the grassland were Artemisia
ordosica and Festuca ovina, and the community height was about 10 cm. The detailed information of
plantations and grassland were shown in Table 1. In each vegetation type, 5 replicate sample squares
with the distance of more than 30 m from each other were randomly set up, including plantation squares
(10 m×10 m) and grassland squares (1 m×1 m). Vegetation has the greatest impact on the surface 0-20
cm soil (Goebes et al. 2019), so we collected the surface 0-20 cm soil. The soil was collected in early July
2019, and the woody litter was collected in early October 2019. In each sample square, soil and litter
samples were collected according to the diagonal method (5 points) and mixed them.

Litter and soil sampling

Before collecting soil samples, �rst removed litter, herbs and crusts, and then used a 5 cm soil drill to
obtain the 0-20 cm soil. After thoroughly mixing the soil at 5 points, removed the plant residues and
divided them equally into 3 parts. The �rst part soil sample was packed in an aluminum box to determine
soil water content. The second part soil sample was air-dried in a natural environment without light and
passed through a 2 mm sieve to determine the chemical properties, pH, and particle composition of the
soil. The third part soil sample was stored at 4 ℃ for determination of soil enzyme activities.
Simultaneously, at the center of each sample square, a steel cylinder (ring knife) with a volume of about
100 cm3 was used to collect a portion of the soil that remained intact and determine the soil bulk density
(Zhang et al. 2018c). 120 soil samples were obtained: 6 study plots × 5 replicate squares × 4 parts
(determining different properties). In addition, the leaf litter of woody plants was collected form each
plantation square, dried and crushed, and a total of 25 litter samples were obtained.

Measurement of litter and soil properties

Using the combustion method determined litter carbon (LC, g·kg-¹) and nitrogen (LN, g·kg-¹) and soil total
carbon (TC, g·kg-1) and nitrogen (TN, g·kg-¹), tested by the Elementar vario MACRO cube Organic Element
Analysis (Germany Elementar) (Zhao et al. 2018). Litter phosphorus (LP, g·kg-¹) and soil total phosphorus
(TP, g·kg-¹) and were measured using the molybdenum antimony colorimetric method after litter was
digested with the concentrated sulfuric acid and hydrogen peroxide and soil was digested with the
concentrated sulfuric acid and perchloric acid (Bao 2000). The LP and TP were test by the Smartchem
140 Automatic discontinuous chemical analyzer (France Alliance). Litter potassium (LK, g·kg-1) and soil
total potassium (TK, g·kg-1) were measured using the �ame atomization method after digestion (Cao et
al. 2007), and tested by the TRACE AI1200 Atomic Absorption Spectrometer (Canada Aurora).
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Using the potassium dichromate external heating method determined soil organic carbon (OC, g·kg-1).
After soil was leached by potassium chloride, using the indophenol blue colorimetric method and the
phenol disulfonic acid colorimetric method determined the soil ammonium nitrogen and nitrate nitrogen.
Soil available nitrogen (AN, mg·kg-1) was de�ned as the sum of soil ammonium nitrogen and nitrate
nitrogen. Soil available phosphorus (AP, mg·kg-1) was measured using the molybdenum antimony
colorimetric method after sodium bicarbonate leaching (Bao 2000). The AN and AP were tested by the
Smartchem 140 Automatic discontinuous chemical analyzer. Soil available potassium (AK, mg·kg-1) was
measured using the �ame atomization method after ammonium acetate leaching (Cao et al. 2007), and
tested by the TRACE AI1200 Atomic Absorption Spectrometer.

The soil samples in the steel cylinder and aluminum box were dried and weighed to determine the soil
bulk density (BD, g·cm-3) and soil water content (SWC, %). BD was equal to the ratio of the dry soil mass
to 100 cm3, and SWC was equal to the 100 × the ratio of soil water mass to dry soil mass (Zhang et al.
2018c; Zhao et al. 2018). Using a pH meter to determine the soil pH in a 1:5 w/v soil-water �ltration
solution (Zhang et al. 2018c).

Measurement of soil enzyme activities

The soil enzyme activities were measured using fresh soil samples stored at low temperature and
converted into dry soil enzyme activities through SWC. The 3,5-dinitrosalicylic acid colorimetry method,
indophenol blue colorimetry method and phenol colorimetric method by a spectrophotometer was used to
determine soil sucrase (SC, mg·d-¹·g-¹), urease (UE, mg·d-¹·g-¹) and alkaline phosphatase (ALP, mg·d-¹·g-¹),
respectively (Guan et al. 1986).

Statistical analysis

A one-way ANOVA and a least signi�cant difference (LSD) multiple comparison test (P<0.05) were used
to compare the differences in soil physicochemical properties, enzyme activities, and litter chemical
properties of different tree species plantations. A redundancy analysis (RDA) was used to estimate the
contribution of effect variables (litter chemical properties and soil enzyme activities) on response
variables (soil nutrients). A bivariate correlation analysis was used to explore the relationship among litter
chemical properties, soil enzyme activities and soil nutrients. In this study, SPSS 17.0, OriginPro 2021 and
CANOCO 4.5 were used for data analysis and charting.

Results
Soil physicochemical properties

The soil BD, pH, and SWC were signi�cantly different between �ve plantations and grassland (Table 2).
Compared with grassland, plantations reduced soil BD and SWC by 3.36%-17.65% and 3.81%-61.7%, and
soil pH varied from 8.05 in grassland to 7.87 in P. tabuliformis plantations. The soil BD of P. orientalis, A.
sibirica, and P. tabuliformis was signi�cantly greater than that of C. korshinskii and P. hopeiensis
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(P<0.05). The highest SWC (13.89%) was observed in the P. hopeiensis plantation, which was higher than
that of C. korshinskii, A. sibirica, P. orientalis, and P. tabuliformis by 14.54%, 56.52%, 60.19%, and 37.01%,
respectively. The lowest SWC (5.53%) was observed in the P. orientalis plantation, which was signi�cantly
lower than that (11.87%) of C. korshinskii plantation by about 50% (P<0.05). The soil pH of C. korshinskii,
P. hopeiensis and P. orientalis was signi�cantly greater than that of P. tabuliformis (7.87).

The effects of different tree species plantations on soil carbon, nitrogen, phosphorus, and potassium
were shown in Figure 1. The soil TP and TK in plantations were signi�cantly lower than those in
grassland by 11.87%-30.58% and 4.69%-8.25% (P<0.05), but the soil TC in plantations was higher than
that in grassland by 1.69%-28.42%. The soil TC, TN, OC, AN, and AK of the C. korshinskii pantation were
37.96 g·kg-1, 1.70 g·kg-1, 15.96 g·kg-1, 15.12 mg·kg-1, and 71.77 mg·kg-1, respectively, and signi�cantly
higher than those in grassland by 28.42%, 57.41%, 56.08%, 107.25%, and 10.29%(P<0.05), and its soil AP
also increased by 19%. But the soil TN, TP, AP, TK, and AK of the P. orientalis plantation decreased
signi�cantly by 38.89%, 30.58%, 7.64%, 8.25%, and 8.33% relative to those in grassland. Except for C.
korshinskii and P. orientalis plantations, the soil AP of grassland (2.41 mg·kg-1) was signi�cantly higher
than that of A. sibirica, P. hopeiensis, and P. tabuliformis plantations by 82.26%, 162.15%, and 61.04%,
respectively (P<0.05). There was no signi�cant difference in soil OC and AN between grassland, A.
sibirica, P. hopeiensis, and P. tabuliformis plantations, and no signi�cant difference in soil TC, TN, and AK
between grassland, A. sibirica, and P. tabuliformis plantations (P>0.05).

Litter chemical properties

The litter chemical properties of �ve tree species plantations were signi�cantly different, as shown in
Figure 2. The LC of different tree species plantations was as follows: P. tabuliformis (519.00 g·kg-1) > P.
orientalis (502.32 g·kg-1) > C. korshinskii (455.06 g·kg-1) > A. sibirica (417.06 g·kg-1) > P. hopeiensis
(414.40 g·kg-1) (P<0.05). The C. korshinskii, a leguminous species, had a signi�cantly higher LN than that
of other four tree species by 59.25%-386.62% (P<0.05), and the LN of P. orientalis was the lowest
(5.38 g·kg-1). The LP of different tree species plantations was as follows: C. korshinskii (1.32 g·kg-1) > P.
hopeiensis (0.50 g·kg-1) > P. tabuliformis (0.33 g·kg-1) ≈ A. sibirica (0.32 g·kg-1) > P. orientalis (0.17 g·kg-1),
the LP in C. korshinskii was signi�cantly higher than that in other four tree species by 161.72%-310.98%
(P<0.05). The LK (12.58 g·kg-1) of A. sibirica plantation was signi�cantly higher than that of C.
korshinskii, P. hopeiensis, P. orientalis, and P. tabuliformis by 158.16%-515.84% (P<0.05), and the LK of P.
tabuliformis plantation was the lowest (2.04 g·kg-1). The changing trends of LN and LP in different tree
species plantations were similar.

Soil enzyme activities

There was no signi�cant difference in soil SC between �ve plantations and grassland, but soil UE and
ALP showed signi�cant changes (Figure3). The soil SC of C. korshinskii (90.93 mg·d-¹·g-¹) was higher
than that of grassland (79.99 mg·d-¹·g-¹), A. sibirica (87.46 mg·d-¹·g-¹), P. hopeiensis (80.39 mg·d-¹·g-¹), P.
tabuliformis (80.59 mg·d-¹·g-¹), and P. orientalis (77.78 mg·d-¹·g-¹) by 3.97%-16.91%, (P>0.05). The highest
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soil UE (0.94 mg·d-¹·g-¹) and ALP (2.75 mg·d-¹·g-¹) were observed in the C. korshinskii plantation, which
were signi�cantly higher than those of grassland and other four tree species plantations by
13.96%-36.99% (UE), and 42.56%-178.25% (ALP)(P<0.05). And P. orientalis had the lowest soil SC
(77.78 mg·d-¹·g-¹), UE (0.69 mg·d-¹·g-¹), and ALP (0.99 mg·d-¹·g-¹).

Relationship among litter chemical properties, soil enzyme activities and soil nutrients

RDA showed that the litter chemical properties, soil enzyme activities and nutrients of different tree
species plantations were quite different (Figure 4). The �ve plantations were clustered into four groups,
and C. korshinskii, P. hopeiensis and A. sibirica were each grouped into one group, while P. orientalis and
P. tabuliformis were clustered into one group, with similar soil and litter properties. The 62.2% of soil
nutrient variation could be explained by litter chemical properties and soil enzymes, of which the
contribution rate of the �rst and second axes was 56.5%. The soil SC, UE, and ALP positively affected soil
TK, AK, TP, AP, TN, AN, and OC, and three soil enzyme activities were positively related with each other. In
addition to soil TK, The LC negatively affected soil nutrients, and the LK had less positive or negative
effects on soil nutrients. But the LN and LP positively affected the soil TC, OC, TN, AN, TP, AP, and AK, and
the positive relationship was observed between LN and LP. The positive in�uences of the LN, LP, and ALP
on soil nutrient variability reached a signi�cant level (P<0.05).

Bivariate correlation analysis illustrated the correlation between litter chemical properties, soil enzyme
activities and nutrients (Table 3). The signi�cant correlation coe�cients were existed between LC and LN
(-0.56), LC and LK (-0.51), and LN and LP (0.96) (P<0.01). The soil UE were signi�cantly positively
correlated with the soil SC and ALP (P<0.05 and 0.01, respectively). There was a signi�cant negative
correlation between LC and soil UE (P<0.05). However, the LN and LP were extremely signi�cantly
positively correlated with soil UE and ALP, and the correlation coe�cient range was 0.88-0.96 (P<0.01).
The LC was signi�cantly negatively correlated with soil TN and AK, but the LN and LP were signi�cantly
positively correlated with soil TC, OC, TN, AN, AP, and AK (P<0.05). In addition to soil TC, the correlation
coe�cients between LP and soil nutrients were larger than those between LN and soil nutrients. The LK
only had a signi�cant positive correlation with soil AK (P<0.05). The three soil enzyme activities were
signi�cantly positively correlated with soil OC, TN, AP, and AK (P<0.05 or 0.01), and the soil UE and ALP
were extremely signi�cantly positively correlated with soil AN (P<0.01). Compared with soil UE and SC,
soil ALP had a larger correlation coe�cient with soil TC, TN, AP, and AK. The litter chemical properties and
soil enzyme activities had no signi�cant correlation on soil TP and TK (P>0.05).

Discussion
Effects of tree species on soil nutrients

Long-term afforestation of different tree species signi�cantly changed soil BD, pH, and SWC. The
decrease of soil BD was caused by the active activities of more abundant soil animals and
microorganisms after afforestation (Frouz et al. 2001). Except for P. hopeiensis, other four tree species
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plantations signi�cantly decreased SWC (Table 2), which was consistent with the �ndings of Cao et al.
(2007), who reported that large-scale afforestation resulted in soil drying and water depletion. Compared
with grassland, woody plants consumed more soil water, and canopy and litter layers of plantations
intercepted precipitation (Sato et al. 2004). And we also found the pH of alkaline soils decreased after
long-term afforestation, because woody plants could produce more organic acids or anions to enter the
soil (Wang et al. 2021b). A meta-analysis showed that afforestation promoted soil pH neutralization
(Hong et al. 2018). In this study, SWC and pH of broadleaf tree species (C. korshinskii and P. hopeiensis)
were higher than those of coniferous tree species (P. orientalis and P. tabuliformis) by 35.66%-151.18%
and 0.50%-2.29%, suggesting that the impact of tree species on soil properties was species-speci�c
(Hong et al. 2018), which may be due to differences in water requirements, plant traits, litter
decomposition, root exudate, and soil ion exchange (Rötzer et al. 2017; Oleghe et al. 2019; Wang et al.
2021b). Thus, to a certain extent, the degree of changes in soil physicochemical properties after
afforestation depended on different tree species.

Tree species signi�cantly affected soil nutrients in dryland plantations, and decided the direction and
degree of soil nutrient succession. Long-term afforestation increased soil TC and decreased soil TP and
TK because the afforestation drove the accumulation of more tree litter and faster soil mineralization to
meet tree growth (Zhao et al. 2007; Deng et al. 2017; Rai et al. 2016). The signi�cantly different soil
nutrients were found in the �ve plantations, and C. korshinskii improved soil nutrients, but P. orientalis
and P. tabuliformis as the evergreen tree species reduced soil nutrients, which supported our hypothesis
about the different effects of tree species on soil nutrients. The �ndings of Wang et al. (2017) were
consistent with ours, who noted that the impacts of thirteen tree species on soil fertility existed
interspeci�c difference, and P. tabuliformis had the lowest soil fertility. Because deciduous and evergreen
tree species had signi�cantly different litter (Sariyildiz et al. 2005; Liu et al. 2016). The litter mixing test of
deciduous and evergreen trees revealed that the high litter carbon and lignin contents of evergreen trees
led to low decomposition rate and slow nutrient release (Sariyildiz et al. 2005; Liu et al. 2016). Our results
also showed that deciduous plantations (C. korshinskii and P. hopeiensis) had higher soil TC, OC, TN, AN,
and AK contents than those in evergreen plantations (P. orientalis and P. tabuliformis) by 1.34%-166.87%
(Figure 1). In addition, C. korshinskii was not only a deciduous tree species, but also a leguminous tree
species. The leguminous tree species had higher nitrogen and carbon input from �xation (Wang et al.
2019). Gei and Powers (2013) compared the effects of legumes and non-legumes tree species on soil
properties in Costa Rican dry plantations, who con�rmed that legumes had higher soil TC, TN, and nitrate
nitrogen contents. These �ndings indicated that deciduous tree species, especially legumes, played a
more important role than evergreen tree species in dryland vegetation restoration (Wang et al. 2012; Zhao
et al. 2018), which produced high-quality and easily decomposable litter, promoting nutrient cycling and
accumulation (Bohara et al. 2020). Therefore, the differences in soil nutrients in different plantations may
be caused by the litter chemical properties of different tree species.

Effects of tree species on litter chemical properties
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The litter chemical properties were signi�cantly affected by different tree species, due to the interspeci�c
differences (Kooch et al. 2017). The signi�cant difference in litter quality among different tree species
has been reported in previous studies (Sariyildiz et al. 2005; Liu et al. 2016). Xu et al. (2020) illustrated
that Robinia pseudoacacia, C. korshinskii, A. sibirica and P. tabuliformis had signi�cant differences in
nitrogen and phosphorus resorption e�ciency, green leaf nutrients, and growth rates, which may lead
to the production of different quality litters (Bai et al. 2019). In our study, high-quality litters (higher LN, LP,
and LK with lower LC) were observed in C. korshinskii, A. sibirica and P. hopeiensis, while low-quality
litters (higher LC with lower LN, LP, and LK) in P. orientalis and P. tabuliformis. We also found that the LC,
LN, and LP under P. tabuliformis were signi�cantly higher than those under P. orientalis by 3.32%, 34.20%,
and 96.65%. However, Bai et al. (2019) noted that P. tabuliformis had lower LN and LP than P. orientalis,
which may be caused by abiotic factors, for example, different temperature (10.4 ℃), precipitation (500-
600 mm) and afforestation years (25 years), compared to this study. Broadleaf forests had lower carbon
and higher nitrogen and phosphorus contents of litter (Zhang et al. 2017), whereas coniferous forests
produced litter rich in carbon and poor in nitrogen, and had low litter decomposition rate (Xiao et al.
2019). Satti et al. (2003) pointed that the leaf litter nitrogen, nitrogen mineralization, and soil nitrogen in
coniferous trees presented lower characteristic than those in broadleaf trees. Consequently, different
plantations in our study were obvious variation in soil physicochemical properties and litter quality,
illustrating that long-term afforestation of different tree species may establish diverse patterns of plant-
soil feedback (Song et al. 2017; Zhang et al. 2018a).

Effects tree species on soil enzyme activities

Plantations could alter plant biomass, species diversity, litter properties, soil characteristics and microbial
communities (Chen et al. 2016; Bai et al. 2016; Zhao et al. 2019), which played an important role in the
changes of soil enzyme activities (Ushio et al. 2010; Li et al. 2020). Five plantations of this study had
signi�cantly different soil properties and litter quality. A study of soil microbial time dynamics con�rmed
that SWC, pH, soil phosphorus, leaf litter phosphorus, and the ratio of leaf litter carbon to phosphorus
in�uenced soil enzyme activities by enhancing or inhibiting the growth of soil microbes (Bai et al. 2021).
Our study showed that soil SC, UE, and ALP in C. korshinskii were higher than those in other four tree
species by 3.97%-16.90%, 13.96%-36.99% and 42.56%-178.25%, indicating that tree species could directly
or indirectly affected soil enzyme activities (Wang et al. 2012; Ren et al. 2016). In the C. korshinskii
plantation, improved SWC, BD, pH created an environment conducive to the growth of microorganisms,
and higher quality litter provided a good material basis for the microbial growth and enzyme synthesis.
And high-quality litters and high soil nutrients drove soil animal and microbial abundance increasing
(Kooch et al. 2017; Zhao et al. 2019), which enhanced soil enzyme activities (Singh et al. 2012; Noll et al.
2016). In addition, P. orientalis presented lowest soil SC, UE, and ALP than C. korshinskii, A. sibirica, P.
hopeiensis, P. tabuliformis, and grassland. However, in semi-humid plantations, soil enzyme activities in P.
orientalis were higher than that in Sophora davidii (a leguminous shrub) (Li et al. 2020), suggesting that P.
orientalis may not be suitable for afforestation in arid areas (Zhang and Chen 2007), which was also
supported by the lowest quality litter, SWC and soil nutrients of P. orientalis in this study.
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Response of soil nutrients to litter chemical properties and soil enzyme activities

Vegetation played a major role in the improvement of soil nutrients, and the in�uence of different
vegetation types on soil nutrients was controlled by litter (Sariyildiz et al. 2005; Wang et al. 2021a).
Nutrients return to the soil through the litter decomposition was the main link in the material cycle of the
ecosystem (Wang et al. 2008). The high-quality litter and high soil enzyme activity could accelerate the
nutrient release of litter and improve the supply capacity of soil available nutrients for plant growth
(Wang et al. 2008; Noll et al. 2016). Therefore, the litter properties and soil enzyme activity determined the
level of soil fertility (Pan et al. 2013; Bohara et al. 2020). Our results showed that the variation in soil
nutrients following long-term afforestation with different tree species were caused by soil TC, OC, TN, AN,
AP, and AK, which were signi�cantly positively affected by the LN, LP, UE, and ALP (table 3). Firstly, the LN
and LP represented the litter quality, which decided the decomposition rate and microbial metabolism,
thereby affecting the nutrient cycle (Prescott 1996; Suseela and Tharayil 2018). Laughlin et al. (2015)
found that correlation coe�cient between leaf litter nitrogen content and soil fertility reached a
signi�cantly positive level (0.80), because litter with high nitrogen content had the faster decomposition
rate, nitrogen mineralization rate and nutrient release (Rai et al. 2016). Zhou et al. (2012) revealed that the
loss and return of phosphorus increased signi�cantly with the increase of total phosphorus concentration
in litter. Thence, the LN and LP actively increased soil nutrients, and the synchronous changes of the litter
chemical properties and soil nutrients in C. korshinskii and P. orientalis plantations proved that high-
quality litter improved the soil nutrient succession in dryland plantations, and vice versa (Rai et al. 2016).

Secondly, the differences in soil carbon, nitrogen and phosphorus contents were similar to that in soil
enzyme activities in different tree species plantations, especially C. korshinskii and P. orientalis, indicating
that there was a strong interaction between soil nutrients and enzymes (Table 3). Some studies have
reported that soil nutrients were closely related to soil enzyme activities (Zhang et al. 2018b; Zhao et al.
2018), and soil enzyme activities had the potential to estimate the decomposition rate and the availability
of nitrogen and phosphorus (Sinsabaugh and Moorhead 1994). The leaf litter decay rate, soil dissolved
organic nitrogen, and AP signi�cantly increased with increased enzyme activities (Waring 2013; Ren et al.
2016). The improvement of soil physical and chemical properties was conducive to the synthesis of soil
enzymes and the maintenance of soil enzyme activities (Ushio et al. 2010; Pan et al. 2013). Thus, soil
enzyme activities had a positive interaction with soil nutrients (Table 3).

In addition, the signi�cant positive correlation between LN, UE, TN, AN and LP, ALP, AP demonstrated that
nitrogen and phosphorus existed an obvious coupling relationship, which was con�rmed by Zhao and
Zeng (2019), who noted that phosphorus addition strongly altered the impact of nitrogen addition on soil
nitrogen and phosphorus transformations. Another nitrogen addition test revealed that soil speci�c acid
phosphatase, N-acetyl glucosaminidase, and oxidative enzyme activities signi�cantly increased with
nitrogen levels increasing (Li et al. 2019), which suggested that improved soil nitrogen availability could
promote the cycling of the phosphorus and other elements. Zhang et al. (2018b) and Zhang et al. (2021)
pointed out that phosphorus limitation existed in the Loess Plateau and might become more severe in the
future. Soil microbes promoted the extraction of restricted elements by regulating the production of soil
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enzymes and the e�ciency of nutrient utilization (Bai et al. 2021). The signi�cant positive correlation
between TC, OC, TN, AN, LN and LP, OC, TN, AN, LN and ALP, and LN, SC, UE, and AP illustrated that soil
microbes might tend to consume more carbon and nitrogen to increase the soil phosphorus availability,
alleviate the limitation of phosphorus on the growth of plants and microorganisms, and meanwhile,
improve other nutrients in the soil (Yan et al. 2020; Bai et al. 2021). It was also proved that in the C.
korshinskii plantation with the highest LN, TC, OC, TN and AN, the LP, soil ALP and AP in whose was
higher than that in other plantations and grasslands (Figure 1, 2&3). And the LP and ALP had a larger
correlation coe�cient with soil nutrients than LN and UE (Table 3). Therefore, these results revealed that
the LP and ALP were the key factors driving soil nutrient changes in dryland plantations limited by
phosphorus, which supported our prediction that the LP and ALP were important for soil nutrient
dynamics.

Conclusions
This study emphasized the importance of litter quality and soil enzyme activities in the succession of soil
nutrients in dryland plantations. Long-term afforestation led to signi�cant changes in soil nutrients, litter
chemical properties and soil enzyme activities. The soil TC in different plantations increased, and soil TP
and TK signi�cantly decreased. The C. korshinskii signi�cantly increased soil nutrients (TC, OC, TN, AN,
and AK), and its soil AP also increased. While the P. orientalis signi�cantly decreased soil nutrients (TN,
TP, AP, TK, and AK). Therefore, soil nutrients in dryland plantations were signi�cantly affected by tree
species. The 62.2% of the total variation of soil nutrients could be explained by the litter quality and soil
enzyme activities, and the LP and soil ALP had greater effect on soil nutrients than the LN and soil UE.
And the signi�cant positive correlations between the LP, soil ALP and AP and the LN, soil UE, TN and AN
further indicated that there was an important coupling relationship between nitrogen and phosphorus,
which may promote the phosphorus cycle and alleviate the phosphorus limitation. In short, tree species,
LP, and soil ALP determined the changes in soil nutrients in phosphorus-de�cient dryland plantations.
These �ndings will help guide the establishment and management of dryland plantations, and it is
recommended to choose leguminous tree species for afforestation, such as C. korshinskii, in the
phosphorus-limited dryland.

Declarations
Acknowledgements

We thank Xiaoxue Dong, Yongjing Liu, Cankun Zhang, Tairan Zhou, Tao Wen, and Guiying Ma for their
help in the experiment, and also thank the staffs of the �eld scienti�c observation and research station of
mountain ecosystem in Gansu Province.

Authors’ contributions



Page 13/23

Yage Li wrote the manuscript, Chun Han and Yage Li revised the manuscript, Changming Zhao and Shan
Sun guided the experimental design of the study.

Funding

This work was supported by the Strategic Priority Research Program of the Chinese Academy of Sciences
(XDA20100101); a Major Special Science and Technology Project of Gansu Province (18ZD2FA009); and
the National Natural Science Foundation of China (NSFC) (31522013).

Availability of data and materials

The datasets used and/or analyzed in this study are available from the corresponding author on
reasonable request.

Competing interests

The authors declare no con�ict of interest.

Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

References
1. Bai X, Dippold MA, An S, Wang B, Zhang H, Loeppmann S (2021) Extracellular enzyme activity and

stoichiometry: The effect of soil microbial element limitation during leaf litter decomposition. Ecol
Indic 121:107200. doi:10.1016/j.ecolind.2020.107200

2. Bai X, Wang B, An S, Zeng Q, Zhang H (2019) Response of forest species to C:N:P in the plant-litter-
soil system and stoichiometric homeostasis of plant tissues during afforestation on the Loess
Plateau, China. Catena 183:104186. doi:10.1016/j.catena.2019.104186

3. Bao S (2000) Soil agrochemical analysis. China Agriculture Press, Beijing

4. Bhojvaid PP, Timmer VR (1998) Soil dynamics in an age sequence of Prosopis juli�ora planted for
sodic soil restoration in India. Forest Ecol Manage 106(2–3):181–193. doi:10.1016/S0378-
1127(97)00310-1

5. Bohara M, Acharya K, Perveen S, Manevski K, Hu C, Yadav RKP, Shrestha K, Li X (2020) In situ litter
decomposition and nutrient release from forest trees along an elevation gradient in Central
Himalaya. Catena 194:104698. doi:10.1016/j.catena.2020.104698

�. Cao S, Chen L, Xu C, Liu Z (2007) Impact of three soil types on afforestation in China’s Loess
Plateau: Growth and survival of six tree species and their effects on soil properties. Landscape Urban



Page 14/23

Plan 83(2–3):208–217. doi:10.1016/j.landurbplan.2007.04.006

7. Chen L, He Z, Zhu X, Du J, Yang J, Li J (2016) Impacts of afforestation on plant diversity, soil
properties, and soil organic carbon storage in a semi-arid grassland of northwestern China. Catena
147:300–307. doi:10.1016/j.catena.2016.07.009

�. Chen GX, Yu KW, Liao LP, Xu GS (2000) Effect of human activities on forest ecosystems: N cycle and
soil fertility. Nutr Cycl Agroecosys 57:47–54. doi:10.1023/A:1009880708469

9. Chen Y, Wang K, Lin Y, Shi W, Song Y, He X (2015) Balancing green and grain trade. Nat Geosci
8(10):739–741. doi:10.1038/ngeo2544

10. Chomel M, Guittonny-Larchevêque M, DesRochers A, Baldy V (2016) Effect of mixing herbaceous
litter with tree litters on decomposition and N release in boreal plantations. Plant Soil 398:229–241.
doi:10.1007/s11104-015-2648-5

11. Delgado-Baquerizo M, Maestre FT, Gallardo A, Bowker MA, Wallenstein MD, Quero JL, Ochoa V,
Gozalo B, García-Gómez M, Soliveres S, García-Palacios P, Berdugo M, Valencia E, Escolar C,
Arredondo T, Barraza-Zepeda C, Bran D, Carreira JA, Chaieb M, Conceição AA, Derak M, Eldridge DJ,
Escudero A, Espinosa CI, Gaitán J, Gatica MG, Gómez-González S, Guzman E, Gutiérrez JR, Florentino
A, Hepper E, Hernández RM, Huber-Sannwald E, Jankju M, Liu J, Mau RL, Miriti M, Monerris J, Naseri
K, Noumi Z, Polo V, Prina A, Pucheta E, Ramírez E, Ramírez-Collantes DA, Romão R, Tighe M, Torres D,
Torres-Díaz C, Ungar ED, Val J, Wamiti W, Wang D, Zaady E (2013) Decoupling of soil nutrient cycles
as a function of aridity in global drylands. Nature 502(7473):672–676. doi:10.1038/nature12670

12. Deng Q, McMahon DE, Xiang Y, Yu C, Jackson RB, Hui D (2017) A global meta-analysis of soil
phosphorus dynamics after afforestation. New Phytol 213(1):181–192. doi:10.1111/ nph.14119

13. Donald A'Bear, He�n Jones A, Kandeler T, Boddy E L (2014) Interactive effects of temperature and
soil moisture on fungal-mediated wood decomposition and extracellular enzyme activity. Soil Biol
Biochem 70:151–158. doi:10.1016/j.soilbio.2013.12.017

14. Frouz J, Keplin B, Pižl V, Tajovský K, Starý J, Lukešová A, Nováková A, Balík V, Háněl L, Materna J,
Düker C, Chalupský J, Rusek J, Heinkele T (2001) Soil biota and upper soil layer development in two
contrasting post-mining chronosequences. Ecol Eng 17(2–3):275–284. doi:10.1016/ S0925-
8574(00)00144-0

15. Gei MG, Powers JS (2013) Do legumes and non-legumes tree species affect soil properties in
unmanaged forests and plantations in Costa Rican dry forests? Soil Biol Biochem 57:264–272.
doi:10.1016/j.soilbio.2012.09.013

1�. Goebes P, Schmidt K, Seitz S, Both S, Bruelheide H, Erfmeier A, Scholten T, Kühn P (2019) The
strength of soil-plant interactions under forest is related to a critical soil depth. Sci Rep 9:8635.
doi:10.1038/s41598-019-45156-5

17. Guan S, Zhang D, Zhang Z (1986) Soil enzyme and its research approaches. Agriculture Press,
Beijing

1�. Hong S, Piao S, Chen A, Liu Y, Liu L, Peng S, Sardans J, Sun Y, Peñuelas J, Zeng H (2018)
Afforestation neutralizes soil pH. Nat Commun 9:520. doi:10.1038/s41467-018-02970-1



Page 15/23

19. Jaiyeoba IA (1998) Changes in soil properties related to conversion of savannah woodland into pine
and Eucalyptus plantations, northern Nigeria. Land Degrad Dev 9:207–215. doi: 10.1002/(SICI)1099-
145X(199805/06)9:3<207::AID-LDR258>3.0.CO;2-M

20. Keenan RJ, Reams GA, Achard F, de Freitas JV, Grainger A, Lindquist E (2015) Dynamics of global
forest area: results from the FAO global forest resources assessment 2015. Forest Ecol Manage
352:9–20. doi:10.1016/j.foreco.2015.06.014

21. Kooch Y, Samadzadeh B, Mohsen Hosseini S (2017) The effects of broad-leaved tree species on litter
quality and soil properties in a plain forest stand. Catena 150:223–229. doi:10.1016/
j.catena.2016.11.023

22. Laughlin DC, Richardson SJ, Wright EF, Bellingham PJ (2015) Environmental �ltering and positive
plant litter feedback simultaneously explain correlations between leaf traits and soil fertility.
Ecosystems 18:1269–1280. doi:10.1007/s10021-015-9899-0

23. Li J, Tong X, Kumar Awasthi M, Wu F, Ha S, Ma J, Sun X, He C (2018) Dynamics of soil microbial
biomass and enzyme activities along a chronosequence of deserti�ed land revegetation. Ecol Eng
111:22–30. doi:10.1016/j.ecoleng.2017.11.006

24. Li Q, Chen J, Feng J, Wu J, Zhang Q, Jia W, Lin Q, Cheng X (2020) How do biotic and abiotic factors
regulate soil enzyme activities at plot and microplot scales under afforestation? Ecosystems
23:1408–1422. doi:10.1007/s10021-019-00477-4

25. Li Y, Nie C, Liu Y, Du W, He P (2019) Soil microbial community composition closely associates with
speci�c enzyme activities and soil carbon chemistry in a long-term nitrogen fertilized grassland. Sci
Total Environ 654:264–274. doi:10.1016/j.scitotenv.2018.11.031

2�. Liu C, Liu Y, Guo K, Zhao H, Qiao X, Wang S, Zhang L, Cai X (2016) Mixing litter from deciduous and
evergreen trees enhances decomposition in a subtropical karst forest in southwestern China. Soil
Biol Biochem 101:44–54. doi:10.1016/j.soilbio.2016.07.004

27. McGrath DA, Comerford NB, Duryea ML (2000) Litter dynamics and monthly �uctuations in soil
phosphorus availability in an Amazonian agroforest. Forest Ecol Manage 131(1–3):167–181.
doi:10.1016/S0378-1127(99)00207-8

2�. Noll L, Leonhardt S, Arnstadt T, Hoppe B, Poll C, Matzner E, Hofrichter M, Kellner H (2016) Fungal
biomass and extracellular enzyme activities in coarse woody debris of 13 tree species in the early
phase of decomposition. Forest Ecol Manage 378:181–192. doi:10.1016/j.foreco.2016.07.035

29. Nouvellon Y, Epron D, Marsden C, Kinana A, Le Maire G, Deleporte P, Saint-André L, Bouillet J, Laclau J
(2012) Age-related changes in litter inputs explain annual trends in soil CO2 e�uxes over a full
Eucalyptus rotation after afforestation of a tropical savannah. Biogeochemistry 111:515–533.
doi:10.1007/s10533-011-9685-9

30. Oleghe E, Naveed M, Baggs EM, Hallett PD (2019) Residues with varying decomposability interact
differently with seed or root exudate compounds to affect the biophysical behaviour of soil.
Geoderma 343:50–59. doi:10.1016/j.geoderma.2019.02.023



Page 16/23

31. Pan C, Liu C, Zhao H, Wang Y (2013) Changes of soil physico-chemical properties and enzyme
activities in relation to grassland salinization. Eur J Soil Biol 55:13–19.
doi:10.1016/j.ejsobi.2012.09.009

32. Prescott CE (1996) In�uence of forest �oor type on rates of litter decomposition in microcosms. Soil
Biol Biochem 28(10–11):1319–1325. doi:10.1016/S0038-0717(96)00132-0

33. Rai A, Singh AK, Ghosal N, Singh N (2016) Understanding the effectiveness of litter from tropical dry
forests for the restoration of degraded lands. Ecol Eng 93:76–81. doi:10.1016/j.ecoleng.2016.05.014

34. Ren C, Kang D, Wu J, Zhao F, Yang G, Han X, Feng Y, Ren G (2016) Temporal variation in soil enzyme
activities after afforestation in the Loess Plateau, China. Geoderma 282:103–111.
doi:10.1016/j.geoderma.2016.07.018

35. Rötzer T, Häberle KH, Kallenbach C, Schütze G, Pretzsch H (2017) Tree species and size drive water
consumption of beech/spruce forests - a simulation study highlighting growth under water
limitation. Plant Soil 418:337–356. doi:10.1007/s11104-017-3306-x

3�. Sariyildiz T, Anderson JM, Kucuk M (2005) Effects of tree species and topography on soil chemistry,
litter quality, and decomposition in Northeast Turkey. Soil Biol Biochem 37(9):1695–1706.
doi:10.1016/j.soilbio.2005.02.004

37. Satti P, Julia Mazzarino M, Edith Gobbi M, Funes F, Roselli L, Fernandez H (2003) Soil N dynamics in
relation to leaf-litter quality and soil in northwestern Patagonian forests. J Ecol 91:173–181.
doi:10.1046/j.1365-2745.2003.00756.x

3�. Sato Y, Kumagai T, Kume A, Otsuki K, Ogawa S (2004) Experimental analysis of moisture dynamics
of litter layers - The effects of rainfall conditions and leaf shapes. Hydrol Process 18:3007–3018.
doi:10.1002/hyp.5746

39. Singh K, Singh B, Singh RR (2012) Changes in physico-chemical, microbial and enzymatic activities
during restoration of degraded sodic land: ecological suitability of mixed forest over monoculture
plantation. Catena 96:57–67. doi:10.1016/j.catena.2012.04.007

40. Sinsabaugh RL, Moorhead DL (1994) Resource allocation to extracellular enzyme production: A
model for nitrogen and phosphorus control of litter decomposition. Soil Biol Biochem 26(10):1305–
1311. doi:10.1016/0038-0717(94)90211-9

41. Song W, Liu Y, Tong X (2017) Newly sequestrated soil organic carbon varies with soil depth and tree
species in three forest plantations from northeastern China. Forest Ecol Manage 400:384–395.
doi:10.1016/j.foreco.2017.06.012

42. Suseela V, Tharayil N (2018) Decoupling the direct and indirect effects of climate on plant litter
decomposition: Accounting for stress-induced modi�cations in plant chemistry. Global Change Biol
24:1428–1451. doi:10.1111/gcb.13923

43. Ushio M, Kitayama K, Balser TC (2010) Tree species effects on soil enzyme activities through effects
on soil physicochemical and microbial properties in a tropical montane forest on Mt. Kinabalu
Borneo Pedobiologia 53(4):227–233. doi:10.1016/j.pedobi.2009.12.003



Page 17/23

44. Wang B, Verheyen K, Baeten L, De Smedt P (2021a) Herb litter mediates tree litter decomposition and
soil fauna composition. Soil Biol Biochem 152:108063. doi:10.1016/j.soilbio.2020.108063

45. Wang B, Xue S, Liu GB, Zhang GH, Li G, Ren ZP (2012) Changes in soil nutrient and enzyme activities
under different vegetations in the Loess Plateau area, Northwest China. Catena 92:186–195.
doi:10.1016/j.catena.2011.12.004

4�. Wang H, Liu S, Song Z, Yang Y, Wang J, You Y, Zhang X, Shi Z, Nong Y, Ming A, Lu L, Cai D (2019)
Introducing nitrogen-�xing tree species and mixing with Pinus massoniana alters and evenly
distributes various chemical compositions of soil organic carbon in a planted forest in southern
China. Forest Ecol Manage. doi:10.1016/j.foreco.2019.117477

47. Wang Q, Wang S, Huang Y (2008) Comparisons of litterfall, litter decomposition and nutrient return in
a monoculture Cunninghamia lanceolata and a mixed stand in southern China. Forest Ecol Manage
255(3–4):1210–1218. doi:10.1016/j.foreco.2007.10.026

4�. Wang Q, Xiao J, Ding J, Zou T, Zhang Z, Liu Q, Yin H (2021b) Differences in root exudate inputs and
rhizosphere effects on soil N transformation between deciduous and evergreen trees. Plant Soil
458:277–289. doi:10.1007/s11104-019-04156-0

49. Wang W, Lu J, Du H, Wei C, Wang H, Fu Y, He X (2017) Ranking thirteen tree species based on their
impact on soil physiochemical properties, soil fertility, and carbon sequestration in Northeastern
China. Forest Ecol Manage 404:214–229. doi:10.1016/j.foreco.2017.08.047

50. Waring BG (2013) Exploring relationships between enzyme activities and leaf litter decomposition in
a wet tropical forest. Soil Biol Biochem 64:89–95. doi:10.1016/j.soilbio.2013.04.010

51. Xiao W, Chen HYH, Kumar P, Chen C, Guan Q (2019) Multiple interactions between tree composition
and diversity and microbial diversity underly litter decomposition. Geoderma 341:161–171.
doi:10.1016/j.geoderma.2019.01.045

52. Xu M, Zhong Z, Sun Z, Han X, Ren C, Yang G (2020) Soil available phosphorus and moisture drive
nutrient resorption patterns in plantations on the Loess Plateau. Forest Ecol Manage 461:117910.
doi:10.1016/j.foreco.2020.117910

53. Yan B, Sun Y, He G, He R, Zhang M, Fang H, Shi L (2020) Nitrogen enrichment affects soil enzymatic
stoichiometry via soil acidi�cation in arid and hot land. Pedobiologia 81–82:150663.
doi:10.1016/j.pedobi.2020.150663

54. Yuan B, Yue D (2012) Soil microbial and enzymatic activities across a chronosequence of Chinese
pine plantation development on the Loess Plateau of China. Pedosphere 22(1):1–12.
doi:10.1016/S1002-0160(11)60186-0

55. Zhang G, Zhang P, Peng S, Chen Y, Cao Y (2017) The coupling of leaf, litter, and soil nutrients in warm
temperate forests in northwestern China. Sci Rep 7:11754. doi:10.1038/s41598-017-12199-5

5�. Zhang J, Chen T (2007) Effects of mixed Hippophae rhamnoides on community and soil in planted
forests in the Eastern Loess Plateau, China. Ecol Eng 31(2):115–121. doi:10.1016/
j.ecoleng.2007.06.003



Page 18/23

57. Zhang W, Gao D, Chen Z, Li H, Deng J, Qiao W, Han X, Yang G, Feng Y, Huang J (2018a) Substrate
quality and soil environmental conditions predict litter decomposition and drive soil nutrient
dynamics following afforestation on the Loess Plateau of China. Geoderma 325:152–161.
doi:10.1016/j.geoderma.2018.03.027

5�. Zhang W, Qiao W, Gao D, Dai Y, Deng J, Yang G, Han X, Ren G (2018b) Relationship between soil
nutrient properties and biological activities along a restoration chronosequence of Pinus
tabulaeformis plantation forests in the Ziwuling Mountains, China. Catena 161:85–95.
doi:10.1016/j.catena.2017.10.021

59. Zhang Y, Wei L, Wei X, Liu X, Shao M (2018c) Long-term afforestation signi�cantly improves the
fertility of abandoned farmland along a soil clay gradient on the Chinese Loess Plateau. Land
Degrad Dev 29:3521–3534. doi:0.1002/ldr.3126

�0. Zhang Q, Jia X, Li T, Shao M, Yu Q, Wei X (2021) Decreased soil total phosphorus following arti�cial
plantation in the Loess Plateau of China. Geoderma 385:114882.
doi:10.1016/j.geoderma.2020.114882

�1. Zhao FZ, Ren CJ, Han XH, Yang GH, Wang J, Doughty R (2018) Changes of soil microbial and
enzyme activities are linked to soil C, N and P stoichiometry in afforested ecosystems. Forest Ecol
Manage 427:289–295. doi:10.1016/j.foreco.2018.06.011

�2. Zhao FZ, Ren CJ, Han XH, Yang GH, Doughty R, Wang ZT (2019) Trends in soil microbial
communities in afforestation ecosystem modulated by aggradation phase. Forest Ecol Manage
441:167–175. doi:10.1016/j.foreco.2019.03.036

�3. Zhao Q, Zeng D (2019) Nitrogen addition effects on tree growth and soil properties mediated by soil
phosphorus availability and tree species identity. Forest Ecol Manage 449:117478.
doi:10.1016/j.foreco.2019.117478

�4. Zhao Q, Zeng D, Lee D, He X, Fan Z, Jin Y (2007) Effects of Pinus sylvestris var. mongolica
afforestation on soil phosphorus status of the Keerqin Sandy Lands in China. J Arid Environ
69(4):569–582. doi:10.1016/j.jaridenv.2006.11.004

�5. Zhou Q, Jiang D, Liu Z, Alamusa, Li X, Luo Y, Wang H (2012) The return and loss of litter phosphorus
in different types of sand dunes in Horqin Sandy Land, northeastern China. J Arid Land 4(4):431–
440. doi:10.3724/sp.j.1227.2012.00431

��. Zou N, Luo W (1997) Afforestation in Loess Plateau. China Forestry Publishing House, Beijing

Tables



Page 19/23

Table 1
Geographical characteristics of different vegetation types in the study site.

Vegetation

types

Afforestation

time (years)

Coverage

(%)

Altitude

(m)

Longitude

(°E)

Latitude

(°N)

Slope

position

Slope

(°)

Grassland — 90 2133 104.2314 35.9867 Topslope 0

C. korshinskii 55 90 2037 104.2603 35.9262 Upslope 23

A. sibirica 50 70 2129 104.3248 35.9697 Upslope 24

P. hopeiensis 50 75 2089 104.3234 35.9633 Upslope 23

P. orientalis 50 60 2136 104.3244 35.9693 Upslope 28

P.
tabulaeformis

50 85 2090 104.3236 35.9683 Upslope 19

Table 2
Soil physical properties of six vegetation types in the study site.

Vegetation types BD (g·cm− 3) SWC (%) pH

Grassland 1.19 ± 0.02a 14.44 ± 0.16a 8.05 ± 0.01a

C. korshinskii 0.98 ± 0.04c 11.87 ± 0.53b 8.02 ± 0.02a

A. sibirica 1.07 ± 0.02b 6.04 ± 0.14d 7.93 ± 0.04bc

P. hopeiensis 0.99 ± 0.03c 13.89 ± 0.29a 8.05 ± 0.02a

P. orientalis 1.15 ± 0.02ab 5.53 ± 0.21d 7.98 ± 0.01ab

P. tabuliformis 1.08 ± 0.03b 8.75 ± 0.72c 7.87 ± 0.04c

Bulk density (BD), soil water content (SWC); Values are mean ± standard error (n = 5); Different
lowercases within a column indicate the signi�cant differences among six vegetation types (P < 0.05).
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Table 3
Correlation coe�cients of litter chemical properties, soil enzyme activities and soil nutrients in

plantations.
Properties LC LN LP LK SC UE ALP

LC — — — — — — —

LN -0.56** — — — — — —

LP -0.34 0.96** —   — — —

LK -0.51** -0.02 -0.05 — — — —

SC -0.18 0.37 0.42 0.30 — — —

UE -0.58* 0.91** 0.88** 0.17 0.52* — —

ALP -0.47 0.96** 0.94** -0.08 0.39 0.84** —

TC -0.38 0.63** 0.55** -0.20 -0.26 0.17 0.46

OC -0.16 0.74** 0.80** -0.08 0.74** 0.68** 0.66**

TN -0.45* 0.88** 0.88** 0.10 0.55* 0.80** 0.88**

AN -0.32 0.79** 0.83** 0.04 0.46 0.74** 0.69**

TP -0.06 0.33 0.37 0.04 0.41 0.26 0.28

AP -0.08 0.70** 0.80** 0.04 0.54* 0.60* 0.71**

TK -0.20 -0.02 -0.10 0.09 0.08 0.12 0.08

AK -0.47* 0.64** 0.65** 0.47* 0.58* 0.67** 0.69**

Litter carbon (LC), litter nitrogen (LN), litter phosphorus (LP), litter potassium (LK), sucrase (SC),
urease (UE), alkaline phosphatase (ALP), total carbon (TC), organic carbon (OC), total nitrogen (TN),
available nitrogen (AN), total phosphorus (TP), available phosphorus (AP), total potassium (TK),
available potassium (AK); ** indicates signi�cant at the P < 0.01 level, and * indicates signi�cant at
the P < 0.05 level.

Figures
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Figure 1

The impact of different vegetation types on soil carbon, nitrogen, phosphorus, and potassium contents.
Total carbon (TC), organic carbon (OC), total nitrogen (TN), available nitrogen (AN), total phosphorus
(TP), available phosphorus (AP), total potassium (TK), available potassium (AK); Different lowercases
indicate the signi�cant differences among six vegetation types (P < 0.05).
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Figure 2

Comparison of litter chemical properties from different tree species. Litter carbon (LC), litter nitrogen (LN),
litter phosphorus (LP), litter potassium (LK); Different lowercases indicate the signi�cant differences
among �ve tree species (P < 0.05).

Figure 3

Comparison of soil enzyme activities of different vegetation types. Sucrase (SC), urease (UE), alkaline
phosphatase (ALP); Different lowercases indicate the signi�cant differences among six vegetation types
(P < 0.05).
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Figure 4

RDA estimating the contribution of litter chemical properties and soil enzyme activities to soil nutrients.
The total contribution rate of four axes in RDA is 62.2%; the red arrows indicate the effect variables, and
the black arrows indicate response variables; Litter carbon (LC), litter nitrogen (LN), litter phosphorus (LP),
litter potassium (LK), sucrase (SC), urease (UE), alkaline phosphatase (ALP), total carbon (TC), organic
carbon (OC), total nitrogen (TN), available nitrogen (AN), total phosphorus (TP), available phosphorus
(AP), total potassium (TK), available potassium (AK); * indicates signi�cant at the P < 0.05 level.


