Journal of Environmental Management 252 (2019) 109694

Contents lists available at ScienceDirect

Journal of Environmental Management

4
L

L SEVIER

journal homepage: http://www.elsevier.com/locate/jenvman

Research article

Soil and fine roots ecological stoichiometry in different vegetation “m
restoration stages in a karst area, southwest China

Check for
| updates

Liang Su®™%%! Hu Du™%!, Fuping Zeng ™, Wanxia Peng >¢, Muhammad Rizwan °,

@ College of Bioscience and Biotechnology, Hunan Agricultural University, Changsha, 410128, Hunan, China

b Key Laboratory of Agro-ecological Processes in Subtropical Region, Institute of Subtropical Agriculture, Chinese Academy of Sciences, Changsha, 410125, Hunan, China
¢ Huanjiang Observation and Research Station of Karst Ecosystem, Chinese Academy of Sciences, Huanjiang, 547100, Guangxi, China

4 College of Resources and Environment, Hunan Agricultural University, Changsha, 410128, Hunan, China

€ Microelement Research Center, College of Resources and Environment, Huazhong Agricultural University, Wuhan, 430070, Hubei, China

f Department of Soil Science and Agricultural Chemistry, Engineering Polytechnic School, Campus Univ., 27002, Lugo, Univ. Santiago de Compostela, Spain

ARTICLE INFO ABSTRACT

Keywords: The cyclic process of carbon (C), nitrogen (N), and phosphorus (P) elements is an important factor affecting the
C{irb‘m function of the forest ecosystem. However, the relation between soil and root stoichiometric ratios, especially in
Nitrogen karst areas with extremely fragile geology and intensive human disturbance has rarely been investigated. In the
5:2:5;?;§5type current study the concentrations of C, N, and P and their stoichiometric characteristics were investigated using
Soil layer sequential soil coring under different stages of vegetation restoration (primary forest, secondary forest, shrubland

and grassland) and soil layer (0-10 cm, 10-20 cm, 20-30 cm) in fine root and soil samples. The results showed
that total C concentration had no significant change in all four vegetation types and three soils layer in the fine
root, whereas total N and P concentration reached the maximum value in secondary forest and the minimum in
grassland. In addition, soil organic C (SOC) and total N increased continuously with natural succession and
decreased with soil depth. Secondary forest showed the largest total P concentration in soil, with the smallest
corresponding to grassland. Furthermore, both vegetation type and soil layer significantly affected soil C, N, and
P stoichiometric ratios. There was a positive correlation among C, N and P in the fine roots, as well as in the soil.
While fine root C:N and C:P ratios were negatively related to soil C:N and C:P, fine root N:P was significantly
related to soil N:P. This study can provide a scientific basis for the restoration of fragile ecosystem vegetation and
for comprehensive treatment of rocky desertification in karst.

Karst ecosystem

1. Introduction

Ecological stoichiometry, which combines the basic principles of
ecology and stoichiometry, focuses on the relation between ecological
energy equilibrium and the balance of multiple chemical elements, and
it is a scientific theory to analyze the influence of the quality balance of
elements on the ecological interaction (Reich et al., 2006, W and Guirui,
2008). At present, ecological stoichiometry mainly focuses on the stoi-
chiometry relations of carbon (C), nitrogen (N) and phosphorus (P),
because they are important elements for life, and play important roles in
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material circulation and energy flow (Vitousek et al., 2002; Sistla and
Schimel, 2012; Ruttenberg, 2013). Meanwhile, Study the balance of C, N
and P is of great significance for understanding the carbon sink potential
of ecosystems and how ecosystems respond to future warming (David-
son et al., 2000). According to ecological stoichiometry, organisms can
control many characteristics of themselves, including nutrient balance,
pH stability, etc., so that the internal environment does not change
violently with the change of external environment (Cheng et al., 2010).
Therefore, the theory of mass balance restriction can be applied to un-
derstand the flow of energy and matter between organism and
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environment (Elser et al., 2000; Michaels, 2003). Moreover, ecological
stoichiometry is closely related to scale size, and the characteristics of
different levels of ecological stoichiometry are also different (Sardans
et al., 2012).

In recent years, a large number of studies have been conducted on
the relation between aboveground leaves and soil. For example, Hey-
burn et al. (2017) found that increases in plant C:N ratios do not predict
long-term increases in soil C content and C pools. Han et al. (2010)
analyzed the leaves of 753 species of Chinese plants and concluded that
the P limit of Chinese plants was higher than that of other regions.
However, there are few studies on underground parts of plants and their
relations with the environment. The root system, as an important link
between the aboveground and underground parts, plays an important
role in the underground ecological process and the maintenance of
aboveground productivity (Eshel and Beeckman, 2013). Furthermore,
fine roots (<2 mm) have a large surface area and undertake most of the
physiological activities of the root system. There are studies showing
that the growth, death, and turnover of fine roots are influenced by soil
factors in addition to the genetic control of the tree species (Berhongaray
et al., 2013, Gregory, 2014). In the process of growth and development,
plants can also improve some physical and chemical properties of soil
through root exudates and litters, thus affecting the recovery of vege-
tation (Copley, 2000). Like leaves, fine roots were considered to be
sensitive organs in response to changes in environmental nutrients. Lili
et al. (2018) found that the age distribution of C, N and C:N in fine roots
were similar to those in leaves, and there were a close coupling between
the fine root and soil nutrients in the Loess Plateau of China. Zhou et al.
(2018) found that different communities have different stoichiometric
ratios, and C, N, and P in soil were changed with the restoration of
vegetation, and large spatial heterogeneities were found for soil C:P and
N:P ratios in both horizontal and vertical planes. Furthermore, Yang
et al. (2018) found strong links among the C:N:P stoichiometry in leaves,
roots, litter, and soil in regions affected by desertification in China.
Therefore, it is really important to study nutrients and its stoichiometry
in underground root systems.

Southwest China is the region with the most extensive karst land-
scape distribution in the world, which belongs to the subtropical
monsoon climate zone, with abundant rain and heat resources, but un-
even distribution, high rock exposure rate, shallow and discontinuous
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soil layer, obvious binary structure, and special karst drought in humid
climate is severe (Chen et al., 2013). The climax plants community is
mixed evergreen-deciduous broadleaf forest. Due to the intense human
disturbance, the coexistence of different vegetation types: grassland,
shrub, secondary forest and primary forest (Du et al. 2015). Previous
works showed clear explanation regarding the soil, leaf, litter and
microbiology ecological stoichiometric at different restoration stages in
karst region (Liu et al., 2018; Pan et al., 2015; Wang et al., 2018; Zeng
et al. 2016, 2018). However, eventual relations between root and soil
stoichiometric ratios have not been found.

Herein, in this study, four different restoration stages in depressions
between karst hills were taken as the objects to explore the relations
between the stoichiometric characteristics of fine roots with soil in
different restoration stages, in the hope of further understanding the
underground growth process of karst vegetation. The main objectives of
this study were to (i) explore the stoichiometric characteristics of fine
roots in different restoration stages, (ii) explore the stoichiometric
characteristics of soil in different restoration stages, (iii) analyze the
relationship between fine roots and soil stoichiometric characteristics.

2. Materials and methods
2.1. Study site

The research was conducted at karst region of Huanjiang County
(Fig. 1). The highest elevation in the study area is 1028.0 m, with annual
average temperature being 15.7°C, January average temperature
10.1°C, July average temperature 28°C, minimum temperature of
5.2°C, frost-free period 290 days, the average annual sunshine hours
1451, annual rainfall of 1389.1 mm, with precipitation from April to
September accounting for 70% of annual rainfall, average evaporation
being 1571.1 mm, and average relative humidity of 70% (Du et al.,
2017). The geomorphic type is depressions between karst hills. The soil
is mainly dark or brown calcareous soil developed over carbonate rocks,
which is non-zonal soil with shallow soil and high rock exposure rate,
soil pH varied from 7.06 to 7.68. (Du et al., 2019).
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Fig. 1. Vegetation types in the study area located in the karst area of southwest China.
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2.2. Experimental design

A post-agriculture succession sequence including four vegetation
types, i.e., grassland, shrubland, secondary forest and primary forest was
selected based on a space-for-time substitution approach. Three plots of
size 20 m x 20 m were established for each vegetation type (Du et al.,
2019). The major species found in grassland included Saccharum arun-
dinaceum, Imperata cylindrica, Microstegium fasciculatum, Ischaemum cil-
iare, Arthraxon hispidus and Bidens Pilosa. The major species found in
shrub included Boehmeria dolichostachya, Vitex negundo, Alchornea tre-
wioides, Mallotus barbatus and Pyracantha fortuneana. The major species
found in secondary forest included Alangium chinense, Cryptocarya aus-
trokweichouensis and Bauhinia brachycarpa. The major species found in
primary forest included Handeliodendron bodinieri, Cleidion bracteosum,
Cyclobalanopsis glauca, Choerospondias axillaris, Machilus pauhoi, Eur-
ycorymbus cavaleriei, Platycarya strobilacea, Acer laevigatum, Platycladus
orientalis, Quercus phillyraeoides, Sinosideroxylon pedunculatum, Caloce-
drusmacrolepis and Carpinus luochengensis (Du et al., 2015).

2.3. Fine root and soil sampling and processing

Fine roots thrive in autumn and winter (Lopez et al., 2001), so we
sampled in September 2016. We randomly selected 8 points in various
places and adopted a soil drill with an internal diameter of 10 cm, and
collected fine root and soil samples in 0-10, 10-20 and 20-30 cm soil
layers (Makkonen and Helmisaari, 1999). There were 36 samples in total
(4 vegetation types x 3 replicate plots x 3 soil depths) at each sampling
time. In the laboratory, fine root samples (<2 mm) were oven dried at
75 °C to constant weight after 24 h. Retsch’s MM200 ball mill was then
used for grinding. Meanwhile, the soil samples were dried in a cool
place, and then were passed through a 2mm sieve. Thereafter, total
carbon and nitrogen in fine root (FRC and FRN) were measured by
means of a German Elementar vario MAX CN analyzer. The organic
carbon concentration of soil (SC) was measured by wet oxidation using
the dichromate redox colorimetric method (Nelson et al., 1996). The
total nitrogen of soil (SN) was determined according to the Kjeldahl
method (Gallaher et al., 1976) using the flow injection apparatus (AA3).
Total phosphorus in fine root (FRP) and soil (SP) was measured using an
ultraviolet spectrophotometer based on the Mo-Sb colorimetric method
(Ru-kun 1999).

2.4. Statistical analysis

R (X64 3.5.2) software (University of Auckland, Auckland, New
Zealand) was used to analyze all the data (R Core Team, 2018). We used
two-way ANOVAs to analyze the effects of vegetation, soil layer and
their interactions on fine root and soil stoichiometric characteristics.
One-way ANOVA with least significant difference (LSD) test at the
P < 0.05 level of significance was used for differences among vegetation
types and soil layers. We implemented the Pearson correlation of fine
root and soil regarding stoichiometric characteristics using the Perfor-
mance Analytics package (Peterson et al. 2014). OriginPro 9.0 (Ori-
ginlab Inc., USA) for Windows were used for drawing figures.

3. Results
3.1. Fine root C, N and P stoichiometry characteristics

Two-way ANOVA indicated that carbon content in fine roots (FRC)
was not significantly affected by vegetation type, soil layer and their
interaction. The contents of nitrogen (FRN) and phosphorus (FRP) in
fine roots were only significantly affected by vegetation type, while the
soil layer and interaction between soil layer with vegetation type was
not significant (Fig. 2A). In addition, multiple comparisons showed that
the FRN content of secondary forest was the highest in each soil layer,
and the lowest FRN content of grassland was found in the 0-10 cm soil
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Fig. 2. Distributions of C, N, P content (A) and C:N, C:P, N:P (B) in fine root
under different vegetation restoration stages. Note: PF, SF, SB and GL represent
Primary forest, Secondary forest, Shrub and grassland. Values are the means +
SE of three plots. Different capital letters above the bars indicate significant
differences among soil layers, and different small letters above the bars indicate
significant differences among vegetation types (p < 0.05). *P < 0.05; **P <
0.01; ns, no significant.
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layer. The highest FRP content corresponded to secondary forest, while
the lowest was found in grassland for each soil layer.

Two way ANOVA indicated that the ratio of fine root C:N (FRC:N)
and C:P (FRC:P) was significantly affected by vegetation type, but the
soil layer and interaction between vegetation type with soil layer was
not significant. The fine root N:P ratios (FRN:P) were not significantly
affected by vegetation type, soil layer and their interaction (Fig. 2B). The
multiple comparisons tests showed that the FRC:N values of secondary
forest were the highest in all three soil layers, and FRC:P was greater in
grassland than in primary forest and secondary forest at all three soil
layers.

3.2. Soil C, N and P stoichiometry characteristics

Two-way ANOVA indicated that the content of organic carbon (SC)
and nitrogen (SN) in soil was significantly affected by vegetation type
and soil layer, but not by their interaction. The content of phosphorus
(SP) in soil was only significantly affected by vegetation type (Fig. 3A).
The multiple comparisons showed that, in terms of vegetation types, the
SC presented a changing trend of primary forest>secondary for-
est > shrub > grassland in the 0-10cm and 10-20cm soil layers;
whereas the SN of primary forest was highest and shrub was lowest in
10-20 cm and 20-30 cm; and the SP of secondary forest was highest only
in the 10-20 cm soil layer. In terms of soil, SC and SN decreased with the
depth of the soil layer in all vegetation types except grassland.

Two-way ANOVAs indicated that both vegetation type and soil layer
significantly affected soil C:N (SC:N), C:P (SC:P) and N:P (SN:P). In-
teractions between vegetation type and soil layer did not affect any ratio
in a significant manner. In terms of vegetation types, the multiple
comparisons tests showed that in the soil layer of 0-10 cm, the SC:N and
SC:P increased (or tended to increase) with vegetation restoration, but
did not differ in the 10-20 cm and 20-30 cm soil layers. Meanwhile, the
SN:P value was lowest in the 10-20 c¢m soil layer (Fig. 3B). In terms of
soil layer, the SC:N and SC:P of primary forest and secondary forest both
decreased with the depth, while SN:P only decreased with depth in
secondary forest.

3.3. Relations between fine root and soil stoichiometry

As shown in Fig. 4, the SC was positively related to FRN and SN
(P < 0.01), and SP was positively correlated to FRP (P < 0.05). As shown
in Fig. 5, the FRC:N was negatively correlated to SC:N and SC:P. The
FRC:P was positively correlated to FRN:P and SN:P, while it was nega-
tively correlated to SC:N and SC:P. In addition, SN:P was positively
correlated to SC:P, whereas SC:N was positively correlated to SC:P.

4. Discussion
4.1. Fine root and soil C:N:P characteristics in four vegetation types

As a structural element, C is ubiquitous in plants and has little
variability, so in the current study, the fine root C was not significantly
affected by vegetation type, soil layer and its interaction. However, fine
root N and P concentrations were significantly different between sec-
ondary forest and the other three types, which contributed to establish
differences in N, P, C:N and C:P in vegetation types. This is consistent
with previous studies showing that plants C:N and C:P ratios differ in
vegetation types (Mcgroddy et al., 2004). Meanwhile, C:N and C:P of
plants reflect the utilization efficiency of nutrients and the growth rate
of these plants to a certain extent (Vitousek, 1982; Gray, 1983, David A
et al., 2004). In this study, the fine root N and P concentrations in sec-
ondary forest were higher than in the other three types, because the
nutrients in the community are concentrated in the tree layer, while the
natural succession of the primary forest, shrub and grassland is rela-
tively complex, and it should be taken into account that competition
between species is fierce and the nutrient distribution pattern of the
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Fig. 3. Distributions of C, N, P content (A) and C:N, C:P, N:P (B) in soil under
different vegetation restoration stages. Note: PF, SF, SB and GL represent Pri-
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community is different. In addition, compared with average global C:N
in fine roots (48.25) (Jackson et al., 1997), our results in each succession
stage were higher than that. The results showed that the root system of
karst ecosystem had higher element utilization efficiency. Previous
studies have shown that N:P ratios <14 suggest N limitation, and N:P
ratios >16 suggest P limitation (Dj, 2003; Reich, 2010). In the current
study, the average N:P ratios increased from 13.26 in the primary forest
to 21.06 in the grassland, which also suggested an increase in P limi-
tation. This is consistent with most subtropical studies (Liu et al., 2010;
Fan et al., 2015). On the other hand, there was no difference in fine root
nutrients at different depths of soil in the current study, but some other
studies found that the effect of different root branch order on nutrient
was significant (Pregitzer et al., 1997; Jl et al., 2002; Pregitzer, 2002).
As a consequence, further future studies on different root orders in karst
ecosystems are needed.

Changes in soil nutrients due to differ land use and depth are well
known (Powers, 2004; Gamboa and Galicia, 2011). For example, Liu
etal. (2017) reported that soil nutrients were significantly lower in most
soil layers of cropland than those in natural land in the Ili River Valley.
Song and co-workers also found that SOC in natural grassland and shrub
was significantly higher than that in cropland and orchard (Song et al.,
2012). In addition, our previous results from karst areas with poor soil
and high heterogeneity indicate that the soil nutrients content was

500 1000 1500 2000 0 2 4 6 810

increased with vegetation succession and decreased with soil depth,
regardless of different scale (Chen et al., 2012; Du et al. 2015; Li et al.,
2017; Wang et al., 2018). In this work, the changing trend of SOC
showed a consistent pattern: Primary forest> Secondary for-
est > Shrub > Grassland. This is because the input of recalcitrant litters
and tissues increased with the vegetation succession, which can promote
the accumulation of SOC (Paul et al., 2003). In previous studies, the
variation in soil C:N ratio was small for different vegetation types
(Mcgroddy et al., 2004). In our study, with the exception of grassland,
there was no difference in soil C:N among vegetation types, indicating
that SOC and soil N are relatively stable in karst forests. Furthermore,
the lowest soil N concentration was found in shrubs rather than in
grassland (in the early stage of succession), which perhaps could be
attributed to the different N absorption rates of plant species, and to the
existence of grazing in the plots (U and U 2005; Pei et al., 2008).

Our results showed that soil P concentration was significantly lower
than the global average (2.8 mg g™1), which is consistent with the low
levels of soil P in subtropical areas (Benjamin et al., 2008). Soil C:P is an
indicator of phosphorus availability (Hobbie and Vitousek, 2000; Hessen
et al., 2004), and we found that this ratio was significantly affected by
vegetation type, giving that primary and secondary forests were larger
than shrubs and grasses in surface soil layer. It can be seen that the soil P
availability of shrubs and grasslands was higher, attribute to
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fertilization, that has influence on soil in early succession stages (Niu
et al., 2011). Moreover, soil N:P, which can be used as prediction index
of nutrient restriction type, reaches the maximum value in the primary
forest, indicating that soil N accumulated, thus showing a comparatively
stable condition in primary forest.

4.2. Relations between fine root and soil C:N:P characteristics in four
vegetation types

The cycle of C, N, and P in the ecosystem results in translocation
between plants, litters and soil. The stability of plant C:N:P ratio will
affect soil nutrients, and soil also provides feedback on the effectiveness
of plant nutrients (Mcgroddy et al., 2004). Previous studies have found a
strong relation between CNP in plants and soils (Yang and Luo, 2011;
Liao et al., 2014; Yu et al., 2014), and our results also show that since the
decomposition of SOC is the main source of soil N (Rustad et al., 2001),
SOC was positively correlated with soil N. However, few studies had
shown details on relations between concentrations of elements in soils
and roots (Jobbagy and Jackson, 2001; Qiang et al., 2010). In addition,
many studies in subtropical and tropical areas have shown that plant
nutrients correlate with soil (Hedin, 2004; Fan et al., 2015), and in this
way we also found consistent results showing a positive correlation
between soil P and plant nutrients. Generally speaking, the soil C:N is
negatively related to soil N mineralization rate (Elser et al., 2000; Yong
etal., 2012). We found a correlation among fine root and soil C, N, and P
stoichiometry, a negative correlation between fine root and soil C:N and
C:P, which indicates that with the increase of vegetation C:N and C:P,
soil N utilization rate and circulation increase, because N has a positive
impact on soil N mineralization rate (Mooshammer et al., 2014).
Furthermore, fine root N:P was significantly related to soil N:P, the
re-translocation of nutrients between soil and fine root confirms these
relations. Previous studies found that the re-translocation patterns of N
and P contents in leaves of different plants were similar (Fife et al.,
2008). However, the stoichiometric characteristics of plants and soil in
karst areas need to be further studied in microorganism and litters.

5. Conclusion

In this study, we provide the scientific basis for the degraded karst
ecosystem in terms of underground stoichiometric characteristics and
found some interesting details. The fine root and soil C, N, and P and
their stoichiometry produced a great response with a succession of
vegetation. The fine root N, P, C:N and C:P are significantly affected by
vegetation succession, and the secondary forest is different from the
other three types. Meanwhile, plants fine root limited by phosphorus in
each restoration stages. In terms of soils, SOC and soil N are relatively
stable in karst forests at four restoration stages. Soil C:P was significantly
affected by vegetation type, and were larger in primary and secondary
forests than in shrubs and grasses in surface soil layer. Moreover, soil N
accumulated giving a comparatively stable condition in primary forest.
In addition, we found that SOC was positively correlated with soil N, and
a negative correlation between the fine root and soil in C:N and C:P,
indicate that the increase of vegetation C:N and C:P increase with soil N
utilization rate and circulation.
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