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Abstract: Revealing the patterns of fine root turnover traits can aid our understanding of the mech-
anisms of fine roots in adapting to soil nutrient changes. In a karst ecosystem of southwest China,
the fine root turnover rate, production, biomass, necromass, biomass/necromass ratio, as well as the
soil total and available nitrogen (N) and phosphorus (P) concentrations, and root carbon (C) and N
concentrations were analyzed in upper, middle, and lower slope positions of two vegetation types
(shrubland and forest). The results showed that the soil total and available N and P and fine root
production, biomass, and necromass were significantly higher in upper slope positions than those in
lower slope positions in both vegetation types. However, the fine root turnover rates were slightly
higher in upper positions than those in lower positions. In addition, fine root necromass was signifi-
cantly lower in shrubland than that in forest, while the biomass/necromass ratio was the opposite.
Therefore, fine root production and biomass were significantly affected by slope position, while the
fine root biomass/necromass ratio was significantly influenced by vegetation type. Additionally, fine
root necromass was significantly influenced by the slope position and vegetation, but the turnover
rate was slightly impacted by the two factors. It was also found that fine root production, biomass,
and necromass had significant positive correlations with the soil total and available N and P and root
C concentrations, and had significant negative correlations with root N concentrations. Moreover,
the biomass/necromass ratio was positively and negatively related to the root N concentrations and
C/N ratios, respectively. Thus, the variations in these five parameters of fine root turnover were
mainly explained by fine root nutrients and the interactive effects between fine root and soil nutrients.
The above results indicated that these variations in fine roots responding to soil and root nutrient
changes might be an adaptive mechanism to enhance plant nutrient acquisition in nutrient-poor
karst ecosystems.

Keywords: biomass; fine root turnover; necromass; production; karst ecosystem

1. Introduction

Southwestern China features one of the world’s largest karst landscapes with a large-
area exposure of carbonate rocks, which encompasses approximately 540,000 km2 [1]. The
characteristics of this region include peak clusters, depressions, high slope gradients, a high
ratio of rocky exposure, alkaline calcareous soils, and highly developed karst fissures [2].
Due to these unique topographical factors, water loss, and soil erosion are frequently high,
and thus, soil nutrients are heterogeneous but generally poor. In the last few decades,
unfortunately, the rocky desertification of the karst ecosystem had been accelerated because
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of the increasing over-exploitation of natural resources and the ecological fragility [3].
Areas of many undisturbed or slightly disturbed forests have transformed into croplands,
abandoned land, and grass-shrub lands, and soil nutrients have dramatically decreased
during these land-use changes [4]. In recent years, people are pleasantly surprised to
find that the worsening rocky desertification has been controlled through some ecological
projects by the Chinese government [5–7]. Vegetation restoration is beneficial for halting
the development of rocky desertification in this ecosystem [8]. However, it may be puzzling
that the karst vegetations are dramatically limited by soil nitrogen (N) and phosphorus
(P) [9,10].

Shrubland is widely distributed in the karst region of China and is a typical restoration
stage between grassland and forest. This stage has been suggested as the first choice for
vegetation restoration by planting supplementary shrubs in this region [9]. Although soil
N and P contents and availabilities are increasing along with the vegetation restorations
in this nutrient-poor ecosystem [2,11,12], shrubs in the shrub stage are co-limited by N
and P, and trees in forest are mainly limited by P [10]. Therefore, increasing the nutrient
supply capacity for plants may be very important in this ecosystem. To tolerate the nutrient-
limited stresses, plants have developed a wide variety of nutrient acquisition strategies,
such as enhancing their symbiosis of roots with arbuscular mycorrhizal fungi and N-fixing
bacteria [8,13,14], rhizosphere priming by exudations [15,16], and specific root length
and root tips [17]. Moreover, fine root turnover is another effective strategy for plants
responding to soil nutrient limitations [18].

A large quantity of fine roots, which are less than 2 mm in diameter, can greatly benefit
nutrient absorbability [19–22]. In nutrient-limited soils, new fine roots rapidly replace
old ones to acquire enough nutrients for plant growth, because they have more vigor
and plasticity [23,24]. The short-lived pattern of fine roots indicates that fine roots have
high turnover rates. Generally, the annual fine root production is divided by the fine root
biomass to acquire a fine root turnover rate [25–27], which is also dramatically impacted by
necromass. Fine root biomass and necromass were the amounts of living roots and dead
roots, respectively [28]. A low biomass/necromass ratio may be similar to a high fine root
turnover rate [23]. The variations in the fine root turnover rate and related parameters may
help successional vegetation adapt to changes in nutrient limitations. Thus, revealing the
patterns of fine root turnover rate and related parameters can aid our understanding of
the mechanisms of fine roots in adapting to soil nutrient changes. Although there has been
great research interest in fine root turnover rate in other ecosystems in recent years [25–29],
the spatial patterns of fine root turnover rates and the related parameters’ responses to soil
and root nutrients in different vegetation types in karst ecosystems remain unclear.

Generally, the fine root turnover rate and related parameters are changed by the
variations in soil and root nutrients. Firstly, they are positively correlated with the increasing
soil N, P, and organic matter in nutrient-poor conditions [30]. Soil nutrients generally occur
in distinct topographical patterns and change with the growth and maturing of vegetation
in natural ecosystems. Soil nutrients are spatially distributed because of topographical
factors, such as slope position or others in terrestrial ecosystems [31–33]. For example,
one previous study has shown that soil nutrient concentrations are lower in lower slope
positions than in upper slope positions in Korshrinsk peashrub lands [34]. The spatial
distribution of soil nutrients affects the fine root turnover rate and related parameters,
which are higher on upper slopes than on lower slopes [31]. In addition, soil nutrient
concentrations tend to increase from younger to older vegetation [35,36]. However, the
fine root turnover rate and related parameter trends may differ in different vegetation
types [37]. One study has shown that the fine root turnover rate is higher in later stages
than in earlier stages [38]. Secondly, it is affected by plant physiological characteristics,
e.g., fine root C and N concentrations [24]. A high fine root turnover rate is associated
with a short lifespan [39,40]. In nutrients’ limited ecosystems, plants will decrease the fine
root lifespan [41] and will allocate mineral nutrients to roots rather than to aboveground
parts [42]. This will lead to the fine roots having low N concentrations, resulting in high
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C/N ratios. Broadly, the fine root turnover rate and related parameters are potentially more
correlated with soil N, P, organic matter, and root C/N ratios or C concentrations, but are
less correlated with root N concentrations at higher nutrient levels.

In this study, two vegetation types (shrubland and forest) were selected in a karst
ecosystem in Guangxi province, southwestern China. Sequential coring and ingrowth
cores were used in our present study [29]. The fine root turnover rate, production, biomass,
necromass, biomass/necromass ratio, and C and N concentrations in both vegetation types
were measured, as well as the soil total and available N and P. Our objectives were to
(1) reveal the spatial patterns of fine root turnover rate, production, biomass, necromass,
and the biomass/necromass ratio in different slope positions; (2) compare the differences of
these five measured parameters between shrubland and forest; (3) and explore the response
of these fine root characteristics to soil and fine root nutrients in two vegetation types
in a karst ecosystem. We hypothesized that (1) the fine root turnover rate, production,
biomass, and necromass would be higher, but the biomass/necromass ratio would be lower
in the upper slope positions than in lower slope positions; (2) the fine root turnover rate,
production, biomass, and necromass would be higher, but the biomass/necromass ratio
would be lower in shrubland than in forest; (3) and the fine root turnover rate, production,
biomass, and necromass would be positively correlated, however, the biomass/necromass
ratio would be negatively correlated with increasing soil and root nutrients.

2. Material and Methods
2.1. Study Site

This study was conducted on two vegetation types (shrubland and forest) of a karst
ecosystem, in Huanjiang county, Guangxi province, southwestern China (Figure 1). The
karst ecosystem is located in the region of a typical subtropical monsoon climate, with a
mean annual temperature and precipitation of approximately 19 ◦C and 1400–1500 mm,
respectively [43]. Soil depth generally averages 10–30 cm on the hillslopes and soil pH
ranges from 6.3 to 7.9 in the two study sites.

Figure 1. Map showing the Huanjiang Observation and Research Station (•) and Mulun National Nat-
ural Reserve (N) in a karst ecosystem, southwestern China, and relative slope positions for sampling.

The shrubland plots were established in the Huanjiang Observation and Research
Station (24◦43′58.9′′–24◦44′48.8′′ N, 108◦18′56.9′′–108◦19′58.4′′ E) of the Chinese Academy
of Sciences, and covers an area of 146.1 ha. This area experienced severe deforestation from
1958 to the mid-1980s and has been recovering through natural revegetation from the mid-
1980s to the present day. Nowadays, approximately 70% of the hillslopes are dominated
by shrubs [44]. The forest plots were established in the Mulun National Natural Reserve
(25◦06′09′′–25◦12′25′′ N, 107◦53′29′′–108◦05′42′′ E), which is approximately 35 km away
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from the Huanjiang Observation and Research Station and covers an area of 108.6 km2. It
was established in 1991 to protect a remnant patch of undisturbed mixed evergreen and
deciduous broadleaved forest in the karst region [11,45]. The forest at this site has not been
disturbed for over 200 years.

2.2. Sampling

In May 2014, 15 plots (Table 1) were established in the Huanjiang Observation and
Research Station and Mulun National Natural Reserve, respectively. Plots were designed in
10 × 10 m quadrats and were set up at greater than 50-m intervals along five sample lines
in uniform vegetation on the whole slope at the two sites. Therefore, there were 5 plots in
lower, middle, and upper slope positions (Figure 1), respectively.

Table 1. Plot characteristics of the two vegetations in a karst ecosystem in southwest China.

Vegetations Number Altitude (m) Slope (◦) Community Height (m) Dominant Species

Shrubland 15 280 ~ 420 23.2 ± 5.8 2.5 ± 0.2
Vitex negundo, Croton lachnocarpus,

Ligustrum sinense, Cipadessa cinerascens,
Platycarya longipes

Forest 15 320 ~ 480 35.3 ± 6.1 7.4 ± 0.5
Pteroceltis tatarinowii, Rapanea

kwangsiensis, Eurycorymbus cavaleriei,
Murraya exotica, Cipadessa cinerascens

Sequential coring and ingrowth core are generally used to estimate fine root turnover
rates in different ecosystems [25,26]. In the karst ecosystem of southwestern China, the
hillslopes are very steep, and the soil layer in the hillslopes is very shallow and contains
a lot of gravel. For us, fine root samples were easily collected by a light soil auger in this
region. Therefore, sequential coring and ingrowth cores were used to estimate fine root
turnover rates in this study [29,46–49].

(1) The sequential coring

From May 2014 to May 2015, fine roots were sampled by sequential coring at bimonthly
intervals in the lower, middle, and upper positions of each sample line. Each plot was
divided into four subplots (5 m × 5 m). At the sampling sites, the soil layer is very shallow,
with soil depths amounting to less than 20 cm, and there are many rock fragments in the
soils on the middle and upper slopes, especially on the upper slopes [2,50]. In this study, in
order to compare the differences in fine root parameters in the same soil depth among the
three slope positions, 10 cm deep soil cores were taken as described in previous studies
in this region [51,52]. Four soil cores per plot were bimonthly taken by an auger (10 cm
diameter) and mixed to create a single sample. A total of 210 samples were collected,
i.e., 2 sites × 15 plots × 7 times.

(2) The ingrowth cores

One mesh bag (10 cm diameter and 10 cm depth, mesh size 6 mm) was installed in
each subplot, thus a total of 120 mesh bags were installed in the study area in May 2014.
The ingrowth cores were collected in May 2015, and a total of 30 fine root samples were
collected by mixing four soil cores with a single sample per plot.

Simultaneously, four soil cores (10 cm in depth) per plot were randomly taken and
then mixed to create a single sample in May 2014. The mixed soil samples were air-dried
and then ground to pass through a 2 mm mesh sieve for soil physicochemical analysis.

2.3. Laboratory Analyses

Soil samples taken by both methods were soaked in water for 24 h and then were
washed free of soil. In the case of these collected roots, fine roots (with a diameter less than
2 mm) were distinguished and were divided into living roots and dead roots. The bright
and resilient fine roots, which also have living stele, were defined as the living roots [26].
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Each root sample was dried at 65 ◦C for at least 48 h and then was ground to pass through
a 0.154 mm mesh sieve.

Fine root C concentrations (Croot) and N concentrations (Nroot) were determined with
an elemental analyzer (Vario MAX CN, Elementar, Hanau, Germany).

Soil total nitrogen (TN) was measured by a flow injection analyzer (FIAstar 5000, FOSS
Company, Stockholm, Sweden) based on the Kjeldahl method; soil available nitrogen (AN)
was extracted with a mixture of FeSO4 and NaOH and then was titrated with a diluted
solution of H2SO4; soil total phosphorus (TP) was digested in a solution of NaOH + H2SO4,
and available phosphorus (AP) was extracted with NaHCO3. The TP and AP were analyzed
with phosphomolybdate blue [11].

2.4. Calculation of Turnover Rates

The fine root turnover rate for both the sequential cores and ingrowth cores was
calculated as follows: firstly, the production (P) between two sampling dates was calculated
using the decision matrix [46]; secondly, the annual fine root production (Pa) was summed
by all the calculated production (P) from the first step; thirdly, the total biomass was divided
by the sampling times per year to calculate the mean biomass (Bmean); finally, the Pa was
divided by the Bmean to estimate the fine root turnover rate (yr−1) [29].

2.5. Statistical Analyses

In this study, data were calculated using the R version 4.1.1 statistical software [53].
Before the statistical analysis, all data were checked for normality of distributions and ho-
mogeneity of variances. Firstly, the mixed model (lme4 package in R) was used to compare
the soil total and available N and P properties, the fine root turnover rates, production,
biomass, necromass, biomass/necromass ratios, and the C and N concentrations among
upper, middle, and lower slope positions and between shrubland and forest (Figures 2
and 3 and Tables 2–4). The probability of significance was defined as p < 0.05. Secondly, the
relationships between the fine root turnover parameters and soil and fine root nutrients
were assessed using Pearson’s correlation analysis (Tables 5 and 6) and redundancy analysis
(RDA, Vegan package, Figure 4). Thirdly, the soil N (total and available N), soil P (total
and available P) and fine root nutrient (C and N concentrations) variables were used to
calculate the variances of the variations in fine root turnover parameters through variation
partitioning analysis (Vegan package in R, Figure 5) [54].

Table 2. Soil nitrogen (N) and phosphorus (P) concentrations and availabilities in two vegetations of
a karst ecosystem (mean ± SE).

Slope Positions Total Nitrogen
(TN g kg−1)

Available Nitrogen
(AN mg kg−1)

Total Phosphorus
(TP g kg−1)

Available Phosphorus
(AP mg kg−1)

Shrubland
Upper 7.86 ± 0.22 b 424.92 ± 4.69 b 1.48 ± 0.20 b 12.18 ± 0.69 b
Middle 6.75 ± 0.46 b 388.43 ± 16.25 b 1.46 ± 0.10 b 11.30 ± 0.46 b
Lower 4.34 ± 0.24 a 358.33 ± 23.93 a 0.96 ± 0.08 a 4.63 ± 1.14 a
Overall 6.32 ± 0.43 A 390.56 ± 11.61 A 1.30 ± 0.10 A 9.37 ± 1.00 A
Forest
Upper 13.54 ± 1.39 b 584.23 ± 63.21 b 1.64 ± 0.07 b 10.50 ± 1.42 b
Middle 9.63 ± 2.43 b 508.15 ± 90.28 b 1.66 ± 0.21 b 9.52 ± 1.67 b
Lower 4.70 ± 0.17 a 314.68 ± 9.14 a 1.14 ± 0.10 a 4.32 ± 0.32 a
Overall 9.29 ± 1.30 B 469.02 ± 45.65 B 1.48 ± 0.10 A 8.11 ± 1.00 A

Lowercase letters indicate significant differences (p < 0.05) among three slopes; capital letters indicate significant
differences (p < 0.05) between shrubland and forest.
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Figure 2. Fine root turnover rates, production, biomass, necromass, and biomass/necromass ratios in
different slope positions and vegetations of a karst ecosystem. # Lowercase letters indicate significant
differences (p < 0.05) among the three slope positions; capital letters indicate significant differences
(p < 0.05) between the two vegetation types. (a,c,e,g,i) were the patterns of fine root turnover rates,
production, biomass, necromass, and biomass/necromass ratios measured by sequential coring,
respectively; (b,d,f,h,j) were the patterns of fine root turnover rates, production, biomass, necromass,
and biomass/necromass ratios measured by ingrowth cores, respectively.

Table 3. Fine root turnover parameters responded to slope position and vegetation in a
karst ecosystem.

Response Variable Slope Position Vegetation Slope Position × Vegetation

F Value p F Value p F Value p

Sequential coring
Fine root turnover rates 1.452 0.239 0.003 0.957 0.007 0.935

Fine root production 26.948 <0.001 0.888 0.355 2.009 0.168
Fine root biomass 19.675 <0.001 0.720 0.404 2.911 0.099

Fine root necromass 22.874 <0.001 10.248 0.004 0.076 0.786
Biomass/necromass ratios 0.473 0.498 4.540 0.042 3.182 0.086

Ingrowth cores
Fine root turnover rates 0.129 0.722 9.811 0.004 0.633 0.434

Fine root production 5.094 0.033 0.496 0.488 0.637 0.432
Fine root biomass 4.147 0.052 0.074 0.788 0.215 0.647

Fine root necromass 4.038 0.055 5.733 0.025 1.465 0.237
Biomass/necromass ratios 0.001 0.977 5.280 0.030 1.087 0.307

Croot, fine root carbon concentration; Nroot, fine root nitrogen concentration.
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Figure 3. Croot and Nroot of living fine roots in different slope positions and vegetations of a karst
ecosystem. Lowercase letters indicate significant differences in living fine roots (p < 0.05) among
the three slopes; capital letters indicate significant differences in living fine roots (p < 0.05) between
shrubland and forest. (a,c,e) were the patterns of fine root C concentrations, N concentrations, and
C/N ratios used by sequential coring, respectively; (b,d,f) were the patterns of fine root C concentra-
tions, N concentrations, and C/N ratios used by ingrowth cores, respectively.

Table 4. Fine root nutrients responded to slope position and vegetation in a karst ecosystem.

Response Variable Slope Position Vegetation Slope Position × Vegetation

F Value p F Value p F Value p

Sequential coring
Fine root C concentration 28.194 <0.001 0.238 0.626 2.923 0.056
Fine root N concentration 2.009 0.137 217.471 <0.001 11.936 <0.001

Fine root C:N ratios 1.639 0.197 175.577 <0.001 9.883 <0.001

Ingrowth cores
Fine root C concentration 11.446 <0.001 1.666 0.210 2.525 0.102
Fine root N concentration 1.494 0.245 20.277 <0.001 11.764 <0.001

Fine root C:N ratios 0.190 0.828 22.35 <0.001 14.35 <0.001

Table 5. Relationships between fine root turnover and production, biomass, and necromass.

Production Biomass Necromass Biomass/Necromass Ratios

Sequential coring
Turnover rates 0.492 ** −0.145 0.014 −0.233

Production – 0.768 ** 0.658 ** 0.051
Biomass – – 0.739 ** 0.230

Necromass – – – −0.454 *

Ingrowth cores
Turnover rates 0.191 −0.141 0.716 ** −0.862 **

Production – 0.941 ** 0.806 ** −0.223
Biomass – – 0.558 ** 0.063

Necromass – – – −0.659 **

** Correlation is significant at the 0.01 level (2-tailed); * Correlation is significant at the 0.05 level (two-tailed).
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Table 6. Relationships between the characteristics of fine roots and soils.

Soil TN Soil AN Soil TP Soil AP Croot Nroot C/N Ratios

Sequential coring
Turnover rates −0.110 −0.230 0.290 0.109 0.182 0.024 −0.011

Production 0.439 * 0.263 0.344 0.530 ** 0.712 ** −0.041 0.188
Biomass 0.612 ** 0.512 ** 0.393 * 0.542 ** 0.684 ** −0.040 0.197

Necromass 0.318 0.173 0.315 0.590 ** 0.570 ** −0.432 * 0.572 **
Biomass: Necromass ratios 0.283 0.336 0.068 −0.165 0.033 0.511 ** −0.504 **

Ingrowth cores
Turnover rates −0.028 −0.002 0.033 0.044 −0.095 −0.51 ** 0.479 **

Production 0.381 * 0.252 0.376 * 0.506 ** 0.503 ** −0.226 0.405 *
Biomass 0.468 ** 0.324 0.392 * 0.503 ** 0.540 ** −0.049 0.237

Necromass 0.120 0.052 0.250 0.381 * 0.290 −0.468 * 0.580 **
Biomass: Necromass ratios 0.340 0.336 0.186 0.045 0.020 0.514 ** −0.482 **

** Correlation is significant at the 0.01 level (two-tailed); * Correlation is significant at the 0.05 level (two-
tailed). Soil TN, soil total nitrogen; Soil AN, soil available nitrogen; Soil TP, soil total phosphorus; Soil AP, soil
available phosphorus; Croot, fine root carbon concentration; Nroot, fine root nitrogen concentration; C/N, fine root
C/N ratios.

Figure 4. RDA results showed the effects of fine root and soil nutrients on fine root turnover
parameters. TN, soil total nitrogen; TP, soil total phosphorus; AN, soil available nitrogen; AP, soil
available phosphorus; Croot, fine root carbon concentration; Nroot, fine root nitrogen concentration.
Monte Carlo test of the RDA analysis ((a). F = 5.14, p = 0.001; (b). F = 2.42, p = 0.011).

Figure 5. Venn diagram showing the variations in fine root turnover parameters contributed by soil
N and P and fine root nutrients. Fine root turnover parameters included turnover rate, production,
biomass, necromass, and biomass/necromass ratios; Soil N included total and available nitrogen
concentrations; Soil P included total and available phosphorus concentrations; Fine root nutrients
included fine root C and N concentrations.
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3. Results
3.1. Characteristics of Soil Nutrients

Soil TN, AN, TP, and AP in upper and middle slope positions were all significantly
higher than those in lower slope positions in shrubland and forest. Additionally, soil TN,
AN, TP, and AP were highest in the upper positions in both vegetation types. Moreover,
higher soil TN and AN were found in forest rather than in shrubland, while there were no
differences in soil TP and AP between the two vegetation types. Therefore, soil TN and AN
were affected by slope position and vegetation types, while soil TP and AP were mainly
affected by slope position (Table 2).

3.2. Spatial Patterns in Fine Root Turnover Rate and Related Parameters

In our present study, the fine root turnover rate in shrubland and forest, when mea-
sured by sequential coring, was 2.49 yr−1 and 2.47 yr−1, respectively (Figure 2a). However,
the parameter in two vegetations, when measured by ingrowth cores, was 1.47 yr−1 and
1.30 yr−1, respectively (Figure 2b).

Fine root turnover rates were slightly higher in the upper slope positions than in
the other two positions in both vegetations (Figure 2a,b). Fine root production, biomass,
and necromass were significantly higher in the upper slope positions than in the lower
positions (Figure 2c–h). Fine root biomass/necromass ratios were lower on upper slopes in
shrubland, while this was the opposite in forest (Figure 2i,j).

Fine root turnover rates, production, and biomass did not significantly differ between
the two vegetation types (Figure 2a–f). The necromass was significantly higher in shrubland
than in forest (Figure 2g,h), while the biomass/necromass ratios were opposite (Figure 2i,j).

Fine root turnover rates were insignificantly affected by the slope position and vege-
tation type. The production and biomass were slightly affected by the slope position.
The necromass was significantly affected by vegetation and the slope position. The
biomass/necromass ratios were significantly impacted by vegetation (Table 3).

3.3. Spatial Patterns of Living Fine Root Nutrients

The C concentrations of living fine roots were significantly higher in the upper slope
positions than those in lower positions in both vegetations (Figure 3a,b). The N concen-
trations of living fine roots were significantly higher in the upper slope positions than in
lower positions in forest, however, showed the opposite pattern in shrubland (Figure 3c,d).
Additionally, the C:N ratios of living fine roots were significantly higher in the upper
slope positions than in lower positions in shrubland, while this were opposite in forest
(Figure 3e,f).

The variations in the C concentrations of living fine roots were significantly affected
by slope position. The variations in the N concentrations and C:N ratios of living fine roots
were significantly influenced by vegetation and the interactive effects between the slope
position and vegetation (Table 4).

3.4. Relationships between Fine Roots and Soil Characteristics

Fine root turnover rates were positively correlated with production and necromass.
The production was positively correlated with biomass and necromass. The necromass was
negatively correlated with the biomass/necromass ratios (Table 5).

Fine root turnover rates were not significantly related to soil and fine root nutrients.
The fine root production, biomass, and necromass were significantly related to soil N and
P concentrations and availabilities and the fine root C concentration, however, they were
negatively related to the fine root N concentration. In addition, the biomass/necromass
ratios were positively related to the fine root N concentration but were negatively related
to the fine root C:N ratios (Table 6 and Figure 4). The soil N, soil P, and fine root nutrient
concentrations explained 90.27% and 98.68% of the variations in fine root turnover traits
measured by sequential coring and ingrowth cores, respectively (Figure 5). Therefore,
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the variations in fine root turnover traits were mainly explained by the interactive effects
between the fine root and soil nutrients.

4. Discussion
4.1. Fine Root Turnover Rates in Karst Ecosystems

According to Gill and Jackson’s study about the global fine root turnover rate of
grasslands, shrublands, and forests [55], the average fine root turnover rate was from
1.4 yr−1 to 1.9 yr−1. In Chinese forests, the rate was 1.19 yr−1 [56]. In this study, fine
root turnover rates measured by sequential coring were higher in the studied karst region
than in global or other Chinese regional patterns. This result indicated that a higher fine
root turnover rate benefited terrestrial ecosystems by improving nutrient uptake, nutrient
dynamics, and carbon sequestration [25,26]. Thus, this action may relieve the nutrient
limitation, which is more restricted in karst areas than in other non-karst areas [4,17].
Therefore, increasing fine root turnover is an important strategy for plants to adapt to soil
nutrient limitations in karst ecosystems.

In addition, fine root turnover rates determined by sequential coring were higher than
those measured by ingrowth cores. There are two factors that can explain the phenomenon.
Firstly, the soil’s physical and chemical properties were changed by ingrowth cores. In
order to remove the roots from studied soils, these soils must be dug out and mixed. These
experimental processes will disturb soil bulk density, nutrient availability, microorganisms,
and other environmental factors [57]. Thus, we must hypothesize that the growth of fine
roots is not influenced by soil disturbance and root damage when we use the ingrowth
cores to estimate the fine root turnover rate [51]. However, there is evidence refuting this
hypothesis under natural conditions [58]. Therefore, after cutting off the root system, the
growth rates and quantities of new fine roots are probably lower than those of old fine
roots. Secondly, after cutting off the root system, the pressure of resource competition may
decrease between roots, resulting in lower fine root turnover rates measured by ingrowth
cores than that measured by sequential coring. Thus, fine root turnover rates measured
using the sequential coring method may be more likely to approximate the true value in
soils of karst ecosystems.

4.2. Variations in Fine Root Turnover with Changes in Slope Positions and Vegetation Types

In this study, higher fine root production, biomass, and necromass were found in
upper slope positions than in lower slopes (Figure 2c–h). However, fine root turnover rates
did not significantly differ among the three slope positions (Figure 2 and Table 2). Fine
root turnover is a critical parameter for nutrient uptake, nutrient dynamics, and carbon
sequestration in terrestrial ecosystems [22,25]. Generally, a high fine root turnover rate
indicates that a new fine root system of plants will rapidly replace the old one, and plants
can increase their nutrient absorption, even in plants reducing biomass allocation to below-
ground portions [22,24]. The fine root biomass and necromass are the essential data to
calculate the turnover rate [25–27]. If there is a high fine root production, biomass, and
necromass in ecosystems, as well as low fine root biomass/necromass ratios, the fine root
system of plants will be inclined to rapidly replace the old fine roots, such as the patterns
in shrubland in the present study. In forest, fine roots had higher biomass/necromass
ratios in the upper slope positions than those in lower slope positions, and they also had
higher production, biomass, and necromass (Figure 2). It might suggest that the pattern
of fine root turnover in forest was similar to that in shrubland. The above discussions
indicated that the new fine root system of plants would still rapidly replace the old ones in
the upper slope positions in both vegetation types. The differences in turnover parameters
between the upper positions and the lower positions in both vegetation types supported
the first hypothesis.

In natural ecosystems, fine root turnover rates, production, biomass, and necromass
are generally influenced by vegetation types [59]. In the present study, fine root turnover
rates, production, and biomass did not significantly differ between the two vegetation
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types (Figure 2a,b and Table 2), but the three parameters were slightly higher in shrubland
than in forest. Our results were consistent with the previous studies which found that
the fine root biomass was higher in intermediate-aged stands than in younger and older
stands [60,61]. Another study, which examined variations in fine root biomass in karst
regions reported that it was higher in shrubland than in forests [62]. The phenomenon may
be related to the adaptive mechanism for enhancing plant nutrient absorption efficiency in
nutrient-poor soils. In karst ecosystems, plants are impacted by N and P co-limitation in
shrubland and are mainly influenced by P limitation in forest [17]. In this nutrient-limited
ecosystem, plants would have high fine root turnover rates to enhance nutrient absorption
efficiency. It was found that fine root necromass was significantly higher in shrubland than
in forest but the biomass/necromass ratio was the opposite (Figure 2g,h). These results
also supported the second hypothesis.

Thus, the necromass was significantly affected by vegetation type and slope position.
The production and biomass were significantly influenced by the slope position, and
the biomass/necromass ratios were significantly impacted by the vegetation type. The
turnover rates were slightly influenced by the vegetation type and slope position. The
interactive effects of the slope position and vegetation type on these five parameters were
not significant (Table 2).

4.3. Fine Root Turnover and Dynamics Related to Soil and Root Nutrients

The variations in fine root turnover rates, production, biomass, and necromass were
affected by soil nutrient factors. Previous studies have indicated that fine root production,
biomass, and turnover rates increase in nutrient-limited and heterogeneous soils, but
decrease in fertile soils [63,64]. Our results were consistent with these previous findings
that fine root production, biomass, and necromass were positively related to soil TN, TP,
and AP (Table 4 and Figure 4). Firstly, in karst ecosystems, a higher slope gradient and
surface cover of rock outcrops generally occur in upper slope positions rather than in lower
slope positions [32], resulting in decreasing soil cover area and volume in the upper slope.
However, large areas of rocky outcrops and high slope gradients are good at trapping litter
to put back into the soil, and eventually enhance soil nutrient concentrations along the
increasing gradients of slope position [65]. In the end, the distribution of soil nutrients
reflected topographic heterogeneity [66], showing that the soil total and available N and
P in upper and middle slope positions were higher than those in lower slope positions in
two vegetation types (Table 1). In higher slope positions, the decreasing soil cover area and
volume will increase the amounts of fine root per square/cubic meter of soil, as well as root
diversity, complexity, and competition. Thus, fine roots may increase their nutrient uptake
rates or turnover rates along the increasing gradients of slope position [67,68]. That offers
support for our finding that fine root turnover rate, production, biomass, and necromass
were higher on upper slopes than on lower slopes (Figure 2). Secondly, soil nutrients
generally increased from younger to older vegetation. In this study, the soil total and
available N in forest were higher than those in shrubland, however, the total and available
P were not different between the two vegetation types (Table 1). Although the soil total
and available N concentrations increased from shrubland to forest, soil nutrients were still
poor in the karst region compared with non-karst regions in the same latitude [69].

The variations in fine root turnover rates, production, biomass, and necromass are
also correlated with fine root nutrients [24]. Because fine root turnover is an active adap-
tation to soil environment changes, fine roots will have rapid decomposition and high
nutrient absorption efficiency and cycling, higher C/N ratios of plant tissues, and higher
degradation rates in terrestrial ecosystems [70,71]. In this study, the fine root C/N ratios
were significantly higher in shrubland than those in forest (Figure 3). Thus, the fine root
biomass/necromass ratios were significantly different between the two vegetation types, as
were the C/N ratios. In addition, a high fine root turnover rate is associated with a low lifes-
pan [39,40], to maintain high nutrient absorption efficiency and cycling. In nutrient-limited
soils, N and P nutrients would not sequestrate in fine roots but cycle quickly [16,42]. This
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might be consistent with the low N concentrations of fine roots in shrubland (Figure 3), due
to N limitations in this vegetation. Additionally, fine root N and C/N ratios were higher in
the upper slope positions than those in the lower positions in shrubland, but the opposite
trends were seen in forest (Figure 3). The variations in the fine root N and C:N ratios might
be mainly affected by N limitation in shrubland but not in forest. This would be supported
by the significant influence of vegetation type, but not slope position on fine root N and
C/N ratios (Table 4). According to the discussions, C will be good for fine root biomass
communication, while N will be one important factor affecting fine root turnover. Thus, the
relationships between fine root turnover rates, production, biomass, necromass and fine
root C and C/N ratios were positive but the relationships between these four parameters
and root N were negative, while the relationships between the biomass/necromass ratios
and fine root C, N, and C/N ratios were opposite.

To sum up, our results supported the third hypothesis. The proportions of the vari-
ations in these five parameters were explained more by the fine root nutrients and the
interactive effects between the fine root and soil nutrients than by individual soil N or P
concentrations (Figure 5). Broadly, the patterns of high fine root turnover rates, produc-
tion, biomass, and necromass in the upper slope positions and high necromass and low
biomass/necromass ratios in shrubland were mainly affected by the fine root nutrients and
their interaction with soil nutrients, suggesting that high fine root turnover rates may be
a good adaptive mechanism for enhancing plant nutrient absorption efficiency in higher
slope positions and younger vegetation in karst ecosystems. Future work on fine root
turnover in heterogeneous nutrient-limited karst ecosystems would use multiple methods,
such as controlled field experiments, isotopic tracing, and minirhizotron, to determine how
soil and root nutrients influence the tradeoff between nutrient acquisition and resource
investment for fine roots, fungi, and rhizosphere soils.

5. Conclusions

In this study, we provided a detailed insight into the spatial variations of fine root
turnover rates and their related parameters in two vegetation types of a karst ecosystem.
Fine root turnover rates did not vary significantly among upper, middle, and lower slopes
and between shrubland and forest. Fine root necromass differ significantly among the
three slope positions and between the two vegetation types. The production and biomass
differed significantly among the three slope positions, and the biomass/necromass ratios
differed significantly between the two vegetation types. In addition, soil N and P were
distributed spatially according to topographic factors and N varied with the change in
vegetation. The pattern of fine root turnover rate and related parameters changes is an
adaptive mechanism of fine roots in response to soil nutrients, especially in nutrient-limited
ecosystems. Fine root turnover rates were not significantly related to soil, but rather fine
root nutrients. The production, biomass, and necromass were positively related to soil TN,
TP, AP, and fine root C and C/N ratios. The necromass was negatively correlated with fine
root N. The biomass/necromass ratios were positively and negatively correlated with fine
root N and C/N ratios, respectively. The variations in these five parameters were mainly
explained by the fine root nutrients and the interactive effects between fine root and soil
nutrients. Thus, our study highlighted that plants enhanced the fine root turnover rate
and related parameters to increase nutrient acquisition in spatial nutrient-limited soils in
karst ecosystems.
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