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Abstract 13 

Purpose Studies about soil carbon (C) and nitrogen (N) dynamics with land use change are 14 

urgently needed for urban ecosystems. We used fractionation of soils combined with stable 15 

isotopic analysis to examine soil C and N cycles after decadal forest and lawn planting in the 16 

Pearl River Delta, China.  17 

Methods Soil samples from bare soil (CK) and four land use treatments (55 and 20 years of 18 

forest plantation, F-55 and F-20; 55 and 20 years of lawn plantation, L-55 and L-20) were 19 

split into different chemical fractions. Then we analyzed the C and N contents, C/N ratio, 20 

δ13C and δ15N, C and N recalcitrant indices (RIC, RIN), and a C pool management index 21 

(CPMI). 22 

Results Forest vegetation substantially enhanced soil organic carbon (SOC) caused by the 23 

recalcitrant (RC) and labile C (LC) pools, while the larger soil organic nitrogen (SON) was 24 

ascribed to the increased recalcitrant N (RN). Enhanced LC but minor changes in labile N 25 

(LN) suggested a decoupled C and N in labile fractions of the forest soils. In contrast, the 26 

larger LN, and the enhanced decomposition of SOC, indicated that the lawns may have 27 

inhibited N mineralization of labile pools, also suggesting a decoupled C and N turnover and 28 

leading to low RIN values.  29 

Conclusions Urban forest and lawn plantations significantly changed the soil C and N 30 

dynamics, and emphasized the inconsistency between C and N processes, especially in labile 31 

pools, which would eventually lead to minor changes in N and limit the ecosystem C 32 

sequestration. 33 

 34 

Keywords: Forest; Lawn; C and N isotope; Labile and recalcitrant C; Soil C decomposition; 35 

Carbon pool management index   36 
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1. Introduction 37 

The rapid increase of urbanization has become one of the most important global issues in the 38 

last half century (Zhang et al. 2012), threatening the structure and functioning of ecosystem 39 

as well as the storage of carbon (C) and nitrogen (N) (Seto et al. 2012). Land use conversion 40 

usually causes the changes of soil organic carbon (SOC) and organic nitrogen (SON), 41 

releases CO2 into the atmosphere, and reduces C and N sequestration, thereby disturbing C 42 

and N cycle in terrestrial ecosystems (Chen et al. 2013; Wei et al. 2014; Canedoli et al. 2020). 43 

At present, the improved land managements such as promoting greenery and plantations are 44 

proposed to increase the soil C sink function of urban ecosystems. For instance, urban forests 45 

and lawns, have been considered as effective approaches to mitigate the increasing 46 

atmospheric CO2 concentrations, and to enhance soil properties and ecosystem services 47 

including C and N reserves (Velasco et al. 2016; Shen et al. 2020). However, there are still 48 

some contraries showing that plantations might not always be the climate rescuers (Popkin 49 

2019). Previous results have showed the increases in SOC storages of 10–59% after 50 

croplands were converted to forests and/or grasslands (i.e. Guo and Gifford 2002; Shi et al. 51 

2013; Bárcena et al. 2014; Kämpf et al. 2016; Dou et al. 2016b), and such conversion also led 52 

to an enhanced long-lasting C sink after the establishment of grassland and forest in 53 

temperate and subtropical climate zones (Poeplau et al. 2011; Dou et al. 2013). In addition, 54 

different land covers (i.e. forests and lawns) may eventually result in the losses or no 55 

significant net changes of C and N storages in urban soils (Zhang et al. 2012; Throop et al. 56 

2013; Dou et al. 2013, 2016b; Yang et al. 2019). These inconsistencies might result from 57 

multiple factors, including climate conditions, land cover changes, disturbance intensity and 58 

frequency, soil nutrient availability, and plantation types (Edmondson et al. 2014; Kalinina et 59 

al. 2015; Gao et al. 2020). Consequently, a better understanding for the responses of C and N 60 

dynamics to different surface covers is needed, to optimize land C management in urban 61 
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ecosystem (Edmondson et al. 2012; Xu et al. 2018; Gao et al. 2020). 62 

    The stabilization and turnover of soil organic matter (SOM), as the two important 63 

correlated processes, controlling SOC and SON changes as well as determining the C source 64 

or sink after land use conversions (Nath et al. 2018; Kurganova et al. 2019). It is well known 65 

that the capacity of SOC storage is determined by the balance of plant-derived C input and 66 

microbial activity-driven SOC decomposition (Dou et al. 2016a, b). Specifically, C sink 67 

occurs as the plant-derived C influx is greater than the C efflux through decomposition 68 

processes (Mazzilli et al. 2014; Dou et al. 2016a). Evaluating the responses of soil C and N 69 

storages to vegetation types has often compared forests and lawns (Berhongaray and Alvarez 70 

2019), as it generally shows certain differences in plant-derived C influx and SOM decay rate. 71 

For instance, the C inputs and decomposition in forests often differ from those in lawns by: 72 

First, the different quantity and quality of C sources: the C inputs in forest soils are mainly 73 

from the residues of plant aboveground parts which usually have higher lignin content with 74 

lower N concentrations, while those in lawns usually come from plant belowground parts 75 

with higher litter quality; Secondly, fungal types related to the belowground parts of tree 76 

species and grasses are substantially with different C/N ratios and turnover rates, which 77 

reflect distinctive characteristics for SOM decomposition and nutrient absorption (Brzostek et 78 

al. 2015; Kurganova et al. 2019; Yang et al. 2020). Changes of plantation type following land 79 

use conversion could affect the quantity and quality of plant-derived residues returned to soils, 80 

further altering the formation and turnover of soil physicochemical fractions and its 81 

interactions with SOC (Pérez-Cruzado et al. 2012, 2014; DeMarco et al. 2016; Kurganova et 82 

al. 2019).      83 

    Therefore, understanding and predicting the effects of land-use conversion on SOM 84 

dynamics is highly needed, yet it may be complicated as SOM is formed by multiple 85 

components with different microbial activities (Cheng et al. 2011). In short, the stabilization 86 
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mechanism is mainly through the physicochemical fractions of SOM compounds, such as 87 

active and passive pools with different proportions and interactions, which could show the 88 

resilience to decomposition (Eze et al. 2018). For instance, changes in SOM caused by the 89 

shift of vegetation components could be more easily and turnover faster for labile fractions in 90 

comparison with bulk soils (Sainepo et al. 2018), whereas recalcitrant fractions are less active 91 

and occupy a large proportion of soil C stocks. Specifically, the dynamics of labile fractions 92 

in SOC under different land cover changes can be used as an index for soil development. 93 

Thus, the C pool management indices (CPMI), in terms of the calculation of SOC lability, has 94 

been introduced to assess the potential of land management with purpose of improving soil 95 

qualities (Sainepo et al. 2018; Yang et al. 2018). Originally, 13C of C3 species ranges from 96 

−35‰ to −20‰ and 13C of C4 species ranges from −19‰ to −9‰, which produce 97 

plant-derived residues with different 13C/12C ratios as a result of the distinct utilization 98 

strategies for C isotopes (Zhang et al. 2015). Accordingly, the proportions of fresh and old 99 

SOC can be calculated, depending on isotopic mass balance, and then the turnover rate of 100 

SOC could be estimated (Zhang et al. 2015; Conrad et al. 2017). Thus, soil fractionations, 101 

together with abundant values of stable isotope in nature, are widely applied as a valid 102 

approach to identifying the source, process and dynamics of SOC under land use conversions 103 

in terrestrial ecosystems (Conrad et al. 2017; Dou et al. 2017). 104 

The Pearl River Delta (PRD), with a rapid increasing urbanization rate (i.e. from 70% in 105 

1990 to 85% in 2015), is one of the most economically productive urban area in China and 106 

has experienced massive land use changes during its development (Liu et al. 2019). Moreover, 107 

the urban areas such as cities and grand parks usually contain various typical types of green 108 

spaces (i.e., forests and lawns/grass) with a high degree of social protection, which are 109 

valuable natural assets and important part of ecosystem C storage, with the purpose of 110 

providing the crucial urban ecosystem services (Bae and Ryu 2015). However, little has been 111 
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focused on quantifying SOC and SON dynamics in urban parks with designing more green 112 

areas (Bae and Ryu 2015). In this study, South China Botanical Garden, Chinese Academy of 113 

Sciences in Guangzhou was selected to investigate the contribution of land use, including 114 

urban forests and lawns, to SOM pools in the context of the PRD urban agglomeration. The 115 

aims of our research are followed as: how forests and lawns have potentially impacted on (1) 116 

dynamics of C and N in soil chemical fractions (i.e. stability and turnover levels); and (2) 117 

recalcitrant indices of soil C and N (i.e. RIC and RIN, respectively) and soil C pool 118 

management index (CPMI); (3) and to use these data to predict soil C and N sequestration 119 

potential of vegetations (i.e. forests and lawns) in urban ecosystems. 120 

 121 

2. Materials and Methods  122 

2.1. Study location description 123 

PRD region (21.29°N–23.93°N, 111.99°E–115.42°E) locates in southern Guangdong, 124 

China, which is mainly formed by alluvial deposits (Liu et al. 2019). The PRD covers an area 125 

of 5.77 ×106 ha of mountains, hills, croplands, plains as well as cities. Plain is located at 126 

center of PRD, while mountain and hill are in surrounding region (Wang et al. 2019). 127 

Climatic type of PRD belongs to the subtropics and the dominant plant species is subtropical 128 

evergreen broadleaf monsoon forest (Xu et al. 2018). Mean annual precipitation ranges from 129 

1600–2000 mm, and 80 % occurs between April and September, whereas the average annual 130 

temperature during daytime exceeds 20 °C. Laterite soils predominate PRD area and are 131 

formed from the sandy shales of southern part of China, which belongs to the classification of 132 

fine loamy, hyperthermic, and acidic Udic Cambisol in Chinese Soil Taxonomy (Wang et al. 133 

2019). Rapid population growth and urbanization in the PRD area have resulted in dramatic 134 

land use changes, which have had tremendous influences on terrestrial C cycles. 135 
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Consequently, Guangzhou, as a typical city for fast urbanization in the PRD area, was chosen 136 

in this study to examine the response of SOM dynamics to land use conversions. 137 

This research was conducted in forest and lawn plantations with different ages at South 138 

China Botanical Garden, Chinese Academy of Sciences in Guangzhou, where locates at the 139 

center of the PRD. The Garden was established in 1929 with the tourist area of 333 ha. The 140 

reasons for selecting this grand and comprehensive botanical garden as a typical 141 

representative are not only because of its critical ecosystem services in urban area but also as 142 

follows: (1) to avoid the excessive human disturbance due to the regulations on social 143 

protection; (2) clear land use history and detailed records for forest and lawn plantations; (3) 144 

containing various land use types such as forests and lawns with and without fertilization and 145 

clipping. The study included five treatments: (1) bare soil in open area, i.e. the control soil 146 

(CK); (2) 55 years forest (F-55); (3) 20 years forest (F-20); (4) 55 years lawn (L-55); (5) 20 147 

years lawn (L-20). Several decades ago, an expanse of uncultivated area was converted to a 148 

forest plantation dominated by Schima superba Gardn accompanied with Brassaiopsis 149 

glomerulata, Memecylon nigrescens, Psychotria rubra, Machilus oculodracontis, Ficus hirta 150 

and Rhapis excelsa and a grass plantation dominated by mixed planting of herbs 151 

(Alternanthera philoxeroides, Lindernia crustacean, Cynodon dactylon, Axonopus 152 

compressus, Ophiopogon japonicas and Phyllanthus urinaria). According to the survey, the 153 

forests and lawns were not fertilized or pruned and grew naturally since the cultivation. 154 

 155 

2.2. Field sampling and soil fractionations 156 

The completely randomized design of the experiment was carried out with 3 randomly 157 

selected experimental blocks. The distance between each site was about 1-2 km, and the site 158 

included the forests and lawns with the planting age of 55 years and 20 years, respectively. 159 

Each land use type was approximately 400 m2 (20 m×20 m). In August 2017, 3 quadrats (2 160 
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m×2 m) were randomly selected close to the rhizospheric areas in each quadrat (i.e. forests 161 

and lawns) and the distance between each quadrat was about 5 m. Meanwhile, the bare soil 162 

(CK) adjacent to other treatment plots was chosen as the control (i.e. CK, bare soil in 163 

radius >1 m, making sure that there was no organic matter input from vegetation for decades 164 

according to the survey from garden staff and field observation). Soils from each treatment 165 

plot were sampled at two surface layers (i.e. 20 cm for each layer) by a 2.5 cm radius soil 166 

core sampling kits. Systematic censuses for plant community and soils were performed to 167 

guarantee the comparabilities under different land cover types (i.e. similarities for soil type 168 

and texture, topographic features, vegetation types and land use history) for each sampling 169 

quadrat. Plant aboveground parts such as leaves and litter were sampled in every sub-quadrat. 170 

Plant belowground sample of roots were collected inside a 30×30 cm quadrat in surface 0-40 171 

cm soils. The cleaned leaves, litter and roots were dried in the oven to unchanged biomass at 172 

60°C and were further weighed in laboratory. The pH and density of bulk soils were 173 

determined by the common methods conducted for forests and lawns according to Dou et al. 174 

(2016a, b). Afterward manually removing big roots and rocks, then soils were open-air 175 

drying.  176 

Acidolysis process consulted by Rovira and Vallejo (2002) was used for soil 177 

fractionations such as labile and recalcitrant fractions. About dekagram of air-dried soils was 178 

processed using 1 mol/L hydrochloric acid at approximately 25°C for 24h with the purpose of 179 

removing the inorganic carbon. Then, unhydrolyzed residues were defined as SOM pools. 180 

About 0.5 g of the SOM samples were hydrolysed with 20 ml of 2.5 mol/L sulfuric acid at 181 

105∘C for 30 minutes in closed Pyrex tubes. Hydrolyzate was retrieved after being 182 

centrifuged and filtrated. The washings were mixed in previous hydrolyzate after the residues 183 

were rinsed using 20 ml of deionized water. Hydrolyzates were described as active pools (1). 184 
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Then the residues were performed a stoving at 65 °C. Remainings were hydrolyzed using 2 185 

ml of 13 mol/L sulfuric acid at approximately 25°C overnight with continuously shakings. 186 

The next step is to dilute the sulphuric acid to 1 mol/L, then hydrolyzing the samples at 187 

105 °C for 3 hours under periodic shakings. Hydrolyzate was retrieved after centrifugation 188 

and filtration. The washings were moved to the hydrolyzate after the remains were rinsed 189 

using 20 ml of water. The hydrolyzates were regarded as active pools (2). The total labile 190 

pools were obtained from the sum of active pools (1) and (2). The residues were moved to a 191 

crucible after it was rinsed twice with water, and stoving at 65 °C. The fractions were 192 

regarded as the recalcitrant pools.  193 

Recalcitrant indexes of carbon and nitrogen (i.e. RIC, RIN) were calculated as follows 194 

(Rovira and Vallejo 2002): 195 

RIC (%) = (non-hydrolyzed C/total SOC) × 100     (1) 196 

RIN (%) = (non-hydrolyzed N/total SON) × 100      (2) 197 

 198 

2.3. C and N contents and isotopes in SOM 199 

After the oven-dry treatment, plants and soil samples were ground and then passed 200 

through 20-mesh sieve (Dou et al. 2016a, b). Then, SOC, SON, δ13C and δ15N values in leaves, 201 

roots and litter and soil fractions were determined by the isotope ratio mass spectrometer 202 

(IsoPrime 100, IsoPrime, Manchester, UK). The SOC and SON storages were estimated from 203 

area-weighted, rectifying for the depths and densities of soils. Isotopic ratios of C and N in the 204 

plant-derived residues and soil fractions were presented as follows: 205 

10001
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Specifically, X represents C or N, h refers to the heavy isotopes, l is the light isotopes. The 207 
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isotopic ratio of C (13C) reflects the comparative value of PeeDee Belemnite Standard (δ13C = 208 

0.0112372‰), while N stable isotopic ratio (15N) is presented as the comparative value of 209 

atmosphere (δ15N = 0.0‰). Standard samples are measured for each 10 samplings; and the 210 

accuracy of the measurement is ± 0.13 ‰ for δ13C and ± 0.21‰ for δ15N, respectively. 211 

For various types of land use plots (i.e. forests, lawns), the δ13C values were used to 212 

estimate a percentage of fresh C (ffresh, that is, the plant-derived fresh C residue) and of aged 213 

C (faged =1-ffresh, C in soils before land use conversions) as follows (Del Galdo et al. 2003):  214 

100%
fresh aged

f resh

veg aged

 - 
f =

 - 

 
 

    (4) 215 

Specifically, δfresh represents δ13C values for SOC pool of plant rhizosphere soils in forests 216 

and/or lawns, δaged refers to δ13C data of SOC from control (CK), on the basis of the 217 

presuming there is minor change of residues return under CK; where δveg refers to δ13C data 218 

of mixture from leaves, litter and roots of vegetation under forests and lawns plots. 219 

Decomposition rate constants (k) of an aged SOC (that is, SOC previous to land use 220 

conversion) from SOM was calculated according to Cheng et al (2013): 221 

ln( )
aged

f kt         (5) 222 

where faged
 
= (1 – f

fresh
) represents the percentage of aged SOC, k refers to the relative decay 223 

rate constants for aged SOC, t is the period for land-cover conversion (i.e. for 20 and 55 224 

years). 225 

 226 

2.4. C lability and C pool management index (CPMI, %) 227 

The percentages of LC enrichments were estimated from the ratios of LC to SOC within 228 

one plantation type. The CPMI refers to the evaluation index which represents the impacts of 229 

specific land-covers on soil property in comparison with the control (Sainepo et al. 2018). C 230 
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pool index (CPI) is the proportion of soil C content under different land-covers to CK, 231 

following Yang et al (2018): 232 

CPI = SOCl / SOCck 233 

For instance, SOCl are soil C contents under different land-covers (i.e. forest, lawn) and 234 

SOCck are SOC contents under CK. Lability (La) of SOC represents a proportion of labile 235 

SOC (LC) to recalcitrant SOC (RC) and can be calculated as follows: 236 

La = LC / RC 237 

Lability indices (Li) are labilities proportion of SOC pools under treatment soils (Lt) to SOC 238 

in the control (i.e. CK; Lck) as follows: 239 

Li = Lt / Lck 240 

Thereby, CPMI can be estimated using the following equation:  241 

CPMI = CPI× Li × 100    (6) 242 

 243 

2.5. Statistics 244 

The soil C and N stocks, δ13C and δ15N values, C/N ratio, the fresh SOC return and aged 245 

SOC decomposition rates, RIC and RIN in SOM and CPMI were determined by averaging 246 

the replications of the plots under specific land use. Gaussian distributions and variance 247 

homogeneousness of variance were checked for all variables before further analyses. An 248 

analysis of variance (ANOVA) was used to test the discrepancies of SOC and SON, the δ13C 249 

and δ15N values, the C/N ratio, the aged C decomposition rates and f
fresh

 under different land 250 

uses in terms of the soil depths (P = 0.05). ANOVA of multi-comparisons were performed to 251 

verify the influences under different types of land uses on pH, bulk density, C and N in whole 252 

soil, SOC and SON level, the δ13C and δ15N data, RIC and RIN, C/N ratio and CPMI values 253 

of the organic soil (LSD; P = 0.05). The statistic was conducted using the software of 254 

OriginPro (v 8.0) and SPSS (v 16.0). 255 
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 256 

3. Results 257 

3.1. Isotopic characteristics of plants, soil physicochemical properties 258 

The δ13C and δ15N of plant materials ranged from −29.80 to −31.28 ‰ and from 3.24 to 259 

5.18 ‰ in the F-20 plots respectively, whereas the averaged δ13C and δ15N values of plant 260 

materials were −29.67 and 4.29 ‰ in the F-55 plots (Table 1). Leaf and root had the averaged 261 

δ13C values with −19.65 ‰ as well as δ15N values with −3.40 ‰ in the L-20 plots. By contrast, 262 

plants had the averaged δ13C values with −21.05 ‰ and δ15N values with −2.98 ‰ in the L-55 263 

plots (Table 1). Accordingly, the δ13C values are typical of C3 plants in forests, while it might 264 

be the typical of the mixed C3 and C4 plants in lawns (Table 1). Larger C/N ratios were found 265 

in root than in leaf and litter under forests. By and large, the averaged C/N ratios of the plant 266 

materials were greater in forests compared with lawns (Table 1). 267 

Moreover, no significant changes in soil C/N ratios occurred among the forests, lawns 268 

and CK except for that in the L-55 soils, which had the lowest C/N ratios compared with 269 

other land uses (Table 2). The F-20 and L-20 increased but the F-55 decreased the soil BD, 270 

whereas various land use types did not differ in the soil pH at 0–20 and 20–40 cm depths 271 

(Table 2). 272 

 273 

3.2. The δ13C and δ15N of soil 274 

Decadal land use conversions considerably altered the C and N isotopes in the SOM 275 

pool (SOMP) as well as recalcitrant pool (RP; P < 0.001; Table 3), whereas the soil depth had 276 

little impact on δ13C and δ15N. As expected, forest systems depleted the δ13C values and 277 

eventually resulted in the most negative δ13C values in both SOMP (−28.30 ‰ –−27.15 ‰) 278 

and RP (−28.85 ‰ –−27.46 ‰) of forest soils among land use types. By contrary, the lawn 279 

systems enriched the δ13C values and eventually resulted in the least negative δ13C values 280 
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(−24.20 ‰ –−23.40 ‰) in lawn soils because of a certain amount of C4 residue inputs (Table 281 

3). No remarkable differences were found in δ13C values of SOM pools between the age of 20 282 

and 55 years in both soil layers under each type of land cover (i.e. forest and/or lawn) except 283 

for the δ13C values of RP at the 0–20 cm depth in lawn soils (Table 3). By comparison, more 284 

enriched δ15N of SOMP and RP was found in F-20 soils than that in F-55 soils. Overall, the 285 

δ15N values of SOMP and RP were the most depleted in forest systems among all the land 286 

uses (Table 3). The lawn soils markedly depleted the δ15N of SOMP at 0-20 cm depth while 287 

no significant changes in δ15N values of RP occurred at both soil layers with the exception of 288 

a more depleted δ15N of RP at 0-20 cm depth in L-55 than that in CK (Table 3).  289 

 290 

3.3. Stocks of C and N in SOMP  291 

Land use transformations had remarkable effects on the SOC, SON stocks and C/N ratios 292 

in its chemical fractions (P < 0.01; Fig. 1; Table 4). In comparison, soil depths significantly 293 

influenced the SOC, SON (P < 0.01), recalcitrant C (RC) and recalcitrant N (RN) contents (P 294 

< 0.05), but had no notable impacts on soil C/N ratios (Table 4). In general, the substantially 295 

greater SOC, SON, RC and RN occurred under the forest and L-55 system than bare soil (P < 296 

0.05), whereas no marked increases in the SOC, SON contents and its recalcitrant fractions 297 

were found in the L-20 system compared with CK except for enhanced N content of SOMP at 298 

the top soil (Table 4). The stocks of soil C, N and its chemical fractions (i.e. RC, RN, LC) 299 

were greatly increased in forest soils than those in bare soils, while there was no obvious 300 

change in labile N (LN) storage between forest soils and CK (Fig. 1). The enhanced soil C 301 

and N storage of SOMP, RP and LP were found in L-55 soils at the both depths, whereas no 302 

significant increases in RC and RN storage were found between L-20 soils and CK (Fig. 1). 303 

No notable discrepancies in soil C storage were found between F-55 and F-20 soils, while the 304 

SON storage was greater in F-55 (299.19 g N/m2) than that in F-20 (194.40 g N /m2) soils at 305 
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the top depth (Fig. 1). The C and N storage in recalcitrant pools was higher in F-55 (3347.36 306 

g C/m2 and 253.24 g N/m2, respectively) compared with F-20 soils (2366.82 g C/m2 and 307 

147.37 g N /m2, respectively), while LC storage was less in F-55 (1479.18 g C/m2) than in 308 

F-20 soils (2359.86 g C/m2) in upper soil layer (P < 0.05; Fig. 1). 309 

In general, The SOC, RC and RN content decreased in the following order: F-55 > F-20 > 310 

L-55 > L-20 / CK at the top soil (P < 0.05; Table 4), whereas the decreasing order was F-55 / 311 

L55 > F-20 > L-20 / CK at the deep soil. The SON content declined as follows: F-55 (1.44 312 

g/kg) > L-55 (1.13 g/kg) > F-20 (0.65 g/kg) / L-20 (0.51 g/kg) > CK (0.23 g/kg) for the 313 

topsoil (P < 0.05; Table 4), while it declined in the order of L-55 (0.71 g/kg) > F-55 (0.46 314 

g/kg) > F-20 (0.40 g/kg) > L-20 (0.27 g/kg) / CK (0.21 g/kg) for 20–40 cm depth. Accordingly, 315 

the largest SOC and its fractions as well as RN storage occurred in forest soil, secondly as 316 

lawn soil and CK at least. By contrast, no remarkable differences in SON stocks were found 317 

between forest (246.80 g N/m2 for 0-20 cm depth and 112.54 g N/m2 for 20-40 cm depth) and 318 

lawn soils (235.33 g N/m2 for 0-20 cm depth and 123.45 g N/m2 for 20-40 cm depth) within 319 

the same planting ages. Moreover, the greatest LN storage occurred in the lawn soils (168.94 320 

g N/m2 for 0-20 cm depth and 78.47 g N/m2 for 20-40 cm depth), then followed by forest soils 321 

(46.75 g N/m2 for 0-20 cm depth and 38.76 g N/m2 for 20-40 cm depth) and CK (Fig. 1).  322 

 323 

3.4. Turnover rate of SOC pool 324 

SOC could be divided into fresh and aged C by utilizing the mass balance of stable 325 

isotopes. Our results showed that decadal land use changes substantially stimulated the fresh 326 

SOC inputs and the decomposition rates of the aged SOC compared with the control (P < 327 

0.001; Table 5), while soil depth had little impact on SOC turnover level. The percentages of 328 

fresh SOC (ffresh) were 39.82–55.37 % for the top layer and 48.97–55.38 % for the subsoil 329 

under the lawns, which were significantly greater than those in forest soils with 25.83–31.73 % 330 
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for the topsoil and 10.62–11.18 % for the deep layer, respectively (Table 5). On these grounds, 331 

the decay rate was faster in aged SOM under lawns compared with forests at both soil depths. 332 

In general, the decomposition rate of the aged SOC was faster at the topsoil relative to the 333 

subsoil layer under forests, while an opposite trend was shown in L-20 soils (Table 5).  334 

 335 

3.5. Recalcitrance indices for SOC and SON, CPMI values of land uses 336 

Remarkable discrepancies were found in RIC ratios (P < 0.05) for the top layer, as well 337 

as in RIN ratios and CPMI (P < 0.001) for the both soil layers among all land covers (Fig. 2). 338 

Old forests such as F-55 markedly increased the RIC ratios (68.75%), while other land uses 339 

had no significantly impact on RIC ratios at the topsoil compared with CK (Fig. 2). In general, 340 

the RIN ratios were remarkably enhanced in forest system (62.61–84.36%) but were 341 

decreased in lawn system (16.09–41.44%) for both soil depths compared with the control 342 

(Fig. 2). Overall, the forest (290.02–564.59%) and L-55 (401.72–555.97%) soils had a 343 

relatively larger CPMI values than CK, whereas the L-20 (151.36–301.27%) soils had no 344 

impacts on the CPMI values (Fig. 2).  345 

 346 

4. Discussion 347 

This study showed that land use conversion remarkably changed SOC and SON 348 

dynamics in Guangzhou of the Pearl River Delta area. Specifically, we found that the 349 

vegetation (i.e. forests and lawns) has significant impacts on the content and stock of C, N and 350 

C/N ratios in SOM and its fractions. Enhanced SOC and SON stocks occurred in the forest 351 

and lawn systems compared with the control (P < 0.05; Table 4 and Fig.1). Our findings 352 

indicated that plantation of forests and lawns increased SOC and SON mainly as a result of a 353 

great amount input of plant residues such as roots and leaves (Table 1; Cheng et al. 2013; 354 

Dou et al, 2016b). Additionally, more depleted δ13C of soil organic and recalcitrant pool was 355 
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found in forests but enriched δ13C occurred in lawns in comparison with the control (Table 3), 356 

possibly due to that a large amount of the C3 plant materials inputs into forest soil while 357 

massively mixed C3 and C4 residues inputs into lawn soils (Table 1). These results were 358 

consistent with the previous studies that decades after afforestation has led to great 359 

improvements of SOC and RC storages in subtropical forest (Dou et al. 2013). However, 360 

other observations have shown that C and N stock in soils had a minor change under younger 361 

forest plantation, possibly due to the offset between the increased plant biomass inputs and 362 

fast C loss rate in the early stage of the study (Farley et al. 2005; Yang et al. 2019). Thus, the 363 

above controversy may be caused by the different planting years. Moreover, a greater soil 364 

bulk density as well as the fact that a lower RC storage likely offset the enhancements in LC 365 

storage under F-20 plots compared with F-55 soils, which might have led to no remarkable 366 

differences in SOC level between F-20 and F-55 (Table 2; Fig. 1). Overall, SOC and SON 367 

content and storage significantly decreased from surface to deeper layer across forest and 368 

lawn systems (Table 4). Generally, the subsoil usually stores more stable C (i.e. physically or 369 

chemically protected C) and has been suggested as a considerable C sink (Chen et al. 2013). 370 

A faster SOC decay rate in deep layer could interpret the less SOC and SON content relative to 371 

topsoil in lawns (Table 5), while a massive plant biomass mainly governed the residue return 372 

into SOM stocks at the topsoil in forests and hence led to a higher content at the 0–20 cm 373 

layer (Table 4).  374 

 Chemical fractionation analysis showed that the conversion from uncultivated area to 375 

forest substantially enhanced the SOC due to the increased RC and LC pools (Fig. 1), while 376 

an improved SON storage was ascribed to the increased RN stores in forests (Table 4). In 377 

addition, we found that higher RC contents and stocks occurred in forests and L-55 plots 378 

compared with CK (Fig.1). Generally, the recalcitrant pool has been considered as a stable 379 

proportion with abundant C and N stocks. Based on the above results and chemical 380 
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fractionation analysis, we suggested that forest plantation, regardless of the young or the 381 

elderly (i.e. 20–55 years), as well as 55 years of lawn exerted positive influences on future C 382 

and N sequestration potential. By contrast, 20 years of lawn planting could not be capable of 383 

enhancing the soil RC and RN storage in both soil layers (Fig. 1), indicating a weak C and N 384 

sequestration potential, which was explained by the evidence of short-period residue return 385 

might not control RC in soils under herbaceous plants (Cheng et al. 2008). As increasingly 386 

recognized, non-hydrolyzable SOM has been regarded as a recalcitrant part, therefore it was 387 

usually used to estimate passive SOM (Cheng et al. 2013). Larger RIC and RIN values 388 

occurred in F-55 than other land uses in the topsoil, further revealing that the forest soils 389 

might be more beneficial for C and N accumulation in contrast to other land uses because of 390 

storing a considerable proportion of stable SOM (Figs.1 and 2). Moreover, a greater C input 391 

(i.e. higher RIC) to the surface layer most likely resulted in more N retention and therefore 392 

enhanced the proportions of recalcitrant N in F-55 plots (Table 4, Fig. 2; Cheng et al. 2013). 393 

Furthermore, larger RC, RN as well as organic C storages were found in forest soils 394 

compared with lawn soils (Fig.1), which proved that a better capacity for forest soil C and N 395 

sequestration primarily owing to more plant residue inputs with a higher C/N ratio and a 396 

slower soil C decomposition in forests, compared to lawns (Tables 1 and 5; Dou et al. 2013). 397 

Indeed, a fastest decay rate of SOC together with lower soil C/N ratios under lawns plantation 398 

further explained the subsequent soil C loss (Marin-Spiotta et al. 2009; Tables 4 and 5). The 399 

C/N ratio of forest soils is generally greater than that in lawns resulting from more plant (i.e. 400 

litter and roots) inputs in forest soils than lawn soils (Table 4). In contrast, SON stocks did 401 

not significantly differ between forest and lawn in the same planting ages, probably because 402 

that a larger recalcitrant N storage was offset by its smaller labile N storage in forest soils 403 

than those in lawn soils (Fig. 1). 404 

Labile fraction, as an “active” SOM pool, is readily accessible to microbes and sensitive 405 
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to changes in management disturbances (Marin-Spiotta et al. 2009; Cheng et al. 2011; Zhu et 406 

al. 2015). In the study, forest plantation was not capable of improving the soil labile N 407 

compared with CK and had a lower soil labile N than lawns, which was not consistent with 408 

previous study that SON storage in soils enhanced after forest plantation (Li et al. 2012). 409 

However, our results further confirmed the evidence that N stock in light fraction was less in 410 

forest soils compared with other land covers (Dou et al. 2016b). The above-mentioned 411 

difference might be partially due to the enhanced vegetation N uptake as well as the increased 412 

active N run off following afforestation (Montane et al. 2007). Another reason was that the 413 

roots and litter with high C/N ratios such as lower N contents might overshadow the 414 

increased fresh residue inputs (Table 1), leading to no net changes in the soil labile N in the 415 

forest soils (Fig. 1). In addition, our results showed that soil LC storage was greater in forest 416 

soils compared with CK (Fig. 1). These results were well illustrated by Bimüller et al. (2014), 417 

emphasizing the decoupled mineralisations of C and N fraction at the top layer under forests. 418 

More specifically, the relationship of C and N dynamics within soil light fractions was 419 

negatively correlated, suggesting net N immobilization might be positive-going within 420 

heavier SOM pool (Bimüller et al. 2014). By comparison, a markedly larger soil labile N as 421 

well as the fastest decomposition rate in aged SOC (i.e. fast C mineralization) occurred in 422 

lawn soils compared with forests and CK. The above results showed that the lawn plantation 423 

could enhance the decomposition of SOC (Table 5), but it may inhibit N mineralization of 424 

labile pools (i.e. great labile N stores; Fig. 1), also stressing a decoupled C and N turnover 425 

level and leading to a low RIN values (Fig. 2). Besides, herbaceous species such as Cynodon 426 

dactylon and Phyllanthus urinaria cultivated in lawns with a certain amount of N fixation (i.e. 427 

with endophytic diazotroph), might be conducive to enhancing the SON in lawn systems for a 428 

long time (Fig. 1). 429 

In general, the depleted 15N values are in connection with recent SOM inputs (litter, 430 
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roots), while the enriched 15N values are associated with increasing SOM transformation such 431 

as decomposition and loss (Cheng et al. 2011). Thus, the more depleted δ15N values in forest 432 

soils than those in CK (Table 3), further indicating an increased N content of SOMP and RP 433 

under forest system (Table 4 and Fig.1). By comparison, the most depleted δ15N values 434 

(−3.40 ‰ –−2.98 ‰) in plant materials (i.e. leaf, root) as well as little change on the δ15N 435 

values of soil recalcitrant pool occurred in lawn compared with CK (Tables 1 and 3), further 436 

providing evidence of an increasing labile N storage and therefore a decline of RIN values in 437 

lawn soils (Figs.1 and 2).  438 

CPMI was acknowledged as an effective index to represent the capability of land 439 

managements for improving soil property based on SOC changes. The greatest soil labile C 440 

was found in F-20 plots at the top layer and in F-55 plots at the deep layer among the land 441 

uses, which was almost in synchrony with the CPMI changes in forests (Figs.1 and 2). 442 

Previous studies have indicated that the LC, C labilities, and indices for labilities of soil 443 

fractions had the connective relationships with annually plant-derived C inputs (Zhu et al. 444 

2015), further confirming that the improved CPMI and LC storage might be attributed to a 445 

massive plant biomass and fresh C addition into the forest soils. Moreover, the greatest CPMI 446 

was found in L-55 system at both soil layers related to its fastest turnover rates of soil C, 447 

which decomposed rapidly and thereby enhanced SOC activity and modified the lability of 448 

the SOC pools (Table 5; Fig.2; Zhu et al. 2015). Consequently, we may conclude that the 449 

driving mechanisms for the improved soil quality were resulted from the fast SOC turnover 450 

rate, and thus enhancing the lability of the SOC pools in lawns, whereas it was ascribed to the 451 

C accumulation derived from large fresh residues in forests, and thereby triggering the SOC 452 

activity.  453 

 454 

5. Conclusions 455 
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Our study focused on the soil C and N dynamics (i.e. stabilities and turnovers) under forest 456 

and lawn plantations at the grand botanical gardens in Guangzhou of the Pearl River Delta 457 

area. The massive low-quality (i.e. great C/N ratio) inputs derived from plant residues and 458 

slow C decomposition rates together determined the accumulation of soil C and N stocks in 459 

forest, resulting in the increased LC, RC and RN in SOM pools. By contrast, the enriched 460 

δ15N values and CPMI showed the fastest SOC decomposition occurred in lawn soils, 461 

enhancing the lability of SOC pools in lawns and therefore improving the soil quality, 462 

whereas it was ascribed to the large fresh C inputs, and thereby triggering the SOC activity in 463 

forests based on the CPMI. The SOC and SON, RC and RN stocks, RIC and RIN values 464 

further indicated that forest plantations might be a valid greening measure to increasing 465 

current C and N accumulation as well as long-term C and N storing capacity due to the large 466 

contribution of recalcitrant SOM, while younger lawns (i.e. < 20 years) might not be 467 

conducive to soil C and N sequestration in ecosystem. By contrast, the forest plantations 468 

could not increase the soil labile N compared with CK and lawns due to the stimulated N 469 

uptake by plants and plant materials with greater C/N ratios. Thus, the greater soil labile C 470 

but minor changes in soil labile N was found in forests in contrast to the control, while a 471 

substantially larger labile N and faster C decomposition (i.e. C mineralization) occurred in 472 

lawn soils than in other land covers. The above results clearly revealed the fact that a 473 

decoupled C and N dynamics in labile fractions under forest and lawn soils. Our study 474 

emphasized that the inconsistency between soil C and N processes, especially in soil labile 475 

pool. Therefore, future studies focusing on relationship between SOC and SON dynamics 476 

with land use change are urgently needed, as the decoupled of these two parts may eventually 477 

limit the ecosystem C sequestration. Our study is potentially useful for plantation 478 

managements and green space planning in terms of urban vegetated soil C and N dynamics.  479 

 480 
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Figure legends 636 

 637 

Fig. 1 Responses of SOC and SON (a, b), RC and RN (c, d), LC and LN (e, f) stock (mean ± 638 

s.d, n = 9) to land use conversions in two different soil layers. Result accompanying with 639 

different letters above the columns represents significantly different (P < 0.05) between land 640 

use managements. 641 

Fig. 2 Variations in recalcitrance indices for (a) SOC (RIC), (b) SON (RIN) and (c) carbon 642 

pool management indices (CPMI) following land use conversions in two different soil layers 643 

(mean ± s.d, n = 9). Result accompanying with different letters above the columns represents 644 

significantly different (P < 0.05) between land use managements. 645 

  646 
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Table 1 Mean values (± s.d. n = 9) for the naturally stable C, N isotops and C/N ratios of leaf, 647 

litter, root of plants under different land covers and ages. F: forest; L: lawn; 20: 20 years; 55: 648 

55 years. 649 

 650 

Land use 
   δ13C (‰)  δ15N (‰)  

C/N ratio 

Forest  

(F–20) 

 Leaf  -30.98±4.42  3.70±0.89  20.25±3.71 

 Litter  -31.18±3.21  5.18±1.62  35.45±2.25 

 Roots  -29.80±3.62  3.24±1.46  75.00±18.65 

Forest 

(F–55) 

 Leaf  -30.04±5.72  4.35±1.05  22.36±3.36 

 Litter  -30.49±3.61  4.66±0.86  32.86±4.17 

 Roots  -28.47±2.81  3.86±1.15  69.21±9.51 

Lawn 

(L–20) 

 Leaf + Root  -19.65±2.78  -3.40±1.35  36.68±5.24 

Lawn 

(L–55) 

 Leaf + Root  -21.05±4.37  -2.98±0.99  31.09±4.64 
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Table 2 Mean values (n = 9) for the soil properties under different land covers. Means ± s.d. with different letters for a variable represent 

significant differences (P < 0.05). BD: bulk density; CK: control soil; The abbr for land covers and years are the same as shown in Table 1. 

 

  
Land use  Depths 

(cm) 

 C/N ratio  BD 

(g cm−3) 

 pH 

CK 

 0-20   15.27±3.77 a  1.35 ± 0.09 b  4.60 ± 0.39 a 

 20-40   14.13±1.58 b  1.21 ± 0.03 c  4.78 ± 0.36 a 

Forest 

(F–20) 

 0-20   16.77±0.98 a  1.49 ± 0.14 b  4.40 ± 0.74 a 

 20-40   16.98±1.42 a  1.40 ± 0.02 b  4.39 ± 0.33 a 

Forest 

(F–55) 

 0-20   15.62±1.47 a  1.04 ± 0.14 c  4.14 ± 0.98 a 

 20-40   15.29±0.94 ab  1.22 ± 0.09 bc  4.08 ± 0.58 b 

Lawn 

(L–20) 

 0-20   13.83±0.72 a  1.64 ± 0.15 a  4.47 ± 0.27 a 

 20-40   15.88±0.79 ab  1.76 ± 0.08 a  4.25 ± 0.08 a 

Lawn 

(L–55) 

 0-20   8.97±1.62 b  1.35 ± 0.21 b  4.60 ± 0.08 a 

 20-40   10.33±0.88 c  1.06 ± 0.18 c  4.27 ± 0.16 a 
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Table 3 Mean values (n = 9) for the δ13C and δ15N of SOM pools (0–40 cm) under different land covers. The abbr for land covers and years are the same as shown 

in Table 1. Means ± s.d. with different letters for a variable represent significant differences (P < 0.05). Note: n.s. = not significant; ***P < 0.001. 
 

 

 

 

 

Land use  Depths (cm)  

Soil organic pool  Recalcitrant pool 

δ13C (‰)  δ15N (‰)  δ13C (‰)  δ15N (‰) 

CK 

 0-20   -27.20±0.22 b  6.40±0.52 a  -27.48±0.17 c  6.82±0.19 a 

 20-40   -26.99±0.29 b  4.35±0.75 ab  -27.18±0.24 b  6.57±0.98 a 

Forest 

(F–20) 

 0-20   -28.30±0.24 c  5.22±0.51 b  -28.85±0.92 d  3.99±0.39 b 

 20-40   -27.15±0.08 b  0.82±0.26 c  -27.46±1.27 b  5.04±1.10 a 

Forest 

(F–55) 

 0-20   -27.73±0.17 bc  -0.62±0.18 c  -28.42±0.28 cd  0.31±0.10 c 

 20-40   -27.25±0.08 b  0.49±0.19 c  -28.08±0.23 b  2.19±0.64 b 

Lawn 

(L–20) 

 0-20   -24.20±0.86 a  5.38±0.58 b  -24.70±1.12 a  6.48±1.68 a 

 20-40   -23.40±0.67 a  3.00±0.23 b  -25.94±0.30 a  6.84±1.67 a 

Lawn 

(L–55) 

 0-20   -23.79±0.49 a  5.32±0.63 b  -26.22±0.67 b  4.70±1.61 b 

 20-40   -23.70±0.46 a  5.76±2.12 a  -25.63±0.52 a  5.66±1.30 a 

Source of variation           

Land use    ***  ***  ***  *** 

Depth    n.s.  n.s  n.s.  n.s. 

Land use × Depth    ***  ***  ***  *** 
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Table 4 Mean values (n = 9) for the C, N content, C/N ratios of SOM pools (0–40 cm) under different land covers. The abbr for land covers and years are the 

same as shown in Table 1. Means ± s.d. with different letters for a variable represent significant differences (P < 0.05). Note: n.s. = not significant; *P < 0.05; **P 

< 0.01; ***P < 0.001. 

Land use  Depths (cm) 

 Soil organic pool  Recalcitrant pool 

C (g kg−1)  N (g kg−1)  C/N ratio  C (g kg−1)  N (g kg−1)  C/N ratio 

CK 

 0-20   3.47±0.71 d  0.23±0.07 d  15.30±2.70 b  1.72±0.18 d  0.12±0.04 c  14.96±4.44b 

 20-40   2.42±0.56 c  0.21±0.05 d  11.73±0.95 b  1.67±0.27 b  0.12±0.04 b  14.75±5.29 a 

Forest 

(F–20) 

 0-20   15.86±1.70 b  0.65±0.03 c  24.22±1.64 a  7.94±1.13 b  0.49±0.07 b  16.08±0.42b 

 20-40   5.48±0.70 b  0.40±0.11 bc  14.00±2.29 ab  3.51±0.35 a  0.24±0.03 a  14.41±0.28 a 

Forest 

(F–55) 

 0-20   23.20±4.34 a  1.44±0.27 a  16.14±0.04 b  16.09±4.20 a  1.22±0.28 a  13.19±1.66b 

 20-40   7.73±0.71 a  0.46±0.11 b  17.27±3.26 a  4.41±0.10 a  0.32±0.11 a  14.12±3.39 a 

Lawn 

(L–20) 

 0-20   5.38±0.19 d  0.51±0.09 c  10.81±1.57 c  2.79±0.66 cd  0.08±0.02 c  18.00±0.77 a 

 20-40   2.93±0.89 c  0.27±0.05 cd  10.70±2.06 b  1.44±0.13 b  0.08±0.02 b  18.02±1.71 a 

Lawn 

(L–55) 

 0-20   11.83±0.71 c  1.13±0.07 b  10.48±0.29 c  5.50±1.25 bc  0.38±0.09 b  14.56±0.88b 

 20-40   8.03±2.10 a  0.71±0.16 a  11.19±0.70 b  4.63±1.30 a  0.29±0.03 a  15.75±2.90 a 

Source of variation               

Land use    **  **  ***  **  ***  ** 

Depth    **  **  n.s.  *  *  n.s. 

Land use × Depth    ***  ***  ***  ***  ***  *** 
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Table 5 Mean values (n = 9) for the fresh C inputs (ffresh,) and decay rates (k, yr-1) for 

aged C in SOM pools (0–40 cm) under different covers. The abbr for land covers and 

years are the same as shown in Table 1. Means ± s.d. with different letters for a 

variable represent significant differences (P < 0.05). Note: n.s. = not significant; ***P 

< 0.001. 

 

 

  

Land use  Depths (cm)  ffresh, (%)  Decay rate (k) of aged C 

Forest 

(F–20) 

 0-20  
31.73±6.85 bc 

 
0.019±0.004 ab 

 20-40  
10.62±2.22 b 

 
0.006±0.001 bc 

Forest 

(F–55) 

 
0-20 

 25.83±8.34 c  0.005±0.002 c 

 
20-40 

 11.18±3.58 b  0.002±0.001 c 

Lawn 

(L–20) 

 
0-20 

 39.82±10.40 b 

 

 0.026±0.007 a 

 

 
20-40 

 48.97±9.09 a  0.034±0.009 a 

Lawn 

(L–55) 

 
0-20 

 55.37±8.04 a  0.015±0.003 b 

 
20-40 

 55.38±7.68 a  0.015±0.003 b 

Source of variation 
      

Land use 
    

*** 

  

*** 

Depth 
    

n.s. 

  

n.s. 

Land use × Depth 
    

*** 

  

*** 
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Fig. 2 

 

 

 

 



Figures

Figure 1

Responses of SOC and SON (a, b), RC and RN (c, d), LC and LN (e, f) stock (mean ± s.d, n = 9) to land use
conversions in two different soil layers. Result accompanying with different letters above the columns
represents signi�cantly different (P < 0.05) between land use managements.



Figure 2

Variations in recalcitrance indices for (a) SOC (RIC), (b) SON (RIN) and (c) carbon pool management
indices (CPMI) following land use conversions in two different soil layers (mean ± s.d, n = 9). Result
accompanying with different letters above the columns represents signi�cantly different (P < 0.05)
between land use managements.
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