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A B S T R A C T   

Urban forests play a vital role in building soil organic carbon pools in urban areas. In many cases, urban forests 
are constructed on land previously used for agriculture, parks, or buildings. However, it is still being determined 
whether historical land use affects soil organic carbon (SOC) stocks in these forests. In this study, we asked: 1) 
How are SOC and its labile fractions (LOC) in urban forests affected by historical land use? and 2) How do SOC 
and LOC vary with time and vegetation type in urban forests built on land with different histories? We collected 
soil samples at three soil depths, 0–10, 10–20, and 20–30 cm, in 48 evergreen and 77 deciduous forest plots in 77 
parks in Beijing, all built within the last 30 years. Plots represent two historical land use types, vegetated or non- 
vegetated, and three planting time classes, young (5–10 years), intermediate (11–20 years), and old (21–30 
years). Our findings showed that there were significant differences between historical land use types in SOC and 
microbial organic carbon (MBC), this may be due to backfill soil before greening on non-vegetated land. Urban 
forests that were built on vegetated land accumulated SOC over time, while those on historically non-vegetated 
land did not. Evergreen forests had greater SOC and LOC than deciduous forests only on historically non- 
vegetated land. In addition, SOC and LOC were found to be negatively affected by increased soil bulk density. 
However, soil bulk density was not significantly different between both historical land use types and urban forest 
types. Overall, our study indicates that if SOC sequestration is a high priority in urban forests, cities could 
concentrate on more efficient management to increase SOC, such as soil rehabilitation and the use of evergreen 
tree species.   

1. Introduction 

Soil is an essential part of the urban ecosystem in maintaining sta-
bility and mitigating climate change. Importantly, soil organic carbon 
(SOC) is a key soil property affecting other soil functions and properties 
(Wiesmeier et al., 2019; Zhao et al., 2014). Multiple factors are thought 
to likely influence SOC in cities (Lal, 2012; Pouyat et al., 2006). Land use 
pattern is one of these important determinants for SOC stocks at the city 
or park scale (Bae and Ryu, 2015; Canedoli et al., 2020; Takahashi et al., 
2008), because it decides whether the soil is sealed or unsealed. Open or 
vegetated soils in urban green spaces, parks, and roadsides are more 
likely to accumulate SOC (Bae and Ryu, 2020; Cambou et al., 2018; 
Edmondson et al., 2012). In contrast, the sealed soils have much lower 

carbon content than surrounding unsealed soils (Raciti et al., 2012). 
However, if the sealed soil is transformed before afforestation, it is hard 
to say whether the transformed soil has lower or higher carbon content 
than open soil. For example, Chen et al. (2013) found that the simple 
topsoil backfill would decrease the soil C storage compared with un-
disturbed pasture soil, but the profile rebuilt soil could have relatively 
higher total soil carbon at 15–30 cm than the undisturbed pasture soil. 
Furthermore, Layman et al. (2016) found that trees grew better in the 
profile rebuilt soil than in the undisturbed soil, which will lead to higher 
SOC accumulation. Nowadays, many urban areas of China with open or 
sealed soils have been changed into urban forests to improve the urban 
environment quality (Jin et al., 2021), but we know less about the 
continuous influence of historical land use on SOC stocks (Raciti et al., 
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2011). In this study, we want to figure out whether there are significant 
differences in SOC content and distribution between urban forests built 
on historically vegetated land and non-vegetated land. 

The urban environment is a complex of land use types with different 
land use histories and vegetation conditions (Zhou et al., 2017), which 
can lead to differences in soil functions (Vasenev et al., 2013). Many 
studies have shown significant differences in SOC among different land 
use types, such as residential, recreational, or traffic land (Canedoli 
et al., 2020; Hao et al., 2013; Sun et al., 2010; Zhang et al., 2021). There 
were also studies showed that SOC was influenced by vegetation types 
and tree species of urban forests, which was likely due to the differences 
in litter decomposability or root production (Lu et al., 2021; Setälä et al., 
2016; Takahashi et al., 2008). Xu et al. (2021) found that soils under the 
coniferous forest group had higher SOC than those under the broad-
leaved forest group. However, there are few studies focus on the inter-
action effects between land use histories and urban forest types on the 
SOC. Moreover, studying the interaction of historical land use and forest 
types within cities is useful for developing a comprehensive under-
standing of the process driving SOC accumulation in urban area. 

In addition to the effects on SOC, land use and urban forests can 
affect labile organic carbon (LOC) in soil. LOC is the component of SOC 
considered to have a fast turnover rate, so it responds very quickly to the 
effects of management and vegetation factors (Stockmann et al., 2013). 
LOC in soil includes, among other soil constituents, dissolved organic 
carbon (DOC) and microbial organic carbon (MBC), which are important 
components of plant secretions and microbial metabolites (Li et al., 
2018). DOC may be an important source of soil organic matter accu-
mulation and is highly sensitive to ecosystem disturbance (Kalbitz et al., 
2000; Tang et al., 2019). As the most active and variable part of soil 
organic matter, soil MBC is an important indicator reflecting the activity 
intensity of soil microorganisms and the decomposition process of 
organic matter (Dilly et al., 2003). In addition, MBC is highly sensitive to 
initial disturbance and recovery at the ecosystem level and is often used 
as an early response indicator of SOC dynamics (Oduor et al., 2018; 
Smith and Paul, 1990). In a study on the influencing factors of urban soil 
labile organic carbon, DOC and MBC were found to decrease with time 
since tree planting (Huang et al., 2021), which is contrary to the general 
trend of SOC as we know. Therefore, it will be helpful to understand the 
quality of organic carbon in soil by measuring LOC after the construction 
of urban forests. 

Since 1980, Beijing has carried out several huge afforestation pro-
jects. For example, the Million-Mu (mu is a Chinese unit of area and is 
equal to 667 m2) Plain Afforestation Project, had increased the forest 
cover in Beijing’s plain area from 14.85 % in 2012 to 25 % in 2015. 
These extensive afforestation projects in urban areas provide an excel-
lent opportunity to study the differences in SOC in urban forests built on 
different land uses (Jin et al., 2021; Li, 2020). To pursue how historical 
land use influences urban forest SOC, we studied the soil of urban forests 
built in Beijing in the past 30 years on sites with different historical land 
use patterns. Specifically, we studied the effects of two historical land 
use types, vegetated and non-vegetated, and their interactions with 
vegetation type or the planting time on SOC. To rule out the influence of 
current land use types on SOC, such as residential, traffic land, or parks 
(Canedoli et al., 2020; Zhang et al., 2021), we took soil samples only in 
urban parks. In this research, we ask: 1) whether historical land use 
affects the content and distribution of SOC and LOC in urban forests? 2) 
How do SOC and LOC change with different vegetation types and 
planting times after urban forest construction on different historical land 
uses? 

2. Materials and methods 

2.1. Study area 

The study was conducted in the capital city of China, Beijing 
(115◦24′–117◦30′E, 39◦28′–41◦05′N). Beijing belongs to the warm, 

temperate, semi-humid continental monsoon climate, with an annual 
mean temperature of 14 ◦C and annual mean precipitation of 500 mm, 
and has a resident population of over 19 million (BMBS, 2010). The 
urban area of Beijing, located in the south-central part of the city, 
spreads out along a concentric ring road system. These circular roads are 
designated as the second to the sixth ring roads and represent historical 
expansions of the city. The third ring road of Beijing was built in the 
1980s concurrently with an effort to develop the city’s urban forest (Han 
et al., 2021). Therefore, we used the urban forests built within 30 years 
from the third ring to the sixth ring as our study sites. Moreover, we 
divided the sampling area into three zones, UZ3, UZ4, and UZ5, 
following the method described by Han et al. (2021). UZ3, UZ4, or UZ5 
is the area between the third, fourth, fifth, and sixth ring roads in 
sequence (Fig. 1). The urbanization gradient decreases from UZ3 to UZ5. 
Soil samples were collected from each urban forest plot during 
September and October 2017, as described below. 

Forest sample plots were selected in 77 urban parks from the third 
ring road to the sixth ring road (Fig. 1), including 48 evergreen forest 
plots and 77 deciduous forest plots, for a total of 125 plots selected. The 
sizes of plots ranged from 100 m2 (10 m × 10 m) to 225 m2 

(15 m × 15 m). We identified the planting time, historical land use, and 
park size with the help of Google Earth online imagery and by con-
ducting field investigations with local people. The planting time range of 
the sample was between 5 and 30 years. Plots were divided into three 
age groups based on planting time: young: 5–10 years, intermediate: 
11–20 years, and old: 21–30 years, with 43, 57, and 25 replicates per 
planting time class. The prior land use was divided into two types: 
vegetated land use (VLU, e.g., agricultural land, grassland, and or-
chards) and non-vegetated land use (NVLU, e.g., construction land, 
derelict land, and brownfields). We also investigated the diameter at 
breast height (DBH) of trees in sample plots to represent the above-
ground carbon investment ability (Xu et al., 2021). 

2.2. Soil sampling design 

In the soil sample collection, soil samples of three depths, 0–10, 
10–20, and 20–30 cm, were collected in each sample plot. A steel push 
corer with a 3.8-cm inner diameter and 20-cm length (Hongguang In-
strument Inc., Shaoxing, China) was used to obtain the samples. Every 
soil sample was taken by 10 cm one time. Within each plot, six samples 
were collected at each depth and mixed to get a composite sample. The 
composite samples were stored in sealed polyethylene bags and trans-
ported in a cooler to the laboratory for chemical analysis. Soil bulk 
density samples were collected next to the chemical sample location. We 
analyzed soil bulk density, soil moisture content, pH, SOC concentra-
tion, DOC concentration, and MBC concentration. In brief, all laboratory 
tests followed standard methods. The sampling and measurement of 
bulk density and the measurements of soil pH and SOC concentration 
were the same as in Xu et al. (2021). DOC was extracted with 0.5 mol/L 
K2SO4 (Rousk and Jones, 2010), and MBC was extracted by a fumiga-
tion–extraction method (Vance et al., 1987). Then DOC and MBC were 
measured using a TOC analyzer (Multi N/C 3100, Analytik, Jena, 
Germany). 

2.3. Statistical analysis 

In this study, all statistical analyses were performed using the sta-
tistical software R 3.6.3 (R Core Team, 2020) to estimate the effects of 
historical land use, urban forest vegetation type, and planting time on 
SOC and LOC. All datasets were checked for normality using the Sha-
piro–Wilk test (p > 0.05) prior to analysis and then normalized or scaled 
if necessary. 

Pearson’s correlation analysis between SOC, DOC, and MBC was 
carried out using the bivariate correlations procedure. We used linear 
mixed-effects models (LMMs) to test the effects of soil depth, historical 
land use (HL), urban zone (UZ), vegetation type (VT), and planting time 
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(AG) on the soil organic carbon. Models were conducted with the 
package ‘lmerTest’ (Kuznetsova et al., 2017). Our first model was to test 
the effect of soil depth. Soil depth was included as a fixed effect, and 
sampling park was used as a random effect. To find out the interaction 
effect between HL and soil depth, we used the interaction between HL 
and soil depth as a fixed effect, sampling park as a random effect in our 
second model. Since there were significant differences among soil 
depths in SOC, soil depth was included as a random effect, and HL, UZ, 
VT, AG, the interaction between HL and VT, the interaction between HL 
and AG were included as fixed factors in our third model. Tukey honestly 
significant difference (HSD) tests were used to analyze SOC differences 
among soil depths, urban zones, and planting times, respectively. 
Redundancy analysis (RDA) was performed to determine the key envi-
ronmental factors that affected SOC. R packages of ‘Hmisc,’ ‘survival,’ 
‘Formula,’ ‘htmlTable,’ ‘lmerTest,’ ‘lme4,’ ‘stats,’ ‘ggplot2,’ ‘multcomp,’ 
‘mvtnorm,’ ‘tidyverse,’ ‘vegan,’ ‘permute’ and ‘lattice’ were used to 
perform the analyzes. 

3. Results 

3.1. Variation of SOC stocks 

The values of SOC, DOC, and MBC across all the parks were (means 
± standard error) 7.60 ± 0.14 g/kg, 188.75 ± 3.18 mg/kg, and 218.31 
± 3.97 mg/kg, respectively. SOC, DOC, and MBC were positively 
correlated with each other by using Pearson’s correlation analysis (all 
p < 0.01). History land uses (HL) had a weakly significant effect on the 
SOC and a significant effect on the MBC but had no significant effect on 
the DOC (Table 1). Specifically, the values of SOC and MBC were bigger 
in NVLU than in VLU (Table 2). There were significant interaction effects 
between HL and soil depth on the SOC, DOC, and MBC (all p < 0.01). 
SOC, DOC, and MBC in the 0–10 cm were significantly bigger than in the 
lower two layers when we considered all the parks together (Table 2). 
This pattern was also found in the soil of VLU (Fig. 2A–C). However, we 
only found this pattern for SOC in the soil of NVLU (Fig. 2A). There was 

Fig. 1. Location of 77 sample parks within Beijing. Parks in vegetated land use were in agricultural or horticultural use prior to the construction of an urban forest, 
while parks in non-vegetated land use were previously constructed or derelict land. 

Table 1 
The effects of historical land use (HL), urban zone (UZ), vegetation type (VT), urban forest planting time (AG), and the interaction effects between HL and VT, HL and 
AG on soil organic carbon (SOC), dissolved organic carbon (DOC) and microbial organic carbon (MBC), respectively. The effects were analyzed by mixed-model 
ANOVA using type III hypotheses with p-values calculated by F statistics. Values of p < 0.05 are in bold. Abbreviation: ANOVA, analysis of variance.  

Sources SOC (g/kg) DOC (mg/kg) 
NumDF DenDF F p NumDF DenDF F p 

HL 1 355 3.76 0.053 1 355 1.61 0.21 
UZ 2 355 33.59 < 0.001 2 355 42.41 < 0.001 
VT 1 355 2.02 0.026 1 355 3.42 0.065 
AG 2 355 1.82 0.16 2 355 0.96 0.38 
HL: VT 1 355 3.20 0.074 1 355 1.31 0.25 
HL: AG 2 355 0.46 0.63 2 355 1.18 0.31       

Sources MBC (mg/kg)     
NumDF DenDF F P     

HL 1 355 5.92 0.015     
UZ 2 355 33.57 < 0.001     
VT 1 355 9.35 0.002     
AG 2 355 1.61 0.20     
HL: VT 1 355 4.81 0.029     
HL: AG 2 355 0.44 0.64      
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only significant difference between the layers of 0–10 cm and 20–30 cm 
for DOC, and there were no significant differences among the three 
layers for MBC (Fig. 2B, C). There were no significant differences in SOC, 
DOC, and MBC between VLU and NVLU in the same soil layers (all 
p > 0.05, Fig. 2). There were significant differences in SOC, DOC, and 
MBC among different urban zones (Table 1). The values of SOC and MBC 
decreased significantly from UZ3 to UZ5 (Table 2). The values of DOC in 

UZ3 and UZ4 were not significantly different but were both bigger than 
in UZ5 (Table 2). 

3.2. The interaction effects of historical land use with vegetation type and 
planting time 

There were significant differences between vegetation types in SOC 
and MBC (Table 1). Evergreen communities had greater values in SOC 
and MBC than deciduous communities (Table 2). Moreover, the inter-
action effect between historical land use and vegetation type was weakly 
significant on SOC but was significant on MBC (Table 1). Specifically, 
evergreen communities had higher values of SOC, DOC, and MBC than 
deciduous communities only in NVLU (Fig. 3A–C). Moreover, evergreen 
communities growing in NVLU had higher values of SOC and MBC than 
in VLU (Fig. 3A, C). In contrast to our expectation, the planting time had 
no significant effects on the SOC, DOC, and MBC by using LMMs 
(Table 1). We also found no significant interaction effects between his-
torical land use and planting time on the SOC, DOC, and MBC (Table 1). 

3.3. Correlation between soil organic carbon and environmental factors 

According to the RDA analysis, the included environmental factors 
explained 25.89 % of the variation in SOC and LOC across all sites. Our 
RDA model was significant through Permutation test. All the environ-
mental factors had significant effects on the SOC and LOC (all p < 0.01). 
Specifically, the effects of soil bulk density (BD), urban zones (UZ), pH, 
and park size (size) were negative (Fig. 4); they contributed 15.01 %, 
17.33 %, 5.51 %, and 3.66 % to all the variation, respectively. The ef-
fects of soil moisture content (SMC), planting time (age), and DBH were 
positive (Fig. 4); they contributed 2.98 %, 2.60 %, and 4.11 % to all the 
variation, respectively. The position of sampling points in Fig. 4, which 
were divided into NVLU and VLU groups, did not show obvious con-
nections between historical land use and SOC. This may imply that the 
legacy effect from land use history on the urban forest SOC is not evident 
and strong. Meanwhile, there were no significant differences between 
NVLU and VLU in BD, SMC, and pH (Table A1). We only found a sig-
nificant difference between evergreen and deciduous communities in pH 
when we tested the interaction effects of HL and VT on the soil factors 
(Table A2). 

Table 2 
The values of soil organic carbon (SOC), dissolved organic carbon (DOC), and 
microbial organic carbon (MBC) of different historical land uses, depths, urban 
zones, vegetation types, and planting times, respectively. Results are presented 
as means ± standard error. The different small letters mean that there are sig-
nificant differences. Abbreviations: VLU, vegetated land use; NVLU, non- 
vegetated land use; UZ3, the area between third and fourth ring roads; UZ4, 
the area between fourth and fifth ring roads; UZ5, the area between fifth and 
sixth ring roads.  

Sources SOC (g/kg) DOC (mg/kg) MBC (mg/ 
kg) 

Historical land 
uses 

VLU 7.45 
± 0.17 

187.68 
± 3.74 

213.06 
± 4.70 

NVLU 7.89 
± 0.28 

191.02 
± 5.98 

229.40 
± 7.27 

Depths 0–10 cm 8.58 
± 0.23a 

208.91 
± 4.74a 

235.76 
± 6.34a 

10–20 cm 7.15 
± 0.27b 

180.87 
± 5.99b 

213.33 
± 7.47b 

20–30 cm 7.05 
± 0.24b 

176.27 
± 5.29b 

205.64 
± 6.51b 

Urban zones UZ3 9.28 
± 0.35a 

227.60 
± 9.31a 

264.14 
± 9.22a 

UZ4 8.52 
± 0.21b 

212.99 
± 5.00a 

245.26 
± 5.80b 

UZ5 6.62 
± 0.20c 

164.27 
± 3.71b 

190.46 
± 5.30c 

Vegetation types Evergreen 7.89 
± 0.23 

194.80 
± 4.93 

229.63 
± 6.57 

Deciduous 7.43 
± 0.19 

185.27 
± 4.12 

211.80 
± 4.94 

Planting times Young 7.20 
± 0.21 

177.78 
± 4.16 

204.27 
± 5.70 

Intermediate 7.89 
± 0.22 

196.76 
± 4.92 

229.23 
± 5.95 

Old 7.88 
± 0.48 

197.39 
± 11.65 

226.05 
± 12.61  

Fig. 2. The interaction effects of historical land use and soil depth on the SOC (A), DOC (B) and MBC (C). The different capital letters mean that there are significant 
differences between soil layers in NVLU. The different small letters mean that there are significant differences between soil layers in VLU. Abbreviations: SOC, soil 
organic carbon; DOC, dissolved organic carbon; MBC, microbial organic carbon; NVLU, non-vegetated land use; VLU, vegetated land use. 
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4. Discussion 

4.1. Soil organic carbon status 

Our results showed the averaged values of SOC, DOC, and MBC 
across all the sample parks and all three layers (Table 2), which are the 
same as the results of other studies showing the lack of nutrients in 
Beijing urban soils (Liu et al., 2018; Zhao et al., 2013). For example, 
Zhao et al. (2013) investigated the SOC of different land use types in 
Beijing in 2010. They found that the averaged value of SOC in the 
0–10 cm was about 9.11 g/kg in parks, which was lower than that in 
secondary forest sites and roadside trees. Another study was carried out 
within the fifth ring road of Beijing in 2012 by using a grid network 
sampling method, and the results showed that the averaged value of 
MBC in the 0–10 cm was 150 mg/kg, which was also lower than the 
suburban forest soils of Beijing (370 mg/kg) (Liu et al., 2018). The 
limited carbon sequestration for the whole urban soil is probably due to 
the reasons of low microbial activity, lack of organic matter, or poor 
management practices (Liu et al., 2018). On the other hand, our results 

imply that there is great potential in increasing the level of soil organic 
carbon in Beijing’s urban soils. Because the SOC in our study varied 
between 1.15 and 17.09 g/kg, which means that we can increase the soil 
organic carbon to the maximal level. Similarly, it has been reported that 
SOC values in the urban soils (0–10 cm) of Hangzhou (China), Kaifeng 
(China), Milan (Italy), and Baltimore (USA) varied from 9.20 to 86.40, 
14.65 to 26.56, 8.12 to 58.93 and 2.88 to 75.06 g/kg, respectively 
(Zhang et al., 2021). These higher values of SOC in urban soils will offer 
useful implications for urban forest management. 

Land use change can have a strong effect on soil carbon dynamics, 
yet whether in the urban context or non-urban context, there is still 
considerable disagreement about the associated change of soil carbon 
stocks with land use change (Deng et al., 2016; Hao et al., 2013). At 
present, within the city land, the effects of current land use or land cover 
have been most frequently studied on urban soil (Greinert, 2015; 
Vasenev et al., 2012), while studies on the effects of the former land use 
on urban SOC are still quite limited. Our results showed that historical 
land use significantly affected the SOC and MBC (Table 1), and 
non-vegetated land use had higher values, which means that land use 
history may affect the quantity of SOC in urban forests. According to the 
RDA analysis, soil bulk density, pH, and soil moisture content had sig-
nificant effects on the soil organic carbon variation. However, historical 
land use type did not significantly influence these environmental factors 
(Table A1). The influence mechanism of land use change on urban forest 
soil may be complex. Studies have found that the soil carbon seques-
tration of urban forests built on different historical land use was related 
to the impact of soil sources and site preparation (Lal and Stewart, 2017; 
Oldfield et al., 2014). For example, urban soil rehabilitation treatments 
can increase tree growth and survival and increase carbon stores (Chen 
et al., 2013; Layman et al., 2016). However, we did not find that his-
torical land use could significantly influence the DBH for both evergreen 
and deciduous communities in our study (data not shown). Therefore, 
the ecological effects of urban soil rehabilitation treatment on SOC need 
to be further studied. 

Urbanization had increased soil organic carbon according to our 
results, and the position of urban zones contributed 17.33 % to all the 
SOC and LOC variation in our RDA analysis. Many studies have also 
shown the positive effects of urbanization on SOC (Jin et al., 2022; Wang 
et al., 2019; Zhai et al., 2017), although urban soils as a whole usually 
have lower SOC than forest soils (Liu et al., 2018; Xu et al., 2012). Urban 
soil organic carbon is mainly derived from plant residue, organic waste, 
and organic fertilizers (Vasenev and Kuzyakov, 2018; Xu et al., 2012). 
Vasenev and Kuzyakov (2018) concluded that higher urbanization area 
usually has longer-term and stronger human disturbances, which is 

Fig. 3. The interaction effects of historical land 
use and vegetation type on the SOC (A), DOC 
(B), and MBC (C). The different capital letters 
mean that there are significant differences be-
tween vegetation types in NVLU. The “*” and 
“**” indicate significant differences between 
historical land uses of evergreen communities 
at the 0.05 and 0.01 levels, respectively. Ab-
breviations: SOC, soil organic carbon; DOC, 
dissolved organic carbon; MBC, microbial 
organic carbon; NVLU, non-vegetated land use; 
VLU, vegetated land use.   

Fig. 4. Redundancy analysis (RDA) on SOC, DOC, and MBC constrained by 
environmental factors. Abbreviations: SOC, soil organic carbon; DOC, dissolved 
organic carbon; MBC, microbial organic carbon; NVLU, non-vegetated land use; 
VLU, vegetated land use; BD, soil bulk density; UZ, urban zones; DBH, diameter 
at breast height; SMC, soil moisture content; size, park size. 
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more likely to accumulate soil organic carbon. In our study, the RDA 
ordination plot of Fig. 4 shows that UZ (urban zones) had positive re-
lationships with soil BD (bulk density) and pH. Because the urbanization 
gradient is increased from UZ5 to UZ3 in our paper, we can infer that 
parks in higher urbanization areas of Beijing have better soil conditions, 
and the lower soil bulk density and pH will lead to higher soil organic 
carbon (Zhao et al., 2013). Our results also showed a positive relation-
ship between urbanization and MBC, although many studies have shown 
that urbanization had negative effects on some carbon-related microbial 
activities (Wang et al., 2018; Wang et al., 2020). Therefore, the effects of 
urbanization on the whole and specific carbon-related microbial activ-
ities should also be widely studied. 

Our findings also indicate that SOC and LOC will increase over time 
after urban forest construction by using ANOVA analysis but not LMMs, 
and this phenomenon was only demonstrated for previously vegetated 
land (VLU) (Fig. A1). Similarly, Paul et al. (2002) found that soil carbon 
storage decreased in the first five years and then increased after urban 
forest afforestation on agricultural land, which was possibly due to the 
disturbance caused by the transition. Other studies have also shown that 
SOC generally increased with forest planting time, whether in the urban 
environment or natural environment (Błońska et al., 2016; Setälä et al., 
2016; Zhai et al., 2017). In our research, we found that only the SOC and 
LOC of urban forests built on VLU followed this pattern. In contrast, SOC 
and LOC of urban forests built on NVLU did not show an increasing trend 
with the planting time. When urban forests are constructed on 
non-vegetated land in Beijing, the soil is frequently brought in from 
outside, which may have the same amount of carbon as old parks. Un-
fortunately, the source of the imported soil is unknown to us. In addi-
tion, we do not have a long-term continuous sampling of the same sites, 
which may make the influence mechanism more complicated, while the 
time since planting is one of the most likely reasons in our study to 
demonstrate the dynamics of SOC and LOC. Therefore, studies that keep 
track of the soil sources of urban forest construction will greatly help 
better understand the dynamics of urban forest soil. 

4.2. The influence of HL on the SOC vertical distribution 

Sealed soil in the urban area will be transformed before afforestation 
which will change the soil structure (Chen et al., 2013; Layman et al., 
2016). For example, according to the technical guidelines of the Beijing 
Million-Mu Afforestation Project made by the Beijing Gardening and 
Greening Bureau (2019), soils should be replaced and restored with 
backfill soil after the demolition and removal of buildings. Moreover, 
the backfill soil should be improved by humus. Therefore, the differ-
ences in soil nutrients among different soil layers will be diminished. As 
a result, the vertical distribution patterns of DOC and MBC on NVLU 
differed from that on VLU in our study. Moreover, we only investigated 
the soil organic carbon in a shallower depth of less than 30 cm like many 
other studies (Wang et al., 2019; Zhang et al., 2021). However, since the 
tree roots, microbes, and human activities can affect the deeper soil 
layers (Vasenev and Kuzyakov, 2018; Wang et al., 2017; Xu et al., 2012), 
we should consider studying deeper soil layers to understand the 
importance of urban soils for C sequestration fully. 

4.3. The influence of HL and VT on the SOC content 

Our research found that urban forests built on different historical 
land uses had different effects on SOC and LOC. On VLU, there was no 
significant difference in SOC and LOC between deciduous and evergreen 
urban forest vegetation types. While on NVLU, evergreen forests held 
significantly higher SOC and LOC than deciduous forests did, indicating 
that the use of evergreen tree species in urban areas may effectively 
improve the content and activity of SOC, especially in converting urban 
building land into forest land. Moreover, evergreen communities grown 
on the NVLU had higher values of SOC and MBC than those grown on the 
VLU. The change of SOC on NVLU is consistent with the known research 

results that vegetation type or tree species has a significant effect on the 
content of SOC (Setälä et al., 2016; Vesterdal et al., 2008). The different 
effects of deciduous and evergreen urban forests on SOC and LOC may 
be due to the type of fallen leaves, the feedback of root system, and the 
change of soil respiration caused by the shift of microenvironment 
provided by the urban forest (Lu et al., 2021). We tried to use the soil 
trait differences to explain the soil organic carbon differences. However, 
only pH significantly differed between evergreen and deciduous com-
munities on VLU (Table A2), which could not explain the higher values 
in evergreen communities on NVLU. Therefore, the mechanisms under 
the interaction effects of historical land use and forest type on the soil 
SOC also need further study. 

5. Conclusion 

Our study indicates that historical land use can affect LOC’s vertical 
distribution patterns, probably due to the previous soil backfill treat-
ment. Historical land use can also affect SOC and LOC with urban forest 
type and planting time. On NVLU, evergreen urban forests held signif-
icantly higher SOC and LOC than deciduous, which did not happen on 
VLU. On VLU, SOC and LOC increased with planting time, but this did 
not occur on NVLU. These results could shed light on urban forest 
planning and estimation of SOC in the urban forest, advancing our un-
derstanding on how SOC and LOC change in urban forests with different 
land use histories. In conclusion, we found evidence for that historical 
land use can have long-term effects on critical ecosystem processes, such 
as SOC and LOC accumulation. Therefore, urban planners and managers 
need to be aware of land use history and keep track of urban forest 
construction to help improve the ecological service of the urban forest. 
In addition, urban soil research can benefit from long-term monitoring 
of soil sources and historical land uses. Such information could better 
inform urban forest construction and be more conducive to developing a 
complete understanding of the mechanisms for SOC changes over time 
on urban sites. 
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Canedoli, C., Ferrè, C., El Khair, D.A., Padoa-Schioppa, E., Comolli, R., 2020. Soil organic 
carbon stock in different urban land uses: high stock evidence in urban parks. Urban 
Ecosyst. 23, 159–171. https://doi.org/10.1007/s11252-019-00901-6. 

Chen, Y., Day, S.D., Wick, A.F., Strahm, B.D., Wiseman, P.E., Daniels, W.L., 2013. 
Changes in soil carbon pools and microbial biomass from urban land development 
and subsequent post-development soil rehabilitation. Soil Biol. Biochem. 66, 38–44. 
https://doi.org/10.1016/j.soilbio.2013.06.022. 

Deng, L., Zhu, G. yu, Tang, Z. sheng, Shangguan, Z. ping, 2016. Global patterns of the 
effects of land-use changes on soil carbon stocks. Glob. Ecol. Conserv. 5, 127–138. 
https://doi.org/10.1016/j.gecco.2015.12.004. 

Dilly, O., Blume, H.P., Sehy, U., Jimenez, M., Munch, J.C., 2003. Variation of stabilised, 
microbial and biologically active carbon and nitrogen in soil under contrasting land 
use and agricultural management practices. Chemosphere 557–569. https://doi.org/ 
10.1016/S0045-6535(03)00237-6. 

Edmondson, J.L., Davies, Z.G., McHugh, N., Gaston, K.J., Leake, J.R., 2012. Organic 
carbon hidden in urban ecosystems. Sci. Rep. 2, 1–7. https://doi.org/10.1038/ 
srep00963. 

Greinert, A., 2015. The heterogeneity of urban soils in the light of their properties. 
J. Soils Sediment. 15, 1725–1737. https://doi.org/10.1007/s11368-014-1054-6. 

Han, D., Zhang, C., Wang, C., She, J., Sun, Z., Zhao, D., Bian, Q., Han, W., Yin, L., Sun, R., 
Wang, X., Cheng, H., 2021. Differences in response of butterfly diversity and species 
composition in urban parks to land cover and local habitat variables. Forests 12, 140. 
https://doi.org/10.3390/f12020140. 

Hao, C., Smith, J., Zhang, J., Meng, W., Li, H., 2013. Simulation of soil carbon changes 
due to land use change in urban areas in China. Front. Environ. Sci. Eng. 7, 255–266. 
https://doi.org/10.1007/s11783-013-0485-4. 

Huang, R., Lan, T., Song, X., Li, J., Ling, J., Deng, O., Wang, C., Gao, X., Li, Q., Tang, X., 
Tao, Q., Zeng, M., 2021. Soil labile organic carbon impacts C: N: P stoichiometry in 
urban park green spaces depending on vegetation types and time after planting. 
Appl. Soil Ecol. 163, 103926 https://doi.org/10.1016/j.apsoil.2021.103926. 

Jin, J., Sheppard, S.R.J., Jia, B., Wang, C., 2021. Planning to practice: impacts of large- 
scale and rapid urban afforestation on greenspace patterns in the Beijing plain area. 
Forests 12, 1–22. https://doi.org/10.3390/f12030316. 

Jin, T., Liu, W., Wang, Y., Zhao, M., Fu, Y., Dong, Y., Luo, T., Fu, H., Wang, Q., 2022. 
Effects of urbanization intensity on glomalin-related soil protein in Nanchang, China: 
influencing factors and implications for greenspace soil improvement. J. Environ. 
Manag. 318, 115611 https://doi.org/10.21203/rs.3.rs-1215776/v1. 

Kalbitz, K., Solinger, S., Park, J.H., Michalzik, B., Matzner, E., 2000. Controls on the 
dynamics dissolved organic matter in soils: a review. Soil Sci. 165, 277–304. https:// 
doi.org/10.1097/00010694-200004000-00001. 

Kuznetsova, A., Brockhoff, P.B., Christensen, R.H.B., 2017. lmerTest package: tests in 
linear mixed effects models. J. Stat. Softw. 82, 1–26. https://doi.org/10.18637/jss. 
v082.i13. 

Lal, R., 2012. Carbon sequestration in urban ecosystems. Carbon Sequestration in Urban 
Ecosystems. https://doi.org/10.1007/978-94-007-2366-5_8. 

Lal, R., Stewart, B.A., 2017. Urban Soils. CRC Press; Taylor & Francis, Boca Raton; 
Cambridge.  

Layman, R.M., Day, S.D., Mitchell, D.K., Chen, Y., Harris, J.R., Daniels, W.L., 2016. 
Below ground matters: urban soil rehabilitation increases tree canopy and speeds 
establishment. Urban For. Urban Green. 16, 25–35. https://doi.org/10.1016/j. 
ufug.2016.01.004. 

Li, J., Wen, Y., Li, X., Li, Y., Yang, X., Lin, Z., Song, Z., Cooper, J.M., Zhao, B., 2018. Soil 
labile organic carbon fractions and soil organic carbon stocks as affected by long- 
term organic and mineral fertilization regimes in the North China Plain. Soil Tillage 
Res. 175, 281–290. https://doi.org/10.1016/j.still.2017.08.008. 

Li, L., 2020. Impacts of plain afforestation on forest landscape patterns in Beijing. Chin. 
Urban 18, 5–10. https://doi.org/10.12169/zgcsly.2020.06.10.0001. 

Liu, R., Wang, M., Chen, W., 2018. The influence of urbanization on organic carbon 
sequestration and cycling in soils of Beijing. Landsc. Urban Plan. 169, 241–249. 
https://doi.org/10.1016/j.landurbplan.2017.09.002. 
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