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A B S T R A C T   

Maintaining and improving the water conservation capacity of forest ecosystems is an important step in building 
regional ecological protection barrier. At present, there is a lack of knowledge about the patterns of soil water 
flow in different stages of forest succession. Therefore, this study quantified the change tendency of soil infil-
tration and water flow paths in subtropical different forest types, including pine forests (PF), mixed pine and 
broadleaf forests (MF) and monsoon evergreen broadleaf forests (BF), and analysed the effect of soil physical 
properties on hydraulic properties. Results showed that (1) both BF and MF were characterized by a smaller bulk 
density and the larger porosity than PF. (2) The saturated hydraulic conductivity of BF and MF was 2.1 times and 
3.1 times higher than that of PF, respectively, showing that there were clear differences in the soil infiltrability 
resistance of the different forest types. The observed soil water exchange amount also showed that both BF and 
MF had higher water holding capacity than PF. (3) Macropore flow and lateral flow were the dominant pref-
erential flow behaviors, but the degree of preferential flow did not evolve along succession sequence PF, MF and 
BF. The pattern of soil water flow was found to show obvious spatial variability, restricted by the joint influence 
of soil porosity, root systems and rocks. The above results suggest that soil infiltration improve with the sequence 
of forest succession, but that soil water flow patterns may be independent of forest succession due to the complex 
conditions of the soil. This study provided effective data information of forest soil hydrological antecedents.   

1. Introduction 

Forest ecosystems play an important role in the process of hydro-
logical cycle. Maintaining and improving forest water conservation ca-
pacity and water purification capacity has been a hot spot for a long time 
(Hua et al., 2022; Li et al., 2017). Soil layer is the vital hydrologic 
functional layer in the ecosystem, and soil water flow behavior is the key 
‘conveyor belt’ to maintain the operation of various processes, con-
necting groundwater recharge, solution migration and plant water up-
take (Zhao and Wang, 2021; Fuhrmann et al., 2019). The alternations in 
vegetation types, root systems, soil structures and properties change 
with the process of forest succession, which could affect soil water flow 
process (Zhu et al., 2019; Wang et al., 2012; Zhao et al., 2010). However, 
the mechanism of soil water flow in different forest succession stages is 
not clearly known yet. Therefore, it is needed to study of soil water flow 

mechanism in different succession stages, which would provide policy 
basis for forest water resources management and degraded-vegetation 
restoration (Surda et al., 2015). 

Researchers have always reported an increasing need to have more 
knowledge on the interaction between land use, soil properties and soil 
hydrological processes (Di Prima et al., 2018; Bisantino et al., 2015; 
Bens et al., 2007). Generally, the water flow patterns of vadose zone 
affect the regional water exchange rate, because soil infiltration capacity 
and flow paths can lead to a redistribution of surface and groundwater. 
Soil water flow forms include matrix flow and preferential flow. Matrix 
flow is a relatively slow and even movement of water and solutes 
through soil while passing through all pore spaces (Allaire et al., 2009). 
Studies have shown that 70 %–85 % of soil water is related to prefer-
ential flow behavior (Hlaváčiková et al., 2019; Alaoui and Helbling, 
2006). Preferential flow is a fast flow form of soil water and solute 
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transport passing macropore channels, and it can accelerate water ex-
change (Beven and Germann, 1982). Zhu et al. (2019) demonstrated 
that the area with poor infiltrability is generally the source of surface 
runoff, while the area with good infiltrability and preferential flow 
development is the gathering area of water flow. For example, surface 
water can quickly infiltrate into the deep soil and meanwhile flows to 
the adjacent area in lateral direction. In soil layer, plant root can 
improve soil properties (e.g., soil pores) and facilitate water infiltration 
through the living roots embedding, entangling and enwrapping in soil 
(Niemeyer et al., 2014; Ludwig et al., 2005). In general, the macro-
porosity near the root zones is significantly greater than those in the 
non-root zone (Yue et al., 2021). In addition, the crack channels formed 
by stones can also support deeper water infiltration, accelerating the 
preferential flow process, and further promoting rapid solute transport 
(Wine et al., 2012; Jørgensen et al., 2002). 

Some studies suggest that attention needs to be paid to the forest- 
water relationships in order to enhance water availability and increase 
resilience to climate-driven disturbances (e.g., drought and storm) (Song 
et al., 2022; Di Prima et al., 2017; Bisantino et al., 2015). Forest eco-
systems change the spatio-temporal patterns of rainfall distribution 
through complex functional structures such as canopy, litterfall and soil 
layer (Yu et al., 2018; Crockford and Richardson, 2000). Accordingly, 
the increment or decrement of water volume and water flow form would 
show some differences in different forest ecosystems (Kuchment, 2022; 
Kurzweil et al., 2021). For example, it has been proposed that in the 
process of forest succession, vegetation types changing from grassland 
(primary community) to shrub and climax forest community, soil bulk 
density reduced and soil porosity increased significantly, thereby pro-
moting water infiltrability (Zhao et al., 2010). But soil water storage 
decreased along with the natural vegetation succession due to the 
greater transpiration ability of trees than grasses (Zhang et al., 2016b). 
Subtropical forest is the ecological protection barrier in South China. At 
present, the forest water resources in this region are facing severe 
challenges due to the intense human activities (Zhao et al., 2019). The 
characteristics of soil water along forest successional gradient have been 
preliminarily acknowledged in this region, which help to recognize 
forest water conservation function (Liu et al., 2020; Yan et al., 2007). 
However, the knowledge of soil water flow patterns in different forest 
succession processes is not clearly known yet. 

Therefore, in this study, we mainly focused on soil hydraulic prop-
erties and driving factors in different forest succession periods. Specif-
ically, the objectives are to: (1) quantify the change tendency of soil 
infiltration and water flow paths along different succession forest types; 
(2) analyze the driving factors of soil infiltration and water flow paths in 
order to provide suggestions for forest water resources management. We 
hypothesized that: (1) soil infiltrability and preferential flow degree 
increased with forest succession sequences; (2) soil porosity, root sys-
tems and rocks jointly affect soil water flow patterns. 

2. Materials and methods 

2.1. Study area 

This study was conducted at the Dinghushan Biosphere Reserve 
(23◦09′21′′N to 23◦11′30′′N, 112◦30′39′′E to 112◦33′41′′E) located in 
Zhaoqing City, south China. In Dinghushan, the catchment, consisting of 
two streams both with 12 km length, flow into the West River (the main 
trunk of the Pearl River). According to the Köppen-Geiger climate 
classification (e.g., Kottek et al., 2006), the study area belongs to trop-
ical monsoon climate (Cwa) with obvious wet (April–September) and 
dry season (rest 6 months). The average annual temperature is 20.9 ◦C, 
and the annual rainfall and evaporation are 1900 mm and 1115 mm, 
respectively. According to the soil classification system of United States 
Department of Agriculture (USDA) (Buol et al. 2003), soils of Ding-
hushan area are classified in the Ultisol group and Udult subgroup, 
formed on the thick metamorphic sandstone and sand shale of Devonian 

period. The zonal soil was classified in the silt loam texture according to 
Word Reference Base (WRB) (WRB, 2015). Dinghushan Biosphere 
Reserve is covered with a complete horizontal succession series of 
monsoon evergreen broadleaf forest, which is highly representative of 
the region (Zhou et al., 2011). Monsoon evergreen broadleaf forest (BF) 
is 400 years old with typical tree species including Castanopsis chinensis 
(Spreng.) Hance, Schima superba Gardner & Champ., Cryptocarya concinna 
Hance, etc., canopy coverage > 95 %. The slope is about 30◦, and the 
elevation is about 270–300 m. Based on WRB, the soil was classified in 
texture of silt loam (sand 15–30 %, silt 50–60 % and clay 15–20 %), 
thickness of 60–90 cm, topsoil organic matter of 2.73–5.95 %. The 
mixed pine/broadleaf forest (MF) is a natural succession with a conif-
erous broadleaf ratio of about 4:6, 70–80 years old. The main broadleaf 
tree species are Schima superba Gardner & Champ., Castanopsis chinensis 
(Spreng.) Hance, etc., and the coniferous specie is Pinus massoniana Lamb, 
canopy coverage > 90 %. The slope is about 30◦, and the elevation is 
about 250 m. The soil type in MF was classified in texture of silt loam 
(sand 10–20 %, silt 60–70 % and clay 18–20 %), relatively shallow soil 
layer, topsoil organic matter of 2.94–4.27 %. The pine forest (PF) 
planted before 1960 belongs to the primary succession community 
where Pinus massoniana Lamb is the only tree layer with the canopy 
coverage of about 70 %. The slope is about 25◦–30◦, and the elevation is 
about 250–300 m. The soil was classified in texture of loam above 40 cm 
(sand 30–40 %, silt 40–50 % and clay 10–15 %) and silt loam below 40 
cm (sand 25–30 %, silt 50–60 % and clay 15–20 %), relatively shallow 
soil layer, topsoil organic matter of 1.33–2.97 %. 

2.2. Basic data of soil properties 

Experiments in this study were conducted in three forest types (BF, 
MF and PF) between November and December in 2021 (Fig. 1). Sam-
pling plots were selected following the similar slope and direction in 
each of the three forest types. Bulk soil samples were collected to mea-
sure soil bulk density (g cm− 3) and porosity (%) at each of five depths 
0–10, 10–20, 20–40, 40–60 and 60–100 cm using cutting cylinders 
(volume, 100.0 cm3) in 2005, 2010, 2015 and 2020, respectively. The 
mean value of the four-year data (2005, 2010, 2015 and 2020) was 
calculated, shown in the Table 1. Data of soil water content and water 
potential were monitored at above five depths using sensors (Hydra 
Probe II, USA; Tensio 100, Germany) in 2020, which was used to fitted 
soil water characteristic curves (SWCC) of different depths based on 
Gardner model (Gardner et al., 1970). In addition, in order to estimate 
the response of soil moisture to rainfall events, soil water content (SWC) 
at soil depths 10 cm, 30 cm and 50 cm was monitored using TDR (Hydra 
Probe II, USA) (Fig. 1). Tipping-bucket rain gauge were installed 400 m 
away from the TDR plots, and rainfall data were recorded using a data 
logger (Model 115, Spectrum Technologies Inc., USA). The resolution of 
the rain gauge was ± 0.2 mm, and the time interval of data recording 
was set to 10 min. 

2.3. Infiltration measurement 

The soil saturated hydraulic conductivity was measured at the soil 
surface using the stainless-steel double rings (height, 20.0 cm; outer ring 
diameter, 50.0 cm; inner ring diameter, 25.0 cm), 8 repetitions in each 
forest land. Double rings were both embedded into the soil depth 10.0 
cm, exposing to a height of 10.0 cm. Double rings were both initially 
filled with water equivalent to a water head of 10.0 cm, and the reduced 
water level height of inner ring was recorded at 2-min intervals for the 
first 10 min and then 5-min intervals for at least 50 min. The initial 
infiltration rate (IIR, cm min− 1) was defined as the ratio of the reduced 
water depth to the initial infiltration time (2 min). Each cylinder was 
rapidly refilled to a height of 10.0 cm after each recording until the 
difference in water level between filling and after 5 min remained the 
same for five consecutive times. The water refilling procedure of infil-
tration took approximately 1.0 h. We assumed that a steady-state flow 
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occurred at this point, and the actual steady state infiltration rate (Is, cm 
min− 1) was calculated based on the last five measured values (Bodhi-
nayake et al., 2004). Due to water temperature affecting Is, the Is was 
converted to the quasi-steady infiltrate rate (SIR, cm min− 1) at 10 ◦C, 
and the SIR was used to calculate the soil saturated hydraulic conduc-
tivity (Ks, cm min− 1) (Reynolds and Elrick, 1990): 

SIR =
Is

0.7 + 0.03T
(1)  

Ks =
SIR

Hs
C1ds+C2rs

+ 1
S(C1ds+C2rs)

+ 1
(2)  

where T = 20 ◦C indicates the actual water temperature of Is state; C1 =

0.316π and C2 = 0.184π are dimensionless constants. Hs is the height 
(10 cm) of water inside the cylinder, ds is the rest of height (10 cm) of 
cylinder, rs is the radius of the cylinder, and S is the sorptive number (12 
cm− 1). 

After the infiltration experiment, the infiltration rings were taken 
away, then litter were collected into valve bag, oven-dried at 85 ◦C for 
24 h to calculate litter biomass. The soil surface was cut flat, and soil 
samples were collected using cutting ring at each of the infiltration 
point, and the bulk density and porosity are measured. Further, the in-
fluence of soil physical properties on the infiltration rate was analyzed. 

2.4. Dye-tracer experiment 

Brilliant Blue FCF dye was used to trace soil water flow paths in the 
three forest types, three repetition in each type with total 9 plots (B1 ~ 
B3, M1 ~ M3 and P1 ~ P3). Stainless-steel ring (height, 20.0 cm; 
diameter, 25.0 cm) was driven into the soil depth 10.0 cm, 90 L solution 
was prepared with dye concentration 4.0 g L–1. 10 L solution was 
injected into those 9 plots, respectively. After 24 h, cut the soil dyeing 
profiles 70 cm width × 70 cm depth (Fig. 1). Soil profile was photo-
graphed and recorded. Combined with the corresponding scale of the 
image processing software and the field profile, the image of the dyed 
profile was corrected. 

The dyeing images were processed using Software ArcMap 10.3 
(ESRI Inc., Redlands, California, USA). Firstly, the dyeing areas were 

classified into three kinds of concentrations by the supervised classifi-
cation: dark (heavy stain), moderate (moderate stain) and light (low 
stain) dyeing area. The dark area indicates the active macropore flow 
area; the light area indicates the interactions between the macropore 
flow and the surrounding matrix flow, respectively (Jiang et al., 2015). 
In addition, preferential flow indices were calculated using 20 cm width 
× 20 cm depth image, separated from the 70 cm width × 70 cm depth 
image. Preferential flow indices included the dyeing coverage rate (DC, 
%), uniform infiltration depth (UID, cm), preferential flow fraction (Pf- 
fr, %), length index (LI) and peak index (PI), respectively (Bargués 
Tobella et al., 2014; van Schaik, 2009; Flury et al., 1994). 

DC =
Sdye

S
× 100% (3)  

where Sdye is the dye-stained area (cm2), and S is the total profile area 
(cm2), dye-stained area plus non-strained area; 

Pf − fr =

(

1 −
UID × W

S

)

× 100% (4)  

where UID is the depth at which the DC decreases below 80 %, indicating 
the depth to which matrix flow is prevalent; W is the soil profile width 
20 cm. 

LI =
∑70

i=1
|DCi+1 − DCi| (5)  

where i is the depth interval of the rectangular area in which dye 
coverage (DC, %) was calculated. A high LI indicates a high degree of 
preferential flow. 

PI is the number of times that the vertical line defined by the dye 
coverage (DC) intersects the dye coverage profile. High value of PI in-
dicates a high degree of preferential flow. 

2.5. Other relevant measurements 

After photographing and recording, each dyeing soil profile was 
divided into 10 × 10 cm square grids. Roots and bulk soil samples in the 
grids were collected in order to evaluate the relationships between grid 
dyeing area and root biomass and soil physical properties. A total of 30 

Fig. 1. (a) Study site within the Dinghushan Biosphere Reserve in China and (b) sampling from the soil profile in three forest types. Soil BD, soil bulk density. Sensor1 
was used to monitor soil water content; Sensor2 was used to monitor soil water potential. 
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root samples were picked and brought back to the laboratory. Root 
surface was washed and water was removed from the surface with 
absorbent paper. Roots were classified in two groups based on the 
diameter: thick (>2 mm); and fine (<2 mm). After oven-dried at 85 ◦C 
for 24 h to constant weight, roots were weighed for obtaining root 
biomass (±0.01 g). A total of 35 bulk soil samples were taken to the 

laboratory for determining soil bulk density, porosity and water 
capacity. 

2.6. Data analysis 

One-ANOVA was used to estimate the differences in soil bulk density, 
porosity, infiltration rate and saturated hydraulic conductivity among 
different forest types. Differences of soil properties among soil depths 
and sampling plots were analysed using general linear models with 
‘depth’ and ‘plot’ as fixed effects. Pearson correlation analysis was 
performed to evaluate the effect of soil physical properties on hydraulic 
properties. All data processing and analysis were performed at α = 0.5 
with IBM SPSS Statistics 25. Graph was drawn in Origin 9.0. 

3. Results 

3.1. Soil physical properties 

In succession sequence, change of forest soil physical properties was 
significant from early, middle to climax communities. The average 
values of four-year data (2005, 2010, 2015 and 2020) were shown in 
Table 1. In detail, the soil bulk density of pine forest (1.42 g cm− 3) was 
significantly higher than that of mixed forest (1.12 g cm− 3) and 
broadleaf forest (1.18 g cm− 3) (Table 1). Compared with pine forest, soil 
total porosity in mixed forest and broadleaf forest increased by 26.15 % 
and 28.3 %, respectively. Soil bulk density increased and total porosity 
decreased with the increasing soil depths. Analysis of variance (ANOVA) 
showed that soil bulk density and porosity were significantly different at 
different soil depths (P < 0.001). 

The measurement of soil field water capacity showed significantly 
decreasing tendency BF (28.90 %) > MF (27.20 %) > PF (20.92 %), and 
from topsoil (30.23 %) to 100 cm depth (24.82 %). Similar decreasing 
tendency was also presented in the soil saturated water capacity. In 
addition, soil water characteristic curve can also be used to characterize 
soil hydraulic characteristics, the fitted model result was the same ten-
dency with the observation, showing that soil water holding capacity 
(‘A’ value) of broadleaf forest was stronger (29.397) than that of mixed 
forest (27.932) and pine forest (16.056) (Table 1). Soil water holding 
capacity of broadleaf forest and mixed forest decreased with the 
increasing soil depth, while that of pine forest increased slightly with the 
increase of soil layer. 

3.2. Soil water infiltration rate 

Soil water infiltration rate of the three forest types all showed a trend 
of decrease over time, with a sharply decrease in the first 10 min and 
then gradually decrease until steady state (Fig. 2). The initial infiltration 
rate of broadleaf forest and mixed forest was 2.1 times and 2.9 times of 
pine forest, respectively. The saturated hydraulic conductivity of 
broadleaf forest and mixed forest was 2.1 times and 3.1 times of pine 
forest, respectively. Therefore, the soil infiltration capacity of broadleaf 
forest and mixed forest was significantly higher than that of pine forest 
(P < 0.05). 

Soil moisture timely responded to rainfall events and was obviously 
supplied. After reaching the wetting front, soil moisture gradually sub-
sided (Fig. 3). The results of one-month soil moisture continuous 
monitoring showed that the surface SWC fluctuated greatly, while the 
sublayer SWC fluctuated little (CVsurface > CVsublayer). Among different 
forest types, both the fluctuation degrees of SWC in the broadleaf forest 
and the mixed forest were smaller than that in the pine forest (CVBF & 
CVMF < CVPF). For the two recorded rainfall events (22.8 mm and 30.2 
mm), larger supplement amount (↑10.0 %) of soil water was found in the 
broadleaf forest, and smaller depletion amount (↓0.2 %) of soil water 
was found in the mixed forest. In addition, for water exchange of 
different soil depths, both soil water supplement amount and depletion 
amount of broadleaf forest and mixed forest were greater in the surface 

Table 1 
Soil physical properties and hydrological properties at 0–100 cm depths in three 
forest types. BF: broadleaf forest, MF: mixed pine/broadleaf forest, PF: pine 
forest. BD, bulk density; TP, total porosity; FWC, field water capacity; SaWC, 
saturated water capacity. SWCC, soil water characteristic curve. The different 
lowercase letters a, b and c indicate significant differences between the slopes (P 
< 0.05). Letter ‘θ’ indicates soil volumetric water content. Letter ‘S’ indicates soil 
suction. Letter ‘A’ presents the water holding capacity, the higher A value, the 
stronger water holding capacity. Letter ‘B’ presents the decrease rate of soil 
water content with the increase of soil water suction, the larger B value, the 
faster change.  

Soil depths Plots BD (g 
cm− 3) 

TP (%) FWC 
(%) 

SaWC SWCC (θ =
A × S–B) 

0–10 cm BF 1.10 
(0.04) 
b 

53.72 
(1.10) a 

33.21 
(1.27) a 

55.82 
(3.80) a 

θ = 29.397 
× S–0.144, 
r2 = 0.970  

MF 1.15 
(0.07) 
b 

52.82 
(0.95) a 

30.24 
(2.48) a 

50.92 
(1.40) a 

θ = 27.932 
× S–0.131, 
r2 = 0.961  

PF 1.43 
(0.09) 
a 

41.87 
(0.65) b 

21.59 
(2.02) b 

42.77 
(2.41) b 

θ = 16.056 
× S–0.185, 
r2 = 0.978 

10–20 cm BF 1.28 
(0.05) 
b 

50.13 
(0.43) a 

30.69 
(0.24) a 

52.83 
(2.66) a 

θ = 28.576 
× S–0.111, 
r2 = 0.964  

MF 1.29 
(0.09) 
b 

49.95 
(1.17) a 

28.37 
(1.07) a 

48.84 
(0.78) a 

θ = 26.116 
× S–0.131, 
r2 = 0.963  

PF 1.51 
(0.02) 
a 

40.53 
(0.75) b 

21.98 
(2.52) b 

39.86 
(1.41) b 

θ = 14.763 
× S–0.179, 
r2 = 0.974 

20–40 cm BF 1.32 
(0.09) 
a 

48.20 
(0.56) a 

27.87 
(1.08) a 

48.42 
(1.15) a 

θ = 25.370 
× S–0.119, 
r2 = 0.966  

MF 1.30 
(0.12) 
a 

45.73 
(0.70) a 

28.00 
(1.44) a 

44.71 
(2.97) a 

θ = 22.875 
× S–0.135, 
r2 = 0.958  

PF 1.53 
(0.09) 
a 

39.85 
(0.65) b 

19.34 
(1.09) b 

39.03 
(0.23) b 

θ = 15.203 
× S–0.165, 
r2 = 0.975 

40–60 cm BF 1.41 
(0.04) 
a 

48.73 
(0.95) a 

26.07 
(1.34) a 

45.14 
(0.42) a 

θ = 22.444 
× S–0.135, 
r2 = 0.958  

MF 1.42 
(0.03) 
a 

43.86 
(0.49) b 

24.55 
(0.14) b 

42.83 
(1.65) b 

θ =
21.586 ×
S–0.111, r2 

= 0.971  
PF 1.52 

(0.08) 
a 

39.13 
(0.78) b 

20.59 
(0.54) b 

40.03 
(0.37) b 

θ = 17.111 
× S–0.143, 
r2 = 0.976 

60–100 cm BF 1.31 
(0.23) 
a 

47.55 
(0.87) a 

26.66 
(0.55) a 

42.86 
(2.61) a 

θ = 23.133 
× S–0.128, 
r2 = 0.958  

MF 1.47 
(0.08) 
a 

41.40 
(0.82) b 

24.82 
(0.34) b 

37.93 
(2.64) b 

θ = 21.943 
× S–0.111, 
r2 = 0.956  

PF 1.43 
(0.08) 
a 

38.51 
(0.70) b 

21.09 
(0.33) b 

39.53 
(0.22) b 

θ = 17.977 
× S–0.144, 
r2 = 0.958 

Summary of 
ANOVA (P 
value)       

Plot  <

0.001 
<

0.001 
<

0.001 
<

0.001 
– 

Depth  <

0.001 
<

0.001 
<

0.001 
< 0.05 – 

Plot × Depth  0.119 0.218 0.4 0.38 – 

Notes: mean (±SE), n = 4. 
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layer (10 cm) than that in the deeper layer (50 cm), while both the 
increment and the decrement of soil water of pine forest were lower in 
the surface layer (↑5.1 %, ↓2.1 %) than that in the deeper layer (↑7.0 %, 
↓3.2 %) indicating higher soil water exchange degree in the deeper 
layer. 

3.3. Soil water flow paths 

After injecting the same dye solution volume to the 9 plots, the 
infiltration depth mainly was at 60–70 cm, even above 70 cm in the B2, 
M2 and M3 (Fig. 4). Proportions of the stained soil areas showed the 
spatial variability of soil water flow at the different soil depths in the 
three forest types. In the broadleaf forest (B1–B3), mean dye coverage 
was 41.63 % ± 3.76 % (n = 3), of which high stained area was 20.56 %. 
Dye coverage of high stained area in the B2 plot had two peak point at 
depth 5 cm and depth 60 cm, respectively, different from the other two 
plots. In the mixed forest (M1–M3), mean dye coverage was 44.79 % 

±2.16 % (n = 3), of which high stained area was 16.85 %. The maximum 
dye coverage was 88.04 %, appearing at depth 30 cm of M1 plot, indi-
cating that lateral permeation was obvious. The high stained area of 
M1–M3 plots mainly distributed above depth 30 cm, and the moderate 
and low stained area is mainly below. In the pine forest (P1–P3), mean 
dye coverage was 32.57 %±6.23 % (n = 3), of which high stained area 
was 14.82 %. The dye coverage of high stained area decreased with soil 
depth in the P1 and P3 plots. Differently, it first increased above depth 
30 cm in the P2 plot, and then decreased. 

Preferential flow indices and stained soil profiles (20 cm width × 20 
cm depth selected) were shown in Fig. 5. Infiltration depths (ID) varied 
among different plots, the maximum ID in broadleaf forest (>70 cm) and 
mixed forest (>70 cm) were deeper than that in pine forest (67 cm). 
Uniform infiltration depth (UID) of the pine forest appeared at shallower 
depth (16.0 cm) than those of the broadleaf forest (31.0 cm) and the 
mixed forest (24.0 cm). Dye coverage (DC) of the broadleaf forest (78.2 
% ± 2.3 %) and the pine forest (74.8 %±5.3 %) were greater than that of 
the mixed forest (66.1 %±4.1 %). By comparison, preferential flow 
fraction (Pf-fr) of the pine forest (46.8 %±5.3 %) was greater than those 
of the broadleaf forest (23.2 %±10.0 %) and the mixed forest (30.0 ±
10.4 %). Both length index (LI) and peak index (PI) of the mixed forest 
averagely were higher than those of the broadleaf forest and the pine 
forest. Comparing the preferential flow indices among the three forest 
types, high spatial variability of soil water flow was found, and the 
preferential flow degrees varied with different sampling plots without 
along forest succession sequence. 

3.4. Correlation between water and soil variables 

Soil bulk density and porosity are soil basic physical properties. A 
significantly negative relationship was found between bulk density and 
root biomass (r = 0.53, P < 0.01, n = 23), and significantly positive 
relationship between porosity and root biomass (r = 0.45, P < 0.05, n =
23) (Fig. 6). No significant relationship between root biomass and non- 
capillary porosity was found (P > 0.05). 

Correlation analysis results showed that the initial infiltration rate 
was negatively correlated with initial water content (r = 0.43, P < 0.05, 
n = 23) and bulk density (r = -0.46, P < 0.05, n = 23), positively 
correlated with porosity (r = 0.46, P < 0.05, n = 23). The saturated 
water conductivity was significantly affected by bulk density (negative 
correlation) and porosity (positive correlation). No significant rela-
tionship was found between topsoil litter & root biomass and infiltration 
rate (P > 0.05). 

Dyeing area were significantly correlated with bulk density, porosity 
and root biomass. And the strongest correlation was found between root 
biomass and dyeing area (r = 0.80, P < 0.001, n = 23). With the pore 
channel generated between root and soil, water flow was active and 
preferential flow degree was developed. 

4. Discussion 

4.1. Change of soil infiltration 

In the present study, soil bulk density decreased and soil porosity 
tended to increase along the succession gradient of long-term natural 
vegetation, which contributed to increasing soil water conductivity and 
water-holding capacity and thereby promoting efficient infiltration 
volume of rainfall (He et al., 2019; Zhang et al., 2016b). Soil infiltration 
capacity in broadleaf forest and mixed forest both were stronger than 
that in pine forest (Fig. 2). The variation patterns (i.e., trend of increase 
or decrease) of soil properties (bulk density and porosity) and infiltra-
tion were consistent with the succession gradients. Besides, the litter 
layer of surface layer is effective at intercepting rainwater, and litter 
decomposition can improve soil properties (Zhu et al., 2021; Watanabe 
et al., 2013). According to previous statistics in Dinghushan area (Liu 

Fig. 2. Variation of infiltration rate with time, and initial infiltration rate (IIR, 
cm min− 1), mean infiltration rate (Mean, cm min− 1), and saturated hydraulic 
conductivity (Ks, cm min− 1) for three forest types. BF: broadleaf forest, MF: 
mixed pine/broadleaf forest, PF: pine forest. Data are expressed as the mean ±
standard error (n = 21). Different letters indicate a significant difference at P 
< 0.05. 

Fig. 3. Change of soil water content (SWC) at different soil depths in response 
to rainfall events. Orange arrow means 10 cm depth and cyan arrow means 50 
cm depth. The upward arrow represents supplement amount and the downward 
arrow represents depletion amount. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 
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et al., 2013), the litter biomass along the forest successional gradient 
was in the order of PF > MF > BF, and PF litter had a higher water- 
holding ability than the other two forest types. Besides, litter from PF 
decomposes slowly due to its high lignin and low nitrogen content (Chae 
et al., 2019; Sheffer et al., 2015). Probably higher decomposition of BF 
and MF forest residues increase soil organic matter in surface horizons. 
Therefore, the indirect effect of litter on infiltration is positive due to the 
transformation of litter to organic matter is beneficial to the improve-
ment of soil physical and chemical properties (Liu et al., 2021; Piaszczyk 
et al., 2020). However, this study showed no significant relationship 
between litter biomass and infiltration rate (Fig. 6). On the one hand, the 
poor cohesion among plant debris was conducive to the rapid passage of 
water flow through litter layer, causing invalid water interception (Neris 
et al., 2013); on the other hand, water injection volume in the 

infiltration experiment potentially covered the initial water interception 
of litter layer. More measurements would be needed to validate the 
finding for interaction between soil water flow and litter and soil organic 
matter. 

When rainwater infiltrating into soil layer, some difference in the 
amount of soil water supplement/depletion among these three forest 
types were found. The monitoring results showed that soil water sup-
plement amounts of both broadleaf forest and mixed forest were higher 
at surface layer than at deeper layer, while the opposite situation was 
observed in pine forest (Fig. 3). The soil porosity of broadleaf forest and 
mixed forest at surface layer was obviously higher than that at deeper 
layer, leading to faster water exchange and greater water volume vari-
ation. Soil bulk density and porosity in pine forest showed relatively 
small changes among four sampled layers 0–60 cm (Table 1), thus small 

Fig. 4. Proportions of stained areas at different soil depths with 2 cm apart on the dyeing sections (depth 70 cm × width 70 cm) in the three forest types. B1 ~ B3 
were in broadleaf forest, M1 ~ M3 were in the mixed forest, and P1 ~ P3 were in pine forest. 
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difference of rainfall supplement amount was found between 10 cm and 
50 cm soil layers. Moreover, the depletion amount of mixed forest was 
relatively small compared with that of broadleaf forest and pine forest, 
thus the soil water-holding capacity in mixed forest was likely to be 
stronger than the other two forest types. In addition, due to the rapid 
evaporation of water and rich soil porosity in the surface soil, the intense 
water exchange here resulted in the larger water depletion amount in 
the surface soil than in the deep soil. This also indicated that the deeper 
soil was the key layer for water conservation. The soil moisture of both 
broadleaf forest and pine forest were higher at 10 cm depth than at 50 
cm depth (Fig. 3). The soil water content of mixed forest was in the 
medium level at the 10 cm, and in the high level at the 50 cm. He et al. 
(2019) observed the same phenomenon in the soil moisture monitoring 

experiment in Qinghai Spruce (Picea crassifolia) forest, which was 
attributed to the interaction between water consumption and supple-
ment. On the one hand, root systems were generally concentrated in the 
surface soil with great soil evapotranspiration and plant water con-
sumption. On the other hand, soil moisture was partially replenished by 
rainfall infiltration. Consequently, great consumption and partial sup-
plement made the surface soil water at a moderate level. The deeper soil 
generally has less root systems and lower plant water consumption as 
well as great supplement by rainfall infiltration during the rainy season, 
resulting in the maximum soil moisture in the deeper soil (Penna et al., 
2013). Thus, increasing the water-holding capacity of the deeper soil can 
effectively alleviate the water demand of plants and reduce groundwater 
recharge during the dry season (Heathman et al., 2012). 

Fig. 5. Changing of dyeing coverage with soil depths at the dyeing profiles, depth 70 cm × 20 cm width for three forest types. B1 ~ B3 were in broadleaf forest, M1 
~ M3 were in the mixed forest, and P1 ~ P3 were in pine forest. The indices were used to evaluate the degree of preferential flow. ID: Infiltration depth (cm), UID: 
Uniform infiltration depth (cm), namely the intersection of the blue dotted lines and dye coverage (black lines), DC: Dye coverage (%) (orange line), Pf-fr: Preferential 
flow fraction (%), LI: Length index, PI: Peak index. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Among the three forest types, the soil surface infiltrability of pine 
forest was lower than that of broadleaf forest and mixed forest, and the 
saturated accounted for 49.3 % and 37.4 % of broadleaf forest and mixed 
forest, respectively. Neris et al. (2013) also revealed that the soil infil-
tration rate of the pine forest was 60 % lower than that of the tropical 
rainforest, resulting in the twice higher surface runoff of the pine forest 
than that of the tropical rainforest. This result was partially attributed to 
the surface soil properties. A water drop penetration time method 
(WDPT) was used to measure soil water repellency (SWR) of topsoil of 
the three forest types in our study. The duration of water penetration 
was recorded, classifying repellency into four levels based on King 
(1981), none (<1 s), extremely slight (1–10 s), slight (10–60 s). Result 
showed that the time of broadleaf forest and mixed forest were < 1 s, 
none repellency, while pine forest was about 4 s, the extremely slight 
repellency (Table S1). Therefore, water repellency of pine forest was 
slightly higher than that of broadleaf forest and mixed forest. The lower 
soil infiltration rate in the pine forest was potentially caused by greater 
persistence of SWR. Although the soil infiltrability of pine forest was 
relatively weak, the part preferential flow activity was stronger than 
mixed forest, and thus the soil macropores of pine forest are potentially 
conductive to transport more water. According to the soil properties 
measured in our study site and the results found by Doerr et al. (2000), 
the reason could be that rocks, fissures and cracks in the water-repellent 
soil layer provided macropore channels for water flow. Soil infiltrability 
at the soil surface can directly affect runoff yield under rainstorm events. 
Therefore, more attention should be paid to erosion of pine forests in 
areas with sparse surface cover or bare soil. Meanwhile, in rocky areas, 
preferential flow may be more active and require more attention to the 
effects of chemical solute migration. 

4.2. Change of soil water flow paths 

Dyeing tracer technology well visualized some differences of soil 
water flow paths in different forest types. The spatial variability in water 
flow paths was potentially attributed to the spatial heterogeneity of soil 
conditions. In Dinghushan area, the soil in the broadleaf forest and 
mixed forest were found to have higher porosity and infiltrability than 
the pine forest (Table 1, Fig. 2), however, the degree of preferential flow 
within a width of 20 cm did not show the similar tendency according to 

the indices result. The quantitative indices (e.g., ID, UID, DC, Pf-fr, LI and 
PI) clearly showed the development degree of preferential flow in ver-
tical direction (Fig. 5). By comparison, it was the pine forest that showed 
stronger preferential flow based on UID and Pf-fr, while the mixed forest 
showed stronger degree based on LI and PI or the broadleaf forest 
showed stronger degree based on ID and DC. The development degree of 
preferential flow of three forest types did not entirely evolve along the 
succession sequence PF → MF → BF, though the broadleaf forest has 
superior soil conditions, such as rich soil porosity produced by root 
activity and litter decomposition (Jiang et al., 2020). Similarly, Surda 
et al. (2015) also found the order of changes in soil water penetration 
depths was different from the succession gradients. However, such result 
within a width of 20 cm possibly ignored the presence of lateral flow 
activity. The result of the dye coverage within a width of 70 cm indi-
cated that there is stronger lateral flow in the broadleaf forest and mixed 
forest than in the pine forest (Fig. 4). Combing with soil condition, 
infiltration rate and the indices, soil water potentially presented faster 
flow (lateral flow) in the broadleaf forest and mixed forest than in the 
pine forest. 

From the perspective of soil structure of dyeing profile, some areas 
surrounded by considerable stones presented a large proportion of dye 
area with active water movement (Fig. 5). Stones in the soil was char-
acterized by changing the path of soil water migration. In gravelly areas, 
e.g., P1 plot and P3 plot of the pine forests, gaps between rocks and soil 
provided preferential flow paths, thereby facilitating water infiltration 
(Hlaváčiková et al., 2019; Zhang et al., 2016a). Meanwhile, connectivity 
of soil pores was also considered to be the key for water transport (Jačka 
et al., 2021; Soracco et al., 2019). In the B2 plot of broadleaf forest 
(Fig. 5), the gap channels among rocks achieved good connectivity so as 
to promote water transport. Consequently, the dyeing concentration was 
high and dyeing area was large in the rock distribution area. However, 
no obvious rocks were found in the B1 plot of the broadleaf forest and 
the M1 plot of mixed forest soil profiles, and preferential flow was 
simply concentrated in shallow soil layer. In the non-rock region, soil 
macropores likely depended on the limited root distribution of systems 
and fauna activities. As a result, water infiltration was blocked, and the 
preferential flow phenomenon was weakened in the deep soil (Di Prima 
et al., 2018; Ameli et al., 2016). This was consistent with the results of 
Peng et al. (2022) and Sohrt et al. (2014), who revealed that surface 
runoff penetrated faster and deeper along the rock-soil interface, while 
the infiltration pattern of water in the soil was relatively more uniform. 
In addition, lateral flow was a kind of preferential flow form with water 
lateral migration and was considered as a potential water source of 
matrix flow (Jačka et al., 2021; Anderson et al., 2009). Because of the 
water infiltration obstruction vertically, a relatively wide stained area 
would appear, indicating the lateral flow phenomenon. At the depth of 
30 cm in the soil dyeing profile of mixed forest M1 plot, > 90 % of the 
total area was stained (Fig. 4). On average, the degree of lateral flow in 
the pine forest was weaker (dye area < 70 %) than in the broadleaf forest 
and mixed forest. A study on the loess slopes found that large rock cover 
in soil layer contributed to the dominant lateral flow phenomenon and 
significantly affected the spatial distribution of water infiltration (Mei 
et al., 2018). In forest rocky areas, preferential flow parameters 
including macropore flow and lateral flow should be considered when 
studying soil water and groundwater (Jiang et al., 2017). 

In Dinghushan area, soil conditions involved in plant roots and 
stones potentially contributed to the occurrence and development of 
preferential flow, including macropore flow and lateral flow. Besides the 
pore channels from rocks, the positive effects from plant root systems on 
water flow have also been extensively demonstrated in previous studies 
(Yue et al., 2021; Jiang et al., 2020). In this study, dyeing area increased 
with the increasing root biomass. Thus, the presence of roots promoted 
the active water flow. It has been confirmed in previous study that 
preferential flow guided by root systems affected groundwater recharge 
(Zhao and Wang, 2021; Li et al., 2017). However, a study indicated that 
deep roots in unsaturated zones reduced groundwater recharge by>50 

Fig. 6. Relationships between soil physical properties and hydrological prop-
erties (n = 23). Soil physical properties refer to Lf, Litterfall mass; BD, bulk 
density; TP, total porosity; CP, capillary porosity; NCP, non-capillary porosity; 
RB, root biomass; tRB, thick root biomass. Soil hydrological properties refer to 
IIR, initial infiltration rate; Ks, saturated hydraulic conductivity; SWC, satu-
rated water capacity; DA, dyeing area; hDA, high-concentrated-dyeing area. ‘N’ 
means no data. Grey area indicates no significance test, P > 0.05. Blue area 
indicates P < 0.05. Orange area indicates P < 0.01. Red area indicates P <
0.001. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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% (compared with shallow roots) due to plant higher water consump-
tion. Although the root systems can preferentially guide surface water to 
the deep soil, the recharge amount of groundwater by rainfall will still 
be greatly reduced or eliminated (Li et al., 2018). Therefore, the inter-
action mechanisms between soil conditions (e.g., pore connectivity) and 
water flow paths need further consideration for providing more hydro-
logical preconditions of plant water use and groundwater along the 
vegetation succession sequences (Dorau et al., 2022; Budhathoki et al., 
2022). 

5. Conclusion 

The current study mainly investigated the characteristic of soil 
physical properties and hydraulic properties of the different succession 
stages of subtropical forests, pine forest (PF), mixed pine and broadleaf 
forest (MF) and monsoon evergreen broadleaf forest (BF). Comparing 
the soil physical properties of the three forest types, both BF and MF 
have a lower bulk density and higher porosity than PF. The soils of BF 
and MF show higher hydraulic conductivity and water holding capacity 
than PF, as a result of soil porosity. Consequently, soil physical prop-
erties were improved along forest succession sequences PF → MF → BF, 
thereby soil infiltrability and water holding capacity were also 
promoted. 

The pattern of forest soil water flow was precisely revealed by using 
the dyeing tracer method. Results indicated that preferential flow, 
including vertical and lateral flow, exists and presents spatial variability 
in the three forest types. Soil pores created water flow paths, especially 
the macropore channels from root systems and stones made preferential 
flow more active. Correlation analysis showed that the dense soil (bulk 
density) had lower water conductivity, which were not conducive to 
water exchange; while soil-rock interfaces, root systems and other pore 
channels can significantly promote water flow patterns. Soil water flow 
patterns varied greatly in different regions; preferential flow degree was 
verified to be not ordered by forest succession stages. Although some soil 
properties can be improved along forest succession sequences, soil water 
flow patterns were potentially uncontrollable due to the complex con-
ditions of the soil. Therefore, for forest water resource conservation, in 
the active preferential flow areas, more attention should be paid to 
changes in the quantity and quality of deeper soil water and ground-
water; while in the slow infiltration and flow areas, some measures 
should be taken for surface runoff and soil erosion in the forest land. 
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